
Edited by

Ecology and 
Conservation of 
Parrots in Their 
Native and Non-
Native Ranges

José L. Tella, Guillermo Blanco and Martina Carrete
Printed Edition of the Special Issue Published in Diversity

www.mdpi.com/journal/diversity



Ecology and Conservation of Parrots in
Their Native and Non-Native Ranges





Ecology and Conservation of Parrots in
Their Native and Non-Native Ranges

Editors
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José R. Ferrer-Paris and Ada Sánchez-Mercado

Contributions of Distribution Modelling to the Ecological Study of Psittaciformes
Reprinted from: Diversity 2021, 13, 611, doi:10.3390/d13120611 . . . . . . . . . . . . . . . . . . . . 5

Alain Hambuckers, Simon de Harenne, Eberth Rocha Ledezma, Lilian Zúñiga Zeballos and
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Reintroduction of the Golden Conure (Guaruba guarouba) in Northern Brazil: Establishing a
Population in a Protected Area
Reprinted from: Diversity 2021, 13, 198, doi:10.3390/d13050198 . . . . . . . . . . . . . . . . . . . . 361

Thomas H. White Jr., Wilfredo Abreu, Gabriel Benitez, Arelis Jhonson, Marisel Lopez,

Limary Ramirez, Iris Rodriguez, Miguel Toledo, Pablo Torres and Jafet Velez

Minimizing Potential Allee Effects in Psittacine Reintroductions: An Example from Puerto Rico
Reprinted from: Diversity 2021, 13, 13, doi:10.3390/d13010013 . . . . . . . . . . . . . . . . . . . . 369

Constance Woodman, Chris Biro and Donald J. Brightsmith

Parrot Free-Flight as a Conservation Tool
Reprinted from: Diversity 2021, 13, 254, doi:10.3390/d13060254 . . . . . . . . . . . . . . . . . . . . 387

Carlos E. Calzada Preston and Stephen Pruett-Jones

The Number and Distribution of Introduced and Naturalized Parrots
Reprinted from: Diversity 2021, 13, 412, doi:10.3390/d13090412 . . . . . . . . . . . . . . . . . . . . 411
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Parrots (Psittaciformes), with about 400 species widely distributed across continents
and oceanic islands, stand out among birds for their poor conservation status [1]. According
to the IUCN Red List [2], almost 30% of parrot species are threatened with extinction
and c. 15% are classified as near threatened. Moreover, almost 60% of all species are
experiencing global population declines. Several threats to parrots, such as habitat loss,
persecution, and wildlife trade, have recently been addressed globally [3–5]. However,
detailed studies on distribution, biology, ecology, population dynamics, population genetics,
and specific conservation threats are lacking for most species. The need for further research
is exemplified by recent splits of species and descriptions of new species (e.g., [6]) and by
the ecological functions of parrots, such as seed dispersal, which have been overlooked
until recent years (e.g., [7]). Given the ecosystem services they can provide, the conservation
of parrot populations contributes to the health of the habitats in which they live.

The attractiveness of parrots has led to their intensive transport to foreign pet markets
around the world [5]. In addition, international trade has caused several parrot species to
establish populations outside their native ranges, often resulting in flourishing populations
that contrast with the poor conservation status of many native populations. However,
studies on non-native populations have been limited mainly to two species of parakeets
(the ring-necked parakeets Psittacula krameri and the monk parakeet Myiopsitta monachus).
Much more research is needed on these non-native parrot populations, including aspects
such as their establishment and spread processes, population dynamics, potential impacts
(negative and positive [8]) on their recipient habitats and communities, the need (or not)
for control and/or eradication, or their ecological functions in their invaded regions.

The Special Issue ‘Ecology and Conservation of Parrots in Their Native and Non-
Native Ranges’ offers 23 new research studies and four reviews, thanks to the contribution
of 123 authors working in different academic institutions and NGOs in 22 countries. Overall,
it combines and synthesizes recent research on native and non-native parrot populations,
filling gaps in several research areas, compiling state-of-the-art methodological aspects,
and advancing the conservation of threatened species.

This volume progresses the study of parrot distribution and abundance. Along with
a review of approaches to modeling parrot distributions [9], other studies advance the
prediction of future parrot distributions by taking into account their food plant distributions
in Bolivia [10], or show the combination of site-occupancy modeling and citizen science to
improve range distributions, and roost-counts to estimate parrot populations in Brazil [11].
Roost counts have also allowed estimations of the global population of a Neotropical parrot
species [12]. However, this is not feasible for most parrot species, so roadside surveys are
proposed to estimate the relative abundances of entire parrot communities in different
biomes around the world [13].

Another group of papers deals with little-known aspects of parrot ecology, such as dis-
eases, movements, or ecological functions. A study on selected bacteria and viruses found

Diversity 2022, 14, 419. https://doi.org/10.3390/d14060419 https://www.mdpi.com/journal/diversity1



Diversity 2022, 14, 419

Chlamydia but not beak and feather disease virus (BFDV) in Brazil [14]. A retrospective
study also failed to find BFDV in Australia, Argentina, and New Zealand [15], while a new
BFDV genotype has recently been found in non-native Spanish parakeet populations [16],
and a three-decade study investigated the diversification of this virus and the subsequent
waves of infection in Mauritius [17]. Moreover, satellite telemetry of even a few individuals
revealed information highly relevant to the conservation of a macaw species in Bolivia [18],
and a study of the foraging ecology of another species in Argentina revealed once again the
important seed dispersal role of parrots for key plants in the ecosystems where they live [19].

A review compiles the different genetic tools available for the study of parrot evolution,
biology, and conservation [20]. Examples of the useful application of these molecular approaches
are the demonstration of genetic distinctiveness of isolated parrot populations in Brazil [21], the
study of population genetics of wild and captive populations in Mexico and Bolivia [22], and
the identification of the geographic origin of traded individuals in Mexico [23].

The wildlife trade is one of the main threats to parrots, and a literature review summa-
rizes actions taken to tackle the illegal parrot trade, making recommendations for improving
future efforts [24]. Also related to illegal trade, other papers developed a capture pressure
index in Ecuador [25], assessed peoples’ perception of poaching to improve conservation
programs in Venezuela [26], and demonstrated that parrot poaching is not random but
selected for the most attractive species in Colombia [27], and that selective parrot poaching
affects parrot populations in Indonesia [28].

Several other papers deal with in situ and ex situ management for parrot conservation.
These range from techniques to increase chick survival in the wild [29], to the study of
stress physiology in relation to the breeding success of captive individuals destined for
reintroductions [30], the challenges faced in establishing reintroduced populations [31,32],
and the use of a new technique that could allow the establishment of released individuals
in places where parrots are absent [33].

Finally, an updated review has identified 166 introduced parrot species in 120 countries
worldwide, of which 60 species have naturalized populations, and 11 species have bred
outside their native ranges [34]. The study of naturalized parakeets’ home ranges in Spain [35]
adds to the scarce information available on the ecology of introduced parrot populations.

We hope that this Special Issue will encourage further research on this fascinating and
endangered group of birds.
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Abstract: We provide an overview of the use of species distribution modeling to address research
questions related to parrot ecology and conservation at a global scale. We conducted a literature
search and applied filters to select the 82 most relevant studies to discuss. The study of parrot
species distribution has increased steadily in the past 30 years, with methods and computing de-
velopment maturing and facilitating their application for a wide range of research and applied
questions. Conservation topics was the most popular topic (37%), followed by ecology (34%) and
invasion ecology (20%). The role of abiotic factors explaining parrot distribution is the most frequent
ecological application. The high prevalence of studies supporting on-ground conservation problems
is a remarkable example of reduction in the research–action gap. Prediction of invasion risk and
assessment of invasion effect were more prevalent than examples evaluating the environmental or
economic impact of these invasions. The integration of species distribution models with other tools
in the decision-making process and other data (e.g., landscape metrics, genetic, behavior) could even
further expand the range of applications and provide a more nuanced understanding of how parrot
species are responding to their even more changing landscape and threats.

Keywords: distribution; conservation; ecology; environmental niche modelling; research selection
function; parrots; psittacids; species distribution models; state observation models

1. Parrots and Their Important Ecological Role

The order Psittaciformes (including parakeets, macaws, cockatoos, and allies, hereafter
parrots) is a diverse order of birds with a wide range of morphological variations and
foraging behaviors (~420 spp) [1]. Parrots can reach high density and biomass in many
tropical and subtropical regions across the Americas, Africa, Europe, Asia and Oceanian
regions [2]. The study of parrots’ distribution patterns and factors driving them allows
us to improve our understanding of their ecological role. With a wide diversity of biotic
requirements (from generalist to specialist apex frugivores) and high prevalence within the
bird community, parrots may have a broad influence on the structure of animal and plant
communities and ecosystem functions [2–4].

Monitoring the distribution of parrot populations is also an important task for effective
management and conservation of both threatened and problematic species [5]. Parrots are
among the most threatened avian orders, with 46% of their species under threat and 56%
of their populations experiencing population declines [6]. Abundance and distribution
declines are driven by modification of their natural habitat and environment, in addition to
nest poaching for the illegal market [7,8]. Human-modified environments are quickly en-
croaching on the most important areas for parrots in the Americas and Oceanian regions [4];
in Australia alone, parrots have lost at least 38% of their potential natural habitat [9].

Reduction in native parrot distribution is, however, only one side of the conservation
problem. Parrots are among the most common companion animals, and intentional and
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unintentional birds released from captivity have been related to the establishment of
invasive parrot populations beyond their native distributional limits, causing damage to
agriculture and natural environments [9,10].

Species distributions are complex biological phenomena, and many factors interact to
determine a species’ geographical range [11]. Due to the lack of extensive spatial records
of occurrence, it is usually necessary to apply statistical methods to describe and predict
species distribution. The key assumption of spatial analysis of wildlife populations is that
spatial and temporal patterns in population state variables (i.e., occurrence, abundance or
density, richness) represent the response of the species to underlying heterogeneity in exter-
nal factors such as environment conditions and resource availability [12]. Interpretation of
these patterns is scale dependent: at large spatial scales they reflect the overall constraints
and conditions influencing species distribution, at intermediate scales they are related to
population responses (including meta- and sub-populations), and at small spatial scales
they can reflect individual behavioral responses [12].

Species distribution models have become an essential part of the analytical toolkit
for ecological studies of birds. This is mainly due to the increasing accumulation and
aggregation of basic biodiversity data (species location records), availability of worldwide
abiotic environmental variables, and development of Geographic Information Systems [13].
Species distribution models use different algorithms and methods (e.g., MaxEnt, regres-
sions, and occupancy models) to link field observations with spatially explicit explanatory
or predictive variables. These variables can then be used to make spatial predictions that
can be scaled up to whole landscapes or geographical regions.

Here, we provide an overview of the use of species distribution modeling to under-
stand parrot distribution and place them in the broad conceptual context of the ecological
scale at which spatial and temporal patterns are evaluated. For this, we combined quantita-
tive methods of selection and analysis of scientific literature and a narrative discussion of
the more relevant studies found. In Section 2, we use a structured search protocol to select
relevant scientific literature and classify this sample of publications into a set of topics and
general and specific applications. We quantify trends in publication rates and taxonomic
and geographical coverage of these topics. In Section 3, we discuss how these methods
have been applied to address research questions related to parrot ecology, conservation
and biogeography, and in Section 4 we appraise to the extent to which emerging analytical
tools have been implemented or could be exploited to explore new research questions in
the future.

2. Literature Review of Distribution Modelling in Parrot Species

2.1. Sample of Scientific Literature

Our main objective was to provide a broad overview of the different topics of research.
We limited our search to one search engine (Web of Science, WoS) and one language
(English), and used a workflow to apply automatic and manual filters to detect the most
relevant publications within the extracted list of references. Thus, although quantitative
analyses were limited to a single sample of the literature, we used them to illustrate
general trends and acknowledge their inherent biases and limitations. Although we do
not explicitly compare this sample with other sources, we are confident that this search is
representative of the overall trends in the scientific literature. Recent reviews have shown
that among several academic search engines, WoS is more selective than Dimensions and
GoogleScholar, and has a high degree of overlap with Scopus [14,15]. We are aware that the
contribution of publications in non-English languages is high and by focusing our search
on only English published papers we obtained a biased sample [16]. However, because
several non-English journals include abstracts in English [17] we are confident that we
were able to obtain a good representation of topics and applications published on parrot
distribution research.
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We conducted a literature search on the database Web of Science (WoS) using terms in
English related with the focal taxonomic group (Psittaci*, parrot*, macaw*, parakeet*, ama-
zon*, cockato*) in the themes section. This resulted in a total sample of 12,699 documents
for the period 1900 to March 2020. At least 88% of the documents were originally published
in English, 7.1% in 21 other languages, and 5% did not have information on the original
language. Although our sample contains more than 12,000 scientific articles published
in the last 100 years, there is a clear difference in the rate of documents per year for the
periods before and after 1990 (Figure 1a). This may be an artifact of uneven coverage of
the global literature in the WoS database; for example, a lack of digitalization of pre-1990
documents, or an increase in the number of sources included after 1990.

Figure 1. Trends in total number and proportion of publications per year. (a) Total sample of 12,699 documents with key-
words related to parrots from Web of Science; the blue line indicates the modeled exponential increase in total publications
per year using a GLM with a Gaussian distribution and log-link fitted to the years 1990–2020 (solid line) and extrapolated
to the previous period (dashed line). (b) Number of publications filtered by keywords related to species distribution and
manually rejected or accepted. (c) Proportion of studies on species distributions in relation to the total sample of publications
per year (black dots), the blue line represents the modeled increase in proportion using a GLM with binomial distribution
and probit link function.
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We then applied successive filters to select the most relevant studies to discuss. In
the first filter, we performed an automatic screening of the title, abstract, and authors’
key words looking for topic specific words: ‘distribution’, ‘change in distribution’, ‘range
assessment’, ‘niche model*’, ‘distribution reduction’, ‘occupancy model*’, ‘resource selec-
tion’, or ‘species distribution model*’. With this filter we selected 1210 documents (9.5% of
the total sample) that likely had information related to parrot distribution. In the second
filter, we reviewed title and abstracts, and, if necessary, also the full text, and rejected
939 documents that were evidently off-topic (e.g., different taxonomic groups, not related
to species distribution), in addition to opinion articles, and reviews or overviews with
no original data or analysis. The remaining 161 documents (1.26% of the total sample)
represent the subset of studies that are directly related to distribution of parrot species. The
number of documents selected in the first filter rose sharply in 1990, and the first document
included in the second filter is from 1993 (Figure 1b). This gap is partly related to the
uneven temporal coverage of the WoS database mentioned above, but even focusing on the
publications after 1990 we see a significant positive trend in the proportion of publications
related to the study of distribution in parrots (Figure 1c). As we discuss below, the onset of
this rising trend coincides with first applications of species distribution models to parrot
species around the years 2000–2005.

2.2. Document Classification

For these 161 documents we made a more detailed assessment of the abstract or full
text, evaluating whether they met the following criteria: (a) original analysis (no reviews)
of species distribution or related state variables; (b) using statistical modeling approach of
any kind; (c) using spatial data (location of records and/or spatial cover of explanatory
variables); and (d) making explicit spatial predictions of the state variable (Table S1). Based
on these criteria, we found that almost half of the documents (79) were focused on reports
of species occurrence records without using any modeling approach (i.e., calculation of
extent of occurrence and area of occupancy) or were statistical comparisons of naive
occurrence estimates, abundance or resource use between habitat types, sampling areas or
discrete regions. For the remaining 82 documents that did apply some methods of species
distribution modeling, we summarized information on geographical location, target taxa,
topics of research and general application (Table 1).

We aggregated information about the countries where the studies were conducted
into five main regions following ISO classification: Africa (Eastern, Northern, Southern
and Western Africa), the Americas (North America, Latin America and the Caribbean),
Asia, Europe, and Oceania [18]. The list of parrot species reported was normalized using
the species list of BirdLife International [19] to unify the species scientific names across
documents. We identified whether the focal taxon or taxa were native or non-native parrot
species. We classified the main research topic addressed (Behavior, Conservation, Ecology,
Evolution, Invasion ecology, and Methodological issues), and split these research topics
into general and specific applications (Table 1).
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We evaluated temporal patterns in parrot distribution modeling publications by
aggregating the number of published documents by year and by research topic (Figure 2a).
Parrots have been recognized as a model group for global macroecology analysis of species
distribution [55] and the first application of distribution modelling techniques for any
parrot species focused on the ecology of an endangered species [47]. Ecological questions
remained the predominant topic between 2005 and 2011, but the diversification of studies
led to a balance between more theoretical and applied research questions. Between 2012
to 2015, Ecological studies had a similar cumulative output as Conservation and Invasion
ecology combined, but after 2016 Conservation became the most popular topic (36.6% of
all studies up to 2020), followed by Ecology (34%) and Invasion ecology (19.5%; Figure 2a).

Figure 2. Temporal pattern in published literature in parrots’ distribution modelling. (a) The
accumulated number of publications across years is shown for each topic. (b) The total number of
published documents by general application within each topic.

Within Conservation topics, threat monitoring and climate change were the most frequent
applications, whereas Ecological topics were dominated by applications focused on evalu-
ating the relationship between occurrence and environmental variables (Figure 2b, Table 1).
Invasion ecology was mainly focused on predicting invasion risk (Figure 2b, Table 1).

To visualize taxonomic patterns, we aggregated the number of documents by genera,
research topic and region, and represented these relationships with a bar and bubble plot.
The majority of the reviewed literature was focused on species within their native range
(86%; Figure 3). The Americas was the region with the highest diversity in applications,
but noticeably studies in invasion effects were almost absent. Oceania was the second
most diverse region regarding model’s applications, but in this region, studies focused
on evolution topics were absent. Africa only had a small number of studies in ecology,
conservation, and invasion ecology topics. The Americas, Oceania and African regions had
studies in both native and non-native species. In contrast, studies from Asia and Europe
have been focused exclusively on predicting invasion risk of non-native parrots (Figure 3).
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Figure 3. Geographical distribution of applications of the parrots’ distribution modelling. Number
of published documents by region. Documents focused on native species are in red, whereas those
focused on non-native species are in blue. Applications are grouped according to the main topics.

We recorded 52 parrot species in the distribution modeling literature. As in other
conservation topics [8], parrots’ distribution research shows a clear bias toward widespread
species such as Psittacula krameri, Myiopsitta monachus, and Amazona oratrix. At the genus
level, Ara had the highest diversity of applications, whereas Psittacula and Myiopsitta only
have studies focused on invasion ecology (Figure 4). Taxonomic bias can be explained
in part by higher availability of occurrence records for species with wide ranges and/or
high abundance. However, although Amazona, Psittacula and Myiopsitta genera are among
the top ten species with the largest number of occurrence records in GBIF, altogether they
only account for 18% of the parrots’ occurrence records (9,880,043 records), with other
genera such as Platycercus, Cacatua and Trichoglossus, being better represented in the GBIF
database [67]. The high impact of invasive species on socio-economic and environmental
contexts likely trigger higher interest in describing the establishment and invasion risk of
Psittacula krameri and Myiopsitta monachus (Figure 4). Conversely, the high prevalence of
distribution models for Amazona oratrix likely results from a combination of the interest
raised by their conservation status and a strong and prolific research team in Mexico, where
the three main subpopulations of this species occur [39].
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Figure 4. Taxonomic patterns of the published literature in parrots’ distribution modelling. The
number of species by genus and application are shown. The circle size is proportional to the number
of documents. Genera are in alphabetical order from bottom to top. Applications are grouped
according to the main topics.

In addition to taxonomic bias, we also identified intrinsic geographic biases in the
parrots’ distribution research, with publications from the America and Oceania regions
dominating the research map. This pattern may represent a combination of: (1) a higher
diversity of American parrots compared to other regions (233 spp. in the Americas versus
128 spp. in Asia and 129 in Oceania) [1]; and (2) higher scientific capacity in the Americas
and Oceania (65% of detected documents; Figure 4). However, our search strategy, which
was focused on English and Spanish keywords, likely resulted in an under-representation
of literature published in Asian languages. Future efforts should include a wider range of
Asian languages to discern whether the observed spatial pattern responds to a detectability
problem or to lower publication rate in Asian countries.

3. Contributions of Species Distribution Models to Parrots Research

The review of literature showed that the study of parrot species distribution has
increased steadily in the past 30 years and has likely been boosted by the widespread
use of species distribution models in the past 15 years (Figures 1 and 2). These methods
have matured alongside the developments of computer capacity for spatial and statistical
analysis, and have become part of a standard toolkits, facilitating their application for a
wide range of research questions [68].

In the following sections we discuss the many contributions of species distribution
models to the study of ecology, conservation and management of parrot species using
illustrative examples identified during our review. All literature reviews are inevitably
limited by any biases in the initial selection (search engine, languages and keywords) and
the involuntary omissions in the subsequent steps of this process. We have highlighted
these biases whenever possible, and stress that we do not attempt to offer an exhaustive
account of all subjects.

3.1. Distribution Models to Study the Ecology of Parrots

The role of abiotic factors explaining parrot distribution have been to date the most
frequent ecological application in parrots’ distribution research (Figure 2b, Table 1). This
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research conceptually aligns with the environmental (or ecological) niche modelling (ENM)
paradigm which focuses on estimating the fundamental niches of species, or ecological
requirements of species by relating their known geographic distributions (i.e., occurrence
records) to a set of environmental or abiotic variables [12]. Niche models predict habitat suit-
ability or potential distribution, but species may not be using their entire potential habitat
due to a range of constraining factors. The two most important natural, non-environmental
constraints are biotic relationships and accessibility (Figure 5a) [12]. However, large scale
patterns in distribution are often the result of geographic variation in the use of resources
at the scale of populations or individual movements (Figure 5b,c). The Resource Selection
Function (RSF) paradigm compares the frequency in the use of resources (preference) with
the overall distribution of resources in the landscape (availability) [69]. RSF are mostly
applied to determine preferences at the scale of individual movements, but for long-lived
and highly mobile species this can represent very large geographical areas. Thus, ENM and
RSF models may overlap in conceptual and practical terms. For example, an early study of
the Superb Parrot (Polytelis swainsonii) in Australia focused on describing the bioclimatic
envelope of the species as a fixed factor influencing its distribution [70]. In a second study,
these authors included plant productivity as a covariate related to the availability of re-
sources and were able to explain seasonal and year-to-year variability in abundance and
distribution that was not accounted for by the previous static environmental model [71].

Figure 5. The main paradigms for modelling species distribution operate at different hierarchical
levels, requiring different types of data and algorithms. (a) The niche modelling (ENM) paradigm
predicts suitable environmental conditions where species might occur, but although suitable, this
habitat cannot be used due to biotic relationships and dispersal barriers constraints. ENM can use
presence-only datasets if algorithms such as Maxent, Random Forest, BIOMOD, and GARP are used,
but will require “pseudo-absence” data if GLM methods are used instead. (b) State-observation
models (SOM) work at the population level and predict the occupancy probability conditioned to the
probability of detecting the species given it is present. SOM typically requires data from repeated
sampling visits (occasions) to a single site during a time frame over which the population is closed
(e.g., no changes in occupancy between surveys). (c) The Resource Selection Function (RSF) paradigm
works at individual and species scales and predicts the probability of an animal or species using a
certain resource, proportional to the availability of that resource in the environment. RSF requires
two types of data: presence records of the focal species (either at individual or species level) and data
on the resources available across the study area.

Incorporation of biotic and biogeographic elements in species distribution models
allows their application to be extended to a wider range of research questions in biogeog-
raphy and evolution, community ecology, etc. [13]. Kissling et al. [42] evaluated the roles
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of climate and productivity on broad-scale geographical patterns of parrots’ richness and
whether they show distinct regional differences compared to other frugivore species due
to regional patterns of diversification of food plants, niche conservatism and past climate
change. Often these broad biogeographical and macroecological patterns can mask more
nuanced relationships between species distribution and landscape features at the scale
of populations and individuals (Figure 5b). Keighley et al. [49], combined distribution,
behavior and genetic information to describe dispersal pathways and barriers for the Palm
Cockatoo (Probosciger aterrimus) in Australia, and to test hypotheses about key landscape
features influencing movement of palm cockatoos throughout their range.

In most cases, local studies rely on field observations of species occurrence to better
understand limiting factors and describe temporal changes in occupancy. State-observation
models (SOM) use several sampling approaches (multiple visits, multiple observers, dis-
tance sampling, etc.) to make joint estimates of a state variable of interest (usually occu-
pancy or abundance) and the observation or detection process (detectability or probability
of detection). Normally the SOM paradigm assumes closed populations at each sampling
site during the primary sampling periods and explores how species behavior, sampling
characteristics and environmental variables might affect detectability across time and geo-
graphic space [72]. However, some of these models can be extended to multiple seasons
and allow population dynamics between seasons to be studied. Kalle et al. [24] applied
dynamic occupancy models to a decade of citizen science-driven presence/absence data
on the Cape Parrot (Poicephalus robustus) and were able to model recent range dynamics as
a function of changing climate conditions and the availability of resources.

3.2. The Biotic Component of Parrots’ Distribution

Biotic interactions are undoubtedly an important component of species distributions,
and these can determine the relationship between parrot species and their habitat. In
particular, the relationship between parrots and their food plants works in both ways; the
distribution of diet resources contributes to explain the distribution of 11 parrot species
in the Cerrado in Brazil [73], and similarly the distribution and density of three large
macaws influences the spatial distribution of motacú palm (Attalea princeps) in the Bolivian
Amazonas savannas. Parrots have a great behavioral plasticity and different species use
several strategies to respond to fluctuations in food availability: switch in diet, shift in
habitat use and seasonal movements [74]. This plasticity can lead to seasonal (intra-annual)
and inter-annual variability in distribution or resource use correlated with changes in
spatial indicators. The identification of these patterns requires not only large-scale, but also
local scale variables to better describe landscape elements important for parrots’ occurrence.
For example, key landscape drivers (e.g., woodland structure) determine the occurrence of
Agapornis lilianae in the mopane woodlands of Zambia [20]; time since fire influences food
resources for the Carnaby’s Cockatoo (Calyptorhynchus latirostris) in fire-prone landscapes in
Australia [67]; whereas seasonal use of foraging habitats explains the dynamics of the Swift
Parrot (Lathamus discolor) in Australia [45,73] and the Maroon-fronted Parrot (Rhynchopsitta
terrisi) in Mexico [48], in addition to the aforementioned examples of the Cape Parrot and
the Superb Parrot in South Africa and Australia [24,70].

Antagonistic relationships can also have a strong influence on species distribution.
For example, the study of Engeman et al. [75] suggests that nest site selection in the Puerto
Rican Amazon (Amazona vittata) is an adaptive response to predation pressure; parrots
select nest sites that allow increased avoidance and detection of predators. Moreover, the
high occupancy of introduced mammal predators may represent an additional threat to the
endangered the Swift Parrot (Lathamus discolor) in Australia [41]. Finally, competition and
coexistence of parrot species has also been a subject of research in studies using distribution
models in areas of high species diversity in the Neotropics [73,76].
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3.3. Applications of Distribution Models to Conservation Problems

The second most widespread application of species distribution models in parrots is
related to threat monitoring for conservation (Figure 2b, Table 1). Monitoring of populations
is a basic step of conservation planning and management. Distribution models (specially
SOM methods) are used to improve the design of sampling protocols to select sampling
areas, optimize probability of detection and reduce uncertainty in estimates of probability
of occurrence or other state variables [20,66,77]. For example, some less-conspicuous
parrots such as the Blue-fronted Amazon (Amazona aestiva) and the Peach-fronted Parakeet
(Eupsittula aurea) require longer observation times in order to improve detectability [73].
This approach is particularly useful when combining robust sampling designs, automated
methods such as camera traps and automatic sound recording, and modeling methods for
spatial data analysis [29,42,60].

Distribution models are used extensively to evaluate changes in distribution due to
habitat loss [31,32,35,78,79]. Habitat fragmentation is often considered a direct threat to
the persistence of species in modified landscapes [38,53]. Plasencia-Vazquez et al. [80]
combined spatial prediction with different metrics of landscape fragmentation to explore
the relationship between forest fragmentation and the geographic potential distribution
of different parrot species in the Yucatan Peninsula, Mexico. The combination of current
and historic datasets and appropriate modelling methods for each dataset can be useful
to make more explicit tests of changes in distribution. For example, Ferrer-Paris et al. [36]
compared historical and contemporary distribution of eight species of Amazon parrots
(Amazona) in Venezuela and found negative changes in widespread species such as Amazona
amazonica, and Amazona ochrocephala, and rare and patchily-distributed species such as
Amazona barbadensis.

Climate change was the fourth most frequent application in parrot distribution re-
search (Figure 2b, Table 1). Several studies have focused on predicting changes in dis-
tribution driven by climate change [22–24,81]. Assessment of impacts was less studied,
but Legault et al. [26] presented a new method for assessing how the population size of
the New Caledonian Parakeet (Cyanoramphus saisseti), the Horned Parakeet (Eunymphicus
cornutus), and the Ouvéa Parakeet (Eunymphicus uvaeensis) in New Caledonia will change
in the future based on the relationship between local abundance and modeled habitat
suitability obtained using ecological niche models.

Spatial analysis often reveals unexpected inter-species or species–habitat interactions
in modified landscapes that may affect already threatened species. Such is the case of novel
predators of the Swift Parrot [40,41], in addition to the relationship between modified fire
regimes and habitat use in ground parrots, which can inform management actions [30,42].
Species distribution models are also useful for tracking species introduction and recovery
of populations. Recio et al. [37] used GPS tracking to evaluate how a forest-dwelling
species, Nestor meridionalis, selected habitat within its home ranges, showing that this
species moved beyond the predator exclusion fence into urban suburbs. In this example
the native forest patches throughout the city facilitated dispersal of individuals between
refugee and food sources, and long-term survival will require careful urban planning and
management to provide the necessary balance of different elements.

3.4. Applications of Distribution Models to Invasion Ecology

Applications related to invasion ecology such as prediction of invasion risk and
assessment of invasion effect were also widely detected in the parrot distribution research
(Figure 2b, Table 1). Species distributions are dynamic and many species of parrots show
a recent natural expansion of their range [24], but in some cases these changes may be
confounded by the intervention of humans. Mota-Vargas et al. [57] used ENM methods
to compare environmental conditions between historical and recent records of the White-
fronted Amazon (Amazona albifrons) and discriminate between introductions by humans
and natural expansion of its distribution range.
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Invasive species and some native species show great adaptability to novel environ-
ments, such as urban areas or modified landscapes. Shokuroglou and McCarthy [50] used
bird atlas data and Bayesian logistic regression to predict the distribution of the Rainbow
Lorikeet (Trichoglossus moluccanus) in Melbourne, Australia. Le Louarn et al. [82] compared
the use of the urban landscape by a native range-shifting bird (Corvus monedula) and an
invasive parrot species (Psittacula krameri) and found that expansion of the latter is likely
driven by its effective ability to exploit urban resources which native species do not exploit.
Some tropical islands can become hotspots of exotic species, but not all exotics have the
same success as invaders. Falcon and Tremblay [65] analyzed the distribution of parrots
in Puerto Rico and found 11 species present only as pets, and at least 29 species in the
wild, of which at least 12 were breeding, but most persisted in localized areas and small
populations. Only Brotogeris versicolurus and Myiopsitta monachus showed clear evidence of
range expansion.

In most applications the potential risk of invasion or potential distribution of inva-
sive species is predicted from current occurrence records and environmental data lay-
ers [64,65,83–85]. Few studies combine these spatial predictions with information about
invasion process (i.e., trade, introduction effort, and breeding origin) to improve predictions
of environmental suitability and potential niche shifts in the introduced parrots [61,62].
Less prevalent was the evaluation of impacts related to invasion. However, there are some
examples of evaluation of economic impacts on agricultural production and human infras-
tructure [64,83] in addition to some examples of environmental impact through the effects
on other animals and competition, and even measurement of the Generic Impact Scoring
Scheme [63,83]. Notably, one study goes beyond evaluating the impact of the problem
and evaluates the impact of conservation actions such as removing invasive Trichoglossus
moluccanus [27].

4. Challenges and Opportunities for New Research on Parrots’ Distribution

The previous examples of applications of species distribution models reflect how
research has adapted to address the dynamic and complexity of species distributions. Here
we summarize some of the challenges and opportunities for future research.

4.1. Social Behavior and Geographic Variability

Linking the distribution of species with social structure of parrot populations can
provide better insights into intra-specific variability [86]. Most applications of species
distribution models have focused on abiotic covariates or combinations of abiotic and inter-
specific interactions (use of resources, predator avoidance, competition), but intra-specific
interactions (e.g., dispersal and aggregations of individuals) can influence the connectivity
of populations and phenotypical or genotypical variability [87,88].

Many aspects of the ecology of parrots are influenced by their social behavior [86].
Most species exhibit long-lasting pair bonds, occupy large home ranges, and congregate in
more or less stable foraging and roosting groups. Active defense of year-long territories is
rare, and patterns of ranging and dispersal are often seasonal. Geographical variability of
behavioral traits such as vocalizations can serve as an indicator of social structure across a
range of scales from individual, pairs and flocks, to populations. For example, landscape
resistance models revealed strong effects of isolation by elevation on genetic, repertoire
and structural call differentiation in Palm Cockatoos [49]. However, if species are highly
aggregated, it is likely that standard species distribution modeling (e.g., Maxent) will not
provide adequate predictions. In those cases, regression-based methods that account for
spatial structure can be used [88].

4.2. From Global to Local

Although many early applications of species distribution models, and particularly
ENM, have focused on broad biogeographical or macroecological patterns, current conser-
vation and management applications need more detailed information on changes occurring
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at the time scales of one or few generations [89]. RSF implicitly account for movement of
individuals and are often linked to seasonality in resource distribution by relying on time
series of covariates [90]. Multi-season SOM have explicit means to parametrize changes
in state variables (e.g., colonization and extinctions). We expect that future applications
will continue to explore the links between static and dynamic components of species distri-
bution, for example, by incorporating sink–source dynamics, connectivity and barriers to
explain range contraction, shift and expansion of the distribution in the face of climate and
land cover change, or invasion processes in new environments [52].

4.3. Automatic Data Collection

Arrays of passive detectors such as camera traps and sound recordings, and the use
of unmanned aerial vehicles, have the potential to provide massive streams of data on
species presence, abundance and behavior [91–93]. Automatic data collection coupled
with machine learning methods to identify species or individuals (image recognition
and vocal profiles) have been used to study many emblematic species and to document
species diversity [94]. These methods have the great advantage of providing detection
histories and allow standardization of sampling protocols and sampling effort across local
to regional scales. For example, automated sound recordings were used to model habitat
occupancy and post-fire response of the Ground Parrot (Pezoporus wallicus) in heathland
sites in Australia [42]. An outstanding challenge in this area is the development of virtual
platforms for sharing standardized data records that could allow collaboration between
research groups and large-scale analysis of spatial and temporal trends [95,96].

4.4. Citizen-Science and Socially-Derived Data Collection

Citizen-science has become the main source of species distribution records for many
species, especially for birds [97]. User networks such as eBird [98] and iNaturalist [99]
provide large platforms for accessing a great volume of data contributed by enthusiastic or-
nithologists, photographers and other volunteers. Outstanding challenges are the inherent
bias in the distribution of observers and the reliability and accuracy of records [100,101].

Less specific social-media platforms can also be used as a source of additional infor-
mation on species distribution, but they require more active search and filtering of records.
Here some records may come from engaged citizen groups and organizations, but many
records are accidental or opportunistic. This is, however, a key source for understand-
ing human interaction with wildlife, for example, legal and illegal pet trade, invasion of
exotic species, and human–wildlife conflict [102,103]. For example, Mori et al. [61] used
several data sources (from eBird to YouTube) to study worldwide patterns of trade and
establishment of exotic Agapornis parrots.

4.5. Cyber Infrastructure for Research

Species distribution models, and especially ENM, have become a mainstream tool for
ecological analysis and fully integrated into several analytical workflows. For example,
virtual laboratories and cloud applications enable new users to learn these workflows and
existing users to explore their potential applications and share their results [104,105]. These
platforms offer a seamless integration of data into the analytical workflow. For example,
biodiversity records from natural history collections (Global Biodiversity Information
Facility, Atlas of Living Australia, etc.) and the main citizen-science networks (eBird,
iNaturalist) are imported directly. The focus of these applications is on presence only data,
and they are compatible with the ENM paradigm and, to a lesser extent, the RSF paradigm.
Similar applications for SOM are missing, probably due to the challenge of dealing with
different data structures (detection histories, distance sampling, double observer, etc.) and
the more complex statistical and computational context.
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4.6. Supporting Decision Making

Species distribution models have become an important tool for supporting solutions
for on-ground conservation problems. A dialogue between modelers and decision makers
increases the opportunities for integration of research outputs into the decision-making
process, and will contribute to improve both scientific knowledge and conservation or
management outcomes [106].

There are several explicit applications of spatial distribution modeling to support spatial
conservation decisions in parrots. Studies in Argentina and Brazil have analyzed the percent-
age of key parrot habitat covered by protected areas [107–109], and Botero-Delgadillo et al. [65]
used models to identify independent conservation units for Pyrrhura parakeets in Colombia.
The relatively high prevalence of predictive distribution modeling supporting on-ground
conservation problems of parrots is particularly encouraging and contrasts with the unclear
and less prevalent examples in other conservation contexts [79,106].

5. Conclusions

Parrots are a very attractive and interesting taxonomic group for ecological studies,
and our review revealed a large variety of studies related to modeling of species distribution.
Since the advent of distribution model paradigms, parrots have been used as model taxa to
answer macroecological questions. The complexity of parrots’ ecology and behavior likely
make it an object of research itself, with an increased interest to address more complex
questions at different geographical and ecological scales: from environmental niches to
biogeographic and biotic interactions [110]. The flexibility of species distribution models
and the maturation process throughout the development of algorithms and analytical
approaches have allowed their application to applied research questions. Particularly in
parrot distribution research, these models have been used to inform conservation action
and management for both threatened and invasive species, becoming a remarkable example
of how the research–action gap can be reduced and translated into insightful, science-based
conservation actions. The integration of species distribution models with other tools in the
decision-making process and other data (e.g., landscape metrics, genetic, behavior) could
further expand the range of applications and provide a more nuanced understanding of
how parrot species are responding to their even more changing landscape and threats.
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Abstract: Species distribution models (SDMs) are commonly used with climate only to predict
animal distribution changes. This approach however neglects the evolution of other components
of the niche, like food resource availability. SDMs are also commonly used with plants. This also
suffers limitations, notably an inability to capture the fertilizing effect of the rising CO2 concentration
strengthening resilience to water stress. Alternatively, process-based dynamic vegetation models
(DVMs) respond to CO2 concentration. To test the impact of the plant modelling method to model
plant resources of animals, we studied the distribution of a Bolivian macaw, assuming that, under
future climate, DVMs produce more conservative results than SDMs. We modelled the bird with an
SDM driven by climate. For the plant, we used SDMs or a DVM. Under future climates, the macaw
SDM showed increased probabilities of presence over the area of distribution and connected range
extensions. For plants, SDMs did not forecast overall response. By contrast, the DVM produced
increases of productivity, occupancy and diversity, also towards higher altitudes. The results offered
positive perspectives for the macaw, more optimistic with the DVM than with the SDMs, than initially
assumed. Nevertheless, major common threats remain, challenging the short-term survival of the
macaw.

Keywords: red-fronted macaw; Andes; dynamic vegetation model; biotic interactions; climate
change; RCP2.6; RCP8.5

1. Introduction

The problems of habitat destruction and climate change are the main threat to tropical
mountain birds. Mountain bird species in the tropics are particularly at risk because they
are isolated by hotter lowland zones which often makes them sedentary. In addition, when
shifting their distribution up to higher altitudes, the new area of occupancy narrows [1].
The structure of the mountains itself also appears to be a constraining factor limiting
the distribution shift with possible decline of habitat quality, for instance, the absence of
suitable nesting sites or even vertical gaps between actual and potential future areas of
distribution [2].

The slopes of the Andes are recognized as supporting the highest avian diversity
in the world combined with high endemism rate but also more than 20% of threatened
species [3]. In Bolivia, the red-fronted macaw (Ara rubrogenys Lafresnaye, 1847) is one of
the 15 endemic species of this country [4]. Less than 30 years ago, A. rubrogenys was a
little-known species [5]. It lives on the east Andean slopes of south-central Bolivia from
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553 m up to 3094 m a.s.l. (Figure 1) and breeds between 1188 and 2696 m [6]. Its natural
habitat is mainly semi-deciduous dry forest but this is most often severely degraded by
pastoralism and by timber extraction into thorny scrubs with scattered trees [7]. While it
was estimated that the threats were of limited extent in the early nineties [8], the status
of the species worsens over the course of time with land conversion for agriculture, with
poaching for illegal trade, with killing by farmers who consider them a pest and with
poisoning with pesticides when they feed on the crops [6,9–11]. The small breeding
population (only 67 to 136 pairs) in eight close areas was also pointed out as major risk
which increases their extinction risk due to correlated environmental fluctuations [6]. It
was found that the birds use agriculture-scrub ecotones more than the forests for foraging,
probably because the forests do not offer enough resources. A. rubrogenys is now ranked as
“Critically Endangered” in Bolivia [11] and on the International Union for Conservation
of Nature Red list [12]. In addition, it could be particularly threatened by climate change.
In its area of distribution, A. rubrogenys uses only terrains along river valleys for roosting,
feeding, resting and nesting [9]. Most of the nesting sites are located in steep river cliffs but
such environments are not necessarily available at higher altitudes given the magnitude
of warming predictions. Climate change is supposed to particularly affect the tropical
Andes and notably Bolivia [13]; while warming already averaged 0.1 ◦C/decade between
1939 and 1998, it accelerated to 0.33 ◦C/decade between 1980 and 2005. Climate change
scenarios suggest warming as high as 7.5 ◦C by 2080 and important modifications of the
precipitation regime with respect to pre-industrial times.

Figure 1. Distribution area (alpha hull) in Bolivia of Ara rubrogenys at altitudes with occurrences.
96% of the pixels over the area have an altitude between 1100 and 3000 m.

Species distribution models (SDMs) are based on the computation of an empirical
relationship between the presence of a species (a sample of its distribution) and the actual
values of the selected explaining factors. Range projections are obtained by computing a
probability of presence over the study area using the relationship. The methodology has
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been applied to parrots several times with different objectives. For instance, comparing
the projection of models fitted to historical data with actual ranges allowed to study the
conservation status of Andean Pyrrhura in Colombia [14] or of Amazona in Venezuela [15].
Thanks to climate driven SDMs, the substitution of the actual climate with future climate
allows projection of decreasing and shifting ranges in Amazona pretrei [16]. Climate driven
SDMs also permitted computing of habitat suitability of 13 parrot species in invaded
countries and to test the consequences of two successive trade bans in the US and the
EU on the invasion success [17]. In some situations, however, climate factors are not
sufficient explaining variables, they only improve the fit of models describing the niches in
combination with other factors reflecting species requirements like habitat characteristics.
Authors reached this conclusion for modelling Bonelli’s eagle nesting sites with topography,
disturbance, land-use or climate variable at several geographic scales [18]. Bad results were
obtained with climate variables only, but climate significantly improves the quality of the
prediction offered by the other sets of variables. In light of their results, the authors suggest
that snow and low winter temperature may cause physiological stress hampering breeding
success; however, they underlined that with more complex models, the interpretation of
the effect of each explaining climate factor could become hard to find. Another interesting
approach to model bird distribution consists of including biotic interactions as well as
abiotic factors. For instance, in [19] SDMs driven by climate were used to simulate several
shrub species making up the habitat of a bird species and the outputs of these models
were set up as input variables to model animal presence with climate and topography.
The authors found that this approach outperforms climate only models, which stressed
the importance of taking into account, as far as possible, the different types of niche
components to produce consistent simulations. This SDM approach was applied to refine
the mapping of the suitability area of Amazona tucumana in Argentina and Bolivia. Here,
the niche was defined with climate, land-use and the output of another SDM forecasting
the distribution of a key plant resource for nestlings, Podocarpus parlatorei, providing niche
cavities and food [20].

However, while SDMs driven by climate variables are now considered as a standard
method to predict plant species distribution under future climate, this approach fails
to consider the effect of the increasing CO2 concentration in air on plant physiology.
Indeed, it is well established that increased air CO2 concentration improves the capacity
of plants to resist water stress because the plants can minimize transpiration while still
satisfying their CO2 requirements [21]. Contrary to SDMs, dynamic vegetation models
(DVMs) are commonly able to reproduce this effect. Although, questions remain about the
acclimation (organism trait responses occurring in days to weeks) and adaptation processes
of plants (response occurring through evolutionary processes) to new climates which could
lower future changes [22]. Forecasting under future climates with these types of models,
forcing, or not, the increasing air CO2 concentration, gives contrasting results and the
projected distributions of plant species or habitats under future climate with increased CO2
concentrations appear better conserved than with SDMs (e.g., [23,24]).

The objectives of this study are to evaluate the potential impact of climate change
on the distribution of A. rubrogenys. We compare the results produced by SDMs driven
by climate variables for A. rubrogenys and for 17 resource plant species over the area of A.
rubrogenys and the results produced by a DVM for the same plant species, under present
conditions and future climates (2070–2100) under RCP2.6 and RCP8.5 forcing. We predict
that for the future, approaches with SDMs should conserve less of the original distribution
area of A. rubrogenys than obtained with DVM.

2. Materials and Methods

2.1. Species Occurrences

Censuses of A. rubrogenys were conducted between 2008 and 2010 by two of us (E.
Rocha Ledezma and L. Zúñiga Zeballos). The birds were observed between 5 and 11 a.m.,
in the course of linear surveys and near known nesting, feeding and roosting sites, while

27



Diversity 2021, 13, 94

prospections were also realized in fields, forests and scrubs. Observations of A. rubrogenys
in its area of distribution indicated that it mainly feeds on the fruits and seeds of the
following wild species [25,26]: Anadenanthera colubrina (Vell.) Brenan, Anisocapparis speciosa
(Griseb.) Cornejo and Iltis, Aspidosperma quebracho-blanco Schltdl., Celtis ehrenbergiana
(Klotzsch) Liebm., Cenchrus (i.e., the species occurring in Bolivia in GBIF: C. alopecuroides J.
Presl., C. bambusiformis (E. Fourn.) Morrone, C. brevisetus E. Fourn., C. brownii Roem. and
Schult., C. chilensis (É. Desv.) Morrone, C. ciliaris L., C. echinatus L., C. insularis Scribn., C.
latifolius (Spreng.) Morrone, C. longisetus M.C. Johnst, C. myosuroides Kunth, C. nervosus
(Nees) Kuntze, C. polystachios (L.) Morrone, C. purpureus (Schumach.) Morrone, C. setosus
Sw., C. viridis Spreng.), Cnidoscolus tubulosus I.M. Johnst., Jatropha hieronymi Kuntze, Lithraea
molleoides Engl. (only occurrences in South America), Loxopterygium grisebachii Hiern ex
Griseb., Neoraimondia herzogiana (Backeb.) Buxb. and Krainz, Parasenegalia visco (Lorentz ex
Griseb.) Seigler and Ebinger, Parkinsonia praecox (Ruiz and Pav.) Hawkins, Prosopis chilensis
Stuntz, Prosopis kuntzei Harms ex Kuntze, Sarcomphalus mistol (Griseb.) Hauenschild,
Schinopsis marginata Engl. and Selaginella sellowii Hieron. We obtained the plant species
coordinates of occurrences by querying the Global Diversity Information Facility site
database (GBIF) in January 2017 and in August 2020, further checking for duplicates
(Table 1). A second check for duplicates was conducted after combining with climate
factors for coordinates belonging to the same pixels. This had limited consequences on
plant sample size but not for A. rubrogenys sample size which dropped to 63. A. rubrogenys’
area of distribution was defined with the alpha-hull polygon method [27] using the ashape
function of the R package “alphahull” [28].

2.2. Climate Data

For the current climate (monthly values for temperature, difference between maximum
and minimum daily temperatures, precipitation, relative humidity, sunshine hours, wind
speed), we used Worldclim version 2 for the time period between 1970 and 2000 at 2.5 arc-
minutes [29]. For the future climate, we used the CMIP5 projections of the HadGEM2-AO
global circulation model [30] under the representative concentration pathways of green-
house gases corresponding to end of 21st century radiative forcings of 2.6 and 8.5 W/m2

(RCP2.6 and RCP8.5, [31]). RCP2.6 would require a decline of greenhouse gas to reach no
emission after 2072. With respect to the pre-industrial period, this scenario would keep
global temperature rise below 2 ◦C in 2100. RCP8.5 is the worst hypothesis with emission
of greenhouse gases continuing to increase throughout the 21st century producing global
temperature increase between 2.6 and 4.8 ◦C for the period 2081–2100 [32].

2.3. Dynamic Vegetation Modelling

The DVM CARAIB (CARbon Assimilation In the Biosphere) was mainly described
in [23,33–36]. This model was initially conceived to simulate vegetation at global or
continental scale and its response to climate change in the future or in the past [37–43].
The model was also applied to agricultural systems [44–46] or to tree species [24,47–49].
It is a grid point model composed of 5 main interacting modules (hydrology budget,
photosynthesis and stomatal regulation, carbon allocation and growth, heterotrophic
respiration and carbon dynamics in the soil, competition between ecosystem strata and
biogeography) and it is also possible to activate natural fire and migration modules. Input
data are spatial monthly climates (minimal and maximal temperature, precipitation, relative
humidity, sunshine hours and wind speed), CO2 air concentration, soil texture and color,
elevation and a set of information describing the morpho-physiological characteristics of
the plant species (traits), like the specific leaf area, leaf and sapwood C:N, plant height,
deciduousness nature, et cetera, and climatic thresholds extracted from the distribution
samples. Since trait information for the species was lacking, it was replaced by the values of
the plant functional type to which the species belongs (Table 4 of Electronic Supplementary
Material of [49]). Threshold values controlling germination and mortality under stress
conditions are extracted from prescribed percentiles in their actual climate distribution
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extracted from the occurrence samples [36,40]. For computing the fitness statistics, we
also ran the simulation for the present on the coordinates of the sets of pseudo-absences
drawn for SDM modelling (see below). As output of the model, we used the net primary
productivities of the species fractions (fNPP, gC/m2/y) and we selected thresholds of
presence maximizing the true skill statistic (TSS, [50]). The threshold of presence allows
us to compute the sensitivity (proportion of presences correctly predicted) and specificity
(proportion of absences correctly predicted). We also computed the receiver operating
characteristic curve (AUC). Positive TSS values and AUC larger than 0.7 indicate better
agreement than random.

Table 1. Species occurrences and data sources (Global Diversity Information Facility site database: GBIF).

Species Occurrences Sources

Anadenanthera colubrina 3272 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.xccvu7

Anisocapparis speciosa 218 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.xxw4c9

Ara rubrogenys 159 This study

Aspidosperma quebracho-blanco 394 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.xccvu7

Celtis ehrenbergiana 2528 GBIF.org (11 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.ph4g3s

Cenchrus 8069 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.3s3af9

Cnidoscolus tubulosus. 159 GBIF.org (6 January 2017) GBIF Occurrence Download
http://doi.org/10.15468/dl.wwofy0

Jatropha hieronymi 96 GBIF.org (6 January 2017) GBIF Occurrence Download
http://doi.org/10.15468/dl.2ziu73,

Lithraea molleoides 13,271 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.m45p2c

Loxopterygium grisebachii 86 GBIF.org (11 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.3zkvc4

Neoraimondia herzogiana 29 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.xag67z

Parasenegalia visco 34 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.mnw4qm

Parkinsonia praecox 1123 GBIF.org (12 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.fk3as9

Prosopis chilensis 81 GBIF.org (6 January 2017) GBIF Occurrence Download
http://doi.org/10.15468/dl.dh9ski

Prosopis kuntzei Kuntze 68 GBIF.org (6 January 2017) GBIF Occurrence Download
http://doi.org/10.15468/dl.dh9ski

Sarcomphalus mistol 217 GBIF.org (11 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.mk3r74

Schinopsis marginata Engl. 41 GBIF.org (6 January 2017) GBIF Occurrence Download
http://doi.org/10.15468/dl.ngmuf4

Selaginella sellowii 924 GBIF.org (21 August 2020) GBIF Occurrence Download
https://doi.org/10.15468/dl.5d5hwt
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2.4. A. rubrogenys and Plant Species SDM

We used multiple logistic regressions, also called logit models. Studies have showed
that it is difficult to rank the SDM methods according to their performances because
they vary with dataset properties [51–53], but logistic regression has the best theoretical
background and it is used here as a reference methodology for SDM. The models were
computed in R with the glm function of the R package “stat” (The R Core Team) and we
interpreted the output as a probability of presence (Px). Since absence data are also needed,
we generated pseudo-absences for each species (A. rubrogenys and plant species). The
pseudo-absences were sets of points randomly drawn around the occurrences containing
twice as many points as occurrences. Our strategy is based on the fact that for rare events,
rather than randomly sampling, it is more efficient to collect positive cases (presences),
as much as possible, and to complete them with a limited number of random cases as
absences [54]. There is no common rule to select the ratio of absences to presences and
this varied considerably in ecological studies (see [55]). For each plant species, we built
10 datasets containing the occurrence coordinates and pseudo-absence coordinates drawn
in radius buffers comprised of between 200 and 2000 km around presences. Furthermore,
drawing pseudo-absences within the presences is justified by the fact that the species do not
occupy their entire range. For each dataset, we identified the best combination of climate
factor effects, in other words, a maximum of 6 (only 4 for N. herzogiana, due to smaller
sample size) linear or quadratic effects, after exhaustive screening based on the Akaike
information criterion (AIC), using the glmulti function of the R package “glmulti” [56].
This procedure allowed us to select the shortest distance for the pseudo-absences providing
evident AUC increase, which may give more accuracy and meaningful fit of the models [57].
We finally used the datasets giving the highest AUC and the model selected in the above
procedure with the lowest AIC. Possibly, we chose a model with slightly higher AIC so that
most of the model coefficients may have Z-test p-values lower than 0.05. For validation
we tested the selected models against their null models using the likelihood ratio test
(with critical p-value = 0.05) and the AUC (auc function of “SDMTools” [58]). The cutting
thresholds were also selected thanks to TSS. A linear effect alone reveals a strictly positive
or negative ecological response to the considered factor. The combination of a linear effect
with the quadratic effect of the same factor produces a bell-shaped ecological response
curve. Owing to the logit link function, a quadratic effect alone acts as a threshold. As
climate variables, we first selected annual mean temperature, temperature seasonality,
maximum temperature of the warmest month, minimum temperature of the coldest month,
annual precipitation, precipitation seasonality, precipitation of the wettest quarter and
precipitation of the driest quarter. Then, to minimize collinearity, we computed the matrix
of Pearson correlation coefficients in the species datasets and pointed the couple of variables
with coefficients >0.7 [59]. Thus, we had to drop the maximum temperature of the warmest
month, minimum temperature of the coldest month and annual precipitation for the
plant species, and additionally, precipitation of the driest quarter for A. rubrogenys. For
projections, we set missing value pixels with at least one of the explanatory factors outside
the range encountered in the calibration datasets.

It should be noted that we tested the approach consisting of including outputs of the
plant models to drive A. rubrogenys SDM using restricted estimation of the linear coefficients
of the plant model output to impose positive coefficients. However, this approach failed
mainly due to the fact that the productivity (DVM outputs) or the probability of presence
(SDM outputs) were not uniformly higher over the A. rubrogenys area than outside. We
understood this negative result as that animals are able to rely on resources made by plants
growing in sub-optimal conditions, which seemed evident.

3. Results

Climate over the A. rubrogenys area varied a lot, exemplified by mean annual tem-
peratures which fall between 12.31 and 23.00 ◦C and precipitation of the driest quarter
which ranged between 6 and 62 mm (Table S1). Under RCP2.6 forcing, temperature and
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precipitation over the A. rubrogenys area increased while seasonality decreased with never-
theless increases of the ranges between extreme higher and lower values. Under RCP8.5
forcing, temperature and precipitation followed the same direction but more intensively
than under RCP2.6 forcing.

3.1. Dynamic Vegetation Modelling

Fitness statistics (Table 2) suggested limited to acceptable agreements for plant species
DVM modelling. It is normal that the mechanistic model had significantly lower AUC than
those obtained with the SDM. Indeed, first there is no training step in the DVM computation
and, second, the AUC of the SDM has been maximized in the generation of pseudo-absences
by varying the distance to the points of presence. Thus, comparing the performances of
the two models in terms of AUC, or any other evaluator using pseudo-absences, cannot be
made without bias. In this respect, it should be noted that the performance of the DVM in
terms of sensitivity (Se) (which do not use pseudo-absences) is generally quite high, since
they are generally larger than 0.8 or even 0.9. Otherwise, owing to excessive computing
time, it was not possible to compute maps over the entire areas of distribution of the plant
species. All the species but C. tubulosus were simulated as occurring over the A. rubrogenys
presence area (Figures 2 and 3 and Figure S1). The range of fNPP also varied considerably
between the species and the climate conditions.

Table 2. Dynamic vegetation modelling (DVM) information: sample size for statistics (N), area under the receiver operating
characteristic curve (AUC), true skill statistic (TSS), threshold for TSS (net primary productivity of the species fraction: fNPP,
gC/m2/y), maximal net primary productivity of the species fraction over the area (Max fNPP, gC/m2/y), sensitivity (Se),
specificity (Sp).

Plant Species N AUC TSS Threshold Max fNPP Se Sp

Anadenanthera colubrina 1643 0.67569 0.41083 0.0015 318.03 0.9434 0.46744
Anisocapparis speciosa 147 0.60454 0.40816 4.5738 1131.69 0.95918 0.44898

Aspidosperma quebracho-blanco 218 0.6508 0.38991 0.0706 1064.81 0.94495 0.44495
Celtis ehrenbergiana 1444 0.63466 0.47715 0.1982 1253.74 0.96676 0.51039

Cenchrus 4449 0.66834 0.35042 0.4236 930.89 0.82513 0.52529
Cnidoscolus tubulosus 145 0.68628 0.4 19.5846 1071.89 0.76552 0.63448

Jatropha hieronymi 54 0.73131 0.61111 7.0216 1049.12 0.92593 0.68519
Lithraea molleoides 1870 0.75729 0.61176 0.3059 1184.87 0.94759 0.66417

Loxopterygium grisebachii 49 0.75052 0.57143 1.6223 1112.63 0.91837 0.65306
Neoraimondia herzogiana 25 0.4784 0.4 0.0053 1111.65 0.9600 0.4400

Parasenegalia visco 29 0.6629 0.44828 47.2607 1417.99 0.7931 0.65517
Parkinsonia praecox 550 0.53771 0.38 12.7344 851.75 0.95818 0.42182

Prosopis chilensis 76 0.47152 0.17105 0.0238 1067.33 0.89474 0.27632
Prosopis kuntzei 67 0.62364 0.44776 1.4721 1009.61 0.91045 0.53731

Sarcomphalus mistol 149 0.63799 0.41611 0.7605 1206.76 0.95973 0.45638
Schinopsis marginata 38 0.76939 0.57895 10.2059 1246.94 0.81579 0.76316
Selaginella sellowii 277 0.72557 0.38628 274.332 910.91 0.66065 0.72563

3.2. SDM Modelling

It was possible to obtain models with acceptable to very good agreement for each of
the plant species and for A. rubrogenys, with fitness indicators generally higher than those
obtained for the DVM results (Table 3), except for the sensitivity (Se). For plants, projection
maps revealed large areas of potential presence without any presence point which could
be due to uneven sampling but also to natural barriers to migration, to competition or
to speciation (Figures 4 and 5, Figures S2 and S3). Ten of the plant species were largely
simulated as occurring over the A. rubrogenys’ present area (Figure 6). The simulated
distributions over Bolivia sometimes showed large similarities with those produced by the
DVM. For A. rubrogenys, the model defined a close region over the alpha hull defining the
present area (Figure 5). The original range was conserved under the future climates, the
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Px increased (Figure 6), while new suitable areas appeared connected with the former one
(Figure 5).

Present Future, RCP2.6 Future, RCPRCP8.5

Neoraimondia herzogiana

Parasenegalia visco

Figure 2. Examples of plant species distributions over Bolivia (Ara rubrogenys area delimited by orange lines) predicted
by the DVM CARAIB (CARbon Assimilation In the Biosphere) for present and future climates under RCP2.6 andRCP8.5
forcings (+: occurrences of the species, light to dark color variation shows plant net productivity of the species fraction, in
blue-gray between 0 and threshold of presence, in green between threshold and maximal value; the other plant species are
shown in Figure S1).

Figure 3. Cont.
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Figure 3. Area of Ara rubrogenys occupancy and fraction of the net primary productivity (fNPP) of the resource plant species
predicted by the DVM CARAIB for present and future climates under the RCP2.6 andRCP8.5 forcings (Cnidoscolus tubulosus
was not predicted on this area).

Table 3. Species distribution models (SDM) information: sample size for model estimation and statistics (N), maximal
distance from presence for pseudo-absences (D, km), area under the receiver operating characteristic curve (AUC), true skill
statistic (TSS), selected threshold (Thresh.), sensitivity (Se), specificity (Sp). p-value of likelihood ratio test was lower than
10−5 for each model; formula, i.e., polynomial parts of the logistic models are given in Table S2).

Species N D AUC TSS Thresh. Se Sp

Ara rubrogenys 367 320 0.9775 0.943 0.2756 0.9623 0.9557
Anadenanthera colubrina 8173 1800 0.8584 0.6016 0.1685 0.7823 0.7830

Anisocapparis speciosa 583 1800 0.9445 0.7987 0.2124 0.8776 0.8807
Aspidosperma quebracho-blanco 1018 1800 0.9195 0.733 0.2113 0.8609 0.8591

Celtis ehrenbergiana 6495 1800 0.9008 0.6889 0.2363 0.8322 0.8322
Cenchrus 20,713 2000 0.7794 0.4257 0.2040 0.6982 0.6974

Cnidoscolus tubulosus 463 1400 0.8143 0.4527 0.3983 0.7172 0.7179
Jatropha hieronymi 246 1200 0.9292 0.7876 0.2605 0.8889 0.8802
Lithraea molleoides 4758 1600 0.9338 0.7401 0.5555 0.8698 0.8696

Loxopterygium grisebachii 221 1800 0.9762 0.872 0.2044 0.9388 0.9302
Neoraimondia herzogiana 83 1400 0.9903 0.9483 0.3278 0.9600 0.9655

Parasenegalia visco 97 800 0.9113 0.6805 0.2914 0.8276 0.8235
Parkinsonia praecox 2807 1800 0.9203 0.6987 0.1788 0.8419 0.8418

Prosopis chilensis 238 2000 0.8530 0.694 0.4665 0.8421 0.8395
Prosopis kuntzei 203 1800 0.9231 0.7857 0.3598 0.8955 0.8897

Sarcomphalus mistol 583 1600 0.9367 0.7763 0.2489 0.8800 0.8799
Schinopsis marginata 120 1400 0.9570 0.8723 0.3762 0.9211 0.9268
Selaginella sellowii 1071 1400 0.7794 0.6669 0.3496 0.8267 0.8262
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Celtis ehrenbergiana Lithraea molleoides

Figure 4. Examples of continental distribution of resource plant species predicted by the SDMs for the present (+: present
occurrences of the species, light to dark color variation shows the probability of presence, in blue-grey between 0 and
threshold of presence, in green between threshold and maximal value, pink color masks the area where at least one of the
climate factors was out of the range of the model computation dataset, Ara rubrogenys area in orange; other plant species
shown in Figure S2).

Present Future, RCP2.6 Future, RCP8.5 
 Neoraimondia herzogiana  

   
 Parasenegalia visco  

Figure 5. Cont.
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 Ara rubrogenys  

   
Figure 5. Examples of distributions of plant species and distribution of Ara rubrogenys over Bolivia predicted by SDMs
for present and future climates under 2.6 and RCP8.5 forcings (+: present occurrences of the species, light to dark color
variation shows the probability of presence, in blue-grey between 0 and threshold of presence, in green between threshold
and maximal value, pink color masks the area where at least one of the climate factors was out of the range of the model
computation dataset, Ara rubrogenys area delimited by orange lines; other plant species shown in Figure S3).

3.3. Comparisons of Plant Model Predictions for the Future

Under future conditions, changes predicted by the DVM over Bolivia were limited
but plant presences tended rather to spread (Figures 2 and 3 and Figure S1). The trend
was more pronounced over A. rubrogenys’ area, particularly under RCP8.5 forcings while
the fNPP of the pixel presence over the A. rubrogenys area behaved more or less similarly
but with some exceptions (Cenchrus, P. visco, Figure 3). The mean number of plant species
per pixel (plant diversity, Figure S4) computed for present climate was 10.3. It increased
to 12.0 under RCP2.6 and 14.2 under RCP8.5 forcings. Furthermore, 80% (RCP2.6) to 96%
(RCP8.5) of the pixels lost no species while a majority of them gained up to 11 new species
(Figure 7). In addition, the maximal altitude increased for the majority of the species under
the future climates (Figure 8).

Figure 6. Cont.
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Figure 6. Area of Ara rubrogenys occupancy and mean probability of presence (Px) of A. rubrogenys and of the 18 resource
plant species predicted with SDM for present and future climates under the RCP2.6 andRCP8.5 forcings.

With the SDMs, changes predicted over Bolivia were more significant than with the
DVM (Figures 5 and 6 and Figure S3) but generally the presence also tended to spread.
Over A. rubrogenys’ area, no clear trend emerged for occupancy or Px. Diversity over pixels
(Figure S4) for the present was higher than with the DVM (mean: 13.2) but decreased to
12.6 under RCP2.6 and to 13 under RCP8.5 forcings. Indeed, more pixels lost species while
the gains were more modest (Figure 7). Furthermore, less species than with the SDM had
maximal altitude increase under the future climates (Figure 8).With the SDMs, changes
predicted over Bolivia were more significant than with the DVM (Figures 5 and 6 and
Figure S3) but generally the presence also tended to spread. Over A. rubrogenys’ area, no
clear trend emerged for occupancy or Px. Diversity over pixels (Figure S4) for the present
was higher than with the DVM (mean: 13.2) but decreased to 12.6 under RCP2.6 and to
13 under RCP8.5 forcings. Indeed, more pixels lost species while the gains were more
modest (Figure 7). Furthermore, less species than with the SDM had maximal altitude
increase under the future climates (Figure 8).
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DVM

SDMs

Figure 7. Proportion of pixels exhibiting a given number (0, 1, 2, etc.) of species lost (a,c) or gained (c,d) over the area of Ara
rubrogenys under the RCP2.6 andRCP8.5 forcings compared to the present, for studies with the dynamic vegetation model
(DVM: a,b) and the species distribution model (SDM: c,d).

DVM

Figure 8. Cont.
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SDM

Figure 8. Maximal altitudes of the species over the area of Ara rubrogenys for present and future climates under the RCP2.6
andRCP8.5 forcings predicted by the dynamic vegetation model (DVM) and the species distribution model (SDM).

4. Discussion

The SDM allowed accurately modelling of A. rubrogenys presence with climate. Under
future climate, occupancy, probability of presence and maximal altitude increased and new
areas of occupancy appeared, connected with its present area. For the plants, DVM and
SDM modelling allowed us to successfully compute the distribution of 17 plant species
which are feeding resources of A. rubrogenys. Under present conditions, only one species, C.
tubulosus, was not simulated as present over the area of A. rubrogenys by the DVM. SDMs
gave better fits than the DVM, except for sensitivity (Se). The DVM mainly produced fNPP,
and occupancy increases over the area of A. rubrogenys, also towards higher altitudes, under
the RCP2.6 and RCP8.5 forcings. With DVM, we also obtained pixel diversity increases
resulting from few species loss and more species gains. By contrast, the plant SDMs had no
overall response under the future climate conditions for occupancy, probability of presence,
altitude or diversity.

The lowest agreement of the DVM simulations compared to the plant SDMs were the
result of lower specificity of the DVM. Here, we added an optimization step in which we
selected a threshold for each species thanks to TSS. However, these thresholds were low
compared to commonly fixed values. They probably reflected the fact that we used fNPP
and thus the competition between species for water and light. Lowering the thresholds
increases sensitivity at the expense of specificity. It was already noted in previous studies
that the DVM may tend to simulate the fundamental niche of the species rather than the
realized niche, in the absence of some critical biotic interactions. This could ultimately
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produce wider distributions compared to those produced by the SDMs as observed else-
where [49,60]. Nevertheless, the results of both approaches, DVM and SDMs, were rather
congruent for present conditions. For the future, the results were mostly in accordance
with literature, in other words, the SDMs generally predict more widespread distribution
shifts than DVM [24,49,61–63] while this is not absolute. Therefore, it is not surprising that
in limited parts of their present area, the Px of some species computed with SDM increased
under the RCP forcings. In the Andes, SDMs predicted with dramatic reductions of the
Andean vascular plant diversity for the future without excluding some small areas of better
climatic stability where species numbers could increase [64]. Otherwise, the DVM results
showing increases in diversity and the migrations towards higher altitudes seemed in ac-
cordance with the observations from the recent past. Permanent plots in the Andes showed
thermophilization, in other words, the increasing number of tropical and subtropical tree
species from lower altitudes showing shifts to higher altitudes [65]. This phenomenon,
was also observed on European mountain summits. However, it should finally threaten
the mountains species of the former communities because they are composed of slower
growing species more adapted to harsher conditions compared to species from lower
altitudes [66].

It is established that birds are directly sensitive to climate factors. While one of the
main advantages of body temperature regulation in homeotherms is to allow an optimal
functioning of the organisms under a wide temperature range, the limit of the mechanism
is clearly the dissipation of heat in excess during exercise [67]. Thus, air temperature has
to be considered as an effective component of the bird’s niche. Homeotherms could also
be directly sensitive to other climate factors than temperature, for instance, evaporation
can limit the survival of birds in deserts during heat waves [68]. Furthermore, it was
showed that birds have following their realized climate niche during the course of the
last century [69]. For these reasons, the use of species distribution models (SDMs) with
climate factors only to predict their future distribution has to be considered as a useful tool.
The common response of birds in the Andes to climate change would be a decline [64,70].
Species with restricted distribution, like endemic species, are generally characterized by
narrow climate niche and they seem to resist extinction by relatively high local abundance
and good demographic resilience resulting from the accumulation of local adaptions [71].
The study of species, including parrots, naturalized outside their original area of distribu-
tion indicates however that the climate tolerance could be higher than estimated in the
natural area, particularly for the species occupying narrow ranges of climate conditions
or marginal climates in their native region [72–74]. With the climate factor, we obtained
a very well-defined geographic range (Figure 5). We supposed that the climate niche of
A. rubrogenys would be broad compared to the other endemic species on the basis of the
range of the climate factors over its present area provoked by the steepness of the climate
gradient in the mountains (Table S1). Therefore, it would not be surprising that the SDM is
driven by climate predicted occupancy increase of the present area under the RCP forcings
and also on areas directly connected, at higher altitudes. However, this kind of situation
would be rare. Another possibility would be that the area of A. rubrogenys is climatically
stable enough to guarantee no species loss or even species gain even if those situations
are rare [64]. If so, it would also explain the limited changes found for the plant species
under the RCP forcings with both modelling approaches. Thus, as long as the non-climate
components of the niche of A. rubrogenys remain available, we could venture to forecast
limited risk of extinction due to climate change provided that the diversity of the plant
resources could increase and that species turnover could satisfy animal needs.

While the DVM approach is more promising than the SDM one for evaluating plant
future, DVMs are nevertheless perfectible. DVMs need to elaborate an optimal strategy for
parametrization [45,48,75]. It is indeed limited by the knowledge of the species-specific
traits but also by the response of those traits to environmental factors and results could
be improved by determining those responses and integrating them into the DVM [76–78].
The collection of plant traits with biogeographic information is a fast-growing field of
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knowledge [79]. Since the DVM simulates competition for light and water resources,
another interesting point could be to integrate the species of the former communities
with the potential newcomers to compute the emerging communities. The newcomers, in
addition, could also constitute potential resources.

5. Conclusions

Under the milder RCP2.6 and the harsher RCP8.5 forcings, the SDM for A. rubrogenys
and SDMs and the DVM for plant feeding resources of A. rubrogenys showed that the
current area of suitability would be mostly preserved or even broadened. The actual
feeding resources could be more precisely evaluated by taking into account the land-
use and the productivity of the agricultural species which constitute important feeding
resources for A. rubrogenys [6,25,26]. Nevertheless, predictions of the evolution of those
resources in the course of time would require additional effort since uncertainties increase
with the characteristics of the cultivated varieties and the decisions of the landowners or
the farmers. The use of the DVM for predicting the future of plant species distribution
and productivity is thus improvable. Our result boded well because A. rubrogenys would
not be subjected to unprecedented climate conditions in the present area and the feeding
resources so far would be preserved.

From topology, it could be possible to examine whether new suitable areas include
cliffs appropriate for nesting. However, is it possible that the new suitable areas could be
colonized even without appropriate cliffs thanks to behavioral flexibility? For instance,
A. rubrogenys have been observed nesting in the palm Parajubaea torallyi [80] but, this tree
species has an extremely small range distribution, and there are no other tree species that
could offer large cavities for nesting within the range of the red-fronted macaw. Moreover,
recent population genetic analyses show a low capacity for the species to colonize distant
areas. Despite its restricted range, the population is structured in genetic clusters with low
or null gene flow among them, despite that some colonies are separated by few tens of
kilometers, that there are no ecological barriers and that macaws make larger daily and
seasonal movements for feeding. Therefore, it is highly improbable that the species could
colonize very distant areas in its future niche suitability [81].

Thus, while bird decline at global scale seems mainly provoked by increasing tem-
perature [82], the main concerns about A. rubrogenys’ future remained the direct human
threats, in other words, habitat conversion, poaching and killing, which need to be urgently
solved before the species rapidly goes extinct in nature [6,11,12].
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Abstract: Amazona is the largest genus of the Psittacidae, one of the most threatened bird families.
Here, we study four species of Amazona (Amazona brasiliensis, A. pretrei, A. vinacea, and A. rhodocorytha)
that are dependent on a highly vulnerable biome: the Brazilian Atlantic Forest. To examine their dis-
tribution and abundance, we compile abundance estimates and counts, and develop site-occupancy
models of their geographic range. These models integrate data from formal research and citizen
science platforms to estimate probabilistic maps of the species’ occurrence throughout their range.
Estimated range areas varied from 15,000 km2 for A. brasiliensis to more than 400,000 km2 for
A. vinacea. While A. vinacea is the only species with a statistical estimate of abundance (~8000 in-
dividuals), A. pretrei has the longest time series of roost counts, and A. rhodocorytha has the least
information about population size. The highest number of individuals counted in one year was for
A. pretrei (~20,000), followed by A. brasiliensis (~9000). Continued modeling of research and citizen
science data, matched with collaborative designed surveys that count parrots at their non-breeding
roosts, are essential for an appropriate assessment of the species’ status, as well as for examining the
outcome of conservation actions.

Keywords: Amazona; Psittacidae; species distribution models; data integration models; occupancy
models; citizen-science; population size; count data

1. Introduction

Three hundred and ninety-five species of parrots, macaws, and parakeets constitute
the Psittacidae family, the largest non-passerine bird family in the world [1]. With 27%
(108) of its species threatened with extinction [1], the Psittacidae is the bird family with the
highest absolute number of threatened species, that is, species classified as ‘vulnerable’,
‘endangered’, ‘critically endangered’, or ‘extinct in the wild’, by the International Union for
Conservation of Nature and Natural Resources (IUCN). In proportional terms, the Psittaci-
dae come only after the much smaller families of albatrosses and cranes with, respectively,
68% and 66% of their species threatened. Habitat loss and nest poaching are two key
factors endangering Psittacidae populations [2,3]. Being dependent on forest habitats,
most Psittacidae species require natural cavities to nest [3] and are thus directly impacted
by forest clearance [2] and selective logging [4], caused primarily by agro-industrial expan-
sion [5,6]. Nest poaching disproportionately affects species that are colorful, with large
body size, relative ease of capture, and that sell for the highest prices [7,8].

The most diverse genus among the Psittacidae is the neotropical genus Amazona,
or Amazon parrots, with 36 species distributed from northern Argentina to northern
Mexico [1]. One half (18) of the Amazona species are globally threatened, and 25 species
have decreasing population sizes, according to the IUCN Red List [1]. Nest poaching
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has been reported by Wright et al. [8] as the main cause of mortality in four species:
A. vinacea, A. kawalli, A. ochrocephala, and A. auropalliata. Habitat loss is also a threat to
the genus, especially in those biomes that have been more subjected to deforestation,
such as the Atlantic Forest of Brazil. Home to seven Amazona species [9], the Atlantic
Forest is the second largest rainforest in South America [10,11] and is a global biodiversity
hotspot [12]. The biome has lost almost 90% of its forest cover since the onset of European
colonization [12], and only 1% of its original extent is presently included in protected
areas [10]. According to one projection to 2070 [13], the Atlantic Forest region will lose bird
habitat at the rate of 1.2% to 3.3% per decade—the highest rate of loss estimated by that
study for any region of the world. Realizing the potential impact of land use in the Atlantic
Forest on parrot populations [14], as well as the relative importance of the genus Amazona
among the Psittacidae, we direct our attention here to what we consider to be the most
emblematic Amazona species of the Atlantic Forest biome: A. brasiliensis, A. rhodocorytha,
A. vinacea, and A. pretrei. They are endemic to the Atlantic Forest [15] and classified by the
IUCN, respectively, as Near-Threatened, Vulnerable, Endangered, and Vulnerable.

Geographic range and population size are two key descriptors of the state of any living
species. Since their temporal trajectories offer evidence of population trends, these two
variables inform four out of the five criteria used by the IUCN in assigning species to threat
categories [16]. Notwithstanding, the IUCN Red List profiles of these four species in this
study reveal substantial uncertainty about their geographic ranges and limited information
about how the estimated population sizes were obtained. Our goal here is to fill this knowl-
edge gap to the extent that is possible by compiling information from the ornithological
literature and citizen-science platforms. We review information on population sizes based
on published abundance estimates and counts of all species. To address geographic ranges,
we draw new maps for the four species. Our maps express the species’ distribution as
occupancy probability per municipality. The statistical models used for producing the new
maps integrate data from three different citizen-science platforms (eBird, Wikiaves, and
Xeno-Canto) as well as from formal research databases, where available. We hope that
improved knowledge about abundance and distribution of Amazona species in the Atlantic
Forest will help direct future monitoring and conservation efforts, as well as strengthen the
basis for threat assessments.

2. Materials and Methods

2.1. Study Area and Data Collection

We organized information about the population size and the geographic range of
Amazona brasiliensis, A. pretrei, A. rhodocorytha, and A. vinacea following two different ap-
proaches. For population size, we compiled all the information about counts or abundance
estimates that we could find for each species, including results from peer-reviewed papers,
reports, books, and academic theses (Supplementary Tables S1–S3). Count data were col-
lected by four different research teams, during scientific research or monitoring programs.
The counts were performed at regularly used roosts or near points of frequent flyover
by parrots, at dawn and dusk. For geographic range mapping, we compiled detection–
non-detection data from citizen-science platforms and research project databases. Such
data were analyzed separately for each species, with a site-occupancy, data-integration
model following Zulian, Miller, and Ferraz [17]. We varied the geographic extent, or focal
area, used to fit each species’ model (Figure 1). Focal areas included either all the states
or provinces where the species were detected (A. rhodocorytha and A. vinacea) or all the
municipalities within 150 km of the closest detection (A. brasiliensis and A. pretrei). These
areas ranged from a little over 160,000 km2, for A. brasiliensis, to more than 1.5 million km2,
in the case of A. vinacea (Figure 1). We are confident that the extent for each species cov-
ers the entirety of each species’ potential area of occurrence. The A. vinacea range map
that we present here is the only map in this paper that combines formal research and
citizen-science data. This map is identical to that shown by Zulian, Miller, and Ferraz [17],
in a study focused on devising optimal methods for fitting distribution models to multiple
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data streams, which informs the approach that we used here. Geographic range analyses
for the other three species are based uniquely on citizen-science data, as explained below.

 

Figure 1. Geographic ranges of the four study species represented by the mean of the true occupancy state (z) estimated for
each municipality. Intermediate values—of z ∼ 0.5—indicate the highest uncertainty about occupancy by each species.
Black dashed polygons are the Extant range of each species according to the IUCN Red List of Threatened Species [1].

We obtained records of A. vinacea, A. brasiliensis, A. rhodocorytha, and A. pretrei from
citizen-science platforms eBird [18], WikiAves [19], and Xeno-canto [20], corresponding to
the period between 1 January 2008 and 31 December 2018. For A. vinacea, we also included
a formal research dataset derived from roost counts and described by Zulian et al. [21].
Our sampling unit is the municipality, where the number varied from 3701 to 405 depend-
ing on the species. Citizen-science platforms store data resulting from field visits with
highly variable duration, distance covered, observation technique, and observer experi-
ence. This lack of standardization requires platform-specific data processing solutions.
In particular, eBird data come in the form of checklists, which contain information about
observation effort per list. The number of lists per municipality varied from 1 to 3245,
with a mean of 33 lists, collected at different times of the year by different observers. Wiki-
Aves and Xeno-canto, on the other hand, gather records for a municipality in the form of
individual species observations that are not aggregated in any form of observation ‘session’
per municipality and observer. As a result, we have the equivalent of replicate visits for
eBird, but not for the other two platforms, where each municipality has only one ‘visit’.
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Data processing consisted of some filtering, formatting data matrices, and obtaining
effort covariates for all platforms. Starting with eBird, we excluded incomplete checklists,
checklists without location information, and checklists that potentially spanned more
than one municipality due to long distance (>12 km) or long time traveled (>360 min).
We set up a matrix of detection–non-detection histories based on eBird data for each parrot
species. In this matrix, municipalities appeared in rows and consecutive checklists of
each municipality in columns. Matrix elements were ‘1’, for municipalities and checklists
where the parrot species were detected, or ‘0’ where not detected. We calculated three
covariates of sampling effort for each eBird checklist and municipality: the total number of
species recorded, the number of minutes spent observing, and the number of kilometers
traveled. For WikiAves and Xeno-canto, data filtering consisted of deleting sightings of
individuals reported as escaped from captivity. Since WikiAves receives photographic and
audio records of species, we organized data into two vectors per parrot species, one for
the number of photographs and one for the number of audio recordings of that species in
each unique municipality. For the WikiAves data, we calculated two covariates of effort:
the number of photos and the number of audio recordings of all species, per municipality.
Finally, the Xeno-canto platform hosts only audio recordings of bird sounds, so its detection
data were easily organized into a single vector per parrot species, holding that species’
number of audio recordings per municipality. We also collected the total number of
recordings of any species uploaded for each municipality for use as a covariate of Xeno-
canto sampling effort. For the A. vinacea research data, we created a detection–non-detection
matrix with municipalities as rows and counts as columns. Matrix cells corresponding to
counts with at least one parrot received a detection (‘1’), and those with no parrots received
a non-detection (‘0’). Here, we used the count’s duration, in minutes, as a covariate of
sampling effort (see Zulian, Miller, and Ferraz [17] for details).

2.2. Data Analysis

We drew range maps representing the estimated probability of site (or municipal-
ity) occupancy by each species during the eleven-year study period. We follow a static
approach as originally described by MacKenzie et al. [22] and define ‘occupancy’ as the
probability that a site was occupied by the given species at any point during the whole
eleven-year study period. One of the species—A. pretrei—is known for its within-year shifts
in distribution, which result in exceptionally large concentrations of individuals during
the non-breeding season. Therefore, for this species alone, we estimated both the full-year
distribution for the species and seasonal range maps. Seasonal distributions were obtained
with the same modeling approach applied to four non-overlapping temporal subsets of the
data, each corresponding to one trimester of the year and including information from all
years. At the core of our statistical approach to site occupancy, there is a process model of
the true occupancy state, zi, of each municipality, i, which takes the value of ‘1’ for those
municipalities that are occupied by the species of interest, and ‘0’ for those that are not.
This state follows a Bernoulli distribution with a mean ψi:

zi ∼ Bernoulli (ψi). (1)

The occupancy probability in each municipality i, ψi, varies according to n environ-
mental covariates, Xn,i, according to a generalized linear model with a logit link function.
Since the four species of parrots are associated with Atlantic Forest and altitude [23–25],
we included the Atlantic Forest cover and average altitude as covariates of municipality i
occupancy. We also included the Araucaria Forest cover as a covariate of occupancy by
A. pretrei and A. vinacea, since they rely heavily on Araucaria seeds for food during the win-
ter [23,26,27], and a Dense Forest cover as a covariate of occupancy by A. brasiliensis, because
this species is apparently associated with dense, lowland coastal forest [25,28,29]. We ob-
tained Atlantic Forest cover data from Ribeiro et al. (in prep.), and Dense Forest cover data
from the Brazilian Instituto Brasileiro de Geografia e Estatística (https://www.ibge.gov.br/
(accessed on 30 June 2021)) [30]. Average municipality altitude, x, in meters, is from DIVA-

48



Diversity 2021, 13, 416

GIS (https://www.diva-gis.org/ (accessed on 18 November 2019)) [31], log-transformed as
log(x + 1). Our linear model of occupancy also included a spatial random effect to account
for unexplained spatial autocorrelated variation (δi):

logit(ψi) = β0 + β1 ∗ X1,i + β2 ∗ X2,i + . . . + δi. (2)

In this model, occupancy covariates measured at municipality i are given by X1,i, X2,i
. . . , and β0, β1, β2 . . . are estimated coefficients. The spatial component of our model
follows a conditional auto-regressive (CAR) distribution [17] and was used to estimate
correlated spatial variation in the data that is not explained by our covariates. To avoid
confounding effects of municipality size variability and to gain replication within spatial
units in the CAR analysis, we represented the spatial random effect using a hexagonal lattice
overlaid on the study area, with municipalities assigned to the lattice cell that matches their
centroid. Hexagonal cells measured 0.5◦ latitude across, and all the first-order neighbors of
each cell were given a weight of 1 when fitting the CAR model.

Ours is a data-integration approach because it models detections from different databases
with a joint-likelihood that shares the same occupancy process described above [32,33],
for each parrot species. Within each database, detection was expressed as a conditional
probability, p∗j , of detecting the species as a function of an estimated amount of sampling
effort, Ej, for visit j [17,33,34]:

p∗j = 1 − (1 − p)Ej, (3)

where p is the probability of detection per unit of effort. Since we are using indirect,
and sometimes several metrics of effort for each data source (our effort covariates), we es-
timated the parameter Ej for each sample j as a linear function of the covariates. Thus,
for each dataset, DSn, with n varying between one and four (roost counts, eBird, WikiAves,
and Xeno-canto), we have:

EDSn
j = α1 ∗ X1j + α2 ∗ X2j + α3 ∗ X3j, (4)

were X1j, X2j, and X3j are effort covariates measured on visit j. We used one to three
covariates depending on data type. We fixed p at a value of 0.5, so that the α1α3 coef-
ficients express the relationship between covariates and the effort necessary to reach a
detection probability of 0.5 per unit of effort. Without fixing p, Equation (3) becomes
over-parameterized. Having modeled a conditional probability of detection, p∗j , we can
represent the detection–non-detection data, Yij, as the outcome of a Bernoulli distribution,
that accounts for the true state of each municipality, zi, and the conditional probability of
detection, as follows:

Yij ∼ Bernoulli
(

zi × p∗j
)

. (5)

We fitted all the models using a Bayesian estimator coded in the BUGS language
and implemented on WinBugs software [35]. Inference was based on draws from the
posterior distribution of model parameters using a Markov Chain Monte Carlo (MCMC)
algorithm with three chains, 200,000 iterations, and a burn-in phase of 150,000 (see code in
Supplementary S1 in the Supplementary Materials). All results presented here correspond
to chains that converged to an R-hat lower than 1.1. We draw maps of ‘realized occupancy’
given by the mean of the estimated zi for each municipality and estimated the area of
each species’ geographic range as the sum of all municipality areas weighted by each
municipality’s predicted occupancy, ψi, estimate.

3. Results

We used a total of 100,289 samples, collected across 3701 municipalities, to inform the
estimation of geographic ranges of the four parrot species that we studied. The datasets
showed a wide coverage, with more than 90% of the municipalities in each species’ study
area having at least one sample (Table 1). Alone, the A. vinacea dataset accounted for
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almost 50% of the samples and 58% of the detections, while A. pretrei had the smallest
dataset, with 18% of the samples and 10% of the detections (Table 1). A. brasiliensis had
the third highest number of samples, but only 15 municipalities with at least 1 detection.
A. rhodocorytha had the second smallest sample size, but the second largest number of
detections (Table 1).

Our estimated geographic ranges differed from the Extant area calculated from the
range maps reported by the IUCN for all four species (Table 1). A. vinacea had the largest
estimated range, encompassing more than 400,000 square kilometers [17], followed by
A. rhodocorytha, with approximately 134,000 square kilometers (Figure 1). The discrepancies
between the IUCN Extant area and our estimates are not negligible: while our geographic
range estimate is three times larger than the IUCN value for A. vinacea, it is six times larger
for A. pretrei. The biggest discrepancy is for A. rhodocorytha, for whom the IUCN reports a
range 50 times smaller than our estimate. Geographic ranges are an outcome of history and
environmental constraints. Our results show how the environmental covariates of Atlantic
Forest cover, Araucaria Forest cover, and Altitude help explain the distribution of A. vinacea,
with all three having strong and positive effects on site-occupancy probability (Table 2).
Based on our models, species’ detection data, and environmental covariate information,
there is no evidence of other statistically distinguishable effects of environmental factors
on site occupancy by any of the four species of parrots (i.e., the 95% credible intervals of
other coefficients in Table 2 are nearly centered on zero).

Table 1. Sample size, spatial coverage, and number of detections for the four parrot species. Sample size is the number
of samples collected form the citizen-science and research datasets, as defined in the text. Coverage is the proportion of
municipalities in each study area with at least one sample. The labels ndet and nmuni show, respectively, the number of
parrot detections and the number of municipalities with at least one detection. The last two columns show geographic
ranges sizes: the IUCN Extant area is given in each species’ online entry to the IUCN Red List of Threatened Species.
The estimated geographic range is the sum of municipality areas weighted by the estimated probability the species occurred
in each municipality (given here by the mean ± standard deviation of the a posteriori distribution of range size, followed by
its 95% credible interval (in parentheses)).

Species
Sample

Size
Coverage

%
ndet nmuni

IUCN Extant
Area (km2)

Estimated
Geographic Range

(km2)

Amazona brasiliensis
(Red-tailed Parrot) 16,705 99.7 192 15 4750

15,627 ± 8843
(3127–31,414)

Amazona pretrei
(Red-spectacled Parrot) 5477 92.7 187 73 10,430

66,203 ± 11,425
(45,727–90,367)

Amazona rhodocorytha
(Red-browed Parrot) 30,867 94.2 346 86 2672

134,355 ± 13,922
(109,288–162,828)

Amazona vinacea
(Vinaceous-breasted Parrot) 47,240 91.9 1007 339 145,700 434,670 ± 28,911

(382,887–496,550)

Table 2. Coefficients of the occupancy equation in each species model. The numbers show the mean ± standard deviation
and 95% credible intervals (in parentheses) of the a posteriori distribution of each parameter.

Species Atlantic Forest Dense Forest Araucaria Forest Altitude

Amazona brasiliensis −0.63 ± 2.23
(−5.39–3.48)

−1.33 ± 3.14
(−7.71–4.77) — 0.23 ± 0.44

(−0.72–0.94)

Amazona pretrei −0.55 ± 1.08
(−2.70–1.56) — 0.47 ± 1.05

(−1.55–2.53)
0.15 ± 0.18

(−0.21–0.52)

Amazona rhodocorytha 0.84 ± 0.91
(−1.70–1.84) — — −0.14 ± 0.20

(−0.51–0.25)

Amazona vinacea 2.11 ± 0.86
(0.37–3.79) — 2.13 ± 0.98

(0.29–4.10)
0.85 ± 0.12
(0.58–1.05)
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The subdivision of A. pretrei data into trimesters generates four substantially different
geographic range maps (Figure 2). During the early breeding season months of July to
September, the species is at its most dispersed (Figure 2A). During this period, 39 munic-
ipalities throughout the focal area have realized occupancy greater than 0.9 (i.e., mean
z > 0.9), even though almost all of them are in the state of Rio Grande do Sul. During
the Fall months of April to June, however, A pretrei individuals appear aggregated in
only 12 municipalities that have realized occupancy greater than 0.9 (Figure 2D). These
municipalities form four disjunct clusters in the Rio Grande do Sul and Santa Catarina
states. The transition from the aggregated to the dispersed state is faster than the transition
from dispersed to aggregated, which takes place from October to March and is represented
by the intermediate ranges in panels B and C, of Figure 2.

 

Figure 2. Seasonal variation of the geographic range of the Red-Spectacled Parrot (Amazona pretrei) as shown by the mean
of the true occupancy state (z) estimated for each municipality. Each panel represents a trimester, the sequence starting
with July–September (A), when the species is most dispersed, and proceeds in three-month intervals to October-December
(B), January-March (C) until April–June (D), when it aggregates in only a few municipalities. Darker tones of red indicate
higher mean z; intermediate tones indicate the highest uncertainty about species presence.

There is much less information about the abundance of Atlantic Forest Amazona species
than about their geographic range. The species for which we could assemble the longest
time series of roost counts was A. pretrei, which has a long-term monitoring program led by
the same team of researchers since the mid-1990s (Figure 3B). A. pretrei is also the species
with highest counted number of individuals. Its earliest counts, performed in 1971 by
Forshaw and Cooper (ref [36] cited by [37]), returned between 10,000 and 30,000 individuals
(Figure 3B). Later, during the 1970s and 1980s, Belton [38] and Varty et al. [37] reported a
decline in the number of individuals counted, with recovery during the 1990s. Since 1997,
the yearly sum of A. pretrei counts has varied around 20,000 individuals (Figure 3B) [39–42].
The second longest time series of roost counts is that of A. brasiliensis. This species also has
an ongoing monitoring program, coordinated by the same team throughout the last two
decades [43]. The sum of A. brasiliensis counts has varied, always below 10,000 individuals,
over the last three decades [28,29,43–61]. Figure 3A shows a tendency towards increasing
counts, but one should not rush to interpret this as evidence of population growth be-
cause the count reports do not incorporate corrections for variation in effort through time.
A. vinacea has the shortest time series of roost counts [21,27,42,62–64] (Figure 3C) but is
the only species with a published statistical estimate of population size, which does ac-
count for temporal changes in sampling effort, as well as for detection errors [21]. There
are two estimates, for the non-breeding seasons of 2016 and 2017, both in the vicinity of
8500 individuals and with 95% credible intervals entirely below the 10,000-individual mark.

We could not assemble a time series of A. rhodocorytha counts, as the few pub-
lished count results were obtained in sparse locations that were not revisited in different
years. In 1998, Marsden et al. [65] searched for the species in two separate sites cover-
ing 427 km2 of Bahia and Espírito Santo states, reporting distance-sampling estimates
of, respectively, 238 ± 174 and 5990 ± 1680 (mean ± standard error) individuals. Later,
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in 2008, Klemann-Júnior et al. [66] counted 2295 individuals for all of Espírito Santo state.
The Plano de Ação Nacional para a Conservação dos Papagaios da Mata Atlântica considers
that the A. rhodocorytha population size is around 10,000 individuals, based on expert
opinion [41], but no more demographic information is available.

Figure 3. Number of Red-Tailed (A), Red-Spectacled (B), and Vinaceous-Breasted (C) Parrots counted
by research teams throughout the last fifty years. Panel (C) also includes two estimates of the
Vinaceous-Breasted Parrot population size, with gray lines showing bounds of the 95% credible
interval of the a posteriori distribution of population size. These are the only statistical estimates
of population size available in the literature for any of the study species. There is no plot for the
Red-Browed Parrot because we could not find published records of count results for this species.
Some of the Red-Spectacled Parrot counts were reported as intervals and appear as vertical lines
in panel (B). Variations in the number of counted individuals may be due to variation in sampling
effort or to real change in population size. Asterisks in panel (A) show differences in sampling effort:
* corresponds to years that the counts were performed only in Paraná, and ** only in São Paulo.
Sources for the numbers shown are [28,29,43–61] (A), [36–42,67] (B), and [21,27,42,62–64] (C).
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4. Discussion

4.1. Geographic Range

The four Amazona species we studied showed marked differences in geographic range
and, most likely, also in population size. The estimated areas of the geographic ranges
varied over two orders of magnitude, from the approximately fifteen thousand square kilo-
meters in A. brasiliensis to more than four hundred thousand square kilometers in A. vinacea.
The mean estimated range was larger than the IUCN Extant area for all species, with 95%
credible intervals including the IUCN Extant area for only one of them, A. brasiliensis.
Both our estimated range area and the IUCN Extant areas approximate areas of occupancy
as defined by Gaston and Fuller [68]. The marked disparity is likely a reflection of con-
servative caution in the definition of IUCN Extant areas and of extraordinary sampling
coverage afforded by the use of citizen-science data in our estimates.

Geographic-range differences across species partially reflect environmental factors
that limit their distribution. The range of A. brasiliensis appears to be limited by the high-
lands of the Serra do Mar [28], which also have high occupancy by A. vinacea. Indeed,
A. vinacea is the only species to show evidence of a positive association between altitude
and occupancy probability. Occupancy by A. vinacea is also positively associated with
Atlantic and Araucaria Forest covers, even though the parrot’s range extends beyond that
of Araucaria angustifolia [17]. None of these associations—with altitude or with any type
of forest cover—were evident from the analyses of the other three species—A. brasiliensis,
A. pretrei, or A. rhodocorytha. Such lack of statistical association does not mean that they
are biologically indifferent to forest cover. They are all cavity-nesters, and will not re-
produce without access to tree holes, which are predominantly found in old-growth
forests [28,29,66,69–71]. Instead, the focal areas of all three include extensive regions of
forest (or of high or low altitude) that happen to not be occupied. This weakens the statis-
tical association with occupancy covariates, not because they do not facilitate occupancy,
but because unknown factors not included in our models may be further restricting the
parrot distributions.

4.2. Population Size

Of the four species in this study, we only have a statistical estimate of global population
size for A. vinacea. At around 8500 individuals [21], this estimate is nearly three times the
number reported by the IUCN [72]. The local estimate of ~6000 A. rhodocorytha individuals
for one 461 km2 site in Espírito Santo, reported by Marsden et al. in 1998 [62], appears
too high. This number, which implies a homogeneous density of 13 individuals per km2

throughout the study site, is more than twice the number counted for the whole state
of Espírito Santo by a different team ten years later [63]. There was either a dramatic
population reduction in the state or these A. rhodocorytha numbers need reconsideration.
There are no published estimates or counts of A. rhodocorytha for five of the states covered
by the range map in Figure 1C. The species’ global population size of 10,000 individuals
reported by the IUCN [73] and the Brazilian Red List [74] may be reasonable, but neither
source provides an explanation of how that number was obtained.

Any considerations about population sizes of A. pretrei and A. brasiliensis must be
based solely on raw counts, as there are no published statistical estimates of population size
for these species. Counts are difficult to compare because they do not quantify uncertainty
about their values. They are also likely to underestimate real population size because they
do not account for detection errors. In the absence of statistical estimates, however, counts
offer a reasonable lower bound for population size. A. pretrei is the species with the largest
counts, exceeding 20,000 individuals in 2006, 2008, and 2011, a number that is also greater
than the 16,000 individuals cited by the species’ IUCN Red List profile [75,76]. This species’
well-known tendency to concentrate in only a few municipalities during the non-breeding
season [39] reduces the probability that observers overlook large flocks and makes us
relatively more confident of the accuracy of A. pretrei’s counts than of the others. Counts
of A. brasiliensis reached more than 9000 individuals in 2018 [61,77], making it, possibly,
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the species with the smallest geographic range but the second highest population size in
this study. Future research could be aimed at the question of whether A. brasiliensis presents
an exception to the well-supported positive relationship between area of occupancy and
local abundance [78].

4.3. Seasonal Change in Geographic Range

Seasonal movements of aggregation and dispersion, influenced by the reproduc-
tive cycle and changes in food availability, are well-documented for A. brasiliensis [29],
A. pretrei [39], and A. vinacea [21,27]. Dispersion occurs in the beginning of the breeding sea-
son (August–September), when breeding pairs abandon collective roosts to start spending
the nights near the nest. By the end of the breeding season—December to March depending
on the species—parrots aggregate again in collective roosts, which vary in size from dozens
to thousands of individuals [21,27,29,39,79]. Aggregation and dispersal phases of A. pretrei
occur in nearly non-overlapping parts of the species’ range. By early Autumn, individuals
concentrate in southeast Santa Catarina [39,80], and they spend the coolest months of the
year in this region, feeding on abundant Paraná pine (Araucaria angustifolia) seeds [39]
while other food resources are scarce [26]. Even though some individuals may overwinter
in Rio Grande do Sul, the majority of the A. pretrei population spends this period in Santa
Catarina, forming groups with thousands of individuals, in the municipalities of Painel,
Urupema, Lages, and São Joaquim [39]. Between July and September, A. pretrei individuals
disperse back to breed in Rio Grande do Sul, reaching at this point their largest geographic
range and smallest group sizes [39]. Providing evidence of range dynamics at a larger
temporal scale, A. pretrei’s center of aggregation has not always been in southeast Santa
Catarina. Reports from the 1970s show large wintering aggregations of more than 10,000
individuals in the municipality of Muitos Capões, northern Rio Grande do Sul [3,37,38,67].
By the early 1990s, however, this number had decreased to only a few tens of individu-
als [39], and larger groups began appearing in Southeast Santa Catarina [39,81]. This shift
of more than 100 km to the north follows decades of intense exploration and widespread
destruction of Paraná pine forests in RS, which peaked between the 1920s and 1950s [82].
Most likely, scarcity of their most important winter fallback food forced A. pretrei into the
colder but still relatively abundant Araucaria forests of the new wintering grounds in Santa
Catarina [81].

4.4. Long-Term Changes in Geographic Range

Among the four species in our study, A. vinacea shows the strongest evidence of range
contraction, with local extinctions in parts of Argentina and Paraguay since the 1970s [63,64].
With a historic range that covered southern Paraguay west of Misiones and all the way
into central Paraguay to the northwest [63], the occurrence of A. vinacea outside Brazil
is now restricted to three localities in Argentina [21,63,64] and two in Paraguay [21,63].
Both A. vinacea and A. pretrei are classified as critically endangered in Argentina [83],
which may have had a historical population of the latter [84,85] A. pretrei is rarely ob-
served in Paraguay [23,86], where it is also classified as threatened [87]. Belton [38]
mentions the possible past occurrence of A. pretrei as far north as São Paulo state, in Brazil,
but the validity of XIX century records that could backup such possibility is disputed [3,75].
Reviewing information about A. brasiliensis, Scherer-Neto [28] cites reports of XIX century
sightings in northern Rio Grande do Sul and northeast Santa Catarina (see also [77]), but the
validity of these reports, too, is questionable [3]. Even with reliable identification, though,
past observation of any species far outside the present range is no firm evidence of range
contraction. Individuals may wander away from their species’ ranges, sometimes across
oceans [88], with sightings in unexpected locations inevitably getting more attention than
within a known range, even if they bear no consequence to population dynamics. Parrots
introduce the additional complication of having been kept as pets for a long time, so that
past sightings in odd places could also be of individuals escaped from captivity. To con-
clude, A. rhodocorytha has the least historical information of the four species, with perhaps
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one observation deserving special attention: one recent record in the state of Alagoas [89]
dispels a previous suggestion of local extinction [3] and confirms the existence of a disjunct
population in the extreme north of the distribution.

4.5. Long-Term Change in Population Size

The time series of counts that we report for A. vinacea and A. brasiliensis show increas-
ing numbers very likely due to an increase in sampling effort. The time series for A. pretrei
shows relatively small variation for the last two and a half decades. After an apparent
decline during the 1970s [37,38], A. pretrei counts increased to around 20,000 individuals
in 1997. Such increase coincides with the period when A. pretrei was shifting its winter-
ing aggregation to Southeast Santa Catarina, where counts have been carried out by the
same research team since 1995. Counts of A. brasiliensis and A. vinacea, on the other hand,
have been carried out by different research groups in different locations, with variable
degrees of coordination. The highest counts of A. brasiliensis, for example, were obtained
in 2015 (9176 individuals), and in 2018 (9112 individuals), when research teams visited
all known roosts in São Paulo and Paraná. In 2019, however, when only Paraná roosts
were visited, approximately 2000 fewer individuals were counted. Similar, effort-driven
variation is evident in the A. vinacea time series, which had fewer than one thousand
individuals counted annually from 2001 to 2013. A. vinacea counts have increased since
2014, with the implementation of annual coordinated counts performed at a number of
sites, that increased gradually from 20, in 2014, to 67, in 2017. The only period for which we
can draw statistical inference about temporal change in the A. vinacea population is the tran-
sition from 2016 to 2017 [21]. The estimates shown in Figure 3C account for detection error
and for variation in effort between the two years. The credible intervals of the abundance
estimates, broadly overlapping between the two years, provide no evidence of a substantial
change. Future analysis of population trends will require more coordination and replication
of counts. This will facilitate statistical analysis of count results and investigation of real
trends in population size.

4.6. Concluding Remarks

The future of the four parrot species analyzed in this study is threatened by two key
environmental hazards: habitat loss and human exploitation [2]. A. brasiliensis, A. pretrei,
A. rhodocorytha, and A. vinacea are all impacted by the destruction of the Atlantic Forest,
especially because they nest in tree cavities that are much more common in old growth than
in secondary forests [90]. Since the arrival of Europeans in South America, almost 90% of
the original Atlantic Forest cover was lost [12]. The remaining forest is highly fragmented,
with only 20% of its area contained in patches larger than 100 km2, and 83% of the patches
being smaller than 50 hectares [12]. When not replaced by pasture or farmland, cleared
forest gives way to exotic tree monocultures, such as Pinus and Eucalyptus [91]. In coastal
areas intensely used by the tourism industry, cleared forests may also give way to urban
expansion, which disproportionally affects A. brasiliensis [29]. The other primary threat to
all four species, human exploitation, comes in the form of nest poaching [8,69,74,92–96].
According to one study [8], nest poaching is the principal cause of nest failure for A. vinacea
—with more than 80% of 25 monitored nests poached—and A. brasiliensis—with 50% of
78 monitored nests poached. Four initiatives have been promoting conservation, as well
as research and monitoring of the four species throughout the last three decades: Projeto
Charão (for A. pretrei, since 1991), Projeto para Conservação do Papagaio-de-cara-roxa (for
A. brasiliensis, since 1997), Projeto Chauá (for A. rhodocorytha, since 2014), and the Programa
Nacional para a Conservação do Papagaio-de-peito-roxo (for A. vinacea, since 2015). To im-
prove knowledge about population dynamics and manage a response to environmental
threats, it is essential that these and similar initiatives expand their reach. Continued
tapping of citizen-science data will help to update knowledge about species’ ranges. The es-
timation of abundance and validation of range maps, however, require observers on the
ground. Much can be achieved just by sending observers to municipalities with higher un-
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certainty about species’ occurrence, but one can go much further by practicing integration
of citizen-science and professional research work on a routine basis. The combination of
range mapping based on citizen-science and coordinated observation by research teams
throughout the species’ ranges offers a powerful tool for accurately monitoring the species’
status and for assessing the consequences of management decisions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/d13090416/s1, Supplementary S1: The R and BUGS code for the models used in estimating the
parrot’s geographic range is available. Table S1: Compilation of the available counts for Amazona
brasiliensis with the respective reference. Table S2: Compilation of the available counts for Amazona
pretrei with the respective reference. Table S3: Compilation of the available counts and abundance
estimates for Amazona vinacea with the respective reference.
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Abstract: Yellow-naped amazons, Amazona auropalliata, have experienced a dramatic population
decline due to persistent habitat loss and poaching. In 2017, BirdLife International changed the species’
status from threatened to endangered and estimated that between 10,000 and 50,000 individuals
remained in the wild. An accurate estimate of the number of remaining wild individuals is critical to
implementing effective conservation plans. Wright et al. conducted roost count surveys in Costa
Rica and Nicaragua during 2016 and published their data in 2019; however, no population data
exists for the rest of the range. We conducted roost counts at 28 sites across Mexico, Guatemala,
and the Bay Islands in Roatan during 2018 and 2019. We counted 679 birds and combined our data
with the published Wright et al. (2019) data for a total of 2361 wild yellow-naped amazons observed
across the species’ range. There were fewer roosts detected in the northern region of the range than in
the southern region. We found that roosts were most likely to occur in built-up rural and pasture
habitat, with 71% found within 100 m of human habitation. Our results illustrate the need for
immediate conservation action to mitigate decline, such as enforced legal action against poaching,
nest guarding, and increased community education efforts.

Keywords: eBird; endangered species; parrot conservation; population survey; roost counts

1. Introduction

The rapid collection of population and demographic data on wild populations of endangered
species has become increasingly imperative in the face of the modern mass extinction. It is
estimated that in the upcoming decades we will see drastic population declines which could result in
the extinction of 54% of all species due to global warming, habitat loss caused by agricultural expansion,
deforestation, unregulated grazing, urbanization, and other human activities [1,2]. Human alterations
to the environment have already resulted in a substantial proportion of habitat types becoming rarer
and more fragmented. Fragmentation of a species’ habitat minimizes the opportunity for affected
individuals to breed, forage, and interact socially with conspecifics, which can result in population
decline and increases the likelihood of local extinction [3].

Seasonally dry tropical forest habitat, which once covered major swaths of Mesoamerica,
has suffered significant losses due to deforestation and increased agricultural production [4,5].
This habitat type is home to a substantial proportion of the world’s diversity, especially with regard to
bats and birds; however, in the year 2000, only 30% of the original extent of this land cover remained
in Central America [5]. As tropical dry forests become smaller and more fragmented, remaining
patches sustain fewer residents and other individuals are pushed into human-altered habitat such as
pastures and rural villages, where they are often exposed to human interaction. This change puts
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threatened and endangered individuals at a higher risk for events which can exacerbate population
decline, such as direct persecution and poaching [4,6,7].

Parrots and cockatoos of the order Psittaciformes have been experiencing an especially rapid decline
for the past four decades, largely due to a combination of anthropogenic factors (e.g., poaching for
the pet trade, habitat destruction, introduction of exotic species, and direct persecution) and biological
ones (e.g., disease, lack of breeding individuals) [7,8]. As a result, they are one of the most threatened
avian orders, with over 28% of species classified as vulnerable, endangered, or critically endangered
and an additional 14% classified as near threatened by the International Union for the Conservation of
Nature (IUCN) [9]. Berkunsky et al. [7] found that 38% of 192 neotropical parrot populations were
experiencing decline, primarily due to agricultural activity and poaching for the pet trade. To combat
these declines, basic population data are necessary to allow biologists to craft management plans
and determine where to most effectively concentrate management actions. However, population data
is time-consuming and costly to collect from many parrot species due to their generally high mobility
and large ranges [10]. Management actions, including captive breeding, reintroduction programs,
or nest protection programs, can cost organizations millions of dollars, and therefore should be targeted
to key areas [11].

Yellow-naped amazons, Amazona auropalliata, are large, charismatic parrots that are native to
Mesoamerica, occupying lowland mangrove and tropical dry forest habitat from southern Mexico to
northern Costa Rica along both the Pacific and Caribbean coasts [12] (Figure 1). In 2017 the IUCN
declared yellow-naped amazons endangered [12]. This status change was supported in part by
data Wright et al. collected in 2016 and published in 2019 [13]. The study showed that populations
sampled in Costa Rica had experienced a mean decline of 54% in only 11 years. Additionally,
long-term nest monitoring of this species indicated that only 11% of yellow-naped amazon young
successfully fledged the nest, and the highest cause of mortality was due to poaching for the pet
trade [14,15]. Yellow-naped amazons exhibit fission-fusion flock patterns throughout the day and sleep
in temporally stable, communal roosts [16]. Long-term monitoring of populations via roost counts
in Costa Rica and Nicaragua have shown that yellow-naped amazons are particularly tolerant of
human-disturbed habitat, which means that fragmentation increases the risk of poaching or persecution
for this species [13]. An informal survey of Costa Rican inhabitants indicated overall compassion
for the species, but also a lack of fear regarding the legal repercussions of illegal poaching [14,17].
While periodic monitoring of populations of yellow-naped amazons in the southern region of the range
has demonstrated an ongoing decline, at present there is only fragmentary data available regarding
the status of populations in the northern regions of the range [13].

Counting wild parrot populations is challenging but essential for understanding population
trends of species on both regional and range-wide scales. Historically, population data is collected via
traditional field-based counts which are a reliable method to determine the number of individuals in an
area and evaluate population fluctuations due to immigration, emigration, and mortality events [18].
Publications using roost counts have generally been successful in estimating the number of parrots in a
particular area or region; however, roost counts also present many challenges due to required time
and funding, detectability of animals, and unpredictable roost use in some species [19,20]. Other forms
of field counts such as transects and point counts are less commonly used on wild parrots due to
their highly mobile lifestyles, sparse distribution, and large home ranges, and their general wariness
around humans, which makes them difficult to count [10] (but see Joyner’s transect guide [21]). Thus,
scientists have been seeking alternative ways to collect population data on various species in the wild.
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(a) 

(b) 

Figure 1. (a) A map of all sites sampled during 2018 and 2019. Sites from the Wright et al. study [13]
conducted in 2016 are also included. The color and shape of each point corresponds to the year the site
was sampled. (b) A species range polygon for the yellow-naped amazon provided by BirdLife [22].

One such alternative method is the use of volunteer-based data collection. For example, during
the yearly American Breeding Bird Survey (ABBS) hosted by the United States Geological Survey
and Canadian Wildlife Service, volunteers across North America collect visual and aural data on bird
species encountered in various areas [23]. Another popular example is the online, open-access database
eBird (www.eBird.org), which displays observations reported by birdwatchers, including information
on species, geographic location, and date of observation. eBird has been used previously to assess
species’ presence and diversity, migration patterns, distribution, and in some cases, general population
trends [23]. However, it should be noted that eBird reports do not follow a standardized protocol
and individuals submitting reports are untrained, therefore the data are not standardized in the same
way as structured field counts [24]. This presents a dilemma for conservationists who wish to use
citizen science as a tool for tracking population trends. In fact, while Walker and Taylor [25] found that
eBird reports closely followed those of the ABBS, Kamp et al. [24] found that citizen science databases
did not accurately indicate the well-known decline of several common bird species in Denmark.
Furthermore, there have been no such comparisons for tropical species like the yellow-naped amazon.

We aimed to estimate the number of remaining yellow-naped amazon individuals in the wild
across the species’ Mesoamerican range using traditional roost counts and, for comparison, eBird reports
from the same months and years. We performed roost counts in the northern range of the yellow-naped
amazon during 2018 and 2019 and combined these data with those collected by Wright et al. [13]
in 2016 using the same methodology. We also recorded the distance to human habitation, habitat
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type, and elevation at each site and combined these results with previously collected data published
by Wright et al. [13]. We assessed the difference between our field counts of yellow-naped amazons
with reports on eBird over the same period of time. Finally, for each region we used habitat type
and number of individuals observed at communal roosts to determine locations which should be
considered conservation priorities for this species.

2. Materials and Methods

We conducted population counts of the yellow-naped amazon in Mexico in 2018 and in Mexico,
Guatemala, and the Bay Islands, Honduras in 2019. Specific sites were chosen using a site selection
process, which entailed a detailed examination of unsampled areas within the range to identify
locations in which yellow-naped amazons were most likely to occur. Multiple sources were utilized in
this process, including detailed consultation with local experts and other conservationists, and historical
reports of the species on www.eBird.org. Areas where parrots had been reported within the past two
years were selected as priority sites during the field season and were scouted thoroughly. We also
explored some historically populated areas where this species was reported to no longer exist.

Roost counts were conducted at each site using the same protocol as Wright et al. [13] to maximize
data compatibility between the two studies. Counts took place in the morning beginning before dawn,
and in the evening prior to sunset, and were done in both the morning and evening at each site when
time and weather permitted. Counts were performed during June and July, outside the species breeding
period. No single site was counted more than twice in one year. Observers were stationed within
each site in a manner which allowed maximum visibility of the parrots’ flight path. Each observer
was equipped with binoculars, a notepad, a compass, a GPS device, and a watch. Observers recorded
the number of birds flying into or out of the roost, the direction of flight, time of day, and the location
and altitude of the roost using GPS. In some cases, roosts were difficult or even impossible to reach,
therefore GPS location was taken as close to the roost as possible and a thorough description of the roost
itself was recorded. In the event that multiple observers counted at the same site and the number
of birds differed between observers, the highest number was used. Roost behavior was noted even
if the physical roost could not be directly observed. This includes groups of parrots consistently
flying from the same direction during and shortly after dawn, or groups of parrots flying in the same
direction or toward the same area during or shortly before dusk. In addition to direct counts, we made
estimations of roost size in which we supplemented our visual observations with aural observations;
we separately report both counts and estimates for each roost (see Table 1). At each roost site for 2018
and 2019, the dominant habitat type was classified as one of five habitat types: mangrove, tropical dry
forest, tropical pine, agricultural, or built-up rural. These types were categorized by: (i) the presence of
trees and shrubs flooded with brackish or saltwater along coasts and waterways (mangrove); (ii) dense
swaths of tall trees like Ceiba pentandra (ceiba), Hura crepitans (jabillo), and Enterolobium cyclocarpum
(guanacaste) (tropical dry forest); (iii) the presence of open fields with some tree stands and low-intensity
agricultural areas (pasture/agriculture); (iv) stands dominated by Pinus caribaea stands (tropical pine);
or (v) human-modified landscape that included features such as homes, small buildings, schools,
and roads (built-up rural). We combined the 2018 and 2019 datasets with unpublished roost habitat
data from the sites counted by Wright and Dahlin in 2016. We also recorded the proximity of human
habitation by recording whether roosts were within 100 m of human infrastructure.
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The roost count results were summed at both the country and range-wide levels to provide a
minimum count of yellow-naped amazons per country and to assess the species population as a
whole. This was accomplished by combining survey data from Costa Rica and Nicaragua published
by Wright et al. [13] with the data we collected in 2018 and 2019. When making these totals we
removed one of two repeat counts at two sites in Mexico during 2018/2019. We compared these data to
reports of yellow-naped amazon sightings on www.eBird.org and used a paired t-test to assess whether
the difference between the two totals was significant. We then used a Spearman’s rank correlation
to evaluate the relationship between eBird reports and roost count data. To maximize comparability,
we only counted eBird reports that were located within 5 km of the roost GPS location that we recorded
in the field.

We tested for differences in mean roost size between countries using a Kruskal-Wallis test, due to
the unequal variances present in the data. We compared the sizes of roosts within 100 m and farther
than 100 m from human habitat by using Welch’s two-sample t-test, which accounts for unequal
variances. We tested for an association between roost size and elevation using a Spearman’s rank
correlation. All means are listed ± SD, and all alpha values of significance were p < 0.05.

3. Results

3.1. Roost Count Results

Twenty-eight roost counts were completed within the northern portion of the yellow-naped
amazon range during 2018 and 2019 (Figure 1), during which our team counted 679 yellow-naped
amazons. Birds were observed at 18 of the 28 sites, and only three of those had more than 50 birds
counted (Figure 2). Eleven sites were sampled in Chiapas, Mexico during 2018, and five sites were
sampled in Mexico during 2019, with a total of 363 birds observed in Mexico. In 2019 in Guatemala,
16 birds were counted within five sites; on the island of Roatán, Honduras, we counted 52 birds within six
sites, and we counted 248 birds at a private, undisclosed location in the Bay Islands (see Table 1). Roosts
in Guatemala were no larger than eight birds, and on Roatan, the largest roost was 22 birds. Previously
Wright et al. [13] reported surveying 25 sites in Costa Rica, only four of which had no parrot sightings.
They counted 990 individuals across the remaining 21 sites. In the same study, Wright et al. surveyed
19 areas in Nicaragua, of which two had no observations of yellow-naped amazons, and 692 parrots
were reported [13]. To summarize, in Mexico, 363 yellow-naped amazons were observed, while 16
were seen in Guatemala, and 300 were observed across the Bay Islands. Wright et al. [13] reported
692 parrots in Nicaragua and 990 in Costa Rica. Across these two complementary studies, a total of 2361
yellow-naped amazons were counted across the range. Using the combined dataset, the Kruskal-Wallis
test did not detect any significant differences in median roost size between the countries we surveyed
in the number of yellow-naped amazons observed (chi-squared = 6.8985, df = 4, p = 0.141).

3.2. Estimated Differences between Traditional Roost Counts and eBird Database Reports

We combined our roost count data with previously published roost count data from Costa Rica
and Nicaragua collected with the same methodology by Wright et al. [13]. This added 44 sites to our
data, for a total of 72 sites sampled across the yellow-naped amazon range. We found a significant
relationship between eBird and roost count data (Rs = 0.369, p = 0.00143). There was, however,
a consistent difference between counts obtained with the two approaches, with the number of birds
counted using roost counts (33.0 ± 55.3) significantly higher than those from eBird reports (16.5 ± 35.3)
for submissions within 5 km the corresponding roost count location (N = 72, t = 2.6061, p = 0.011).
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Figure 2. The number of none, low, medium, and high roosts in each country. Roosts were assigned
a count category based on the number of birds present. None = 0 birds counted at the roost,
low = 1–20 birds, medium = 21–50 birds, and high = 51+ birds.

3.3. Roost Characteristics

Across the entire range, we found a significant difference between the size of roosts within 100 m of
human habitation and outside 100 m of human habitation (t=−2.89, df= 44.725, p= 0.006). Roosts within
100 m of human habitation were larger on average (47.18 ± 63.31 versus 14.81 ± 16.69); however, using
only the 2018 and 2019 data from the northern range, we were not able to find a significant difference
between roost size within and outside 100 m of human habitation (t = −0.217, df = 25.075, p = 0.83).
We categorized all roost sites by dominant habitat type and found that the preferred types were built-up
rural (35% of roosts) and pasture (31% of roosts) (Figure 3). Some roosts were located on the edge of
intensive agricultural fields such as pineapple plantations, however no roosts were located within any
high-intensity agricultural areas (Supplementary Table S1). Additionally, we found a weak negative
association between roost size and elevation of roosts using a Spearman’s rank test (rs = 0.25, N = 72,
p = 0.036). With few exceptions, roosts surveyed in 2018 and 2019 consistently occurred below 300 m
elevation (5 of 28 roosts, 82% below 300 m).
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Figure 3. The proportion of yellow-naped amazon roosts in each of six habitat types (N = 72).

4. Discussion

Yellow-naped amazons have experienced a dramatic decline across their range for several decades
due to habitat fragmentation, land alteration, and most persistently, poaching for the pet trade [13].
Long-term studies, however, have only been conducted in the southern portion of this species’ range,
despite evidence that the same threats of unregulated capture of the pet trade and loss of habitat
were present in the northern portion [8,26]. In 2017, a report published by BirdLife International
on the yellow-naped amazon estimated there may be less than 10,000 remaining individuals in
the wild, but acknowledged great uncertainty regarding populations in the northern part of the range.
This uncertainty has presented a major challenge to conservationists hoping to implement effective
range-wide management strategies.

4.1. Range-Wide Population Estimates for the Yellow-Naped Amazon

Our study is the first of which we are aware to execute a range-wide population estimate for
the yellow-naped amazon. We performed roost counts at 28 sites in Mexico, Guatemala, and Honduras,
and counted a total of 679 birds between 2018 and 2019. Of the 28 sites we sampled, 10 were recorded
as having no parrots at all. For comparison, Wright et al. [13] counted 1682 birds in Costa Rica
and Nicaragua in 2016, with only 6 out of 44 sites having no birds. In total, only 2361 yellow-naped
amazons have been observed across their Mesoamerican range between these two surveys conducted
from 2016 to 2019 with similar methods and overlapping personnel. Our results, combined with
those of Wright et al. [13], provide a better estimate of the global population of this iconic species
and reinforce the conclusion that it has experienced a drastic population decline.

The results for our range-wide survey have indicated that there exist several regions which should
be given special consideration as high conservation priorities. In the northern portion of the species
range these include the Reserva de la Biosfera la Encrucijada, Mexico and the Bay Islands in Honduras.
The Reserva de la Biosfera la Encrucijada was the most prominently populated region of Mexico,

68



Diversity 2020, 12, 377

with several roosts located in the southern part of the reserve. Of the 2361 birds counted across
the range, approximately 15% of individuals were located in Reserva de la Biosfera la Encrucijada.
The Bay Islands contained relatively few roosts, with 83% of birds there concentrated in one roost
locale. We identified several locations that should be prioritized in the Southern part of the range,
including the Island of Ometepe with roost sites Peña Inculta, Mérida, and Tichana in Nicaragua.
Costa Rica as a whole still has 13 sites with more than 30 birds counted or estimated, and thus strong
conservation measures should be undertaken throughout this country. Two sites in particular with
over 100 birds each should be prioritized; they are Cuajuiniquil and Finca Charlie Red [13].

Logistical constraints prevented us from surveying all of the yellow-naped amazon range. We were
unable to survey El Salvador, as well as regions within southeast Honduras and northeast Nicaragua
along the Caribbean coast. Anecdotal evidence suggests that El Salvador has fewer than 100 remaining
individuals (Nestor Herrera, pers. comm.). Joyner’s transect guide details counts from the last several
years in Honduras. Her team counted 115 yellow-naped amazons in northern Honduras during 2015,
94 birds in Chismuyu Bay in 2017, and nearly 500 on Guanaja Island in 2018, emphasizing the importance
of the Honduras Bay Islands for this species [21]. Wiedenfeld, Molina, Hille, and López conducted
counts throughout the Caribbean regions of Nicaragua during 2013 and observed 73 yellow-naped
amazons (Martín Lezama, pers. comm.).

4.2. Threats to Populations

Regions within the yellow-naped amazon range in which no birds were observed have typically
experienced heavy human modification through agriculture or logging. Increased agricultural
production has been influencing regions of Central America for the past several decades, and many
areas of suitable habitat in Costa Rica and Nicaragua have been converted into high-intensity crop
sites for export products such as sugar cane, rice, oil palm, and pineapples [27,28]. These landscapes
lack tree stands used by parrots for foraging and roosting [13]. Logging of trees removes large portions
of suitable habitat and creates or exacerbates already-existing fragmentation, which puts species like
the yellow-naped amazon at a higher risk of exposure to humans. Humans may encourage contact with
parrot populations by providing them with food and water [29]. Poaching of yellow-naped amazons
removes individuals with future breeding potential and has extirpated some populations. The surveys
our team conducted in the northern part of the range mirror these observations. In the western San
Marcos Department of Guatemala, local inhabitants reported historical populations of yellow-napes,
stating that at one time suburban areas around Aldea El Chico were more densely vegetated and home
to a variety of birds, but as a result of landscape changes for agriculture and housing structures this is
no longer the case (Dupin, pers. obs.). Historical submissions for sightings of yellow-naped amazons
on eBird support this account, although sightings in these locations were only ever of a few birds
(www.eBird.com). North of Retalhuleu in Guatemala, there exists plentiful amounts of suitable habitat,
yet our team was unable to observe any birds, with the exception of 5 birds flying overhead near
Finca Patrocinio. Our team’s conversations with local residents revealed that low population numbers
of yellow-naped amazons may be a result of historically high levels of poaching within the region,
and that there still exists a market for this species (MKD, unpublished data). Yellow-naped amazons
are especially popular because of their remarkable vocal mimicry skills and beautiful color.

4.3. The Utility of Citizen Science Approaches to Monitoring Populations

The perceived usefulness and popularity of citizen science databases in collecting population
data [23,30–32] motivated us to examine the utility of the eBird database for conducting a population
census of the yellow-naped amazon. We compared our roost count data to the reports of yellow-naped
amazon sightings on the citizen science database eBird. While we did detect a statistically significant
relationship between these two counts, this relationship was weak and there was often a substantial
disparity between the two methods in the number of individuals detected. Our standardized roost
counts consistently detected more birds than did the eBird reports for the same sites. It should be noted
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that eBird reports for yellow-naped amazon sightings did not provide the time of day during which
observations took place. Thus, this discrepancy may be attributed to eBird users counting daytime
foraging groups, which tend to be smaller, in addition to the occasional roost. Although eBird has been
recognized as a useful tool for fine-scale mapping and tracking temporal changes in the distribution
patterns of some species [33], our findings highlight the limitations of this approach for population
estimates of an endangered species, particularly in developing countries of Central America where
reporting intensity may be lower. This problem may be exacerbated by several factors exhibited by
the yellow-naped amazon: they are rare, they use dense mangrove and forested habitat, they range
widely, they are quiet for most of the day while foraging, and roost in very specific, sometimes
inaccessible locations. Thus, knowledge of their roosting locales is important for complete censusing
of populations.

An important bias to consider regarding eBird is that reports can be created and submitted by
anyone who creates an account through the website, which introduces the potential for reporting
error in submissions made by less experienced birders. A 2016 study showed that a citizen science
database in Denmark failed to indicate the decline of several common bird species, primarily due to
the inexperience of observers in bird identification or lack of standardized protocols [24]. We also
noticed a pattern of inaccurate species identification on eBird. For example, when investigating eBird
reports of yellow-naped amazons in the field, we would often instead find flocks of the sympatric
white-fronted amazon, Amazona albifrons, whose similar body coloration and conformation often led to
confusion by local inhabitants (Dupin, pers. obs.) and possibly birdwatchers as well. Thus, we do not
consider this approach for collecting citizen science data to be an accurate estimator for endangered
species such as the yellow-naped amazon.

One alternative citizen science approach which we believe has the potential to aid in
the conservation of various parrot species is the long-term monitoring of populations across the range
via minimally trained volunteers. The African-Eurasian Waterbird Census and the Portuguese
Society for the Study of Birds are just two examples of successful programs which have incorporated
the long-term monitoring of one or more species using volunteers [34,35]. In 2019, we developed
the Mesoamerican Parrot Census Network for the yellow-naped amazon (https://parrotcensus.com)
with the goal of joining together conservationists, researchers, and interested members of the general
public in the common goal of preventing species extinction. Through this network, we aim to collect
long-term population data on the yellow-naped amazon in the form of regular roost counts using a
standardized protocol.

4.4. Implications for Conservation and Management

In 2017, BirdLife International estimated that there remained 10,000–50,000 yellow-naped amazons
remaining in the wild, based on available data [12]. Our team counted less than 3000 scattered
among fragmented habitat in our range-wide survey, which illustrates the need for immediate
action to mitigate this species’ decline. Our survey has shown that in order to ensure the success
of the yellow-naped amazon, strategic and targeted conservation plans should be implemented
immediately and focused in areas where there still remain healthy populations and suitable habitat.
It is our opinion that these efforts should focus primarily on in situ conservation efforts such as
habitat protection, enforcement of poaching repercussions, nest guarding, and gaining an improved
understanding of population distributions and movements throughout the range. The blue-throated
macaw, Ara glaucogularis, is a recent example of a species facing extinction that has begun to reverse
its decline with the implementation and maintenance of in situ conservation measures [36–38].
An additional critical approach is enhancing community education and involvement through local
pride [36]. Dahlin et al. [14] also write about their use of education programs as an added measure to
teach children about why parrots are important [14,39]; similar programs have been implemented with
the scarlet macaw, Ara macao, in Costa Rica [37]. More effort to promote eco-tourism would provide
economic opportunities to members of the local community while bringing public attention to diverse
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and endangered wildlife. Ecotourism measures were also suggested as conservation measures for
the declining blue-throated macaw populations in the early 2000s [36]. Pires advocates for situational
crime prevention, improved policy and legislation with organizations such as CITES, and eco-tourism
focusing on endangered and threatened species as the most effective approach to eliminating the threat
of poaching [40,41]. Finally, there are substantial numbers of yellow-naped amazons held as pets within
the countries of Mesoamerica, and programs aimed at rehabilitation, captive breeding and eventually
reintroduction, although resource-intensive, should be considered.

We believe that our results, in conjunction with those of Wright et al. [13], and the recent up-listing
of the yellow-naped amazon to endangered status, highlight the need for immediate conservation
action for this species. We recommend that conservation funding and planning should be focused
on the areas that we have designated as priorities in an effort to focus limited time and funding on
healthy, breeding populations. Increased efforts toward habitat and nest protection should also be
considered, such as with camera traps and provision of protected artificial nests [38,39]. Surveys should
be conducted routinely with the remaining wild populations of this species to monitor and manage its
decline. Historically populated regions of eastern Honduras and Nicaragua should also be investigated
and routinely monitored. By implementing these strategies and following examples of programs that
have aided in the recovery and success of other endangered parrot species, we believe that we can
reverse the trend of population decline in the yellow-naped amazon.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/10/377/s1,
Table S1: All sites surveyed for yellow-naped amazons with each site’s habitat type.
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Abstract: Parrots stand out among birds because of their poor conservation status and the lack
of available information on their population sizes and trends. Estimating parrot abundance is
complicated by the high mobility, gregariousness, patchy distributions, and rarity of many species.
Roadside car surveys can be useful to cover large areas and increase the probability of detecting
spatially aggregated species or those occurring at very low densities. However, such surveys may
be biased due to their inability to handle differences in detectability among species and habitats.
We conducted 98 roadside surveys, covering > 57,000 km across 20 countries and the main world
biomes, recording ca. 120,000 parrots from 137 species. We found that larger and more gregarious
species are more easily visually detected and at greater distances, with variations among biomes.
However, raw estimates of relative parrot abundances (individuals/km) were strongly correlated
(r = 0.86–0.93) with parrot densities (individuals/km2) estimated through distance sampling (DS)
models, showing that variability in abundances among species (>40 orders of magnitude) overcomes
any potential detectability bias. While both methods provide similar results, DS cannot be used
to study parrot communities or monitor the population trends of all parrot species as it requires a
minimum of encounters that are not reached for most species (64% in our case), mainly the rarest and
more threatened. However, DS may be the most suitable choice for some species-specific studies of
common species. We summarize the strengths and weaknesses of both methods to guide researchers
in choosing the best–fitting option for their particular research hypotheses, characteristics of the
species studied, and logistical constraints.

Keywords: bird abundance; census; bird density; detectability; distance sampling; Psittaciformes
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1. Introduction

Parrots (Order Psittaciformes) stand out among birds because of their poor conserva-
tion status [1,2] and the lack of knowledge on their population sizes and trends. According
to the most recent IUCN evaluation, almost 30% of the 402 extant parrot species are threat-
ened with extinction, while accurate information on their population numbers and changes
in abundances is lacking for most species [3]. The paucity of information on population
sizes, densities, and changes in the abundance of parrots across the world was highlighted
six years ago [4], calling for further development and application of monitoring methods
to better understand how parrot populations are responding to the variety of threats they
face [1]. In fact, a recent review relating conservation threats to population trends in the
Neotropics, the realm with the highest richness of parrot species [1], revealed the scarcity
of data on actual abundances and population trends [5]. The situation is similar for the
other realms, even for the Afrotropics [6] where parrot species richness is the lowest [1].

Estimating parrot abundance is challenging because many species naturally occur at
very low densities [4], while others have heavily patched distributions or very restricted
ranges [3]. Moreover, widespread threats such as habitat loss, illegal trade, and persecu-
tion [7–9] may be drastically reducing parrot population sizes and ranges, making the
design of monitoring programs even more difficult. Moreover, some parrot species are
highly gregarious and aggregate in large communal roots, and thus estimates of overall pop-
ulation size can be obtained when all roosts are located and can be properly surveyed [10].
However, this is not feasible for most parrots species, as roost sites may often change [11],
they can not be located in large, inaccessible areas, or simply because not all species gather
in large communal roosts. Then, researchers are forced to use alternative methodologies
such as point counts and line transects, traditionally used for many avian taxa, to obtain
estimates of relative abundances and densities [10]. A recent review has compiled different
sampling and analytical methods for estimating parrot abundances [10]. Although the
efficiency of walk line transects and point counts to estimate parrot abundances may differ
among studies [11–13], both methods are constrained by the small geographic scale at
which they can be done. Therefore, they may not be logistically affordable for surveying
parrot species that are patchily distributed and with very low densities, as a very large num-
ber of sampling sites (e.g., up to 2000) are required for surveying uncommon species [12].
Conversely, roadside car surveys allow the coverage of very large areas, thus accounting
for the large home ranges and mobility of many common parrot species and increasing the
probability of detecting individuals of species occurring at very low densities and/or those
that are spatially aggregated [10].

Roadside car surveys have been largely used to survey conspicuous species (mostly
raptors, e.g., [14–16]), providing an easy-to-obtain measure of relative abundance (number
of individuals recorded/km surveyed). Recently, roadside car surveys have also been used
to relate the relative abundances of parrot species to habitat changes [17,18], the role of
parrots as seed dispersers [19,20] or their roles in other ecological functions [21], or to assess
how parrots are selectively poached for their use as pets [22]. Their gregariousness and
especially their loud vocalization behavior [10] makes this method even more appropriate
for parrots because vocalizations facilitate their detection compared to other taxa such as
raptors, which are mostly only visually detected and thus more difficult to record when
perched hidden by the vegetation. The easier aural than visual detection of parrots was
revealed by Lee & Marsden [23], showing that only 4% out of 2,681 parrot detections
obtained through walk line transects were of silent, seen-only groups. However, as for
point counts [24] and walk line transects [23], several parrot encounters correspond to
aural-only detections, and thus the number of unobserved individuals cannot be recorded
for estimating abundances [22–24]. A proposed solution for this problem, both for point
counts, walking and car transects, is to substitute missing count data (i.e., aural-only en-
counters) with the average flock size obtained for the species during the survey [22–24].
However, there is no evaluation of how this methodological approach may affect the esti-
mates of abundance. Another obvious problem for all three methods is that the probability
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of detection decreases with the distance of encountered birds from the observer and that
this distance-dependent probability of detection may vary among species and habitats [10].
This problem is easily solved through distance sampling (DS) modeling, currently imple-
mented in accessible statistical packages, which allows the calculation of probabilities of
detection to estimate densities (individuals/km2) of the studied species [10]. However,
this much more desirable approximation comes with the caveat that robust DS modeling
requires a minimum of visual encounters [10], from which distance measurements can be
taken to inform models, which in some cases could reach 40–50 contacts [13]. Unfortunately,
this analytical constraint makes it impossible to estimate the abundances for rare parrot
species occurring at very low densities [20,25] or those relatively abundant but highly
gregarious species recorded in high numbers of individuals in a few very large flocks [26],
with numbers of encounters that are insufficient for DS modeling. Nonetheless, recent
work showed a strong correlation between distance-uncorrected relative parrot abundances
obtained through roadside car surveys and distance-corrected densities for a sample of
species with enough visual encounters needed for DS modeling [22] (see also unpublished
results offered by [10]). These results support the idea that distance-uncorrected relative
abundances of parrots obtained through roadside car surveys are good proxies of their
actual abundances, especially when the high variability in abundance among species over-
comes the main sources of sampling error, i.e., differences in detectability [22]. Nonetheless,
further research embracing different parrot communities and biomes is needed before
generalizing these conclusions.

Here, we take advantage of an unprecedented data set that compiles our roadside
car surveys conducted over 10 years, covering 20 countries and all continents and biomes
inhabited by parrots across the world. We first assessed sources of variability related to the
percentage of aural-only encounters and the distance at which parrots were detected. We
hypothesized that parrot detectability in roadside surveys is a function of species size and
gregariousness, and the openness of the surveyed habitat. We predicted that larger and
more gregarious species should be more easily detected visually and at greater distances,
and that detection should also vary among biomes since they range from very open (e.g.,
Deserts and Xeric Scrublands) to highly concealing forested habitats (e.g., Tropical and
Subtropical Broadleaf Moist Forests). We then correlated distance-uncorrected relative
densities (individuals/km) with density estimates (individuals/km2) obtained through DS
modeling, using different thresholds for a minimum of visual contacts. We evaluated how
adding an estimation of the number of only heard (unseen) individuals [22–24] affects these
correlations. We found a strong correlation between these estimates of parrot abundances
and discuss the pros and cons of both methods, including the loss of whole surveys and
the traits of species that are excluded when using DS and not reaching the minimum
numbers of visual encounters needed for statistical modeling. We aim to guide researchers
in choosing the best-suited methodology given their research objectives and study species.

2. Materials and Methods

2.1. Study Areas and Field Work

We selected several countries from the main five parrot-inhabited realms (Neotropic,
Afrotropic, Indomalayan, and Australasia). These regions represent the richest to the
poorest parrot communities worldwide [1]. This work was embedded within differ-
ent research projects, having all in common our need to estimate the relative abun-
dance of each species within each parrot community. We used these estimates to an-
swer different questions, such as those related to their relative contribution to ecologi-
cal functions [19–21], assessing poaching pressure [22], or the effects of habitat transfor-
mations on parrot abundances [17,18]. Therefore, for each country, we designed road
itineraries to cover the main biomes and ecoregions occupied by parrots (obtained from
https://ecoregions2017.appspot.com/; accessed 15 January 2021) and the distribution
of as many parrot species as possible (obtained from [3] and a variety of regional bird
field guides). Using satellite maps, we selected unpaved and low-transit paved roads
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that crossed from pristine to highly humanized habitats (e.g., agricultural and urbanized
areas), thus maximizing the chances of finding a variety of parrot species, from those
intolerant to habitat transformations to those benefitting from anthropogenic changes
(e.g., [17,18,27–29]).

Most of the fieldwork was done between 2011 and 2020 (Supplementary S1), through
expeditions that typically lasted 3–5 weeks. Some small countries were well surveyed
through a single expedition (e.g., Costa Rica), while some of the largest (e.g., Brazil)
required many expeditions to cover the greater variety of biomes, ecoregions, and parrot
communities. In such cases, results obtained from a single ecoregion/biome/country in
different expeditions (usually conducted in different years) were pooled to increase sample
sizes (number of km surveyed and number of parrots recorded) and thus better represent
the whole parrot community and increase the precision of estimates [12]. Only Australia,
Colombia, and India were partially surveyed due to logistical constraints (Supplementary
S1). Surveys were conducted in different seasons and across the annual cycles of parrots.
However, this should not be problematic for the objectives of this paper, since our analyses
compare results of two parrot abundance estimates simultaneously obtained within each
ecoregion/biome/country surveyed (see below). Rather, the large geographic and temporal
scales of our surveys reinforced and allowed the generalization our results.

2.2. Roadside Surveys

Typically, and similarly to other roadside parrot surveys [17–22], the driver and
two experienced observers drove a 4 × 4 vehicle at low speed (10–40 km/h) following
previously designed itineraries from dawn to dusk, avoiding rainy and hot middays when
parrot activity declines [30,31]. All parrots detected were recorded, briefly stopping when
needed to identify species and/or count the number of individuals in flocks. Observers
were familiar with the parrot species surveyed, as surveys were combined with behavioral
and foraging studies across all study areas (see e.g., [32–35]), so they were able to visually
and aurally identify them. Moreover, several authors participated in different surveys,
and the first author participated in 91% of all surveys, so each survey included researchers
with accumulated experience in identifying parrots. For a subsample of surveys (those
conducted since 2018), we also recorded the mode of detection (i.e., whether parrots were
first detected aurally, visually, or both) and their behavior at first detection (i.e., resting,
feeding, or flying). Following previous recommendations [13] and studies [17–22], we
considered both perched and flying individuals for estimating parrot abundances (see
Discussion for pros and cons of including flying birds), thus also making distance-corrected
and uncorrected estimates (see below) comparable. We paid special attention to the flying
direction and group size of parrots in flight to avoid double counting of flocks [13].

Distances of detection (i.e., the perpendicular distance from parrots to the road when
they were first detected) were recorded to compare two estimates of parrot abundance
(see below). Detection distance was estimated visually for short distances or using a laser
rangefinder incorporated into binoculars for large distances (Leica Geovid 10 × 42, range:
8–1500 m), measuring the distance to the closest tree for flying flocks. In the case of loose
flocks, we measured the distance to the closest individual in the flock. In many instances,
parrots were only heard and the species identified through their vocalizations because they
were concealed by vegetation. Therefore, we could not record the distance of detection nor
the number of individuals. Thus, we classified detections as aural (only heard) or visual
(seen or both seen and heard).

Since 2018, all roadside surveys and parrot counts were recorded using the ObsMapp
application for smartphones, which uploads the observations to the citizen science platform
Observation (www.observation.org; accessed 15 January 2021). Therefore, all records,
exact location, and associated information can be viewed and downloaded from this web
platform (searching for the observers Pedro Romero-Vidal, Dailos Hernández-Brito, and
José Luis Tella) by any researcher in the future.
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2.3. Distance Sampling Modeling

Distance sampling (DS) models were fit for each combination of country, ecoregion,
and species (henceforth study case). The maximum detection distance was fixed at 500 m
for all species. While this value may not be optimal for some species and/or habitat types,
it encompasses most of the detections (see Results Section 3.3.2). More importantly, having
a single maximum distance allows straightforward comparisons among study cases. We
restricted DS modeling to those study cases with at least 10 visual contacts within 500 m of
distance. We conservatively used this encounter threshold as it was the minimum required
for DS modeling in a previous whole-parrot community study [22], thus allowing us to
include as many species and study cases as possible. In fact, a minimum of 10 contacts of
the target species was suggested to obtain useful, if imprecise, parrot density estimates [4].
Nonetheless, we also tested how results could change by gradually increasing the threshold
up to 50 visual contacts per species (see below). Because the number of individuals in
a group can influence detection, we evaluated the potential correlation between group
size and detection distance using Spearman correlation tests. We binned distance data for
each study case to facilitate the fitting of detection functions, using breaks every 25 (a),
50 (b), and 100 (c) m (i.e., a: 0–25, 25–50, . . . , 475–500 m; b: 0–50, 50–100, . . . , 450–500 m; c:
0–100, 100–200, . . . , 400–500 m). For each binning setup (a, b, and c), we fitted DS models
with a half-normal key function as previously recommended after visual inspection of
the histograms of distances [36,37], but also using the hazard rate and the uniform key as
alternative functions. We compared models with no adjustment terms and with cosine,
Hermite polynomial, and simple polynomial adjustments, up to order 5. For models
where group size was correlated with detection distances, we also fitted a DS model with
group size as a covariate. Akaike’s Information Criterion (AIC) was used to compare
models within a distance break set [38], but it cannot be used to compare models fit to
data with different binning setups [36]. Thus, we performed chi-square goodness-of-fit
tests to compare the best models from each binning setup and identify the best fitting
model (highest chi-square test p-value) for each study case. To allow visual inspection
of our DS models and chi-square tests, we provide, for each study case, a histogram of
detection distances (with Sturges’s breaks), the plot of group size x detection distances
(with Spearman correlation test p-value), and the estimated detection functions from the
best DS models for each binning setup, overlaid on the histogram of detection distances
with the respective distance breaks (Supplementary S3).

Detection probability (P) was obtained from the best model for each study case.
Then, abundance (N) was calculated by dividing the number of observed individuals by
the estimated P within 500 m maximum distance (or a 1 km-wide strip centered on the
road). Density was calculated by dividing N by the length (in km) surveyed for each case,
providing an estimate of individuals/km2 (the width surveyed was 1 km). Analyses were
done in R using the “Distance” package [39,40].

2.4. Traits of Parrot Species

We obtained two measures of parrot size, body length (in cm) and body mass (in g),
from [41]. As a proxy of the gregariousness of a species, we used our own data on flock
sizes. For analyses based on study cases, we used the average flock size of the species
recorded within each study case. For analyses at the species level, we used the overall
average flock size after pooling data when a species was surveyed in more than one
study case. Average flock sizes were unrelated to the body length (Spearman correlation,
rs = −0.02, p = 0.84) and body mass (rs = −0.09, p = 0.28) of the 131 species visually
recorded in our study. However, body length and body mass were strongly correlated
(rs = 0.88, p < 0.001), so both variables were alternatively fitted in models accounting for the
relationship between detectability and body size (see below). Results were nearly identical
but the effect of body mass was always slightly stronger than that of body length, so the
later results are not shown for simplicity. The global conservation status of each species
was obtained from the 2020 IUCN Red List [3].
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2.5. Statistical Analyses

We used Generalized Linear Models (GLM) to assess how the number of parrot
encounters and the number of parrot species recorded (negative binomial error distribution,
log link function) varied among realms and with the lengths of surveys. Moreover, we
evaluated how the percentage of aural encounters, distances of detection, and probabilities
of detection (P) (log-transformed; normal error distribution, identity link function) were
affected by the body mass and flock size of the species and the biomes they occupied.
For the proportion of aural encounters, we restricted analyses to species with at least
15 encounters to reduce error biases in the estimation of proportions [42].

The relationship between relative abundances (individuals observed/km; response
variable) and densities of parrots (individuals estimated/km2) obtained through DS mod-
eling was assessed with non-parametric Spearman correlation and linear regressions on
raw and log-transformed data, respectively. As the robustness of DS models and thus
the precision of their estimated densities may increase with sample sizes (i.e., number of
contacts [12]), we performed five regressions by restricting data to cases with at least 10, 20,
30, 40, and 50 visual encounters at distances ≤ 500 m. Following previous recommenda-
tions to avoid the underestimation of secretive species [22–24], we also estimated relative
abundances by summing to the number of observed individuals the estimation of those not
observed (number of aural-only contacts × average flock size obtained in each study case),
divided by the km surveyed, and repeated the same regression on densities obtained from
DS models. Finally, we assessed whether these relationships are influenced by body mass,
flock size, biome, and the number of visual encounters through a GLM (response variable:
log-transformed relative abundance; normal error distribution, identity link function).

The characteristics of case studies and species (body mass, flock size, relative abun-
dance, conservation status) not available for estimating their densities through DS modeling
due to the low number of visual contacts were identified using GLMs (response variable:
available/not available; binomial error distribution, logistic link function).

Our data set included species that were surveyed in different case studies (mean = 4.2,
median = 2 case studies per species), thus providing replicates that allow for the testing
of the relative contribution of species traits and biomes on detectability and abundance
estimates through the multivariate models described above. These models would require
controlling for species identity to account for pseudoreplication. However, models fitting
species identity as random or fixed effects together with species traits confounded their
individual effects as species had unique values of body size and almost-unique values of
flock size. As our research goal was not to simply assess whether species differ among them
but to know what species traits explain these differences, we show models including species
traits without controlling for their identity. Models did not show data overdispersion, and
the percentage of deviance explained by GLMs and adjusted R2 for linear regressions are
provided to show the variability in the data captured by our models. Statistical analyses
were performed using SPSS v. 27.

3. Results

3.1. Distribution of Surveys and Species Recorded

We conducted 98 surveys, covering a total of 57,241.44 km across 81 ecoregions,
from 11 biomes and 20 countries belonging to the Neotropic (48,612.32 km), Afrotropic
(6499.65 km), Indomalayan (1405.72 km), and Australasia (723.75) realms (Figure 1, Sup-
plementary S1).

Surveys averaged 584.1 km in length (range: 35.88–6899.48 km, N = 98), and 75%
of them were longer than 150 km (Supplementary S1). The number of parrot encounters
varied between 0 and 1263 per survey (mean 162.1 + 199.4 SD, median 98, Supplementary
S1), and a GLM revealed it was unrelated to survey length (χ2 = 1.58, p = 0.21) but varied
among realms (χ2 = 64.44, p < 0.001), with no significant interaction between survey length
and realm (χ2 = 2.07, p = 0.56). The average number of parrot encounters per survey
decreased as follows: Neotropic > Indomalayan > Australasia > Afrotropic. The number

80



Diversity 2021, 13, 300

of parrot species recorded per survey ranged from 0 to 25 (mean 5.87 + 5.27 SD, median
4 species, Supplementary S1). Similarly to the number of encounters, a GLM showed
that the number of species recorded was unrelated to survey length (χ2 = 0.36, p = 0.85)
and varied among realms (χ2 = 21.71, p < 0.001), with no significant interaction between
survey length and realm (χ2 = 0.63, p = 0.89). The average number of species recorded
per survey decreased as follows: Australasia > Neotropic > Indomalayan > Afrotropic
(Supplementary S1).

Figure 1. Roadside surveys allowed us to record from (a) the smallest (green-rumped parrotlet Forpus passerinus) to (b) the
largest parrot species (hyacinth macaws Anodorhynchus hyacinthinus) through 98 surveys conducted in 20 countries (c).
The surveyed areas are roughly depicted with red ellipses over the world biomes. Each area may include several surveys,
biomes, and ecoregions. The inserted pie chart shows the percentage of surveys conducted within each biome. Photographs:
José L. Tella.

As each of the 98 surveys covered different combinations of biomes, ecoregions, and
countries (Supplementary S1), and up to 25 species were recorded per survey, we obtained
a total of 575 estimates of species-specific parrot abundances (i.e., study cases).

3.2. Traits of the Species Recorded

Overall, we recorded 137 parrot species from 49 genera distributed among the Neotropic
(110 spp), Afrotropic (6 spp), Indomalayan (6 spp), and Australasia (16 spp) realms (Sup-
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plementary S2). Species ranged in size from the smallest parrotlets (Forpus passerinus,
body length 12.5 cm, body mass 23 g) to the largest macaws (Anodorhynchus hyacinthinus,
body length 95 cm, body mass 1565 g; Figure 1). Species also greatly varied in gregari-
ousness, as reflected by their average flock size that ranged from 1 to 106.4 individuals
(mean = 8.37 ± 12.35 SD, median = 5). Regarding their conservation status, most of the
species recorded were classified as Least Concern (66.4%), while 10.9% were Near Threat-
ened, 12.4% Vulnerable, 7.3% Endangered, and 2.9% Critically Endangered according to the
IUCN Red List. As we recorded from the rarest to the commonest species (Supplementary
S2), the number of encounters per species ranged from 1 to 2127 (mean = 109.9 ± 278.9 SD,
median = 14, N = 15,072).

3.3. Sources of Variation in the Detectability of Species
3.3.1. Aural and Visual Encounter Rates

Considering the smaller data set of parrot encounters in which we recorded the mode
of detection (N = 9617 encounters), 15.6% were detected visually, 46% were detected
aurally, and 38.4% were simultaneously seen and heard. Parrot detections summing those
exclusively heard plus those heard and seen accounted for 84.4% of the encounters.

Using the whole data set, we recorded a total of 15,072 parrot encounters of which
5325 (35.33%) were only aural, thus allowing records of 119,797 observed individuals and
an unknown number of unseen individuals identified to the species level through their
vocalizations. The proportion of aural encounters differed among species, ranging from
0% to 100% (mean = 23.9%, median = 16.5%; 6 species were only aurally registered, see
Supplementary S2). Considering those study cases with at least 15 encounters (N = 191), a
GLM showed that the proportion of aural encounters decreased with body mass (χ2 = 69.04,
p < 0.001, Figure 2a) and to a lesser extent with average flock size (χ2 = 6.09, p < 0.014,
Figure 2b) of the species, meaning that the larger and more gregarious species were more
easily recorded visually, with no statistically significant variation among biomes (χ2 = 17.58,
p = 0.063, Figure 2c). This model explained 34.48% of the deviance.

As proposed in previous works, a method to avoid underestimating the number
of parrots due to aural-only encounters is to multiply them by the average flock size
recorded within each species-specific study case and summing this estimate of unseen
(but heard) individuals to the number of visually recorded individuals, thus obtaining
a more reliable estimate per species. By applying this factor of correction to our whole
data set (575 study cases), the total number of parrots recorded increased by 22.6% (i.e.,
from 119,797 observed individuals to 154,759 estimated individuals). Importantly, this
increment largely varied among species, ranging from 0 to 73.8% (mean = 20.4 + 19.8 SD,
median = 14.3, N = 131 species; the increment could be not calculated for the six species
that were only aurally encountered).

3.3.2. Distance-Dependent Detectability

The distance at which parrots were detected was influenced by several factors. When
analyzing the smaller data set in which both the type of detection and behavior of birds
were recorded, a GLM showed that distances (range 4–1400 m, mean = 89.8 ± 102.7 SD,
median = 60.0, N = 4,783) were lower for aural than for visual detections (χ2 = 82.83,
p < 0.001) and for perching than for flying birds (χ2 = 349.68, p < 0.0001), while they
were larger for larger flocks (χ2 = 37.39, p < 0.001) and species with larger body mass
(χ2 = 449.75, p < 0.0001), with significant variations among biomes (χ2 = 125.42, p < 0.0001)
(deviance explained by the model: 22.24%). These and probably other unmeasured sources
of variation suggest the need for modeling distance-dependent probabilities of detection
for unbiased estimation of parrot abundances.

Using the whole data set, we could calculate distance-dependent probabilities of
detection (P) through DS modeling for 208 study cases with at least 10 visual encounters
within 500 m of the transect line per species. Distances ranged between 0 and 1498 m
(mean = 76.1 ± 95.8 SD, median = 50, N = 8491), while 99.3% of the distances were ≤500 m.
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The half-normal key function was the detection function best fitting the data in most of the
study cases (51.4%), followed by the hazard rate (42.8%) and the uniform (5.8%) functions.
The best-fitted models included different cosine adjustments in 24 (11.5%) of the cases, and
only in 10 cases (4.8%) included group size as a covariate. The resulting P ranged from
0.01 to 1 (mean: 0.22 ± 0.15 SD, median = 0.19). It is worth noting that the extremely low
values of P (ranging from 0.01 to 0.05, in 18 study cases obtained through the hazard rate
and in one case obtained through the half-normal functions) may be attributable to cases
where parrots were attracted by feeding/nesting resources available close to the roads,
thus violating a key assumption of DS modeling and making these values questionable
(see Discussion Section 4.1).

Figure 2. Univariate relationships between the percentage of aural encounters (i.e., when parrots were only heard), and
(a) their body mass (in g), (b) their average flock size (number of individuals/number of visual encounters), and (c) the
biomes surveyed in 191 study cases with at least 15 encounters per parrot species. Red lines (in a,b) and bars (in c) show
95% confidence intervals. See Results for multivariate analyses.
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A GLM showed that P was positively related to the body mass (χ2 = 25.02, p < 0.001,
Figure 3a) and the average flock size (χ2 = 25.31, p < 0.001, Figure 3b) of the species, meaning
that the larger and more gregarious species were detected farther from the road than the
smaller and less gregarious species, with significant differences among biomes (χ2 = 30.38,
p < 0.001) despite the large overlap shown by biomes in univariate plots (Figure 3c). This
model explained 35.7% of the deviance. When excluding the 19 questionable P values
(black dots in Figure 3a,b) from the GLM, the results were similar (body mass: χ2 = 62.68,
p < 0.001; flock size: χ2 = 31.83, p < 0.001; biomes: χ2 = 27.19, p < 0.001; deviance explained
by the model: 35.13%).

3.4. Relationships between Densities and Relative Abundances

Parrot densities (individuals estimated/km2) were obtained by correcting the number
of individuals observed by their P obtained through DS modeling, for the 208 study cases
with at least 10 visual encounters at distances < 500 m per parrot species. Densities ranged
from 0.04 to 97.4 individuals/km2 (mean = 5.1 ± 11.2 SD, median = 1.8). We also calculated
the relative abundances (number of observed individuals/km) for the same dataset, which
ranged from 0.02 to 7.31 individuals/km (mean = 0.57 ± 0.86 SD, median = 0.30). The
relative abundances of the species were uncorrelated to their probabilities of detection
(Spearman correlation, rs = −0.10, p = 0.15, N = 208).

Despite the large differences in P among case studies, the fact that both densities and
relative abundances of parrots varied within >40 orders of magnitude, leads to a strong
positive correlation between these two estimates of abundance (Spearman correlation of
raw data: rs = 0.83, p < 0.001; linear regression of log-transformed values: r = 0.83, estimate:
0.659 ± 0.031 SE, p < 0.001, adjusted-R2 = 0.69, N = 208; Figure 4a). This correlation becomes
stronger when excluding the 19 densities obtained from the extremely low, questionable
P values (linear regression of log-transformed values: r = 0.92, estimate: 0.799 + 0.025 SE,
p < 0.001, adjusted-R2 = 0.84, N = 189; Figure 4b).

Nearly identical results were obtained when restricting the dataset to study cases with
at least 20, 30, 40, and 50 visual encounters at distances < 500 m per species to increase the
robustness of DS modeling (r = 0.86–0.91, all p < 0.001), despite the fact that study cases
were reduced to 120, 74, 65, and 52, respectively. Therefore, estimates of parrot abundances
are equivalent whether or not controlling for differences in detectability.

As suggested in previous works, a way to avoid the underestimation of parrot species
with varying percentages of aural encounters is to estimate the number of unobserved
individuals by multiplying them by the average flock size of the species obtained in
the same survey. This estimated relative abundance index (i.e., (number of observed
individuals + number of estimated heard individuals)/km) correlates equally well with
densities obtained through DS modeling (linear regression of log-transformed values:
r = 0.83, p < 0.001, estimate: 0.725 + 0.033 SE, adjusted-R2 = 0.70, N = 208; Figure 4c); thus,
its use is recommended to avoid the underestimation of parrot numbers. As before, the
correlation results stronger when excluding the 19 questionable desnities (r = 0.93, p < 0.001,
estimate: 0.881 + 0.026 SE, adjusted-R2 = 0.86, N = 189; Figure 4d). This relationship remains
similar in a GLM (estimate: 0.825 + 0.034 SE, χ2 = 565.89, p < 0.0001) when controlling
for a much smaller effect of flock size (estimate: 0.006, SE: 0.002, χ2 = 14.28, p < 0.001),
with no significant effects of body mass (χ2 = 0.05, p = 0.82), biomes (χ2 = 16.93, p = 0.06),
and number of visual encounters (χ2 = 0.07, p = 0.79). This model explained 87.4% of
the deviance.

3.5. Characteristics of the Species and Surveys Lost When Using Distance Sampling

From the 575 study cases obtained, in 367 (63.8%) DS modeling was not possible
because the number of visual contacts was <10. The number of study cases lost when using
DS mostly corresponded to those showing lower relative abundances (individuals/km;
χ2 = 82.13, p < 0.0001, Figure 5a), with a smaller positive effect of average flock size
(χ2 = 20.80, p < 0.001). This may be explained by the fact that some common species are

84



Diversity 2021, 13, 300

highly gregarious and thus can be recorded in high numbers (see large data dispersion in
Figure 5a) but with a low number of flocks encountered, thus not allowing DS modeling.
The loss of cases from DS modeling was unrelated to the body mass of the species (χ2 = 0.45,
p = 0.50) (deviance explained by model: 30.35%).

Figure 3. Univariate relationships between the probability of detection (P) of parrots obtained through distance sampling
(DS) modeling and (a) parrot body mass (in g), (b) average flock size (number of individuals/number of visual encounters),
and (c) the biomes surveyed for 208 study cases with at least 10 visual encounters at distances ≤ 500 m per parrot species.
Black dots (in a,b) correspond to extremely low, questionable P values (see text for more details). Red lines (in a,b) and bars
(in c) show 95% confidence intervals. See Results (Section 3.3.2) for multivariate analyses.
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Figure 4. Relationship between (a) the relative abundance (individuals/km) and density (individuals/km2) of parrots
when including densities obtained from questionable probabilities of detection (black dots) and (b) excluding them, and
(c) between the estimated relative abundance (i.e., (number of observed individuals + number of estimated heard individu-
als)/km) and density (individuals/km2) of parrots when including densities obtained from questionable probabilities of
detection (black dots) and (d) excluding them. Densities were obtained through distance sampling modeling for 208 study
cases with at least 10 visual encounters at distances < 500 m. Red lines represent the 95% CI for the regression lines.

Figure 5. Several study cases and species were excluded from DS modeling because they did not met the minimum
number of visual contacts to allow for estimating probabilities of detection and densities. (a) Study cases excluded (64% of
575) corresponded to species with lower relative abundances; (b) Species excluded (47% of 137) showed a poorer global
conservation status (LC: Least Concern, NT: Near Threatened, VU: Vulnerable, EN: Endangered, CR: Critically Endangered).
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DS modeling could not be applied to 64 (46.7%) of the 137 species surveyed even when
pooling all surveys across world ecoregions together, as they did not reach a minimum
of 10 visual encounters. The percentage of species excluded varied among realms, the
highest being in the Afrotropics (100%, N = 6 species), followed by the Indomalayan (16.7%,
N = 6 spp), Australasia (25%, N = 16 spp), and Neotropic (33.6%, N = 110 spp) realms. The
species excluded from DS modeling significantly showed a poorer global conservation
status (χ2 = 7.51, p < 0.01; 72.32% of deviance explained, Figure 5b).

DS modeling could be not applied for 34 (34.7%) of the 98 surveys conducted, as
they did not include a single species reaching a minimum of 10 visual encounters. The
percentage of surveys excluded for modeling varied among realms, with the highest being
in the Afrotropics (100%, N = 16 surveys), followed by the Neotropic (23.3%, N = 73),
Indomalayan (16.7%, N = 6), and Australasia (0%, N = 3) realms.

4. Discussion

Roadside car surveys have been largely recommended to estimate the abundances of
large and conspicuous birds which occur at low densities, such as raptors [43]. Recently,
this methodology has been applied to parrots, although there is no proper evaluation of its
strengths and weaknesses [10]. After our experience conducting roadside raptor surveys in
a variety of tropical biomes [15,16], we considered this method to be even more adequate
for parrots given that their frequent and loudly vocal activity makes them more easily
detectable than the more silent raptors. In fact, 85% of our parrot encounters were aurally
detected. The loud behavior of parrots largely reduces the problems in detecting raptors
in forested biomes [15]. Supporting this, we found that the proportion of aural detections
was related to the body mass and gregariousness of the species but not to the biomes they
inhabit, which included habitats largely differing in openness, from steppes to rainforests.
Therefore, through our large-scale roadside surveys, we were able to record c. 35% of the
extant parrot species across the world biomes, including the commonest to the rarest and
even Critically Endangered species. The former species, as well as those common but highly
gregarious or patchily distributed, are difficult to survey through walked line transects and
point counts because of their low encounter rates [10]. Moreover, we have demonstrated
that distance-uncorrected estimates of parrot abundances are strongly correlated to those
obtained when using DS modeling, thus providing a good proxy of the actual relative
densities of the species. Nonetheless, roadside parrot surveys have several limitations
regarding the design and length of surveys and the detectability of the species, which can
be addressed as discussed below.

4.1. Roadside Parrot Surveys: Caveats, Solutions, and Prospects

As for raptors and other avian taxa [15,43], parrot abundances obtained through
roadside surveys can be biased by the spatial distribution of roads and the response of the
species to them. Recent studies have shown that coexisting bird species may differentially
respond to roads, some decreasing but others increasing their abundances close to them,
also differing in their responses between major and minor roads [44,45]. As some scav-
engers and birds of prey may be attracted by roadkills and the larger availability of prey
and perching sites (e.g., power lines, poles) close to roads [15,46], some parrots can also
be attracted by feeding resources, large trees and perching sites available close to roads.
In fact, we could confirm that most of the extremely low probabilities of detection we ob-
tained corresponded to study cases where parrots were attracted by feeding resources most
often available in the gutters of the roads, such as fruiting trees (e.g., Burrowing parrots
Cyanoliseus patagonus in Argentina, [35]) or herb seeds (e.g., Galahs Eolophus roseicapilla in
Australia, [47]), or by lines of eucalyptus trees and power lines running in parallel to roads
in deforested areas of Argentina, Paraguay, Uruguay and Brazil, substrates where Monk
parakeets Myiopsitta monachus build their large communal nests [48]. In these few cases,
extremely low probabilities of detection did not result from parrots being hard to detect
at large distances from roads but from the fact that they were aggregated around them.

87



Diversity 2021, 13, 300

These particular circumstances violate a key assumption of DS modeling, i.e., that animal
locations are independent of the line transect position [38], thus questioning its use as they
may lead to the obtention of inflated densities (see Results Section 3.4 and Figure 4a,c).

On the other hand, some parrots may avoid roads because of human disturbance. This
so-called “disturbance effect” may even affect bird abundances obtained from point counts
because of the presence of observers [49], and thus traffic should also affect the behavior
of parrots. We tried to minimize this disturbance effect by selecting a priori, using recent
satellite images, minor paved roads and unpaved roads with little or no traffic, often only
accessible using 4 × 4 vehicles. The fact that the relative abundances (individuals/km)
of the species were uncorrelated to their distance-dependent probabilities of detection
suggests that the less encountered species are actually uncommon (as is also supported by
their IUCN Red List evaluations [3]), rather than their abundances being underestimated
because they avoid roads and thus remain undetected. Moreover, through this work we
found that parrots, from the smallest to the largest species, were largely undisturbed by the
vehicle, allowing us to approach them at short distances, even taking detailed photographs
(e.g., [34,35]). This agrees with the perception of high behavioral flexibility of parrots when
facing human disturbance (e.g., [18,27,50]). In fact, recent studies have shown that the
inter-individual variability of birds in their tolerance to sources of human disturbance such
as roads [51] and human presence [52] is related to the relative brain size of the species,
and parrots are among the birds with larger brains showing less fear of humans [52].
Nonetheless, further well-designed studies are needed to delve more deeply into these
aspects and to evaluate how parrots respond to roads with high traffic intensity.

Another problem of roadside surveys is that habitat composition and configura-
tion near roads may differ from the surrounding areas, thus leading to bird abundance
biases [10,53]. The occurrence of these potential biases can be assessed a posteriori by com-
paring habitat composition along the roads surveyed with surrounding areas [54] but,
ideally, can be largely avoided by carefully selecting the roads a priori using satellite images.
In our case, within each survey, we intentionally selected roads crossing both protected
and unprotected habitats with different degrees of transformation, as we were interested
in surveying whole parrot communities that included habitat-sensitive species but also
those that are favored by low-intensive agricultural and urban habitats [17,18,27–29]. In
other cases, however, researchers may be interested in surveying a particular species and
in such a case they should ensure the selected roads cover and represent the habitats used
by this species and not others. Alternatively, they may be interested in species responses to
habitat transformation. Road transects can be divided into small sections whose habitats
can be measured [43], and thus long surveys crossing fragments of habitats with different
degrees of transformation, from pristine to urban areas within the same study area, allow
for testing changes in parrot abundances based on changes in land use [17,18]. The length
of the section can be used as a proxy of the size of the habitat patch crossed when acquir-
ing large data sets, and thus testing the effects of habitat transformation together with
patchiness on single-species parrot abundances [18]. The same approach can be translated
to multi-species studies, obtaining estimates of total abundance, diversity, and species
richness (by simply recording presence/absence of each species) for each roadside habitat
section [15,55]. Another approach is to compare the habitat composition within a buffer
centered on each detected parrot with that around random points selected from the same
roadside survey, combining field data with remote sensing tools [55]. These approaches
have still been little explored and have the potential to increase our knowledge on the
responses of different parrot species and communities to very large-scale changes in land
use and habitat fragmentation, and are urged given the further habitat loss predicted for
parrots worldwide [7].

4.2. Do We Need to Account for Parrot Detectability?

As for other avian taxa, it is widely assumed that detectability varies among parrot
species [10]. However, differences in distance-dependent detectability among parrot species
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have been little reported [13], and even less is known about which parrot traits explain
these differences. Observations of flying parrots recorded from Amazonian rainforest
canopy points showed that larger-bodied species were detected at greater distances, and
that average flock sizes were negatively related to their body mass [56]. Here, analyzing
a large data set that includes a variety of species and biomes, we show that not only the
distances of detection but also the probabilities of visual detections are positively related
to the body mass and gregariousness of a species. Moreover, there are other potential
sources of variation in parrot detectability that we could not assess through our large-scale
approach. For example, visual (but not aural) detectability may vary within species and
biomes due to habitat transformations (it could be higher in agriculture than in forest
habitats) and seasonal changes in vegetation structure (it could be higher during the dry
season in deciduous tropical dry forests when most trees lose their leaves).

Breeding phenology may also affect parrot detectability since the gregariousness of
some species decreases during the nesting period [10,11] and nesting pairs may be more
tied to their nesting sites and thus less mobile and detectable. Therefore, it is important
to consider potential seasonal changes in parrot behavior and to account for variation in
parrot detectability when performing censuses.

Accordingly, our distance-dependent probabilities of detection (P) were positively
related to the body mass and gregariousness of the species and varied among biomes. Even
though we relied on a minimum of 10 visual encounters, which can lead to useful but
imprecise density estimates [4], the densities obtained were within the ranges obtained
for the same parrot genera through DS modeling using walked line transects and point
counts [4]. As highlighted in the same review, parrot densities obtained through different
methods, even including roost counts, are quite similar when looking at differences among
species [4]. This is likely due to the fact that differences in natural (and/or human-induced)
abundances among parrot species [3] are so high (in our study within >40 orders of
magnitude) that any biases due to differential detectability or other methodological biases
are overcome in interspecific comparisons. Then, perhaps not surprisingly, our results
allow us to confirm and generalize previous findings [22], showing a strong correlation
between detectability-corrected and uncorrected estimates of parrot abundance at a global
scale. Notably, the same correlation holds when increasing the minimum threshold of
encounters to increase the robustness of DS modeling and when including estimates of the
number of unseen (only-heard) individuals, while it is not affected by the body mass of the
species, biomes, or the number of encounters per species. Therefore, simple estimates of
relative parrot abundance (individuals/km) can be used as good proxies of their estimated
detectability-corrected densities. This does not mean however that one method is better
than the other, nor that distance sampling is not needed for roadside parrot surveys. The
choice should be balanced attending to different methodological constraints and research
objectives, as further discussed below.

4.3. Pros and Cons of Distance Sampling

A major challenge for estimating parrot densities is obtaining enough encounters from
all species for DS modeling [4]. For example, density estimates could be obtained for only 9
of 17 parrot species after significant effort conducting walked line transects (accumulating
2,412 km surveyed over 3 years) in two small Amazonian study areas [23]. In our study,
64% of the case studies, 47% of the parrot species, and 35% of all surveys had to be excluded
from DS modeling. This occurred despite pooling data from the same ecoregions/countries
obtained in different seasons and years, when available, to increase sample sizes, to better
represent the whole parrot community, and increase the precision of estimates [12], and
even though we used the lowest number of visual encounters required for DS modeling [4].
Concerningly, most of the species excluded are threatened or uncommon in the wild,
but there are also some common but highly gregarious species, varying among realms.
The extreme case is exemplified by the Afrotropic realm, where all study cases, species,
and surveys were excluded despite the high survey effort invested (Supplementary S1).

89



Diversity 2021, 13, 300

Obviously, the percentage of exclusions from DS modeling would be much higher if we
had separated surveys by years or seasons or split them into habitat-category sections [17],
or had increased the minimum number of encounters for obtaining more precise density
estimates [13], as many researchers may require for dealing with their research objectives.

Some procedures have been proposed to solve the problem of insufficient detections
for parrot DS modeling. One is to use the records of a coexisting common species to model
its probability of detection and use it for estimating the density of a congeneric, similar-
sized rare species from which insufficient encounters were obtained [20]. However, after
our experience, all species from the same genus (e.g., large macaws Ara, amazon parrots
Amazona) are often equally scarce within the same survey, and thus all are unavoidably
excluded from DS modeling. Another solution applied is pooling all records from rare
species (even from different genera) to estimate a common probability of detection and
derived species-specific density estimates [57]. However, these estimates must be taken
with caution as the assumption that the detectability of different species is equivalent may
be violated [53].

Rather than forcing the obtention of somewhat questionable density estimates when
species-specific data are lacking, we recommend relying on simple relative abundances
(individuals/km) when roadside surveys focus on whole parrot communities that include
uncommon species, as they offer abundance estimates equivalent to detectability-corrected
densities. Moreover, not recording distances has some advantages. On the one hand, the
calculus of relative abundances is very simple and does not require the statistical skills
needed for DS modeling. On the other hand, the field-work time saved by not recording
distances (i.e., in surveys of rich and abundant parrot communities, researchers often
must stop the car every few minutes to record them) can be invested in conducting longer
roadside surveys, thus better representing the areas and parrot communities surveyed.
This may be an important advantage, as parrot surveys are often logistically constrained
by climatic conditions, and the time and funds available. Contrarily, we recommend DS
modeling when researchers focus on one or a few common species, as they can then obtain
more precise estimates of abundance by increasing the number of encounters (not paying
attention to the rest of the species) and the best-fitting detection functions, as is done
with point counts and line transects [13]. Even more importantly, DS modeling allows
the calculation of densities that can be carefully extrapolated to the extent of suitable
habitat and thus estimate the size of parrot populations, as has been done using point
counts on islands [24,58]. A stratified design of large-scale roadside surveys could allow
the estimation of population sizes for common parrot species with country- and even
continental-level distributions, something that could be logistically unaffordable through
point counts and walked line transects.

Finally, as a word of caution, researchers must keep in mind that distance sampling
modeling was developed to correct for the imperfect detection of species in census surveys,
but that the violation of some assumptions may also generate imperfect results. For the
case of parrots, some assumptions of DS modeling are often violated: that all individuals
encountered are accurately counted and their distances of detection exactly measured,
and that encountered birds do not move while conducting the survey [10,38,53]. We have
shown that the first assumption is not only violated in walked line transects and point
counts [23,34] but also in roadside car surveys (see also [22]). In our surveys, 24% of
the encounters corresponded to aural contacts of an unknown number of unseen indi-
viduals. Concerningly, the proportion of aural contacts was not randomly distributed
but varied from 0 to 100% among species, being related to their body mass and gregar-
iousness. As a solution following previous works [12,22–24], we estimated the number
of unseen birds by substituting aural contacts with the average flock size of the species
obtained from the same survey (this is important as average flock sizes may vary among
seasons and regions). We used average flock size for consistency with previous works that
adopted this solution [22–24] and because it is often reported as a measure of gregarious-
ness (e.g., [13,56]). Given the often right-skewed distribution of flock sizes, researchers

90



Diversity 2021, 13, 300

could use the median instead of the mean, although results should not markedly differ. In
any case, we recommend incorporating this procedure to avoid the underestimation of
parrot numbers in roadside surveys (in our case reaching 23% on average), resulting in rel-
ative parrot abundances that strongly correlated to distance-corrected densities. However,
incorporating these estimates of an unseen number of individuals into DS modeling is
challenging given the difficulties of estimating their distances of detection. Some solutions
have been proposed when conducting parrot walked line transects and point counts, such
as measuring distances to other objects at a similar distance if the heard parrot/flock
was not visible [13,24] or categorizing these estimated distances to unseen parrots into
intervals [58]. These estimations require expert observer skills and thus, researchers must
be careful to do not introduce distance biases that would affect DS density estimates [38].

Regarding bird movements, DS modeling was conceptually developed as a ‘snapshot’
method in which animals are ideally ‘frozen’ while the survey is conducted, but in practice
animals often make non-responsive movements (i.e., not disturbed by the observer) [38].
Buckland et al. [53] suggested that this assumption must be relaxed to include flying
individuals in avian taxa that spend large proportions of their time in flight, such as
seabirds and raptors. This is also the case for parrots. Except for a few low-mobility forest
species (e.g., genus Pionites), most parrot species make long daily trips looking for food
and moving between foraging, breeding, and roosting sites [10]. In fact, 36% of our parrot
encounters corresponded to birds/flocks detected in non-responsive flights. Excluding
these records would underestimate parrot abundances, with non-random biases according
to the different flight propensities among species. Using walked line transects, Legault
et al. [13] found that excluding flying birds caused an underestimation of parrot densities
that varied between 7% and 67% among species. In their review on distance sampling
approaches and assumptions, Thomas et al. [38] indicated that, in practice, non-responsive
movement in walked line-transect surveys is not problematic provided it is slow relative
to the speed of the observer, and thus it should be even less problematic for the faster-
speed road car surveys. Therefore, we support the inclusion of flying parrots in roadside
car surveys, as for walked line transects [13], but also suggest that researchers record
the behavior of parrots (perching, foraging, flying) encountered. This may later allow
researchers to decide whether to include flying birds in DS estimates [13] and to assess for
example foraging habitat preferences by restricting records to foraging birds [17].

Researchers should be not discouraged by the limitations of DS modeling applied to
roadside car surveys. Rather, they should be aware of how and when its application is
feasible for their study species. On the other hand, some analytical advances for estimating
parrot abundances [10] such as the use of hierarchical (N-mixture) models [59] have been
recently applied to parrot roost counts [60], walked transects, and point counts [61], and
have the potential to be used in roadside parrot surveys as has been done for raptors [16].

5. Conclusions

While roost counts may allow estimating regional and even global populations sizes
of some parrot species [11,60,62,63], they are not affordable for most parrot populations
and species and thus estimates of densities are often obtained using point counts or walk
line transects [10]. However, these methodologies may fail to record rare and patchily
distributed species, a problem that could be solved using large-scale roadside car sur-
veys [10]. Here, compiling roadside car surveys conducted across the world biomes and
continents inhabited by parrots, we have assessed how the aural- and distance-dependent
probabilities of detection are affected by species traits and biomes as well as the pros and
cons of roadside car surveys using or not using DS modeling, providing potential solutions
for the problems encountered. We have demonstrated that distance-uncorrected estimates
of parrot abundances are strongly correlated to those obtained using DS modeling, thus
offering a good proxy for the actual relative densities of the species. This however does not
mean that one method is better than the other. While DS modeling generally can not be
used when dealing with whole parrot communities, because it results in the exclusion of a
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high percentage of surveys and species (mostly those uncommon and threatened ones), it
may be useful for species-specific studies of common species. As learned from compar-
isons of other survey methodologies [10,49,59], the choice of the most suitable method is
context-dependent. We summarize in Table 1 the strengths and weaknesses of using or not
using DS attending to sampling effectiveness, which is understood here as the ability of
either method to record birds that are present, to methodological constraints, and to the
output variables required to reach different research goals. We hope this comprehensive
summary will help guide researchers in choosing the best–fitting option for their particular
research hypotheses, characteristics of the species studied, and logistical constraints.

Table 1. Comparison of strengths (+) and weaknesses (-) when using distance sampling modeling (DS Yes) or not (DS
No) for estimating parrot abundances through roadside surveys, attending to the shortcomings of both methods and the
objectives of studies. Equal signs (=) denote similar performance.

DS
Yes

DS
No

Justification

Sampling effectiveness
Attraction effect - + DS may inflate densities of parrots attracted by roadside resources
Avoidance effect + - DS may account for the potential avoidance of highly transited roads
Aural-only encounters - + Estimating distances for DS from non-visual encounters is challenging
Flying individuals = = Including flying individuals should not affect results from roadside surveys
Uncommon species - + Encounters of naturally scarce and threatened species are not sufficient for DS
Gregarious species - + Encounters of common but highly gregarious species may not be sufficient for DS

Detectability + - DS allows the correction of abundances for distance-dependent detectability and
associated covariates

Methodological
constraints
Survey length - + DS requires longer surveys to obtain enough encounters for statistical modelling
Time invested - + Time saved by not recording distances allows for longer surveys
Data analysis - + DS requires statistical modeling instead of simple divisions
Output variables
Single-species abundance + - More accurate estimates can be obtained through DS for common species
Multi-species abundances - + DS excludes a high percentage of species
Occupancy - + Only presence/absence data are required
Species richness - + DS is not needed
Species diversity - + DS excludes a high percentage of species
Density + - DS allows for calculating densities for species with enough encounters

Population size + - DS allows extrapolating densities to the species distribution and thus estimating
population size

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13070300/s1, Supplementary S1: Details of the surveys conducted, Supplementary S2: Details
of the species surveyed, Supplementary S3: histogram of detection distances, the plot of group size x
detection distances (with Spearman correlation test p-value), and the estimated detection functions
from the best DS models for each binning setup (including X2 goodness-of-fit tests), overlaid on the
histogram of detection distances with the respective distance breaks, for each case study.
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Abstract: South America presents the greatest Psittacidae diversity in the world, but also has the
highest numbers of threatened parrot species. Recently, exotic viruses have been detected in captive
native psittacine birds in Brazil, however, their impacts on the health of wild parrots are still unknown.
We evaluated the presence of Chlamydia psittaci, Psittacid alphaherpesvirus 1 (PsHV-1), avipoxvirus
and beak and feather disease virus (BFDV) in wild Amazona aestiva, A. brasiliensis and A. pretrei
nestlings and in wild caught A. aestiva nestlings seized from illegal trade. Samples were collected
from 205 wild nestlings and 90 nestlings from illegal trade and pathogen-specific PCR was performed
for each sample. Chlamydia DNA prevalence was 4.7% in A. aestiva and 2.5% in A. brasiliensis sampled
from the wild. Sequencing revealed that the C. psittaci sample belonged to the genotype A. PsHV-1,
avipoxvirus and BFDV DNA was not detected. These results have conservation implications since
they suggest that wild parrot populations have a low prevalence of the selected pathogens and,
apparently, they were not reached by the exotic BFDV. Stricter health protocols should be established
as condition to reintroduction of birds to the wild to guarantee the protection of Neotropical parrots.

Keywords: wild parrots; Chlamydia psittaci; Psittacid alphaherpesvirus 1; avipoxvirus; beak and feather
disease virus; conservation threats

1. Introduction

Psittacidae diversity in South America is the greatest in the world and Brazil is the
country with the largest number of species. Among the 411 known species, 86 occur in
the national territory [1]. Unfortunately, Brazil is also in the first position when it comes
to threatened species, with Psittaciformes being one of the most threatened, containing
25 native species in the Global International Union for Conservation of Nature (IUCN) Red
List [2].

Amazon parrots are prominent among the national species, being the first among the
most trafficked psittacine birds in Brazil. Amazona genus comprises 12 species in Brazil and
these birds are threatened mainly by the illegal trade and loss of their habitat. Currently,
one third of the native Amazon species is threatened [2].

Among these species, the red-spectacled Amazon parrot (Amazona pretrei) is threatened
within the vulnerable category. The red-tailed Amazon parrot (Amazona brasiliensis) has
left the IUCN Red List, entering the near-threatened status. Both species have a restricted
distribution and exist only in Brazilian territory. The blue-fronted Amazon parrot (Amazona
aestiva) is also in the near-threatened category and has a wide distribution, including Brazil,
Argentina, Bolivia, and Paraguay territories. However, there is a special interest in this
species because it is the main target of the illegal trade [2,3].
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Nonetheless, another current challenge to wildlife conservation efforts is the dis-
semination of infectious diseases. As parrots are extremely popular pets, the demand
created around the world has led to an international movement of over 19 million birds
since 1975 [4], which triggers the spread of pathogens. Disease emergence can be trig-
gered by translocation; introduction of infected animals, pathogens or vectors to new
geographic regions; human or domestic animals’ encroachment, spill-over, ex situ contact
and ecological manipulation [5]. Amazon parrots are subjected to at least three of these
situations [6], therefore, their health assessment in the wild is an important addition to
their conservation efforts.

The illegal trade of wild birds is still a reality in Brazil, and only a small part of
the nestlings removed from nature is apprehended by environmental authorities. These
birds are mixed in rehabilitation centres with resident or pet birds and are often released
into the wild without any health criteria [7]. In addition, national and international
cross border movement of birds continues as the result of smuggling and legal trade of
domestically raised birds [8], creating the perfect scenario for disease dissemination in wild
and captive animals, as trafficked and imported birds are fed with improper diets, housed
in crowded unhygienic conditions, and mixed with other species [9,10]. The global spread
of diseases has caused a significantly negative conservation impact on captive and wild
populations [11,12]. Highly resistant viruses in the environment and persistent subclinical
infections make controlling these pathogens a challenge [8].

Chlamydia psittaci and the Psittacid herpesvirus 1 (PsHV-1) are relevant pathogens
that affect parrots and have been observed in captive psittacine in Brazil [13,14], including
occasional outbreaks [10]. A neglected virus in wild birds, the avipoxvirus, has also caused
an outbreak in psittacine species located in a facility in Brazil [15]. In addition, the Psittacine
Beak and Feather Disease (PBFD) caused by a circovirus, is an exotic pathogen introduced
in the country [16], that has been reported in exotic and native pet birds [17,18].

The results of all the negative anthropogenic actions for the health of wild Amazon
parrots in Brazil are unknown and information is scarce in the literature [19–21]. The aim
of the present study was to investigate the presence of C. psittaci and viral pathogens DNA
in wild Amazon parrot nestlings and in wild caught nestlings recently apprehended from
illegal trade in Brazil, and to discuss the implications of the results for the conservation of
psittacine birds.

2. Materials and Methods

The study comprised three species of parrots in four states of Brazil (Figure 1). Ama-
zona pretrei nestlings were sampled in a fragmented area of the southern fields, in the
municipality of Pontão, state of Rio Grande do Sul. Amazona brasiliensis parrots were
studied on three islands (Ilha Rasa, Ilha Gamela and Ilha Chica), in the state of Paraná,
located in the Guaraqueçaba Environmental Protection Area, which has an extensive area
of Atlantic Forest. This species was also sampled in Comprida Island, state of São Paulo,
another Atlantic Forest area within the Ilha Comprida Environmental Protection Area.
Amazona aestiva parrots were sampled in Miranda, state of Mato Grosso do Sul, located in
the Brazilian Pantanal wetlands.
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Figure 1. Distribution of Amazona pretrei, Amazona brasiliensis and Amazona aestiva in Brazil and South America and
sampling areas.

Oropharyngeal and cloacal swab samples and/or blood samples were collected from
Amazon parrot nestlings in field expeditions during the breeding seasons (October to
January) from 2013 to 2018. All samples were collected by trained professionals. Natural
and artificial nests were accessed using ladders or climbing equipment. The birds were
removed from the nests, examined, sampled, and then placed back in the nests. Swab
samples were kept frozen in microtubes containing viral transport media, and blood
samples were kept frozen in microtubes until the analyses. One A. brasiliensis was found
recently dead inside a nest and was necropsied for sample collection. Liver and spleen
fragments were collected and kept frozen until laboratory analysis.

Additionally, in 2015, 413 wild caught A. aestiva nestlings were seized from the illegal
trade by environmental officials in three different locations (A—262 birds, B—116 birds,
C—35 birds) in two states of Brazil (Mato Grosso do Sul and Paraná). The nestlings
apprehended were submitted to the Wildlife Rehabilitation Center (WRC) located in the
city of Campo Grande, Mato Grosso do Sul. Birds were different ages, ranging from
recently hatched to fully fledged nestlings (about 5 to 50 days). They were housed inside
boxes in a proper room, separated by bird size and by origin. Biological samples were
collected in the first 72 h after the birds were seized. Cloacal swab samples were randomly
collected from approximately 20% of the nestlings from each box, totalizing 90 nestlings,
21.6% of the nestlings received in that year. Blood was collected from the brachial vein in
30 of these parrots and all samples were kept frozen until analysis.

Genomic DNA extraction was performed using the NucleoSpin Tissue kit® (Macherey-
Nagel, Germany) according to manufacturer’s instructions. Each sample was digested in
200 μL of lysis buffer and proteinase K (20 mg/mL) at 56 ◦C for 12 h prior extraction. DNA
was extracted from 326 samples (swab/blood samples and a fragment of liver/spleen)
from 205 birds. All samples were screened for the presence of chlamydial DNA using a
conventional PCR targeting 111bp of the Chlamydiaceae 23S rRNA gene with primers
from Enrich et al. [22]. A 25 μL reaction mix containing 3 μL of genomic DNA, 10 pmol of
each primer, 12.5 μL of buffer (DreamTaq Green PCR Master Mix, Thermo Fisher Scientific,
Waltham, MA, USA) and nuclease-free water qsp was used in the reaction. Target DNA
was amplified performing a conventional PCR using an initial denaturation of 60 s at
96 ◦C, then 40 cycles of 30 s at 94 ◦C, 60 s at 50 ◦C and 30 s at 72 ◦C, followed by a final
extension of 4 min at 72 ◦C. The samples were also screened for the presence of viruses
using conventional PCRs for PsHV-1 [23], avipoxvirus [24] and BFDV [25]. Following this,
positive samples in the Chlamydiaceae PCR were evaluated using a second PCR assay to
amplify a fragment of C. psittaci ompA gene [26]. The primer sequences used for all agents
can be found in the Table S1.
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Negative and positive standard controls were used in all PCR reactions for each
agent. Nuclease-free water was used as negative control. The C. psittaci genotype A,
Cpsi/Mm/BR01 DNA was used as positive control (GenBank accession number JQ926183)
for Chlamydiacea and ompA PCR assays. BFDV (strain from a Psittacus erithacus), herpesvirus
(PsHV-1 genotype 3 from an Ara ararauna) and Pox vaccine (Pox pigeon, Biovet, Brazil)
DNA were used as positive controls for the other PCR assays. All reactions were carried
out using the thermal cycler Axygen® Maxygene (Axygen, Union City, CA, USA). The
products were analysed by electrophoresis in a 1.5% agarose gel stained with GelRed®

(Biotium, Fremont, CA, USA) nucleic acid stain.
Amplified products from the ompA PCR assays were purified from the agarose gel

using a commercial kit (NucleoSpin Gel and PCR Clean-Up, Macherey Nagel, Düren,
North Rhine-Westphalia, Germany) according to the manufacturer’s instructions and
sequenced in dual-direction by Sanger sequencing (Genome Research Center, University of
São Paulo, São Paulo, Brazil). The chromatograms were analysed for quality using MEGA X
software, and sequences were compared with data available on GenBank through a BLAST
search. The nucleotide alignment was performed using MAFFT version 7 with the FFT-NS-I
algorithm [27]. A neighbor joining tree was constructed using Mega X [28]. The Tamura-Nei
model was chosen to create the tree tested by bootstrapping with 1000 replicates.

3. Results

A total of 205 Amazon parrot nestlings from wildlife were sampled as shown in
Table 1. All the birds showed no clinical signs that could suggest infection by any of the
pathogens here investigated. Liver and spleen fragments were collected from one wild
A. brasiliensis nestling that was found recently dead inside one nest at Rasa Island, but
pathogens DNA were not detected in those samples. None of the nestling samples tested
yielded positive PCR results for PsHV-1, avipoxvirus or BFDV.

Table 1. Number of wild Amazon parrot nestlings sampled according to breeding season in the states of Rio Grande do Sul
(RS), Paraná (PR), Mato Grosso do Sul (MS) and São Paulo (SP), Brazil.

Amazon
Species

State
2013/
2014

2015 2016 2017 2018
Total Samples
(Swab and/or

Blood)

Number of Birds
Sampled for

Selected Virus
**/Positive (%)

Number of
Chlamydia Positive/

Total Birds (%)

A. pretrei RS 0 0 4 0 0 8 4 (0%) 0/4 (0%)
A. brasiliensis PR/SP 74 * 0 28 # 15 21 230 138 (0%) 2/80 (2.5%)

A. aestiva MS 17 17 23 3 0 89 63 (0%) 3/63 (4.8%)

Total 327 205 (0%) 5/147 (3.4%)

* Just 16 swabs were tested for Chlamydia in this period. Total number of birds tested for Chlamydia = 147. # Liver and spleen fragments
sampled from one carcass. ** PsHV-1, avipoxvirus and BFDV.

Chlamydia prevalence found for all the parrots evaluated was 3.4% (5/147); these
samples were from parrots sampled between 2015–2018. From the Chlamydia-positive
samples, 4.8% (3/63) were collected from A. aestiva (cloacal swab samples), and 2.5% (2/80)
were collected from A. brasiliensis (one cloacal/oropharyngeal swab sample and one blood
sample). The A. pretrei nestlings evaluated were negative (0/4, 0%). Chlamydia psittaci
nucleotide sequencing was possible only in the blood sample from an A. brasiliensis nestling
(Cpsi/Ab/BR02; GenBank accession number MT741095). This partial ompA gene sequence
was analysed and aligned with reference sequences available on GenBank (Table S2). The
phylogenetic tree is presented in Figure 2. The sequence obtained was confirmed as C.
psittaci as it had a high percentage of identity (99.25%) with other C. psittaci sequences,
clustering within the Genotype A.
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Figure 2. A mid-point rooted, neighbor joining phylogeny of the partial DNA sequences of the Chlamydia psittaci outer
membrane protein gene alignment (1000 bootstrap replicates). Bootstrap support of nodes is shown if it exceeds 60%.
(Cpsi/Ab/BR02, GenBank accession number MT741095).

Regarding the nestlings from illegal trade, all samples (90 swabs and 30 blood samples)
collected in the first 72 h after apprehension of the birds were negative for the agents
analysed (Chlamydia psittaci, PsHV-1, avipoxvirus and BFDV).

4. Discussion

Anthropogenic activities have been a trigger for dissemination of diseases in psittacine
birds as shown in previous studies around the world [5], including the international
introduction of pathogens to wild and captive naïve populations [11], and outbreaks in
wild and captive birds [29]. Nevertheless, the impact of these actions on the health of wild
Brazilian parrots is unknown, as a large-scale assessment has never been performed. The
results of this study showed low prevalence of C. psittaci and no viral detection in the
wild Amazon parrot nestlings sampled, which apparently have not yet been reached by
the global spread of relevant psittacine pathogens, which is not the case of BFDV in other
countries [30].

C. psittaci is a bacterium considered endemic in Brazilian psittacine birds. It was first
detected in wild A. aestiva (2/32, 6.3%) in Pantanal, Mato Grosso do Sul, in 2006, using
a semi-nested PCR and complement fixation test [19]. This prevalence is in accordance
with our results (3/63, 4.8%) in A. aestiva nestlings evaluated from the same region of
Pantanal. Other studies in A. brasiliensis nestlings in Rasa Island, Paraná, showed 0.8% [20]
and 0% [21] of C. psittaci prevalence which are in accordance with our results for this
species (2/80, 2.5%). Unfortunately, no C. psittaci sequences from these previous studies
are available for comparison. Therefore, even though some parrot populations have the
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bacteria circulating, the overall prevalence seems to be stable over the years and, in some
of them, the circulating genotypes are unknown. Conventional PCR is widely used in
research of pathogens in captive birds; however, a minor limitation is that this assay can
have less sensitivity than real time PCR and maybe low copy number samples can be
missed. The sampled birds here were very young fledglings and possibly were not even
infected. This fact was demonstrated in a previous study [21], in which the combined
serology and PCR results were negative for Chlamydia, demonstrating that the nestlings
were not infected in the sample collection time. Therefore, we believe that the chlamydial
prevalence in these populations is indeed low. In other Latin American countries, only
serologic surveys are available for C. psittaci in the wild: A. aestiva in Bolivia [31] and
Aratinga weddelli and Brotogeris sanctithomae in Peru [32]. However, no antibodies against C.
psittaci were detected.

The amplified C. psittaci ompA fragment clustered with previously described ompA
Genotype A. Based on BLAST analyses, our sequence had 99% identity with the reference
sequence 6BC (NC_017287) and with two Brazilian C. psittaci sequences: one from a
long-term captive A. aestiva (Genbank MH138296) and one from a wild caught monk
parakeet (Myiopsitta monachus) sampled after being seized from poachers in Southern
Brazil (Genbank JQ926183) [33]. Furthermore, the highest percentage of nucleotide identity
(99.25%) was observed with C. psittaci found in birds and humans from Europe and Asia
(Genbank CP033059, KP893667 and AB468956). The sequence obtained here and from
previous studies in Brazil suggest that Genotype A can be the main circulating genotype in
wild psittacine birds in the country. Moreover, Genotype A is most frequently associated
with psittacosis cases in humans. In Brazil, the potential of monk parakeets (Myiopsitta
monachus) in transmitting C. psittaci to humans has already been documented [34].

In the present study, no BFDV, PsHV and avipoxvirus DNA was detected in wild and
in smuggled nestlings. Nevertheless, the wild caught nestlings seized from the illegal trade
were not sampled later to evaluate housing long term effects on their health.

Pacheco's disease (PD) is caused by PsHV-1 and it was first recognized in parrots
in Brazil [35], and only later it was seen in many psittacine birds exported from South
America to Europe and North America [36]. Even so, there are only sporadic reports
on PD occurrence in parrots in Brazil [14] and there is no information on the genotypes
circulating in the country. So far, in captive birds, only Genotype 1 was found in 18 Amazon
individuals [37]. Negative results for avipoxvirus were also reported in 29 captive A. vinacea
using the same primers in a conventional PCR [38]. However, avipoxvirus outbreaks have
been reported in captive native [15] and exotic [39] Psittaciformes in Brazil, showing low
and high mortality rates, respectively. BFDV has been recently detected in captive exotic
and native species [17,18] in Brazil. Based on the initial findings of the present study, it is
likely that wild parrot populations can still be unreached by the global spread of BFDV [40].
Because of the high dissemination capacity and the immunosuppressive effects, BFDV has
worried avian veterinarians around the world [41]. Hence, further research must be done
to provide more detailed data on prevalence, diversity of genotypes and host range of
these viruses in wild and captive psittacine birds in the South America.

Wildlife rehabilitation centers are responsible for receiving injured or apprehended
wild animals, which are mainly represented by native species seized from illegal trade or
illegally maintained as pets by owners or by irregular breeders and, occasionally, exotic
species from irregular captivity. Frequently, these places release native birds to the wild after
being recovered. This situation is concerning and there is an imminent risk of introduction
of pathogens to wild Brazilian psittacine populations, as thousands of birds are released to
the wild every year without any health criteria/quarantine. Considering these data and the
negative results for BFDV reported here in wild parrots, little has been done in mitigating
health threats and to improve the protection of the Brazilian parrot fauna. Therefore, the
elaboration of a national health program for relevant pathogens that affects psittacine birds
is extremely urgent. Once introduced in a captive or wild population, it is difficult or even
impossible to eradicate the BFDV, and many birds would have to be euthanized to achieve
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this. Thus, there is no doubt that prevention methods are the best approach to control the
spread of this virus [41].

5. Conclusions

Our study reveals a longitudinal pathogens assessment of wild psittacine fledglings
showing low chlamydial prevalence and no detection of some important parrot viruses.
Even though the incidence of exotic viral diseases is increasing in captive psittacine in
Brazil, it is still early to assess the real impact in wildlife parrots. Unfortunately, the
capture and sampling of adult Amazon parrots is not an easy procedure in natural condi-
tions, which could provide more robust data about the health status of these populations.
Further, the infectious diseases control in psittacine from captivity or from illegal trade
must be carried out carefully before releasing the birds into the wild avoiding the dis-
semination of pathogens that have the potential to negatively impact the conservation of
Neotropical parrots.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13060272/s1, Table S1: primer sequences used for detection of viruses and Chlamydia
psittaci in wild Amazon parrot from Brazil. Table S2: GenBank accessions, host species, origins, and
Chlamydia psittaci strains used for comparation in this study.
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Abstract: The beak and feather disease virus (family Circovirdae) is a virus of concern in the conserva-
tion of wild Psittaciformes globally. We conducted a PCR screening for the beak and feather disease
virus (BFDV) using samples collected during previous field studies (1993–2014) in five populations
of parrots of the Southern Hemisphere: Eclectus parrots (Eclectus roratus) and Crimson rosellas
(Platycercus elegans) from Australia, Burrowing parrots (Cyanoliseus patagonus) and Monk parakeets
from Argentina (Myiopsitta monachus), and Forbes’ parakeet from New Zealand (Cyanoramphus forbesi).
A total of 612 samples were screened. BFDV was not detected in any of the sampled birds. Our
results provide a retrospective screening, covering three different tribes of Old and New World
parrots, including two of the most numerous species, and contributing a large set of negative results.
Furthermore, our results suggest that geographical and temporal differences in BFDV distribution
may exist and merit further research, as a critical component in the efforts to manage the disease and
its epidemiological aspects. The results presented here hold the potential to provide a baseline for
future studies investigating the temporal evolution and the spread of BFDV.

Keywords: BFDV; Circoviridae; infectious disease; Psittaciformes; surveillance; viral infection; vulner-
able taxa; wild populations

1. Introduction

Existing and emerging pathogens can drive rapid changes in population numbers
and in the genetic diversity of the wild host population [1]. Pathogens have caused
declines in previously large populations or even increased the rate of decline in endangered
species [2–4]. Moreover, global pet trade and climate changes hold great potential to extend
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current pathogen distributions and need to be considered as potential risk factors for the
introduction of disease to wildlife [5–7]. For this reason, infectious disease has become a
major challenge for conservation; thus, knowledge of the extent of infectious diseases in
wildlife populations has become increasingly important for conservation work [8,9].

Parrots and cockatoos (Psittaciformes) have long been recognized as one of the most
threatened orders of birds globally, with nearly a third of all known species classified
as ‘at risk of extinction’, and a larger number facing population decline [10,11]. There
are multiple factors associated with declining parrot populations, however, capture of
wild parrots for the pet trade, intensified agriculture, hunting, and logging are the most
frequent threats [10,11], with depredation by introduced species being a serious threat
on islands [12]. Moreover, susceptibility to diseases substantially threatens some parrots
e.g., Philippine cockatoo Cacatua haematuropygia, Cape parrots (Poicepahlus robustus), blue-
headed racquettail Prioniturus platenae, orange-bellied parrot Neophema chrysogaster [13–15].

The potentially negative effects of diseases for the survival of endangered parrots
have been widely acknowledged [11,16,17] and have triggered abundant research. Studies
on diseases, health and pathogens of captive parrots are published regularly [15,18,19].
Nevertheless, there is limited information on pathogenic infection in free-living Psittaci-
formes [20–29]. This paucity of studies on pathogens and diseases among free-living parrots
makes it clear that we only partially understand their role as a threatening factor.

The beak and feather disease virus (BFDV) is a small circular single stranded DNA
virus in the family Circoviridae [30,31], often cited as a pathogen of conservation concern for
parrots in the wild, as well as in captivity [6,8,29,32], given its immune-suppressive effect
in infected birds [33,34]. Abnormal plumage and morphological development, anaemia,
damage of the lymphoid tissue, feather loss and weight loss among infected birds are
common symptoms associated with this viral infection [35].

BFDV infects predominantly Psittaciformes [35], and is reported to cause high mortali-
ties in avicultural collections [36] and in at least two free-living populations [37–39]. Recent
evidence indicates, however, that BFDV can also infect non-parrot species [40]. In general,
the virus has been reported as infecting over 10% of known parrot species, a figure that
comes mostly from studies on captive birds [8,18,41,42]. Despite a wealth of information on
captive birds (e.g., [18,41,43,44]), the prevalence of the virus in wild populations remains
largely unknown for most regions except Australia, Mauritius, New Caledonia and New
Zealand [8,26–28,42,45–49].

The advances in molecular techniques to detect the virus (e.g., [28,46,50] open up an
opportunity to conduct large scale surveys for BFDV among wild populations of Psittaci-
formes, and especially to screen large collections of blood samples from long term studies
on parrots. Here, we present a retrospective study investigating the presence of BFDV
among five wild populations of Psittaciformes belonging to three different tribes: (a) Psit-
taculini, the Eclectus parrot (Eclectus roratus) from tropical Australia, (b) Platycercini, the
Crimson rosella (Platycercus elegans) from temperate Australia, and the Forbes’ parakeet
(Cyanoramphus forbesi) from the Chatham Islands, New Zealand, and (c) Arini, the Bur-
rowing parrot (Cyanoliseus patagonus) from the Patagonian steppes and Monk parakeet
(Myiopsitta monachus) from Central Argentina.

2. Methods

We used 612 blood samples collected during previous studies (Table 1), to investigate
the presence of BFDV. Details on the sample and populations sizes for each species are
given in Table 1. Every individual was sampled once.
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Table 1. Details on blood samples from five wild populations of Psittaciformes in this study.

Species
Estimation of

Population Size
Reference for

Population Size
Year of Sample

Collection

Blood Samples (n)
Total

Adult Nestling

Psittaculini
Eclectus roratus 3000 [51] 1997–2007 24 291 315

Platycercini
Platycercuselegans 550 [52] 1993–1995 17 52 69

Cyanoramphus forbesi 1000 [53] 2014 95 − 95
Arini

Cyanoliseus patagonus 75,000 [54] December 1998,
December 1999 49t 55 104

Myopsitta monachus 500 [55] and E.H.B.
unpubl. data December 2000 29 − 29

Samples from Eclectus parrots were taken over the course of a long-term study
(1997–2007) on Cape York Peninsula in northern Queensland Australia (12◦45′ S,
143◦17′ E) [56,57]. Most samples were taken from nestlings in nest hollows 15–25 m
above the ground in rainforest trees. Adults were also captured using mist nets set at
similar heights in the rainforest canopy. Approximately 100 μL of blood was taken from
the brachial vein of each captured individual. Eclectus parrot blood was stored in 70%
ethanol [57,58].

Samples from Crimson rosellas were collected from adult and nestling birds breeding
in Black Mountain Nature Reserve, Australian Capital Territory (35◦16′28′′ S, 149◦05′55′′
E) [52]. Birds were captured in nest-boxes between 1993 and 1996; a small blood sample
(50 to 100 μL) was taken from the brachial vein of each individual, and preserved in
Queen’s Buffer (10 mM Tris, 10 mM NaCl, 10 mM disodium EDTA, 1% n-lauroylsarcosine,
pH 8.0) [59]. Blood samples were taken from adults on capture and from nestlings between
25 and 30 days of age.

Forbes’ parakeets were captured using mist-nets on Mangere Island, Chatham Islands
(44◦26′ S, 176◦29′ W), in March 2014. Blood samples (200 μL) were taken by puncture of the
brachial vein immediately after capture and preserved in Queen’s Buffer [59]. Only adults
were sampled.

Burrowing parrots were captured at its major colony in El Cóndor, north-eastern
Patagonia, Argentina (41◦04′ S, 62◦50′ W) during regular nest inspections in December
1998 and December 1999 [54]. Adults were sampled when found in the nest; nestlings were
sampled between the age of 38 and 60 days. Monk parakeet samples were obtained in
an area of 600 ha, situated near Jesús María, Córdoba, Argentina (31◦05′ S, 64◦11′ W) [55].
Monk parakeets were captured in their nests during December 2000. Blood samples
(200 μL) of the adult and nestling burrowing parrots, as well as of adult monk parakeets,
were taken by puncture of the brachial vein immediately after capture. The blood was
stored in 70% ethanol [58].

In 2014, DNA was extracted from 10 μL of blood, which was added to 10 μL of ‘ly-
sis solution’ from the Extract-n-AmpTM Blood PCR Kit (Sigma-Aldrich, St Louis, MO,
USA) and incubated for 10 min at room temperature. Ninety microliters of this kit’s ‘neu-
tralization solution’ was subsequently added to yield crude total DNA. One microliter
of the crude extract was used as template in the subsequent PCR [46]. Extracted DNA
was stored at −20 ◦C. In addition, in 2014, as described in previously published stud-
ies [18,46,47,60], BFDV specific PCR screening was carried out using KAPA Blood PCR
Kit Mix B (KAPA Biosystems, Wilmington, DE, USA) using the primer pair forward 5′-
TTAACAACCCTACAGACGGCGA-3′ and reverse 5′-GGCGGAGCATCTCGCAATAAG-3′,
which target a 605 bp region of the rep gene of BFDV [61]. The reaction volume was 25 μL
with 1 μL of 10 μM F/R primer pair, 12.5 μL of the 2xKAPA Blood PCR Kit Mix, 1 μL of
DNA templates and 10.5 μL of sterile molecular grade water. The PCR program contained
an initial step of 94 ◦C for 5 min, which was followed by 25 cycles of 94 ◦C for 30 s, 56 ◦C
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for 30 s and 72 ◦C for 45 s and with a final 1 min extension step at 72 ◦C and cooling to 4 ◦C
for 10 min. DNA from a BFDV-infected red-fronted parakeet (Cyanoramphus novaezelandiae)
from Little Barrier Island was used as a positive control [62]. The total DNA used as
positive control was extracted from 60 μL of blood using the Qiagen QIAamp DNA minikit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocols.

3. Results

We did not detect BFDV in any of the blood samples investigated by PCR.

4. Discussion

Surveillance for pathogens is a fundamental element for understanding the tem-
poral and spatial prevalence of wildlife diseases and for understanding transmission
pathways and effects on animal populations [63]. We applied a commonly used PCR
screen [18,46,47,60] to detect viral DNA in blood samples collected during previous field
studies of Eclectus parrots, Crimson rosellas, Forbes’ parakeets, Burrowing parrots and
Monk parakeets. Our negative results suggest that BFDV was not present in the studied
populations at the time of sampling, and show some differences with previous studies,
which could be related to temporal, geographical and captive versus wild population
differences in BFDV prevalence and distribution. BFDV has previously been reported
from captive Eclectus parrots [45,64,65]; however, the wild population here investigated
is isolated from large human populations and parrots kept in captivity. Free-ranging
Crimson rosellas on Norfolk Island and in Victoria, Australia, have been reported with
BFDV [26–28,66], yet the samples in the current study originate from a population within
and surrounding the city of Canberra, where a previous BFDV study found a very low
number of potentially infected individuals [67]. BFDV has been reported on close rela-
tives of Forbes’ parakeets, including red-fronted parakeets and yellow-crowned parakeets
(Cyanoramphus auriceps) [46], but has not been detected in other Cyanoramphus species in
the wild. For Monk parakeets, the virus has been found in 37% of sampled individuals
belonging to a feral population in Spain [68]. This high prevalence could be related to
the origin of the birds, which accidentally escaped from captivity, where BFDV has been
reported frequently [8,18,36]. To our knowledge, BFDV infection in Burrowing parrots is
unknown for either captive or free-living individuals.

There are an increasing number of field studies with Psittaciformes worldwide; com-
monly, blood samples are collected. Those samples could be used to increase the range
of species screened in the wild, allowing for a better understanding of the geographical
distribution of BFDV. Moreover, Fogell et al. [8] pointed out that two biases currently exist
in BFDV research, namely, the lack of (1) research in regions of the world such as South
America and Southeast and Southern Asia, both characterised by a high parrot diversity,
and (2) publications reporting negative results. Recent studies are starting to fill those
gaps. Vaz et al. [29] using pathogen-specific PCR, evaluated the presence of BFDV. As in
our study, Vaz et al. [29] detected no BFDV DNA in a large sample of 205 wild nestlings
and 90 nestlings from the illegal trade. Moreover, we are confident that our study also
makes a substantial contribution to BFDV research by providing further screening results
for South American parrots, including two of the most numerous species, and by con-
tributing a large screening with negative results, obtained with a methodology thoroughly
tested [18,46,47,60]. Furthermore, our results suggest that geographical differences in BFDV
distribution may exist and merit further research, as a critical component in the efforts to
manage the disease and its epidemiological aspects. Lastly, the results presented here hold
the potential to provide a baseline for future studies investigating the temporal evolution
and the spreading of BFDV. However, two final cautionary remarks are needed. First, we
acknowledge that there is a possibility that the nucleic acid may be damaged in storage
and transport; this may impact the amplification of the target virus sequences in some
of the samples. Second, the widely applied PCR protocol [18,46,47,60] used in this study
has some limitation. BFDV is known for a high genetic diversity [68–70]; it cannot be
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fully excluded that the primers used in this investigation might have missed some genetic
variants. Thus, future studies should evaluate the presence of the virus based on any
previous identification BFDV sequences from these hosts in captivity or introduction on
new regions. Nonetheless, the primer pair we have used in this study binds with 100%
complementarity to a BFDV sequence (GenBank Accession # MT303064) derived from the
blood sample of Monk parakeets in Spain [68].
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Abstract: The psittacine beak and feather disease (PBFD) is a globally widespread infectious bird
disease that mainly affects species within the Order Psittaciformes (parrots and allies). The disease is
caused by an avian circovirus (the beak and feather disease virus, BFDV), which is highly infectious
and can lead to severe consequences in wild and captive populations during an outbreak. Both legal
and illegal trading have spread the BFDV around the world, although little is known about its
prevalence in invasive parrot populations. Here, we analyze the BFDV prevalence in sympatric
invasive populations of rose-ringed (Psittacula krameri) and monk parakeets (Myiopsitta monachus) in
Southern Spain. We PCR-screened 110 blood samples (55 individuals from each species) for BFDV and
characterized the genotypes of five positives from each species. About 33% of rose-ringed parakeets
and 37% of monk parakeets sampled were positive for BFDV, while neither species showed disease
symptoms. The circovirus identified is a novel BFDV genotype common to both species, similar to
the BFDV genotypes detected in several parrot species kept in captivity in Saudi Arabia, South Africa
and China. Our data evidences the importance of an accurate evaluation of avian diseases in wild
populations, since invasive parrots may be bringing BFDV without showing any visually detectable
clinical sign. Further research on the BFDV prevalence and transmission (individual–individual,
captive–wild and wild–captive) in different bird orders and countries is crucial to understand the
dynamics of the viral infection and minimize its impact in captive and wild populations.

Keywords: circovirus; PBFD; BFDV; rose-ringed parakeet; monk parakeet; invasive species

1. Introduction

Psittacine Beak and Feather Disease (PBFD) is one of the most relevant infectious diseases
affecting wild and captive parrot species [1,2]. This disease is caused by the Beak and Feather
Disease Virus (BFDV), which is a highly infectious and mutable single-stranded DNA (ssDNA)
circovirus [3]. The main PBFD symptoms include feather lesions (loss of feathers, improper moulting,
malformations and colour changes) and abnormal growth of the beak, although infected individuals
can be asymptomatic [4]. Although information is scarce, the prevalence of BFDV is high in native
parrots of Oceania, Africa and Asia [5], including wild populations of some threatened species [6–9].
To our knowledge, no surveillance of BFDV has been conducted on free-living parrots in South America,
the other main stronghold for parrots. A screening conducted on captive individuals seized from illegal
trade in Brazil showed evidence of BFDV at low prevalence in two native species [10]. The genomic
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similarity of the isolates with reference strains from Asia and Oceania suggested an exotic origin of
BFDV strains disseminated in captivity in South America [10,11].

BFDV has been detected in most captive parrot species around the world, showing a high genetic
variability, with thousands of genotypes and novel ones described each year [5,12,13]. The international
legal and illegal trade on captive birds [14,15] has induced a fast spread of BFDV worldwide, a threat
that is enhanced in areas where parrots have established invasive populations [16]. Invasive parrot
populations can be natural viral hosts, although their role in the genetic diversification of the virus
and the spread into native populations of parrots and other avian orders has not yet been explored.
However, it has been reported that invasive rose-ringed parakeets (Psittacula krameri) could have been
involved in the outbreak of BFDV in the threatened population of Echo parakeets (Psittacula eques)
on the island of Mauritius, with devastating effects due to its high mortality rate [2,9]. Moreover,
the presence of BFDV has been recently reported in various non-psittacine species, which may both
suffer the disease or act as reservoirs, with different prevalences depending on the order [17]. All these
aspects increase the epidemiological complexity of the disease and its diagnosis [18], making urgent
a comprehensive understanding of its drivers to prevent epidemic outbreaks impacting common but
also threatened species.

The rose-ringed parakeet (P. krameri) and the monk parakeet (Myiopsitta monachus) were the first
and fourth most traded parrots worldwide [14], and have established exotic populations in various
countries around the world mostly as a consequence of accidental escapes of individuals kept as
pets [19]. Recent studies have shown that the exotic populations of these two species mainly originated
from individuals traded from India and an area between Argentina and Uruguay, respectively [20–22].
Governmental and environmental organizations have applied different measures to control these
populations [23–25], highlighting that these invasive birds can be natural reservoirs of infectious
bacteria, fungi and viruses of zoonotic concern. However, scientific evidence is scarce [26,27], and only
available for rose-ringed parakeets introduced in some European countries [28,29] and on the island of
Mauritius [9]. Given the BFDV mutagenic potential and unpredictable viral effects, its study in invasive
populations is important to prevent dangerous outbreaks in novel hosts among wild species [9].

Here, we evaluate the prevalence of BFDV in sympatric populations of the invasive rose-ringed
parakeet and monk parakeet in Spain and then proceed to its genetic characterization. We reviewed
the information on BFDV rep gene isolated from captive rose-ringed parakeets worldwide and assessed
whether specific BFDV variants can infect both parrot species despite their different geographic origin.
Results are discussed in the context of the global spread of BFDV through wildlife trade and its potential
impact on native species of the recipient communities.

2. Materials and Methods

From 2015 to 2018, parakeets of both species were captured with mist nets in Sevilla (Southern
Spain), where they coexist in urban parks [30]. Individuals were banded, examined for lesions in the
beak and plumage alterations, measured for several traits, banded and released. A sample of blood
(ca. 0.05 mL) was collected from the brachial vein and stored in absolute ethanol for molecular analysis.
A random sample of the parakeets (55 individuals from each species) was screened for the presence
of BFDV (n = 17, 16, 12, 10 in 2015–2018 for P. krameri; n= 25, 13, 17 in 2016–2018 for M. monachus).
The capture and extraction of blood samples from parakeets were approved by the Ethical Committee
of EBD-CSIC (our national research institution), codes: 11_27-Tella and 12_48-Tella.

The DNA was isolated from blood using the Quick-DNA Miniprep Kit (Zymo Research) using an
optimized protocol (i.e., samples were digested at 56 ◦C for 12 h in a solution containing 200μL of genomic
lysis buffer and 20 μL of 20-mg/mL proteinase K). The screening of BFDV was performed on all samples
using two primer sets (5’-AACCCTACAGACGGCGAG-3’ and 5’-GTCACAGTCCTCCTTGTACC-3’, [31];
5’-TTAACAACCCTACAGACGGCGA-3’ and 5’-GGCGGAGCATCTCGCAATAAG-3’, [32]) that amplify
a partial sequence of the replication-associated protein (rep) gene. PCR was performed in a reaction
mixture of 20 μL containing 10 μL of 2x MyTaq HS Mix (Bioline), 250 nM of each primer
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(final concentration) and ~20 ng of template DNA. The amplification protocol was composed of
the following steps: 95 ◦C for 5 min followed by 40 cycles of 95 ◦C for 30 s, 58 ◦C for 1 min, 72 ◦C for
30 s, and a final extension at 60 ◦C for 10 min. Negative controls and non-template controls were used
in all PCR reactions to exclude contamination issues. Population-prevalence estimates and 95% CI were
calculated with Epitools [33] following Fogell et al. [16].

Samples were considered BFDV positive if at least one primer pair PCR had an accurate
amplification of the expected size fragment. Five random positive samples of each species were
bi-directionally sequenced by Sanger sequencing to assess genotype diversity. Sequences were
visualized and edited using the software Geneious v.11.1.5. Then, our sequences were compared
with data available in GenBank through a BLAST search [34]. The program BEAST v.2.6.0 [35] was
used to construct a Maximum Clade Credibility (MCC) tree using the 100 sequences most related
with the genotype characterized in this study. These sequences were obtained through a BLAST
search and covered a total of 77 BFDV genotypes (see Supplementary database 1). The model of
sequence evolution HKY + I + G4 was selected after careful estimation of this evolutionary parameter
with jModelTest v.2.1.7 [36]. The proportion of invariable sites was set to 0.491 and the alpha shape
parameter (α) was set to 0.643, using a normal distribution for the rate prior and letting the program
to estimate the mutation rates. The strict clock and Yule model priors were used. The software run
consisted of 200 million steps, with a sampling of the chains every 20,000 steps and a burn-in of 10%.
The adequate convergence and mixing of the chains and sufficient effective sample sizes (ESS) were
checked with Tracer v.1.7.1 [37]. The consensus tree was visualized and edited using the software
FigTree v.1.4.4 [38]. The same procedures (changing only the model of evolution to HKY + G4 using
α = 0.115) were used to construct an MCC tree using only P. krameri rep gene sequences with a 100%
coverage of the query sequence in the BLAST search.

3. Results

A similar prevalence of BFDV was found in both species (rose-ringed parakeet: 18 of 55, 32.7%,
95% CI: 21.8–45.9; monk parakeet: 20 of 55, 36.4%, 95% CI: 24.9–49.6; Fisher’s exact test, p = 0.84).
Individuals positive to BFDV were found in 2016 (50.0%, n = 16) and 2017 (83.3%, n = 12) but not
in 2015 (0.0%, n = 17) and 2018 (0.0%, n = 10) for P. krameri. BFDV-positive samples were found in
all sampling years for M. monachus (2016, 24.0%, n = 25; 2017, 38.5%, n = 13; 2018, 52.9%, n = 17).
No individual showed visible signs of the disease.

The partial sequence of the rep gene isolated and characterized for rose-ringed parakeets and
monk parakeets revealed a novel and unique BFDV genotype common to both species (GenBank
accessions: MT303063 and MT303064). Our analysis indicates that the novel genotype differed by nine
to 13 nucleotide substitutions with the most similar genotypes among all BFDV sequences described to
date for different psittacine species (Figure 1). These closest variants were found in captive individuals
of several parrot species (P. krameri, Psittacus erithacus, Nymphicus hollandicus, Agapornis fischeri and
Poicephalus gulielmi) in Saudi Arabia, China and South Africa (Figure 1). Phylogenetic data suggest that
genotypes isolated in Saudi Arabia and South Africa diverged from the novel circovirus genotype
found in Spain (Figure 1). The phylogeny of the rep sequences isolated from P. krameri in various
countries supports the proximity of the BFDV genotypes isolated from wild individuals in an invasive
population in Spain with captive individuals in Saudi Arabia, which share an ancestor with the two
genotypes also detected in captive individuals in Poland (Figure 2).
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Figure 1. Maximum Clade Credibility tree for the beak and feather disease virus (BFDV) rep gene
partial nucleotide sequences (603 bases). Posterior probabilities for the nodes are represented with
a colour gradient scale. All partial rep sequences are identified by GenBank accession number. The clade
that includes the novel circovirus genotype is highlighted and also shows species and country codes
(ISO 3166-1 alpha-2). The detailed list of host species, country of virus isolation and genotypes are
presented as supplementary database 1.

 

Figure 2. Maximum clade credibility tree inferred using partial nucleotide sequences of the BFDV rep
gene isolated from rose-ringed parakeets (Psittacula krameri). Posterior probabilities are indicated for
each node. All partial rep sequences are defined by GenBank accession number, species and country
codes (ISO 3166-1 alpha-2). The novel circovirus genotype of Spain (ES) is highlighted.
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The partial BFDV sequences isolated from rose-ringed parakeets in Spain and Saudi Arabia differ
in 9 (1.5%) nucleotides and 1 (0.5%) amino acid (Table 1). However, the pattern of nucleotide and
amino acid variations between isolates from different countries and continents is extreme, ranging
from nine (1.5%) to 49 (8.1%) nucleotides and from zero to 16 (8.0%) amino acids (Table 1).

Table 1. Number of nucleotide (below diagonal) and amino acid (above diagonal) variations between
partial sequences of the BFDV rep gene isolated from rose-ringed parakeets (Psittacula krameri).
The percentage of variation considering the sequence length (603 nucleotides and 201 amino acids) is
noted in parentheses.

MT303063
(ES)

MK803405
(SA)

JX221007
(PL)

JX221008
(PL)

AY521234
(US)

JX049221
(NC)

HM748927
(ZA)

HM748929
(ZA)

HM748928
(ZA)

MT303063 (ES) - 1 (0.5) 11 (5.4) 4 (1.9) 11 (5.4) 7 (3.5) 7 (3.5) 7 (3.5) 8 (4.0)
MK803405 (SA) 9 (1.5) - 10 (5.0) 3 (1.5) 10 (5.0) 6 (3.0) 8 (4.0) 8 (4.0) 9 (4.5)
JX221007 (PL) 39 (6.5) 33 (5.5) - 9 (4.5) 16 (8.0) 12 (6.0) 14 (7.0) 14 (7.0) 15 (7.5)
JX221008 (PL) 31 (5.1) 25 (4.1) 20 (3.3) - 9 (4.5) 5 (2.5) 7 (3.5) 7 (3.5) 8 (4.0)
AY521234 (US) 33 (5.5) 27 (4.4) 46 (7.6) 36 (6.0) - 7 (3.5) 9 (4.5) 9 (4.5) 10 (5.0)
JX049221 (NC) 28 (4.6) 22 (3.6) 44 (7.3) 32 (5.3) 22 (3.6) - 6 (3.0) 6 (3.0) 7 (3.5)

HM748927 (ZA) 31 (5.1) 31 (5.1) 47 (7.8) 40 (6.6) 34 (5.6) 33 (5.5) - 0 (0.0) 1 (0.5)
HM748929 (ZA) 32 (5.3) 31 (5.1) 47 (7.8) 40 (6.6) 33 (5.5) 34 (5.6) 1 (0.2) - 1 (0.5)
HM748928 (ZA) 33 (5.5) 33 (5.5) 49 (8.1) 42 (7.0) 36 (6.0) 33 (5.5) 2 (0.3) 3 (0.5) -

4. Discussion

Our study revealed a high prevalence of BFDV in the two sympatric invasive populations
of rose-ringed parakeets and monk parakeets sampled in Southern Spain. No individual showed
visible signs of the disease, which suggests that most of them were asymptomatic carriers or that ill
(i.e., symptomatic) individuals die soon because of the disease [4,8,9] or are rapidly eliminated from the
wild by natural selection [39]. The high prevalence of BFDV in the rose-ringed parakeet contrasts with
the very low values in blood reported for other invasive populations of this species in Europe, Asia and
Africa (from 0.0% in Germany [29] to 16.1% in Mauritius [16]). These values were lower than those
reported in native populations in Asia (100% in Bangladesh and 71.4% in Pakistan [16]). It is worth
mentioning that prevalence detected in our study area are similar to those found in native species
from Australia and New Zealand, where the BFDV is endemic [40–42]. Differences in prevalence
can be real among populations, although they can also arise due to the tissue analysed and to the
selection of primers [16]. In our case, following previous studies showing high variability in the
amplification specificity and sensitivity between different primers sets [43], we used two different sets
of primers to search for BFDV. Positive samples for the virus only amplified with the primers reported
by Ritchie et al. [32], likely due to variations in viral copy numbers or mutations in the primer binding
sites in some BFDV genotypes. However, several studies only focused on one primer set for BFDV
screening [10,12,17], and thus may have underestimated the actual prevalence in these populations.
Further research using different molecular markers is thus needed to increase the robustness of the
BFDV diagnosis test.

The evidence of BFDV infections in monk parakeets is restricted to a presumed case reporting
beak lesions in a Greek invasive population, although no genetic, microbiological or other type of
validation was provided [44]. No further information is available in its native or invasive range, so this
is the first estimate of prevalence of BFDV in this species in the wild.

Genotype variations are frequent in circovirus and there are thousands of BFDV genotypes
described and available through genome browsers [5,12,13]. This variability may explain species-specific
susceptibility and infection impact, which deserves further research on the potential infectiousness to
native species in the invasive range of these parakeet species. The novel genotype characterized in
this study and its closest viral variants can colonize psittacids from all continents. This has important
implications for the spread of this and other viral variants on native parrots interacting with invasive
ones [9] or with individuals escaped from captivity, especially in the Neotropics where many parrot
species are of conservation concern [45].
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Phylogenetic data suggest that genotypes isolated in Saudi Arabia and South Africa diverged
from the novel circovirus genotype found in Spain, which share an ancestor with the two genotypes
also detected in captive individuals in Poland. These countries imported and exported thousands of
captive-bred and wild parrots (and other birds) from and towards Spain and other European countries
in recent decades according to CITES Trade Database [46]. This result highlights the potential role
played by the international bird trade in the spread of wildlife infectious diseases and the emergence of
zoonosis [8,47,48]. Specifically, the capacity of the same circovirus variant to colonize different parrot
species, one a native of Asia and the other from South America, in one area of their European invasive
range emphasizes the complex and concerning outcomes of trade-driven biological invasions on the
global circulations of pathogens.

Invasive parrot populations with high prevalence of BFDV are not only of concern in areas of
coexistence with other parrot species. There is evidence that BFDV can be transmitted from native
parrots to several avian species of different orders [17], with some individuals showing the typical beak
and plumage alterations of this disease [43,49]. A previous study showed BFDV symptoms and the
presence of the causative virus in captive Gouldian finches (Chloebia gouldiae), which were suggested to
be infected by invasive monk parakeets in Italy [50]. However, no test of the occurrence of the virus in
the parakeets was conducted. Thus, the high prevalence of BFDV in the invasive parakeet populations
sampled in southern Spain should be carefully considered, as it may have important consequences for
the conservation of native birds, particularly those sharing habitats or nests with these invasive species
and those predating on them both in urban and rural habitats [30,51,52]. These concerns increase due
to the fast spread rates of these two parakeet species in Spain [19,53].

5. Conclusions

We show a high prevalence of a novel BFDV in free-ranging, sympatric invasive populations
of two parakeets native to different continents in Southern Spain. Although previous studies have
demonstrated the presence of BFDV in rose-ringed parakeets, this is the first genetic evidence of BFDV
in monk parakeets. Both legal and illegal trade can contribute considerably to the dissemination of
the virus in non-endemic regions, which can have important impacts not yet considered on native
birds [54]. Thus, surveillance of invasive populations should be mandatory taking into account the
high mutation rate of the virus and the possible cross-transmission to native species. We strongly
encourage a strict control or total ban on the international bird trade to avoid the spread of this and
other pathogens potentially threatening wildlife and public health.
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Abstract: Emerging infectious diseases (EIDs) are key contributors to the current global biodiversity
crisis. Psittaciformes (parrots) are one of the most vulnerable avian taxa and psittacine beak and
feather disease (PBFD) is the most common viral disease in wild parrots. PBFD is caused by the beak
and feather disease virus (BFDV), which belongs to the Circoviridae family and comprises a circular,
single-stranded DNA genome. BFDV is considered to have spread rapidly across the world and, in
2005, an outbreak of PBFD was documented in the recovering population of the Mauritius parakeet
(Alexandrinus eques). The Mauritius parakeet was once the world’s rarest parrot and has been suc-
cessfully recovered through 30 years of intensive conservation management. Molecular surveillance
for the prevalence of BFDV was carried out across a 24-year sample archive spanning the period
from 1993 to 2017, and DNA sequencing of positive individuals provided an opportunity to assess
patterns of phylogenetic and haplotype diversity. Phylogenetic analyses show variation in the extent
of viral diversification within the replicase protein (Rep). Timeseries of BFDV prevalence and number
of haplotypes reveal that two subsequent waves of infection occurred in 2010/2011 and 2013/2014
following the initial outbreak in 2005. Continued disease surveillance to determine the frequency and
intensity of subsequent waves of infection may benefit future translocation/reintroduction planning.
The continued growth of the Mauritius parakeet population despite the presence of BFDV bodes well
for its long-term persistence.

Keywords: BFDV; emerging infectious disease; haplotypes; parrot; PBFD; viral diversification

1. Introduction

Emerging infectious diseases (EIDs) are key contributors to the current global biodi-
versity crisis [1,2]. Although population biologists recognize infectious pathogens as an
integral mechanism for evolutionary change within natural populations [3], the emergence
of novel pathogens may increase the risk of extinction for vulnerable species and popula-
tions [4]. Viruses are responsible for over 40% of all recently surveyed wildlife EIDs [5,6],
and consequently have been highlighted as an important threat to the conservation of
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global biodiversity. The threats from viruses are in part due to their ability to adapt rapidly
to novel hosts [7,8], enabling them to become infectious across a wide host range [7].

Psittaciformes (parrots) are one of the most vulnerable avian taxa, with approximately
30% of all extant species listed as Vulnerable or Threatened by the International Union
for Conservation of Nature and more than 75% of species in population decline [9]. One
major threat to parrots is the emergence and global spread of Psittacine Beak and Feather
Disease (PBFD), the most common viral disease in wild Psittaciformes [10]. PBFD was
first described in the 1970s [11] and is thought to have post-Gondwanan origins due to the
paucity of ancestral non-Australian clades and infrequent observations across other regions
where parrot endemism is high, such as Africa and South America [12]. It is caused by
the Beak and Feather Disease Virus (BFDV), which belongs to the Circoviridae family and
comprises a circular, single-stranded DNA genome of approximately 2000 nucleotides [13].
Both its small size and structure make BFDV a relatively simple pathogen for studying
molecular variation in the context of disease ecology and drivers of spread [14]. The
genome consists of a highly conserved replicase (Rep) [15,16] and a capsid (Cap) protein
responsible for viral encapsidation and host–cell penetration [16,17]. BFDV is transmissible
horizontally, through contact with contaminated feather dust, surfaces, or objects [18], and
vertically, from a female to her offspring [19].

BFDV is thought to have spread rapidly across the world owing to its high environ-
mental persistence and ability to shift between closely related host species [20,21]. All
Psittaciformes are considered to be susceptible to infection [14] and to date, BFDV or PBFD
has been recorded in a total of 78 species (18 New World and 60 Old World) and five
subspecies globally [22]. Small, isolated host populations such as parrot species endemic
to islands are considered to be particularly vulnerable to EIDs, as their populations often
have low genetic diversity [23,24] and have frequently evolved in the presence of an im-
poverished pathogen community [23,25]. Island species are also increasingly at risk due to
human-facilitated biological invasions and the alteration of an often already limited habi-
tat [26], with the number of bird species introduced to oceanic islands being roughly equal
to the number of species extirpated from them [27]. Consequently, island-endemic parrot
populations infected with BFDV can provide near-ideal study systems for documenting
how this virus evolves in its psittacine host.

The Mauritius parakeet (Alexandrinus eques) was once the world’s rarest parrot [16,28],
but by 2017 had recovered to approximately 136 known breeding pairs [29]. PBFD was
first recorded in the Mauritius parakeet in the early 1990s [30,31] and low viral prevalence
was detected in blood samples taken on an ad hoc basis from 1993 to 2004. However,
in the 2005/2006 breeding season, an outbreak of PBFD swept through the population
of Mauritius parakeets, coinciding with a viral mutation located in Rep [16]. Since that
outbreak, blood samples have been taken from all annually produced offspring. Extracted
DNA from each sample has been screened using PCR [16,32] to detect the presence of BFDV
and positive samples have been sequenced to distinguish the different viral haplotypes
(genetic variants). This process has provided a unique opportunity to characterise the
temporal evolution of BFDV in the Mauritius parakeet host population spanning the last
three decades before, during, and after the outbreak [16,33].

Here, we assess some of the patterns evident in the BFDV viral haplotypes present in
the endemic Mauritius parakeet on Mauritius through phylogenetic and haplotype network
analyses. We (i) examine patterns of viral diversification that have occurred in isolation on
Mauritius since 1993, (ii) compare the rate of BFDV mutation on Mauritius to that found in
other global regions, and (iii) interpret the patterns of BFDV prevalence and viral diversity
in a context of multiple outbreak events following the initial outbreak in 2005. Finally,
we consider how this EID should be viewed in the context of the future conservation
management of the Mauritius parakeet. Our findings provide valuable insights into the
evolutionary dynamics of BFDV in a recovering host population of this once critically
endangered species, the last remaining endemic parrot of the Mascarene islands [34].
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2. Materials and Methods

2.1. Mauritius Parakeet Sampling, DNA Extraction, PCR, and Sequencing

Blood samples were taken by the Mauritius parakeet field team from all accessible
45-day-old nestlings produced each breeding season (September to May) since 2005 and
opportunistically from post-fledged birds since 1993 as part of ongoing species manage-
ment. For this study, a total of 1321 samples were screened for BFDV across all breeding
seasons from 2009/2010 to 2016/2017 (comprising 639 breeding attempts where at least
one fledgling was produced). The resulting DNA sequences of viral haplotypes were
added to an existing viral prevalence dataset for the Mauritius parakeet [16], resulting in
a dataset spanning 24 years. Additionally, 70 further Mauritius parakeet blood samples
were screened from three cohorts of fledglings that were translocated from the Black River
Gorges National Park to Vallée de Ferney during the 2014/2015, 2015/2016, and 2016/2017
breeding seasons as part of a conservation translocation programme to establish a Mau-
ritius parakeet population on the east coast of Mauritius. Prior to screening for BFDV,
an ammonium acetate DNA extraction method was used to extract both host and viral
DNA [35]. In brief, approximately 50 to 100 μL of whole blood was digested in 250 μL of
DIGSOL lysis buffer (20 mM EDTA, 50 mM Tris, 120 mM NaCl, 1% SDS, pH 8.0) with 10 μL
of 10 mg/mL proteinase K. Extractions were quantified using a Qubit dsDNA Assay Kit
and standardized to approximately 25 ng/μL prior to screening for BFDV using PCR.

Virus-specific PCR primers were then used to determine the presence of viral DNA
within that of the host. Screening was carried out through a PCR assay that amplified
a 717 bp region of Rep [36]. Reactions comprised 1 μL of extracted DNA template,
5 μL MyTaqTM HS Red Mix (Bioline), 0.2 μL each of the forward and reverse primers
at 10 pmol/μL and were made up to 10 μL with double-distilled water. PCR annealing
temperature was set to 60 ◦C for 30 cycles and products were visualized on a 1.5% agarose
gel. Both a known BFDV-positive Mauritius parakeet sample and a negative control were
included in each PCR batch. All positive PCR products were sequenced using forward
and reverse sequencing reactions (Macrogen Europe, Amsterdam, The Netherlands). All
sequences obtained from Mauritius parakeet hosts between 2009 and 2017 have been
deposited in GenBank (KT753406–KT753526, MZ673091–MZ673140).

2.2. BFDV Phylogeny and Haplotype Network

Geneious 8.1.7 [37] DNA editing software was used to align and edit forward and
reverse sequence reads and to produce a consensus sequence for each positive sample. Rep
was chosen for analysis because a previous study identified a selective mutation in this
gene as being the most likely cause for the initial outbreak of PBFD observed on Mauritius
in 2005 [16]. For phylogenetic reconstruction, the programme jModelTest 2.1.7 [38] was
used to infer the best-fit nucleotide substitution model. A transition model with gamma-
distributed rate variation and a proportion of invariable sites (GTR + I + G) was favoured.
We constructed a maximum likelihood (ML) phylogenetic tree using RAxML version 8 [39],
which applies a gamma substitution model and a rapid bootstrapping (RBS) heuristic
procedure [40]. We collapsed branches with <50% bootstrap support using TreeGraph
2 [41] and edited and annotated the final tree in FigTree version 1.4.4 [42].

Network 10.2.0.0 [43] was used to construct a median-joining nucleotide haplotype
network for Rep sequences to analyse patterns in clustering and diversity both temporally
and spatially. We used DNAsp 6.12.03 [44] to examine whether the Mauritius BFDV
population had experienced demographic changes (significant population expansion) over
the assessed period. Departures from mutation–drift equilibrium were tested using Fu’s FS
statistic [45], where a negative value would be indicative of diversification and a positive
value would be reflective of a recent population bottleneck.

3. Results

The blood samples that amplified a PCR product for BFDV yielded edited sequences
of 462 bp of the Rep gene. Since the first observation of BFDV in Mauritius parakeets in
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the 1993/1994 breeding season, our data indicate that this section of the Rep gene has
diverged into 63 observed haplotypes. Of these, 49 haplotypes were detected in single host
individuals, whereas seven haplotypes occurred in more than five individuals and persisted
over multiple breeding seasons. The maximum likelihood phylogeny given in Figure 1
shows an ‘outbreak cluster’ of haplotypes that comprises haplotypes sampled during
the 2005/2006 outbreak year as well as a mixture of phylogenetically similar haplotypes
sampled from across subsequent years, particularly from 2008/2009 and 2010/2011. In
contrast, several other large clusters of haplotypes appear to comprise haplotypes that
are sampled from just one or two years; for example, ‘cluster A’ comprises haplotypes
almost entirely from 2006/2007 and 2014/2015 years, ‘cluster B’ comprises predominantly
haplotypes from 2013/2014, and ‘cluster C’ comprises haplotypes entirely from 2015/2016
and 2016/2017. Those sequences obtained from the 2015/2016 and 2016/2017 breeding
seasons are the only ones to not have any dispersal throughout the rest of the phylogeny.

Figure 2 shows the changes in BFDV prevalence since the initial outbreak in 2005
against a backdrop of increasing numbers of host–breeding pairs as the host population
has continued to recover from its initial low population size as a consequence of intensive
conservation management. The changes in BFDV prevalence indicate that the parakeet
host population has experienced at least two subsequent ‘waves’ of BFDV infection; in
2010/2011 (39.4% BFDV prevalence) and in 2013/2014 (41.3% BFDV prevalence) that
were equal to or larger than the initial 2005 outbreak, interspersed with periods of low
infection. The haplotype network shown in Figure 3 indicates at least three clusters of the
most frequently occurring BFDV haplotypes (Figure 3a), with each one of the three most
dominant haplotypes being those corresponding to the initial outbreak and the second
and third waves of BFDV infection (Figure 3b). The starburst pattern present within the
haplotype network is indicative of significant demographic expansion and diversification
within the host population since 1993, and is supported by the Fu’s F test statistic [45]
(−33.30, p < 0.001, k = 4.46, h = 0.85 ± 0.00, π = 0.01 ± 0.01).

There has been a large variation in the number of haplotypes present across breeding
seasons, with the largest number seen in the 2010/2011 season (n = 20) and the fewest
seen in 2006/2007 (n = 1) (Figure 3b). We found no geographical/spatial separation of
haplotypes and sequences from host individuals in all subpopulations, including captive
Mauritius parakeets in the Gerald Durrell Endemic Wildlife Sanctuary (GDEWS) and
the newly established subpopulation at Vallée de Ferney, were dispersed throughout the
network. A pattern of haplotype dominance was observed across the seasons where a
single haplotype comprising the majority of sequences from the initial outbreak in 2005
persisted until 2010/2011. A single base-pair change separates this haplotype from the
subsequent dominant haplotype that has persisted from 2011/2012 to the most recently
assessed 2016/2017 breeding season (Figure 3a). Although there was a third haplotype
group that occurred from 2004/2005, this was only detected at a lower frequency in the
Mauritius parakeet population until 2010/2011 and has not been detected since.
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Figure 1. Maximum likelihood phylogenetic tree denoting relationships between BFDV Rep sequences in Mauritius, where
branches with <50% branch support have been collapsed. Branches are coloured based on the year of sampling as denoted
in the key.
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Figure 2. The total number of Mauritius parakeet breeding pairs recorded between 2000 and 2017 (black line) plotted with
the percentage BFDV prevalence detected in offspring produced in each breeding season since systematic sampling began
in 2005 (grey bars).

Figure 3. Cont.
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Figure 3. (a, top) Haplotype network displaying the diversity and evolution of BFDV Rep haplotypes in Mauritius parakeet
hosts. The size of each circle is proportional to the number of individuals sharing that viral haplotype and the length of the
lines between circles are proportional to the number of base pair changes between each haplotype. (b, bottom) Number of
individuals screened (dashed bars), viral prevalence (solid bars), and number of haplotypes (grey line) detected from 1993
to 2017. Color codes in 3a refer to the sampling year shown in 3b. The screening dataset from 2005 to 2017 comprises a
systematic sampling of fledglings.

4. Discussion

Pathogen persistence in large populations is generally regulated by host population
size and density, whereas pathogen establishment among small populations is much more
likely to be influenced by stochastic factors [3]. Host–parasite relationships are often
disrupted in threatened species, which can result in the local elimination of endemic
diseases owing to reduced size and increased fragmentation of host species beyond a
threshold required to maintain viral transmission [46]. As a result of a very successful
conservation initiative, the Mauritius parakeet population has grown and has become less
fragmented and, as a consequence, it is probable that pre-bottleneck host–parasite dynamics
have been restored to some extent. Furthermore, there has been a rapid increase in the
highly invasive rose-ringed parakeet (Alexandrinus krameri) population on the island [16],
which potentially acts as a reservoir host for BFDV infection and transmission.

The strain of BFDV present within the Mauritius parakeet population has rapidly
diversified over the last three decades, with two subsequent waves of high prevalence
since the initial outbreak in 2005. The ability of a pathogen to establish in a host population
has a direct relationship with its transmission efficiency and an inverse relationship with its
virulence [3,46]. Although BFDV has been found to be widely infectious [47] and PBFD is
frequently fatal in immature birds up to three years of age [19], infected adults commonly
recover from severe clinical presentation of the disease, which usually lasts only for a num-
ber of months [48]. These attributes of BFDV appear to have allowed it to become highly
prevalent in the Mauritius parakeet population whereas host numbers have continued
to increase [33]. A prevalence of BFDV among Mauritius parakeets nestlings of 41.3% in
2013/2014 is one of the highest among wild parrot populations to our knowledge [22].

4.1. Multiple Waves of BFDV Infection Following Initial Outbreak

Our screening for BFDV across three decades has identified two additional ‘waves’
of BFDV infection in the Mauritius parakeet population. Such peaks and troughs of
infection are a common signature of pathogen populations and may be an indication
of the host–pathogen dynamics between the host’s immune system and the ability of
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the virus to mutate. The timing of the outbreak in 2005 and subsequent two waves of
infection in 2010/2011 and 2013/2014 suggests a periodicity of between 3 and 5 years.
This corresponds to the estimated generation time for Mauritius parakeets of 4 years,
as determined through observations of the species in the wild [49], where generation
time was defined as the average age of reproduction and is also the average time from
reproduction in one generation to reproduction in the next generation [50]. As there has
been substantial genetic homogenisation of the Mauritius parakeet population due to
conservation management for recovery [51], this may have influenced the host–pathogen
coevolution cycle [52], which could be an avenue for future research with the potential
opportunities available through whole-genome sequencing. Future screening for BFDV,
and identification of further waves of infection, will determine whether the regularity at
which they occur stabilises and whether host population size has an influence on their
frequency and intensity. If the periodicity of waves of infection remains relatively stable,
then this knowledge may provide valuable insight for future conservation management
of the Mauritius parakeet population. Although it is still important to note that the high
prevalence of infection does not necessitate high pathogenicity [47,53], these considerations
could assist in timing planned future translocation/reintroduction initiatives to occur
between waves of infection.

4.2. BFDV in the Context of Ongoing Conservation Management

During the intensive management and recovery of this host population, interventions
such as brood manipulation, captive breeding, and reintroduction were undertaken to help
rapidly increase the number of parakeets [51,54]. The Mauritian Wildlife Foundation’s
parakeet field team has attempted to reduce or eliminate any potential human-mediated
transmission of BFDV with a rigorous biosecurity and hygiene protocol since 2005 [32].
However, despite these protocols, the recent translocation of parakeets to Le Vallée de
Ferney on Mauritius to initiate a new subpopulation also included the transfer of BFDV
to the east coast. The unavoidable regular movement of vehicles, equipment, and field
staff between localities for ongoing species management is the most likely reason for this
movement of viral populations, which is evident in the lack of within-subpopulation
haplotype clustering, despite their geographical separation. In addition to this, some
translocated individuals are known to have relocated back to the Black River Gorges
National Park (S Henshaw, Pers. Obs.), indicating that these non-breeding sub-adults may
now also facilitate the transmission of BFDV between subpopulations.

Although our haplotype network generated for the strain of BFDV present on Mauri-
tius provides a window into the viral population dynamics and diversification, it is unlikely
to represent all variants present on the island given that it is based on a fragment of the
Rep gene rather than the full BFDV genome. The ability for multiple BFDV infections
to persist within a single host, along with its high rate of mutation, allows for the rapid
evolution of novel BFDV variants through recombination [54]. Indeed, we have detected
some instances of multiple infections in this study system, although from limited screening.
Currently, there only appears to be a single strain of BFDV present in Mauritius, and this
is shared between both the native and introduced populations [47]. However, if novel
BFDV variants are introduced to the Mauritius parakeet population through an accidental
leak from captive pet parrot species (as is plausibly the case with the introduction of rose-
ringed parakeets to the island [16]), such an event may alter the virus’ pathogenicity and
subsequently increase the threat imposed by infection [55,56].

Despite the continued presence (and at times high prevalence) of BFDV in the Mauri-
tius parakeet, the population size of this once critically endangered species continues to
grow (Figure 2). The species was down-listed by the IUCN to Endangered in 2007 and
to Vulnerable in 2019. This positive population trajectory in the face of an EID stands
as an encouraging example that runs counter to expectations for bottlenecked island-
endemic species which are often suspected to be immunologically naïve and genetically
impoverished, and consequently are expected to respond poorly to the challenges of EIDs.
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Abstract: The Blue-throated Macaw (Ara glaucogularis) is a Critically Endangered species endemic to
the Llanos de Moxos ecosystem of Beni, Bolivia. To aid conservation of the northwestern population
that utilizes the Barba Azul Nature Reserve during the non-breeding season, we set out to learn the
sites where these birds breed using satellite telemetry. We describe preliminary tests conducted on
captive birds (at Loro Parque Foundation, Tenerife, Spain) that resulted in choosing Geotrak Parrot
Collars, a metal, battery-operated unit that provides data through the Argos satellite system. In
September 2019, we tagged three birds in Barba Azul with Geotrak collars, and received migration
data for two birds, until battery depletion in November and December 2019. Our two migrant birds
were tracked leaving Barba Azul on the same date (27 September), but departed in divergent direc-
tions (approximately 90 degrees in separation). They settled in two sites approximately 50–100 km
from Barba Azul. Some details of the work are restricted out of conservation concern as the species
still faces poaching pressures. Knowing their likely breeding grounds, reserve managers conducted
site visits to where the birds were tracked, resulting in the discovery of breeding birds, although
no birds still carrying a transmitter were seen then. A single individual still carrying its collar was
spotted 13 August 2021 at Barba Azul. The work suggests that the Blue-throated Macaws of Barba
Azul use breeding sites that are scattered across the Llanos de Moxos region, although within the rec-
ognized boundaries of the northwestern subpopulation. We conclude that the use of satellite collars
is a feasible option for research with the species and could provide further conservation insights.

Keywords: Psittacidae; Ara glaucogularis; migration; daily behavioral patterns; Llanos de Moxos

1. Introduction

The technology used to track animal movements with miniaturized, animal-borne
devices is advancing rapidly and opening up many new avenues of animal research [1–5].
In avian studies, tracking technology is typically used to tag birds caught on their breeding
grounds, and to track them remotely to learn about annual movements, migrations routes,
reproductive parameters, foraging behaviors, and stopover ecology. Examples hail from
around the world and for a wide range of taxa including Magellanic Penguins [6], raptors in
the Americas [7,8], Black Skimmers migrating over the Andes [9], waterfowl in Africa [10],
upland sandpipers in Western Hemisphere [11], and nomadic Banded Stilts of Australia [12].
These and other studies provide valuable information for better understanding birds’ lives
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and conservation needs, as well as providing scientific insight into important questions
about birds’ sensory abilities, and their behavior in changing environments [3].

Far less common than tracking animals from their breeding grounds is tracking them
to their breeding locations. Some examples exist tracking marine vertebrates (e.g., Atlantic
tuna [13] and green turtles [14]). For birds, Takekawa et al. [15] tracked East Asian wa-
terbirds to breeding grounds to study potential routes of transmission of avian influenza
outbreaks, and shorebirds have been tracked from flyway locations ([16]. Many parrots
have relatively well-known breeding areas, although for some macaw species, including
Lear’s Macaw (Anodorhynchus leari) and Great Green Macaws (Ara ambiguus), breeding
areas were unknown until late in the 20th century [17–19]. For long-lived birds such as
parrots, one of the most critical determinants of a species’ demography is breeding success;
however, conservationists often need information on rare parrots’ reproductive seasons,
behaviors, and success. Such is the case for the northern population of the Critically En-
dangered Blue-throated Macaw (Ara glaucogularis—henceforth “BTM”) in Beni, Bolivia, for
which knowledge of breeding ground locations, and some basic reproductive strategies
and parameters are largely unknown. Such information can be aided by telemetry studies,
yet these are difficult to implement for most parrot species.

Harvest for the pet trade in the 1960s and 1970s helped to push the BTM to the brink
of extinction [20,21], and the location of its remnant wild population was unknown until
its re-discovery in 1992 [20]. The species is endemic to the Llanos de Moxos ecosystem of
the Beni, a 12,000,000-ha expanse of treeless grasslands, wetlands, cerrado-like savanna,
palm savanna, and palm forest islands that is flooded approximately 6 months per year
from October to May [22–25]. BTMs require forest islands that harbor one of its preferred
feeding and roosting trees, the Motacú palm (Attalea princeps) [22]. In the breeding season, it
requires large tree cavities for nesting, demonstrating high nest site fidelity to both artificial
and natural cavities [26]. Between 312 and 455 BTMs are thought to remain in the wild [22].
These are divided among three potentially isolated subpopulations in the northwestern,
northeastern, and southern Beni [22]. In 2008, a private 11,000-ha reserve, the Barba Azul
Nature Reserve (henceforth “Barba Azul”) was established in the northwestern part of the
range to protect the groups that use the area during the nonbreeding season (estimated at
approximately 160–200 individuals by [27]).

While satellite telemetry is a potentially useful technology for enhancing conservation
goals in Barba Azul, the task of tracking wild parrots across large areas and over many
months is a formidable challenge. Few Platform Transmitter Terminal (PTT) units available
today are able to resist the great intelligence, strong beaks, and flexible necks and tongues
of most large parrots, and many species can easily remove attached transmitters in min-
utes [28]. However, species and individuals vary, and field researchers have therefore had
some successes with a few larger species that have carried telemetry units for months and
allowed useful data on landscape-level movements [28–31]. Since no previous telemetry
studies exist on the BTM, and it is smaller than macaws previously studied, we felt it
vital to test potential tag models in a controlled environment prior to working with wild
birds. Moreover, to ensure the Barba Azul Reserve’s continued viability as a center of
conservation and ecotourism, we needed to trap and study wild birds while causing the
least possible disruption to the known roosting, feeding, and tourist–viewing sites.

The overriding goals of this study were to: (1) test available technologies on captive
birds to determine the safest and most appropriate techniques, and (2) to safely tag and
track wild BTMs living at Barba Azul to determine the location of their breeding sites and
understand more about local movement patterns, distances traveled, and resources used.

2. Materials and Methods

2.1. Data Accessibility

Because of ongoing poaching of BTMs, especially on their nests and outside of pro-
tected areas, we chose not to share all the tracking data obtained in the study. We do
provide access to tracking data within and near to the limits of the Barba Azul Nature
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Reserve, where the birds are protected from poaching [32]. We also redacted some of
the specifics of our capture methods of wild birds. Researchers with valid requests for
additional specifics about methods and tracking data can write to the corresponding author
and/or Asociación Armonía (Rodrigo W. Soria-Auza, email: wilbersa@armonia-bo.org) for
further details.

2.2. Study Site: Barba Azul Nature Reserve

The study was conducted in the seasonally inundated savannahs and forest islands of
the Llanos de Moxos in the northern part of the Beni Department of Bolivia. Mean annual
precipitation in the region is approximately 1800 mm with most rain falling between
October and May [33]. Nearly the entirety of the Llanos de Moxos habitat in northern Beni
(~12,000,000 ha) is subject to cattle ranching and associated land management practices,
including areas within declared protected areas. Within the entire Llanos de Moxos, there is
one national protected area (Estación Biológica del Beni, of 135,200 ha), municipal reserves
(1,222,400 ha total), and private protected areas (106,000 ha total). These municipal reserves
were declared on top of private land claims and some are overlapping. Also superimposed
on these areas are 6,920,200 ha of RAMSAR sites that confer international recognition to the
areas as important waterbird habitats, but do not currently translate into any regulation on
the ground [34].

Barba Azul Nature Reserve is an agglomeration of multiple private parcels now under
a single management unit. The 11,000-ha reserve was created by Asociación Armonía
in 2008 with support from American Bird Conservancy, the International Conservation
Fund of Canada, IUCN Netherlands, Rainforest Trust, US Fish and Wildlife Service, and
the World Land Trust. The study site is located on the Rio Omi in the extremely flat
floodplain between the Mamoré and the Beni Rivers, which flow North through Bolivia
to the main trunk of the Amazon (Figure 1). The reserve protects wetlands along the Rio
Omi, small forest islands of anthropic origin, naturally fragmented gallery forests, and
cerrado-like savanna.

 

Figure 1. Map of Barba Azul Nature Reserve (inside green boundary) on the Rio Omi, with tracks
of 3 Blue-throated macaws in and adjacent to reserve. Argos LC Classes A-3 with DAF filtering.
Nicknames of birds used within Movebank and “Animal Tracker” app are appended to codes.
Created in ARCGIS Pro 2.7.
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There are 6000 ha dedicated to strict conservation use and the other 5000 ha are
managed for low-impact cattle ranching, because Bolivia’s Función Economico Social
(FES) policy ties land titles to a requirement for remunerative agricultural production. A
description of the Llanos de Moxos wetland/savanna habitat mosaic, specific characteristics
of the reserve’s habitats and its history of anthropogenic use, as well as the detrimental
local effects of cattle ranching on the Blue-Throated Macaws’ main feeding tree, Atalaea
principeps, have been described elsewhere [22,23,35–37].

Groups of up to 155 BTMs have been counted at Barba Azul and annual counts have
showed slow increases in their numbers [22,27]. The birds are almost exclusively present
in the non-breeding season, in contrast to the southern population, where they appear to
be resident year-round. The departure of BTMs from Barba Azul just before the breeding
season suggests a regular migratory movement between this dry season congregation site
and unknown breeding grounds. The impulse to migrate from Barba Azul, we suspect, is
due to the local rarity of Mauritia palms, a known nesting tree, so long as adequate feeding
resources are also available in the vicinity [27].

The flocks are present in predictable numbers and locations around the reserve every
dry season, and we suspect that these are the same birds that return each year [27]. The
BTM is known to use nest boxes in the southern population [22], but nest boxes in Barba
Azul have attracted only one pair of Blue-throated Macaws in 2019 and have yet to result
in successful reproduction [27].

Wet season surveys conducted by Asociación Armonía to find breeding BTMs in the
northwestern population in 2017 and 2020 have located 15 active nests so far [27]. Whether
these are the same sites used by the birds using the Barba Azul is still uncertain. The
remoteness of the region, the difficulty of access during wet-season flooding, and private
ownership concerns are all factors that have hindered locating the breeding grounds of
Barba Azul birds.

2.3. Attachment Tests

After approaching multiple institutions unsuccessfully, we were finally allowed to
conduct fit and durability tests of satellite transmitters on 5 captive BTMs at the Loro
Parque Foundation (Tenerife, Spain). All birds were males housed together in a group.
We tested 3 models of dummy collars (made by Ecotone (Gdynia, Poland): n = 1 unit;
Telenax (Queretaro, Mexico): n = 3 units and Geotrak (Raleigh, NC USA): n = 1 unit) and
2 types of dummy backpacks (Ecotone n = 1 and Microwave Telemetry, Inc. (Columbia,
MD USA): n = 1). Outer shells of the Ecotone and Microwave Telemetry, Inc. units are
made of hardened plastic, as were collars used on these units. Telenax and Geotrak collars
were made of metal, with rubber coverings. MTI, Geotrak, and 2 Telenax units had external
antennae, while the Ecotone units and 1 Telenax unit did not. Backpack harnesses were
custom fit with 1/3” width Teflon ribbon using a customizable protocol used with Orinoco
geese [38]. One Ecotone backpack unit was painted blue to see if camouflage would reduce
the wearer’s attacks on the unit. Super glue was added as reinforcement on all knots and
attachment points. All harnessing was conducted by Loro Parque Foundation caretakers
and LCD. We video-taped the birds’ reactions to wearing some of the units (Supplemen-
tal Video S1) and allowed Loro Parque Foundation care-takers to determine timing for
all removals.

2.4. Capture of Wild BTMs

We assessed the options for trapping over three different dry seasons (2017–2019).
Given the importance of this area for large numbers of this Critically Endangered species,
our goal was to minimize disruption of important roosting, feeding, and tourism sites.
As a result, we aimed to capture a small number of birds at a time in isolated locations.
The methods used were approved under University of Florida Gainesville IACUC study
permit #201709973. Permits for working in Barba Azul were obtained through the Museum
of Natural History Alcide d’Orbigny. The specific method used for final captures is not

140



Diversity 2021, 13, 564

reported here, out of conservation concern. Ultimately, we trapped four birds at a forest
patch used by small groups of birds, over about 1 week, just before the start of the breeding
season in August–September 2019. Although all birds were trapped at the same site, the
movement data did not suggest that any of the collared birds were traveling in pairs or as
parents and offspring.

2.5. Tagging

After tests on captive birds proved the suitability of Geotrak Argos units (see Results),
we attached active Geotrak satellite parrot PTT collars to 3 of the 4 birds captured between
31 August and 9 September 2019 (see Supplementary Materials Table S1). Each bird was
calmed by putting a breathable cotton hood over the head with a drawstring opening that al-
lowed it to breathe unimpeded; legs and beak were immobilized using black electrical tape.
All birds were measured and weighed prior to attaching a tag (Supplemental Table S1).
All 3 tagged birds’ body mass exceeded the minimum required for the transmitter weight
to meet the standard limit in avian telemetry studies of <5% body weight [39]. Collars
were produced with adjustable neck bands, so were fitted to each bird, with a small bolt
permanently inserted and glued at the appropriate neckband hole. We noted start and end
times of all procedures, periodically assessed the bird’s condition, took photos and video
of the procedure, photographed the feather and face patterns, and recorded their behavior
and flight ability upon release (Supplemental Video S2). All movement data from within
Barba Azul and auxiliary data are archived in the Movebank Data Repository [32].

2.6. Programming and Location Accuracy

The Geotrak parrot collar is a battery-operated unit, with no option to have a solar
panel or external charger to recharge the internal battery. We therefore had to choose
whether to prioritize an extended period of use or higher quality data, with more frequent
location fixes. Not knowing how long the units would survive on the birds (especially
fearing they might quickly succeed at detaching them), we chose to prioritize collecting
higher quality data. The units were therefore programmed by the manufacturer so that
about 3 months of data would be collected. A duty cycle of up to 5 h on, followed by
2 days off was programmed, dependent on satellite availability. We assumed from previous
observations at Barba Azul that migration to the breeding grounds would occur in October,
so that the units should have given us approximately half their data from Barba Azul and
half from the breeding grounds. The units provide Doppler based locations calculated by
the Argos system, which vary between 500 m and 5 km accuracy depending on Location
Class (LC), with LC B being the lowest accuracy and LC 3 the highest accuracy [40,41].

2.7. Analyses

All data received from the ARGOS satellite system were filtered with the Kalman
filter and uploaded in a live feed to Movebank.org for analysis and archival purposes. We
inspected data to determine when tags were likely no longer on a moving animal; these
were determined due to (a) failure to travel to night roosts, and (b) abrupt loss of reporting
regularity and signal quality (low LC classes only). We performed three types of analyses
on the data: (1) For all birds, we calculated “Home Range” estimates for the full dataset,
(2) we calculated home range estimates for subsets of data from the dry season and wet
season, and (3) we plotted time from capture against accumulated distance traveled by
the 2 birds that migrated out of Barba Azul. Distances traveled within dry vs. wet season
areas and on migration were calculated by choosing one “Best of Day” point that was the
highest LC point provided on that day (either an LC 3 or 2), and applying the Haversine
Great Circle distance between daily points. We report on maximum distances between
daily points at dry vs. wet sites, and accumulated distances traveled throughout the study
for the two birds that undertook an outbound migration.

Home Range Estimation: For the purposes of home range analysis, we retained
Argos Location classes 3 through A, and then applied a Douglas Filter (available through
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Movebank.org filter options) that removed locations with unrealistic distance and turning
angles between 3 points, with a minimum turning angle of 35 degrees and 50 km/h
maximum flight speed [42]. For each bird, we calculated 95% Autocorrelated Kernel
Density Estimates (AKDE) to represent overall area (in hectares) used by each bird, both
for the full dataset, and the subsets during wet season (breeding period) and dry season
while at Barba Azul. From the Barba Azul and wet season data, we also present a “core
home range” represented by the 70% AKDE at both dry and wet season locations. All
AKDE analyses were performed using the R program “ctmm” [43–45]. Within the “ctmm”
program, we used the “ctmm.select” procedure to choose the utilization distribution that
best fit the data based on AIC comparisons. For both ARGL1 and ARGL3, the selection
procedure based on data in and around Barba Azul and for the complete dataset resulted
in selecting a model with correlated positions but uncorrelated velocities, or “OU” (for
Ornstein–Uhlenbeck) anisotropic utilization distributions [46,47]. For the wet season
data, the selection procedure resulted in selecting an “OU” anisotropic model for ARGL3,
but an “IID” anisotropic utilization distribution that assumes no correlated locations or
velocities [47]. In the Llanos de Moxos habitats, all these range estimates include large
areas of what we consider “flyover” space (open savannas, which are not used by macaws),
between heavily-used forest patches. While these calculations may be crude estimates of
space of importance to the birds, from the perspective of reserve design and management,
the analysis is helpful to calculate a rough areal extent required for conservation of the
species in situ. The choice of these methods also allows comparisons with similar datasets
on other wild macaw species that used comparable methods.

2.8. Wet Season Nest Surveys

After tracking BTMs that left Barba Azul, nest site searches were undertaken around
the Department of Beni by Asociación Armonía staff in the following wet season to assess
if BTMs remained in the areas indicated by GPS locations. In February and March of 2020
(after all transmissions had stopped), T.B. and other Asociación Armonía staff undertook
horseback surveys through large areas of the northern Beni to look for nesting sites there
and further afield [27,48]. At the same time, landowners in the region were contacted to
discuss the ongoing tracking program and conservation efforts of Armonía.

3. Results

3.1. PTT Dummy Testing

Observations (and photos plus video recordings) documented how captive BTMs at
Loro Parque Foundation treated different models of transmitters and attachment methods,
and, most importantly, how they managed to render the units inoperable. Both the Ecotone
unit placed as a collar and the one placed as a backpack were destroyed in minutes by
piercing the casing and breaking off large chunks of the plastic housing (Figure 2b). The MTI
backpack model fared somewhat better, but Teflon was quickly removed at the attachment
points so that the unit then sat high near the neck rather than centered on the back, and
then the antennae and casing were both opened (Supplemental Video S1). With the metal
collars made by Telenax and Geotrak, the material and rounded shape of the units did
inhibit their immediate destruction, especially of the casings. However, only one of the
four metal collars, the Geotrak unit, was allowed to remain on a Loro Parque BTM for
more than eight days by Loro Parque caretakers. Antennae on two Telenax were quickly
chewed, exposing wires, so those units were removed immediately. The remaining Telenax
collar was found after eight days to have been causing cuts on the bird’s neck after the
wearer chewed off all the protective rubber on the neckband, exposing the end of a metal
seam behind the nut (Figure 3d). Somewhat surprisingly, the long straight antenna that
extends beyond the Geotrak unit, up behind the head, was not a focus of attention, thus
it remained intact. According to M. Weinzetll, curator at Loro Parque, the birds focused
attention, especially early on, on breaking the metal collar on the Geotrak unit, but they did
not succeed during the test period. Some, but not all, of the protected rubber shielding was
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removed at the sides. The outer case was deformed, but never pierced (Figure 3e,f). The
single Geotrak collar unit tested remained on its captive BTM for 27 days, at which point it
was also removed by caretakers. At the time of removal, caretakers reported the bird was
tolerating the unit well, and the unit did not seem to limit flying, feeding, or self-grooming.
They further determined that the unit caused two small feather cysts, but no significant
injury [49]. A comparison of the case of an untested unit (upper) and the tested unit (lower)
are shown in Figure 3f. We deemed the Geotrak model to be the only suitable unit for use
on wild birds.

a b

Figure 2. Testing dummy units at Loro Parque (Tenerife, Spain): (a) attachment of a Telenex collar; (b) captive BTM opening
the Ecotone unit set as a collar. See also Supplemental Video S1 for video of a testing episode with the MTI backpack unit.

a b c d

e

f

Figure 3. Units retrieved from tests on captive Loro Parque BTMs: (a) MTI set as backpack; (b–d) Telenax collars; (e) Geotrak
parrot collar; (f) comparison of an untested Geotrak collar (upper) and the collar tested for 27 days on a captive BTM (lower).

3.2. Satellite PTT Performance

We received a total of 655 Argos locations (LC Class B or better, excluding duplicate
timestamps) over the course of the study. On average, duty cycles returned locations for
3.1 (±1.6 SD) hours, then cycled off for 2.2 (±0.6) days. Data quality was high, with 54%
of the points in the 2 highest Argos Locations Classes (LC 2 and 3). After truncating and
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filtering data as described above, we obtained 266 locations spanning 117.1 days from
ARGL1 (31 August 2019 to 26 December 2019) and 218 locations over 79.5 days from ARGL3
(9 September to 28 November 2019). Subsets of the data used in home range analyses
included: (1) 63 points for ARGL1, and 23 points for ARGL3 within the vicinity of Barba
Azul; and, (2) 115 points for ARGL1, and 131 points for ARGL3 on purported breeding
(wet season) grounds. We only received 24 usable locations over 6.6 days from ARGL2
(1 September–8 September 2019). This collar continued transmitting from a stationary point
within the reserve from 10 September until 20 November. Though the area was extensively
searched on foot several times (by T.B.), neither the collar, feathers, nor a carcass were
found, suggesting that the collar was removed by the bird or its family members. Results
from ARGL2 were of such limited duration that they are only considered with respect to
the bird’s movements relative to the other tracked birds in the earliest days of the study.

3.3. Range Size, Movements, and Observations around Barba Azul

The tracking data collected while the three BTMs were in and near to Barba Azul
showed them moving independently while using similar areas of Barba Azul known to be
popular with flocks, including the three largest forest islands and two known nighttime
roosts (Figure 1). An animation of the data based on interpolated timestamps demonstrated
that, while the three tagged macaws used similar areas and often roosted together at night,
they mostly foraged separately, suggesting that they belong in distinct family groups
(Supplemental Video S3). In addition, birds used one previously unknown daytime feeding
area outside the reserve near the Rio Omi and one previously unknown nighttime roost.
While in the Barba Azul area, ARGL1 moved on average 4.7 km between consecutive days;
ARGL2 3.4 km, and ARGL3 2.7 km. For the two birds with adequate data to calculate AKDE
home range size, the overall area of use was similar at 22,593 ha for ARGL1 (see Table 1
for 95% confidence limits)) vs. 27,066 ha for ARGL3, while core area of use (70% AKDE)
was 8415 ha for ARGL1 and 12,551 ha for ARGL3. (Also see Supplemental Figure S1 for a
diagram of 95% Home Range limits in the Barba Azul region).

Table 1. Home Range Estimates (with 95% CI in parentheses) of BTMs in total area of use, dry season (Barba Azul), and wet
season locations by AKDE methods in “ctmm” program.

Total 95% AKDE (ha) Wet 95% AKDE (ha)
Dry (Barba Azul)
95% AKDE (ha)

Core Wet 70%
AKDE (ha)

Core Dry 70%
AKDE (ha)

ARGL1 325,851 (221,430–450,124) 4587 (3551–5773) 22,593
(14,723–32,122) 1292 (1000–1620) 8415 (5484–11,963)

ARGL3 118,970 (79,393–166,441) 2068 (1729–2436) 27,066 (5484–11,963) 506 (423–597) 12,551 (6078–21,332)

During the nearly week-long tagging period at Barba Azul in 2019, observers (L.C.D.,
L.C., L.F.) twice spotted BTMs carrying transmitters, both in the immediate vicinity of
where they were tagged, and also while birds were flying together in the evening over
the “bajio” drinking areas. Transmitters appeared to be well-fitting, not limiting the birds’
flying, and with antennae intact. Though individual recognition was impossible in these
instances, these sightings, as well as the tracking data collected, indicated to us that the
experience of being trapped and tagged probably did not seriously alter the birds’ use of
the areas around the tagging site, nor change their associations with conspecifics.

On 13 August 2021, a BTM was spotted and photographed (by park ranger Miguel
Martinez-Diaz) still wearing a collar nearly two years after it was first deployed (Figure 4).
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Figure 4. Pair of BTMs photographed in Barba Azul 13 August 2021, with one still carrying a Geotrak
collar (right). Rted with permission by Miguel Martinez-Diaz.

3.4. Migration, and Breeding Season Ranges and Movements

Two of the tagged birds (ARGL1 and ARGL3) migrated away from Barba Azul on
the same date (27 September 2019), but diverged in their paths by about 90◦, and did not
interact again during the life of their PTT’s. On inspection, ARGL1 was considered to be
migrating, i.e., not yet settled, for 24.5 days and ARGL3 for 13.4 days. Distances moved on
migration were, on average, 7.5 km/day for ARGL1 and 4.9 km/day for ARGL3. Maximum
distances measured between consecutive points (2 day spread) while on migration were
59 km/day for ARGL1 and 18 km/day for ARGL3. Accumulated daily distances moved to
the end of transmissions are displayed in Figure 5.

Figure 5. Accumulated daily distances traveled by two migrant BTMs tagged at Barba Azul.

The two migrant birds eventually settled in distinct areas that were both ~50–100 km
from Barba Azul, still within the Llanos de Moxos region, and still within the boundaries
of the northwestern subpopulation’s distribution. ARGL3 used the same general region
through to the end of transmissions. ARGL1, however, used two different spots in the same
period, these being approximately 30 km apart. While at wet season locations, average daily
movements (away from few regular nighttime roosts) were smaller than while at Barba
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Azul, at 3.7 km average for ARGL1 and 1.2 km for ARGL3. Similarly, wet season range
sizes were smaller than during the dry season. ARGL1 used a 95% AKDE of 4587 ha and a
core 70% AKDE of 1292 ha. ARGL3 used a 95% AKDE of 2068 ha and a core 70% AKDE
area of 506 ha (Table 1 and Supplemental Figure S2).

3.5. Wet Season Ground–Truthing Surveys

Results, observations, and information on community outreach obtained during
the nest surveys undertaken by Armonía are continually reported in regular Armonía
newsletters and elsewhere [22,27,48]. Despite gaining access to both final locations where
we tracked ARGL1 and ARGL3, we found no birds still wearing tags there. Habitat at the
two sites both had a greater availability of Mauritia flexuosa palms, which are not present
at Barba Azul. The team did succeed in finding 15 BTM nests across three breeding areas,
and observed between 93 and 104 BTMs in a survey area of approximately 30,700 ha. In
a previously discovered roosting site, we counted 56 BTMs roosting in a small Motacú-
dominated forest island. Based on the location data of the 15 known nests, the average
distance from a nest to the second nearest known nest is 4.48 km. The total distance
between the southernmost nest and the northernmost nest is 63.25 km. Motacú forests are
found on average at a distance of 1.35 km from a nest [27].

4. Discussion

Prior to this study, nesting sites of the vitally important sub-population of Blue-
throated macaws from Barba Azul were unknown. In general, tracking birds to their
breeding areas is a far less common practice than tracking from their breeding sites, in
part because it offers fewer opportunities to trap in sites that are visited regularly. For
this reason, and also because the species is Critically Endangered and the smallest macaw
species tracked to date, the work required multiple phases of testing to implement tracking
with wild birds in the safest means possible. Ultimately, the methods used allowed us to
capture and track two wild BTMs to two breeding areas where nests were later found. The
migration data also inspired the initiation of conversations with the relevant landowners
about best practices in ranching for macaw conservation [37,48]. We believe that follow-up
efforts can now be more focused and effective, and lead to improved chances of our ultimate
goal of better protecting the birds of Barba Azul throughout the year, monitoring their
reproductive success, and improving the chances for the species’ long-term conservation at
Barba Azul and more widely in the northern Llanos de Moxos.

4.1. Tracking Results

The two tagged birds that continued to transmit through migration (ARGL1 and
ARGL3) demonstrated the durability and effectiveness of the Geotrak units for tracking
wild Blue-throated Macaws for many months. The 2021 rediscovery of a wild bird still
carrying a now-defunct Geotrak collar also demonstrates that both long and short-term
deployments should be feasible with the species. Although the date of outbound migration
(27 September) was earlier than expected from previous Barba Azul census data [22,50],
it was identical for our two migrant birds. Prior to migrating, birds only occasionally left
the immediate area protected by Barba Azul, confirming the critical location and size of
the reserve. However, our data are based on a small window of time of only a few weeks,
thus it is likely that a longer tracking period of these and other birds within Barba Azul
would reveal a wider area of use. Similarly, it is highly likely that a longer tracking period
for ARGL1 and ARGL2 could have revealed more distant areas of use beyond the reserve.
Yet, relative to the size of protected areas in the region, overall range sizes of 95% AKDE
using all locations (from both dry and wet season data and while on migration) were
quite large (at 325,851 ha for ARGL1 and 118,970ha for ARGL3 (Table 1)). Still, our home
range estimates should clearly be considered minimum estimates for both seasons, and
conservation needs assessed with this caveat. A future effort focused on tracking birds for
a complete season of residence inside Barba Azul is a priority for future work.
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Both birds tracked on migration eventually settled into two distinct areas ~50–100 km
from Barba Azul, although after leaving in divergent directions. This result, combined with
the subsequent nest discoveries, suggests that BTM breeding sites are probably widely
scattered across the Llanos de Moxos landscape. Their scattered distribution could make
conservation efforts more difficult, but is important for understanding the ecoregion-level
needs for saving the species from extinction. The choice to program for frequent location
fixes proved very useful to learn the specific timing, direction, and length of migration
periods; moreover, it helped indicate specific areas of the Beni where the birds visited prior
to settling down. Future work may require longer, less detailed programming.

These data have and will continue to guide additional overflights and ground-truthing
searches for other nesting sites in nearby locations. Adding a banding program of young at
nest sites discovered here could also help definitively link reproductive outputs to new
recruits at Barba Azul.

4.2. Distances Traveled

The distance an individual macaw can travel has different implications. Besides
indicating a birds’ physical capacity to cover a given distance, it is also important from
a conservation viewpoint. Can a given reserve protect the whole annual cycle for large
and critically threatened birds such as Blue-throated Macaws? Does distance traveled tell
us anything about the likelihood that Beni’s different subpopulations of BTMs are really
isolated? The measurements of wild individual macaw movements range are scanty, but
comparison between what we learned in this study and a few other known examples
are useful.

We found that the BTMs’ daily locations averaged about 1 to 8 km apart across
all seasons, with the largest distances recorded during migration periods where birds
moved up to 59 km between days. The magnitude of these movements is hard to compare
with other species as previous studies have used observations or calculated movements
as distances among multiple points per day. For example, the last wild Spix’s Macaw,
Cyanopsitta spixi, reportedly moved up to 60 km from its night roost to its feeding place
and back during the dry season [51]. Tracked Red-fronted Macaws (Ara rubrogenys) in
Bolivia moved at least 9 to 28 km per day, and Blue-and-yellow Macaws (Ara ararauna) and
Scarlet Macaws (Ara macao) in southeastern Peru moved on average at least 6 to 13 km
per day [30,52]. In addition, one individual A. ararauna moved back and forth through the
same 160 km path in one week, totaling a 320-km displacement [41].

The BTMs studied here migrated distances of approximately 50 to 100 km from
their wintering ranges to their presumed breeding areas (Figure 5). These movements
are similar to the majority of seasonal migrations documented in macaws to date. Blue-
and-yellow Macaws and Scarlet Macaws moved an average of 80 to 112 km from their
nests post breeding in southeastern Peru and adjacent areas of Bolivia [30] A single Red-
fronted Macaw in Bolivia moved through areas up to 77 km from its wintering range
before returning to the wintering range the next season [52]. In the Brazilian Pantanal, an
ecosystem similar to the Llanos del Moxos, UHF studies documented seasonal movements
of Hyacinth Macaws (Anodorhynchus hyacinthinus) of 36 to 50 km [29,53,54]. Migratory
Great Green Macaws (Ara ambiguous) in Costa Rica have been found 35–40 km from their
nests during the non-breeding season [55].

Similarly, comparisons of 95% AKDE home range estimates are considerably smaller
for BTMs both in the dry and in the wet season compared to home range estimates from
southeastern Peru [30]. This means that whereas A. macao in Tambopata averaged home
ranges of 11,900 ha in the breeding season and A. ararauna 16,700 [30], our two BTMs
ranged only over approximately 4500 and 2000 ha as estimated from their wet season
data using the AKDE procedure (Supplemental Table S2). In the non-breeding season,
the differences were even more notable, with our 2 tagged BTMs ranging over 23,000 and
27,000 ha respectively, and A. macao averaging 206,500 and A. ararauna 191,000 [30].
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Differences in distances moved may be due to body size and physiology, but may also
reflect the density and seasonality of food available in Barba Azul and the Llanos de Moxos
compared to other sites. Spix’s macaws inhabit a semi-arid region where food abundances
should fluctuate widely and they may need to move long distances to dispersed food
patches. In Barba Azul, some Motacú patches are nearly monodominant, possibly due to
past human influences, and can produce fruit nearly all year [25,35], so that the birds there
do need not to move far for feeding. In contrast, in Tambopata, Peru, food abundance
shows large seasonal fluctuations [56] and feeding trees are often scattered in a more diverse
forest matrix. The flight range of BTMs that left Barba Azul suggests that the species is
able to fly similar distances as other macaws. However, at least for BTMs using Barba
Azul, there seems to be scant evidence from observations, or from our study, for partial
migration, use of intermediate stopover sites, or more nomadic behavior. The energetic
reserves needed for their longest movements, even while present in high densities, were
obtained while in Barba Azul, reinforcing the seasonal importance of the reserve for this
BTM population.

4.3. Challenges Working with the Psittacidae

Although tracking BTMs required multiple field seasons of testing equipment and
capture methods, ultimately, we did manage to determine methods that allowed us to
capture and track three wild BTMs, including to two likely breeding sites. The work shows
the potential to use satellite telemetry for biological and conservation questions with this
species and within the Psittacidae. While not all our methods or results are reported here,
out of an abundance of conservation concern, we hope that sharing our experiences with
testing, using satellite telemetry units on macaws, and analyzing habitat features can help
other researchers faced with similar challenges, and especially those with conservation
questions best answered through the use of satellite telemetry.

Despite our success, several practical and logistical features of studying any parrot
species makes the use of satellite telemetry on this family a complicated task. One of the
greatest difficulties is the fact that the ideal (and necessarily robust) transmitter design
appears to be quite species-specific. Although with some other parrot species, researchers
have had good results with backpack models or hardened plastic materials set as collars,
our birds destroyed all such models in minutes, piercing antennae and casings through
any seams or corners they could find. The successful units, parrot collars by Geotrack, are
made by hand by the company’s founder, using hard-won skills known best to himself [57]
making them quite unique (and also expensive), and therefore hard to deploy on a larger
scale. Manufacturers are understandably loathe to invest much time researching and
improving any “weakness” in a transmitter model to be used on parrots when a model
will see very limited use in small studies. This reality gives researchers limited, mostly
expensive options. Moreover, we found that many institutions with captive parrots were
unwilling to allow testing with their captive animals; we had to find an institution outside
the Americas with which to collaborate on the critical step of first testing out dummy
transmitter designs. We also still lack a truly comprehensive understanding of the potential
effects of attaching units to parrots in different configurations, as nearly all studies on
either captive or wild animals, including our own, involve extremely small sample sizes.
Ideally, we would also quickly remove any defunct unit from a wild bird, but we are still
seeking a means to do so without a large re-trapping effort. We would welcome suggestions
for reliable drop-off mechanisms that could be added to collar designs without adding
excessive weight. Overall, our experience with this species has taught us that, despite
the great advances in the technology of satellite telemetry in recent years, and with the
many projects still needing to be done to study parrots of great conservation concern,
the Psittacidae family is still relatively understudied and requiring considerably more
innovation for their efficient and effective study. Therefore, as a final recommendation for
the future, we urge fellow researchers and tinkerers to consider expending more effort with
this particularly underserved group of birds.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13110564/s1, Figure S1: Map of Barba Azul Nature Reserve, with tracks of 3 BTM;s and
95% Home Range Estimates for 2 BTM’s (ARGL1 and ARGL3) with sufficient data for home range
analyses., Figure S2: Map of 95% Home Range Estimates for 2 BTMs (ARGL1_Hernan on left and
ARGL3_Tjalle on right) on wet season (breeding season) sites. Table S1: Argos Id’s and morphometric
measures of captured wild Blue-throated Macaws from Barba Azul., Video S1: Video of captive BTM
tagged with an MTI dummy transmitter at Loro Parque, Tenerife, Spain. Video S2: Video of release
of a wild BTM with a Geotrak transmitter. Video S3: Animation of 3 BTM movements around Barba
Azul, using the R program “MoveVis”.
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Abstract: Understanding of ecosystem structure and functioning requires detailed knowledge about
plant–animal interactions, especially when keystone species are involved. The recent consideration
of parrots as legitimate seed dispersers has widened the range of mechanisms influencing the life
cycle of many plant species. We examined the interactions between the burrowing parrot Cyanoliseus
patagonus and two dominant algarrobo trees (Prosopis alba and Prosopis nigra) in the Monte Desert,
Argentina. We recorded the abundance and foraging behaviour of parrots; quantified the handling,
consumption, wasting, and dispersal of ripe and unripe pods; and tested the viability of soft and hard
ripe seeds wasted and transported by parrots. We found a high abundance of burrowing parrots.
They predated on soft seeds from unripe pods while exclusively feeding upon pulp wrapping hard
seeds from ripe pods. Frequent pod wasting beneath the plant or transport at a distance invariably
implied the dispersal of multiple seeds in each event. Moreover, soft seeds retained viability after
desiccation outside the mother plant, suggesting effective seed dispersal after partial pod predation
due to a predator satiation effect. In about half of the foraging flocks, at least one parrot departed
in flight with pods in its beak, with 10–34% of the flock components moving pods at distances
averaging 238 m (P. alba) and 418 m (P. nigra). A snapshot sampling of faeces from livestock and wild
mammals suggested a low frequency of seed dispersal by endozoochory and secondary dispersal
by ants and dung beetles. The nomadic movements and long flights of burrowing parrots between
breeding and foraging sites can lead to the dispersal of huge amounts of seeds across large areas that
are sequentially exploited. Further research should evaluate the role of the burrowing parrot as a
functionally unique species in the structure of the Monte Desert woods and the genetic structure of
algarrobo species.

Keywords: algarrobo; drylands; High Monte; parrots; seed dispersal; soft seed viability; stomatochory

1. Introduction

Dry forests are among the most threatened ecosystems worldwide due to direct habitat
destruction and fragmentation by fire, overexploitation for fuelwood, and agriculture [1,2].
Livestock ranching has exerted a predominant impact for decades on the loss and trampling
of vegetation, alteration of nutrient cycles, and competition with wild plant consumers [3–5].
These impacts are increasingly disrupting many ecological interactions of vital importance
for the composition, structure, and functioning of dry ecosystems [5–8], even before they
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are known and properly understood [9]. Livestock often alter seed dispersal of the plants
they feed on, favouring some species over others and disturbing native plant–animal
interactions with a function in seed dispersal [5,8,10]. These threats, together with hunting
for bush meat, are reducing populations of wild species that interact with the remaining
vegetation in multiple ways [1,2,5,8]. Among them, there are several vertebrate groups that
have been long neglected or understudied for their seed dispersal function in drylands,
including parrots, rodents, carnivore and ungulate mammals, and reptiles [5,7,11–16]. This
has contributed to sustaining the old controversy on the role of extinct megafauna as
legitimate dispersers of many large-fruited plants [17], which has led to the proposal of do-
mestic ungulates as contemporary substitutes conducting this ecological function [18]. The
megafauna syndrome hypothesis gained momentum in the last few decades, but recent re-
search has increasingly challenged its foundations by incorporating overlooked dispersers
into seed dispersal webs and by considering ectozoochory in addition to endozoochory
(e.g., [8,14,16,19–22]).

Legume trees (Fabaceae) constitute the dominant woody layer of many drylands in
America [1,2] and have been exploited by human populations for millennia [23]. In partic-
ular, algarrobos (genus Prosopis, Mimosoideae, Leguminosae) are numerically-, biomass-,
and functionally-dominant species intensively exploited for fruits by wild animals, live-
stock, and humans [24,25]. Because of the presence of a sweet pulp covering the seeds
inside relatively large pods, dispersal has been mostly attributed to endozoochorous syn-
dromes involving extant native and non-native mammals [26,27] and extinct megafauna in
the past [17]. External short-distance dispersal by ants (myrmecochory) and potentially
dung beetles [28,29] and stomatochory and seed hoarding by rodents [29,30] have also
been highlighted. However, molecular reconstructions suggest long-distance dispersal
by birds as the most likely hypothesis to explain the phylogeography and population
genetics of the genus Prosopis and other legumes in America [31,32]. This conflicts with the
assumption that avian species exploiting algarrobos and other legume pods are exclusive
seed predators [28,33], or short-distance dispersers, in the case of flightless greater rhea
(Rhea americana) [34,35]. On the contrary, recent research has highlighted parrots as seed
dispersers of legumes, including several Prosopis species [13,36]. This role may be especially
evident and relevant in ecological terms in dry ecosystems with avian frugivore richness
lower than expected from overall bird diversity [Kissling et al., 2009] and in the absence
of other avian long-distance dispersers, as documented in the dry tropical forest of the
inter-Andean valleys [13,37].

Algarrobo seeds show physical dormancy, an adaptation to germinate when the envi-
ronmental conditions are optimal after the erosion of the external hard coat by factors like
temperature, sunlight, and soil abrasion [27,38,39]. This process has also been assumed
to be a seed adaptation to resist the chemical and abrasive action of the digestive tract
of mammals without losing seed viability while influencing germinability, depending on
both legume and consumer species [27,40,41]. Seeds of legumes and other plants may
retain viability and can germinate even when fruits end ripening—and seed desiccation—
separated from the mother plant (generally termed after-ripening) during the final fruiting
stage [42–46]. This implies that the transport of unripe fruits with viable seeds completely
formed but not entirely dried and hardened (hereafter, soft seeds) could be considered ef-
fective for seed dispersal. This remains a largely overlooked mechanism, with implications
in dispersal ecology [47]. To our knowledge, this possibility has been scarcely evaluated for
its potential influence in seed dispersal by animals handling unripe fruits [48]. In addition,
most experiments on viability and germinability after mammal gut passage have been
conducted in laboratory and greenhouse conditions, thus often obviating the critical stage
between seed handling by consumers and dispersal and germination in natural conditions.

The recent consideration of parrots as key seed dispersers by multiple and comple-
mentary mechanisms, including the wasting and transport of ripe and unripe fruits, have
widened the range of mechanisms influencing the life cycle of many plant species [49,50],
including legumes [13,36]. The combination of a relatively high abundance of parrots
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compared to other frugivores in many ecosystems, their generalist trophic habits, and their
extensive daily and seasonal movements make them pervasive dispersers of most of their
food plants [49]. This includes stomatochory (i.e., seed dispersal transported externally
with beaks and dropped after fruit consumption) [14,16,36,49,51], endozoochory (i.e., dis-
persal of viable seeds after gut passage) [52–55], and epizoochory (i.e., dispersal of seeds
adhered to the body surface) [56]. These ecological roles, together with the understudied
pollination and predation of invertebrate plant pests, can have a pervasive influence on
ecosystem structure and functioning [13,20,37,51,57]. Therefore, the previously denied
attention is essential to understand the ecological function of parrots in understudied
systems in general and in Neotropical drylands poor in other avian frugivores in particular.

In this study, we examined the ecological interaction between the burrowing parrot
(Cyanoliseus patagonus) and dominant algarrobo trees at the end of the fruiting period in the
Monte Desert ecoregion. We recorded the abundance and foraging behaviour of parrots
and quantified the handling, consumption, wasting, and dispersal of ripe and unripe pods.
The viability of seeds from unripe and ripe pods wasted and transported by parrots was
examined to determine whether their respective dispersal could be considered antagonistic
or complementary mechanisms on plant demography. Finally, we conducted a snapshot
sampling of faeces of wild mammals and livestock to determine the presence of algarrobo
seeds dispersed by endozoochory.

2. Material and Methods

2.1. Study Area

The study was conducted in northwestern Argentina (provinces of Salta, Tucuman,
and Catamarca), which is included in the northern range of the Monte Phytogeographic
Province [58], comprising two ecoregions (High Monte and Low Monte) (https://ecoregions2
017.appspot.com, accessed on 24 April 2021) (Figure 1). In the High Monte (600–3500 m.a.s.l.),
the climate is semi-arid to arid, with dry hot and cold rainy well-marked seasons [58,59].
Rainfall shows inter-annual variability but rarely exceeds 200 mm, concentrated in summer.
The surveyed area, mostly within the region of Valles Calchaquíes, is occupied by native
dry forests that have been converted to savanna- and steppe-like landscapes with variable
levels of forest fragmentation for agriculture and soil erosion due to fire and free-ranging
livestock [60,61]. More dense arboreal patches and riverine forests remain in valley bottoms
and across the Calchaquí and Santa María rivers [61]. The flora is characterised by halophytic
species of shrubby steppe and arboreal and shrub layers dominated by legumes (Fabaceae),
especially algarrobos [58,62].

 

Figure 1. Map showing the distribution range of the burrowing parrot, including breeding (red line) and non-breeding
(blue line) areas in southern South America (Argentina and Chile). The Monte Phytogeographic Province [58] comprising
the High Monte and Low Monte Ecoregions (https://ecoregions2017.appspot.com, accessed on 24 April 2021) is shown.
The study area is indicated by the black box, and locations where burrowing parrots were recorded are shown by black dots
(right panel).
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2.2. Study Species

Prosopis is a primitive genus of shrubs and trees with currently disjointed natural
distribution in Africa, Asia, and America. Prosopis alba and Prosopis nigra are medium-sized
trees (4–16 m height) with widely overlapping distributions. Both species are present in the
subtropical plains of north and central Argentina, Paraguay, and Uruguay and patches of
semi-arid zones of Peru and Bolivia [24,25]. Genetically, they are close and poorly defined
species [63]. Within the Algarobia section, to which both species belong, hybrids and
introgression are relatively frequent [31,63–65]. The intraspecific morphological variations
are usually high between localities [66]. Fruits are indehiscent, cylindrical, thick, and more
or less compressed pods (length × width, 12–25 × 1.1–2 cm and 10–16 × 0.7–0.9 cm for
P. alba and P. nigra, respectively). These may contain multiple seeds (generally 12–30 and
8–27 for P. alba and P. nigra, respectively) and are wrapped in a sweet spongy mesocarp [24,
25,66,67]. The mesocarp (hereafter, pulp) of both species is rich in sugars and relatively low
in fat and protein. In the seeds, the proportion of proteins is high and much higher than
that of fats [67,68]. Mature seeds of Prosopis have a hard and impermeable seed coat that
prevents seed imbibition and germination (i.e., physical dormancy). The seeds of different
Prosopis species are predated when they are still developing in the pods by birds and
invertebrates, especially bruchid beetles (Chrysomelidae: Bruchinae), which may consume
a large proportion of the seed crop [41,69]. Fallen fruits are preyed on and/or dispersed
by endozoochory by greater rhea, wild mammals, reptiles, and livestock [25,34,35,41,70].
Rodents and invertebrates such as ants are seed predators and dispersers by stomatochory,
followed by underground seed hoarding [28,33,71].

The burrowing parrot inhabits the Monte Biogeographic Province, located in Ar-
gentina and Chile, southern South America (Figure 1). It includes two subspecies with an ex-
tensive distribution range across northwestern–central (C. p. andinus) and central–southern
(C. p. patagonus) Argentina, respectively, and a presumable subspecies (C. p. conlara) hybrid
between them [72]. The southern subspecies also inhabits the Patagonian steppe and the
Espinal Biogeographic Provinces, including several ecoregions [73]. These subspecies are
categorised as Least Concern, although their populations show variable degrees of threat,
depending on the region, due to persecution and habitat loss and degradation [74]. A
fourth subspecies (C. p. bloxami) inhabits a comparatively small distribution area in central
Chile [72,75] and shows a small and declining population categorised as Endangered [74].
Burrowing parrots are colonial cliff nesters, nomadic and partially migratory, and gregar-
ious foragers in variably-sized mobile flocks [76,77]. Depending on the subspecies, they
exploit the fruits and seeds of different varieties of plants [72,75], whose crops are tracked
through very long-distance flights from the breeding colonies and communal roosts [76].
They have also been recorded feeding on flowers, buds, and bark of native and exotic
species [72,75] as well as on seeds of cultivated plants without causing remarkable impacts
on crops [77]. No information is available on the role of this parrot as a mutualist or antag-
onist of their food plants except for observations of seed dispersal by stomatochory [36],
the dispersal of the Atacama Desert shrub (Balsamocarpon brevifolium, Fabaceae) [32], and
the lack of seeds dispersed by endozoochory over a limited snapshot sampling of faeces in
southern Patagonia [53].

2.3. Survey of Parrot Abundance and Foraging Observations

During January 2020, coinciding with the fruiting period of algarrobos, we conducted
surveys of burrowing parrots of the andinus subspecies in the northern Monte Biogeo-
graphical Province (hereafter Monte desert). We drove at low speeds (20–40 km/h) along
low-transited paved roads and unpaved tracks following the methodology used in previ-
ous studies [13,57,78], totalling 529 km that were surveyed only once. The surveys were
carried out by three persons, the driver and two observers, during the breeding season
of the parrots. During the surveys, we counted the parrots observed and recorded their
behaviour. We generally detected burrowing parrots visually, but when the survey track
crossed dense woods generally associated with riparian forests with low visibility, we

156



Diversity 2021, 13, 204

also detected parrots aurally. In these cases, we assigned the mean flock size of parrots
detected visually to the aural records [78]. We also measured the perpendicular distance
from the road to parrot flocks, using a laser rangefinder for estimating the density of this
species through distance sampling modelling (see [79] for more methodological details and
results). The obtained relative abundance (number of individuals/km) strongly correlated
with density (number of individuals/km2) estimates obtained through distance-sampling
modelling in this and many other parrot species [78,79].

When foraging flocks were detected, we stopped the survey to observe with a telescope
and binoculars their feeding behaviour including the food handling, the consumed part of
each plant, the ripening state (ripe or unripe) of fruit pulp, and the maturation of seeds (soft
or hard) of each exploited plant, identified to species or genera levels with field guides. We
also recorded whether parrots dropped each food type beneath the canopy of food plants
and confirmed what parrots were eating and wasting by searching for food remains on
the ground beneath foraging sites, following the methodology previously detailed [14,57].
This information was also recorded for foraging flocks observed outside roadside surveys
conducted to determine parrot abundance.

2.4. Handling, Resource Consumption, and Wasting of Algarrobo Fruits

After each observation of foraging on algarrobos, and when possible, depending
on the location of food plants, we searched for pods handled and wasted by parrots on
the ground beneath the foraging trees and the sites where the fruits were dispersed at
a distance. At accessible sites, we collected a sample of these pods, which were clearly
identified by the typical beak marks on them; no other parrot species inhabits the study area.
Over a sample of the pods found to be handled by parrots (n = 363), we recorded whether
they were entirely or partially consumed, the ripening state, and the part consumed by
parrots. For unripe pods, which lacked pulp, we recorded the number of predated and
intact seeds. In the case of ripe pods, we counted the number of seeds around which the
pulp was consumed (i.e., consumed pulp) and the number of intact seeds remaining within
or absent from each handled pod. We also estimated the proportion of the resources (pulp
or seed) consumed over the total available in each handled pod.

2.5. Seed Dispersal by Burrowing Parrots

When parrots were located foraging, we recorded whether they flew and transported
the fruits in their beaks from the fruiting trees to distant sites, thus dispersing the seeds
by stomatochory (e.g., [14,16,57]). When the parrots ended feeding and left the area, we
measured the exact dispersal distance (in metres) from the tree where the fruit was collected
to where the fruit was released. This included other algarrobos, other tree and shrub species,
and electric poles and wires, below which we confirmed, when possible, the presence of
discarded entire fruits or fruit remains with seeds. When the foraging parrots moved far
away with fruits in flight, we followed them using binoculars with a laser rangefinder
(Leica Geovid 10 × 42) to measure the exact distance to which the parrots moved the fruits,
either by losing and discarding the fruits in flight or from distant perches. In the particular
situations when flying parrots carrying fruits from the food plant were lost from sight or
when they were already carrying fruits in their beaks at first sighting, we followed the
specifications described in previous studies to conservatively estimate minimum dispersal
distances [14,16,51,57].

We used MCMCglmm [80] to test differences in dispersal distances (log-transformed;
cengaussian distribution) between the two algarrobo species (fixed effect). The model
was run for 100,000 iterations, preceded by a burn-in of 10,000 iterations. Estimates of
parameters were stored every 25th iteration to reduce autocorrelation. We tested the
statistical support of the fixed effect by evaluating whether its posterior distribution (95%
credible interval) overlapped zero.

For a sample of flocks feeding on algarrobos, the rate of fruit movement leading to seed
dispersal was estimated by recording the number of parrots that departed simultaneously
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in flight with pods in their beaks over the total number of parrots that formed each
flock [16,51,57]. Given the large size of several of the flocks, which often fed on several
nearby trees, the observations were coordinated between three observers, each of whom
focussed on different fractions of the flocks to better count parrots moving pods.

2.6. Seed Viability

Samples of unripe and ripe pods of each algarrobo species wasted by parrots were
collected and dried with a forced-air heater to simulate the drying conditions in the hot
austral summer in the Monte Desert. Once the pods were completely dry, they were
stored at room temperature until arrival at the laboratory, where the seeds from each pod
were extracted and counted. We determined whether each seed was colonised by bruchid
beetles by recording larvae, pupae, or the characteristic adult exit hole in the endocarp [69].
Non-parasitised seeds were tested for viability using the tetrazolium test [81]. After cutting
with a scalpel, seeds were incubated in a 1% solution of 2,3,5-triphenyl tetrazolium chloride
for 48 h. The tetrazolium reacted with respiring radicles to produce a red stain when the
seed was viable, while non-stained white radicles indicated non-viable seeds [81]. This test
was conducted to assess whether seeds from unripe pods wasted and dispersed by parrots
retained viability compared to seeds from ripe pods, rather than to precisely determine
germination potential and rate, which would require germination experiments [55].

2.7. Algarrobo Seeds Excreted by Livestock and Wild Mammals

In the area surveyed for parrot presence and abundance, we conducted a random
search for faeces of free-ranging livestock (cows and equids) and wild large-bodied mam-
mals that could act as potential dispersers of algarrobo seeds [41]. A random sample of
fresh faeces was shredded in situ to determine the presence of seeds. We opportunistically
recorded the presence of invertebrates dispersing seeds wasted by parrots as well as those
present in mammal faeces.

3. Results

3.1. Parrot Abundance and Foraging

During the surveys, we recorded 98 flocks of burrowing parrots totalling 1559 ob-
served individuals, which represented a relative abundance of 2.95 parrots per km surveyed.
Relative abundance reached 3.61 parrots/km when adding the estimated number of parrots
that were only heard. The estimated density obtained through distance sampling modelling
was 18.17 individuals/km2. All observations were recorded in the High Monte ecoregion
(Figure 1).

We located 40 flocks foraging on six plant species (Table 1). The flocks for which
we were able to determine the number of individuals were composed of 1 to 160 parrots
(mean ± SD = 25.2 ± 8.1, n = 27). Most foraging records corresponded not only to the
consumption of seeds and pulp of algarrobo pods and other legume species (Fabaceae)
but also to flowers of a hemiparasite mistletoe (Ligaria cuneifolia, Lorenthaceae) and fleshy
bark of branches of a columnar cactus (Trichonocereus atacamensis, Cactaceae) (Table 1).
All foraging observations confirmed food wasting of each type of plant part consumed,
including partially consumed and entire unripe and ripe fruits or their components (seeds
and pulp) as well as flowers and branch bark (Table 1).

3.2. Pod Handling and Consumption

Overall, we collected 363 algarrobo pods handled and partially or entirely con-
sumed, wasted, or dispersed by burrowing parrots (Figure 2A,B), corresponding to P. alba
(n = 113 unripe pods from four trees and n = 164 ripe pods from three trees) and P. nigra
(n = 33 unripe pods from nine trees and n = 53 ripe pods from nine trees); some of the
sampled unripe and ripe pods corresponded to the same trees. When feeding on unripe
pods, parrots focussed on the consumption of seeds (soft) in all cases while discarding other
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fruit parts of both species (Figure 2C,E). When feeding on ripe pods, they only consumed
the pulp but never the seeds (hard) or other parts in both species (Figure 2D,E).

Table 1. Abundance, food plant species, feeding behaviour, and seed dispersal of burrowing parrots in the Monte
Desert, Argentina.

Plant Part Consumed a Fruit Part Consumed c Seed Dispersal (Pod)

Family Plant Species n Flocks (%) n Parrots (%) Fruit (%) Flower (%) Other b (%) Seed (%) Pulp (%) Unripe (%) d Ripe (%) d Total (%) d

Fabaceae
Geoffroea spinosa 1 (3.7) 5 (0.7) 1(2.6) 1 (4.0) 1 (100) 1 (100)
Parkinsonia praecox 6 (22.2) 30 (4.4) 6 (15.8) 6 (24.0) 0 (0.0) 0 (0.0) 0 (0.0)
Prosopis alba 10 (37.0) 363 (53.4) 14 (36.8) 5 (20.0) 13 (52.0) 1 (20.0) 6 (46.2) 7 (38.9)
Prosopis nigra 7 (25.9) 173 (25.4) 16 (42.1) 14 (56.0) 11 (44.0) 6 (42.9) 3 (27.3) 9 (36.0)
Prosopis sp. 1 (3.7) 22 (3.2) 1 (2.6)
Loranthaceae
Ligaria cuneifolia 1 (3.7) 75 (11.0) 1 (100)
Cactaceae
Trichonocereus atacamensis 1 (3.7) 12 (1.8) 1 (100)
Total 27 680 38 1 1 25 25 7 10 17

a Refers to flocks, including those for which the number of parrots was not determined accurately. Flocks often fed on several nearby trees,
including Prosopis trees of both species. b Fleshy bark of branches. c Consumed seeds correspond to unripe legume pods, while pulp was
exploited from ripe pods. Both unripe and ripe pods were simultaneously available in several Prosopis trees. Therefore, a single flock
could be computed twice when parrots consumed both unripe and ripe pods. d Percentage calculated of the total number of foraging
observations on seeds (unripe pods) from P. alba (n = 5) and P. nigra (n = 14) and pulp (ripe pods) from P. alba (n = 13) and P. nigra (n = 11).

Figure 2. (A) Ripe and unripe pods of Prospis alba (A) and Prosopis nigra (B) accumulated beneath fruiting trees after feeding
bouts by burrowing parrots. Details of wasted and partially consumed unripe (C) and ripe (D) pods of P. alba and of P. nigra
(E). Pictures: G. Blanco.

Among the unripe pods handled, most were partially consumed, while a lesser
proportion was wasted entirely or partially consumed, and these figures differed between
algarrobo species (Fisher’s exact test, p < 0.0001; Figure 3A). Most ripe pods of both species
were also partially consumed, and their handling also differed between species (Fisher’s
exact test, p < 0.001; Figure 3B).

Given the differences in the handling and consumption of pods depending on ripening
state and species and due to species-specific differences in pod size-related availability
of food for parrots (seeds and pulp) and the number of seeds (see Study Species section),
we analysed partially and completely consumed or wasted entire pods separately for
each species. The mean number of seeds predated per pod (unripe pods), wasted inside
pods (unripe and ripe pods), or missing (ripe pods) are shown in Table 2 for each species.
Overall, parrots consumed a similar number of seeds (6–7) from unripe pods of both
species (Mann–Whitney U test, z = 1.93, p = 0.054, nalba = 76, nnigra = 145, Table 2). The
number of seeds remaining inside wasted pods after handling (pods partially or completely
consumed) was higher in P. alba (about 11–14) than P. nigra (about 4–8), both for unripe and
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ripe pods (z = 7.17, nalba = 76, nnigra = 145 and z = 4.60, nalba = 32, nnigra = 38, respectively,
both p < 0.0001, Table 2). The number of seeds missing from ripe pods (about 2) was much
lower than those remaining in them after handling by parrots (Table 2) but was similar
between species (z = 1.72, p = 0.08, nalba = 32, nnigra = 38, Table 2). Regardless of the fate of
seeds, their total numbers were similar between pods partially or completely consumed
and those wasted entirely in within-species comparisons (see Table 2).

Figure 3. Frequency of each type of handling and consumption of unripe (A) and ripe (B) pods of two algarrobo species
(Prosopis alba and Prosopis nigra) by burrowing parrots.

Table 2. Number (mean ± SD) and range (in parentheses) of seeds predated, wasted, and missing per pod according to
the ripening state and consumption (partial and total) and wasting (entire) of pods of two algarrobo species handled by
burrowing parrots. Missing seeds refer to hard seeds from ripe pods that did not remain inside the pod once discarded
by parrots (i.e., assumed to be wasted outside the pod or dispersed by epizoochory). Consumed pulp corresponds to the
number of seeds around which the pulp was consumed. np, ns indicate sample sizes for pods and seeds, respectively.

Pods Partially or Completely Consumed Pods Wasted Entirely

Predated Seeds Wasted Seeds Inside Pods Missing Seeds Total Consumed Pulp np, ns
Wasted
Seeds

np, ns

Unripe pods
Prosopis alba 7.3 ± 4.7

(1–22)
11.1 ± 7.7

(0–30) - 18.5 ± 5.6
(8–31) - 76, 1405 20.2 ± 7.1

(5–32) 37, 748

Prosopis nigra 5.9 ± 3.5
(1–15)

4.1 ± 3.4
(0–17) - 10.0 ± 3.4

(2–20) - 145, 1446 9.8 ± 4.5
(3–17) 19, 187

Ripe pods

Prosopis alba - 14.4 ± 5.6
(4–24)

1.7 ± 3.7
(0–15)

16.2 ± 4.3
(9–28)

8.7 ± 4.8
(1–19) 32, 517 10 1, 10

Prosopis nigra - 8.2 ± 4.1
(1–16)

2.2 ± 2.8
(0–9)

10.3 ± 3.3
(4–16)

4.4 ± 3.0
(1–14) 38, 393 11.1 ± 4.8

(3–18) 15, 167

Considering pods partially or completely consumed, the exploitation of seeds reached
an average of 43.7% (SD = 28.5%, range = 3.2–100%) of the available ones in each unripe
P. alba pod (n = 558 seeds from 76 pods) and 60.1% (SD = 28.28%, range = 5.6–100%) in
P. nigra (n = 856 seeds from 145 pods). Regarding ripe pods, parrots consumed 54.5%
(SD = 28.6%, range = 5.3–100%) of the available pulp in P. alba pods (n = 277 seeds from
32 pods) and 44.4% (SD = 26.6%, range = 6.3–100%) in P. nigra pods (n = 169 seeds from
38 pods).

3.3. Rate and Distance of Seed Dispersal

In addition to seed dispersal beneath food plants due to food wasting (Figure 2A–C
and Figure 4A), we recorded primary pod dispersal by stomatochory at a distance from
the mother plant for both algarrobo species (Figure 4B,C) and for spherical fruits with a
single seed each in the case of Geoffroea spinosa (Fabaceae) (Table 1). A proportion of the
flocks feeding on algarrobos moved pods away, thus dispersing soft and hard seeds of both
species (Table 1).
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Figure 4. Burrowing parrots feeding on ripe pods of Prospis nigra (A)and dispersing ripe pods of Prospis alba (B) and ripe
pods of Prosopis nigra (C). Yellow arrows indicate pods transported in the beak (stomatochory), and red arrows indicate
seeds dispersed adhered to throat feathers (epizoochory). Pictures: J.L. Tella.

The proportion of parrots departing with pods or without pods in their beaks was
estimated for 20 flocks composed of 36.1 ± 44.5 parrots (range = 2–160) feeding on P. alba
(n = 12 trees or groups of trees), P. nigra (n = 11), and G. spinosa (n = 1); note that some
particular flocks were feeding on nearby algarrobo trees of both species. In about half of
these flocks (55.0%, n = 20), at least one parrot departed with pods in its beak. The mean
proportion of dispersing parrot flocks moving pods was 13.1% (SD = 6.2%, range = 6.7–23.1)
for P. alba (n = 7 flocks), 33.9% (SD = 44.8%, range = 4.5–100) for P. nigra (n = 4 flocks), and
20.0% for G. spinosa (n = 1 flock of five parrots). In the remaining flocks, parrots departed
without fruits in their beaks.

Minimum dispersal distances did not differ between P. alba (54.8 ± 93.8 m, median = 16,
range = 10–530, n = 65) and P. nigra (54.0 ± 62.6 m, median = 30, range = 3–180, n = 71)
(Mann–Whitney U test, z = 1.38, p = 0.17). Exact dispersal distances also did not differ be-
tween P. alba (73.4 ± 28.4 m, median = 76, range = 23–160, n = 15) and P. nigra (79.2 ± 66.4 m,
median = 92, range = 5–150, n = 6) (z = 0.03, p = 0.97) (Figure 5A). Estimated dispersal
distances did not differ between the two algarrobo species (posterior mean: 0.26, 95%
credible interval: −0.10–0.68), although they were larger for P. nigra (417.8 m, 95% credible
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interval: 187.50–972.75) compared to P. alba (237.7 m, 95% credible interval: 138.0–485.3)
(Figure 5B). The single dispersal distance recorded for G. spinosa was 93 m.

Figure 5. Dispersal distances (in m) for algarrobo pods dispersed by burrowing parrots. (A) Minimum (grey bars) and exact
(black bars) distances recorded for each species shown in intervals of 20 m. Intervals without data are absent from the graph.
(B) Estimates of the mean dispersal distance for P. alba and P. nigra, obtained from the MCMCglmm function. The highest
posterior density (HPD) interval at 95% fixed probability is shown for both species.

During foraging observations on the ripe pods of both algarrobo species, we ascer-
tained the presence of seeds adhering to the beak and the face and throat feathers of
parrots. After examining pictures of flying individuals dispersing pods by stomatochory,
we confirmed seed dispersal by epizoochory as a consequence of feeding on the sticky pulp
of ripe pods (Figure 4C). However, we were unable to estimate the frequency of this type
of dispersal or the number of seeds dispersed.

3.4. Viability of Seeds Wasted and Dispersed by Parrots

Most seeds from unripe and ripe wasted and dispersed pods of both algarrobo species
were predated by bruchid beetles (Table 3). Among non-parasitised seeds, about half were
viable and the other half unviable according to the tetrazolium test (Table 3). There was
no significant difference in the proportion of viable seeds between unripe and ripe pods
of each species wasted by parrots (generalised linear model, binomial error distribution,
logit link function; algarrobo species, χ2 = 0.36, p = 0.55; ripening state, χ2 = 0.08, p = 0.78;
interaction, χ2 = 0.30, p = 0.58, Table 3).
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Table 3. Frequency (mean% ± SD) of algarrobo seeds predated by bruchid beetles per pod handled
by burrowing parrots, depending on their ripening state. Non-parasitised seeds were tested for
viability using the tetrazolium test.

Seeds

Species Sample Size Parasitised Non-Parasitised

Pod State Pods/Seeds Unviable Viable

Prosopis alba
Unripe 20/320 92.8 ± 7.3 4.2 ± 4.1 3.0 ± 5.0
Ripe 31/603 89.1 ± 8.9 6.4 ± 7.3 4.5 ± 4.6
Prosopis nigra
Unripe 5/53 78.7 ± 20.3 12.4 ± 15.7 8.9 ± 8.3
Ripe 8/82 86.5 ± 10.0 6.2 ± 5.2 7.2 ± 6.4

3.5. Seeds in Mammal Faeces and Secondary Dispersal

A small proportion of livestock faeces contained algarrobo seeds, including faeces
from cattle (Bos taurus; 2.4%, n = 85) and equids (Equus spp; 5.0%, n = 101). Among wild
animals, we found no seeds in the faeces of the guanaco (Lama guanicoe; 0.0%, n = 86),
while half of the small number of faeces of the South American grey fox (Lycalopex griseus)
contained seeds (50.0%, n = 6).

Seeds from algarrobo pods wasted by parrots were observed being secondarily dis-
persed by columns of unidentified ants, which we did not quantify. Moreover, ants were
observed dispersing algarrobo seeds from equid faeces (n = 1 of 5 faeces with seeds, 20.0%),
while coprophagus beetles (Scarabaeidae) were observed dispersing seeds within dung
balls from cattle (n = 1 of 2 faeces with seeds, 50.0%) and fox faeces (n = 1 of 3 faeces with
seeds, 33.3%).

4. Discussion

Understanding the structure and functioning of increasingly human-altered drylands
requires detailed knowledge about plant–animal interactions. Special attention has been
given to the nature and strength of the interactions involving keystone and unique species
in food and mutualistic webs before they become extinct or functionally threatened [9].
Here, we highlight the unrecognised role played by a bird species, the burrowing parrot,
as the main disperser of the dominant trees of the Monte Desert. Our results show a
very high abundance of burrowing parrots in the northern Monte Desert compared to
other Neotropical parrot species [13,57,78]. In fact, the relative abundance and density of
burrowing parrots in the Monte Desert are higher than those of the same species in other
ecoregions [82] and are among the five highest obtained from 575 abundance surveys of
137 parrot species across the world [79]. No other large- or medium-sized frugivorous
birds with the potential to act as seed dispersers were recorded during these surveys. In
fact, the Monte Desert is poor in this type of species [83], and only the greater rhea has been
suggested as a disperser of legume seeds [34,35]. Other bird species exploiting legume pods
have been assumed to be exclusive pre-dispersal seed predators, including the burrowing
parrot, the other parrot species partially inhabiting this biome at southern latitudes (i.e.,
the monk parakeet Myiopssita monachus), and some passerine birds [28,69]. Contrary to
previous assertions not supported by sound, specific research on bird–legume interactions,
we found evidence that burrowing parrots were frequent primary, long-distance dispersers
of algarrobo seeds.

Burrowing parrots only predated on soft seeds from unripe pods, while they exclu-
sively fed upon the pulp wrapping hard seeds from ripe pods of both algarrobo species.
This food selectivity depending on the fruit ripening state and seed hardening has been
cited for other parrot–legume interactions [13,84–86] and could be related to the nutrients
provided in each case [87,88]. Unripe pods provide soft seeds rich in proteins and water,
while ripe pods provide abundant sweet pulp rich in carbohydrates [67,68]. In addition
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to these changes in nutritional composition, dry and hard seeds may be less attractive to
parrots when abundant pulp is available in ripe pods. Alternatively, burrowing parrots
can have difficulties cracking or digesting these hard seeds, even though the strong beaks
of parrots enhance the consumption of very hard items [16,49]. The wide phenological
range of algarrobo fruiting allows parrots to exploit these nutrients in different or the same
trees in each feeding bout. These resources can be selected or exploited depending on the
abundance in each tree, spatial area, or period and based on the contrasting physiologi-
cal needs of individuals for reproduction (nestling provisioning) or maintenance [87,88].
Whatever the case, our results indicate a close dependence of burrowing parrots on fruits
of the dominant trees of the northern Monte Desert. Other plant species were exploited
much less frequently due to their lower abundance and biomass and likely due to different
phenological stages and resources provided, a determination that requires assessment
through year-round studies.

The typical wasteful feeding of parrots implies that most handled unripe and ripe pods
were partially consumed or discarded entirely. This behaviour has been documented for all
parrot species examined and for those feeding on legumes of many species [50]. Wasting
implies that burrowing parrots discarded beneath the mother plant or at a distance after
dispersal all hard seeds from the ripe pods handled and partially exploited for pulp as well
as a proportion of soft seeds from unripe pods. The relatively large size of pods including
many seeds (ripe and unripe pods) and abundant pulp (ripe pods) could also contribute
to their partial consumption and wasting. This is supported by the similar quantity of
food extracted from pods of both species, despite their different size and number of seeds.
Moreover, wasting entails a higher number of soft and hard seeds remaining inside after
handling the larger P. alba pods as compared to P. nigra pods. Thus, each partially consumed
pod wasted beneath the tree or moved away implies the dispersal of about half of the seeds
available for parrots, with average ranges between 4 and 14 seeds per pod depending
on species and ripening state and a maximum of up to 30 seeds per pod. These figures
were slightly higher for pods wasted entirely. Therefore, the wasting beneath the plant
or transport of pods at a distance invariably implies the dispersal of multiple seeds in
each event.

Stomatochory has been previously documented for many parrot–plant
interactions [14,16,20,36,49,51], including P. alba, P. kuntzei, and other legumes moved
by four parrot species at minimal distances of up to 400 m in the Bolivian inter-Andean
dry forest [13]. The much-longer-than-wider shape of legume pods allows parrots to move
these large, multi-seeded fruits in flight, thus relaxing the physical limitations imposed
by spherical fruits for transport in the beak, depending on parrot species-specific size [49].
We estimated that in about half of the flocks, at least one parrot departed in flight from
the fruiting trees with pods in its beak, with 10–34% of the flock individuals moving pods.
These figures were similar or higher than those previously estimated in other parrot–plant
interactions (ranging from 4.8 to 29.6%) [51,57], except for the highest seed dispersal rate of
bush-layer Attalea palms [16]. The exact dispersal distances recorded ranged from 5 to 160
m, while the mean dispersal distances estimated when controlling for the right-censored
distribution of our data estimated 238 m for P. alba and 418 m for P. nigra. These distances
were well above 100 m, a distance threshold often used to define long-distance seed disper-
sal (see [19] and references there). Therefore, similarly to other parrot species [14,16,49],
burrowing parrots may act as short- and long-distance seed vectors by stomatochory. In
addition, we found that two hard seeds were missing, on average, from ripe pods of both
algarrobo species after handling by parrots. This suggests that a small number of hard
seeds were wasted outside pods or were primarily dispersed by epizoochory documented
for the first time in this species. This dispersal mechanism has been little explored in par-
rots, but a recent review has shown that it is more widespread than previously thought [56].
Through epizoochory, parrots could presumably disperse seeds at a much longer distance
than by stomatochory, as burrowing parrots often conduct non-stop flights of tens of
kilometres [76]. Both long-distance dispersal mechanisms by parrots can contribute to
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explaining the phylogeography and population genetics of the genus Prosopis in South
America, which was previously hypothesised to be due to bird seed dispersal, although the
avian disperser species were unknown [31]. In fact, many parrot species disperse legumes
in other Neotropical dry biomes [13,36,50]. In support of this hypothesis, the radiation
centre and distribution range of the section Algarobia [31,89] largely overlap with that of
the nomadic and partially migratory burrowing parrot [72], coinciding in time with the
spreading of arid areas in the Americas after the Andean uplift [72,89–91]. Further research
is warranted, including the assessment of epizoochory and potential endozoochory, to
determine the dispersal role of burrowing parrots in the phylogeography and population
genetics of their food plants.

As in other studies [41,69], a high proportion of algarrobo seeds was predated by
bruchid beetles. Among non-predated seeds, no significant difference was found in the
proportion of viable seeds from unripe and ripe pods after being handled by parrots.
The transport of unripe pods could thus contribute to the dispersal of viable seeds. This
agrees with previous studies showing that seeds from the unripe fruits of several plant
species may retain viability and germinate after external dispersal [45,48]. This mecha-
nism may add spatiotemporal heterogeneity to the process of seed dispersal as a potential
complementary plant adaptation to increase the likelihood of seedling establishment,
depending on the feeding behaviour and food selectivity of dispersers. In fact, the preda-
tion of a proportion of soft seeds from unripe pods was invariably accompanied by the
wasting or dispersal of a similar number of seeds. In agreement with other parrot–plant
interactions, multiple-seeded algarrobo pods associated with burrowing parrot stoma-
tochory could be an adaptive interaction with eco-evolutionary consequences for both
partners [13,16,37,51,57]. Specifically, large pods providing different food resources may
satiate parrots predating soft seeds, thus also promoting their role as dispersers [51,57].
In this form, plants can ensure the movement of a proportion of viable seeds regardless
of fruit maturation state [48]. Determining whether this dual parrot–legume interaction
evolved in the context of antagonism–mutualism continuums [16,37] and whether it has
implications in the evolution of fruit traits would require future studies. Further research
is also needed to determine whether seed hardening and desiccation outside the mother
plant may influence the dormancy and germinability of soft seeds.

Besides acting as frequent primary dispersers of algarrobo seeds, burrowing parrots
wasting pods provided food for secondary dispersers like wild and domestic vertebrates
and invertebrates (mainly ants). Even when livestock and wild ungulates can feed on
accessible fruits directly from trees, our snapshot sampling of faeces suggests a low fre-
quency of seed dispersal by livestock and guanacos but a higher frequency in a very small
sample of grey fox scats. When algarrobo woods consist mainly of an arboreal layer, these
dispersers could be limited to the consumption of pods fallen passively when ripe at the
very end of the fruiting period. Therefore, wasteful feeding of parrots may increase the
food availability for secondary seed dispersers, thus also widening the dispersal period and
the range of potential dispersers [49,50]. Seed scarification and physical dormancy-breaks
due to consumer gut passage can enhance germination speed after excretion in controlled
but artificial greenhouse conditions. However, rather than being an adaptive advantage,
seed excretion within large faeces (especially from large livestock) can be an ecological trap
wherein seeds can be “forced” to quick germination, rarely developing to viable seedling
establishment [29,40,92,93]. This can be enhanced by dormancy breaking coupled with
faecal moisture favouring immediate germination at unsuitable times (e.g., before the rainy
season) and conditions including high seed density, increasing seedling competition, nitro-
gen concentration, pathogen loads, and predator attraction, thus overall constituting an
unfavourable microhabitat for seedling establishment [29,93]. The higher and long-lasting
moisture from large faeces of livestock, especially cattle, as compared to the much smaller
and drier faeces of native vertebrates, could drive differences in germinability and seedling
establishment [41,92,93]. These factors could also exert an influence on the action of sec-
ondary dispersers like scatter-hoarding rodents and ants [29,94] and dung beetles recorded
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dispersing seeds from livestock and fox faeces during our limited snapshot sampling.
On the contrary, the external dispersal by parrots does not imply any direct influence on
seed physical dormancy besides a potential de-inhibition effect [95] by defleshing a small
proportion of hard seeds. Seeds wasted by parrots are frequently deposited where they
could be secondarily dispersed, while seeds moved away can be dispersed at microhabitats
and seed banks where the scarification and subsequent germination takes place under
natural environmental conditions [96].

5. Conclusions

The high abundance of the burrowing parrot in the Monte Desert suggests that a high
number of multiple-seeded ripe and unripe pods are moved daily during their respec-
tive periods of availability. The high dispersal rates recorded associated with the typical
daily routines of foraging flocks from breeding colonies and communal roosts can clearly
contribute to this function. These routines consist of 1–4 daily flights of more than 60 km
with multiple foraging stops across their roundtrip flights between the breeding colony
and foraging areas and nomadic and partially migratory movements over extended home
ranges of thousands of square kilometres [73,76,77]. Wasting and dispersal events occurred
in most foraging bouts, both beneath and away from each mother plant. Therefore, the
overall strength of seed dispersal can be amplified through successive foraging events
across different extensive areas exploited daily, seasonally, and inter-annually [73,76,77].
This additive-like process, encompassing multiple seed dispersal events daily by a pro-
portion of individuals, can represent the movement of huge amounts of seeds across large
areas exploited sequentially. Further research is needed to quantify the number of seeds
and accumulated dispersal distances attributed to the burrowing parrot and to evaluate its
role as a functionally unique species (sensu [9]) in the structure and functioning of algarrobo
woods in the Monte Desert.
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Abstract: Parrots (Psittaciformes) are a well-studied, diverse group of birds distributed mainly in
tropical and subtropical regions. Today, one-third of their species face extinction, mainly due to
anthropogenic threats. Emerging tools in genetics have made major contributions to understanding
basic and applied aspects of parrot biology in the wild and in captivity. In this review, we show
how genetic methods have transformed the study of parrots by summarising important milestones
in the advances of genetics and their implementations in research on parrots. We describe how
genetics helped to further knowledge in specific research fields with a wide array of examples
from the literature that address the conservation significance of (1) deeper phylogeny and historical
biogeography; (2) species- and genus-level systematics and taxonomy; (3) conservation genetics and
genomics; (4) behavioural ecology; (5) molecular ecology and landscape genetics; and (6) museomics
and historical DNA. Finally, we highlight knowledge gaps to inform future genomic research on
parrots. Our review shows that the application of genetic techniques to the study of parrot biology has
far-reaching implications for addressing diverse research aims in a highly threatened and charismatic
clade of birds.

Keywords: Psittaciformes; conservation genetics; ecology; evolution; genomics; museomics

1. Introduction

The order of parrots (Psittaciformes) contains a diverse group of species distributed
mainly in tropical and subtropical regions [1,2]. Around one third of the nearly 400 parrot
species are threatened, and they are declining faster than other comparable groups of birds,
making them one of the bird orders of greatest concern [3]. The most important threats
affecting parrots are anthropogenic and include agricultural expansion, the wildlife trade,
logging, climate change, and invasive alien species [3,4]. However, the relative importance
of these threats differs geographically. In the Neotropics, agriculture is the greatest threat
followed by the illegal pet trade and logging [5]. In the Afrotropics, the illicit wildlife trade
has the biggest impact followed by agriculture and logging [3,6,7], and in the regions of
Oceania and Indomalaya, logging and invasive species are the most critical threats to the
survival of the endemic parrot species [8]. Some species have been introduced to regions
outside their natural ranges, including cities worldwide [9], where they may be perceived
as pests [10].

The discipline of genetics (using it in this review for all methods that include molecular
analysis of DNA) has made a major contribution to understanding the natural world. With
the advancement of new DNA sequencing technologies in the past two decades, genetic
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research has been revolutionised and now has a wide range of applications to the field
of biology and beyond. Genetics has contributed to the study of parrots in the wild and
in captivity by helping to construct precise phylogenies [11,12], tracking the history of
their early diversification [13], contributing important information at the population and
individual levels to help conservation efforts [14–16], and revealing insights into their
ecology and health [17,18]. Molecular genetic approaches have even been also used to
further our understanding of long extinct parrot species [19–21]. Here, we review what
has been learned through the use of different genetic methods applied to parrot studies
in past decades and in the current era of genomics. The aim of this review is to provide
a comprehensive overview of this field and highlight knowledge gaps to inform future
genomic research on parrots.

2. Short History of Advances in Genetic Studies of Parrots

The word “genetic” was used for the first time in 1819 by Hungarian nobleman Imre
Festetics who formulated a number of rules of heredity [22], laying the groundwork for
the discovery of Mendelian genetics in the mid-19th century [23]. However, the molecular
background of these ground-breaking theories was unknown until the determination of
the structure of the DNA molecule in 1953 [24], leading to deciphering of the genetic code
and the central tenets of molecular biology [25]. The invention of the polymerase chain
reaction (PCR; see Glossary) in 1983 enabled the amplification of DNA and revolutionised
genetic research. Even though many bird studies made use of DNA fingerprinting from
the late 1980s, molecular studies of wild parrots started more slowly.

The first scientific publications on parrot genetics used karyotypes and allozymes
to study the chromosomal and protein evolution of parrots at the taxonomic levels of
species, family, and order [26–29]. These were followed by molecular sexing with gel elec-
trophoresis [30]. Then came the advent of mitochondrial DNA (mtDNA) analysis initially
studied by enrichment and cloning, and later by sequencing of individual mitochondrial
and nuclear genes (Sanger sequencing) eased by PCR technology. The initial research focus
on parrots with these methods was on phylogeny and systematics [12,31,32] and then work
increased on species-level taxonomy and phylogeographic scales [33–36].

Studies of detailed population structure and individual-based behaviour in wild
populations of parrots began with the advent of DNA fingerprinting by minisatellites.
Minisatellites (complex tandem repeat regions of DNA) were used, for instance, on the
Burrowing Parrot Cyanoliseus patagonus [17], some macaw species [37–39], and in the Palm
Cockatoo Probosciger aterrimus [40]. Later, the discovery of microsatellite genetic mark-
ers (simple sequence repeat) transformed the application of genetics to many biological
research projects including parrot studies. The length of these markers can be measured
precisely by capillary electrophoresis, providing a great advantage over the original fin-
gerprinting methods of minisatellites visualised by gel electrophoresis. Various studies
have identified and published species-specific microsatellites for parrots [41–47]. This
advance resulted in important tools for a wide variety of genetic research via cross-species
amplification to other parrot species. Microsatellites were mainly used for fine-scale studies
of individuals including family relationships. For example, Klauke et al. [48,49] used these
markers to report a cooperative breeding system, not widely known in parrots (e.g., [50]),
and estimated fine-scale population structure in the recently discovered El Oro Parakeet
Pyrrhura orcesi.

Early, or first-generation, sequencing technologies (e.g., Sanger sequencing) made it
possible to read the genetic code of specific DNA sequences. Later, molecular genetic tech-
nology advanced and phased into the second- or next-generation sequencing (NGS) or ge-
nomics era. The massively parallel high-throughput feature (i.e., sequencing multiple frag-
ments and individuals at once) of these new sequencing platforms pushed down the price
of sequencing and sped up the process of whole genome sequencing. The first complete mi-
tochondrial genome (mitogenome) of a parrot was published in 2004 for the Kākāpō Strigops
habroptila [51], followed by many more (e.g., [52,53]). The first draft of a full parrot genome,
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the Budgerigar Melopsittacus undulatus, was uploaded to the National Center for Biotechnol-
ogy Information (NCBI) database in 2011 (www.ncbi.nlm.nih.gov/genome/10765; accessed
on 16 October 2021). This was followed by the Puerto Rican Amazon Amazona vittata in
2012 [54], and the Scarlet Macaw Ara macao in 2013 [55]. Whole genome sequencing
aided the discovery of new microsatellite markers, for example the Orange-bellied Parrot
Neophema chrysogaster [56] and the Scarlet Macaw [44]. At the time of this publication, there
are whole genomes available from second-generation technologies for 36 parrot species
and complete mitochondrial genomes for 69 parrot species in the NCBI genome database
(www.ncbi.nlm.nih.gov/genome; accessed on 19 July 2021). This is approximately 10% and
20% of parrot species for nuclear and mitochondrial genomes, respectively. Currently, the
best available parrot genomes assembled at the chromosome level belong to the Budgerigar
(61x coverage, scaffold N50 size of 104 Mb, annotated with 16,458 protein-coding genes;
GenBank assembly accession: GCA_012275295.1), Kākāpō (76x, scaffold N50 = 83 Mb,
16,053 protein-coding genes; GCF_004027225.2), Blue-fronted Amazon Amazona aestiva (60x,
scaffold N50 = 89 Mb; GCA_017639355.1), and Monk Parakeet Myiopsitta monachus (67x,
scaffold N50 = 76 Mb; GCA_017639245.1). However, international consortia of scientists
continue to sequence the genomes of many more species. The Genome 10K project aims
to sequence the genomes of representatives from all genera of vertebrates [57]. The B10K
project [58,59] and OpenWings Project (openwings.org) aim to sequence all extant bird
species and understand their evolutionary histories and relationships.

NGS opened new research pathways to genome-wide association studies aimed at
understanding the underlying genetic variants determining traits [60]. Microsatellite,
mitochondrial, and multi-locus studies have transitioned into analyses of many more
(sometimes thousands) polymorphic sites of single nucleotide polymorphisms (SNPs),
which are found throughout the coding- and non-coding parts of the genome, giving
them a further advantage over microsatellites. SNPs can be generated in several ways. In
restriction-site-associated DNA sequencing (RAD-seq), one or two restriction enzymes cut
the genome at enzyme-specific restriction sites, and these fragments are then barcoded,
filtered, and sequenced [61,62]. In sequence capture methods, oligonucleotide probes
(baits) are designed to hybridise with specific regions of interest. These are then captured,
barcoded, and enriched before sequencing [63]. For this technique, the sequences of interest
need to be known (e.g., from a complete genome of the same or related species), or the
baits can be generated by other techniques such as double-digest RAD-seq [64]. The
sequencer generated data can then be analysed in different bioinformatic pipelines [65].
This more comprehensive sampling of the genome has enabled more detailed examination
of signatures of selection and local adaptation on the genome [66]. Sequencing RNA shows
which genes are being expressed (transcriptomics) and can have an important role in
reintroductions by predicting the potential for local adaptation and tolerance capacity in
the source population [67].

In the past decade, further advancements in genome sequencing technology have
pushed the boundaries of data collection. For example, nanopore technology has enabled
portable sequencers as small as a USB drive [68,69]. Of great help to parrot biologists inter-
ested in conducting genetic research in the field, these sequencers were shown to work even
in harsh environments [70]. Parrots are notoriously hard to capture in the wild, so making
use of non-invasive sampling methods (e.g., feathers, eggshells, faeces, or even residual
saliva) with the new technologies will provide further advances [71–73]. Metagenomic and
metabarcoding applications, where all DNA materials are extracted from environmental
samples, allow bioinformatic pipelines to be used to find and match sequenced DNA
of species with reference to online databases (e.g., NCBI GenBank, European Variation
Archive). This way, the presence or absence of species can be detected in the environment,
and abundance estimates might be derived in some cases [74,75], although this technique
needs further development. One of the major limitations of current parrot genomes is that
they were produced with short-read sequencing. These short-reads make genome assembly
more challenging by causing genomes to be more fragmented (with smaller scaffold sizes)
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and incomplete, and limit the accuracy of some downstream uses of genomic data (e.g.,
studying structural variants). The advent of long-read or third-generation sequencing
technologies can produce reads greater than 10 Kb in length, which allow for the assembly
of chromosomal-level genomes [76]. These advances still present challenges including
high-cost, specialised bioinformatic expertise, and access to high-quality genetic samples
(i.e., DNA samples with high molecular weight), but these limitations are likely to be
overcome in the near future.

3. Research Fields

3.1. Deeper Phylogeny and Historical Biogeography

An obvious contribution of genetics to parrot research is the construction of an accurate
molecular phylogeny of the group. The first compendium of DNA-based molecular
systematics for all birds was published in 1990 and was based on DNA–DNA hybridization
of the whole genome [77]. Early sequencing studies used only a handful of genes mainly
from mtDNA to study the phylogenetic relationship among some species [78]. Later
studies included DNA sequences of both mitochondrial and nuclear origin to gain better
resolution within certain taxa, like the genera Amazona [79], Forpus [36], or the broad-tailed
(platycercine) parrots [80–82] and cockatoos (Cacatuidae) [83]. Using more genes and
eventually whole genome resequencing [84], phylogenomics helped to resolve previously
conflicting relationships on the phylogenetic tree. A surprising higher level result showed
that parrots are the sister group of passerines (Passeriformes) and that falcons (Falconidae)
are the sister group of both [85]. This was later robustly confirmed by other studies [86–88].
One of the most complete recent phylogenies for parrots was published in 2018 using a
30-gene supermatrix (12 mitochondrial and 18 nuclear genes) and included 307 species [11].
This study highlighted that phylogeographic or population genetic studies were only
available for about a third of the extant parrot species [11].

Phylogenetic data indicate that parrots originated from the southern supercontinent
Gondwana [32,89–91], while the fossil record has been interpreted to indicate a northern
origin [92]. Similarly, the time of the origin of parrots is under debate, where molecular dat-
ing is used in addition to the fossil record and biogeographic distributions [93]. Cretaceous
origin, before the Cretaceous-Paleogene extinction event 66 million years ago (Mya), was
proposed by an early study based on multilocus phylogeny and a splitting of New Zealand
from Gondwana calibration [12]. Other studies based on three nuclear genes coupled with
divergence dates from non-parrot bird fossil evidence also suggested dispersal from Aus-
tralasia and Antarctica, but later in the Paleogene (66–23 Mya) period [13]; initial vicariance
events (i.e., continental breakups) were followed by local radiations and crown group
diversification around 58 Mya [94]. Taking into consideration the split between falcons and
parrots/passerines (57–62 Mya), and between parrots and passerines (51.8–66.5 Mya), we
note that current data suggest that parrot crown-group diversification probably happened
in the early Oligocene, around 28–34 Mya [95].

There is consensus that the Strigopoidea superfamily (containing the New Zealand
Kākā Nestor meridionalis, Kea Nestor notabilis, and Kākāpō) is sister to all other parrots, i.e.,
the clade containing Psittacoidea and Cacatuoidea [96]. Rheindt et al. [97] argued that
within Strigopoidea the Strigops and Nestor lineages diverged probably ca. 28–29 Mya.
This would have coincided with the potential Oligocene submergence of Zealandia when
much of its landmass may have been fragmented into smaller islands, providing a set-
ting for allopatric diversification [98]. Since their origination in the Neotropics, the Arini
tribe diversified by early adaptive radiation, the rate of which has remained constant [99].
Constant diversification was also shown at a shallower phylogenetic scale in the Neotrop-
ical parrotlet genus Forpus over the past 5 Myr [36] but the pattern was dependent on
how species were delimited. Also in the Neotropics, most of the speciation events in the
genus Aratinga (sensu lato) occurred during the Pliocene (5.3–2.5 Mya) and Pleistocene
(2.5–0.01 Mya), possibly related to climatic oscillations [100]. In what now comprises the
genera Pionopsitta and Pyrilia, however, diversification was attributed more to geotectonic
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events and river dynamics between 8.7 and 0.6 Mya than to glacial cycles [101,102]. A
study on Pionus spp. (a genus occurring both in the Andes and the lowland Amazonian
rainforest) showed that the elevation of mountains explained their disjunct diversification,
while subsequent speciation within the mountains was linked to climatic oscillations and
their effects on habitat change [103]. This was also confirmed with the other parrot species,
implying a dynamic climatic history for South American biomes since the Pliocene [104].
With the increased availability of genetic datasets of parrots and other taxa with which they
co-occur, it will be possible to directly test these proposed speciation hypotheses. Without
genetics, it would have been impossible to reconstruct the historical biogeography of par-
rots. However, there are still many questions left about the exact routes and time of their
early diversification, and the incongruency regarding the fossil record. With expanding
detailed genomic data of parrot species, these questions might be better answered soon.

3.2. Species- and Genus-Level Systematics and Taxonomy

The species is the widely accepted default unit used for evaluating conservation status
(e.g., in the IUCN Red List), hence defining species and resolving taxonomic uncertainties
by genetic techniques is important for conservation [105]. Active speciation of parrots
on islands is most readily evident in Australasia, as shown by the Eclectus roratus and
Trichoglossus haematodus complexes [106]. In such cases of dynamic evolution, wider
sampling and genetic data of finer resolution are often needed to resolve phylogenetic
relationships [107]. The extinction of island-endemic parrot species and replacement
by invasive alien species led to loss of phylogenetic diversity, but understanding these
frameworks can aid conservation strategies to restore island ecosystem function [108].

In some parrots, the traditional taxonomy based on plumage might need some revi-
sion, as shown with a genetic study on amazon parrots in the Neotropics [109]. Cryptic

species of parrots were suggested by genetic studies for various taxa, including the mealy
amazons Amazona spp. (A. farinosa, A. guatemalae) in the Neotropics [110] and the ground
parrots Pezoporus spp. (P. wallicus, P. flaviventris) in Australia [111]. The need to recognize
subspecies within the Mulga Parrot Psephotellus varius, generally considered monotypic,
was also evident from phylogeographic structure either side of a well-known biogeographic
barrier in southern Australia in their mitogenomic diversity and genome-wide nuclear
markers [112]. Notably in contrast, recognition of Amazona gomezgarzai by Silva et al. [113]
has been roundly debunked by Escalante et al. [114].

Defining management units (MUs) within species also holds important merits for
conservation [115], however a refinement to the original definition, which was framed in
terms of allele frequency differentiation, would be to define MUs with reference to the
management issue in question, such as identifying demographically independent units
for population monitoring, or genetically differentiated units for mixed-source introduc-
tions. For example, a genetic study revealed cryptic diversity within the Bahama Amazon
Amazona leucocephala bahamensis between populations living on two remote islands [116].
A study on the Blue-fronted Amazon suggested treating its two subspecies as separate
MUs [33], and a recent study argued for MU consideration for the Atlantic Forest popu-
lation of the Southern Mealy Amazon Amazona farinosa farinosa [117]. Similarly, another
study on Military Macaws Ara militaris in Mexico proposed two MUs in the country based
on genetic data [118]. In Africa, a study warned that a population of Grey Parrot Psittacus
erithacus living on Príncipe Island, São Tome and Príncipe, should be treated as an indepen-
dent MU from the continental African populations, given their evolutionary dynamics and
heavy local poaching pressure [119]. The Cape Parrot Poicephalus robustus was previously
considered to comprise three subspecies until a study using multilocus DNA analyses
concluded that P. r. robustus diverged from P. r. suahelicus and P. r. fuscicollis around
2.4 Mya [120]. Accordingly, it is now usually treated as a monotypic species P. robustus and
has been uplisted to Vulnerable by the IUCN Red List, while the other two subspecies now
form the Brown-necked Parrot P. fuscicollis complex of Least Concern (e.g., [121–123]).
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Evolutionarily significant units (ESUs) are independently evolving units of genetic
variation [115]. These units were proposed for the two subspecies of the Orange-fronted
Parakeet Eupsittula canicularis in Mexico [124]. A comprehensive genetic analysis (us-
ing genome-wide SNPs and mitochondrial data) of the Red-tailed Black-Cockatoo Calyp-
torhynchus banksii identified five ESUs over their large distribution, and advised taxonomic
reassessments including recognition of a new subspecies [125]. Distinctions between ESUs
and MUs were made during a genetic assessment of Major Mitchell’s Cockatoo Lophochroa
leadbeateri [126]. An analysis employing mtDNA and microsatellite data failed to detect
genetic evidence for the two subspecies of Kākā in New Zealand, instead it is hypothesised
that phenotypic diversity was due to an adaptive latitudinal size cline consistent with
Bergmann’s rule [127], an important consideration for possible translocation attempts. In
contrast, another study using similar genetic evidence argued that the current genetic
clusters of Kea should not be considered as independent conservation units because the
structure evolved through very recent postglacial recolonisation processes [128]. In these
and similar cases, appropriate taxonomic rank is debatable, but conservation and manage-
ment units can be assigned where appropriate. Again, as shown with the example studies,
these units of conservation can only be revealed with the help of genetic studies, which
also have an ever-growing role in defining taxonomic units.

3.3. Conservation Genetics and Genomics

Conservation genetics is an interdisciplinary science dealing with the genetic factors
affecting extinction risk of species and how to minimise these risks [129]. It is transitioning
into using genomic techniques [66]. In the previous section, we discussed the importance
of phylogeny to conservation. Here, we provide an overview of other major areas where
the transition to genomics has contributed to the conservation of parrots.

Preventing the loss of genetic diversity is an essential aim of any conservation project.
Genetic monitoring can provide important tools to quantify this diversity before, during,
or after management efforts on threatened parrot species or populations [130,131]. In
small remaining populations of species, diversity can be lost due to genetic drift, which
can override natural selection [132]. Intensive management restored the Echo Parakeet
Psittacula echo population from 20 remaining individuals in 1987. Genetic research showed
that re-distribution of genetic material among its populations has reduced the likelihood
of losing private alleles that could otherwise be lost due to the random effect of genetic
drift in small, isolated populations [16]. On the island of Tasmania and its own offshore
islands, a study of the migratory Swift Parrot Lathamus discolor could not detect genetic
differentiation among breeding populations in consecutive years and across multiple
islands [133]. Genetic estimations were used to calculate the effective population size

of their single, panmictic population, and after combining it with demographic data, the
study calculated a potential contemporary population size as low as 300 individuals [134].

Contemporary population fragmentation due to anthropogenic factors can lead to
reduction in gene flow among the fragments resulting in genetic structure detectable via
genetic testing. It is important to detect early signs of genetic fragmentation as it could lead
to loss of genetic diversity and eventually to inbreeding. However, these effects take time,
depending on habitat corridors, migration rates, and the mobility, dispersal, and lifespan
of the species. For instance, at least a 35-year-long lag was shown between deforestation
in the Brazilian Cerrado biome and changes in the genetic structure of Goias Parakeet
Pyrrhura pfrimeri populations [135], corresponding to about five generations of the species.
Genetic structure was also found in the Scarlet Macaw in the highly fragmented landscape
of Costa Rica [136]. Historical population structure can also have important implications
for present day conservation efforts. A broader genetic analysis of the Scarlet Macaw
for instance suggested a distinct conservation unit for its Central American subspecies
A. m. cyanoptera [137]. A population genetic study on the Palm Cockatoo on Cape York
Peninsula, Australia found genetic differences among the studied populations, probably
due to a mountain barrier [138]. Incorporating this population genetic data, especially
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the connectivity between populations, into a population viability analysis (PVA) model
predicted that dispersal between populations is not enough to buffer decline given their
extremely low breeding success. The study concluded that Palm Cockatoos in Australia
should be uplisted from Vulnerable to Endangered [139].

Genetic studies can have an important role in ex situ conservation management of
threatened species to avoid inbreeding and to maintain maximum genetic diversity among
captive individuals. Genetic testing can accurately identify relatedness among birds, which
can be useful for the mixing of breeding pairs as demonstrated by Amazona parrots [140].
However, in socially monogamous species like parrots, natural mate choice can result in
higher reproductive success than forced choice based solely on genetics [141], as shown for
Cockatiels Nymphicus hollandicus [142], where pairs with higher behavioural compatibility
were better parents [143]. The effect of inbreeding depression was first explicitly studied
in parrots with respect to clutch size of captive budgerigars in the 1980s [144]. It has been
used to guide the Puerto Rican Amazon recovery program through genetic fingerprinting
since the 1990s [14]. Low levels of inbreeding were detected for the Red-tailed Amazon
Amazona brasiliensis, indicating that more direct threats, like habitat destruction and illegal
wildlife trade, should be the focus of conservation efforts [145]. Genetics has also helped
to identify the pedigrees of the remaining Kākāpō population in situ [15] and inform
conservation strategies [146]. It can also detect signs of genetic adaptation to captivity,
which can have negative effects on reintroduction success. A recent genetic study on wild
and captive populations of Blue-throated Macaws Ara glaucogularis and Thick-billed Parrots
Rhynchopsitta pachyrhyncha highlighted the need for both in situ and ex situ conservation
strategies [147].

Establishing captive populations of endangered species is often used by conservation
management programmes. However, rapid genetic adaptation to captivity (within a few
generations), low founder diversity, and potential inbreeding are of concern for future
recovery goals, but these have been rarely studied in parrots. A captive population of
Orange-bellied Parrots was founded in 1985 and later supplemented with wild individuals.
A recent study found low diversity in their toll-like receptors (TLR), partially responsible for
the innate immune response and so the first line of defence against pathogens, highlighting
that they might be unable to adapt to novel disease outbreaks [148]. For instance, a
spillover of beak and feather disease virus (BFDV) to the remaining wild population
almost wiped out the entire species [149]. The psittacine beak and feather disease (PBFD)
was first reported on Red-rumped Parrots Psephotus haematonotus in 1907 near Adelaide,
Australia [150]. BFDV was isolated and characterised much later from cockatoos [151].
PCR tests were developed for the detection of BFDV [152,153], helping to identify cases
in psittacines. A recent study provides an excellent overview of the ecology of PBFD
in parrots and highlights the importance of mitigating its effects on threatened parrot
species [18]. BFDV is also an ongoing threat to many other Australian parrot species [154].
Another study, using SNP data of the wild and captive populations of the Orange-bellied
Parrot, showed that their genetic diversity could be retained in the captive population [155],
possibly improving their health for future reintroductions. Retaining diversity at the
major histocompatibility complex (MHC) is also important, as it is responsible for the
adaptive immune response in birds and other vertebrates [156]. However, the MHC has
been studied in only a handful of parrot species, including the Budgerigar [157], the Green-
rumped Parrotlet Forpus passerinus [158], and the Red-crowned Parakeet Cyanoramphus
novaezelandiae [159].

Outbreeding depression occurs when distinct species hybridise or isolated popu-
lations of the same species are mixed and the results are adverse [160]. One proposed
underlying mechanism is that species have coadapted gene complexes nearby on the
same chromosomes and that recombination during hybridization disrupts their adap-
tive functions [161]. Alternatively, outbreeding depression is likely to be rare and its
effects restricted to the first few generations of crossing among evolutionarily diverged lin-
eages [162]. Around 8% of parrot species have been recorded to hybridise in the wild [163]
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and almost half of all parrot species have been reported to hybridise in captivity [164].
Genetic screening of the last remaining population of the Critically Endangered Forbes’
Parakeet Cyanoramphus forbesi helped to determine the magnitude of hybridisation with
the Chatham Island Red-crowned Parakeet C. novaezelandiae chathamensis and to identify
cryptic hybrids [165]. A complex hybrid zone was studied involving the phenotypically
distinct non-sister species Pale-headed Rosella Platycercus adscitus and Eastern Rosella
P. eximius, and showed a lack of post-zygotic barriers to gene flow between these
species [166]. The last remaining male individual of the Spix’s Macaw Cyanopsitta spixii was
breeding with a Blue-winged Macaw Primolius maracana and genetic sequencing showed
that the resultant embryo was indeed a hybrid of the two species, but it never hatched [167].

Molecular genetic techniques can be applied in wildlife forensic investigations.
Molecular genotyping helped Australian authorities to match DNA extracted from eggshells
found in the wild to a nestling of Red-tailed Black-Cockatoo at a nearby property [168].
During the investigation, forensic scientists concluded that the nestling was hatched from
the eggshell recovered from a tree hollow and this led to a criminal conviction. In an-
other case, eggs were seized from an alleged trafficker arriving in Australia. Comparing
the extracted mtDNA to the genetic database of the NCBI, researchers identified several
threatened parrot and cockatoo species, and the smuggler was prosecuted [169]. Poachers
were also arrested in Brazil intending to fly to Europe, one in 2003 with avian eggs later
identified by molecular genetic techniques as of parrots and owls [170], and another in
2018 with eggs identified as of Short-tailed Parrot Graydidascalus brachyurus [171]. Ewart
et al. [126] developed a forensic test with 20 nuclear SNPs for the Major Mitchell’s Cockatoo
and demonstrated its application for subspecies identification. A similar toolkit combining
various forensic techniques was developed earlier for the Glossy Black-Cockatoo Calyp-
torhynchus lathami [172]. A set of microsatellites were developed in the Cape Parrot with
sufficient discriminatory power to distinguish captive versus wild birds via parentage
analyses [173], and similar markers proved to be successful in determining the geographic
origin of a captive individual of Military Macaw [174]. The control regions of mtDNA of
Blue-and-yellow Macaws Ara ararauna confiscated from the illegal wildlife trade in Brazil
were sequenced and compared to reference sequences of the species, in order to find their
provenance and advise on reintroduction planning [175].

3.4. Behavioural Ecology

Genetic techniques have revealed many interesting aspects of behaviour in parrots.
Wirthlin et al. [176] looked at the genomic basis of high cognitive abilities, vocal com-
munication, and longevity in parrots by generating an annotated genome for the Blue-
fronted Amazon and comparing it to 30 other bird species. They discovered new lifespan-
influencing genes, parrot-specific genes critical for brain function, and even indications of
convergent evolution of cognition relative to changes in the human genome. Phylogenetic
analysis was used to study another cognitive function of parrots, cerebral lateralisation,
which is also closely linked to the development of human language [177]. This underpins
the well-established behaviour in many parrot species of using the left foot for holding
food [178,179], and which may have a fitness benefit deeply rooted in their evolutionary
history. Similarly, Benavidez et al. [180] applied phylogenetic analyses to look at diet and
range size of Neotropical parrots. They found that diet was independent of phylogenetic
history and that range and body size explained diet composition.

Genetic evidence has been often used to reveal an unexpected diversity of breeding
systems and individual dispersal patterns in parrots. Using DNA fingerprinting for pater-
nity testing on parrots, Masello et al. [17] found that the Burrowing Parrot is an example
of both social and genetic monogamy. This social structure was also shown to be the
case for Palm Cockatoos reusing nests in Australia [40] and Blue-and-yellow Macaws in
Brazil [181]. When mtDNA and nuclear microsatellite genetic markers were compared for
the same species, the observed patterns were best explained by male-biased dispersal and
female philopatry [182]. Through application of microsatellite genetic markers, Heinsohn
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et al. [183] revealed cooperative polyandry and polygynandry in Eclectus Parrots Eclec-
tus roratus in northern Australia. Another study showed remarkably similar cooperative
polyandry in the Greater Vasa Parrot Coracopsis vasa in Madagascar [184].

A 6-year-long study incorporating genetic sampling of nestlings, eggshells, and adults
of the Swift Parrot proved that their clutches had high levels (50%) of multiple paternity
of the nestlings although the birds remained socially monogamous [185]. Molecular
sexing showed that Swift Parrots have adaptive sex allocation with mothers biasing their
early hatched nestlings towards males. This is interpreted to allow the males to get
extra food and gain greater fitness when they later compete for rare females [186]. The
study used population viability analysis to predict a dramatic decline in population size
due to an introduced predator to Tasmania. Extra pair paternity was also confirmed
in the Echo Parakeet in Mauritius [187]. In the Monk Parakeet, sexual monogamy was
shown in their native and invasive sites [188], while a later study found evidence for extra
pair paternity in their native range in Argentina and intra-brood parasitism at invasive
sites [189]. A recent study on their breeding colonies showed fine-scale genetic structure,
high breeding site fidelity, absence of inbreeding, and female-biased natal dispersal by
genotyping individuals [190].

In Ecuador, breeding pairs of El Oro Parakeets have been shown to have helpers,
whose genetic quality (measured as heterozygosity by microsatellite markers) increased
reproductive success of the breeding pairs [49]. The above studies all questioned the
widely held notion that parrots are monogamous, and instead showed that parrots have
flexible mating systems. In both Eclectus Parrots and Swift Parrots, polyandry is believed
to be a result of strong, male-biased adult sex ratios [183,185]. Conversely, it is unknown
whether the similarly biased sex ratio in Glossy Black-Cockatoos on Kangaroo Island [191]
is associated with polyandry.

A study examined the association between genetic structure and song culture in
the Yellow-naped Amazon Amazona auropalliata. It found that the factors are not closely
associated and that there is high, possibly female-biased gene flow across dialect bound-
aries [192,193]. There is little evidence that dialects in Amazona parrots would isolate
populations, which would eventually generate genetic differences among the popula-
tions [194]. A recent study on these species showed that their call and genetic divergence
did not correspond, which indicated that vocal dialects are not the best surrogates for
genetic structure in lifelong local learners like Amazona parrots [117]. A study using SNP
data of Palm Cockatoos found an association between the nuclear genomic structure of
the populations and vocal dialect boundaries, however, these possibly originated from
the separation of populations by mountains in the late-Quaternary [138]. In Budgeri-
gars, their life-long vocal learning was found to be associated with the expression levels
of specific transcription factors, hence their regulation seems to be essential for vocal
mimicry [195,196]. Genetics will further our understanding of the mating system, song
culture, and even cognitive abilities of parrots. So far only a handful of genetic studies
have focused on these topics and implementing them to other parrot species could reveal
important insights into the behavioural ecology of this diverse group.

3.5. Molecular Ecology and Landscape Genetics

Molecular ecology has illuminated the origin of some introduced parrot species, which
has been recently reviewed [197]. For instance, Russello et al. [198] sequenced the mtDNA
control regions of Monk Parakeet museum specimens from the species’ native range and of
individuals from their naturalised range in the United States. Their results confirmed that
the geographic origins of the U.S. populations overlapped with past trapping records, so
the naturalised populations possibly originated from the international pet trade whether
from accidental or purposeful releases. A global study of their invasive populations also
supported the pet trade hypothesis and observed low genetic diversity, indicating that
invasiveness might not be linked to high genetic variation and the role of selection should
be further investigated in allowing the birds to adapt to novel urban settings [199]. The
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success of the Ring-necked Parakeet Psittacula krameri as an invasive species to Europe
was also studied by determining the genetic origin of the invasive populations [200].
The study showed admixture between individuals from different origins and argued
that morphological changes in the introduced parrots might be attributed to their rapid
adaptation to European environments over the past 50 years.

Molecular techniques can be used to track individuals in the landscape using their
genotype, analogous to telemetry studies. Termed genetic tagging, this technique has been
applied to macaws in Peru using shed feathers in the landscape as the source of genetic
material [201]. The study revealed how macaws used clay licks and it enabled group size
estimates based on genetic capture-mark-recapture analysis [72]. Such non-invasive genetic
sampling provides an important tool for studying wild parrot populations, negating the
need to capture the birds [202].

Landscape ecology is an interdisciplinary science focusing on the ecological under-
standing of spatial heterogeneity. Incorporating genetic studies into landscape ecology can
reveal the complexity of genetic structure compared to the simpler approach using compar-
isons of populations selected a priori. A landscape genetic study, applying the theory of
electrical circuits and resistance surfaces, on Scarlet Macaw populations in Peru showed
that outlying ridges of the Andes mountains can limit gene flow between populations [203].
Similar findings were made on the same species in Costa Rica [136]. In the Ecuadorian
Andes, limited dispersal was found in the El Oro Parakeet in a fine-scale landscape genetic
study [48]. The genetic divergence between populations was again attributed to geographic
barriers. The authors argued that climate change might explain upslope movement of this
already endangered species eventually leading to isolation of populations. Another study
also used a landscape genetics approach to look at climatic and geographic effects on the
genetic structure of the Burrowing Parrot in the Southern Andes [204], and revealed that
climate (precipitation and temperature) indeed drove changes in their genetic structure.

In Australia, dispersal of Palm Cockatoos is inhibited by narrow corridors of rainforest
habitat, the two major populations being poorly connected due to a mountain barrier [205].
In contrast, no geographical or ecological barriers were found for the Red-fronted Macaw
Ara rubrogenys across inter-Andean valleys in Bolivia. This suggests that social factors
might reinforce their philopatry-related genetic structure, as cliffs with nest sites are
not continuously distributed across the landscape [206]. Landscape genetics was also
used to study the historical and current distributions of the Crimson Rosella Platycercus
elegans complex, showing that population expansion followed by secondary contact and
hybridization might be responsible for their present genetic structure [207]. A recent study
looked at functional genomic differences between the alpine Kea and the forest adapted
Kākā in New Zealand, and showed that these adaptations are not driving the ecological
differentiation between the two species [208].

Understanding the drivers of genetic structure of parrots in the natural environment
can be important for understanding the impacts of anthropogenic and natural dispersal
barriers and help guide decisions about important corridors for maintaining population
connectivity and gene flow. Genetics at the landscape level also helps us to understand
the environmental correlates of population boundaries, assign MUs, and inform better
decisions on connectivity plans.

3.6. Museomics and Historical DNA

Museum collections are becoming increasingly important in genomic studies as they
are repositories of genetic material from the past [209,210]. Using historical DNA (hDNA)
of birds can be challenging but nevertheless offers important insights into their evolu-
tion, ecology, and conservation [211]. Museum samples have been used to study the
subspecies- [212] and population-level structures [138] of the Palm Cockatoo in New
Guinea and Australia, of the Pezoporus ground parrots [111], and of Red-tailed Black-
Cockatoos and Major Mitchell’s Cockatoos in Australia [125,126,213]. Jackson et al. [108]
extracted mtDNA from toepad samples of three extinct Psittacula parrots (P. exsul, P. eques,
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P. wardi). They resolved the species’ taxonomic placement and quantified how their re-
placement on Indian Ocean islands by the invasive Ring-necked Parakeet led to the loss of
endemic phylogenetic diversity. Conversely, another study of Indian Ocean parrots [214]
involving the extinct Mascarene Parrot Mascarinus mascarin was misled by technical errors,
which led to generation of a false hypothesis about its taxonomic placement [215].

Several hDNA studies have recently used genome-scale data to look at whether now
extinct or endangered species were declining prior to the Anthropocene. The first mtDNA
sequences from the extinct Carolina Parakeet Conuropsis carolinensis museum specimens
were obtained in 2012 [216], and their analysis found robust support for placing the species
in a clade of long-tailed parrots, including the genus Aratinga. Gelabert et al. [19] generated
the whole genome of this species and found no evidence of a dramatic demographic
decline in the past or of excess homozygosity, reinforcing anthropogenic causes of the
species’ extinction. Another study looking at the extinction of eastern North American
birds found lower genetic diversity in Carolina Parakeets and a lower effective population
size, but a similar demographic history compared to species that persisted; this study also
suggested their disappearance was due to anthropogenic factors [21]. In addition, the
western subspecies C. c. ludovicianus went extinct about 30 years earlier than the eastern
C. c. carolinensis possibly driven by different pressures [217].

The first whole mitochondrial genome of an extinct parrot species was published by
Anmarkrud and Lifjeld [218] for the Paradise Parrot Psephotellus pulcherrimus, a species of
central eastern Australia that went extinct in about 1928; the sequenced museum speci-
men was collected in 1881. A whole genome resequencing study used another museum
specimen collected during the period when the species started to decline (in the second
half of the 19th century). It argued that the species had relatively high effective population
size and had not declined before the major expansion of pastoral settlements in its range.
That expansion led to destruction of the parrots’ nesting habitat and subsequent trapping
for the avicultural trade, so excluding causes of extinction related to genetics [84]. The
mitogenome of the extinct Cuban Macaw Ara tricolor was published in 2018 and showed
that the species was closely related to the extant Military Macaw and the Great Green
Macaw Ara ambiguus, possibly diverging from them around 4 Mya [20].

Museum and contemporary specimens were used to study the underlying processes
leading to the collapse of the historically widespread and abundant Kākāpō in New
Zealand. A study analysing mtDNA, microsatellites, and models of their demographic
history concluded that a population bottleneck linked to the European colonisation ruled
out earlier Polynesian settlement as a cause of the species’ decline [219]. Another study
sequenced full mitogenomes of the species and confirmed the previous study’s conclusions,
and found no evidence for fixation of deleterious mutations [220]. However, it argued that
despite high pre-decline genetic diversity, a rapid decline combined with the species’ lek
mating system and its life-history traits contributed to a rapid loss of genetic diversity. By
sequencing historical and modern genomes of the Kākāpō, a recent study showed that the
remining island population has a reduced number of harmful mutations compared to the
extinct mainland individuals, providing key insights into their recovery [146].

Parrots have been appreciated and traded since historic times [221]. For instance,
Scarlet Macaw bones were recovered from archaeological sites in northern Mexico and the
southern United States, over a thousand kilometres outside their endemic range [222]. Low
genetic diversity found after sequencing the mitochondrial genomes of the macaw remains
pointed towards a macaw breeding colony translocated by humans possibly from Mexico
or Guatemala [223]. The first study relying solely on ancient parrot feathers, recovered
from a pre-Hispanic religious site in the Atacama Desert in Peru, has successfully obtained
and sequenced hDNA and identified various parrot species native to the Amazonian region
of the country [224]. Captive rearing of macaws and amazon parrots was also shown to
have occurred in the Atacama Desert in Chile around the years 1100–1450, at least 500 km
outside their present-day native range [225].
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Capitalising on less destructive sampling methods, trace DNA, and technological
advances in museomics, genome-wide markers can now be generated from old museum
specimens. A study generated thousands of SNP markers from museum (up to 123 years
old) and contemporary specimens by a RAD approach and highlighted higher error rates
and missing data in SNPs from the museum samples of Red-tailed Black-Cockatoos [213].
Another study used a hybridisation RAD (hyRAD) technique where probes generated
from fresh samples were used to hybridise to fragmented museum hDNA (up to 140 years
old), and similarly indicated lower diversity of SNPs in older samples of a songbird [226].
Hence, studies using low-quality museum samples to generate phylogenomic data must
be careful and follow best practices for assembling, processing, and analysing such data to
avoid misinterpretations [107].

4. Conclusions

Our overview has shown wide application of molecular genetic- and genomic tech-
niques for studies of parrots in their global distribution. There is increasing interest by field
biologists studying parrots in incorporating genetics as part of their research agenda. Given
the high proportion of threatened species in the group, and the extraordinarily high level
of interest in parrots among humans (including the wildlife trade and captive breeding),
one or more centralised parrot genetics laboratories, perhaps on different continents, might
be advantageous for future collaborative research. This could also consolidate expertise
and boost efficacy in sample collection, DNA extraction, sequencing, and genomic analysis.
It would be important to include genetics as a component of studies on parrot species with
high conservation concern, as this could help to find populations with low genetic diversity
and the most appropriate source populations to “rescue” them.

Recent breakthroughs in technology and consolidation of approaches will allow
genetic techniques to be used more extensively in wildlife forensic investigations. The lack
of validated DNA reference sequences is hindering our ability to accurately assign species
identity. A focus on establishing DNA reference databases for the most traded wildlife
species will assist in forensic casework. Building a baseline reference genomic database of
wild parrot populations could help to determine the provenance of confiscated birds, aid
rewilding and translocation projects, and resolve questions about captive or wild origins.
As part of the licensing agreement to maintain some protected species in captivity, DNA
samples could be taken with the explicit intention of using them to verify parentage and
identity in the future [227,228]. Genetics has also been effective in disease testing. Studying
the interactions between the TLR, MHC, and resistance to diseases would be important for
both captive and wild parrot populations.

Choosing the correct markers for genetic analyses is very important as different
conclusions might be reached without a genome-wide investigation. For instance, using
RAD-seq data, Shipham et al. [229] confirmed a sister relationship between the Pale-
headed Rosella and Northern Rosella Platycercus venustus, which was previously all but
overlooked based purely on mtDNA sequences in which there had been a mtDNA capture
event between non-sister taxa. However, the switch from solely sequencing mtDNA
regions to relatively cheap and easy SNP genotyping methods has limited the capacity
for comparative studies among species as different marker panels are used, optimised for
each species. Absolute metrics of genetic structure and diversity are therefore not readily
comparable, so approaches that produce DNA sequences may be preferable. For example,
ultraconserved elements (UCEs) that target portions of the genome that remain similar
across divergent clades but contain variable sequences in the flanking regions are a common
approach used in avian phylogenomic studies [230]. UCEs have been used in studies on the
phylogenomics of lorikeets [107] and historical demography of the Carolina Parakeet [21].
There is increasing interest in applying comparative genomic techniques to conservation
studies [231,232]. These are limited with current data types but perhaps the increasing use
of whole genome sequencing will make independent datasets more comparable among
individuals, populations, and species. This would open up interesting opportunities for
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questions from behavioural, conservation, and evolutionary perspectives. The field of
genetics has always been at the forefront of data sharing through repositories such as
GenBank, so the opportunities for comparative analyses and insights as data comparability
increases are enormous. However, sequence data alone are not enough to understand
genome evolution and function, and entirely new approaches, like chromosomics [233]
with superior bioinformatics like pangenome models [234], are needed in the future.

In conclusion, genetics has aided parrot research substantially in the past and will
continue to do so as exciting new applications emerge in the advancing genomic era. We
certainly encourage parrot researchers to consider implementing genetics as part of their
research agenda, given the wide array of questions genetics can help to answer as demon-
strated in this review. We realise that these research projects often do not have the capacity,
expertise, or funds to do genetic research. However, many commercial laboratories now
provide sequencing services at ever-dropping costs, so researchers might consider using
these services to generate data from their samples. For genomic data interpretation, we
propose a consortium of scientists sharing their experience in conservation genomics, anal-
ysis pipelines, and mentorship of students in genetic research on parrots. This consortium
could work as a specialist group within the well-established Parrot Researchers Group.
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Glossary

Cryptic species Morphologically often indistinguishable but genetically distinct species,
following the evolutionary species concept.

Effective population

size (Ne)

The size of the ideal, panmictic population that would experience the same
loss of genetic variation, through genetic drift, as the observed population.

Gene flow The exchange of genetic information between randomly mating populations
through migration, measured in allele frequencies.

Genetic diversity The extent of genetic variation in a population, species, or across species,
measured in heterozygosity, allelic diversity, or heritability.

Genetic drift Random changes in the genetic composition of a small population between
generations. It results in loss of genetic diversity, random changes in allele
frequencies, and diversification among populations.

Genome The complete genetic material of an organism, including nuclear and mito-
chondrial DNA.

Inbreeding The accumulation of deleterious mutations due to breeding among close
relatives.

Inbreeding

depression

Reduction in reproduction, survival, or related characters due to inbreeding

Management units

(MUs)

Populations with significant divergence of allele frequencies at nuclear or
mitochondrial loci, regardless of the phylogenetic distinctiveness of the
alleles.

Microsatellite A locus with a short tandem repeat DNA sequence, typically showing
variable number of repeats across individuals. Consequently, they are
highly informative genetic markers.
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Minisatellite Typically, between 6–100 bp section of DNA, repeated many times in a long
string with no gaps between the repeats. These were the first type of DNA
markers used in human identification and later in wildlife genetics.

Next generation

sequencing (NGS)

Includes technologies that use short-read, massively parallel, high-
throughput sequencing of the genetic material (e.g., Illumina, Ion Torrent).

Outbreeding

depression

Reduction in reproductive fitness due to crossing of two populations, sub-
species, or species.

Polymerase chain

reaction (PCR)

A method to replicate copies (amplify) of specific segments of DNA, with
thermostable Taq polymerase enzyme in a thermocycler.

Population viability

analysis (PVA)

A model to predict the extinction risk of a population by using information
about population size and structure, birth and death rates, risks and severity
of catastrophes, levels of inbreeding depression, rate of habitat loss, etc.
PVA can be used as a management tool to examine different management
op-tions to recover threatened species.

Single nucleotide

polymorphism

(SNP)

A nucleotide site (base pair) in a DNA sequence that is polymorphic in a
population and can be used as a marker to assess genetic variation within
and among populations.

Wildlife forensics Application of science to the law, including detection of illegal wildlife
trade with DNA-based methods.
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Abstract: The presence of unidentified cryptic species within a species complex can obscure demo-
graphic trends of vulnerable species, impacting potential species conservation and management
decisions. Previous work identified a taxonomic split between Central and South American popula-
tions of the mealy amazon (Amazona farinosa) that subsequently resulted in the elevation of these two
populations to full species status (Amazona guatemalae and A. farinosa, respectively). In that study,
however, a third, geographically disjunct population from the Brazilian Atlantic Forest was insuffi-
ciently sampled, limiting the ability of researchers to fully evaluate its genetic distinctiveness. Given
that significant levels of biodiversity and endemism are found in this region, we aimed to use genetic
and behavioral data to determine if the Atlantic Forest population of A. f. farinosa represents a third
cryptic species within the complex. We sequenced 6 genes (4 mitochondrial and 2 nuclear introns)
from the Atlantic Forest population of A. f. farinosa to measure the genetic relationships between this
population and all other recognized species and subspecies of the mealy amazon. In addition, we use
spectrographic cross-correlation and an analysis of 29 acoustic parameters to determine whether the
taxa diverge in their learned contact call structure and if the degree of vocal differentiation correlates
to genetic structure. We found that the Atlantic Forest population of A. f. farinosa was genetically
distinct from that of the greater Amazon basin, but the degree of differentiation was less than that
separating the Central and South American taxa. Acoustic analysis revealed substantial variation
in contact call structure within each clade. This variation created substantial overlap in acoustic
space between the clades. In all, the degree of call divergence between clades did not correspond
to the degree of genetic divergence between the same clades. The results suggest that in taxa with
substantial geographic variation in learned calls, such as the mealy amazon, vocalizations may
not be a useful tool in the identification of cryptic species that are lifelong vocal learners. While
these results do not support the elevation of the Brazilian Atlantic Forest population of the mealy
amazon to full species status, given current trends of habitat loss in the Atlantic Forest as well as the
imperiled status of large parrot species globally, we argue that this population nonetheless warrants
special conservation and management consideration as a pool of unique genetic diversity within the
southern mealy amazon species.

Keywords: cryptic species; vocal variation; parrot; genetic differentiation; open-ended learning;
Amazona farinosa

1. Introduction

A primary challenge for conservationists and wildlife managers is understanding
the demographic trends of vulnerable species. This task is complicated if the basic taxo-
nomic relationships between species are not well understood. This issue commonly arises
within species complexes that contain unidentified cryptic species: morphologically indis-
tinguishable but genetically distinct species that are mistakenly classified under a single
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species name [1,2]. The presence of unidentified cryptic species can lead to artificially low
assessments of overall biodiversity and inflated estimations of the health or distribution
of species of special conservation concern [3–5]. Historically, species delineations were
made primarily using morphological features [2], but the current widespread availability of
genetic sequencing technologies has given researchers new insight into the level of genetic
diversity that exists within many of these morphologically defined species. Ideally, a
combination of morphological, ecological, behavioral, and genetic data are used to describe
potential cryptic species, as this integrative approach reduces subjective biases and allows
for more informed conservation decisions [1].

The quantification of behavioral variation within a species complex may be a particu-
larly powerful component of cryptic species identification, as these data can be collected
remotely and at significantly lower cost than most traditional trapping methods [6,7].
Specifically, variation in acoustic signals was found to correlate with genetic divergence
in a variety of taxa, including bats [8,9], primates [10], insects [11], anurans [12], and
birds [13–16]. Learned or culturally derived vocalizations in particular might facilitate
speciation, as these signals can rapidly accumulate mutations through the transmission pro-
cess both within and between generations, leading to increases in assortative mating [6,17].
However, evidence for the impact of learning on the speciation process is variable and
contradictory [18–20]. This association may be particularly complicated in species with
lifelong vocal plasticity, such as humans [21], some parrots [22], and bats [23]. Individuals
with open-ended vocal learning are able to modify their vocalizations into adulthood and
may do so to serve a variety of social functions (e.g., pair formation and maintenance, social
group integration) [24]. This flexibility poses the question: If individual vocalizations are
not wedded to the underlying population genetic structure, can we use the vocalizations of
these open-ended vocal learners to identify cryptic species within a species complex?

Parrots (Order Psittaciformes) are an interesting group with which to study the rela-
tionship between the acoustic and genetic variation found within a cryptic species complex.
Nearly 43% of known species are considered threatened with extinction [25], primarily due
to habitat loss and poaching for the pet trade [26,27], making them a primary conservation
concern. In addition, parrots are open-ended vocal learners with many members of the
group displaying patterns of geographic variation (i.e., vocal dialects) in their socially
learned contact calls [24,28]; these dialects may or may not correlate to patterns of genetic
differentiation within a species [29–32]. Finally, there are numerous examples of species
with cryptic genetic diversity within the parrot order [33–35], including the focus of our
study, the mealy amazon (Amazona farinosa) [36].

The mealy amazon is a large-bodied (540–700 g) parrot in the Genus Amazona that
ranges widely through Central and South America. It was long classified as a single species,
Amazona farinosa, with five recognized subspecies [37]. Wenner and colleagues used DNA
sequence data from several regions of mitochondrial and nuclear genomes to examine the
geographic patterns of genetic variation within the species [36]. Based on the evidence
of deep splits between the Central and South American subspecies the nominate mealy
amazon species was formally reclassified into the northern mealy amazon (A. guatemalae)
containing the guatemalae and virenticeps subspecies, and the southern mealy amazon (A.
farinosa) containing the farinosa, inornata, and chapmani subspecies [38]. Subsequently, in
2014 the IUCN Red List up-listed both newly split species to Near Threatened from Least
Concern [25]. Then, in 2018, the government of the Brazilian state of São Paulo listed
local populations of the Atlantic Forest A. f. farinosa, the largest surviving populations
in the region, as critically endangered [39]. With populations of both species continuing
to decline, there is an urgent need to fully understand the taxonomic divisions within
this species complex to inform future conservation decisions. Here, we look to rectify a
sampling gap from the original [36] study, namely the lack of substantial genetic data from
the disjunct Brazilian Atlantic Forest population of the southern mealy amazon subspecies
A. f. farinosa.
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The Atlantic Forest is the second largest rainforest system in South America, stretch-
ing across a broad strip of Brazil’s southeastern Atlantic coastline, and is a hotspot of
endemic biodiversity in the Neotropics [40]. Currently, the Atlantic Forest is separated
from the greater Amazon basin by the dry Caatinga region to the northeast, the upland,
wooded savanna of the Cerrado region to the north/northwest, and from the Andean
forests to the west by the lowland, arid Chaco region of central South America [41]. Histor-
ically, this forest has undergone several periods of connection and separation from these
other major forest regions, leading to the isolation of some species over both short (e.g.,
10,000–20,000 years ago) and long (e.g., >3 million years ago) time scales [41,42]. This
dynamic evolutionary history has created a region rich with endemism and cryptic species
complexes [43–47] that is threatened today by high levels of habitat loss and fragmenta-
tion [48]. For this reason, the Atlantic Forest is an area of upmost concern for biodiversity
conservation [48,49].

We aimed to address two main questions. First, is the Atlantic Forest population of A.
f. farinosa a cryptic species within the mealy amazon species complex? Given the possible
timeframes when the Atlantic Forest population of A. f. farinosa could have been separated
from the larger Amazon basin population of A. f. farinosa, we hypothesize that it is as
genetically dissimilar from the other southern mealy amazon subspecies as the northern
species is from the southern species. Second, can we use the vocalizations of an open-ended
vocal learner to identify potential cryptic species? If so, we hypothesize that the degree
of divergence in contact call structure between and within the mealy amazon species,
subspecies, and the Atlantic Forest population of A. f. farinosa will correlate with the genetic
distance between these groups. To measure genetic differentiation, we expanded on the
original dataset from [36] by sequencing six gene regions from newly sampled individuals
of the Atlantic Forest population of A. f. farinosa to create both a phylogeny and a haplotype
network that includes this group. The similarity of contact calls within and between groups,
as well as their relationship to the genetic distance between groups, was then assessed
using 29 acoustic parameter measurements and spectrographic cross-correlation values.
We predicted that our genetic and behavioral (i.e., contact call) measures will show related
degrees of differentiation, with the Atlantic Forest population of A. f. farinosa falling out
as divergent from the Amazon basin population of A. f. farinosa and the southern mealy
amazon species as a whole. These results will inform the study and preservation of this
geographically distinct population of the mealy amazon.

2. Materials and Methods

2.1. Study Species and Data Summary

The mealy amazon species complex includes two recognized species and five sub-
species. The northern mealy amazon A. guatemalae (including the virenticeps and guatemalae
subspecies) ranges from southern Mexico to central Panama, while the southern mealy
amazon A. farinosa is distributed in three geographically distinct locations: (1) the inornata
subspecies extends from southern Panama through western Ecuador and eastern Colombia,
(2) the chapmani and farinosa subspecies range from eastern Ecuador, eastern Peru, and
northern Bolivia through the greater Amazon Basin, and (3) in an isolated population of
the farinosa subspecies along Brazil’s Atlantic coast [38] (Figure 1). Seven samples from
the Atlantic Forest population of A. f. farinosa were unique to this study as all other clades
within the species complex were sampled adequately by [36]; see Table S1 for details on
the origins of the genetic samples.

Recordings of contact calls from individuals of all subspecies and the Atlantic Forest
population of A. f. farinosa were obtained from the Macaulay library (Cornell Laboratory of
Ornithology, Ithaca, NY, U.S.) and Xeno-canto (Xeno-canto Foundation for Nature Sounds,
Netherlands). We used 148 high-quality sound files from 1954 to 2019 in our analysis;
sound file metadata can be found in Table S2.
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Figure 1. Map of vocal sampling locations. Spectrograms of representative calls from each clade are shown at their
corresponding recording location. Spectrograms were created using the ‘spec_param’ and ‘specreator’ functions in warbler
to optimize the visualization parameters (overlap = 90, window length = 475, color levels = (−50, 0, 5)). Genetic samples
from the [36] study are indicated by grey-outlined triangles on the map. The location of the new genetic samples used in
our study is indicated by the purple-outlined triangle.

2.2. Phylogenetic Analysis and Haplotype Network

Blood samples were collected, according to SISBIO permit #71978-1 protocols follow-
ing Brazilian environmental legislation, on Whatman FTA elute micro cards from seven
individuals being held in captivity at the ASM Cambaquara rescue center on the island
of Ilhabela, São Paulo, Brazil, after seizure as illegal pets or after being found injured in
the wild. These individuals represent a single Atlantic Forest A. f. farinosa population (for
complete sample metadata see Table S1). For each sample, genomic DNA was isolated and
then PCR amplification was performed for the four mitochondrial and two nuclear intron
gene fragments previously used in [36]: 12S rDNA (12S), 16S rDNA (16S), Cytochrome
oxidase subunit I (COI), cytochrome b (CytB), tropomyosin alpha-subunit intron 5 (TROP),
and transforming growth factor β-2 intron I (TGFB2). An additional mitochondrial gene
fragment for NADH dehydrogenase 2 (ND2) was amplified for both the [36] samples and
the new A. f. farinosa Atlantic Forest samples. A complete description of the number of
individuals sampled from each population, the genes sequences per individual, GenBank
accession numbers, and primers can be found in Tables S1, S3 and S4. All PCR products
were directly sequenced at the University of Texas at El Paso’s Border Biomedical Research
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Center genomic analysis core facility with the same primers used for PCR. Bidirectional
reads were screened for quality, assembled to an Amazona reference sequence (Table S3),
and trimmed to the appropriate length to enable gene alignment using Sequencher v5.4.6
(Gene Codes Corporation, Ann Arbor, MI, U.S.). The individual gene alignments were
concatenated into a supermatrix using the Bio.Nexus module from the Biopython project
v1.76 [50]. Three outgroups used in the [36] analysis—A. kawalli, A. auropalliata, and A.
amazonica—were included to root our phylogenetic tree and to provide a measure of relative
genetic distance with which to compare recognized Amazona species to the clades within
the mealy amazon species complex.

A maximum-likelihood phylogenetic analysis with rapid bootstrapping was per-
formed on the concatenated gene alignment using RAxML-HPC v8.2.12 [51] and a GTR-
CAT model on XSEDE through the Cipres Science Gateway v3.3 [52]. The maximum
likelihood, majority rule, best tree results and bootstrap values were visualized using
FigTree v1.4.4 [53].

Two median joining haplotype networks [54] were constructed and visualized using
PopART v1.7 [55]. The first network includes all of the available mitochondrial genes (12S,
16S, CytB, ND2) because we were able to obtain sequence data for both recognized species,
at least four of the five subspecies (all minus virenticeps), and Atlantic Forest population of
A. f. farinosa. The second network was created using only CytB data, as this most closely
resembles the data set used by [36].

2.3. Genetic Differentiation

To quantify inter- and intraspecific genetic variation we calculated the between group
mean genetic distance (i.e., the average number of nucleotide substitutions between clades)
using the concatenated gene alignment and a p-distance model in MEGA X [56,57].

2.4. Acoustic Analysis

High-quality (i.e., low background noise, no signal overlap) contact calls were manu-
ally selected from the sound files using Raven Pro v1.5.0 (Cornell Laboratory of Ornithology,
Ithaca, NY, U.S.). The accurate documentation of caller ID was lacking in most sound
files with multiple calling individuals; therefore, only one call from one individual was
randomly selected per call file. In call files where the researcher was able to identify
more than one individual from counter-calling (i.e., the repeated, predictable response
of a second individual to the calls of a first), one call was randomly selected from up to
two individuals. In all, only one randomly selected high-quality (i.e., determined by each
database to be “A” quality out of an A–F rating scale) call per individual was used in all
downstream analyses. After call selection, the warbleR package v1.1.19 [58] in R v3.6.2
(The R Foundation) was used to perform additional quality control and data processing.
Individual spectrograms were created with the ‘specreator’ function using a window length
of 510 samples, a 90% overlap between windows, and a frequency limit of 0 kHz to 9kHz to
reassess call quality. Poorly selected calls (i.e., calls where the temporal coordinates being
read by a function did not match the actual start and end times of the calls) were reselected
using the ‘seltailor’ function.

Differences in contact call structure between all populations were assessed both quan-
titatively and qualitatively. First, 26 acoustic parameter measurements—including various
frequency and duration characteristics, entropy, skew, and kurtosis—were calculated for
each call using the warbleR ‘specan’ function with a 90% overlap between windows and
a bandpass filter from 0 kHz to 7 kHz (Table S5). The extracted data were then used in a
principal component analysis performed with the ‘prcomp’ function from the base stats
R package. The first two principal components were plotted to visualize the clustering
patterns of calls by population. Next, the ‘xcorr’ function of the warbleR package was used
to create a spectrographic cross-correlation matrix of all the calls. This matrix was trans-
formed into distance measurements so that a multidimensional scaling analysis using the
stats base package in R could be used to visualize the clustering patterns of calls by clade.
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A Mantel test was performed using the vegan package v2.5-6 in R to determine
whether the degree of genetic differentiation (measured as the average number of sequence
differences) between clades correlates with vocal differentiation (measured as the average
cross-correlation dissimilarity values).

3. Results

3.1. Phylogenetic Tree and Haplotype Network

A total of 3444 bp from 6 genes (393 bp of 12S, 525 bp of 16S, 868 bp of CytB, 510 bp
of ND2, 625 bp of TGFB2, 523 bp of TROP) were included in the maximum-likelihood
phylogenetic analysis, though not all genes were able to be sequenced for every individual;
see Table S3 for a complete list genes per individual. Notably, the forward reads for COI
failed to sequence for all of the Atlantic Forest A. f. farinosa samples, so this gene was
removed from the analysis. With the addition of the ND2 mtDNA sequence and the
exclusion of the COI mtDNA sequence, the topology of our maximum likelihood majority
rule consensus tree is nearly identical to the phylogeny reported by the original [36] study
for taxa included in both studies (Figure 2). The Atlantic Forest population of A. f. farinosa
is recovered as a monophyletic group sister to the assemblage that includes the three
recognized subspecies of A. farinosa (A. f. inornata, A. f. chapmani, and A. f. farinosa). This
group does not, however, show the same level of genetic differentiation as the two currently
recognized species of mealy amazon (A. guatemalae and A. farinosa; see insert of Figure 2).

 

Figure 2. Maximum likelihood majority rule consensus tree (cladogram) and median joining haplotype networks. Maximum
likelihood majority rule consensus tree based on an analysis of the combined nuclear and mtDNA from all northern and
southern mealy amazon clades. Numbers to the left of each node are bootstrap consensus values. The insert to the left of the
consensus tree is a phylogram of the best tree recovered from the same maximum likelihood search and illustrates the deep
split in the evolutionary timeline of the northern and southern species, as well as the relatively shallow split between the
Atlantic Forest clade and the other southern mealy amazon clades. The relative branch lengths of the phylogram represent
sequence divergence.
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The median joining haplotype network created using the CytB data returned a total of
16 haplotypes, with 28 sequence differences between the northern and southern species
and 5 sequence differences between the Atlantic Forest populations of A. f. farinosa and
their closest Amazon basin A. f. farinosa relative (Figure 3). In addition, the Atlantic Forest
populations form a distinct cluster within the greater southern mealy amazon cluster.
The haplotype network created with the reduced dataset of the four mitochondrial genes
shows a similar pattern. Thirteen haplotypes were recovered, with 67 sequence differences
separating the northern and southern mealy amazon species haplotypes and 10 sequence
differences separating the Atlantic Forest populations of A. f. farinosa from their closest
relative from the Amazon basin population of A. f. farinosa (Figure 3). This network
lacks a representative of the A. g. virenticeps northern mealy amazon subspecies (Table S3)
due to an insufficient amount of sequence data for the analysis software. However, we
assume any virenticeps individuals would be closely related to the other northern mealy
amazon subspecies A. g. guatamalae based on the topology of the CytB network. Together,
these results consistently show that the Atlantic Forest population is a distinct group when
compared to the other A. farinosa subspecies, albeit one that lacks the genetic distinctiveness
of previously recognized full species.

 

Figure 3. (Left panel) Median joining haplotype network based on CytB data. Size of each circle corresponds to the number
of individuals sharing that haplotype and color to each clade. Ticks on each branch represent the number of sequence
differences between each haplotype. (Right panel) Median joining haplotype network based on 4 mitochondrial genes
(CytB, ND2, 12S, 16S). Size of each circle corresponds to the number of individuals sharing that haplotype and color to each
clade. Ticks on each branch represent the number of sequence differences between each haplotype.
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3.2. Genetic Differentiation

Between-group mean genetic distances based on data from all genes included in this
study indicate 2.9% average sequence divergence between northern and southern mealy
amazon subspecies, compared to 0.4% average sequence divergence between southern
mealy amazon subspecies (including the Atlantic Forest population of A. f. farinosa) and
0.3% average sequence divergence between northern mealy amazon subspecies.

3.3. Call Similarity between Subspecies

A total of 150 calls (110 from the Macaulay Library and 40 from Xeno-canto) were
used in our analysis of call similarity between the 5 recognized mealy amazon subspecies
and the Atlantic Forest population of A. f. farinosa. Sampling locations and spectrograms of
representative calls from each subspecies are shown in Figure 1. An initial visual inspection
of the call spectrograms suggested there is some variation in the structure of contact calls
between subspecies (Figure 1), however, plots of the first two components from a principal
component analysis of acoustic parameter measurements and a multidimensional scaling
analysis of the spectrographic cross-correlation matrix did not reveal distinct clusters of
calls among the subspecies. Instead, we saw significant overlap of each clades’ calls in
acoustic space (Figure 4) due to a large amount of variation in calls within each subspecies.
This pattern suggests that (a) substantial structural differences exist across each subspecies’
range (e.g., the three example spectrograms of the A. f. farinosa subspecies of southern
mealy amazon in Figure 1), and (b) variation within a subspecies is as great as variation
among subspecies (Figure 4).

Figure 4. Acoustic variation in call data. Plots of acoustic variation in contact calls based on principle components analysis of
27 call measures (left) and a multidimensional scaling of spectrogram cross-correlation values (right). The points represent
individual calls, and the polygons represent the total area of occupied by each clade’s set of calls in acoustic space.

3.4. Assessment of Genetic Distance and Vocal Divergence

A qualitative assessment of the relationship between group mean genetic distance
and average cross-correlation vocal similarity among clades of A. farinosa and A. guatemalae
(Figure 5) showed no clear pattern of association. This apparent lack of a correlation
between vocal and genetic differentiation was supported by the Mantel test, which did not
detect any statistical association between the two matrices (Mantel test: r = −0.012, matrix
size = 6 clades, p = 0.451).
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Figure 5. Matrix comparing net between group genetic distance with mean call cross-correlation values. For both sets of
values, darker colors indicate greater dissimilarity between clades and lighter colors indicate greater similarity between
clades. ‘Mean genetic distance’ is the numeric average of all pairwise distances (i.e., number of nucleotide substitutions)
between clades, computed with the Kimura 2-parameter distance estimation model.

4. Discussion

We expanded upon a genetic dataset representing all recognized subspecies of the
mealy amazon species complex to examine their relationships to the disjunct Atlantic
Forest population of A. f. farinosa. In addition, we examined contact call similarity within
and between these groups to determine if variation in this behavioral trait was correlated
with underlying genetic structure. We found that while the Atlantic Forest population is
recovered as a distinct clade, the degree of genetic differentiation between this population
and the Amazon basin population of A. f. farinosa is substantially less than the degree of
separation between the recognized northern and southern mealy amazon species. We also
found that variation in a learned behavioral trait did not correlate to underlying genetic
population structure. We discuss these results and their conservation implications in more
detail below.

4.1. Genetic Relationships of the Mealy Amazon Clades

Our phylogeny and haplotype networks suggest that while the Brazilian Atlantic
Forest population of A. f. farinosa is genetically and geographically distinct from other pop-
ulations and subspecies of A. farinosa, it is not genetically distant enough to be considered
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a third cryptic species within the mealy amazon species complex. Specifically, the between-
group genetic distances for the three recognized southern mealy amazon subspecies and
Atlantic Forest population had a range of 0.13–0.75% compared to genetic distances with a
range of 1.9–3.8% between the northern and southern mealy amazon subspecies. Based
on the magnitude of difference between the recently reclassified northern and southern
mealy amazon species, we conclude that the Atlantic Forest population is best considered
a genetically distinct population warranting formal recognition as a subspecies within the
A. farinosa species.

Other studies aiming to identify potential cryptic species in parrots have employed
comparable thresholds at which a genetically distinct clade should be considered a new
subspecies or full cryptic species. In studies of three populations of the Cuban parrot sub-
species Amazona leucocephala bahamensis, researchers concluded that sequence differences of
1.7–2.2% in the CR1 region warranted a subspecies designation for the Abaco phylogenetic
species [33]. In the mulga parrot Psephotellus varius, an average sequence difference of 1.9%
in the majority of the mitogenome (~84%) between the eastern and western populations
was also justification for an elevation of the populations to separate subspecies [34]. The
same conclusion was reached for northern and southern subspecies of the scarlet macaw
(Ara macao) showing a 1.8% average sequence difference in a combined dataset of 12S,
16S, COI, and CytB [59], and for three recognized species within the Amazona ochrocephala
complex with only 2% sequence differences in a combined dataset of ATP synthase 6 and 8,
COI, ND2, and CytB despite their varied morphology [60]. In contrast, the authors of a
study finding 4.4–5.1% sequence divergence in CytB between eastern and western pop-
ulations of the ground parrot (Pezoporus wallicus) concluded that the western population
should be reclassified as a new, cryptic species [35]. While the results of these studies are
not directly comparable due to the various genes and analysis models used, the relative
sequence differences serve as useful benchmarks when we consider the threshold at which
a genetically distinct population is assigned a new taxonomic status. We should note that
the range of genetic distances between the Atlantic Forest population of A. f. farinosa and
all other A. farinosa subspecies for the CytB gene alone (0.76–0.99%) is equivalent to the
interspecific ranges previously calculated for CytB in 88 avian genera [61]. However, given
our more extensive data set and the established level of sequence divergence between
the northern and southern mealy amazon species, we do not believe the Atlantic Forest
population merits classification as a full species.

While it is likely our results represent the true phylogenetic relationship between the
Atlantic Forest and Amazon basin populations of A. f. farinosa, there is a possibility our data
suffer from a lack of geographic sampling diversity from the Atlantic Forest population (i.e.,
all individuals sampled originated from the same location). Wider geographic sampling
of the mealy amazon across the Atlantic Forest may reveal additional genetic structure
between populations within the Atlantic Forest (e.g., between the north-eastern region
of the Atlantic Forest, often referred to as the Pernambuco Center of Endemism, and
the southern or central regions of the Atlantic Forest) as well as between A. f. farinosa
populations in the Amazon basin and Atlantic Forest. Patterns of intraspecific genetic
differentiation within the Atlantic Forest are seen in other avian [62–64] and non-avian
taxa [65] within the Atlantic Forest, and may be driven by the historic expansion of species
from the Amazon basin to the central Atlantic Forest through gallery forests of the Cerrado
region [42,66,67] or the relative stability and connectivity of the central and western regions
of the Atlantic Forest in relation to historical climate patterns [68,69].

4.2. Utility of Behavioral Variation for Detecting Cryptic Species

The second goal of our study was to evaluate the potential utility of vocalization data
in the identification of cryptic species. Given that behavioral data can often be collected with
relative ease and at a very low cost, we aimed to determine whether variation in call struc-
ture correlated with genetic variation among groups. Such a relationship has been observed
for a number of songbird species such as the variable antshrike (Thamnophilus caertulescens),
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red crossbill (Loxia curvirostra), and greenish warbler (Phylloscopus trochiloides) [13–16].
However, parrots and other open-ended vocal learners are able to alter their calls into adult-
hood, a phenomenon that may potentially lead to rapid call divergence or convergence
irrespective of the underlying genetic structure of a population. For example, individually
distinct call signatures may promote the recognition of social group members in fission–
fusion societies and lead to a wide distribution of calls across the available acoustic space
of a species or population [70]. Alternatively, because convergence on local call types (i.e.,
vocal dialects) signals group membership, the increased flexibility provided by open-ended
learning may facilitate social integration throughout an individual’s lifetime, especially
after dispersal to unrelated populations [24], leading to an overall reduction in the total
number of call types in a species or population.

Our results do not indicate a high degree of differentiation in contact call structure
amongst groups. Cluster plots of each subspecies calls indicate substantial overlap of
call structure and call features in acoustic space, and no correlation of call similarity with
genetic structure (e.g., average cross-correlation similarity value for the Atlantic Forest
population of A. f. farinosa and closely related A. f. chapmani is nearly identical, 0.419, to the
similarity value of the Atlantic Forest population of A. f. farinosa and A. g. virenticeps, 0.418,
from the northern species). Similarly, in yellow-naped amazons (Amazona auropalliata), a
species well known for its regionally distinct vocal dialects, call diversity is unlinked to
the underlying population genetic structure, indicating a strong preference of individuals
to conform to local call types after dispersal or movement across dialect boundaries [71].
In contrast, the crimson rosella (Platycercus elegans) is one parrot species that shows clinal
variation in their vocalizations and microsatellite genetic data [72]. Songbirds such as
the white-crowned sparrow (Zonotrichia leucophrys) and suboscine passerines such as the
variable antshrike (Thamnophilus caerulescens), which use innate vocalizations, also show
greater correlation between acoustic and genetic variation [15,73,74], though this is not a
consistent trend amongst all species (e.g., [65]).

Potential methodological limitations to our current study include inconsistencies in
the quality and quantity of the available data from citizen science databases (e.g., lack
of standardized recording protocols, variation in the type of recording equipment used,
the unequal spatial distribution of sampling across each population’s range). In addition,
the call data were collected over a substantial timeframe (1950s to 2010s). Both factors
may mask patterns of variation at the regional versus the subspecies level if call structures
have changed over the decades or if information was lost in poor-quality recordings.
These issues might be remedied by more aggressive pre-analysis filtering of the available
data; however, attempting to apply stricter quality standards to our study led to a severe
reduction in sample size that would have inhibited our current analyses. Overall, we
suggest that vocalizations may be less useful as tools in the identification of cryptic species
when those species are open-ended vocal learners, though further study is warranted.

4.3. Conservation Implications

Typically, conservation action is focused at the species level, creating a critical need for
understanding the true relationship of disjunct and vulnerable populations to the species
as a whole. In the case of the Atlantic Forest population of A. f. farinosa, our results do
not support an elevation in species status but do indicate this population represents a
unique pool of genetic diversity within the mealy amazon species complex. Currently,
it is estimated that 7–16% of historic Atlantic Forest cover remains, and rates of habitat
degradation or destruction have increased significantly in the past three decades [48,49],
leading to restrictions in the ranges of local mealy amazon populations and increased
conflict with humans (A. Saidenberg, unpublished data). Shrinking refuges could further
endanger a population that, like most large parrot species, is already facing substantial
threats from poaching and harvest for the pet trade [26,27]. For these reasons, we advocate
for the special consideration of the Atlantic Forest population of mealy amazons in conser-
vation and management decisions for the species, including the formal recognition of this
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population as a subspecies of the southern mealy amazon. Finally, we strongly encourage
the continued study of parrot species complexes to help identify additional taxonomic
groups warranting classification and protection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13060273/s1, Table S1: Metadata and gene regions sequenced of the samples used in this
study. Table S2: Metadata for the sound files used in this study. Table S3: Primer sequences used to
amplify and sequence the gene regions used in this study. Table S4: Genbank accession numbers for
new Atlantic forest A. f. farinosa gene sequences used in this study. Table S5: Acoustic parameters
generated by the ‘specan’ function and used in our principal component analysis.
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Abstract: A key aspect in the conservation of endangered populations is understanding patterns of
genetic variation and structure, which can provide managers with critical information to support
evidence-based status assessments and management strategies. This is especially important for
species with small wild and larger captive populations, as found in many endangered parrots. We
used genotypic data to assess genetic variation and structure in wild and captive populations of
two endangered parrots, the blue-throated macaw, Ara glaucogularis, of Bolivia, and the thick-billed
parrot, Rhynchopsitta pachyrhyncha, of Mexico. In the blue-throated macaw, we found evidence of
weak genetic differentiation between wild northern and southern subpopulations, and between wild
and captive populations. In the thick-billed parrot we found no signal of differentiation between
the Madera and Tutuaca breeding colonies or between wild and captive populations. Similar levels
of genetic diversity were detected in the wild and captive populations of both species, with private
alleles detected in captivity in both, and in the wild in the thick-billed parrot. We found genetic
signatures of a bottleneck in the northern blue-throated macaw subpopulation, but no such signal
was identified in any other subpopulation of either species. Our results suggest both species could
potentially benefit from reintroduction of genetic variation found in captivity, and emphasize the
need for genetic management of captive populations.

Keywords: genetic diversity; demographic history; population structure; captive breeding; blue-
throated macaw; thick-billed parrot

1. Introduction

One important step in designing effective conservation plans for endangered species
is the quantification of genetic diversity and population structure. Underlying genetic
factors can have important ramifications on the susceptibility of wild populations to
extinction [1,2], success or failure of captive breeding programs [3], and reintroductions of
captive individuals to wild populations [4]. Many conservation plans focus on reintroduc-
ing captive individuals back into their native range [5]. Reintroductions can often benefit
wild populations by increasing the amount of breeding individuals and raising the effective
population size [6]. However, the result of reintroductions is not always favorable; such
interventions may be detrimental and cause a reduction in the fitness of the population
through increased inbreeding or introduction of deleterious alleles due to artificial selection
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to the captive environment [6–8]. To better understand whether a reintroduction event will
lead to a desired result, the underlying genetics of both [9] wild and captive populations
should be quantified.

Nearly half of all Neotropical parrots (Order Psittaciformes) are threatened with
some level of extinction [10–12] due in large part to habitat loss and capture for the pet
trade [13–15]. Neotropical parrots represent a special case for conservation because they
are often found in large numbers in captivity due to an intensive pet trade that removes
individuals from the wild and places them in zoos and private homes. As a result of
this trade, captive populations may be as large as wild populations, or even larger, with
the most extreme cases being ones such as the Spix’s macaw, Cyanopsitta spixii, which
is extinct in the wild [16,17]. Properly managed captive populations aim to serve as
a reservoir of genetic diversity or preserve unique genetic variants no longer detected in
wild population(s) through selective breeding [18]. However, captive breeding programs
may face unique challenges such as a reduction in genetic diversity due to small founder
size [19], or increased inbreeding from incomplete pedigree data [20]. This situation makes
it valuable to reconstruct patterns of genetic variation in both captive and wild populations.

One strategy that has often been debated for parrot conservation is the reintroduction
of captive individuals into the wild [21]. One rationale for doing so is to reintroduce
valuable gene variants back into declining populations [22]. However, this does not take
into account some potential risks in doing so, including disease introduction [23] and
behavioral issues affecting successful integration of released individuals [24]. One example
of a successful reintroduction is that of the orange-bellied parrot, Neophema chrysogaster,
in 2010 [25]. In this case reintroductions were deemed to be the best option as captive
populations displayed novel genetic diversity not found in wild populations [26] and
extinction in the wild was thought to be imminent. Alternatively, some reintroductions
fail as was the case for releases of the thick-billed parrot, Rhynchopsitta pachyrhyncha,
from 1986–1992 due to factors including poor condition of released birds that lead to to
increased rates of predation and disease [27]. A metanalysis of parrot reintroductions
showed that high predation rates, longer periods of supplementary food supply, and
selection of high-quality release sites are some of the most important factors affecting
reintroduction success [28].

Two parrot species that have disproportionally large captive populations relative
to their remaining wild populations are the critically endangered blue-throated macaw,
Ara glaucogularis, and the endangered thick-billed parrot. The blue-throated macaw is
endemic to the tropical savannahs of the Beni region of Bolivia and is one of the most
endangered species of macaws still found in the wild [10]. Population estimates over
the last decade had placed an upper limit of 250 individuals in the wild divided into
two subpopulations: a northern subpopulation to the east of the Mamoré river near
Trinidad in the Mamoré province and a southern subpopulation near Loreto in the Marbán
province [29]. With the addition of a recently discovered third subpopulation to the west
of the Mamoré River in Yacuma and José Ballivián provinces, estimates for the global wild
population have risen to 312–455 individuals [30]. The captive population is estimated to
consist of approximately 1000 individuals throughout the private sector and zoos in North
America, as recorded through the Association of Zoos and Aquariums (AZA)-recognized
captive “studbook” (i.e., the official record of the pedigree and demographic history of all
animals managed among AZA member institutions and their partners) [31]. Recent studies
on the persistence of the wild blue-throated macaw population have suggested that the
population is stable, with survival and breeding success of adults being the most influential
aspect affecting population growth [32,33]. Current conservation strategies are aimed at
increasing the long-term persistence of the wild population and include protection from
poaching and predation, installation and monitoring of nest boxes, and the creation of
the private Barba Azul Nature Reserve [29]. Future reintroductions are a goal of private
breeding programs in Bolivia, the United States, Canada, and the United Kingdom.
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The thick-billed parrot is found in the high-elevation forests of the Sierra Madre Occi-
dental mountain range throughout the northern Mexican states of Sonora, Durango, and
Chihuahua [34]. Population numbers for this species vary due to infrequent surveys and
difficulties in accessing remote sites [35], but current estimates suggest between 2000–2800
mature individuals remain [34]. There is also a well-established captive population con-
sisting of some 100 birds held at zoos that are managed as part of an AZA-recognized
studbook, as well as an undetermined number of individuals in private hands [36]. Threats
faced by the thick-billed parrot include habitat loss due to logging operations throughout
its range as well as historical pet trade capture and shooting [37–39]. A recent study dis-
covered evidence of increased rates of predation by bobcats and recommended increased
antipredation methods at nesting sites [40]. Studies have suggested that reduction of
logging and favorable ecological conditions in the thick-billed parrot habitat range are key
to its recovery [41].

Both the blue-throated macaw and thick-billed parrot face similar challenges of low
or declining populations in the wild and sizeable populations in captivity. Direct com-
parisons between the two species can be valuable to elucidate general patterns that other
endangered species may be facing. Small population sizes may influence the long-term
persistence of each species through increased inbreeding and susceptibility to demographic
and environmental stochasticity [42]. Nonetheless, little is known about the underlying
level of genetic diversity and population structure in the wild and captivity as well as
the genetic consequences of recent population declines in both species. Quantifying these
population genetic parameters can help to inform the best plan of action for each species
moving forward.

Our project aims to improve understanding of blue-throated macaw and thick-billed
parrot population genetics for aiding the conservation of these species. To achieve these
goals, we genotyped individuals from wild and captive populations using panels of
polymorphic microsatellite loci. We used these multi-locus genotypes to first test for
the presence of genetic structure in wild and captive populations of each species. We
then quantified the genetic diversity of all populations (wild and captive) and tested
for signatures of a population bottleneck in the wild population of each species. We
subsequently used these results to assess the suitability of reintroductions from the captive
to wild populations from a standpoint of genetic diversity and health.

2. Materials and Methods

2.1. Sample Collection

All procedures were approved by New Mexico State University (NMSU) Institutional
Animal Care and Use Committee (protocols: thick-billed parrot 2007-07 and 2008-028;
blue-throated macaw 2015-033 and 2018-025). Samples were exported under CITES permits
(blue-throated macaw: Bolivian export 001128 and USA import US15671C/9; thick-billed
parrot: Mexico export MX43843 and USA import 06US118407/9).

Blood samples were collected from 60 wild blue-throated macaws from the northern
and southern subpopulations in Bolivia from 2007–2017 (Figure 1, Supplementary Materials
Table S1) and 46 wild thick-billed parrots from three nesting colonies in Mexico from
2007–2009 (Figure 1, Supplementary Materials Table S1). Individuals sampled in the
northern part of the blue-throated macaw range came from the northeastern subpopulation
and not the newly discovered northwestern population; here we refer to these samples
simply as the northern subpopulation. Blood samples were taken from 60 captive blue-
throated macaws held in zoos in the United States, Canada, and Bolivia and 73 captive
thick-billed parrots held in zoos in the United States (Supplementary Materials Table S2).
All Bolivian blood samples were mixed with lysis buffer and stored at room temperature
short-term and at −80 ◦C long-term. All other blood samples were stored on FTA paper
(WhatmanTM) at room temperature.
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Figure 1. (a) Wild blue-throated macaw Bolivian sample sites. Northern subpopulation = blue; southern subpopulation = red.
Sampling sites (individuals sampled): ES = Esperancita (25), BE = Bethel (9), HO = Holanda (8), LV = La Verde (6), PA = Palma
Sola (5), CA = Cantina (5); UR = Urkupina (2). (b) Wild thick-billed parrot sampling sites. MA = Madera (37); TU = Tutuaca (8);
SJ = San Juanito (1).

2.2. DNA Extraction

We used two methods of DNA extraction depending on the sample medium. DNA
was extracted from blood stored in lysis buffer using the Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Valencia, Santa Clarita, CA, USA) following the standard proto-
col for extraction from nucleated erythrocytes (https://www.qiagen.com (accessed on
20 September 2017)). DNA extraction from blood stored on FTA paper was performed
following a standard WhatmanTM elution protocol [43].

2.3. Microsatellite Genotyping

Microsatellite primers developed for the scarlet macaw, Ara macao [44], were tested
for their cross-amplification and variability in a subset of captive blue-throated macaws.
A panel of 12 of these primers were chosen for use in this study based on consistent
amplification and presence of multiple alleles. Separately, we tested microsatellites for the
thick-billed parrot from an array of primers developed for several parrot species including
the blue-and-yellow macaw, Ara ararauna [45], monk parakeet, Myiopsitta monachus [46],
burrowing parrot, Cyanoliseus patagonus [47], and previously unpublished primers for the
thick-billed parrot [48,49] (Supplementary Materials Table S3). We selected 11 of these
primers for use in this study.

Each forward primer was labelled with a fluorescent dye and PCR was carried out in
a 15 μL reaction with the following concentrations: 2.5 mM MgCl, 10× Gold PCR Buffer,
0.3 U AmpliTaq GoldTM (ThermoFisher Scientific), 8 mM dNTP’s, 1–3 μL DNA template
(1:10 dilution of DNA extract), and water to dilute. The reaction was carried out with an
initial denaturation of 95 ◦C for 25 s followed by 30 touchdown cycles with annealing
temperature starting at 60 ◦C and decreasing 0.5 ◦C per cycle, the reaction ended with
five final annealing cycles at 45 ◦C and an extension at 72 ◦C for 10 min. PCR products
were purified using the QIAquick PCR purification kit (Qiagen, Valencia, Santa Clarita, CA,
USA), following the multi-well PCR purification protocol. Purified PCR products from the
blue-throated macaw were sent to the UTEP Genomic Analysis Core Facility for fragment
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analysis on an ABI 3500 Genetic Analyzer and allele scoring was performed in Geneious
R8.1.7 (http://www.geneious.com accessed on 24 January 2018). Purified PCR fragments
from the thick-billed parrot were analyzed on an ABI 3100 Genetic Analyzer at NMSU and
allele scoring was performed in GeneMapper v3.5 (ABI). All PCR fragments were analyzed
twice to confirm results obtained from scoring.

For all loci, MICRO-CHECKER v2.2.3 [50] was used to check for the presence of null
alleles, large allele dropout, and scoring errors. Some wild samples were obtained from
different individuals at the same nest. To eliminate bias from the presence of first-order
relatives in the analysis we used data from field observations to identify potential parent–
offspring and full sibling relationships in each species wild sample pool. The associated
studbook for each species’ captive population was used to identify first-order relatives
in the captive population via the construction of a captive pedigree using the R package
kinship2 [51]. We then used ML-RELATE [52] as a secondary measure to confirm that none
of the remaining individuals in any population were first-order relatives. We randomly
removed one of each pair of first-order relatives to create a reduced dataset for each
species. Global deviations from Hardy–Weinberg equilibrium and linkage disequilibrium
between all locus pairs (Markov chain parameters: 1000 randomizations, 100 batches, and
1000 iterations per batch) were tested in Genepop 4.7 [53].

2.4. Population Structure and Genetic Diversity

We used the Bayesian clustering approach implemented in STRUCTURE v2.3 [54]
to infer putative population structure in our wild datasets. Using the admixture model
and the LOCPRIOR option, we tested a range of population numbers (K) from 1 to 10
using 10 independent Markov Chain Monte Carlo (MCMC) runs of 500,000 repetitions and
a burn-in period of 500,000. Results were evaluated using STRUCTURE HARVESTER [55].
To infer the optimal K value, we employed the ΔK method [56] and the plotting of the
log probability of the data [57] to assess where ln Pr(X|K) plateaued (see STRUCTURE
manual). CLUMPP [58] and DISTRUCT [59] were used to create plots of the STRUCTURE
results. Self-assignment rates of individuals to the population from which they were
sampled were determined as implemented in GenAlEx v6.5 [60]. We also used this analysis
to assign captive individuals to the referenced wild subpopulations. We investigated
evidence for first-generation migrants between wild subpopulations using the approach
of [61] as implemented in GENECLASS2 [62]. Principal Coordinates Analysis (PCoA)
plots were generated for each species from genetic distances as implemented in GenAlEx
v6.5. Pairwise Fst values among populations were calculated in GenAlEx v6.5 and p-
values were calculated in Hierfstat [63]. We used GenAlEx v6.5 to calculate the number of
alleles, number of private alleles, observed heterozygosity, and expected heterozygosity
for each locus.

2.5. Demographic History

The presence of a recent population bottleneck in the wild subpopulations was deter-
mined using the heterozygote excess test [64] with significance determined using the Sign
test and the Wilcoxon signed-rank test (1000 iterations) implemented in BOTTLENECK
v1.2.02 [65]. We used the assumptions of a two-phase and stepwise microsatellite mutation
model. For the two-phase model, estimates in birds suggest 60 to 80% of mutations occur
via a stepwise change [66,67]. Therefore, we used the assumption of either 60 or 80%
stepwise mutation for the analysis using this model.

3. Results

3.1. Microsatellite Validation

We genotyped a total of 120 blue-throated macaws at 12 microsatellite loci for this
study. Four individuals did not amplify at any locus and were excluded from further
analysis. For the remaining individuals, amplification success rates per locus varied
from 70 to 97% (Supplementary Materials Table S4). Using field observations, the captive
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pedigree (Supplementary Materials Figure S1), and ML-Relate, 31 wild and 37 captive
individuals were judged to be first-order relatives of other birds in the study (Supplemen-
tary Materials Table S5a–c) and were removed to create the reduced dataset used in all
remaining analyses. MicroChecker detected no evidence of null alleles in this reduced
dataset. Loci SCMA12 and SCMA34 were removed due to levels of missing data exceeding
24%. There was no evidence of deviation from Hardy–Weinberg or linkage equilibria
for the remaining loci. After the removal of first-order relatives, the dataset included
48 blue-throated macaws (19 wild and 29 captive) genotyped at 10 microsatellite loci with
3.95% missing data.

We genotyped a total of 119 thick-billed parrots at 11 microsatellite loci. Four samples
were deemed to be duplicates of another individual already in the study and two other
samples were removed due to unrecorded sample origin. Only one individual was sampled
from the San Juanito subpopulation; because we could not perform any population-level
comparative analyses with a single individual we excluded this sample from further
analysis. For the remaining individuals, amplification success rate per locus varied from 93
to 99% (Supplementary Materials Table S4). Using field observations, the captive pedigree
(Supplementary Materials Figure S1), and ML-Relate, 31 wild and 39 captive thick-billed
parrots were deemed to be first-order relatives with other birds in the study (Supplementary
Materials Table S6a–c) and were removed to create the reduced dataset which was used
for all remaining analyses. In this reduced dataset there was evidence of null alleles at
locus MmGT090, which was subsequently removed from further analyses. There was no
deviation from Hardy–Weinberg or linkage equilibria for the remaining loci. As a result,
our dataset contained 42 individuals (15 wild and 27 captive) at 10 microsatellite loci with
2.85% missing data.

3.2. Population Structure

We found evidence for weak, but significant, population differentiation between the
northern and southern subpopulations of the wild blue-throated macaw as evidenced
by a pairwise Fst value of 0.048 (p-value < 0.016; Table 1) and significant evidence of
genotypic differentiation (chi2 = infinity, p-value = highly sign.). Likewise, 94% of in-
dividuals self-assigned to the subpopulation in which they were sampled (Supplemen-
tary Materials Table S7), and no first-generation migrants (i.e., individuals not born in
their current subpopulation) were detected. However, Bayesian clustering analysis did
not find evidence for K > 1 based on ΔK or the plot of the log probability of the data
(Supplementary Materials Table S8).

Table 1. Pairwise Fst values for the blue-throated macaw and thick-billed parrot. p-values denoted by: * = p-value < 0.05;
** = p-value < 0.016. NA denotes comparisons that cannot be made between a population and one of the subpopulations
that compose it.

Blue-Throated Macaw Thick-Billed Parrot

Population Captive North Wild South Wild Population Captive Madera Tutuaca

Captive - Captive -
North Wild 0.026 - Madera 0.017 -
South Wild 0.047 ** 0.048 ** - Tutuaca 0.045 0.053 -
Whole Wild 0.025 * NA NA Whole Wild 0.014 NA NA

All individuals in the blue-throated macaw captive population were assigned to either
the northern (n = 22) or southern (n = 7) wild subpopulation. The pairwise Fst value was
significant between the captive population and the southern wild subpopulation but not be-
tween the captive population and the northern wild subpopulation. Approximately 16.3%
of variation in the blue-throated macaw data was explained by the first two coordinates of
the PCoA; the resulting ordination plot suggested that the captive population contained ge-
netic diversity not found in either wild subpopulation (Figure 2). Furthermore, we detected
16 private alleles in the captive population that were not present in either wild population.
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Figure 2. Principal coordinates analysis (PCoA) between genetic distance of captive, northern
wild, and southern wild populations in the (a) blue-throated macaw and whole captive and wild
populations in the (b) thick-billed parrot. Plots based on the reduced datasets with first order relatives
removed (see Methods).

We found no evidence of population differentiation between the Madera and Tutuaca
subpopulations of the thick-billed parrot (Table 1). Similarly, Bayesian clustering analysis
did not find evidence for K > 1 based on ΔK or the plot of the log probability of the
data (Supplementary Materials Table S8). Self-assignment to the subpopulation in which
an individual was sampled was low (74%; Table S7), however, no first-generation migrants
were detected.

All individuals in the thick-billed parrot captive population were assigned to either the
Madera (n = 21) or Tutuaca (n = 6) subpopulation. Pairwise Fst values between the captive
and wild populations were not significant (Table 1). Approximately 21.6% of variation in
the thick-billed parrot data was explained by the first two coordinates of the PCoA; the
resulting ordination plot of these two dimensions revealed little evidence of differentiation
between the wild and captive populations (Figure 2). We did detect eight private alleles in
the captive population and four in the entire wild population.

3.3. Genetic Diversity of Captive and Wild Populations

Mean observed heterozygosity for wild blue-throated macaws was 0.578 and 0.660 for
the northern and southern subpopulations, respectively, while allelic richness ranged from
4.1–4.4 (5.5 combined). Both wild subpopulations exhibited negative inbreeding coefficients,
although the northern population was not significantly different from 0 (Table 2). Mean
observed heterozygosity for the captive population was similar to the wild (0.618), however,
allelic richness was higher (7.0) and the inbreeding coefficient was slightly positive (0.025),
but not significantly different from 0.
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Mean observed heterozygosity for wild thick-billed parrots was 0.610 and 0.560
for the Madera and Tutuaca subpopulations, respectively, while allelic richness ranged
from 3.6–4.2 (4.9 combined). Both wild subpopulations exhibited negative inbreeding
coefficients, although that of the Tutuaca subpopulation was not significantly different
from 0 (Table 2). Mean observed heterozygosity (0.573), allelic richness (5.3), and inbreeding
coefficient (−0.060) for the captive population were both similar to values recovered for
the wild subpopulations (Table 2).

3.4. Demographic History

To detect evidence of a recent population bottleneck, we implemented the sign test and
Wilcoxon signed-rank test in the program BOTTLENECK. Both wild subpopulations of the
blue-throated macaw were tested independently. Although BOTTLENECK recommends
population sizes of 10 or greater individuals, we chose to test our northern wild (n = 9)
subpopulation as well. The thick-billed parrot subpopulations were combined into a single
population as no significant evidence of population structure between them was detected.
We found evidence of a recent population bottleneck in the northern subpopulation of the
blue-throated macaw under the 60% stepwise assumption of two-phase model (Wilcoxon
1-tail: p = 0.009; Wilcoxon 2-tail: p = 0.018) and the 80% stepwise assumption of the
two-phase model (Wilcoxon 1-tail: p = 0.016, Wilcoxon 2-tail: 0.032). None of the other tests
revealed evidence of a bottleneck in either species (Table 3).

Table 3. Heterozygote excess test results indicating p-values for the blue-throated macaw and thick-billed parrot
* = p-value < 0.05.

Blue-Throated Macaw: (Left) Southern and (Right) Northern Population

Stepwise Mutation Model Two-Phase Model Stepwise Mutation Model Two-Phase Model
60% Stepwise 80% Stepwise 60% Stepwise 80% Stepwise

Sign test 0.158 0.153 0.176 0.535 0.074 0.092
Wilcoxon signed
rank test (1-tail) 0.285 0.082 0.125 0.161 0.009* 0.016 *

Wilcoxon signed
rank test (2-tail) 0.570 0.164 0.250 0.322 0.018* 0.032 *

Thick-billed parrot: whole wild population

Stepwise Mutation Model Two-Phase Model
60% Stepwise 80% Stepwise

Sign test 0.193 0.449 0.428
Wilcoxon signed
rank test (1-tail) 0.838 0.422 0.577

Wilcoxon signed
rank test (2-tail) 0.375 0.845 0.921

4. Discussion

Here, we investigated the underlying genetic diversity and structure of the critically
endangered blue-throated macaw and endangered thick-billed parrot. Similar levels of
genetic diversity were detected between the wild and captive populations of both species,
with only allelic richness in the wild blue-throated macaw population being measurably
less (5.5) than found in captivity (7.0). Private alleles were detected in captivity for both
species. We found evidence of weak population differentiation both between the two wild
subpopulations of the blue-throated macaw, and among the blue-throated macaw wild
and captive populations. We found no evidence of population differentiation between any
populations of the thick-billed parrot. We recovered weak evidence of a recent population
bottleneck in the northern wild subpopulation of the blue-throated macaw with four of
eight total tests returning significant evidence of a bottleneck and no evidence of a recent
population bottleneck in the thick-billed parrot. Below, we discuss these results in more
depth and their implications for ongoing conservation efforts.
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4.1. Population Structure

We found that the wild subpopulations of blue-throated macaws exhibited a low amount
of genetic distinctiveness as evidenced by significant Fst values, high self-assignment to the
location from which individuals were sampled, and from private allele tests. However,
this level of differentiation was not high enough to be detected by Bayesian clustering
analysis. Thick-billed parrot subpopulations showed no significant evidence of differen-
tiation between any population pair. One of the problems that many parrot species face
is habitat fragmentation [68]. As reviewed in [69], habitat fragmentation caused by hu-
mans has led to population differentiation in several species of parrots while undisturbed
habitat tends to promote gene flow between populations. The presence of population
structure in the blue-throated macaw and not the thick-billed parrot may be indicative of
a stronger effect of human-caused habitat fragmentation in the former species, as well as
its smaller estimated population size. Alternatively, population structure may arise from
social factors promoting high philopatry, as suggested for the cooperatively breeding El Oro
parakeet, Pyrrhura orcesi, of Ecuador [70] and the colonially breeding red-fronted macaw,
Ara rubrogenys, of Bolivia [71]. The lack of population differentiation in the thick-billed
parrot may also be explained by the migratory nature of the species. The thick-billed parrot
undergoes seasonal migration from breeding sites in northern Chihuahua to overwintering
sites in central Mexico. This migration event has been thought to be a contributor to the
lack of geographic variation in vocalizations in thick-billed parrots [37] and could also
promote gene flow among populations. An additional consideration in our findings of
genetic structure is the influence of the extensive time period over which samples were
collected. This is especially important in the blue-throated macaw, where sampling efforts
occurred over the span of ten years. It is possible that the genetic structure of initially
sampled populations in 2007 could be different from that of the most recent efforts in 2017
and this may have influenced our findings.

One limitation in our ability to detect population differentiation may be low sample
size. We sampled over 100 individuals from each species, however, each dataset was
reduced to less than 50 individuals due to relatedness. Further sampling efforts for the
blue-throated macaw could lead to the addition of individuals from the recently discovered
northwestern population in the Yacuma and José Ballivián provinces [30], which may
uncover novel population structure not currently observed in our sample. Likewise, thick-
billed parrot sampling could be expanded to include new individuals from captivity and
other breeding colonies in the wild as our most recent sampling of thick-billed parrots
was in 2008.

The detection of private alleles and the lack of PCoA clustering suggests that the
captive populations contain genetic variation not sampled in the wild populations of
each species. Similarly, private alleles in both captive and wild populations have been
observed in the critically endangered orange-bellied parrot [26]. Novel genetic diversity
in each population can prove critical when extinction appears imminent in the wild. If
absolutely necessary, taking in new individuals as fledglings from declining wild popu-
lations can bolster genetic diversity in captivity which, in turn, may help the success of
captive releases [25]. Conversely, reintroductions of captive-bred individuals into the wild
could potentially reintroduce genetic variants back to locations from which they originally
derived, as seen in the Mauritius parakeet, Psittacula eques, where genetic panmixia was
restored with relatively small-scale reintroductions [72,73].

4.2. Genetic Diversity

Low levels of genetic diversity have long been associated with factors such as increased
inbreeding [74], and fixation of deleterious mutations [75] in small populations. We found
overall levels of genetic diversity within the populations of each species [blue-throated
macaw (mean Ho range: 0.578–0.660) and thick-billed parrot (mean Ho range 0.560–0.610)
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that were comparable to other members of the order Psittaciformes with heightened conser-
vation status, including the critically endangered swift parrot, Lathamus discolor (population
size = ~2400; mean Ho = 0.679; [76,77] and subspecies of the near-threatened Cuban ama-
zon, Amazona leucocephala (population size = ~23,000; mean Ho range 0.64–0.77; [9,78], but
higher than the critically endangered kakapo, Strigops habroptilus (population size = ~116,
mean Ho = 0.489; [79,80]. While heterozygosity values may not be directly comparable
across studies, all of the cited works used microsatellite loci which provide a general
sense of relative levels of genetic variation across a range of threatened and endangered
parrot species.

The similarity in genetic diversity of the blue-throated macaw and thick-billed parrot
raises interesting comparisons of these species’ natural and human-impacted history.
Historically, human-mediated range decline and poaching have been the two major threats
faced by both species. The blue-throated macaw relies on palms as a food source and for
breeding [81], and suffered a drastic population decline during the 1970s and 1980s due to
poaching for the pet trade. The thick-billed parrot also has a specific association with high-
elevation pine forest habitat [39], but the extent of historical poaching is thought to have
been lower. In contrast, the critically endangered kakapo historically faced different threats,
including high rates of predation from cats [82] and introduced rats, Rattus rattus [83].

Our results show that neither the blue-throated macaw nor the thick-billed parrot
are experiencing significant levels of inbreeding with a population average inbreeding
coefficient range of −0.186 to 0.025 and −0.116 to −0.022, respectively, and with the highest
values recorded in the southern population of the blue-throated macaw. It is important
to note that we removed 68 blue-throated macaws and 70 thick-billed parrots from our
study as they were either known to be, or statistically defined as, first-order relatives of
other individuals in the sampling pool. Therefore, true levels of inbreeding in the entire
population may be higher than our estimates and there may be substantial family structure
within each population. High inbreeding levels have been shown to increase deleterious
effects such as reduced clutch size, as seen in the kakapo [84], and hatching failure, as
observed in the Puerto Rican parrot, Amazona vittata [85].

While microsatellites can provide estimates of genetic diversity and population struc-
ture, they are selectively neutral and do not provide information about functional genetic
variation. On the other hand, while the number of individuals sampled in our study was
small, it was likely representative given that it encompassed a sizeable proportion of the
known populations for each parrot species in question.

4.3. Demographic History

We found evidence of a significant population bottleneck in the Northern wild sub-
population of the blue-throated macaw. However, we should note that this result was
detected in a sample of nine individuals, which is less than that recommended (n ≥ 10)
for the heterozygote excess test implemented in BOTTLENECK. Although preliminary,
our finding is still notable, as bottlenecks could potentially have a negative impact on
population fitness through reduced genetic diversity and increased inbreeding [86,87].
Severe inbreeding in the wild could also be a concern if the release of unrelated captive
individuals leads to outbreeding depression [88] which has been found to increase dis-
ease susceptibility in song sparrows, Melospiza melodia [89]. Importantly, no evidence of
increased hatching failure has been detected in the blue-throated macaw [10], suggesting
that while the population size is small, this species may not yet be suffering from detectable
deleterious effects of inbreeding.
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4.4. Conservation Implications

Our estimates of genetic diversity and population structure in wild and captive popu-
lations of the blue-throated macaw and thick-billed parrot should help inform conservation
efforts in both species (but see [90]). While protection of key habitats and resources have
been the primary focus of conservation efforts to date for both species, reintroductions and
translocations have also been considered as approaches for bolstering wild populations [86].
Our genetic findings suggest that introduction of variants currently found in the captive
populations of each species could be beneficial should such reintroductions be deemed
necessary by population managers. For the blue-throated macaw, managers should be
mindful of the limited structure we detected in the wild population and consider the origin
of captive individuals if planning any reintroductions so as to find the best fit population
for release of any given individual. In contrast, we found no differentiation in the wild
population of the thick-billed parrot, suggesting that any reintroductions can be designed
to maximize the enhancement of genetic diversity across the entire wild population.

Although we evaluate the suitability of captive populations for each species for
use in reintroductions, these significant interventions should only be considered after
comprehensive feasibility and risk assessments have been conducted and balanced by
consideration of costs and benefits relative to other conservation actions [91]. In the
meantime, the ex situ management programs of the blue-throated macaw and thick-billed
parrot should strive to maintain genetic diversity and minimize kinship in the captive
populations so as to maximize their current and future value for the conservation of these
two iconic parrot species.
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Abstract: The Military Macaw (Ara militaris) faces a number of serious conservation threats. The
use of genetic markers and assignment tests may help to identify the geographic origin of captive
individuals and improve conservation and management programs. The purpose of this study was
to identify the possible geographic origin of a captive individual using genetic markers. We used a
reference database of genotypes of 86 individuals previously shown to belong to two different genetic
groups to determine the genetic assignment of the captive individual of unknown origin (captive
specimen) and five individuals of known geographic origin (as positive controls). We evaluated the
accuracy of three assignment/exclusion criteria to determine the success of correct assignment of
the individual of unknown origin and the five positive control individuals. WICHLOCI estimated
that eight loci were required to achieve an assignment success of 83%. The correct geographic origin
of positive controls was identified with 83% confidence. All of the analyses assigned the captive
individual to the genetic group from the Sierra Madre Oriental. Bayesian assignment tests, tests for
genetic distance and allele frequency tests assigned the unknown individual to the locations from
the Sierra Madre Oriental with a probability of 71.2–82.4%. We show that the use of genetic markers
provides a promising tool for determining the origin of pets and individuals seized from the illegal
animal trade to better inform decisions on reintroduction and improve conservation programs.

Keywords: conservation genetics; genetic assignment tests; probable geographic origin; Mili-
tary Macaw

1. Introduction

The order Psittaciformes contains some of the most charismatic and recognizable bird
species in the world [1]. However, of the order’s approximately 352 species, 26% face some
degree of extinction risk [2]. For example, out of the 22 Psittacidae species recorded in
Mexico [1,3], 20 are at risk according to Mexican law [4], and at the international level,
the Red List of the International Union for the Conservation of Nature (IUCN) places
eight of those species in some risk category [5]. The Military Macaw (Ara militaris) is one
of the endangered psittacid species in Mexico, and faces two main threats: (1) habitat
transformation (loss, fragmentation and degradation) [6,7], and (2) illegal collection for the
national and international illegal pet trade [7–15]. Indeed, illegal trafficking has led to the
extirpation of populations from conserved areas [11,12,16].

In Mexico, the illegal wildlife trade has threatened 19 out of the 22 Psittacidae
species [7]. The capture of any wild Psittacidae species was outlawed in Mexico in 2003,
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and the current General Wildlife Law (LGVS) prohibits the extraction of psittacid species,
only granting permits for conservation or scientific research purposes [17]. One of the
objectives of the LGVS was to guide management efforts, including the recovery, reproduc-
tion, research, release, and/or relocation of individuals [18]. One of the problems faced by
reintroduction and recovery efforts is that in most cases, the geographic origin of animals
recovered from the illegal pet trade is unknown. Information on the geographic origin of
rehabilitated individuals is crucial in order to avoid mixing individuals from genetically
distinct populations, which can lead to genetic problems (e.g., local maladaptation and
outbreeding depression) [19–22].

Molecular tools make it possible to answer questions concerning evolutionary history,
define taxonomic uncertainties, and identify release locations using molecular markers
(e.g., microsatellites) and statistical approaches [23–26]. However, these techniques are not
often used for the identification of release locations for rehabilitated birds illegally taken
from the wild [21,27]. The use of molecular tools to establish the origin of individuals
for conservation purposes is increasing in reintroduction plans and for identifying illegal
trade sites, as demonstrated by studies of several species, such as the Hyacinth Macaw
(Anodorhynchus hyacinthinus) [28], the Blue-and-Yellow Macaw (Ara ararauna) [21] and the
European Pond Turtle (Emys orbicularis) [29].

The purpose of this study was to determine the probable geographic origin of a captive
Military Macaw of unknown origin using different molecular statistical analyses and test
the accuracy of these techniques using individuals of known origin, in order to generate a
protocol that can be used for reintroduction programs, for management and conservation.

The Military Macaw is one of the most charismatic species in the New World. Its dis-
tribution is fragmented, ranging from northern Mexico to northwestern Argentina [1,6,30].
In Mexico, the Military Macaw is distributed in apparently isolated colonies in two sep-
arate areas. One includes the Sierra Madre Occidental and the Sierra Madre del Sur
(from southern Sonora to Chiapas); the other is in the Sierra Madre Oriental, where the
macaws are reported in Tamaulipas, San Luis Potosi, Guanajuato, and Querétaro [31,32].
The geographic distribution of the Military Macaw in Mexico declined by 43% over 16
years (2000–2016) [10,13,14]. It is endangered under Mexican law [4,13], vulnerable on the
IUCN Red List [5], and listed in Appendix I of the Convention on International Trade in
Species [33].

A study conducted by Rivera-Ortíz et al. [34] on the genetics of the Military Macaw
used microsatellites from samples collected in seven Mexican locations and found strong
genetic structuring, showing two groups presenting geographic concordance. Group one
corresponded to the locations found in the Sierra Madre Occidental and the Sierra Madre
del Sur (Pacific slope), and Group two corresponded to the locations found in the Sierra
Madre Oriental (Gulf of Mexico slope). Given these results, the authors proposed the pro-
tection of the two genetic groups found in the three physiographic regions as independent
conservation units. In this study, we used both classification (correspondence analysis)
and genetic assignment methods to evaluate whether the Military Macaw individual of
unknown origin belonged to any of those previously identified genetic groups, and if
possible, assign it to a particular location.

2. Materials and Methods

2.1. DNA Extraction and Genotyping

We extracted DNA from five feathers collected from a captive individual housed at
the AFP OCEAN Foundation A.C. The rachises of the collected feathers were cleaned with
75% molecular grade ethyl [34]. This same procedure was performed with positive control
samples from five individuals of known geographic origin.

Total genomic DNA was extracted using the standard digestion protocol with
Proteinase-K/sodium dodecyl sulfate (SDS), followed by chloroform and alcohol pu-
rification as described by Leeton and Christidis [35]. Eight loci were amplified from nuclear
microsatellites using primers designed for other parrot species (five for Ara ararauna and
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three for Amazona guildinguii) [36–38]. These polymorphic microsatellites were those previ-
ously used by Rivera-Ortíz et al. [34] for Military Macaw individuals from seven different
locations.

These eight loci were amplified by polymerase chain reaction (PCR) according to
the parameters used by Rivera-Ortíz et al. [34]. Electrophoresis was carried out using
an ABI PRISM 3100 Avant sequencer (Applied Biosystems) with Gene Scan LIZ 500 to
determine fragment size. Fragments and their final size were analyzed using GENE
MAPPER 4.0 software (Applied Biosystems). Since this program automatically determines
allele size, we visually checked the electropherograms of microsatellites from the eight
loci to corroborate their size and number. PCR sequences were repeated for samples with
unclear electropherograms to resolve uncertainties [39].

2.2. Data Analysis

Genetic assignment analyses were conducted using the genotypes of 86 individu-
als from seven locations grouped into the two genetic groups reported by Rivera-Ortíz
et al., [34]. Those genetic groups considered the candidate places of origin of the captive
specimen of unknown origin and the five specimens of known origin (one individual from
Sinaloa, two from Nayarit, one from Oaxaca and one from Tamaulipas).

Theoretical studies have examined how the number of loci and alleles relate to the
success of assignment [40,41]. WICHLOCI 1.0 software [41] chooses the best combination of
loci to assign a captive individual by analyzing the data extracted from candidate locations.
Combinations of the eight microsatellites were used to test the minimum loci needed for a
successful assignment [41,42].

2.3. Factorial Correspondence Analysis (FCA)

First, we did a factorial correspondence analysis (FCA) using GENETIX 4.05.4 soft-
ware [43]. This analysis is a multivariate interdependence statistical method that is well
adapted to describe associations between variables [44] and provides a graphical display
of the genetic relationships between the individuals of interest and those of the reference
populations in a multidimensional space based on allelic data. FCA was performed using
three data combinations: (i) positive controls + unknown individual + individuals from the
Sierra Madre Occidental/Sierra Madre del Sur populations + individuals from the Sierra
Madre Oriental populations and (ii) positive controls + unknown individual + individuals
from the Sierra Madre Oriental. These combinations were created to determine whether
any differences existed between the unknown individual and the locations or candidate
genetic groups.

2.4. Genetic Assignment Analysis

A Bayesian approach was used to assign the unknown individual and positive controls
to genetic groups or populations, implemented in STRUCTURE 2.3.1 software [45,46].
This approach was designed to infer the number of genetic groups or populations of
individuals (K) according to their genotypes and estimate the proportional membership of
each individual’s genotype to one or more of the inferred genetic clusters.

We used the results of the population structure analysis of Military Macaws from
Rivera-Ortíz et al. [34], which identified two genetic groups: (1) Sierra Madre Occiden-
tal/Sierra Madre del Sur populations and (2) Sierra Madre Oriental populations. Within
these groups, we explored the possibility of hierarchical structuring as recommended by
Jombart [47]. We repeated these analyses until no additional structure was found within
clusters, i.e., until the optimal K value was 1. The burn-in length for each repetition con-
sisted of 500,000 steps, followed by 10,000,000 iterations, under the admixture assumption.
No clear substructure was detected in the two genetic groups reported by Rivera-Ortíz
et al. [34] (Supplementary Materials, Figure S1). A similar analysis, the discriminant analy-
sis of principal components (DAPC) also showed that the studied seven candidate locations
grouped into two inferred clusters (K = 2), according to Bayesian information criterion
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(BIC) [47] (Supplementary Materials, Figure S2). Therefore, we assumed that there was
no hierarchical structure and we continued the genetic assignment analysis under these
conditions.

To assign the unknown individual and positive controls of known origin back to their
genetic groups, we used the USEPOPINFO function within an admixture framework. We
performed this analysis with all of the controls and the two genetic groups.

We used 10 repetitions in a range of K = 1 to K = 10. The burn-in length for each
repetition consisted of 500,000 steps, followed by 10,000,000 iterations, under the admixture
assumption in order to determine the maximum value of the posteriori probability (lnP
(D)), to detect the true K [45]. CLUMPP 1.1.2 software [48] was used to eliminate label
switching, using the greedy algorithm with 1,000 random input orders. These values were
visualized using bar plots prepared with DISTRUCT software [49], which showed how the
test individuals were assigned relative to the grouping of the reference set of individuals,
and to determine the probability of their assignment to one of the two genetic groups
identified by Rivera-Ortíz et al. [34].

Genetic relationships between the unknown individual and positive controls and
the genetic groups/locations were also examined by applying discriminant analysis of
principal components (DAPC) [47] using the “adegenet 2.1.3” package [26] in R 4.0.5
software [50], with the number of principle components set to 35 following alpha-score
indication. DAPC is a multivariate, model-free approach designed to generate clusters
based on prior population information [26]. DAPC allowed us to analyze the population
structure by assigning the unknown individual and positive controls to the genetic groups
or locations.

We used three genetic assignment/exclusion approaches implemented in GENECLASS
2.0 software [51]. The analyses were carried out for the two genetic groups and for each
of the locations that contain them. The first approach used allele frequencies [52]; the un-
known individual and positive controls were assigned to the genetic groups and candidate
locations where each of their genotypic frequencies was expected to be the highest. We
calculated the probability of the genotype of the controls and then applied the simulation
algorithm proposed by Paetkau et al. [53] with a Monte Carlo (MC) resampling of 10,000
steps and an exclusion threshold of p < 0.05. In the second approach, we used a partially
Bayesian test based on Rannala and Mountain [54], which estimates the population’s allele
frequencies and individual assignment’s statistical significance (unknown individual and
positive controls). We used the simulation algorithm proposed by Paetkau et al. [53] with
an MC resampling of 10,000 steps and an exclusion threshold of p < 0.05. In the third ap-
proach, we calculated the genetic distance between the unknown individual and candidate
groups and locations. The same was done for the positive controls [55].

We used three measurements of genetic distance: (1) Nei’s minimum genetic dis-
tance [56], (2) Nei’s DA genetic distance [57], and (3) the simulation algorithm proposed by
Paetkau et al. [53] with an MC resampling of 10,000 steps and an exclusion threshold of
p < 0.05. A self-assignment of all of the individuals from the reference populations was also
performed, with an exclusion threshold of p < 0.05, with an MC resampling of 10,000 steps.

3. Results

The summary statistics per locus and per-locations locus, positive controls and un-
known captive individual are given in the Supplementary Materials (Tables S1 and S2).

The assignment scores estimated by WICHLOCI 1.0 software indicated that the con-
tribution to the genetic assignment of each of the eight loci varied between 9.0% (locus
UnaCT21) and 15.55% (locus UnaCT21). Using eight loci produced the highest score,
assigning the captive specimen to the candidate populations with an accuracy of 83%
(Table 1). The eight loci were used in all subsequent assignment/exclusion tests to improve
the assignment success for the unknown captive individual and positive controls.
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Table 1. Ranking carried out in WICHLOCI 1.0 for the eight loci. The loci are in order of highest to
the lowest score obtained.

Locus Score Score (%) A (%)

UnaCT21 139.474 15.556

83%

UnaCT32 118.573 13.225
UnaCT74 116.432 12.986
UnaCT43 114.071 12.723
UnaGT55 110.096 12.279
AgGT17 109.722 12.237
AgGT19 98.694 11.007
AgGT32 89.51 9.983

A = Correct assignment with the eight loci combined.

3.1. FCA

Using the combination of the positive controls + unknown individual + individuals
from the Sierra Madre Occidental/Sierra Madre del Sur locations + individuals from the
Sierra Madre Oriental locations, the FCA produced a data cloud showing the position of
each of the 86 individuals from the candidate genetic groups in a two-dimensional space
(taken from the study by Rivera-Ortíz et al. [34]) including the unknown individual and
the positive controls. Two distinct genetic groups were differentiated in the data cloud: (1)
individuals from the candidate locations from the Sierra Madre Occidental/Sierra Madre
del Sur and (2) individuals from the candidate locations from the Sierra Madre Oriental
(Figure 1). We observed that the positive controls of the individuals of Sinaloa, Nayarit, and
Oaxaca were located in the point cloud of the candidate locations from the Sierra Madre
Occidental/Sierra Madre del Sur. In contrast, the unknown individual and the positive
control from Tamaulipas were located in the point cloud of the candidate locations from
the Sierra Madre Oriental (Figure 1).

 
Figure 1. Results of the test to analyze the behavior of a bidimensional FCA of all candidate locations of the Military Macaw
with respect to the unknown individual and positive control.

The combination of the positive controls + unknown individual + individuals from
the Sierra Madre Oriental showed that the unknown individual was placed within the
data cloud corresponding to the Sierra Madre Oriental candidate locations and was closest
to the individuals from the Querétaro location. The positive control of the individual
from Tamaulipas was also placed in this cloud but was closer to the individuals from the

229



Diversity 2021, 13, 245

location from Tamaulipas. In contrast, positive control individuals from Sinaloa, Nayarit,
and Oaxaca formed a cloud of points that was quite distant from the individuals from the
reference locations in the Sierra Madre Oriental (Figure 2).

 

Figure 2. Results of the test to analyze the behavior of a bidimensional FCA of candidate locations of the Military Macaw of
the Sierra Madre Oriental with respect to the unknown individual and positive control.

3.2. Genetic Assignment

STRUCTURE showed the two genetic groups (K = 2) reported previously by Rivera-
Ortíz et al. [34]. The results of this analysis (Figure 3) indicates that the positive control
individuals were correctly assigned to the locations corresponding to their known geo-
graphic origins. The unknown individual was assigned to the genetic group of the Sierra
Madre Oriental with a genetic allocation ratio of 97.1% to 99.6% (Table 2).

Table 2. Variation in the genetic allocation percentages of the unknown individual of Military Macaw,
with the USEPOPINFO function of STRUCTURE for 10 runs with K = 2.

Run
Genetic Group 1 Genetic Group 2

Assignment Percentages

1 2.9 97.1
2 0.4 99.6
3 97.2 92.8
4 97.2 92.8
5 2.7 98.3
6 1.6 98.4
7 0.8 99.2
8 97.3 90.7
9 0.5 99.5

10 1.8 98.2

Genetic group 1 = Sierra Madre Occidental/Sierra Madre del Sur. Genetic group 2 = Sierra Madre
Oriental.

DAPC supported STRUCTURE, identifying two genetic groups (K = 2) (Figure 4),
according to Bayesian information criterion (BIC). The DAPC plot also reflects the assign-
ment probabilities of the positive control individuals as well as the individual of unknown
origin to the Sierra Madre Oriental (Figure 4).
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Figure 3. Proportional membership of unknown individual (NC) and positive controls (PC) and the relationship with the
two genetic groups of Military Macaw (86 individuals). Each bar represents the genotype of each individual; the colors
(green and red) represent the likelihood of membership of each of the two genetic clusters identified in the STRUCTURE
analysis. The vertical black lines show divisions between sampling locations.

 

Figure 4. Scatter plots of the DAPC of the microsatellite data for Military Macaw candidate locations,
positive controls and unknown individual from Mexico. The axes represent the first two linear
discriminants (LD). Each dot represents an individual. Eigenvalues of the analysis are displayed in
the inset.

In the four approaches implemented by GENECLASS, positive controls from Sinaloa,
Nayarit and Oaxaca were assigned to the Sierra Madre Occidental/Sierra Madre del
Sur genetic group, with values ranging from 70% to 82.4%. The positive control from
Tamaulipas and the unknown individual were assigned to the genetic group from the
Sierra Madre Oriental with values of 71.2% to 82.4% (Table 3).

The unknown captive individual was assigned to the candidate locations from Tamauli-
pas and Querétaro (Table 4). The analysis of Nei’s genetic distances and the minimum Nei
distance proposed by Cournuet et al. [55–57] showed the probabilities of assignment of
the unknown individual to the locations from Querétaro and Tamaulipas (Table 4). The
partially Bayesian approach taken by Rannala and Mountain [54] and the allele frequency
approach described by Paetkau et al. [53] both assigned the unknown individual to the
location from Querétaro, with probabilities of 32.7% and 30.3%, respectively (Table 4). All
positive control individuals were assigned correctly to each of their locations of origin; the
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four approaches showed assignment probabilities between 29.8% and 55.0% for individuals
from Sinaloa, Nayarit, Oaxaca, and Tamaulipas (Table 5).

Table 3. Assignment probabilities of the positive control samples and the captive individual of unknown origin, according
to four types of analysis.

Analysis Type

Genetic Groups Controls Frequencies Bayesian
Nei’s Genetic

Distance (1983)
Minimal Nei

Distance (1973)

Sierra Madre
Occidental/Sierra

Madre del Sur

Sinaloa 0.756 * 0.705 * 0.771 * 0.816 *
Nayarit (Ind. 1) 0.745 * 0.723 * 0.700 * 0.801 *
Nayarit (Ind. 2) 0.742 * 0.737 * 0.715 * 0.810 *

Oaxaca 0.778 * 0.756 * 0.789 * 0.836 *

Sierra Madre
Oriental

Tamaulipas 0.764 * 0.758 * 0.764 * 0.799 *
Unknown individual 0.712 * 0.748 * 0.79 * 0.824 *

* The probability of exclusion calculated with the Monte Carlo method of Paetkau et al. (2004) is p < 0.05.

Table 4. Assignment probabilities for the captive individual of unknown origin to each candidate
location, according to four types of analysis.

Analysis Type

Candidate
Populations

Frequencies Bayesian
Genetic

Distance of Nei
(1983)

Minimal
Distance of Nei

(1973)

Sonora 0.00 0.00 0.00 0.00
Sinaloa 0.00 0.00 0.00 0.00

Nayarit (Ind. 1) 0.00 0.00 0.00 0.00
Nayarit (Ind. 2) 0.00 0.00 0.00 0.00

Jalisco 0.00 0.00 0.00 0.00
Oaxaca 0.00 0.00 0.00 0.00

Querétaro 0.303 * 0.327 * 0.373 * 0.461 *
Tamaulipas 0.00 0.00 0.224 * 0.418 *

* The probability of exclusion calculated with the Monte Carlo method of Paetkau et al. (2004) is
p < 0.05.

Table 5. Assignment probabilities for the positive control samples to each candidate location, accord-
ing to four types of analysis.

Analysis Type

Candidate
Populations

Positive Controls (• = TAM, + = SIN, ♦ = NAY and � = Oax)

Frequencies Bayesian
Genetic

Distance of Nei
(1983)

Minimal
Distance of Nei

(1973)

Sonora 0.00 0.00 0.00 0.00
Sinaloa 0.306 +* 0.298 +* 0.471 +* 0.501 +*

Nayarit (Ind. 1) 0.349 ♦* 0.376 ♦* 0.401 ♦* 0.550 ♦*
Nayarit (Ind. 2) 0.449 ♦* 0.376 ♦* 0.401 ♦* 0.505 ♦*

Jalisco 0.00 0.00 0.00 0.00
Oaxaca 0.408 �* 0.378 �* 0.439 �* 0.451 �*

Querétaro 0.00 0.00 0.00 0.00
Tamaulipas 0.35.7 •* 0.310 •* 0.309 •* 0.457 •*

* The probability of exclusion calculated with the Monte Carlo method of Paetkau et al. (2004) is
p < 0.05.

Self-assignment tests of the candidate locations panel correctly assigned between
65.1% and 90.6% of the individuals to their population of origin (Table 6).
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Table 6. Allocation criteria implemented in GENECLASS, self-assignment test of the 86 wild individ-
uals of the seven candidate locations.

The Criterion of the
Algorithm

Number of Individuals Percentage (%)

Frequencies 67 77.9
Bayesian 74 86.0

Nei’s Genetic distance (1983) 78 90.6
Minimal Nei distance (1973) 56 65.1

4. Discussion

Identification of an individual’s geographic origin by means of genetic analysis de-
pends on the ability to assign it to a particular location, which in turn depends on the
level of genetic structuring among reference locations [58]. Here, we tested the ability of
molecular genetic assignment to identify the likely location of origin of one individual of
the Military Macaw of unknown origin and five individuals of known origin, in order to
evaluate the method’s utility in future conservation efforts for the species. In this study,
the results showed that the methods tested were useful in identifying the geographic areas
from which individuals likely originated, for both the unknown individual and the five
positive controls.

The results of the FCA, STRUCTURE and DAPC tests grouped the unknown individ-
ual with the Sierra Madre Oriental genetic group with high confidence. However, it was
impossible to assign it to a specific geographic location because there is no differentiation
between individuals from different reference locations in this genetic group, indicating
gene flow. These FCA, STRUCTURE and DAPC results are reliable because the reference
sample of individuals used in the study and provided by Rivera-Ortíz et al. [34] presents a
marked genetic structure and differentiation across the distribution range of the Military
Macaw in Mexico, showing a pattern that was also found by Eberhard et al. [59] with
mitochondrial markers. These previously documented patterns of genetic structure are
important in the context of the present study because structure and differentiation among
the reference locations must be high if there is to be reasonable success in geographic
allocation using grouping methods (with 80–100% correct allocation) [26,60,61].

The allocation/exclusion analyses carried out using GENCLASS suggest that the likely
origin of the unknown individual is the Sierra Madre Oriental metapopulation, as deter-
mined by the grouping analyses. Three of the four criteria used for the allocation/exclusion
analyses show some probability that the unknown individual belongs to the Querétaro
location, although with relatively low certainty (30–46% probability). These low probability
values should be interpreted with caution, since they may be affected by small sample sizes
in some of the reference locations. Some authors suggest that a sample of 30–50 individuals
per reference location is necessary to allow accurate estimates [26,55,58]. Unfortunately,
obtaining large sample sizes in studies of endangered species is extremely difficult due
to small population sizes, restricted areas, and difficulty accessing their distributional
areas [13,62,63], as in the case of the Military Macaw.

The different methods used to identify the probable location of origin of the individual
Military Macaw of unknown origin proved to be effective and complementary, as demon-
strated in this study. When carrying out this type of analysis, we recommend graphically
showing the genetic similarity of the individuals as a first step that reveals if the samples
of unknown origin are grouped in the reference localities [64]. Then, consider a Bayesian
approach to determine the probability that the individuals of unknown origin originate
from a population, considering all reference localities together [26]. Finally, use the tests to
exclude or identify individuals of unknown origin in the reference localities, to determine
the probability that individuals of unknown origin are rejected or belong to the reference
localities [65].

Our study shows that given the degree of population genetic structure in Military
Macaw locations in Mexico, it is possible to use microsatellite data to identify the probable
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location of origin of an individual of unknown provenance. This, in turn, makes it possible
to make a more informed selection of locations at which the individual could be released.
The captive specimen was geographically assigned to the Sierra Madre Oriental, and
according to our results, is a candidate for release in that zone. It is essential that the
programs for reintroducing and releasing Military Macaw individuals into the wild make
proper use of this kind of molecular tools [42,66,67], given that for an endangered species,
such as the Military Macaw, the strong genetic structuring of wild locations may reflect
local adaptations that would be lost if they were to be managed as a single group [34].

To improve the accuracy of assigning individuals of unknown origin to their correct
populations, it is crucial to continue genetic studies of wild locations and increase the
number of molecular markers used in genetic analyses. Relatively low numbers of mi-
crosatellites were used in this study, but microsatellites have provided sufficient power for
geographic assignment of a variety of wild species due to their high level of polymorphism
and genetic structure of the populations [68–70]. The use of other markers such as mito-
chondrial DNA would be very informative and complementary since it might allow us
to distinguish lineages that correspond to particular geographic areas [21]. Identification
of single nucleotide polymorphisms (SNPs) from genomic data also have a significant
advantage for geographic assignment, since information from hundreds or thousands of
SNPs could potentially provide improved resolution of patterns of genetic structure, and
thus, the more precise assignment of an individual’s geographic origin [61].

Our study demonstrates that in combination with the reference samples analyzed by
Rivera-Ortiz et al. [34], currently available molecular markers and statistical assignment
and exclusion software can help identify the geographic origin of captive individuals or
specimens confiscated from illegal trade [50]. No studies have been conducted to analyze
the number of Military Macaw individuals trapped each year, but Cantú et al. [16] estimated
that 65,000 to 78,000 psittacid individuals are poached for illegal trade and suffer a mortality
rate of 77%. Only about 2% of poached individuals are seized by the Mexican Federal
Environmental Protection Agency (PROFEPA) [16], but given how many are poached, this
small percentage still represents several hundred individuals. In this sense, identifying the
geographic origin of captive individuals or specimens confiscated from illegal trade helps
biodiversity managers to detect locations with intense poaching, and thus, focus efforts
and resources on these sites to prevent poaching. It will also support and guide restoration
or demographic translocation programs if they are deemed necessary to increase genetic
variability [23,28].

A crucial component of this study was the availability of the set of reference samples
of known geographic origin [34]. We recommend the establishment of large DNA reference
collections and large public databases containing allele frequencies from many populations,
and the use of museum collections, which can play an essential role since DNA can be
extracted from museum skins. Any genetic analysis that attempts to identify geographic
origin of an individual/sample depends on having good data on georeferenced genetic
variation. These databases would be extremely valuable in efforts to conserve endangered
species [26], by helping to detect and reduce illegal trade and informing conservation
management plans.
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Oriental, Figure S2: Changes in mean Bayesian information criterion (BIC) values in successive
K-means clustering.
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Abstract: The order Psittaciformes is one of the most prevalent groups in the illegal wildlife trade.
Efforts to understand this threat have focused on describing the elements of the trade itself: actors,
extraction rates, and routes. However, the development of policy-oriented interventions also requires
an understanding of how research aims and actions are distributed across the trade chain, regions,
and species. We used an action-based approach to review documents published on illegal Psittaci-
formes trade at a global scale to analyze patterns in research aims and actions. Research increased
exponentially in recent decades, recording 165 species from 46 genera, with an over representation
of American and Australasian genera. Most of the research provided basic knowledge for the inter-
mediary side of the trade chain. Aims such as the identification of network actors, zoonosis control,
and aiding physical detection had numerous but scarcely cited documents (low growth rate), while
behavior change had the highest growth rate. The Americas had the highest diversity of research
aims, contributing with basic knowledge, implementation, and monitoring across the whole trade
chain. Better understanding of the supply side dynamics in local markets, actor typology, and actor
interactions are needed. Protecting areas, livelihood incentives, and legal substitutes are actions
under-explored in parrots, while behavior change is emerging.

Keywords: illegal wildlife trade; conservation actions; literature review; poaching; wildlife markets

1. Introduction

Parrots (order Psittaciformes including parakeets, macaws, cockatoos, and allies) are
among the groups of vertebrates with the largest proportion of species involved in the
wildlife trade [1]. Parrots are mostly traded to supply the demand for pets and cage
birds, and since 1982, the entire order (with the exception of four relatively common
species) has been listed in the Appendices of the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) in an attempt to make this trade
sustainable and avoid illegal trade [2]. However, illegal trade may run in parallel with
CITES-regulated international trade [3], and illegal domestic trade remains substantial
in some countries, representing an important threat to parrot populations [4]. Aside
from conservation impacts on the harvested species, and despite CITES regulations and
international bans, both the legal and illegal trade have contributed to the establishment of
alien and invasive populations of parrots worldwide [5,6]. In some instances, these non-
native populations may cause ecological, economic, and even human health problems [7]
including the potential transmission of zoonotic diseases associated with illegally traded
specimens [8,9].
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Efforts to summarize heterogeneous and disperse information on the illegal parrot
trade including literature reviews and CITES database analyses have focused mostly
on documenting the number of individuals and species as well as trade mechanisms
and routes involved [10–14]. However, the development of coordinated and effective
policies to tackle the illegal parrot trade requires not only understanding the temporal and
geographic patterns of the problem itself, but also their proposed solutions. Actions aimed
at regulating different levels of the illegal trade chain cover the reduction of harvesting by
patrolling to controlling trade by enforcement as well as efforts to reduce the demand [15].
The extent to which these solutions are implemented greatly depends on the financial,
capacity building, and legal contexts within source and recipient countries [16]. Recent
multifaceted, interdisciplinary approaches have simultaneously reduced extraction and
demand within source countries [17]. However, it is not clear whether these policy-
oriented initiatives are common or the exception in the practice of tackling illegal parrot
trade. Tallying the frequency of actions across the trade chain including an evaluation
of the base-line information available related to each action, taking into account regional
and temporal contexts, is critical for the development of evidence-based, policy-oriented
interventions [18].

In this study, we used an action-based approach to review published research on the
illegal parrot trade at the global scale to analyze the distribution of conservation aims and
action types among regions and species. We aimed to generate a ‘road map’ for future
research and implementation of anti-trafficking efforts by: (1) understanding how different
actions have been conducted in different geographic, temporal, and taxonomic contexts,
and (2) identifying existing knowledge gaps and highlighting areas where further research
is needed. Furthermore, we discuss how well integrated and consistent actions have been
taken at different points in the trade chain across regions and species in order to better
inform regional policies.

2. Materials and Methods

2.1. Literature Search Strategy

We conducted a specific and a general literature search on the database Web of Science
(WoS). For the specific search, we used terms in English and Spanish: ‘illegal wildlife
trade’, ‘extraction’, or ‘poaching’ combined with terms related with the focal taxonomic
group (‘Psittaciformes’, ‘Psittacidae’, or ‘parrot*s’) in the themes section. We limited the
search until March 2020. This search resulted in a ‘WoS dataset1′ with 166 documents.
The general search included only search terms in English related with the focal taxonomic
group (Psittaci *, parrot *, macaw *, parakeet *, amazon *, cockatoo *). This resulted in a
bigger dataset (12.095 documents, ‘WoS dataset2′).

We also searched in the web pages of international non-governmental organizations
related with the topic (TRAFFIC, WWF, WCS) and in the Mendeley database, in order to
include gray literature not represented in WoS (e.g., reports, books, and thesis). This search
resulted in the ‘gray dataset’ with 88 documents.

We combined the three datasets and removed duplicate documents, resulting in a
final dataset with 11,948 documents published between 1990 and 2020. We then applied
three types of filters. In the first filter, we did an automatic screen of the title, abstract, and
authors’ keywords looking for eight topic specific words (exotic, extract*, illegal, trade,
pet, illicit, market, poach*). We then performed a manual interactive check of the actual
keyword phrases to discard false positives or non-informative keyword combinations, and
to manually add overlooked publications for some countries or taxa of special interest.
After this step, 11,375 documents were discarded as unlikely to have information related to
the wildlife trade. In the second filter, we reviewed the title and abstracts, and if necessary,
also the full text of the 573 remaining documents, and classified them into three main
categories: included in the review (163 documents with original data about illegal parrot
trade), not available (four without abstract or for which no document was found), and
rejected (406). Rejected documents included those evidently off topic of either parrot or
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illegal trade (359), opinion articles or overviews (17), or those mentioning illegal trade only
circumstantially as a threat to the species (30).

2.2. Document Classification

For the 163 documents included in the review, we reviewed the full text and extracted
the information about the countries where the studies were conducted and aggregated them
into five main regions following ISO classification: Africa (Eastern, Northern, Southern and
Western Africa), the Americas (North America, Latin America, and the Caribbean), Asia,
Europe, and Oceania [19]. We also extracted the parrot species reported using the species
list of BirdLife International [20] to unify the species scientific names across documents.

We classified each document according to three variables: (1) level of the trade chain
addressed (supply, transactional or demand); (2) research contribution level (basic knowledge,
implementation, or monitoring); and (3) aims and types of conservation actions implemented
(Table 1). Categories within variables were not exclusive, so documents with multifaceted
approaches were included in more than one category (Table S1 in Supplementary Materials).

Table 1. Illegal wildlife trade mitigation measures scheme used to classify published research about the illegal parrot trade.

Side Actions Aims Action Types Action Examples

Supply side Reduce harvesting

Area based Protected areas, private areas

Species based Bans, extractions quotes

Enforcement Patrols, surveillance, fences, seizing,
prosecutions, extraction bans

Incentives Sustainable use, alternative livelihood

Legal substitutes Captive breeding, ranching

Modelling Population Viability Analysis, CPUE models

Transactional

Aid physical detections

Forensic analysis Forensic analyses

Molecular methods Genetic markers

Citizen science Identification and reporting applications

Locator device Radio tracking, nano locators

Certification schemes Captive breeding certification

Identify network actors

Trade structure Social network analysis, actors description,
actors identification

Market dynamic
Open market surveys, internet markets,

trade routes, parallel trade, dark web, local
market dynamic, import/export dynamic

Extraction dynamic Extraction scope, extraction amount,
extraction dynamic, extraction methods

Demand dynamic Demand scope, demand amount

Legislation

International International convention (CITES),
international bans

Domestic Nation acts, updated legislation

Consortia collaboration Consortia and collaborations, stakeholders
collaboration

Zoonosis control

Detection of infectious diseases Prevalence on wildlife or humans

Monitoring outbreak Transmission dynamics, epidemiology

Effect Mortality rates, survival rates

Invasion control
Risk assessment Driven factors

Status evaluation Status of exotic population
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Table 1. Cont.

Side Actions Aims Action Types Action Examples

Demand Behavior change

Limits on purchase and
possession Keeping bans

Social marketing campaigns Attitudes or perceptions of pet owners,
behavior models

Education Education campaigns

Awareness-raising campaigns Pride campaigns, awareness-raising
campaigns

For the level of the trade chain addressed, we classified as ‘supply’ those documents
addressing how poached individuals enter the trade chain including poaching dynamics
and motivations. We classified as ‘transactional’ the documents describing how the product
is processed as well as how trade is operated, facilitated, or moderated, involving different
intermediaries such as transporters, smugglers, traders, enforcement agents, etc. We also in-
cluded in this category documents describing trade chain structure and dynamics. Documents
describing how and why parrots are purchased were classified as ‘demand’ [21,22].

We defined three broad categories to describe the research contributions. We classified
as ‘basic knowledge’ those studies focusing on understanding patterns and processes
including magnitude and scope of trade, and development of monitoring tools. We
classified as ‘implementation’ those documents describing which and how specific actions
(see below) were implemented. We classified as ‘monitoring’ those evaluating whether
the actions implemented helped to tackle illegal trade, usually implying before–after and
treatment–control comparisons [21,22].

We adopted the illegal wildlife trade mitigation measures scheme proposed by
‘t Sas-Rolfes et al. (2019) to define the aims and types of actions that could be implemented
to tackle the parrot illegal trade. This scheme classifies aims into the following categories
(Table 1): (1) to reduce illegal harvesting (including actions like protecting areas, extraction
bans, sustainable use, alternative livelihood approaches, etc.); (2) to aid in the physical de-
tection of illegal products (e.g., forensic, genetic tools, locator devices); (3) to identify wider
networks of actors and address the enabling environment for illegal wildlife trade (e.g., local
and international market dynamic, extraction scope, extraction amount, extraction dynamic,
etc.); (4) to regulate trade with high-level measures and national legislation (e.g., CITES,
national acts) as well as the establishment of conservation initiatives, consortia, and specialist
groups (e.g., Parrot Researchers Group); (5) to evaluate or control impact on biodiversity (e.g.,
zoonosis, invasive species); and (6) to reduce demand by behavior change either with coercive
measures (e.g., imposing limits on purchase and possession) or encourage behavior change
using awareness, education, or social marketing campaigns (Table 1).

We used a PostgreSQL database and customized PHP and R clients to manage all steps
of filtering, data curation, and annotation. Source codes are available in a public repository.

2.3. Data Analysis

We evaluated temporal patterns in illegal parrot trade publications by aggregating
the number of published documents by year. Additionally, we calculated changes in the
mean of document citations by action aim and by year [23]. We excluded the last two years
to reduce the number of zeros in the sample. We fitted a Poisson mixed model, where the
expected response is given by:

log(E(y|u)) = α + (β + b)year + u (year|action) (1)

where (E(y|u)) is the expected response conditional on u; α is the fixed intercept, and
β is the fixed slope; u and b are the random intercepts and slopes (respectively) that are
normally distributed with mean zero; year is the publication year, and action is the study
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aim as described in Table 1. In such a model, aims with positive random intercepts can
be interpreted as reaching higher than average cited articles in the period. Similarly, aims
with positive random slopes have higher-than-average growth rate (i.e., larger change in
cited publications during the same period) [23].

To visualize taxonomic patterns, we aggregated the number of documents by genera,
aim, and region and represented these relationships with a bar plot. We used the taxonomic
list of BirdLife [24] to aggregate the species reported in their respective genera. We also used
the IUCN conservation status categories reported by BirdLife to describe the distribution
of conservation status of the species by region.

To visualize geographical patterns in the aims reported, we followed a double ap-
proach. We first created an incidence matrix by region where columns were the three
variables assessed (trade chain level, research contribution, and aims and action type)
and rows were the combinations of levels for each variable. We used Sankey diagrams to
represent the distribution of combinations in our multivariate dataset. In Sankey diagrams,
variables are assigned to vertical axes that are parallel. Levels for each variable are repre-
sented by blocks with its size proportional to the frequency of observations. Flow lines
join co-occurring categories in adjacent levels, and flow widths are proportional to their
frequency. Some combinations were not represented in our dataset (i.e., flow = 0).

Finally, we created a country scientific collaboration network with author affiliation
countries as nodes and the number of co-authorships among countries as links. All
affiliations of a given author were considered. Node attributes included the number of
publications and research contribution level. To visualize the relationship between study
location and authorship at the country level, we overlapped the proportion of research
developed in a given country and the proportion of author affiliations for the same country
and represented them in a map.

Analyses were performed using the packages alluvial, lme4, and igraph of R [25,26].

3. Results

3.1. Temporal Patterns

The number of publications related to the illegal parrot trade showed a sharp increase
after 2000, with a mean publication rate of 1 ± 1.66 publication/year between 1990–2000,
which increased sharply after 2001 (7.39 ± 0.38; Figure 2a).

Temporal patterns in aims suggest that documents about behavior change had the high-
est number of citations (rate of change in cited publications; Figure 1b) even though it only
accounts for four published documents. Identification of network actors (143 documents),
harvesting reduction (18), and aid physical detection (36) had low growth rates, with nu-
merous but low cited documents. Actions aimed to control invasion (four documents) and
zoonosis diseases (51 documents) had the lowest rate of change in the cited publications,
even though research about zoonosis control was the second aim with the highest number of
publications (Figure 1b).

3.2. Taxonomic Patterns

We found 165 from 46 genera reported in the illegal parrot trade literature. The top
10 reported species were Psittacus erithacus, Amazona aestiva, Ara ararauna, Ara macao,
Anodorhynchus hyacinthinus, Myiopsitta monachus, Aratinga solstitialis, Amazona ochro-
cephala, Amazona finschi, Amazona auropalliata, and Amazona farinosa.

Research focused on an average of 4.2 ± 0.6 species per document, although 58% of
published documents reported only one species (median = 1, range 0–44; Figure 2a). Traded
species recorded in the published literature were evenly distributed across conservation status
categories in all regions, but in the Americas, where Less Concern and Near Threatened
species reached larger percentages (Figure 2b).
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Figure 1. Temporal pattern in the published illegal parrot trade literature. (a) Published production across the years. The
number of published documents by year (blue bars) and the accumulated number (red line) are shown. (b) Temporal
pattern in action aims reported in the published literature. Hot, medium, and cold documents represent coarse groupings
defined for example purposes only, and should not be considered as statistically robust.

Figure 2. (a) Number species reported in published documents on illegal parrot trade. Median value shown as a dotted red
line. (b) Percentage of species reported as illegally traded for each IUCN conservation status category by region.

Almost half of the genera reported (46%) are under-represented in the illegal parrot
trade literature with none or only one document published (Figure 3). In general, identify-
ing network actors was the most frequent aim reported across all species (Figure 3), but
Amazona and Ara were the genera with higher diversity in aims, with research on aiding
physical detection, identifying network actors, harvesting reduction, and zoonosis control.
Amazona was the only genus for which research aimed to reduce demand through behavior
change has been reported (Figure 3). The second pair of well-studied genera were Brotogeris
and Cacatua, with research on identifying network actors, aiding physical detection, and
reducing harvesting.
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Figure 3. Taxonomic pattern in conservation aims in the published illegal parrot trade literature. The number of documents
by genus and aim are shown. The top 10 most studied genera (with more than 10 documents published) are in bold. Genera
are in alphabetical order from bottom to top. The former genus Aratinga, as reported in the literature, currently comprises
four different genera (Aratinga, Eupsittula, Psittacara, and Thectocercus). Insert: red-masked parakeets (Psittacara erythrogenys,
top) and red-faced lovebirds (Agapornis pullarius, bottom) involved in the domestic and international illegal trade in Peru
and Senegal, respectively (Pictures: José L. Tella).

3.3. Geographic Patterns

The Americas was the region with the highest number of documents regarding the
illegal parrot trade: 129 documents from 22 countries, with Brazil, Bolivia, and Peru
holding the most frequent study locations. Asia was the second best represented region
with 52 documents from 18 countries, with Indonesia, India, Japan, and Singapore as
the most frequent study locations. We recorded 34 documents from 14 African countries,
mainly from South Africa, Guinea, Mali, and Congo. We only recorded six and five
documents for four European and Oceania countries, respectively. The Netherlands and
Australia were the most frequently reported study locations in those regions (Figure 4).
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Figure 4. Geographical representation of published literature on the illegal parrot trade. Countries where studies were
located are grouped by regions and ordered by number of documents recorded.

In general, 90% of research focused on the transactional side of the trade chain, while
the supply and demand side research only represented 8% and 2% of the published research,
respectively. Most of the research (86%) provided basic knowledge, while 6–7% contributed
with monitoring and implementation. About half of the research (55%) focused on identify-
ing network actors, followed by zoonosis control (20%), aid physical detection (14%), and
harvesting reduction (7%). Both invasion control and behavior change represented 4% of the
published research. We only detected one document aimed to evaluate the local legislation to
tackle the illegal parrot trade. There were important regional variations of this general pattern
(Figure 5). At the contribution level, basic knowledge was the only research contribution
detected in Europe (Figure 5d), while in the Americas, Asia, Africa, and Oceania regions,
we also detected examples of implementation and monitoring (Figure 5a–c,e). At the trade
chain level, the Americas was the only region with research on all sides of the trade chain
(Figure 5b), while the supply side research was also present in Asia and Oceania (Figure 5c,e).
Finally, at the aims level, the Americas was the only region with a research focus on behavior
change (Figure 5b), while works about harvesting reduction were lacking in Africa (Figure 5a)
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and Europe (Figure 5d). Research about invasion control was detected in Africa, Asia, and
Oceania (Figure 5a).

Figure 5. Trends in the illegal parrot trade literature in (a) Africa, (b) Americas, (c) Asia, (d) Europe, and (e) Oceania, showing
the combination of research contribution, trade chain focus, and action aims. Each column represents the variables analyzed
about research contribution, trade chain, and actions. Column length is proportional to the number of documents classified
under each variable category. Flows across columns are proportional to the frequencies of variable combinations. Color
flow traces the research contribution level of basic knowledge (beige), action implementation (cyan), and monitoring (red).

Across regions, the Americas had the highest diversity in research, with five aims
(Figure 5b) and 11 action types (Figure 6b). The most prevalent aim was the identification
of network actors, mainly through basic knowledge (Figure 5b) on market, extraction, and
demand dynamics (Figure 6b). Zoonosis control and aid physical detection were the second
most prevalent aims, the former contributing with basic knowledge and implementation
to detect infectious diseases, and the later in genetic methods (Figures 5b and 6b). Reduc-
ing harvesting was the third most frequent action aim with contributions in knowledge,
implementation, and monitoring (Figure 5b) of species-based and enforcement measures
(Figure 6b). Behavior change was far less prevalent, but with documented examples of
monitoring (Figures 5b and 6b).
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Figure 6. Action types used to tackle illegal parrot trade in in (a) Africa, (b) Americas, (c) Asia, (d) Europe, and (e) Oceania.
Percentages of documents reporting each action type are shown. Actions are grouped by aims.

Asia was the second region in research diversity with four aims (Figure 5c) and
nine action types (Figure 6c). Again, the identification of network actors was the main
aim, mostly contributing with basic knowledge, but also with the monitoring of markets,
extraction, and demand market dynamics, and to a lesser extent, with network analysis
(Figure 6c). Reducing harvesting was the second aim recorded, notably contributing with
monitoring (Figure 6c) at the supply level in enforcement and species-based measures
(Figure 6c). Zoonosis control was also an aim in the anti-trafficking efforts recorded for
Asia, with basic knowledge and implementation efforts (Figure 6c) for the detection of
infectious diseases (Figure 6c).

Africa was in the third position of research diversity with four aims (Figure 5a) and
eight action types (Figure 6a), notably, contributing with monitoring in market dynamic
and with basic knowledge for invasion risk assessment. Research in Oceania was character-
ized by providing basic knowledge in four aims and monitoring experience for reducing
harvesting (Figures 5e and 6e).

3.4. Research Collaboration

Global authorship in the illegal parrot trade seems to be highly collaborative, with
most of the research authored by researchers affiliated to institutions in the same country.
The countries with the best balance between number of studies and authorship from the
same country were Brazil, Australia, and China (Figure 7).
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Figure 7. Geographic distribution of the study locations and authorship on the illegal parrot trade. Red circles indicate
country-level illegal parrot trade research and blue circles indicate country-level author affiliations, with purple circles
where both overlap. Circle sizes are proportional to the maximum value in each dataset (logarithm). Wider blue rings
indicate disproportionately higher number of researchers than research specific to that country (e.g., the United Kingdom
and Canada), whereas wider orange rings (e.g., Bolivia, Peru) indicate the opposite. Purple circles with no external rings
indicate a proportionally similar number of studies and authors from a given country (e.g., Brazil, Australia, and China).

Authors affiliated with institutions in the UK, USA, and Spain were more prevalent, but
their contribution focused on other countries, generating three predominant collaboration
nodes (Figure 8). The first was the American group dominated by authors affiliated with
institutions in the USA, collaborating mainly with authors in South America. The UK group,
dominated by authors from the UK, collaborated with African, Asian, and European institu-
tions. The connection between the American and the UK groups was low (Figure 8). The third
was the collaboration node formed by Spain–Argentina–Colombia–Paraguay (Figure 8). We
additionally detected two isolated nodes, one formed by Mexico–Cuba–Ecuador and another
by Netherlands–Italy–Malaysia–Singapore (Figure 8).

Figure 8. International collaboration network recorded in the illegal parrot trade literature. Circle
size is proportional to the number of authors with a given country affiliation. Only the 40 most
frequent country affiliations are shown. Collaboration nodes are represented by different colors.
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4. Discussion

Globally, birds are the group with more species facing the illegal wildlife trade among
all vertebrates (45% of their species) and estimates of future trade suggest the addition of
230–1475 bird species [1]. Aside from this alarming prevalence, the fact that the wildlife
trade has caused a 62% decline in species [27] calls for a strategic plan to combat this threat
with policies that are proactive rather than reactive [1]. Developing such a strategic plan re-
quires tracing the actions implemented, understanding how well integrated and consistent
these actions are regarding to local market dynamics, and evaluating their effectiveness.
Our review takes a step forward to build this plan for parrots, one of the most traded
bird orders, by providing the first literature synthesis of the illegal parrot trade using an
action-based approach. This approach not only describes the current geographic, temporal,
and taxonomic pattern of the conservation aims and actions taken, but also allows us to vi-
sualize how articulated the actions and market patterns are. Furthermore, our action-based
approach allows us to identify strategies used to tackle illegal trade in other taxa (e.g., rhi-
nos, elephants, other bird groups) that have been little or not recorded in the illegal parrot
trade literature. Although we did not evaluate the effectiveness of the implemented actions,
this baseline will support the future development of quantitative meta-analyses estimat-
ing action-driven recovery to inform the much needed implementation and monitoring
interventions to reduce the impact of illegal trade on parrot populations.

4.1. Relevant Topics: Extraction Dynamics

Illegal parrot trade research has largely focused on identifying actor networks: this
aim represented half of the published literature and was the most prevalent aim across
regions and genera (Figures 5 and 6). The two most relevant topics were the scope of the
traded product (extraction dynamic, Figure 6) and the scale of market operations in terms
of source-destination countries and trade routes (market dynamic, Figure 6).

Beyond how much and which species are traded, there is an active discussion of
whether the scope of the traded product (live wild-caught parrots) is opportunistic, with
more abundant and available species facing higher extractions, or is selective, thus focusing
on particular species [28]. Disentangling these hypotheses requires testing whether species
are poached proportionally or not to their abundance in the wild, and both the opportunis-
tic [29] and selective poaching [30] of parrots were supported when using rough proxies
of their abundance in the wild. However, Romero-Vidal et al. [27] recently demonstrated,
by simultaneously measuring the relative abundance of parrot species in the wild and as
poached pets, that those species preferred as pets (due to their coloration, size, and ability
to imitate human speech) were selectively poached. The over-exploitation of selected
species, rather than the opportunistic harvesting of the commonest species, increases the
concerns on the impact of poaching and the illegal trade and the challenges of conservation
actions aimed to halt it [31].

Thus far, actions used to reduce the harvesting of wild-caught parrots has been more
diverse in the Americas, where examples of species-based actions like quota systems [32],
and local enforcement measures like seizure [33] and nest protection [34–37] have been
implemented and monitored (Figure 6). The widespread use of enforcement measures
in the Americas agrees with the perception among researchers and practitioners in the
region that enforcement is the most efficient measure to combat the illegal bird trade [38].
Examples of prosecution [39] and nest protection in Oceania, Asia [40,41], and Africa [42]
have been less frequent.

Alternative actions used in other illegally traded species such as protecting areas [43,44],
livelihood incentives, and using legal substitutes [45,46] are scarcely recorded in the illegal par-
rot trade literature. The impact of extraction for trade in vertebrates in general is significantly
lower in protected areas than in unprotected ones, meaning that successful conservation
of many traded species is intertwined with improved integrity of protected areas and the
maintenance of true wilderness [27]. That the role of area protection in preventing the illegal
parrot trade has been little evaluated is of particular concern given that the distribution of
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several threatened parrot species facing trade occurs into protected areas [24]. The impacts of
protection against the nest poaching of parrots have been evaluated in different countries and
continents [10,40]. However, as authors have used a wide definition of protection, covering
nest-site protection to national bans, tribal laws banning exploitation and reserve designation,
it is difficult to disentangle the contribution of the different protection actions. Nonetheless,
the fact that the numbers of Lear’s macaws (Anodorhynchus leari) annually seized by the
authorities have significantly decreased after protecting their main nesting areas suggests a
positive effect of area protection, at least for an extremely range-restricted species [47].

Another ‘missing’ action in the illegal parrot trade literature is the use of ecotourism
incentives for local communities aimed to reduce poaching. Interestingly, examples in
other taxa of successful ecotourism incentives mainly depend on protected areas [48,49].
For parrots, ecotourism initiatives have been used to increase general public awareness
toward parrot conservation problems and as a source of funding to support research [50],
but not as a way to generate direct payments to reduce illegal hunting and trade [49].

Although the role of captive breeding operations in providing legal substitutes to
cover parrot demand for the pet market has been mentioned [31,51,52], we did not detect
in-depth analyses of the real capacity and scope of the current captive breeding facilities to
cover the current parrot demand, or an evaluation of the legal and illegal trade relationship
(but see [32]). An in-depth and quantitative analysis of the scope, size, and extent of
captive breeding and their role in the legal and illegal trade of parrot species across regions
could help to understand the opportunities and limitations of market-driven conservation
approaches [45,47].

4.2. Relevant Topics: Market Dynamics

The second topic largely discussed in the illegal parrot trade literature was market
dynamics including the actors involved and the scale at which market operations occur
(Figure 6). In general, research has focused on describing the elements comprising the
market itself: actors involved, extraction rates, routes, and market value. Less attention has
been paid to understanding their dynamics, or how changes in socio-economic contexts or
conservation interventions affect them. An exception exists, however, in Africa [53], where
long-term monitoring of transactions of the Grey and Timneh parrots (Psittacus erithacus
and P. timneh) have been developed.

Nevertheless, the accumulated knowledge of illegal parrot trade markets allows
us to draw a bigger picture of the different dynamics occurring across regions. In the
Americas, for example, the current illegal parrot trade is largely driven by local markets
with small-scale activity [54]. The trade network seems to be composed of widespread
but not organized intermediaries, working independently [29,54]. Moreover, in Colombia
and some areas of Ecuador and Venezuela, most parrots are poached locally to satisfy
the demand of household pets without entering markets [28,31,55,56], a fact that could
be extended across the Americas. Further research is thus needed to estimate the actual
volumes of poached parrots, which may be much higher than those estimated when only
surveying illicit markets [57]. Moreover, the increasing professionalization of criminal
groups in wildlife trafficking [58] in the region may be creating new markets and routes [59].

African and Asian markets are less documented than the American ones [11], but
insights from the most traded African species, P. erithacus and P. timneh, show complex
markets with shifting geographical patterns of imports, exports, and re-exports of wild-
sourced and captive-bred birds across time [3]. In contrast to American markets, the role
of criminal actors exploiting the legal trade in parrots to traffic threatened and protected
species in international markets is more evident in African and Asian contexts [60]. Trade
of wild-caught parrots at local African markets seems to be extremely low and largely
opportunistic [11,40,61].

Oceanian markets, dominated by Australian research, provide a very interesting and
contrasting scenario: local and international illegal trade of native Australian parrots is
insignificant, and 89% of demand for Australian parrot species is supplied by overseas cap-
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tive breeding populations [51,62,63]. Effective national trade bans and successful captive
breeding programs have been proposed as the main explanation for this achievement [62].

At any case, the legal or illegal nature of parrot market dynamics could be affected by
how the trade in parrots is perceived in different countries, which may differ substantially
across regions [38]. For example, in South America, enforcement staff perceive that wildlife
trade is a minor offense, and frequently release minor offenders without issuing any further
notification or providing basic information about the incident (e.g., species used, number
of specimens, locality, date, etc.) to administrative officers [64]. Similarly, difficulties
associated with law enforcement, monitoring, and discerning between legal and illegal
trade have been identified in other regions as critical issues in wildlife trade [38]. Legal
wildlife trade remains largely unexplored despite its scale, with 34% of the trade described
with broad code descriptions and without detailed taxonomic information, despite en-
compassing thousands of species [65]. Clearer documentation of the quantity and identity
of imports, together with more funding, personnel, and training in species identification,
would improve the staff’s ability to detect irregularities [65].

4.3. Actions across Regions: Facts, Gaps, and Opportunities

Regional differences in the market dynamics of the illegal parrot trade highlight the
need for regional tailored actions. For example, actions focused on reducing extraction
(e.g., nesting site surveillance, seizures, prosecution) and reducing demand of wild-caught
parrots through behavior change campaigns could be best suited to tackle the prevalent
local markets in the Americas.

The behavior change approach to reduce the local demand of threatened parrots is
an emerging topic (Figure 1b), with the Americas the only region on which this topic has
been developed (Figure 5b). Few but highly cited studies provide baseline knowledge
about people’s attitudes and motivations to keep parrots as pets [56,66–68], and examples
of implementation and monitoring of social marketing campaigns to reduce demand and
poaching of the threatened Amazona barbadensis in Bonaire [17,69]. Given the cultural
nature of parrot ownership [68,69], there is an increasing need for more in-depth and
culturally sensitive research to inform and develop interventions targeted at changing
consumer preferences and purchasing behaviors [70–72]. While identifying the attitudes
and motivations of consumers is a relevant first step, further efforts should include the use
of behavior models such as the theory of planned behavior [73]. Behavior models allow for
the identification and prioritization of the underlying factors influencing the behavior to
be changed (e.g., attitudes, social norms, perceived control; [74]), and for this information
to be used to develop effective interventions targeted at the key actors identified [55].

For African, Asian, and Oceanian markets where the risk of laundering illegally
caught parrots into the legal trade is higher, reliable and effective methods to identify
species and their origin could help to distinguish between legal and illegal trade, and
whether the specimen comes from a threatened population [75–77]. Genetic methods
to accurately identify species, kinship, and geographic origin of illegally traded parrots
have been developed for several Amazona, Anodorhynchus, Cacatua, and Ara species in the
Americas and Europe [78–82], and for Poicephalus [83,84] and Psittacus [85,86] in Africa.
Encouragingly, beyond basic knowledge generation, these genetics tools have been tested
in Australia [87–89], Brazil [78], and Colombia [90] (Figures 5 and 6). However, this
implementation experience, and worryingly, even baseline knowledge seems to be absent
in Asia (Figure 3, Figure 5, and Figure 6), where countries such as Singapore are well
known important trans-shipment hubs where wild-caught parrots are laundered as captive
bred to fuel the pet trade market [91].

Development of tools for identifying the geographic origin of a specimen in a forensic
context remains in its early stages for most species [77,92], and parrots are not the exception.
Low availability of parrot genomes, and the lack of reference databases, especially for rare
species or species with distribution ranges located in remote areas [76,77], help explain
why genetic and forensic methods to aid physical detection have been developed for only

252



Diversity 2021, 13, 191

a few species (Figure 4), and why the popularity of this topic has decreased across time
(Figure 1b). However, recent developments in genomics tools and stable isotope analyses
for African grey parrots [85] could provide innovative solutions to cross the bridge across
research–implementation, allowing a wider implementation of forensic tools to tackle the
illegal parrot trade [59].

Nonetheless, the illegal parrot trade could benefit from diversification in the methods
used to aid in the physical detection of traded parrots. Passive integrated transponder
devices (PIT tags) and closed bands [93] have been used by CITES to verify that an animal
is captive bred, as opposed to wild caught, as a mechanism for monitoring illegal harvest
of animals in international trade [94]. Additionally, multidisciplinary approaches using
machine learning and citizen science have been proposed to monitor the illegal trade in
social media [95].

Beyond species and trade markets, generating a comprehensive picture of the illegal
parrot trade requires linking this information across actors in the trade chain and evaluating
the economic and social factors shaping the actors’ decisions [96–98]. That is, it requires
an understanding of the network structure, which is poorly known for the illegal parrot
trade across all regions (Figures 5 and 6). We detected only one study aimed at evaluating
changes in the network structure in Indonesia, where parrot keeping has shifted from an older
person’s hobby to increasingly involving younger people [99]. Besides general descriptions
about poaching methods and smuggling routes [52,100], there is not a nuanced description of
actor typology [21] involved in the parrot trade, their roles, interactions, levels of economic
reliance, and knowledge. Social network analysis has already been used to identify key
countries that play crucial roles in the illegal trade network of African parrots [3,98]. A wider
application of this approach could help to improve our understanding of the interaction
among actors and products, which in turn could help to identify opportunities for conserva-
tion intervention tailored to the specific actor group [101–104]. Recent research in the Red
Siskin (Spinus cucullatus), a globally Endangered finch threatened by illegal trade, combined
tools from social network analysis, interviews, social media monitoring, and the literature
to describe the trade network for this species [101], which could be applied to the illegal
parrot trade.

Finally, the link between the illegal parrot trade and transmission of zoonotic diseases
has been largely explored (20% of the documents in the illegal parrot trade literature) in
the Americas (mainly Brazil) and in Europe. Basic knowledge about the prevalence of
Newcastle disease, Chlamydiophila psittaci, avian influenza virus, new beak and feather
disease, and Psittacine Herpesvirus have been reported for the Americas [105–107] and
Europe [108,109]. Additionally, outbreaks affecting wildlife have been reported for the
Americas [110–112] and Oceania [113,114], while those affecting humans have been only
recorded in the Americas [9,115]. In Africa, only studies about the prevalence of beak
and feather disease were detected [116]. In contrast, the relationship between illegal trade
and the establishment of non-native populations has been less studied. While there is
clear evidence for the role of the international legal trade on the establishment of several
parrot species out of their native ranges [116,117], we only detected one study that clearly
related illegal trade events with the establishment of Psittacula krameri populations in
South Africa [117]. Nonetheless, non-native populations in the Americas are probably
related to the domestic illegal trade, but have been scarcely reported [6], a fact that merits
further research.

4.4. Biases and Pitfalls

Our literature review had geographic, linguistic, and temporal sampling biases, which
could have affected the results in two main ways: (1) causing an underestimate of the
magnitude of research, and (2) detecting a smaller diversity of aims and actions than
what actually exists. The fact that our search strategy used only terms in English and
Spanish likely under detected the published literature in Asian languages. The Asian
documents recorded were published in collaboration with the UK and Netherlands-based
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institutions (Figure 8), but the high prevalence of local researchers (red halo in Figure 7)
suggests that part of the research could be under detected because it is published in local
languages. Overcoming the under detection of documents published in local languages is
important because they could be those making the greatest impact on policy change and
the implementation of conservation actions at local contexts. Clearly, greater monitoring
effort, using a wider battery of languages including French, Chinese, Bahasa Indonesia, and
Bahasa Malaya, would be necessary to better understand trade in Africa and Asia, which
appears to be influencing demand for wildlife in the Americas, creating new markets and
routes [59], and emerging as an important transit point for the illegal trade of wild-caught
Grey parrots [53].

Detectability of the aims and action types was also likely reduced by the incomplete-
ness of sources. Additional implementation and monitoring research results are likely
hidden in the gray literature (i.e., reports and theses), which was under-represented in
WoS. Although we were able to include reports from international NGOs working on the
topics, gray literature represented only 5% of the analyzed documents. However, this
high emphasis in the generation of basic knowledge but lower effort in implementation or
monitoring, agrees with description of the knowledge–implementation gap observed in
other conservation topics [18,118,119].

Besides detectability biases related to the limitations of our searching strategy, we
also identified intrinsic geographic and taxonomic biases related to the dynamics of illegal
parrot trade research. Although our review is representative of parrot species occurring
globally (37% of species included in CITES; [2]), the over representation of a handful of
them (Figure 3), mostly genera with American (Amazona, Anodorhynchus, Ara, Aratinga)
and Australasian (Cacatua) distribution, suggests a taxonomic bias. As expected, for many
rare, range restricted species, there are few studies, and even fewer implementation and
monitoring examples, while the most conspicuous species with large distributions might be
over-represented in the analysis likely because they are easier to detect. This pattern may
represent a combination of: (1) a higher diversity of American parrots compared to other
regions (233 spp in the Americas versus 128 spp in Asia and 129 in Oceania; [120]), (2) higher
scientific capacity in the Americas both in terms of number of countries with research in
the topic (39%) and number of documents published (65%; Figure 4), and (3) preferences
toward highly attractive species for both consumers [30] and researchers [121]. In any
case, the threat status seems to vary across regions, with the Americas showing an over
representation of less threatened species, while the others have focused on more threatened
ones (Figure 2b). In any case, the focus on American attractive parrots observed in the
illegal parrot trade research agrees with those observed in mammals, for whom the scientific
capacity of the countries where a species occurs is a strong driver of conservation research
bias [122].

Filling the gap in information about the illegal trade for rare and endemic parrot
species is clearly an important issue in order to obtain a comprehensive dataset. Supporting
research in countries with low scientific capacity and high biodiversity in close collaboration
between practitioners and academics could be an important first step [123].

5. Conclusions

The illegal parrot trade research has been largely collaborative and interdisciplinary,
incorporating concepts and methods from criminology, veterinary, human sciences, and ge-
netics, but most of those tools have focused on describing the trade process itself. Description
of the component of trade is, however, only the first step to understand the illegal parrot
trade and identify timely and effective actions. Our review shows that the illegal parrot trade
research has compiled enough information to build a sketch of trade patterns. However,
there are increasing calls to adopt multifaceted approaches that go beyond description, can
integrate the information available, and build a comprehensive picture of trade networks
including addressing the drivers of illegal trade by acknowledging market conditions, con-
sumer preferences, and the socioeconomic needs of communities at the local level [96,124].
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Additional efforts are required to improve the actor typology and how they interact as well as
how products and money fluxes into the network vary responding to socio-economic and
conservation contexts. The predominant local market dynamics highlight that more effort is
needed to improve our knowledge at the supply side of the trade chain including measuring
the current volume of poached parrots instead of traded ones.

This review represents a baseline compilation of information about the aims and
actions for tackling the illegal parrot trade at a global scale, allowing for the identification
of alternative actions in other illegally traded species that have not yet been properly
explored in the parrot trade literature. Protecting areas, livelihood incentives, and legal
substitutes have proven to be effective in reducing poaching and harvesting in other
species and are worthy of exploring in parrots. In addition, the use of tools and concepts
from the social sciences are emerging as a promising approach to better understand the
actors’ motivations across the trade chain and design culturally sensitive, behavior-based
interventions. Nonetheless, a more comprehensive evaluation of the effectiveness of the
implemented actions will require measuring their effect-size on relevant illegal wildlife
trade indicators [125].
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Abstract: We located rural communities with pet parrots and used these locations to predict the
probability of illegal parrot ownership across coastal Ecuador, using variables related to demand for
pets, parrot availability, and trapping accessibility. In 12 pet keeping communities, we carried out
in-depth interviews with 106 people, to quantify ownership, trapping, and interviewees’ attitudes
towards these behaviours. We combined these data to calculate a trapping pressure index for four
key roosting, feeding and nesting sites for the Critically Endangered Lilacine or Ecuadorian Amazon
Parrot Amazona lilacina. We found that 66% of all communities had pet parrots and 31% had pet
Lilacines. Our predictive models showed that pet parrot ownership occurs throughout coastal
Ecuador, but ownership of Lilacines by rural communities, is more likely to occur within the natural
distribution of the species. The number of people per community who had owned Lilacines in the
last three years varied from 0–50%, as did the number of people who had trapped them—from 0–26%.
We interviewed 10 people who had captured the species in the last three years who reported motives
of either to sell or keep birds as pets. Attitudes towards pet keeping and trapping differed among
the 12 communities: 20–52% believed it was acceptable to keep pet parrots, and for 32–74%, it was
acceptable to catch parrots to sell. This being said, most people believed that wild parrots were
important for nature and that local people had a responsibility to protect them. We conclude that
trapping pressure is greatest in the southern part of the Lilacine’s range, and urgent conservation
measures such as nest and roost protection, and local community engagement are needed.

Keywords: Amazona lilacina; poaching; conservation threats; mangrove; dry forest; local knowledge;
attitudes; Lilacine Amazon

1. Introduction

Parrots (Psittaciformes) are among the most endangered and rapidly declining bird
groups, with 28% of their species classified as threatened [1]. Globally, over a third of
parrot species are caught to fulfil the demand of the international wildlife trade [1–3]. In the
Neotropics, over half of the studied parrot populations are in decline [4], and one reason for
this is the high demand for the pet trade [5]. Neotropical species are particularly favoured
as pets [2,6], and it is suggested that trapping is a stronger threat to their conservation than
habitat loss [7]. Amazon parrots and macaws are preferred due to their attractiveness and
ability to mimic the human voice [8]; this is illustrated in Costa Rica, where nearly 20%
of households have a pet parrot and half of these are Amazona species [9]. Consequently,
the rate at which Amazon parrots and macaws are trapped is much higher than expected
considering their availability in the wild [10].

Trapping risk is highest where parrots are abundant in the wild, where demand is high
and where parrots are relatively easy to catch and sell [11]; therefore, trapping pressure may
differ across a species’ range and also between species. Additional factors found to drive
hunting and trapping include overlap with human population [11,12] and proximity to
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infrastructure or towns [13]. Attitudes and subjective norms are also factors that influence
decision making [14], and are therefore likely to affect the level of pet keeping and capture
in different areas. In Ecuador, wild bird keeping is illegal [15], and whilst ownership
appears to be declining in major cities [16] demand is still high in rural areas, where
over half of coastal communities still keep pet parrots [17]. The most frequently reported
confiscated bird species in the country are those with wild distributions exclusive to this
coastal region [16,18]. Moreover, this region is one of the most densely populated and
impoverished [19] parts of Ecuador, the habitats here have been drastically reduced [20]
and are greatly underrepresented in the country’s national protected areas system [21].

The Critically Endangered Lilacine or Ecuadorian Amazon Amazona lilacina, a species
recently split from the A. autumnalis group, is found exclusively within the coastal region
of Ecuador [22]. CITES reported thousands of individuals of this species being trapped
and exported in the early 1980s [23] and although frequency of trapping is likely to have
reduced significantly in recent years, there are still multiple reports of capture and pet-
keeping within rural communities [17]. An average of 392 wild-caught parrots, including 30
A. autumnalis, were confiscated annually in Ecuador between 2003 and 2016 [16]. Although
some of these may be older birds, and they may be either A. lilacina or A. a. salvini, this
figure suggests that some level of trapping is still occurring to fulfil the demand for pets.
The goal of this study was to understand the risk of trapping in rural communities and
formulate a strategy for conservation support. Specific objectives were:

1. Locate communities with pet parrots by conducting surveys across coastal Ecuador,
and use these locations to predict the distribution of pet parrots, and the likelihood of
local parrot trapping, using variables related to parrot availability, opportunity and
demand;

2. Within communities that keep pet parrots, interview local people to quantify the level
of parrot ownership, trapping and the attitudes towards these behaviours;

3. Develop a trapping pressure index based on model predictions, locally reported
incidence and attitudes towards parrot capture and ownership.

2. Materials and Methods

2.1. Surveys to Locate Communities with Pet Parrots

In order to locate rural communities with pet parrots, we conducted surveys between
January and July 2017. The study area encompassed the extent of occurrence of the Lilacine
Amazon Amazona lilacina and communities close (<10 km) to forest patches, where wild
parrots may occur were selected. Participants were asked to confirm if they knew of pet
parrots in their community, and if possible to identify the species. Prior verbal consent was
obtained from each participant and full ethical approval of survey content and methods
was gained from The North of England Zoological Ethical Review Committee. We aimed
to survey at least four households per community; however, some communities were made
up of just a few houses, so this was not always possible. We recorded the geographic
coordinates of communities with all pets, pet parrots and pet Lilacines, and calculated how
many communities each species was recorded in. We used IUCN Red List range maps
provided by BirdLife International [24] in order to determine if species were native to the
study area. Range maps are frequently updated so we report the year of update for each
range map in the results. ArcGIS (version 10.8.1) [25] was used, clipping the distribution
shape files, to calculate the size of each species range within our study area.

It is illegal to keep native bird species as pets in Ecuador [15], yet in our experience,
people speak openly about their parrots and are proud to show them off. However, it was
important that participants did not feel threatened or that we were collecting information to
inform the authorities. Therefore, surveys were conducted by a local Ecuadorian researcher,
in Spanish, with only the researcher and interviewee present, and it was made clear that all
information given was anonymous, and only to be used for scientific research.

Although we refer to A. lilacina as the Lilacine or Ecuadorian Amazon Parrot, neither
of these common names have Spanish translations that are used in Ecuador. Most local
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communities refer to “loro frentirrojo” (Red-lored Parrot), which in English describes the
A. autumnalis group and includes A. a. salvini in northern Ecuador. To avoid confusion,
we use A. lilacina in our communication with local communities and use photographs to
confirm identity, but refer to the Lilacine Amazon in this manuscript.

2.2. Distribution Models to Predict Parrot Ownership

From our surveys we created two groups of geographic coordinates to represent
(1) communities with pet parrots, and (2) communities with pet Lilacines. The MaxEnt
package in R (version 4.0.3) [26,27] was used to build distribution models based on these
coordinates combined with random background points within 30 km buffers of community
locations, to predict the distribution of pet parrots, and the distribution of pet Lilacines.
Variables were extracted to match each corresponding location and were chosen due to
their influence over parrot ownership and trapping [11]: opportunity (presence of parrots
and their desirability); demand (presence of people and the infrastructure for trade); and
accessibility (into the forest).

For each location, we calculated a “species value” to represent parrot trapping op-
portunity. For the pet model, this was calculated based on the presence of wild parrot
species at that location using species range maps [24], combined with the frequency of
the species being reported as a pet; 0.1 was allocated for each species present in that area,
and an additional 0.1 was added if that species was reported in a single community, 0.2 if
in two communities, etc. This value was used just for comparative purposes within the
study and we gave equal weighting to wild species presence and popularity in captivity, as
we had no evidence that either was more important than the other. For the pet Lilacine
model, this value was replaced with the predicted occupancy area from our distribution
models created using observations of the wild population [28]. For both models, we also
used the estimated human population [29], the Euclidean distance to the nearest town and
nearest road calculated in ArcGIS using OpenStreetMap [30] data, and the mean annual
Normalised Difference Vegetation Index (NDVI) from the monthly MODIS product over
2010–2015 as a proxy of vegetation cover.

For each group of points, spatial autocorrelation was controlled for by limiting them
to one per 1 km using the R package spThin [31]. Predictors were checked for pairwise
correlation across random points within the study area, using pair plot for collinearity [32].
Model evaluation was performed with five-fold cross validation and the mean AUC +/−
SD are presented to demonstrate the predictive ability. An AUC of 0.7 means there is a
70% chance that the fitted model will be able to correctly distinguish between presence
and absence [33]. All data were included in the final models. We present the permutation
importance (%) of variables, with a high value indicating that the final model depends
heavily on that variable [27].

2.3. Interviews to Quantify Parrot Ownership, Trapping and Attitudes

We selected 12 communities where pet parrots were present to conduct interviews
with community members about their experiences and attitudes towards parrot ownership
and capture. These communities ranged in size from 50 to 300 people. The reason these
sites were chosen was because our focus was on understanding risk to Lilacine Amazons,
so the selected communities fell within the species extent of occurrence and were <15 km
away from key roosting, nesting and feeding grounds [17]. These 12 communities were
grouped into four clusters (Figure 1). We interviewed at least six participants from different
households in each community. Participants were outdoor workers (i.e., agriculturalists,
fishers and crab fishers) selected for their familiarity with parrots in their local area. The
same methods regarding informed consent and data anonymity as described in Section 2.1
were followed. Due to low literacy levels amongst participants, all questions were read
out aloud and the answer provided was recorded by the researcher. Age and gender
of each participant was recorded. The interview consisted of eight questions and seven
attitude statements arranged on a five point symmetric Likert scale (Table 1). The Likert
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package [34] in R (version 4.0.3) [26] was used to visualise attitude statements. Responses
were grouped into positive, neutral or negative and a non-parametric test (Kruskal–Wallis)
was used to determine significant differences in responses between the four community
clusters.

Table 1. Interviews about parrot ownership and capture asking eight questions and seven attitude statements, which were
read out aloud by the researcher in Spanish. Interviews were anonymous and participants could decline to answer any
questions.

Interview Questions

1. How often do you see Amazona lilacina? daily/weekly/monthly/yearly/never

2. In your opinion, have A. lilacina numbers changed in the last
three years? increased/decreased/stayed the same/not sure

3. Have you ever owned a pet parrot? yes/no/prefer not to say

4. Have you ever owned a pet A. lilacina? yes/no/not sure/prefer not to say

- If yes, how did you get it? caught it/bought it/given it/prefer not to say

- If yes, where did you get it?

- If yes, how long ago did you get it? last year/two years/three years/> three years/prefer
not to say

- If yes, how many A. lilacina have you owned in the last
three years?

5. How many other people in the village have a pet A. lilacina?

6. Have you ever taken A. lilacina from a nest or caught one
from the wild? yes/no/not sure/prefer not to say

- If yes, how many in the last three years?

- If yes, for what purpose did you catch it?

7. Have you ever sold A. lilacina? yes/no/not sure/prefer not to say

8. To your knowledge, do other people in your village take A.
lilacina from nests/the wild? yes/no/not sure/prefer not to say

Attitude Statements

Response categories were: strongly disagree (1), disagree (2), neutral
(3), agree (4), strongly agree (5), I don’t know (NA). 1 2 3 4 5 NA

I think that it is OK to keep a parrot as a pet.

Catching parrots from the wild can make them extinct in my local area.

Wild parrots are important for nature.

I have a responsibility to protect the environment.

I am comfortable with outsiders catching parrots in my local area.

It is OK to catch wild parrots to sell to the pet trade.

It is OK if parrots disappeared from the wild.
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Figure 1. Interviews about parrot ownership and capture were conducted in 12 communities,
grouped into four clusters (A, B, C, and D) near key Lilacine Amazon roost sites. Each cluster
contains three communities <10 km apart.

2.4. Trapping Pressure Index

To prioritise areas for conservation support, we calculated a trapping pressure value
for each of the four community clusters, to represent the level of risk to the wild Lilacine
Amazon population from capture and local desire for pet keeping. This risk value was
calculated by combining the following six factors: (1) the mean model value for pet parrot
keeping (which represents a probability that pets occur at that location); (2) the mean
model value for pet Lilacine keeping; (3) the percentage of people who have owned a pet
Lilacine in the last three years; (4) the percentage who have trapped Lilacines in the last
three years; (5) the percentage of people who think it is OK to keep a parrot as a pet; and
(6) the percentage who think it is OK to catch wild parrots to sell.

3. Results

3.1. Locations and Species of Pet Parrots

Surveys were carried out in 65 communities (mean = 6 interviewed people per com-
munity; range 3–20). In 43 (66%), pet parrots were confirmed, and in 20 (31%), pet Lilacines
were confirmed. Of the 19 wild parrot species, nine were reported in at least one community,
with the most frequently reported being Lilacine Amazons (Figure 2) and Grey-cheeked
Parakeets Brotogeris pyrrhoptera. The mean range size within the study area of parrots found
as pets was 27,370 km2, compared to 8677 km2 for those not kept as pets (Table 2).
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Figure 2. Examples of pet Lilacine Amazons in four rural communities in coastal Ecuador. Parrots
were kept in a variety of situations; indoors or outdoors, caged or with clipped wings. In some cases
pet parrots that were housed in gardens were not initially considered to be captive by the owner, but
for the purposes of this study any parrot living in the locality of people was classed as a pet.

Table 2. The number of communities in which each of the 19 species was reported as a pet and the range size within the
study area according to BirdLife International [24].

Parrot Species (Year of Update)
Range within Study Area

SA (km2)
Number of Communities Reporting the

Species (Out of 65)

Lilacine or Ecuadorian Amazon Amazona lilacina (2018) 38,860 20
Grey-cheeked Parakeet Brotogeris pyrrhoptera (2014) 8645 20
Red-masked Parakeet Psittacara erythrogenys (2007) 54,327 17

Pacific Parrotlet Forpus coelestis (2017) 55,300 8
Red-lored Amazon Amazona autumnalis (2017) 5583 6

Blue-headed Parrot Pionus menstruus (2013) 27,943 2
Southern Mealy Amazon Amazona farinosa (2013) 8612 1
Bronze-winged Parrot Pionus chalcopterus (2014) 46,508 1

White-winged Parakeet Brotogeris versicolurus (2018) 549 1
Chestnut-fronted Macaw Ara severus (2014) 49,329 0

Blue-fronted Parrotlet Touit dilectissimus (2014) 13,470 0
White-capped Parrot Pionus seniloides (2012) 1482 0

Rose-faced Parrot Pyrilia pulchra (2002) 12,828 0
Great Green Macaw Ara ambiguus (2014) 3899 0

Red-faced Parrot Hapalopsittaca pyrrhops (2000) 49 0
Cordilleran Parakeet Psittacara frontatus (2014) 1347 0

Barred Parakeet Bolborhynchus lineola (2014) 2183 0
Red-billed Parrot Pionus sordidus (2014) 1565 0
El Oro Parakeet Pyrrhura orcesi (1999) 615 0

Kept by communities but non-native

Orange-winged Amazon Amazona amazonica NA 1
Yellow-crowned Amazon Amazona ochrocephala NA 5
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3.2. Predicted Distribution of Pet Parrots

The locations of the 43 communities with pet parrots and the 20 communities with
pet Lilacines were reduced to 42 and 19, respectively, after limiting each group of locations
to one per 1 km. A total of 3803 background points were randomly allocated. The mean
AUC of resulting models was 0.69 ± 0.06 (sd) for pet parrots and 0.62 ± 0.20 (sd) for
pet Lilacines. The most important variables predicting the presence of pet parrots were
distance to nearest road (permutation importance, PI = 40%) and distance to nearest town
(PI = 28%); the key factors for the presence of pet Lilacines were the mean annual NDVI
(PI = 33%) and species value, representing the native distribution (PI = 27%) (Table 3).
Predictions show that pet parrots are likely to be widespread throughout the study area,
whereas pet Lilacines seem to be more likely within the species range. Both models show a
high probability of occurrence of pets to the west of Guayaquil and out towards the coast
(Figure 3).

Table 3. Permutation importance values for variables used to create models predicting the distribu-
tion of pet parrots and pet Lilacines in coastal Ecuador.

Variable
Permutation Importance (%)

Pet Parrot Model Pet Lilacine Model

Mean annual NDVI 11 33

Distance to road 40 1

Human population density 18 23

Distance to town 28 16

Species value 3 27

Figure 3. Model predictions showing the distribution of pet parrots (a) and pet Lilacines (b).
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3.3. Incidence of Parrot Ownership and Trapping

Within 12 selected communities where pet parrots occur, 106 (96 men/10 women)
participants (min 6, max 13, mean 8.8 per community) took part in interviews. All partic-
ipants worked outdoors as farmers (57), fishers (25), crab fishers (18), bee keepers (3) or
wildlife guides (3). Participants were familiar with A. lilacina, the majority seeing them
daily (68%), weekly (19%), or monthly (8%), with the remaining 5% just a few times per
year. Of all participants, 66% (70) had owned a pet parrot either previously or currently,
and 36% (38) a pet Lilacine. The majority (74%, 28) of Lilacine pets had been caught by the
owner themselves, with the remainder received as gifts (16%, 6), bought (2%, 6), or found
(2%, 6). In the last three years, 15 people have owned a total of 24 Lilacines. In total, 34
people (32%) confirmed that they had previously captured Lilacines, the majority (76%, 26)
to keep as a pet themselves, the others to sell (9%, 26) or for undisclosed reasons (15%, 5).
Pet ownership and trapping varied between community clusters, with the highest rates of
historic and current ownership and trapping of Lilacine Amazons occurring in the crab
fishing communities (D) in the southern part of the range (Table 4).

Table 4. The number, age and occupations of people interviewed from each community cluster and the number who
reported owning parrots or catching parrots, either previously or in the last three years.

Community
Cluster

n
Mean Age

(Years)

Occupation: Farmer (F), Fisher (Fi),
Crab Fisher (CF), Other (O)

In Life Time:
In the Last Three

Years:

F Fi CF O
Owned
Parrot

Owned
Lilacine

Caught
Lilacine

Owned
Lilacine

Caught
Lilacine

A 31 53 8 19 1 3 23 11 9 0 0
B 23 48 23 0 0 0 11 8 8 4 3
C 29 53 26 0 0 3 18 4 4 1 1
D 23 46 0 6 17 0 18 15 13 10 6

Total 106 50 57 25 18 6 70 38 34 15 10

In the last three years, 10 interviewees reported that they had caught Lilacines, with
at least 16 birds among them, to either keep the bird as a pet (7), to sell it (1), or for
an undisclosed reason (2). All had either no or primary level schooling, and were men
23–72 years old. They reported seeing wild Lilacines daily (9) or weekly (1), and all but
one believed the wild population was stable or increasing. In cases where the capture
location was given, this always corresponded to the person’s occupation, i.e., farmers
reported catching parrots in the forest, fishers and crab fishers reported trapping parrots
in mangroves (Table 5). Seven of the 10 people who had caught Lilacines in the last three
years reported that multiple other people within their community also catch Lilacines, and
all 10 knew of multiple pet Lilacines in their community (mean 5.2 Lilacines).

Table 5. The age, gender, schooling, and occupation of all interviewees who reported catching Lilacines in the last three
years. We report the trapping location, reason for capture and how many were caught.

Community
Cluster

Age
(Years)

Gender Level of Schooling Occupation Location of Capture Reason for Capture
Number of Lilacines Caught

in Last Three Years

B
41 Male Primary Farmer Dry forest Pet 1
23 Male Primary Farmer Dry forest Pet 1
72 Male Primary Farmer Dry forest Pet 1

C 68 Male None Farmer Undisclosed Undisclosed 1

D

32 Male Primary Crab fisher Mangrove Pet 2
54 Male Primary Crab fisher Mangrove Pet 1
40 Male Primary Crab fisher Mangrove Pet 1
47 Male Primary Crab fisher Undisclosed Undisclosed Unknown
51 Male Primary Fisher Mangrove Pet 1
67 Male None Fisher Mangrove Sell 7
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3.4. Attitudes towards Parrot Ownership and Trapping

Across all communities, responses to attitude statements show a strong feeling that
wild parrots are important for nature and participants indicated that local people have a
responsibility to protect the environment. This is mirrored by a strong feeling of discomfort
with outsiders coming to catch parrots and with parrots disappearing from their area. On
the contrary, 46% of all participants believe it is OK to catch wild parrots to sell and 32%
that it is acceptable to keep a pet parrot. Furthermore, 17% of people did not believe that
catching wild parrots could make them become extinct in the local area (Figure 4). There
were no significant differences between communities in the distribution of positive, neutral
and negative responses to all attitude statements apart from one: “I think it is OK to keep a
parrot as a pet”. For this, there was a significant difference between mean responses of the
community groups (H = 6.613, p = 0.022), with 52% of community cluster D believing this
is acceptable, and just 20% of cluster A believing so.

Figure 4. Responses to attitude statements are reported on a five point Likert scale (1 = strongly disagree, 2 = disagree,
3 = neutral, 4 = agree, 5 = strongly agree).

3.5. Trapping Pressure Index

When combining our results into a trapping pressure index, we can see variation
between the four community clusters, with higher values suggesting a higher risk to
the wild Lilacine Amazon population in that area (Table 6). Wild Lilacines occurring
around community cluster D are at greatest risk, due to the high level of reported parrot
ownership and capture, and a strong local attitude that this is acceptable. Those occurring
around community cluster C are also at high risk, as model predictions here show a high
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probability of pet Lilacine occurrence (0.78), which suggests a high probability of trapping
as pet owners mostly report catching their pet themselves. The wild population occurring
around community cluster A appears to be at the lowest risk from trapping, as there were
no reports here of current Lilacine ownership or capture; however, this is the smallest
remaining subpopulation of the species within its range, which could also explain the low
prevalence of pets. When considered against participants’ responses to their perceived
status of the wild population locally, we see more negative responses from the southern
community clusters, with the most frequent response in cluster C being ‘decreasing’ (76%),
in cluster D ‘stable’ (39%), whilst ‘increasing’ in cluster B (83%) and A (42%).

Table 6. Trapping pressure index for each community cluster, calculated by adding together factors of predicted or reported
level of pet ownership and trapping, and attitudes towards pet keeping, capture and trade. Predicted probabilities were
converted into percentages for this calculation.

Trapping Pressure Factor
Community Cluster

A B C D

Mean probability of predicted parrot ownership (0–1) 0.47 0.35 0.70 0.36
Mean probability of predicted Lilacine ownership (0–1) 0.51 0.59 0.78 0.19

Percentage of participants who owned pet Lilacines in the last three years 0 17 3 43
Percentage of participants who caught Lilacines in last three years 0 13 3 26
Percentage of participants believing it is OK to keep a pet parrot 20 23 37 52

Percentage of participants believing it is OK to catch wild parrots to sell 39 32 41 74
Overall trapping pressure index (rank) 157 (4) 179 (3) 232 (2) 250 (1)

4. Discussion

This study found that 66% of rural coastal communities in Ecuador have pet parrots
and 31% have pet Lilacine Amazons A. lilacina. Within these communities, 66% of people
had owed a pet parrot during their lifetime, and 14% currently owned Lilacines. This
is similar to Costa Rica, where 18% of households owned a pet parrot in 2001 [9]. Our
current ownership questions focused on just one species, so we expect the level of current
ownership of all parrot species to be much higher and similar to Colombia where 58% of all
people had pet parrots [10]. Current ownership and reports of Lilacine trapping in the last
three years varied between communities, with 0% to 50% and 0% to 26%, respectively. Ten
participants confirmed that they had taken Lilacines from the wild in the last three years
to keep birds as pets, or to sell them, so we suggest that, similarly to Yellow-shouldered
Amazon Amazona barbadensis harvesting in Venezuela, there are at least two categories of
trappers—“poacher-keepers” and “poacher-sellers” [35], with only the latter having the
contacts and logistics to sell birds. People in occupations with an established and frequent
trade link—for example, fishers or crab fishers—may have more opportunity to transport
trapped birds to other towns to sell. We also found that capture location corresponded to
the occupation of the poacher, which may explain the variation between rural communities
as occupation depends heavily on location, i.e., in-land or coastal. Our trapping pressure
index identified that the southern distribution of the species is likely to be at greatest risk,
which agrees with earlier work showing a vast population decline in this area [17] and
provides further evidence that this area should be prioritised for conservation support.

Understanding whether taking parrots from the wild is opportunistic or selective is
important because selective capture can lead to the extinction of species through over-
harvesting [10]. Our results suggest that trapping is selective given the differences in the
popularity of species, with some kept in 20 communities and some in none. The two most
frequently reported pet parrot species differed greatly in body mass, which, in general,
is linked to longevity in captivity [36], suggesting that variation in popularity is not a
side effect of survival rates in captivity. Similarly to previous research, we have noted a
preference for Amazon parrots, with all three wild occurring species and two non-native
species being kept as pets [8]. However, parrot ownership and capture, at least within
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rural communities, may also be opportunistic. Most parrot owners had caught their bird
locally, within areas they visit during a normal days’ work, and our predictions showed
that pet Lilacines were more likely within the species’ wild distribution. Moreover, parrot
species kept as pets had a larger average wild range size than those that are not. This all
suggests that ownership and capture are driven in part by parrot availability and accessibil-
ity [11], but more research including a true measure of wild parrot abundance, and surveys
and interviews in larger towns and cities are needed. According to anecdotal reports in
some rural communities, orders are placed by outsiders from cities such as Guayaquil or
Quito, which fits the typical multi-level chain involving trappers, middlemen and markets
described by Pires [37] and needs investigation.

Our interviews revealed that Lilacine Amazons were trapped both in mangroves,
where they roost, and dry forests, where they feed and nest [38,39], suggesting that both
adults and chicks are being taken from the wild. Anecdotal reports from communities sug-
gest past events of outsiders casting nets over mangrove islands to remove an entire roost
of Lilacines at a time. Research has shown that the removal of adults from a population
can have more drastic consequences on population size and growth rate, than removal of
chicks [40]. In a study of illegal wildlife trade markets in Bolivia, contrary to the idea that
most parrots come from nest poaching, 70% of parrots were adults [41]. Our results also
suggest that 60% of Lilacines caught in the last three years were from mangroves, so are
likely to be adult or juvenile birds. A number of studies have shown that anti-poaching
efforts, in the form of additional human presence, can benefit bird populations [42–44]
and that recruitment of young people (who may be facilitators in parrot trapping) from
the local community to act as nest monitors, can significantly decrease poaching rate [45].
In some cases, nest protection implemented at the correct time of year can have a signif-
icant effect [42], but we suggest that year-round protection is needed to safeguard both
vulnerable roosting and nesting sites for this species.

The lack of environmental education in Ecuadorian schools is a barrier to reducing
parrot ownership and capture [16]. The main purpose of any environmental education
strategy is to change people’s knowledge and attitudes, and ultimately behaviours [46].
Alone, or in combination with other conservation interventions, environmental education
projects can result in a decrease in the persecution of parrots and consequently an increase
in population size [43,47]. Most people in our study believed that wild parrots were
important for nature and that they themselves had a responsibility to protect parrots. Local
people do not want parrots to disappear and are strongly opposed to outsiders coming in
to their community to catch them. Contrastingly, up to 74% per community agreed that
it was OK to take parrots from the wild to sell, and up to 52% believed that it was OK to
keep them as a pet. Furthermore, up to 30% disagreed that catching parrots could make
them locally extinct. We found similarity between attitudes and reported behaviours. In
areas with more pet Lilacines and reports of parrot trapping, there was also a stronger
belief that this was acceptable, compared to areas with fewer pets and trapping. This
suggests that changing these attitudes could have an impact on future behaviour, and
that the implementation of a targeted behaviour change education project could have
conservation benefits to the Lilacine Amazon. We suggest following the practices of the
successful PRIDE campaigns [48] which inspire people to take pride in the species and
habitats that make their communities so unique, whilst introducing viable alternatives to
environmentally destructive practices.

We therefore recommend that a combination of environmental education to change
attitudes towards parrot ownership and trapping, and increased protection of wild birds
through nest and roost guarding, particularly in the southern part of its range, are conser-
vation priorities for the Lilacine Amazon.
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Abstract: The perceptions and attitudes of local communities help understand the social drivers of
unsustainable wildlife use and the social acceptability of conservation programs. We evaluated the
social context influencing illegal harvesting of the threatened yellow-shouldered Amazon (Amazona
barbadensis) and the effectiveness of a longstanding conservation program in the Macanao Peninsula,
Margarita Island, Venezuela. We interviewed 496 people from three communities and documented
their perceptions about (1) status and the impact of threats to parrot populations, (2) acceptability of
the conservation program, and (3) social processes influencing unsustainable parrot use. Approval of
the program was high, but it failed to engage communities despite their high conservation awareness
and positive attitudes towards the species. People identified unsustainable use as the main threat to
parrots, but negative perceptions were limited to selling, not harvesting or keeping. Harvesters with
different motivations (keepers, sellers) may occur in Macanao, and social acceptability of both actors
may differ. Future efforts will require a stakeholder engagement strategy to manage conflicts and
incentives to participation. A better understanding of different categories of harvesters, as well as
their motives and role in the illegal trade network would provide insights to the design of a behavior
change campaign.

Keywords: conservation management; conservation threats; drivers of extinction; illegal wildlife
trade; parrot conservation; Psittacidae conservation; threatened species; unsustainable use of wildlife

1. Introduction

Conservation programs often focus on reducing the unsustainable use of wildlife in highly
complex social–ecological environments, where local communities are key actors in both the trade
chain and the conservation actions implemented [1–4]. Studying the perceptions and attitudes of
local communities towards the unsustainable use of wildlife has been key to understanding social
and cultural drivers of unsustainable use [5,6], social acceptability of conservation management [7–9],
and the design of culturally suitable and more tenable conservation actions [10].

Due to the cultural nature of the illegal parrot trade, local people’s perceptions are particularly
important to assess performance of conservation programs aimed at tackling this threat. People have
been keeping parrots as pets for centuries [11] (Psittaciformes, which include parrots, macaws, parakeets,

Diversity 2020, 12, 342; doi:10.3390/d12090342 www.mdpi.com/journal/diversity

275



Diversity 2020, 12, 342

parrotlets, and cockatoos), and today 28% (111 of 398) of extant species are listed as threatened on the
International Union for Conservation of Nature’s Red List of Threatened Species [12]. Unsustainable
use, including harvest, trade, and keeping, is highly influenced by the species’ attractiveness to
humans [13,14], but also by cultural and social factors: parrots owners often regard their animals
as “family members”, perceived and treated as children [15]. This social role may also influence
understanding of psittacid conservation challenges and attitudes towards conservation actions.

Here, we evaluate the social context influencing the use of the yellow-shouldered Amazon
(Amazona barbadensis) and the effectiveness of a longstanding conservation program led by Provita
and aimed at restoring their population in the Macanao Peninsula, Margarita Island, Venezuela.
The yellow-shouldered Amazon (“parrots” hereafter) is classified as vulnerable internationally [16]
and endangered regionally [17], due to the capture of nestlings for the pet trade (both domestic and
international) [18] and the destruction of nesting and feeding habitats [19]. The main population
(ca. 1600 individuals) inhabits Macanao Peninsula [20]. Provita is a Venezuelan non-governmental
organization that has implemented the Yellow-Shouldered Amazon Conservation Program in Macanao
over the last 31 years. The program includes school-age environmental education activities, and full-time
surveillance of natural and artificial nests in the main breeding site of this parrot population (La Chica).
The Ecoguardians, a cooperative of local young people recruited, trained, and hired by Provita,
have implement most of these actions in the field [20,21]. However, after 31 years of implementation,
illegal harvesting persists, and it is unclear whether this unsustainable use points towards the need to
strengthen enforcement strategies [20] or aim for a more holistic approach focused on behavioral change.
We specifically explore local perceptions about (1) the status and impact of threats to parrot populations,
(2) acceptability of the conservation program in terms of support and responsibilities, and (3) social
processes influencing unsustainable parrot use and the performance of conservation actions.

2. Materials and Methods

2.1. Study Area and Socioeconomic Context

Macanao Peninsula is located in the western portion of Margarita Island and is less developed for
tourism than the eastern part, resulting in ecosystems that are in relatively good condition (Figure 1) [20].
By 2011, there were approximately 24,419 inhabitants in Macanao (a tenth of Margarita’s population).
Employment opportunities are scarce, with fishing being the primary economic activity [22].

2.2. Interview Instruments and Survey Process

Between March and September 2017, we interviewed 496 people from three communities across
Macanao (Boca del Río, El Horcón, and Robedal; Figure 1b) using a self-reporting questionnaire.
All participants were adults (>18 years old), and had lived in Macanao for at least one year. We obtained
verbal informed consent from each subject, after explaining the research objectives and assuring
subjects that information would be used only for research, and presented the data in aggregate analyses,
protecting each participant’s identity [23]. The survey protocol was approved by the Laboratory of
Political Ecology of the Venezuelan Institute of Scientific Research (February 2017), who acted as the
external ethical committee. Households were chosen randomly from community maps, by selecting
every fourth house. The sample size represented 21–30% of households in each community.
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Figure 1. Study area. (a) Relative position of Venezuela, Margarita Island, and the Macanao Peninsula.
(b) Elevation gradient in Macanao. Communities surveyed are highlighted in blue. The main nesting
site where Provita implements nest monitoring and surveillance, Hato San Francisco, Quebrada La
Chica, is delimited by a black polygon.

We evaluated the general socioeconomic context of participants by asking about their age, gender,
level of education, employment status, source of income, and whether this income was enough to
cover family monthly expenses. The survey instrument evaluated three distinct aspects related to
conservation practice [1]: (1) ecological outcomes, (2) acceptability of conservation management, and (3)
social processes influencing the effectiveness of conservation actions (Table 1). To assess perceived
ecological outcomes, we evaluated three aspects: awareness of conservation status, perceived threats
and their impact on wild populations, and the success of surveillance in preventing fledgling poaching
(Table 1). We measured awareness by asking two closed questions: whether the participants keep
parrots at home (owners) or not (non-owners), and if they think there are more parrots in captivity than
in the wild (yes/no). We evaluated the perceived impact on the wild population by asking two closed
questions: “Do you think that the wild parrot population will go extinct in the next 10 years?” and
“Do you think that the wild parrot population is stable, declining, or increasing?” To assess people’s
knowledge about threats faced by the wild parrot population, we asked an open question—“What is the
main threat faced by parrots?”—and then reclassified the answers into four categories: “unsustainable
use”, “deforestation”, “drought”, and “predators.” We asked “Where do you think your parrot comes
from?” as a closed question, with the names of the most important nesting sites as options. We used
this question as a measure of surveillance effectiveness, as La Chica has been the only nesting site
under protection during the last 31 years (Table 1).

To measure the acceptability of conservation management, we evaluated three aspects: support
for the conservation program, perceptions of other stakeholders in the process, and perceived
responsibilities and roles. We measured support for the conservation program by asking awareness
of Provita’s work with a closed question “Do you know Provita’s work?”, and whether it addresses
the main threats to the species: “What do you think is the main conservation problem that Provita
cares for?” For this latter question, we reclassified the answers into the same four categories we
used to assess people’s knowledge about threats, so that responses were comparable. Given that the
Ecoguardians are a key stakeholder, we inquired about perceptions towards Ecoguardians with an
open question, and then reclassified the answers into positive and negative perceptions. To assess
perceived responsibilities, we asked which are the institutions responsible for parrot conservation
(Provita, communities, or government authorities). To evaluate the role that people have in the illegal
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parrot trade chain, we used an open question “How did you get your parrot?” We then reclassified the
answers into four categories “harvested”, “bought”, “rescued”, and “present/gift” (Table 1).

Table 1. Evaluation of the yellow-shouldered Amazon Conservation Program, based on perceptions in
three communities of the Macanao Peninsula, Margarita Island, Venezuela.

Conservation Issue Aspect Evaluated Questions

Ecological outcomes of
conservation

Awareness about species
conservation status Do you keep a parrot at home?

Do you think that there are more parrots in
captivity than in the wild?

Perceived impact on wild
population

Do you think that the wild parrot
population will go extinct in the next

10 years?
Do you think that the wild parrot

population is stable, declining,
or increasing?

Perception of species threats What is the main threat faced by parrots?
Effects of the conservation

action (surveillance)
What is the main location for

fledgling extraction?

Acceptability of
conservation management

Support for
conservation program Do you know Provita’s work?

What do you think is the main conservation
problem that Provita cares for?

Perceptions of other
stakeholders in the process

What do you think about the work
of Ecoguardians?

Perceived responsibilities
and roles

Who is the entity/organization responsible
for parrot conservation?

How did you get your parrot? (role in the
trade chain)

Social processes affecting
conservation actions

Social value of the species What does your parrot mean to you?
Who gave you your parrot?

Attitudes towards stages in
the trade chain

Do you agree with this statement? “I will
always want to keep a parrot as pet.”

Fledgling parrot extraction is . . .
Do you report poachers?

Selling fledgling parrots is . . .

To understand social processes affecting conservation action, we evaluated two aspects: the social
value of parrots and attitudes towards harvesting, selling, and keeping. We used an open question
“What does your parrot mean to you?”, and then we reclassified the answers into three categories: “pet”,
“a family member”, or “symbol.” We also asked whether their parrot was provided by a member of the
community, a relative, or an outsider. We used a statement to measure attitudes toward keeping parrots
as pets, which was “I will always want to keep a parrot as pet”; we assessed answers on a five-point
scale that ranged from 1 (strongly disagree) to 5 (strongly agree). We asked about attitudes towards
reporting poaching with a closed question “Do you report poachers?”, and in the instances with
negative replies we additionally asked “Why not?” and aggregated the answers into four categories:
“denounce”, “not denounce”, “indifferent”, and “support.” We evaluated attitudes toward extraction
and selling using open statements, such as “Fledgling parrot extraction is . . . ” and “Selling fledgling
parrots is . . . ”, and then we classified the answers into positive or negative attitudes. (Table 1). Finally,
we asked how much their parrots were worth in national currency, and converted it into USD using the
weekly mean of the currency exchange rate, and how many individuals they currently keep captive.

We summarized the responses (number of records and percentages) for each variable at the
community level and for the overall sample.
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3. Results

3.1. Characteristics of the Sample

Survey participants were 69% female, with a mean age of 43.7 years old (SD = 15.0). Half of
survey participants were unemployed (53%), and 51% of them had a high school diploma, while 26%
have had university studies (Table 2).

Family income comes mainly from government social support (34%), salary (24%), or retirement
pension (23%). For the majority of participants (79%), their income was not enough to cover
monthly basic expenses (Table 2). Among the communities surveyed, El Horcón had the most critical
socioeconomic condition, with the highest unemployment rate, more dependence on government help
(70%), and a lower education level (only 8% of participants hold a university degree, compared to 35%
in Boca del Río).

3.2. Perceptions about Species Conservation Status and Ecological Outcomes

Twenty-two percent of participants keep at least one parrot at home (Figure 2a). The majority
(79%) believed that there are more parrots in the wild than in captivity. Although most participants
(80%) believed that wild populations are decreasing, 53% thought that it may lead to extinction in
10 years (Figure 2a).

Unsustainable use was identified as the main threat to parrots (69% of participants; Figure 2b),
and people believed that harvest occurred mainly at sites other than La Chica (61% of participants;
Figure 2b).

Figure 2. Perceived conservation outcomes from Macanao inhabitants regarding (a) population status
of the yellow-shouldered Amazon and (b) main threats and the impact of nest surveillance.
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3.3. Acceptability of Conservation Management

Perceptions about Ecoguardians were mixed, with 47% of participants holding negative opinions,
mostly because they believed Ecoguardians participate in poaching (Figure 3).

Figure 3. Acceptability of conservation management in three communities of the Macanao Peninsula
regarding the yellow-shouldered Amazon Conservation Program.

People had a high level of awareness of Provita’s work (73% of participants) and perceived that
their conservation actions are coherent with the primary threat, being focused on the reduction of
unsustainable harvest (68%; Figure 3). For the majority of participants, Provita is the organization
responsible for parrot conservation (85%), while the role or responsibility of the government is low
(9%) and the community even lower (6%; Figure 3).

3.4. Social Processes

Affective values—parrots as part of the family—were predominant (82%), and in most cases, parrots
were presents from relatives (56%) or provided by people from the community (40%). Most interviewees
participated in the trade chain as keepers, whether accepting parrots as presents (39%), directly buying
(26%), or rescuing abandoned fledglings (21%). About 15% of interviewees admitted being directly
involved in extracting their parrot from the wild (Figure 4a). In a few instances (4%), captive parrots
came from people outside of Macanao (Figure 4a). Half of interviewees would not report poachers,
because either they are relatives or they feared retaliation (Figure 4a).
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Figure 4. Social processes affecting conservation actions implemented by Provita’s yellow-shouldered
Amazon Conservation Program in Macanao: (a) social values and (b) attitudes towards stages in the
trade chain.

More than half of participants (53%) had positive attitudes towards poaching, as they mostly
considered it as a “child prank”, an additional source of income, or a tradition (Figure 4b). Participants
with negative attitudes towards poaching (47%) considered this practice as “reproachable” or “improper”
(Figure 4b).

Almost all participants had negative attitudes towards selling parrots (93%; Figure 4b). Sixty
percent of participants showed positive attitudes towards keeping parrots, but a significant proportion
(40%) also disagreed with this behavior (Figure 4b). The mean price was USD 1.70 (value range USD
0.30–7.10).

4. Discussion

Information on the perceptions and attitudes of local communities is important to identify
strategies that best suit conservation objectives, alongside the social and cultural context of local
communities that use wildlife. The yellow-shouldered Amazon Conservation Program in Macanao
has influenced both positive relations between conservation practitioners and local communities, as
well as positive perceptions and attitudes towards species conservation. The absence of a historic
baseline prevents before–after or control–treatment comparisons, but in general Macanao communities
recognized the leading role of Provita, and perceived that their efforts are articulated by species
conservation needs.

Social acceptance of the yellow-shouldered Amazon Conservation Program relates to trust and the
long-term commitment of Provita. Although the approval of the program is high, it failed to engage
and empower local communities in conservation activities. People were not willing to participate in
spite of their high conservation awareness and positive attitudes toward the species.

Future efforts in Macanao will require a stakeholder engagement strategy that fosters high quality
management decisions and cost-effective implementations [24]. Given the heterogeneity and changing
socio-economic conditions in Macanao, this strategy should include identification of stakeholder
relationships and understanding of the incentives to promote their participation. A key stakeholder in
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Macanao are the Ecoguardians, a cooperative of local young people that implements conservation
actions in the field, mostly related to monitoring and surveillance of parrot nests during the breeding
season. The scheme has successfully converted ex-harvesters into parrot protectors [20]. As they are of
the age and background of current harvesters, this was perceived as an opportunity for Ecoguardians
to become “peer multipliers” of positive conservation attitudes among poachers and the general
community [20]. However, half of the community believe them to be poachers. Social network
analysis could serve to map the relationships between the Ecoguardians and other stakeholders [25],
and these insights, combined with social marketing campaigns, could be used to improve the image of
Ecoguardians within the communities of Macanao.

Development of an engagement strategy in Macanao will require identification of the most
effective incentive to promote stakeholder participation. Economic benefits are the most frequent
incentive [24]. The yellow-shouldered Amazon Conservation Program offered communities alternative
livelihoods as Ecoguardians. More than 90 local young people have received income in the last 16 years.
Expanding the current strategy to include volunteers, using personal and social benefits as incentives,
may enhance parrot breeding success. People can participate in surveillance and enforcement, annual
censuses, and building nest boxes to foster parrot nesting opportunities [20].

Social Processes in the Yellow-Shouldered Amazon Trade

Evaluation of perceptions also allowed us to interpret how people understand the trade chain and
what their role is in it. People from Macanao were aware of the yellow-shouldered Amazon population
decline, and they clearly identified unsustainable use as the main cause. However, people seem to
relate unsustainable use only to selling, but not to harvesting and keeping.

Selling was the main motivation to harvest fledgling Amazons. Our data partly supports the
notion that harvesting for profit is a primary motivation. Although yellow-shouldered Amazons are
relatively inexpensive compared to other Amazona species in South American markets (e.g., the mealy
parrot (Amazona farinose) sells for between USD 500–875 in Bolivia) [26], their trade is an opportunity
to improve family income through an activity with low risk. However, the profile of poachers does not
typically coincide with those of commercial intermediaries [27]. In contrast, in our study poachers kept
the parrot as a pet, and professed the same affectionate, non-utilitarian values as keepers. If a sub-group
of organized poachers with profit motivation exists, they will require different anti-harvesting strategies
than the rest of the poacher community. The fact that people had opposite perceptions about sellers
and poachers suggests that different categories (poacher-keepers, poacher-sellers) occur in Macanao,
and social acceptability of both actors may differ [28]. For example, “poacher-keepers” could be
those harvesting parrots for personal consumption or for relatives and friends. On the other hand,
“poacher-sellers” will be able to sell parrots locally, and have the contacts and logistics to sell them in
the rest of the country. The former may be more socially accepted than the latter, but they will not
report each other because there are relatives involved or fear of retaliation. Future studies should
account for the different categories of poachers, their diverse motives, and their role in the illegal trade
network, in order to design more effective conservation interventions [9].

As expected, keeping was a widely accepted behavior, but the fact that a significant proportion of
interviewees did not agree with parrot keeping suggests that the conservation program has successfully
increased conservation concern among people, and there is a good opportunity to change consumptive
behavior [29,30]. Local people’s knowledge about species conservation status and threats is likely
the result of the environmental education program implemented over the last 31 years in 13 schools
across Macanao [20,21]. By itself, high levels of knowledge and awareness are not enough for people
to engage in actions relevant to species conservation, yet this is the ideal scenario for implementing
behavioral change campaigns focused on reducing the unsustainable use of wildlife [31].

Attitudes more consistent with conservation objectives could act as a “seed” in a behavioral
change campaign focused on promoting more sustainable uses. For example, citizen science and
volunteer programs might help reduce parrot demand while conservation awareness is increased.
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“Seed” members may recruit new members into their social networks, who subsequently encourage
additional people to participate, and so on [32,33].

The contradiction between improving attitudes and continued high levels of unsustainable parrot
harvesting suggests that law enforcement should remain a central activity of the species conservation
program. However, the program must not over-rely on enforcement measures, because they fail
to address social and cultural factors driving the parrot trade. We suggest that a more bottom-up
approach that recognizes the views and motivations of local actors and promotes their engagement in
conservation actions could translate to not only lower harvesting and keeping rates, but also in an
increase of public support and successful implementation.

5. Conclusions

This study contributes to parrot conservation by incorporating perceptions and attitudes to
improve adaptive and evidence-based conservation programs. By improving our understanding of
key systemic drivers, we are now able to design demand-focused interventions to better tackle the
illegal trade of the yellow-shouldered Amazon in Macanao. The fact that despite high conservation
awareness and understanding of threats to parrots, people still fail to link their consumption with
the illegal trade chain, suggests that a greater effort is needed to demonstrate behavior’s impact in
conservation, and importantly, which other behavioral options people can pursue to reduce that
impact [34]. Behavioral change campaigns based on social marketing must be evidence-based [35],
but also nuanced, with cultural, social, logistic, and funding challenges in order to set realistic objectives
and efficient outcomes [36]. In the particular case of the yellow-shouldered Amazon trade in Macanao,
such nuanced views will imply (1) improved stakeholder engagement strategies, to both manage
conflicts and incentive participation and empowerment; (2) the creation of flexible and creative
implementation strategies that take into account the widespread poverty, as well as the prevalence of
adult women, who are mostly single mothers; and (3) future research to improve our understanding of
different categories of harvesters, as well as their motives and role in the illegal trade network [28].
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Abstract: Illegal wildlife trade, which mostly focuses on high-demand species, constitutes a major
threat to biodiversity. However, whether poaching is an opportunistic crime within high-demand
taxa such as parrots (i.e., harvesting proportional to species availability in the wild), or is selectively
focused on particular, more desirable species, is still under debate. Answering this question has
important conservation implications because selective poaching can lead to the extinction of some
species through overharvesting. However, the challenges of estimating species abundances in the
wild have hampered studies on this subject. We conducted a large-scale survey in Colombia to
simultaneously estimate the relative abundance of wild parrots through roadside surveys (recording
10,811 individuals from 25 species across 2221 km surveyed) and as household, illegally trapped pets
in 282 sampled villages (1179 individuals from 21 species). We used for the first time a selectivity index
to test selection on poaching. Results demonstrated that poaching is not opportunistic, but positively
selects species based on their attractiveness, defined as a function of species size, coloration, and ability
to talk, which is also reflected in their local prices. Our methodological approach, which shows how
selection increases the conservation impacts of poaching for parrots, can be applied to other taxa also
impacted by harvesting for trade or other purposes.

Keywords: CRAVED; conservation criminology; defaunation; harvesting; wildlife trade; parrot
abundance; pets; poaching; Savage selectivity index

1. Introduction

Defaunation (defined as the global, local or functional extinction of animal populations or species
from ecological communities) differs from extinction, as it includes both the disappearance of species
as well as their declines in abundance, and has profound ecological consequences, ranging from local
to global coextinctions of interacting species to the loss of ecological services critical for humanity [1].
Understanding the causes of defaunation is a growing priority for ecologists, wildlife managers,
and conservation biologists, and is important to try to reduce its pace. The drivers of defaunation range
from threats operating at global scales, such as climate change, to those that are mostly local, including
direct harvest and habitat loss. However, after analyzing the information gathered by the IUCN for
more than 8000 threatened or near-threatened species, Maxwell et al. [2] concluded that by far the
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biggest drivers of biodiversity decline are overexploitation (the harvesting of species from the wild at
rates that cannot be compensated for by reproduction or regrowth) and landscape conversion for food
production. Moreover, wildlife overexploitation to meet local and global markets was ranked second
of five key drivers of harmful ecosystem change by the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services [3].

Wildlife trade is one of the main causes of overexploitation in some taxonomic groups [1],
given that some animal products (e.g., ivory and tiger bones) or groups of species (e.g., cage birds)
are highly demanded across the world. Considering closely related species, consumers prefer some
over others. For instance, buyers prefer multiflowered species among traded orchids [4], while sale
prices of traded songbirds are determined by their body size, coloration and song attractiveness [5].
Body size, coloration and the ability to imitate human speech are traits that make parrots highly valued
pets [6], thus making them the most traded vertebrate taxa worldwide [7]. The extent to which these
consumer preferences determine poaching activities and their impacts are, however, poorly known.
Poachers may supply species according to their availability in the wild or could selectively focus on
the most demanded among closely related species. This is a key question with important conservation
implications, as selective poaching could cause overexploitation and accelerate the defaunation and
even extinction of the most demanded species.

The above question was assessed by wildlife criminologists using the CRAVED model. This model
proposes that “hot products” sought by thieves are concealable, removable, available, valuable,
enjoyable and disposable (CRAVED) [8] and was applied to data available on the parrot trade
in Mexico [9], Bolivia and Peru [10]. These authors concluded that parrot poaching was an opportunistic
crime where more widely available species were poached in greater numbers than rare and threatened
ones, thus lowering concerns for the conservation impacts of poaching on threatened species [8,10].
However, rough proxies of parrot abundances in the wild were used in these studies, including the
number of years each species was allowed to be legally trapped [8] or the detectability of species
indicated in field guides [10]. Moreover, these authors recognized that a multivariate approach could
have let to different conclusions [8]. Indeed, new analyses [11] challenged these conclusions when
applying multivariate analyses to the same data [9], showing that amazons and macaws, the most
attractive species as reflected by their body size, coloration and ability to imitate human speech,
were disproportionally more traded considering the number of years they were legally trapped,
thus contributing to their population declines. Nevertheless, these results could be flawed due to the
use of the only available proxies for estimating both wild parrot availability and poaching pressure.
The number of years each species was allowed to be legally trapped should reflect their abundance
in the wild, assuming that scarcer species were allowed to be trapped for fewer years [8], although
international markets, local economics, and political pressures could influence this. On the other hand,
the use of seizures as a proxy of poaching pressure [11] may have affected the results, given that seizures
usually represent <10% of poaching volumes and are often biased towards certain species [12]. In fact,
the proportion of amazons and macaws among all parrots seized in Costa Rica (50%) is significantly
higher than among those actually poached and kept as household pets (33%), showing that seizures are
biased to the most valuable and threatened species (authors’ data, in prep.). Thus, a positive selection
of amazons and macaws [11] could at least partially result from seizure biases. Given the limitations
of these proxies [8,10,11], reliable information on both the abundance of the species in the wild and
poaching pressure is needed to properly test whether parrot poaching is selective or opportunistic [11].

To disentangle whether parrot poaching is a selective or opportunistic activity, we designed
a large-scale survey in Colombia, where trapping and keeping native animals as pets is a rooted
tradition punished by law since 1977 [13]. We simultaneously measured the relative abundance of
28 parrot species in the wild and as household poached pets. We then applied a selectivity index widely
used in habitat selection studies, the Savage index, to ascertain whether pet abundances mirrored wild
abundances or, conversely, whether some species were found as pets more than expected. Our results
show a strong selection for more attractive parrot species to be kept as pets, despite their lower
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abundances in the wild. Positively selected species, but not those less abundant in the wild, were thus
the most expensive. This selection has important consequences for the conservation of parrots and
their ecosystem services, as well as for our understanding of overharvesting and defaunation, and the
management of illegal trade in general.

2. Materials and Methods

2.1. Study Area

Colombia, with a surface area of 1.1 million km2 and 45.4 million people [14], is one of the most
biodiverse countries on Earth [15]. Differences in elevation and latitude produce large climatic variations
across the country, which are responsible for the high diversity of habitats. Colombia can be divided
into five continental regions (Andean, Caribbean, Pacific, Orinoco, and Amazon), with remarkable
biogeographic, socio-cultural, economic, and demographic differences [16]. Using satellite maps,
we designed an a priori road itinerary (4232 km in total) to cover the main biomes of the Andean,
Caribbean, and Pacific regions across a wide altitudinal range (4–3520 m.a.s.l., Figure 1).

Figure 1. Study area showing the itinerary (black line) crossing the Andean, Pacific and Caribbean
regions of Colombia, the roadside parrot surveys (in red), and the localities where poached pets were
recorded (white dots).

The itinerary (Figure 1) was designed to cover the spatial distribution of many parrot species
(35 species in total, see [17]) and to visit villages where we looked for poached pets (see below),
thus maximizing the chances of finding a large variety of poached and wild parrot species at a large
geographic scale.

2.2. Wild Parrot Surveys

We estimated the abundance of parrots in the wild through roadside car surveys, a method
adequate for parrots as it allows coverage of large areas, thus increasing the probability of detecting
individuals of species occurring at very low densities or spatially aggregated [18–24]. Within the
designed itinerary, we selected 2221 km of low-transit and unpaved roads to record all parrots detected
(Figure 1). The beginning and the end of each habitat patch (categorized as pristine natural, degraded
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natural, mixed, agricultural and urban; see below) was GPS recorded to the nearest 10 m, and the length
of the transect varied between 0.1 and 28.88 km (mean = 2.88, SD = 3.63, N = 754). Roadside surveys
covered the three different regions surveyed (total rounded lengths: Andean: 839 km, Caribbean:
1002.4 km, Pacific: 379.6 km) and habitats with different degrees of human-induced transformations
(see [18]): pristine natural habitats: 31.4 km; degraded natural habitats, where subtle transformations
such as selective logging were perceived: 577.5 km; natural habitats mixed with agriculture: 1085.6 km;
agriculture: 114.2 km; and rural areas with human settlements: 412.4 km. Surveys were performed
only once at each road transect to avoid pseudo-replication and double counting.

Surveys were conducted in 2019, during a relatively short period (29 April to 22 May) at the
beginning of the wet season, thus avoiding potential spatial biases in parrot abundances due to large
seasonal changes. This period mostly coincided with the end of the breeding season, as indicated by
the presence of juveniles of several parrot species in the wild, by the full-grown stage of the poached
chicks, and by comments of local poachers and pet owners. According to local people, the parrot
breeding season was earlier due to weather in 2019.

Similar to other roadside parrot surveys [18–24], the driver and two experienced observers drove
a 4 × 4 vehicle at low speed (10–40 km/h) from dawn to dusk (aprox. 6 AM–6 PM), avoiding rain and
hot middays (from 10:00 to 14:00), when parrot activity decays [25,26], briefly stopping when needed
to identify species and to count the number of individuals in flocks. Observers were familiar with
parrot species after previous fieldwork in Colombia and surrounding countries, so they were able to
visually and aurally identify them. Distances of detection (i.e., the perpendicular distance from parrots
to the road when they were detected) were recorded to compare two estimates of parrot abundance
(see below). Detection distance was estimated visually for short distances or using a laser rangefinder
incorporated into binoculars for large distances (Leica Geovid 10 × 42 HD-R, range: 8–1500 m).
In the case of loose flocks, we measured the distance to the closest individual. In some instances,
when individuals were heard but not seen and thus flock size could not be estimated, we used the
median flock size recorded for the species for analyses. This allowed us to include non-visual contacts,
especially of rare and more secretive species, whose omission could result in an underestimation
of their relative abundances. All roadside surveys and parrots were recorded using the ObsMapp
(Observation International, Amsterdam, The Netherlands) application for smartphones, which uploads
the observations to the citizen science platform Observation (www.observation.org, Observation
International, Amsterdam, The Netherlands). Therefore, all records, exact location, and associated
information can be viewed and downloaded (looking for the observer Pedro Romero Vidal, dates:
29 April–22 May 2019) to be used by other researchers in the future [27].

Several methodologies are available to estimate wild parrot abundances, all of them carrying
different assumptions, pros and cons, and the adequate method will depend on the objectives of the
study [20]. For this work, we used the relative abundance of each species, measured as the total number
of individuals recorded divided by the total of km surveyed (indiv./km, [20]). This estimate of abundance
has been used in other species- and community-based parrot studies [18–24], with the constraint that
it does not account for differences in detectability among species as it is done by distance-sampling
method s [22]. However, density estimates through distance sampling are not suitable for our study
because (1) they cannot be obtained for rare species with a low number of contacts [22], and thus
we could only model densities for 11 of the 28 study species assuming a minimum of 10 contacts
per species is enough (but see [20] for the recommendation of using larger numbers of contacts for
robust modelling); (2) detection distances cannot be obtained for flocks detected through vocalizations
but not sighted, and thus their exclusion would underestimate densities, particularly of the smaller
species; and (3) the densities obtained (indiv./km2) cannot be used as units of resource available when
applying a poaching selectivity index (see below), while using the total number of individuals recorded
allows it. Nonetheless, previous studies on two different parrot communities [19,21] showed that
relative abundances (indiv./km) were strongly correlated to detectability-corrected density estimates
(indiv./km2). We measured detection distances for assessing whether it is also the case in this study.
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We calculated detectability-corrected estimates of parrot densities using the software Distance [28] for
11 species for which densities could be modeled. We assumed that detection decreases monotonically
with distance from the road transect [20] and modeled this process using the half-normal detection
function [19]. As densities cannot be calculated using non-visual records, we recalculated the relative
abundances of these 11 species excluding non-visual records to make results comparable (Table 1).
Relative abundances resulted strongly correlated to density estimates (estimate: 0.80, SE = 0.15, t = 5.47,
p = 0.0004, adjusted R2: 0.74; Figure 2). These results add further support to the idea that relative
abundances of parrots obtained through roadside transects are good proxies of their actual abundance,
especially when the high variability in abundance among species overcomes sources of sampling error
such as differences in detectability [20].

Figure 2. Relationship between detectability-corrected estimates of density and relative abundances of
11 parrot species. The regression line (solid) and 95% confidence interval (dashed lines) are plotted.

Table 1. Detectability-corrected estimates of density (individuals/km2) obtained through distance
sampling and relative abundances (individuals/km) for parrot species with at least 10 visual detections
(i.e., sightings of individuals or groups of individuals). Total count refers to the total number of
individuals observed during surveys. w indicates the maximum perpendicular detection distance from
the survey line for each species.

Species Detections Total Count Density (ind/km2) w (m) Relative Abundance (ind/km)

Amazona amazonica 24 93 0.2881 200 0.0422

Amazona autumnalis 10 46 0.0307 307 0.0209

Amazona ochrocephala 43 106 0.2214 348 0.0481

Ara ararauna 16 60 0.0570 757 0.0272

Ara severus 15 30 0.0395 365 0.0136

Brotogeris jugularis 260 1678 3.9032 420 0.7620

Eupsittula pertinax 168 1669 2.7928 235 0.7579

Forpus passerinus 10 15 0.1546 45 0.0068

Pionus chalcopterus 14 115 0.0621 650 0.0522

Pionus menstruus 76 356 0.8029 397 0.1617

Psittacara wagleri 19 322 0.9090 270 0.1462
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2.3. Poached Parrot Surveys

As a direct measure of domestic poaching pressure, we recorded the number of all wild and exotic
pets, and how many of them were poached native parrots, in 282 villages crossed by our itinerary
(Figure 1). We did not conduct systematic surveys using questionnaires [29], as answers to questions
related to illegal activities that are prosecuted in the country would be unreliable [23]. Nonetheless,
most people did not hide their pets, nor were they afraid to keep them illegally. Therefore, we recorded
many visible pets while driving and walking through streets or entering public establishments, such as
shops, hotels or gas stations. We combined these direct observations with informal conversations [23]
with randomly chosen local people (N = 358), indicating our interest to see and take pictures of their
pets. In about half of the cases (55.6%), people told us they had pets at home, and in 62% of cases
provided us with information about other people who poached or owned pets. We then confirmed
this information by visiting their homes, taking pictures of the pets (Figure 3) and, at the same time,
engaging in informal conversation to obtain additional information, such as the price they paid for the
parrot and its ability to imitate human speech (see below). We could not obtain prices from all species,
as in many cases the owners did not buy the pets but poached themselves. Pet owners confirmed that
all native parrots were poached, with no evidence of attempts to breed them in captivity (contrary
to a few exotic, small parrot species). All informants and pet owners shared the information with us
freely and were kept anonymous.

Figure 3. Some pet parrots observed in public spaces such as streets (a–c) or within homes (d–f).
Pictures also illustrate species positively ((a): scarlet macaw Ara macao, (b) yellow-crowned amazon
Amazona ochrocephala, (c) blue-and-yellow macaw Ara ararauna, (d) blue-crowned parakeet Thectocercus
acuticaudatus) and negatively selected by people as pets ((e) brown-throated parakeet Eupsittula pertinax,
and (f) orange-chinned parakeet Brotogeris jugularis). Pictures: P. Romero-Vidal and J.L. Tella.

2.4. Parrot Attractiveness

The attractiveness of each parrot species was rated based on its body size (obtained from [30]),
coloration, and ability to imitate human speech [8,11]. Parrot coloration was described as the proportion
of the body (bright body) and head (bright head) covered by bright colors (i.e., other than the dominant
green or brown coloration), scored from 0 to 2 following [8], and the total number of colors (N colors)
observed when the bird is perched, using plates in [29]. The ability of each individual pet to imitate
human speech was ranked into five categories using the information provided by local pet owners
(0: individuals not able to make imitations, 0.5: individuals able to whistle or imitate one or two words,
1: individuals able to imitate several words but poorly pronounced, 1.5: individuals able to imitate
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several words, with good pronunciation, and 2: individuals able to imitate human speech, using a wide
repertoire of words and making up short sentences, singing songs, imitating other domestic animals or
sounds such as telephone, TV, radio, etc.). Scores from different individual pets were averaged within
species to obtain a rank describing the ability of each species to speak. However, the opinion of local
pet owners could be biased by their experience, which is usually limited to their own pets. Therefore,
we asked the same question to five people from USA, France, Germany and Spain with >20 years of
experience breeding and keeping a large variety of parrot species in captivity. The average scores
provided by these experts correlated well with those provided by local pet owners (Spearman rank
correlation = 0.85, p < 0.0001, Figure 4), thus validating the use of local knowledge for measuring the
mimicry ability of different parrot species.

Figure 4. Scatterplot of the averaged opinion on the ability of different parrot species from Colombia
to imitate human speech (0 = lowest, 2 = highest) provided by international experts and by local pet
owners. Each dot represents a species, and the dashed line represents the theoretic perfect correlation.

2.5. Statistical Analyses

We used the Savage selectivity index [31] to assess whether parrot species are poached
proportionally to their abundances in the wild. This index is widely used in resource selection
studies (e.g., [32]) and allows us to infer the statistical significance of selection [31]. We used the number
of parrots of each species recorded in the wild as units of resource availability and numbers recorded
as pets as units of the resource used. The Savage selectivity index was calculated for each species
as W = Ui/pi, where Ui is the proportion of a given species (among all poached parrots) recorded as
a pet (i.e., used) and pi is the proportion of that species (among all wild parrots) recorded in the wild
(i.e., available). A few species were so scarce that we did not record a single individual in the wild
(Table 2) despite their known presence in the study area [17] and finding them locally as pets. In those
cases, as the availability of a used resource cannot be zero [31], we conservatively considered that
at least one wild individual was recorded to allow calculating the Savage index. The Savage index
theoretically varies from zero (full negative selection) to infinite (full positive selection), with one being
the expected value by chance (i.e., used in proportion to its availability) [31]. The statistical significance
of this index is obtained by comparing the statistic (wi − 1)2/sewi

2 with the corresponding critical value
of a χ2 distribution with one degree of freedom [31], the null hypothesis being that species are poached
in proportion to their availability in the wild. The standard error of the index (sewi) is calculated as√

[(1 − pi)/(u+ × pi)], where u+ is the total number of poached parrots recorded. Statistical significance
was obtained after applying the Bonferroni correction for multiple tests. We did not calculate the
Savage index for four species (Table 2) since they are unable to survive in captivity more than a few
days or weeks [6] and thus they are rarely poached. However, results including these species were
nearly identical (Spearman correlation, r = 1, p < 0.0001, n = 24).
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Table 2. Parrot species included in the study, their body size (in cm), the scores (0–2) for the brightness
of body and head coloration, the total number of colors (Color), their ability to imitate human speech
(speech, 0–2, with ranges), their price in US$ (with SD), the number of individuals recorded in the wild
(N wild) and as poached pets (N pet), and the Savage selectivity index (W). * Statistically significant W
values after Bonferroni correction (p < 0.002).

Species Size Body Head Color Speech Price N Wild N Pet W

Amazona amazonica (Aam) 31 0.2 1 3 1.5 (1–2) 34.85 (-) 93 12 1.17
Amazona autumnalis (Aau) 34 0.2 1 3 1.5 (1–2) 61 25 3.73 *

Amazona farinosa (Afa) 38 0.2 0.2 1 1.9 (1–2) 38.72 (13.4) 20 18 8.18 *
Amazona mercenarius (Ame) 34 0.2 0 1 1.0 (1–1) 93 0 0.00 *
Amazona ochrocephala (Aoc) 31 0.2 0.8 2 2.0 (1–2) 34.41 (16.0) 136 359 24.00 *

Ara ambiguus (Aab) 85 1.5 0.5 3 1.5 (1–2) 0 3 27.28 *
Ara ararauna (Aar) 85 2 1.8 3 0.9 (0–2) 43.57 (20.5) 80 76 8.64 *

Ara chloropterus (Ach) 90 2 2 3 1.5 (1–2) 0 14 127.28 *
Ara macao (Ama) 85 2 2 3 2.0 (2–2) 145.22 (0.00) 4 74 168.20 *

Ara militaris (Ami) 75 1.5 0.5 3 1.5 (0–2) 10 7 6.36 *
Ara severus (Ase) 46 1 0 2 1.0 (1–1) 54 5 0.84

Bolborhynchus lineola (Blin) 16 0 0 1 0.0 (0–0) 1 0 0.00
Brotogeris jugularis (Bju) 18 0 0 1 0.4 (0–2) 6.53 (1.45) 6230 344 0.50 *
Eupsittula pertinax (Epe) 25 0.1 0 1 0.5 (0–2) 5.68 (3.67) 2445 189 0.70 *

Forpus conspicillatus (Fco) 12 0.1 0 1 0.0 (0–0) 83 0 0.00
Forpus passerinus (Fpa) 12 0.1 0 1 0.0 (0–0) 5.81 (0.00) 35 6 1.56

Forpus spengeli (Fsp) 12 0.1 0 1 0.0 (0–0) 80 9 1.02
Hapalopsittaca fuertesi (Hfu) 23 0.5 0.9 3 0.0 (0–0) 1 0 -
Ognorhynchus icterotis (Oic) 42 0.8 0.8 2 0.5 (0–1) 85 2 0.21

Pionus chalcopterus (Pch) 29 0.2 0 2 0.0 (0–0) 134 3 0.21
Pionus menstruus (Pme) 28 0.3 1.5 2 0.2 (0–2) 16.46 (9.22) 497 19 0.35 *
Pionus seniloides (Pse) 30 0.2 0 2 0.0 (0–0) 2 0 0.00
Pionus sordidus (Pso) 28 0.2 0 1 0.0 (0–0) 17 1 0.52

Psittacara wagleri (Pwa) 36 0 0.5 2 0.5 (0–1) 628 10 0.14 *
Pyrilia haematotis (Pha) 21 0.1 0 2 0.0 (0–0) 0 1 -

Pyrilia pyrilia (Ppy) 24 0.1 2 3 0.0 (0–0) 1 0 -
Thectocercus acuticaudatus (Tac) 37 0 0.1 1 0.5 (0–1) 20 13 5.91 *

Touit batavicus (Tba) 14 0.1 0 3 0.0 (0–0) 1 0 -

We used principal component analysis (PCA) to obtain a composite variable that describes
the attractiveness of each parrot species as a function of its color, body size, and ability to speak.
Variables, which were positively correlated (Pearson correlations: 0.50–0.94, all p < 0.0001), were scaled
before analysis. Bartlett’s test of sphericity was computed to establish the validity of the data set.
Eigenvalues > 1 were used to assess the number of factors to extract.

We used generalized linear models (GLMs) to test whether the preference of people for certain
species (measured through the Savage index; log-transformed; normal error distribution and identity
link function) was related to their attractiveness. We then assessed whether preferred or rare species
were the most valuable in monetary terms by relating the Savage indexes and abundances of species
in the wild (ind./km) to their price (log-transformed; normal error distribution and identity link
function). We used the average prices of species provided by pet owners (local currency transformed
to US$, Table 2). All statistical analyses were performed in the R v.3.6.1 statistical platform [33].

3. Results

We recorded 10,811 wild individuals from 25 parrot species (Table 1) across the 2221 km of
roadside surveys conducted, covering a wide variety of biomes with different degrees of human
alteration. Overall abundance reached 4.87 ind./km, although most records (80.31%) corresponded
to just two parakeets (orange-chinned parakeet Brotogeris jugularis and brown-throated parakeet
Eupsittula pertinax). The other species were present in low numbers, were extremely rare or even
unrecorded in the wild (Table 2). Simultaneously, we recorded a total of 2465 pets from 124 species,
kept by 818 owners in 92.9% of the 282 villages surveyed (Figure 1), from which 1179 (47.8%) were
pets from 21 native parrot species (Table 2). The rest of the pets were mostly songbirds (Passeriformes,
32.7%), non-native parrots (12.7%), other birds (3.0%), mammals (1.3%), and reptiles (0.4%). Among the
358 local people we met, 58.4% of them kept poached native parrot pets at the time of our survey or
recently, and 38.0% knew other people also keeping them.
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In absolute numbers, B. jugularis and E. pertinax made up almost half (45.20%) of all pet parrots.
However, these species were actually negatively selected when considering their abundances in the
wild (Table 2, Figure 5). On the contrary, most amazons (Amazona spp.), large macaws (Ara spp.) and
Thectocercus acuticaudatus, mostly uncommon or extremely rare in the wild, were strongly positively
selected as pets (significant W > 1). The other species showed non-significant selection (i.e., were kept
as pets in proportion to their availability in the wild; Table 2, Figure 5).

Figure 5. Relative abundance of parrots in Colombia as pets (dark gray bars) and in the wild (white bars),
and Savage selectivity index (W; black dots: significant positive selection; black triangles: significant
negative selection; white dots: not selected).

The PCA analyses (Bartlett’s Test of Sphericity: χ2 = 99.24, p < 0.0001, df = 10) rendered
a single dimension with an eigenvalue > 1 (3.40), which positively correlated with body size (0.92),
coloration (bright body: 0.91, bright head: 0.79, number of colors: 0.77) and ability to imitate human
speech (0.71), explaining 68.08% of the total variance. Thus, PC1 can be interpreted as a descriptor of
parrot attractiveness, large, colorful and talkative species being more attractive (positive values) than
their counterparts (negative values; Figure 6).

PC1 was positively related to the Savage index (estimate: 0.27, SE: 0.04, t = 6.40, p < 0.0001,
adjusted-R2 = 0.63), showing that the most attractive species were poached in larger numbers than
expected based on their availability in the wild (Figure 7a). The price of the species increased with
their attractiveness (estimate: 16.24, SE: 4.06, t = 4.00, p < 0.0052, adjusted-R2 = 0.65, Figure 7b) but was
unrelated to their abundances in the wild (estimate: 0.85, SE: 0.78, t = −1.09, p = 0.3139, Figure 7c),
indicating that the most attractive but not the rarest species were more valuable.
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Figure 6. Principal component analysis (PCA) of Colombian parrot traits, namely: body size, coloration
(bright body, bright head and number of colors) and ability to imitate human speech. See Tabl 2 for
species abbreviations. Drawings of parrots are not scaled. PC2 is plotted to allow better visualization
of species across the PC1 axis, which reflects parrot attractiveness, but was not used for further analysis
(eigenvalue < 1).

Figure 7. Preferred parrots in Colombia (measured through their Savage selective index) were the most
attractive (i.e., large, colorful, and able to imitate human speech) species (a), which were also the most
expensive (b), independently of their abundance in the wild (c).
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4. Discussion

4.1. Parrot Poaching Is Not an Opportunistic, but a Selective Wildlife Crime

Wildlife trafficking is increasingly recognized as both a specialized area of organized crime
and a significant threat to many plant and animal species [2,34,35]. However, due to its intrinsic
illegal nature, it is difficult to fully know its actual extent and consequences for wildlife [12,36].
Here, we provide the first reliable and simultaneous large-scale estimation of poaching pressure and
abundance in the wild of a community of parrot species, showing that poaching of this taxonomic
group is not opportunistic, but largely focused on species with particular traits that make them more
attractive to people. Following the CRAVED model approach [8], our data would have suggested that
parrot poaching is an opportunistic crime, as the numbers of poached parrots per species positively
correlates with numbers recorded in the wild (Kendall’s Tau-b = 0.33, p = 0.018, N = 27). However,
this slight trend, which is markedly influenced by two parakeet species (which jointly made up >80%
and >45% of the individuals recorded in the wild and as poached pets, respectively), turns out to be
non-significant when they are removed from the analysis (Kendall’s Tau-b = 0.23, p = 0.125, N = 25).
Moreover, as recognized by authors using the CRAVED model [8], conclusions derived from simple
univariate analyses could change when simultaneously testing the effects of other variables, such as
species attractiveness in multivariate models. This possibility was later confirmed when reanalyzing
the same parrot poaching data from Mexico using generalized linear models: attractive species were
more poached than expected when controlling for the number of years they were allowed to be legally
trapped [11].

To identify selection, it is not only important to assess resource availability, but also be able to
calculate its statistical significance. Here, we provide direct estimates of parrot availability and poaching
and a key analytical advance, the application of the Savage selectivity index [31] to quantitatively
measure poaching selection. To our knowledge, this is the first time that a selectivity index is used to
statistically evaluate whether any given species is positively, negatively, or not selected at all. A further
advantage of this index is that it can be used as a continuous response variable to ascertain drivers of
poaching selection. In this sense, we found that 63% of the variance in parrot poaching selection is
explained by the attractiveness of the species, thus confirming that poaching is not a taxonomically
random, but a species-specific activity that preferentially focuses on the most attractive species for
people [11].

Attractiveness in this taxonomic group has been found related to body size and coloration, which
determines for instance which species are kept in zoos [37]. Meanwhile, the ability to imitate human
speech can be particularly appealing when parrots are kept as pets at close contact with people [6].
Thus, the combination of these traits can describe species attractiveness and, therefore, predict their
selection as pets and their prices [11]. As found in other countries [11,38,39], in Colombia macaws and
amazons were much more expensive than other poached parrot species. We also show that higher
prices in the domestic pet trade are not related to the rarity of a species in the wild, but strongly related
(65% of the variance explained) to its attractiveness. While both rarity and physical attractiveness
influence the prices of internationally traded birds [40], our results show that local demand focuses on
attractive rather than on rare parrot species.

The quantitative measurement of poaching selection also allows deeper investigation of the
unexpected preference of some species and additional cultural drivers of selection. For example,
the high positive selection of the scarlet macaw Ara macao among Colombian people is surprising
(Table 2), while its attractiveness is not much higher than that of similar macaw species (Figure 6).
Local knowledge provided us with the answer: people explained to us that this species is sought
after because its plumage resembles the Colombian national flag, hence its local name “guacamaya
bandera” (flag macaw). Moreover, they also described that the Colombian guerrillas (revolutionary
armed forces) persecuted its capture and use as pets because it was considered as unpatriotic; thus,
poaching pressure on this species has increased since the guerrillas ceased their warlike activities.
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As this species became extremely rare because of overharvesting [17], poachers seemed to switch
efforts towards the similarly sized and colored green-winged macaw Ara chloropterus (Figure 6) as
a substitute species, thus also explaining its outstanding selection (Table 2). Another case that merits
attention is the positive selection of the blue-crowned parakeet T. acuticaudatus (Table 2), despite its
low attractiveness rating (Figure 6). This species is restricted to very dry forests of the Guajira region,
where the most preferred species such as macaws and amazons are absent [17], and thus it is the largest
and most colorful species available. Other potential covariates of poaching selection could be assessed
in further studies, such as the accessibility of nests and life expectancy of parrot species as pets.

4.2. Conservation Implications of Selective Parrot Poaching

The colorful plumage of parrots and their ability to imitate human speech have made them highly
popular as pets [6], thus leading to the international trade of at least 259 species of parrots, involving
millions of individuals in recent decades [7,41,42]. In the near absence of long-term monitoring
programs of wild populations [43] and analyses of sustainable harvesting [44,45], international trade
of wild-caught individuals may constitute a threat to many parrot species worldwide [11,46,47].
A concerning example is the African grey parrot Psittacus erithacus, considered the best at imitating
human speech among all extant parrot species [6]. Overharvesting due to trapping for the international
trade has caused large range contractions and decimated the populations, to the point that the
species was included in Appendix 1 of CITES in 2017, prohibiting international trade on wild
specimens for commercial purposes, and was listed as globally Endangered by IUCN in 2018 [48].
Although international bans have largely reduced the legal trade on parrots [42,49] and the upsurge
of captive-breeding [6,49] has reduced the demand of wild-caught traded birds, illegal trade is still
active [50], although at much lower volumes, including illegal trade on African grey parrots [51].
Nonetheless, while international trade is a matter of concern, less attention has been paid to the
conservation impact of domestic trade on parrots, even though it is known to occur in different regions of
the world, such as Madagascar [52], Asia [34], and all across the Neotropical region [9,23,35,38,39,53–57].
Due to its illegal nature, the true scale and impact of parrot poaching are often underestimated [34]
and based mainly on counts from pet markets [53,55,58], government seizures, or other information
sources difficult to verify [9,35,53].

In the Neotropics, expert knowledge indicated that 68% of the studied parrot populations are
threatened due to their capture for the domestic pet trade [59]. However, it is unknown whether and
to what extent poaching threatens these species differentially. Based on conclusions obtained through
the CRAVED model, parrot poaching would mostly affect common species the most, thus alleviating
concerns on its conservation impacts [8,10,60] since harvesting individuals of common species could be
even considered as sustainable resource use [55,61,62]. Our results lead to the opposite conclusion: the
two most common species are poached half as much as expected based on their availability in the wild,
while a few, highly attractive species are poached in larger numbers than expected according to their
abundance and are likely to be overharvested. Pet owners indicated that these still abundant parakeets
are poached as substitutes of more preferred species, when the former are not available because of
their scarcity in the wild and/or their high prices. Therefore, our concern is not the absolute number
of individuals poached of a given species but the proportion of the wild population size. In fact,
the poaching of as few as 70 individuals per year constitutes a major threat to the Critically Endangered
red siskin Spinus cucullatus in Venezuela [63]. The trade of some attractive parrot species has been
shown to cause negative population trends and affect their conservation status [11]. A proper test of
the overharvesting effects of parrot poaching would be to relate the selection on each species to their
population trends. While detailed information on population trends is not available for Colombian
parrots, they could be estimated through expert knowledge [58]. However, there is evidence that
poaching has caused large population declines and range contractions of the yellow-crowned amazon
Amazona ochrocephala, considered as the species that best imitates human speech in Colombia [17],
and of the highly demanded scarlet macaw, while species we identified as less preferred or not selected
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at all by poachers have not suffered large declines in Colombia [17]. It is worth mentioning that the
scarlet macaw was considered the most abundant macaw species in the region in the 1950s, in contrast
with its current rarity [17] in this study.

Although adult parrots are also eventually trapped [64], parrot poaching mostly focuses on
nestlings [38,64,65] as hand-reared chicks make better pets than birds caught as adults in terms of
docility and ability to learn human speech [6]. This has different implications on the population
dynamics of the poached species [64], as lifespan generally increases with the size of parrot species [66].
Nest poaching of the largest species such as amazons and large macaws could alleviate concerns about
its impact as they have the longest lifespans among parrots (at least 34–63 years in captivity [66]),
and thus small reductions in their breeding success due to poaching could have less impact on their
population dynamics compared to small, short-lived species. However, we learned from local people
that the last remaining nests of the preferred amazon and macaw species are located and poached year
after year, often for decades. Indeed, local poachers compete for the same nests to the point that nests
are surveyed daily to avoid robbing by others. Therefore, breeding pairs may occupy the same areas
for decades, giving the wrong impression of apparent population stability to local people acting as
regular or occasional poachers, birdwatchers, and wildlife managers. Ultimately, if current poaching
pressure is not halted, the remaining populations will collapse due to the senescence and death of
breeding adults in the absence of population recruitment.

4.3. Ecological Implications of Selective Parrot Poaching

Selective parrot poaching severely affects the conservation of the preferred species, as well
as the ecosystem services they provide. Parrots have been long considered as plant antagonists,
given their undoubted role as seed predators [67]. However, they also provide several ecological
functions [68] within an antagonist-mutualism continuum [69]. Particularly, parrots can act as
effective seed dispersers through complementary mechanisms, such as stomatochory [21,23,70–73],
endozoochory [24,74,75], and epizoochory [76], further facilitating secondary seed dispersal by
a variety of other species [77]. Altogether, they may play an important role in the structure of networks,
communities, and ecosystems [19,21,69]. Poaching reduces the population size of parrots, thereby
quantitatively reducing and threatening their ecological functions. In fact, the selective poaching
of the largest species (amazons and macaws) may have the strongest impact, as these species are
the main—and sometimes the only—effective long-distance seed dispersers of palms and trees with
large-sized fruits, which are biomass-dominant and key species in several ecosystems [21,71–73].
The defaunation of these large-sized parrot species, which could be considered as megafauna attending
to a new functional definition [78], further reduces the dispersal of large-fruited plants that previously
was only attributed to the decimated large-sized mammals and those extinct in the Pleistocene in South
America [72]. The dispersal of some of these tree and palm species has already been disrupted after
the large-scale extirpation and population declines of some amazon and macaw species [20,73].

4.4. Suggested Conservation Actions

Keeping parrots as pets in Colombia, as in other Neotropical countries, seems to be ancestrally
rooted [17]. This cultural tradition could have been sustainable in the past but not today, given the
large human population and economic power increase in recent decades [14]. These two factors have
increased the demand for pets while promoting habitat loss, also affecting parrot populations [17].
Therefore, conservation actions are urgently needed to halt parrot defaunation. Based on the conclusions
derived from CRAVED model analyses, conservation actions should focus on the most heavily poached
species by protecting and preventing poaching in their breeding areas [8,10,60]. In Colombia, this would
mostly apply to two parakeet species with a wide distribution [17], thus making the protection of
breeding sites unfeasible. Moreover, these species have large, non-threatened populations [17], and thus
their conservation should be not a priority. Our results on selective poaching provide a completely
different conservation management scenario, as actions must focus on the most preferred, currently
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overexploited species. The protection of breeding sites to avoid nest poaching [8,10,60] may be
efficient in the case of species with restricted breeding ranges [18,79,80], but it is not feasible for
Colombian macaws and amazons, with large distribution ranges and low population densities [17]
in this study. The attraction of ecotourism and the creation of eco-lodges may increase local incomes
and reduce poaching [60], and favor research and the conservation of large parrots and macaws [81].
Colombia has great potential and should promote these conservation-friendly economic activities,
but these local activities cannot prevent parrot poaching at a national scale. Paradoxically, in the
absence of law enforcement in Colombia, we found tourist establishments displaying captive macaws
to attract tourists.

As in other Neotropical countries [82], we learnt from pet owners that parrot poaching in Colombia
is generally not an organized crime, but is performed by local people to obtain their own pets or supply
pets to neighbors and relatives. A large proportion of the population (c. 60%) is involved in the illegal
activity of keeping native parrots as pets, often acting simultaneously as poachers and consumers, and
this activity is widespread across the country. Law enforcement and reducing the demand are two
strategies to reduce wildlife poaching that must be balanced in terms of cost-effectiveness, especially
when conservation resources are limited [83]. Police control should be strengthened to dissuade
people from keeping pets at least of overexploited species, while educational campaigns for public
awareness on the consequences of poaching should reduce the demand [18]. Alternative sources can
also be offered to satisfy the cultural tradition of owning pet parrots. Breeding parrots in captivity
is well established [6], and can successfully supply the previous demand for internationally traded
wild parrots [49]. Thus, breeding native parrots for local sale [9] could reduce the pressure on
wild populations. However, the low-reproductive rates of preferred species (amazons and macaws)
in captivity [6] make it difficult to supply enough individuals and at prices low enough to counteract
poaching. Moreover, this activity is prone to fraud, as chicks of preferred species could be poached
and sold as captive bred (see [84] for traded Asian songbirds). The genetic control of supposedly
captive-bred individuals [85] requires great surveillance efforts, the development of genetic markers,
and the availability of molecular laboratories [86], which are difficult to implement at a large scale
in countries such as Colombia.

An alternative is to supply the pet demand with captive-bred exotic parrot species that are easier
to reproduce [6], can be bought at competitive prices, and show low risks of invasion when they are
accidentally released to the wild [87,88]. A combination of these actions seems to have been successful at
halting parrot poaching in a small Colombian region, within the Andean distribution of the yellow-eared
parrot Ognorhynchus icterotis, a globally endangered species for which conservation programs and
awareness campaigns were implemented over decades [89]. In this area, most people have non-native
pet parrots, such as budgerigars Melopsittacus undulatus, cockatiels Nymphicus hollandicus and lovebirds
Agapornis spp., often after the seizure of their native pets by the police, and are very aware of the
illegal nature of this activity. Wildlife authorities should realize that law enforcement and demand
reduction must be urgently extended to the whole country to avoid, at least, the predicted population
collapse of overexploited species. Considering cost-effectiveness [83], law enforcement is probably the
most effective action at a national scale, since police are widespread across the country and should
simply apply current laws without the need for additional economic costs. However, the seizure of
all parrot pets is unfeasible due to the economic costs of creating and maintaining wildlife rescue
centers [35,65] to hold them. In fact, seized birds are often returned to the wild to reduce costs and to
create space for newly confiscated individuals, in the absence of reintroduction programs [35]. Thus,
seizures should focus on overexploited species and should be combined with well-designed awareness
campaigns [90,91] to reduce demand. On the other hand, captive breeding of exotic parrots to supply
the demand should also be promoted, but under strict sanitary control, as exotic parrots can carry
pathogens (e.g., [92]) that could spread and negatively impact native populations.
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4.5. Further Prospects for Assessing Selective Harvesting

Solving the dichotomy between opportunistic or selective poaching has profound conservation
implications, since the overexploitation of preferred species may be causing their decline, pushing their
populations toward regional [11,58] and global [84] extinctions. Several lines of evidence show that
any form of harvesting (including legal fishing and hunting) is selective toward individuals of a certain
sex, size, morphology, or behavior, with long-term population and evolutionary consequences [93–99].
However, to our knowledge, the hypothesis of selective harvest at the community level (i.e., on species
with particular characteristics over others) has not yet been properly tested, mainly due to the difficulty
of assessing their availability in the wild. The application of a selectivity index allows a quantitative
measure and statistical test of harvesting selection in both intra- and interspecific studies. Therefore, it is
a powerful tool for assessing selection and investigating the factors driving it, not only in other poached
parrot communities and heavily traded birds, such as Asian songbirds [58,84,100,101], but also in other
animal and plant species harvested, for example, through deforestation, fisheries, game hunting, or
bush-meat exploitation.
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Abstract: Indonesia has been identified as the highest priority country for parrot conservation based
on the number of species, endemics, and threats (trapping and smuggling). It is crucial to understand
the current population status of parrots in the wild in relation to the illegal wildlife trade but the
ecology and population dynamics of most parrot species in this region remain poorly understood.
We conducted a parrot survey around an area of high biodiversity in the Manusela National Park, in
Seram Island, Indonesia. We used a combination of fixed-radius point counts and fixed-width line
transects to count multiple species of parrots. We recorded nearly 530 wild parrots from 10 species
in and around Manusela National Park. The dominant parrot species were Eos bornea, Trichoglosus
haematodus, and Geoffroyus geoffroyi. We applied the Savage selectivity index to evaluate poaching
of parrot species in proportion to their abundance and which species had higher than expected
poaching pressure. This study has important implications for the conservation status of endemic
parrots (Cacatua moluccensis, Lorius domicella, and Eos semilarvata) and shows that parrots in the
Manusela NP are largely threatened by poaching.

Keywords: parrots; conservation; ecology; wildlife trade; density; endemism; poaching; IUCN Red
List; CITES

1. Introduction

Parrots (order Psittaciformes) are the most threatened taxon of birds, with one-third of
the nearly 400 species classified as threatened under IUCN criteria [1]. In a global analysis,
Indonesia was identified as the highest priority country for parrot conservation based on the
number of species, endemics, and threats [2]. Further, among CITES-listed species, parrots
are by far the most traded and are declining faster than any other comparable groups of
birds [2]. In Indonesia, all parrot species (except Psittinus abbotti) have been protected by
law since 2018 [3], but this legislation is poorly enforced [4]. A higher proportion (almost
half) of the parrot species in the Wallacean region of Indonesia are affected by trapping
than in neighbouring regions or compared to the world average [5].

Seram Island is in central Wallacea, between New Guinea and Sulawesi. It hosts
11 parrot species, three of which are endemic to the Maluku archipelago: the Salmon-
crested Cockatoo Cacatua moluccensis, Purple-naped Lory Lorius domicella, and the Blue-
eared Lory Eos semilarvata (Table 1). The island is also home to five subspecies of Wallacean
endemic parrots: the Moluccan King-parrot Alisterus amboinensis amboinensis, Eclectus
Parrot Eclectus roratus roratus, Great-billed Parrot Tanygnathus megalorynchos affinis, Red-
cheeked Parrot Geoffroyus geoffroyi rhodops, and the Chattering Lory Eos bornea rothschildi
(Table 1). Finally, there are also three non-endemic parrot species: the Red-breasted Pygmy-
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parrot Micropsitta bruijnii, Red-flanked Lorikeet Charmosyna placentis, and the Coconut
Lorikeet Trichoglossus haematodus (Table 1).

Table 1. Endemism and conservation status of the parrot fauna in Seram, Indonesia. Presented are endemism, scientific and
English names, national protection [3], CITES status (Appendix I or II), and IUCN Red List conservation status (LC = Least
Concern, NT = Near Threatened, VU = Vulnerable, EN = Endangered) [1]. * The current study includes recommendations to
change these statuses (under Section 4.3).

Endemism Scientific Name English Name
National

Protection
CITES IUCN RedList

Species endemic
to Seram

Cacatua moluccensis Salmon-crested
Cockatoo protected I VU *

Lorius domicella Purple-naped Lory protected II * EN *
Eos semilarvata Blue-eared Lory protected II * NT *

Subspecies
endemic to the

Maluku
archipelago

Alisterus amboinensis
amboinensis Moluccan King-parrot protected II LC

Eclectus roratus roratus Eclectus Parrot protected II LC
Tanygnathus

megalorynchos affinis Great-billed Parrot protected II LC

Geoffroyus geoffroyi
rhodops Red-cheeked Parrot protected II LC

Eos bornea rothschildi Chattering Lory protected II LC

Non endemic
Micropsitta bruijnii Red-breasted

Pygmy-parrot protected II LC

Charmosyna placentis Red-flanked Lorikeet protected II LC
Trichoglossus
haematodus Coconut Lorikeet protected II LC

Parrot trade in Indonesia is driven by both demand and opportunity-based factors,
and serves both national and international markets [4]. In the illegal wildlife market, there
is a high demand for at least two parrot species endemic to the Moluccas, C. moluccensis and
the L. domicella. Local authorities have processed cases of illegal parrot trade originating
from the outskirts of Manusela National Park in Seram [6]. Although legislation regulating
the wildlife trade in Indonesia is in place, law enforcement, monitoring, and awareness
are often lacking. Knowledge of trading routes and source populations is sorely needed
to help governments shut down the illegal wildlife trade and to aid the rewilding of the
increasing number of confiscated parrots.

The high demand for parrots in the illegal trade threatens parrot populations in the
wild, so it is crucial to understand the current population status of parrots in their natural
habitat and how the trade affects them directly. We conducted a two-month population
census of parrots in 2020 at three locations throughout Seram. The aims of this study are to
(1) record current demographic measures of wild parrot populations, including density,
species richness, diversity, and evenness, and (2) investigate the effects of poaching on the
wild populations. Our results will serve as an important reference for the local authorities
in making decisions and management programs regarding law enforcement in the local
parrot trade and future rewilding work.

2. Materials and Methods

2.1. Study Area

The study was conducted in the Manusela National Park, on Seram Island, Central
Maluku District, Maluku Province, Indonesia (129◦9′3′ ′–129◦46′14′ ′ E and 2◦48′24′ ′–3◦18′24′ ′ S).
Manusela NP was established in 2014, covering an area of 174,545.59 ha in the central region
of the island (Figure 1; map was constructed with QGIS 3.20). The topography of Manusela
NP consists of lowland (0–500 m), highland (500–1500 m), mountain (1500–2500 m), and
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sub-alpine (up to 3000 m) habitats [7]. The extraordinary biodiversity of the Manusela NP
includes endemic and unique flora and fauna [8], including a high diversity of orchids,
pteridophytes [9], ferns [7], marsupials, bats [9], reptiles [10], and insects [11]. Bowler and
Taylor [12] recorded 197 species of birds in the national park, including 124 resident species
and 73 migrant bird species.

Figure 1. Map of the study area in Seram Island, Indonesia with the Manusela National Park (green). Census transects
represent (1) Masihulan Camp sites: (1a) Masihulan camp track, (1b) Pos pantau, (1c) Km 20, (1d) Hatusaka track, (1e) Illie
Camp track 2, (1f) -track 3, (1g) -track 1; (2) Sasarata Camp sites: (2a) Mangrove track, (2b) Wae Masin, (2c) Wae Mual,
(2d) Pasahari fire track, (2e) Wae Patan, (2f) Wae Faung, (2g) Wae Masinatu; and (3) Manusela NP buffer zone (BZ) sites:
(3a) Negeri Masihulan (NM) Galian C, (3b) NM shelter track, (3c) NM cultivation, (3d) Negeri Pasahari Wae Masin. Red
dots represent locations mentioned in the main text.

The census was conducted from late March to early May 2020 at three locations includ-
ing seven observation tracks in Masihulan Camp (1) covering 1.25 km2; seven observation
tracks in Sasarata Camp (2) of 1.25 km2; and the buffer zone of the Manusela NP (3) includ-
ing three observation tracks in Negeri Masihulan of 0.54 km2 and one observation track in
Negeri Pasahari of 0.18 km2 (Figure 1). The survey locations also represented different habi-
tat types, including mountain forests (in Masihulan- and Illie Camp tracks) [13], habitats
over 1000 m dominated by mosses and ferns, lowland habitats (alluvial land, mangrove,
and savanna in Sasarata Camp and Pasahari), secondary forest, seashore, and cultivated
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land (in the buffer zone with plants including clove Syzygium aromaticum nutmeg plant
Myristica fragrans).

2.2. Survey Methods

The surveys were conducted using a combination of fixed-radius point counts (FRPC) [14]
and fixed-width line transects (FWLT) [15]. We counted multiple species of parrots as
targets, using two skilled teams of two parrot specialists to identify location and species,
and to minimise observer error rate. The teams included experts with 30 years of experience
with visual and auditory identification of parrot species and with excellent local knowledge
of nesting and roosting locations. We encountered the birds along the transects with 2 km
distance between tracks and 50 m of visibility at each point. We conducted the census on
seven transects in Masihulan Camp and Illie Camp, on seven transects in Sasarata Camp
and Pasahari, on three transects in the buffer zone of the Manusela NP at Negeri Masihulan,
and one transect in Negeri Pasahari (Figure 1). Between each transect there was at least
2 km distance. In total, we conducted 180 FRPC transects and 180 FWLT transects.

Parrot censuses were carried out in the early mornings during a consistent time period
from 07:30 to 12:00, but in some locations, we spent more time (until 15:00 ) because of the
difficult path and remoteness. Data were collected by two teams to estimate population
size by direct count with the birds. We detected and identified the birds by means of
their calls, because parrots are noisy birds and have a specifically distinct loud call [16].
Moreover, no other birds have calls similar to those of parrots in the location. The best
time for observation was 30 min after sunrise and closer to the sunset as these times are
the peak of activity in birds [17]. In cockatoos, activity begins as soon as the sun rises, and
they immediately start looking for food [16]. Competition between species of birds that
have the same types of food will lead to separation of resource use and ecological niches.
The FRPC data were collected for 15 min on each occasion, identifying all parrot species
visually and by their calls. During the FWLT method we walked slowly and steadily, while
detecting parrot species.

The data on confiscated parrots were collected by the Maluku office of the Natural
Resource Conservation Center of the Ministry of Forestry (Balai Konservasi Sumber Daya
Alam (Kota Ambon, Indonesia), BKSDA Maluku hereafter) from 2016 to 2018 [6]. We
also included data on birds confiscated by BKSDA Maluku in the Manusela NP and sent
to the Pusat Rehabilitasi Satwa Kembali Bebas Avian Rehabilitation and Reintroduction
Center Masihulan (PRS Masihulan hereafter) between 2019 and 2020. Currently, these data
represent the best available measure of the recent poaching pressure on parrots in Seram
Island.

2.3. Data Analyses

Density of birds (D) was calculated based on the total birds observed for each species
and divided by the total plot area (A). If the total number of birds observed is S, and
the total number of individuals observed in each transect is N, then the index of species
richness follows the Menhinick index [18]:

R2 = S/
√

N (1)

If total individuals observed of a species is n and the species proportion is pi, then the
species diversity follows the Shannon-Wiener index [19,20]:

H′= −∑
n
N

ln
n
n
= −∑ pi ln pi (2)

The Pielou index was used to calculate species evenness [21]:

E = H′/lnS (3)
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Species frequency (F) was calculated based on the total number of each species divided
by the total number of birds observed in a sample plot [22].

In order to evaluate if parrot species were poached proportionally to their abundance
in the wild, we calculated the Savage selectivity index (W) [23], following a previously
established protocol for the parrot trade [24]:

W = ui/pi (4)

where ui is the proportion of a given species recorded on the trade (by BKSDA Maluku and
PRS Masihulan) and pi is the proportion of the same species observed in the wild (by the
current study). We tested the null hypothesis that parrot species are poached in proportion
to their availability in the wild by comparing the statistics of W to the corresponding
critical value of the chi-squared distribution after Bonferroni correction, with one degree
of freedom [24]. We excluded E. semilarvata from this analysis, given that we have not
observed any individuals in the wild.

3. Results

3.1. Wild Parrot Populations on Seram

During the surveys we recorded 530 individual parrots from 10 species. Of these,
97 individuals were observed at Masihulan Camp, 294 at Sasarata Camp, and 139 in the
buffer zone of the Manusela NP (105 in Masihulan and 34 in Sasarata buffer zones; Figure
A1). The dominant parrot species observed were E. bornea, T. haematodus, and G. geoffroyi.
The encounter rates for each species at each transect were: E. bornea 25.7%, 29% and 24.5%;
T. haematodus 23%, 26.4%, and 18.7%; and G. geoffroyi 14.4%, 29.6%, and 17.1% respectively.

During our study, we detected E. bornea with the highest density (D) of 51.8 individuals/km2

(ranged between 19.2 and–104.8 individuals/km2; in Table 2, we also recorded high densi-
ties for G. geoffroyi (39.9 individuals/km2), T. haematodus (37.1 individuals/km2), and C.
moluccensis (10.8 individuals/km2). The lowest density was for L. domicella
(2.3 individuals/km2).

Table 2. Parrot densities (D = individuals/km2) and species evenness (E) at different transects
conducted in the Manusela National Park, Seram, Indonesia, including Masihulan Camp (1), Sasarata
Camp (2), and Manusela NP buffer zones (3). For exact locations, see Figure 1.

Scientific Name
D E

N 1 2 3 1 2 3

Alisterus amboinensis amboinensis 18 8 0.8 9.72 0.49 0.04 0.18
Cacatua moluccensis 26 10.4 1.6 15.28 0.74 0.06 0.31

Charmosyna placentis 6 - - 8.33 - - 0.13
Eclectus roratus roratus 41 4.8 16.8 19.44 0.36 0.52 0.33
Eos bornea rothschildi 184 19.2 104.8 40.28 1.08 1.14 0.57

Eos semilarvata 0 - - - - - -
Geoffroyus geoffroyi rhodops 96 9.6 40.8 45.83 0.6 1.06 0.57

Lorius domicella 3 0.8 - 2.78 0.11 - 0.05
Micropsitta bruijnii bruijnii 6 - - 8.33 - - 0.1

Tanygnathus megalorynchos affinis 16 0.8 7.2 8.33 0.06 0.3 0.18
Trichoglossus haematodus 134 24 63.2 34.72 0.8 1.2 0.52

The transects with the highest richness (R2) in the Masihulan Camp area were Km 20
(R2 = 1.6) and Illie Camp (R2 = 1.5; Figure 2). The highest parrot richness in the Sasarata
Camp was recorded in the mangrove track (R2 = 0.9) and Wae Mual (R2 = 0.9; Figure 2).
Finally, in the buffer zone of the Manusela NP the highest parrot richness was in the shelter
track (R2 = 1.2) the and cultivation track (R2 = 1.1; Figure 2). Our data showed that the
highest parrot species diversity (H′) is in secondary forest, ecotone areas, or in a transition
area between primary forest and cultivation. The lowest parrot diversity was detected in
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the Masihulan Camp on the Hatusaka track (H′ = 0.9) and Illie Camp (H′ = 0.7), and in the
Sasarata Camp in Negeri Pasahari (H′ = 0.9; Figure 2).

Figure 2. Comparison of species richness (R) and species diversity (H′) across transects. The location of each census transect
is shown in Figure 1.

Parrot species evenness (E) showed relative homogeneity in the buffer zone of the
Manusela NP, because no particular species dominated this area. However, in both the
Masihulan and Sasarata Camp parrot species evenness revealed higher heterogeneity. The
dominating parrot species in the Masihulan Camp were E. bornea (E = 1.08), T. haematodus
(E = 0.8), C. moluccensis (E = 0.7), and G. geoffroyi (E = 0.6; Table 2). The dominated species in
the Sasarata Camp were T. haematodus (E = 1.2), E. bornea (E = 1.1), and G. geoffroyi (E = 1.1;
Table 2), while the evenness index was very low for C. moluccensis (E = 0.1). We found
similar results for both E. bornea and T. haematodus that are captured in high numbers for
the wildlife trade (Table 2).

3.2. Parrot Trade and Poaching Pressure

In the past five years, BKSDA Maluku confiscated a total of 891 parrots, including
378 individuals of E. bornea, 216 E. roratus, 174 T. haematodus, 47 C. moluccensis, 45 C. placentis,
13 L. domicella, 12 T. m. affinis, and six A. amboinensis. Based on the confiscation data, the
intensity of parrot poaching shows a decreasing tendency since the new government
regulation (Republic of Indonesia, 2018) that protects all Indonesian parrot species by law.

The selectivity index (W) showed significant positive poaching selection for the fol-
lowing four species: C. placentis, E. roratus, L. domicella, and E. bornea (p < 0.005; Figure 3).
In the case of five other species (T. haematodus, T. m. affinis, A. amboinensis, M. buijnii, and G.
geoffroyi) we observed significant negative selection for poaching (p < 0.005; Figure 3). For
C. moluccensis, we could not reject the null hypothesis that they are poached in proportion
to their availability in the wild (Figure 3).
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Figure 3. Relative abundance of parrot species in Seram, Indonesia as confiscated from the trade (dark
gray bars) and observed in the wild (white bars), and selectivity index (W; black dots: significant
positive selection; black triangles: significant negative selection; white dot: non-significant selection).

4. Discussion

4.1. Wild Parrot Populations on Seram

Seram is a highly biodiverse Indonesian island that hosts many endemic species
including a high diversity of parrots. The Manusela NP is supposed to safeguard this
high parrot diversity, including three species only found on this island (Table 1). However,
poaching pressure for illegal trade is a significant threat to their existence both inside and
outside the national park [6], where law enforcement is scarce. Illegal logging and fires
also occur locally, but this forest damage covers only 10% of the area of Manusela NP [13].

The data presented in this study are from the most detailed parrot census conducted
on Seram Island in recent years. E. bornea, T. haematodus, and G. geoffroyi were found in
highest frequency and not limited to high elevation. These species are locally nomadic [25]
and their populations can extend from very small to large areas, depending on the habitat
carrying capacity [26]. We found M. b. bruijnii and C. placentis in the lowest frequencies
and showed that both species have specific habitat and food requirements. Low evenness
values in species may have been related to several limiting factors such as altitude, like in
the case in E. semilarvata and L. domicella, which are difficult to find ≥700 m. Both M. bruijnii
and C. placentis were closely related to the presence of certain species of trees. Species
evenness was significantly associated with bird density, indicating a positive relationship
with disturbed habitats as well as vertical heterogeneity with high bird density [27].

Open areas of lowland forest types, mangrove forests, savannas, and areas bordering
cultivation had low species richness, though the figure may be influenced by the fruiting
and flowering seasons. The majority of food sources were located inside forests [28] but
parrots used cultivated and mangrove areas for foraging as well. Groups of parrots had an
increasing species richness in forest types with open canopies and vertically heterogeneous
vegetation structures. Frugivorous, granivorous, and nectarivorous species were closely
related to disturbed areas [27]. The presence of frugivorous species is important because
of their function to help plants with pollination and spreading of seeds [29,30]. The
dominance of cockatoos in Masihulan Camp area is closely related to the rewilding process
of confiscated birds that are concentrated in the region. The existence of PRS Masihulan
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(Figure 1) possibly plays an important role in the increasing population of cockatoos in the
region, and rewilded birds can be identified as they are banded.

4.2. Parrot Trade on Seram

Poaching is one of the biggest threats faced by parrots as many people buy them as
pets, generating demand for illegal trapping and smuggling [4]. In Indonesia, BKSDA
Maluku reported birds as the highest ranked smuggled taxon for trade accounting for 86%
of species in Maluku, of which 96% were parrots [6]. Between 2016 and 2018, a total of
1135 individuals of 16 parrot species were confiscated, and about 44% came from Seram [6].
During a bird market survey in Jakarta, three out of 13 parrot species (32%) were registered
as originating from Seram, including T. haematodus, C. placentis, and E. bornea [31].

Applying the selectivity index in this study allowed us to evaluate the differences
in poaching pressure suffered by the parrot species in Seram. The highest pressure was
found to be on C. placentis, E. roratus, L. domicella, and E. bornea (Figure 3), meaning that
these species were found in the trade more frequently than expected given their abundance
in the wild. On the other hand, the non-significant selective pressure on C. moluccensis
does not indicate that poaching is not a risk for this species, but that their frequency on the
trade corresponds to their abundancy in the wild. Moreover, the rewilding of confiscated
individuals possibly skewed this index, as without these activities, there would have been
fewer individuals observed in the wild, hence the index value would have been higher, i.e.,
the species positively selected. C. moluccensis is also hunted for traditional tribal ceremonies
by the Huaulu, Naulu, and other tribes. Although birds account for only 6% of the wildlife
consumed by the villagers in terms of the amount of protein [32], wild birds are especially
important for them during certain periods.

Based on non-structural observations of communities in the area including Wahai,
Air Besar, Sepa, and Masohi (Figure 1), people keep parrots as pets, such as E. bornea,
lorikeets, and even cockatoos (D.N. unpublished data). Almost 90% of the households in
Sepa keep parrots as pets (three or four individuals per family) and may sell the birds (Dr
La Eddy, Pattimura University, unpublished data). C. placentis has also been observed for
sale (20–30 individuals in small boxes) at Masohi (Figure 1). In the Manusela village, six
species of parrots were caught in the forest strictly for the purpose of wildlife trade [33].
However, not every parrot species is at equal risk of being traded, and there is controversy
concerning the role of demand and the opportunity-based factors driving the illicit wildlife
trade [4]. The major source of income for people living in central Seram is seasonal migrant
work (mainly harvesting cloves) but this income is unstable because of the fluctuation in
production and the price. Hence, their dependency on wild parrots is enhanced during
times of hardship caused by the decrease of their main income [32].

In order to involve local people in parrot conservation and rehabilitation, PRS Masi-
hulan (Figure 1) was established in 2004, in the buffer zone of the Manusela NP. It has
been employing former parrot trappers as caretakers who are also involved directly in the
monitoring of the re-wilded birds [34]. These activities have greatly affected the decrease
of direct poaching by local villagers [35]. An undercover investigation determined that
trapping of cockatoos had essentially stopped in close to vicinity of PRS Masihulan [36].
For instance in 1998, the density of C. moluccensis was 7.9 individuals/km2 on Seram [37].
Their density is now 20.4 individuals/km2 near PRS Masihulan, while it remained low
in other parts of Manusela NP (Figure 1, Table 2). This figure is probably due to their
reproductive success and the decreased impact of direct poaching around PRS Masihulan.
Sadly, the poaching of C. moluccensis still occurs in other parts of the island, including
Manusela NP. For example, in May 2020, BKSDA Maluku confiscated 10 individuals from
Tomalehu (Figure 1), and the team of the Konservasi Kakatua Indonesia tagged two birds
(C. moluccensis and L. domicella) seized by BKSDA Maluku at Waypirit Harbour (Figure 1).
The L. domicella individual had been banded before and this is the second time this bird
has been trapped for the illegal parrot trade. Banding is important for recording the origin
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and the history of the birds and also for rewilding purposes. Other methods could include
genetic tagging [38] that can aid assigning the provenance of the confiscated parrots [39].

4.3. Conservation Status of Endemic Parrot Species

The result of our current analysis of direct observations combined with recent parrot
confiscation data [4,6] have important implications to the conservation status of three
parrot species endemic to Seram. It is important to note that confiscations only represent a
small fraction of the poached individuals, so actual figures for these species could be much
higher and more worrying for their conservation status.

Cacatua moluccensis is currently considered Vulnerable (VU) on the IUCN Red List [1]
and our analysis supports their uplisting to Endangered (EN). Their population size has
been decreasing at least since 1994, based on previous IUCN evaluations [40]. Although its
distribution previously covered some satellite islands of Seram, based on BirdLife data it has
been declared extinct from Haruku, Saparua, and Nusa Laut islands (Figure 1). In Ambon,
it is very difficult to find these cockatoos (D.N. pers. obs.) and they may only remain in
the western part of the island. Based on abundance data in the past (7.9 individuals/km2),
their population size decreased by over 50% in some parts of the Manusela NP (currently
1.6 individuals/km2 in Sasarata Camp), probably due to exploitation (see Section 4.2). Our
selectivity analysis showed that poaching levels are consistent with their abundance in the
wild (Figure 3). BKSDA Maluku and PRS Masihulan reported 47 confiscated individuals
in the past five years in Maluku alone. Data from our direct field survey showed that the
frequency of encounters was relatively low in Masihulan NP and its buffer zone (15.3%
and 9.7% of all parrot individuals respectively) and that it was difficult to find them in
the Sasarata area (relative frequency of 1.3%). These results support the IUCN criteria
A2bd+3bd+4bd of EN [41].

Lorius domicella is currently considered Endangered (EN) on the IUCN Red List [1]
and our analysis supports its uplisting to Critically Endangered (CR). They have a very
limited distribution only in Seram in habitats above 800 m, and their population has been
decreasing at least since 1994 according to IUCN evaluation [42]. Our survey showed
very low relative frequency of all parrot individuals in the Masihulan NP (1.3%) and its
buffer zone (1.6%). The number of mature individuals might be below 250 with fewer
than 50 in each subpopulation. These results support the IUCN criteria C2a(i) of CR [41].
In addition, the threat of poaching is of concern as there were 13 recorded individuals
confiscated in the past five years in Maluku and our selectivity analysis showed significant
positive poaching pressure on the remining population (Figure 3). Hence, we recommend
the urgent inclusion of the species to CITES Appendix I.

Eos semilarvata is currently listed as Near Threatened (NT) on the IUCN Red List [1]
and our analysis supports its uplisting to Vulnerable (VU). It has a limited distribution at
altitudes above 800 m in Seram, with a decreasing population size since at least 2019 based
on IUCN evaluation [43]. We did not register this species during our census activity on
the transects, but recorded one foraging flock of 10 individuals while in the field. Their
area of occupancy is possibly less than 2000 km2 in 10 or fewer locations in Seram with a
continuing decline, and the number of mature individuals is potentially less than 10,000
with 1000 or fewer individuals in each subpopulation. These trends support the IUCN
criteria B2a, B2b(ii), and C2a(i) of VU [41]. Although BKSDA Maluku confiscation data did
not record this species in the past five years, 40 wild-caught birds were exported in 2019
from Soekarno Hatta airport [44], indicating that poaching activity can threaten the wild
population. Hence, we also recommend the inclusion of the species to CITES Appendix I.

5. Conclusions

Manusela National Park and its buffer zone have high parrot diversity. Over the last
five years confiscation data showed that nine out of the 11 parrot species of Seram Island
were poached. Illegal poaching activities do not only threaten parrot populations but are
also very likely to contribute to forest decline given the extremely important ecological
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role of parrots as seed dispersers [29,45,46]. The decline in parrot populations, as an
apparent result of high demand on the wildlife market, may lead to the extinction of some
species from the island. In this context, we have highlighted arguments for the uplisting
on the IUCN Red List of three parrot species. We also showed that proper management
and rehabilitation of confiscated parrots, and the inclusion of local communities into
conservation efforts with environmental education campaigns can have positive effects
on parrot conservation in the area. Our results contribute important information to local
and international authorities and wildlife management programs that may help reduce the
local parrot trade and inform future rewilding projects.
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Abstract: The use of foster parents has great potential to help the recovery of highly endangered
bird species. However, few studies have shown how to successfully use these techniques in wild
populations. Scarlet Macaws (Ara macao macao) in Perú hatch 2–4 chicks per nest but about 24% of
all chicks die of starvation and on average just 1.4 of them fledge per successful nest. In this study
we develop and test new techniques to increase survival of wild Scarlet Macaw chicks by reducing
chick starvation. We hypothesized that using foster parents would increase the survival of chicks
at risk of starvation and increase overall reproductive success. Our results show that all relocated
macaw chicks were successfully accepted by their foster parents (n = 28 chicks over 3 consecutive
breeding seasons) and 89% of the relocated chicks fledged. Overall, we increased fledging success
per available nest from 17% (2000 to 2016 average) to 25% (2017 to 2019) and decreased chick death
by starvation from 19% to 4%. These findings show that the macaw foster parents technique and post
relocation supplemental feeding provide a promising management tool to aid wild parrot population
recovery in areas with low reproductive success.

Keywords: foster chicks; chick starvation; chick survival; chick supplemental feeding; avian brood
manipulation; wildlife management; Scarlet Macaw; Perú

1. Introduction

The use of foster parents in avian population management is a technique with great
potential to aid in the recovery of highly endangered species in the wild [1]. Foster
parenting, the use of breeding pairs to raise young that were not part of their -own broods, is
a well-known avicultural technique that has been intensively used in captive breeding and
reintroduction programs over several decades [2] and also in conservation captive breeding
programs to increase reproduction [1,3–5]. However, few studies have systematically
studied how to successfully use this tool in the wild.

The topic of increasing productivity in parrots for conservation is not new. In the early
1990s’, it was suggested that managing intensively the factors that limit species’ population
growth was the key to productivity maximization [6]. One of the techniques proposed
at the time was to increase fledging success [7]. In psittacines, the majority of species
hatch their eggs asynchronously over a period of 1 to 14 days [5,8–14] which results in a
size-based hierarchy among brood members [9,15,16] which often leads to the death of
younger chicks [8,9,13,14,17]. In this scenario, decreasing hatching asynchrony has been
proposed as a potential management tool to increase numbers of young for harvesting for
conservation purposes [7]. These harvested last and penultimate chicks could be relocated
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in foster nests to increase overall reproductive output. This technique has great potential
for in situ conservation efforts because there is strong evidence that psittacines can be
successfully used as foster parents and they are able to raise and fledge additional chicks
(RG-A unpublished data [18]).

Chick fostering has been successfully used in commercial aviculture to raise finches
(Lonchura ssp. and others) and with captive psittacines of the genera Cyclopsitta, Alisterus,
Amazona, Pionus and Cacatua [4,5,8,19,20], mainly as an emergency tool when chicks were
rejected by parents or fell out of the nest [19–21]. It has also been used in captive breeding
programs for psittacines [4,5]. In the wild, it has proven to be useful for recovering
the Puerto Rican Amazon (Amazona vittata) and increasing population recruitment in
the Yellow-shouldered Parrot (Amazona barbadensis) in Venezuela [18]. It has also been
used in the wild as a tool to study parent/offspring interactions in Crimson Rosellas
(Platycercus elegan) [22] and Galahs (Eolophus roseicapillus) [8] in Australia. Most recently, it
has been used by RG-A and collaborators from the Wildlife Conservation Society (WCS)-
Guatemala as part of the efforts to recover Scarlet Macaw (Ara macao cyanoptera) populations
around Laguna del Tigre National Park.

The Scarlet Macaw (Ara macao), one of the most iconic members of the Psittacidae
family and an important flagship species of the tropical forest, is widely distributed in the
Americas from Southeastern Mexico to Peru and Bolivia [23]. However, most populations in
Central America are currently declining due to a combination of habitat loss and poaching
for the local pet trade [14,24–28]. As with many other members of the family Psittacidae,
the species shows brood reduction by chick starvation [11,14]. This starvation can result in
the death of >22% of all hatched chicks and is the most common cause of chick death [15].
In Tambopata, Peru, an area with no nest poaching, clutches have on average three eggs,
resulting in broods of about two chicks but just a mean of 1.4 chicks fledge per nest per
season [29]. Overall, 27% of second chicks and all third and fourth chicks die by starvation,
which results in a substantial loss of hatchlings. In areas where Scarlet Macaw populations
are declining, valuable chicks that could help increase population numbers starve to death.
Increasing survival of those starving chicks could provide significant numbers of young
that can directly increase wild populations.

There is little information published on Scarlet Macaws as foster parents. In the late
1990s’ in Carara National Park in Costa Rica one chick rescued from poachers was placed
in a wild nest that had just one chick and both chicks fledged [11]. There are also reports
from captivity where a Scarlet Macaw pair was used as a surrogate to raise chicks of
the Blue-headed Macaw (Primolious couloni [30]). The most comprehensive information
related to Scarlet Macaws as foster parents in the wild comes from Guatemala where the
technique has been used to place 60 chicks during seven breeding seasons since 2011 [RG-A
unpublished data]. In this case, foster chicks averaged 41 days old (range 12–85 days old)
and 78% of them were successfully adopted and fledged [RG-A unpublished data]. The
technique was used when: (1) chicks did not gain weight as expected, (2) third and fourth
chicks hatched, (3) chicks lost their parents, (4) chicks hatched in the field station after eggs
were rescued from nest poaching) [RG-A unpublished data].

The use of Scarlet Macaws as foster parents in the wild offers a good system not only
to test the technique in situ, but also to test the main drivers of chick death by starvation.
The main driver behind death by starvation appears to be brood members’ age differences:
first chicks apparently do not die of starvation and the chance of younger chicks starving
is directly proportional to age difference in relation to the first chick of the brood [29]. In
the case of second chicks, when the age difference was 3 to 4 days the probability of death
was 24% but if this difference was 5 days or more, the probability of death by starvation
jumped to 80% [29]. If age difference among brood members is the main reason why the
younger member of the brood starved to death [29], age differences in foster broods would
need to be less than 5 days to ensure that none of the brood members would perish.

The main objective of this experiment was to develop and test techniques to increase
survival of Scarlet Macaw chicks in the wild by reducing chick starvation using wild foster
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parents. In addition, we wanted to test if the age difference among brood members was
the sole driver of chick death by starvation. To do this, we tested the following main
hypotheses: (1) Wild Scarlet Macaws accept chicks that are not their offspring and raise
them to fledging, (2) Using foster parents increases the survival of chicks at risk of starvation
and increases the overall population reproductive success, and (3) Age differences among
brood members is not the only driver of chick death by starvation and (4) Wild Scarlet
Macaws are able of fledge a brood of three chicks.

2. Materials and Methods

This research was conducted in the forests surrounding the Tambopata Research
Center (13◦8′ S, 69◦36′ W), located in the Tambopata National Reserve (275,000 ha) adjacent
to the Bahuaja-Sonene National Park (1,091,416) in the department of Madre de Dios, south-
eastern Perú. The forest adjacent to the research station is classified as tropical moist forest
(Holdridge life zones system) and is a combination of flood plain, terra firme, successional,
and palm swamp forests that receives around 3200 mm of rain annually [31,32].

2.1. Background Methodology

We conducted this research from October 2016 to March 2019, during three consecutive
macaw breeding seasons, as part of a program of investigation on Scarlet Macaw breeding
ecology, nesting behavior, and health run by The Macaw Society -Sociedad Pro Guacamayos
(www.TheMacawSociety.org and http://vetmed.tamu.edu/macawproject, accessed on
1 October 2016) [29,33–36]. This program has been monitoring macaw nests intensively
since 1999. Macaw breeding season is from mid-October to mid-April, annually. Each
season we monitored about 40 macaw nests (16 natural, 24 artificial) in a 5 km radius area,
using single rope climbing systems [37,38]. Artificial nests were a combination of wooden
boxes and PVC pipes (16” diameter) and were hung one per tree [See [33] for a detail
explanation about artificial nest used] (Figure 1). Eight artificial nests in a 3 km radius
were equipped with video surveillance cameras each season. Due to the high humidity
of the rainforest, video systems frequently suffered intermittent malfunctions that alter
sample sizes for data reported from nest videos. Not all nests with video systems received
foster chicks. All nests were checked once every 2–3 days until the first egg was found.
After an egg was found, nest monitoring ceased until 26 days later and continued daily
until all viable eggs had hatched. Due to this frequent monitoring, done over almost
two decades, nesting macaws were habituated to human intervention and did not flee
or abandon nests during nest checks. However, nesting macaws still displayed a few
disturbance behaviors in the presence of climbers (i.e., alarm calls and calls they use when
fighting with other macaws). They also showed aggressive behaviors towards climbers (i.e.,
lunging at climbers from inside nest, flying at and even hitting the climber, etc.). Despite
this high level of acclimatization of the birds, we did not weigh, measure or manipulate
broods until second chick hatched in each brood in order to reduce disturbance at the nest
and maximize hatching success.

2.2. Chick Relocation Procedures
2.2.1. Criteria and Timing to Remove Chicks for Relocation Procedures

A total of 32 macaw chicks were removed from their original nests. Four of them
perished in our nursery. Two of them died the same day they hatched probably due to the
fact that they hatched underweight. Two other chicks died at <5 days old, probably due to
slow digestion problems. Macaw chicks were removed from their original nests according
to the criteria and timing shown in Table 1.

321



Diversity 2021, 13, 121

 
Figure 1. Nest check of an artificial Scarlet Macaw nest (wooden box) using a single rope climbing
system. Both macaws are displaying nest defense behaviors. A stuffed leather glove attached to a
metal stick is used as a tool to cover the nest entrance and prevent macaws from reentering the nest.
In the picture, the researcher access door is open. Researcher: Gustavo Martinez Sovero MSc. Photo
Credit: Liz Villanueva Paipay.

Table 1. Criteria and timing to remove Scarlet Macaw chicks from original nests for relocation procedures in Tambopata.

Hatch Order of Removed Chicks
and Criteria for When to Remove Chicks

Timing to Remove Chick
from Original Nest

# Chicks
Removed

First Chicks (11 chicks removed)

When second chick hatched > 3 days after first chick As soon as second chick hatched 7

If chick showed signs of life-threatening botfly related infection When infection was clearly getting worse but
still localized in one area 2

To create conditions for a triple brood by adding a third chick as
the younger brood member When third chick was placed in foster nest 2
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Table 1. Cont.

Hatch Order of Removed Chicks
and Criteria for When to Remove Chicks

Timing to Remove Chick
from Original Nest

# Chicks
Removed

Second Chicks (7 chicks removed)

If chick showed signs of starvation
When chick was still active and begging. Usually
within 3 days of not gaining weight as expected,

before they started to lose weight
5

If chick showed signs of life-threatening botfly related infection When infection was clearly getting worse but
still localized in one area 1

If chick was needed for relocation to another nest where the
clutch or brood was lost due to damage to the nest As soon as damaged nest was fixed 1

Third Chicks (12 chicks removed)

All third chicks were removed <24 h after hatching 12

Fourth Chick (2 chicks removed)

All fourth chicks were removed <24 h after hatching 2

Chicks removed from their original nests 32
Chicks that perished in our nursery before relocation 4

Total chicks relocated 28

2.2.2. Removed Chicks’ Initial Conditions

The majority of the chicks (67%) were healthy when removed from the nest. Eleven
first chicks and nine third chicks weighed as expected for their ages (see Vigo et al. [14]).
Two third chicks arrived underweight (17.9 g each), one with early signs of dehydration
and the other one apparently in good condition. Three second chicks were brought in as
soon as they did not gain weight as expected but were still in the weight range for their
ages. One of the second chicks arrived underweight for its age, showing signs of starvation
(empty crop, grayish color, dry skin and prominent ocular area). Another second chick
that had a congenital foot malformation was brought in as soon as it did not gain weight
as expected for its age (2 days of age). The three chicks showing signs of botfly related
infection did not have botflies when arrived to the nursery because they were removed
in the field. Both fourth chicks arrived underweight. One arrived right after hatching at
17.1 g. The other one, was left in its original nest with a sibling 9 days older, and it was
removed at age 5 days when it started to showed early signs of starvation. We removed
32 chicks in total (Season 1 = 5 chicks, season 2 = 11 chicks, season 3 = 16 chicks, Table 1).

2.2.3. Macaw Chick Rearing in the Nursery

Chicks were kept in boxes (40 cm × 40 cm × 50 cm) with three solid wood sides, a
solid wood base, and a wire mesh front and top. We used a Brinsea EcoGlow Brooder
as a source of heat for the chicks. Heat and humidity in each box were monitored with
an off the shelf digital thermometer-hygrometer. Chicks were separated in two different
boxes according to their age. Chicks under 15 days old were kept in one box, each in a
separate plastic cup on wood chips and a soft piece of cloth. Chicks over 15 days old were
kept together in a separate box with a woodchip substrate and a 1/2” square mesh tray on
top of substrate. Chicks were maintained at age-appropriate temperature and humidity
conditions following the recommendations in Voren and Jordan [39]. In general, chicks
were syringe fed Zupreem Embrace baby bird hand feeding formula prepared following
the age-specific manufacture recommendations (https://www.zupreem.com/products/
birds/embrace-plus/ accessed on 1 October 2016). Chicks that came in sick, weak or
underweight were given custom diets used commonly in commercial aviculture (Table A1).
All chicks that arrived showing signs of botfly related infection (n = 4) were treated with
oral antibiotics and/or local antibiotic cream.
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2.2.4. Criteria to Assign Macaw Chicks to Wild Macaw Nests

Individual chicks were assigned to foster nests with only one chick that was in the
same “developmental stage” but not necessarily the same age (Table 2 and Figure 2).

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 2. Developmental stages of Scarlet Macaw chicks. (a) Stage 1: 0 to 2 days old; (b) Stage 2A: from 3 to 18 day old;
(c) Stage 2B: 19 to 33 days old; (d) Stage 3: 34 to 65 days old; (e) Stage 4: 66 days old to fledge. Photo credits: The Macaw
Society- Sociedad Pro Guacamayos. For more details, see Table 2.
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Table 2. Developmental stages in wild Scarlet macaw chicks. To define the Scarlet Macaw chick devel-
opmental stages, we used a modified version of the mass growth stages presented in Vigo et al. [14].
Scarlet macaw chicks fledge on average at 88 days old (n = 104 chicks, range = 79 to 99 day old, [15]);
see Figure 2 for images of each developmental stage.

Developmental Stages in Wild Scarlet Macaw Chicks
Stage Age Range Description

Stage 1 0 to 2 Hatchling
Stage 2A 3 to 18 Naked to light pinfeathers and eyes closed
Stage 2B 19 to 33 Light pinfeathers to heavy pinfeathers and eyes open
Stage 3 34 to 65 Heavy pinfeathers to mostly feathered
Stage 4 66 to fledged Mostly feathered to fully feathered

2.2.5. Criteria to Select Foster Parents

We used the literature [18,40] and our previous knowledge of the species to create
selection criteria for pairs to host foster chicks. We preferentially chose pairs with the
following characteristics: (1) Pairs nesting in artificial nests; (2) Known pairs with banded
individuals older than 8 years old; (3) Pairs with at least one chick that fledged in a previous
season; (4) Pairs with no history of chick death by unknown causes; (5) Pairs with no history
of chick death due to poor parental care in solo chicks, such as hypothermia or low daily
feeding rates; and (6) Pairs with no records suggesting they have little breeding experience,
such as slow growth/poor body condition in chicks. Due to a lack of suitable nesting pairs,
one foster chick was placed with a nesting pair with an unknown breeding history. In total,
12 macaw pairs were used as foster parents. In 10 of them at least one individual of the pair
was banded. Adult macaw genders were determined either by DNA testing of at least one
individual of the pair (67% of total macaw foster pairs) or by comparing nesting behavior
to known gender macaw pairs (33% of total macaw foster pairs). Seven macaw pairs were
used as foster parents in more than one season and one was used in all three seasons of
this experiment.

2.2.6. Foster Chick Relocation Procedures and Timing

We conducted four complementary macaw chick relocation procedures during this
study. Each one was designed to test a different hypothesis related the capacity of wild
macaws to foster chicks in wild conditions (Table 3). A chick was considered relocated
when it was taken out of its original nest and moved to another nest, either the same day
or days after. Due to the fact that we were working in natural conditions in the wild, we
had little ability to set up identical conditions in each specific foster nest case. Foster nest
candidates for procedures 1, 2 and 4 were checked every day from hatch to ensure nest
requirements were maintained. In these procedures, the key moment to place foster chicks
in foster nests was when the younger chick opened its eyes. By having both chicks with
open eyes, all chicks were able to see the parents and effectively beg for food in a similar
fashion. Foster nests for procedure 3 were chosen in an opportunistic way as long as foster
parents fulfilled the selection criteria explained in 2.2.6. In total, we worked with 28 foster
chicks in 23 foster broods.

2.2.7. Foster Chick Relocation Schedule

In all but three cases, foster chicks were placed in nests between 8:00 and 9:30 AM
with a crop half-full of food. At the time of the relocation, the resident chick was pulled
from the nest weighed and measured and then both chicks, the resident and foster were
placed back into the nest at the same time. In the three relocations following chick/egg
predation, foster chicks were placed in the nest between 11 AM and 2 PM. No chicks were
relocated on rainy days as adult movements and feeding rates are lower during rain (GV-T
and DJB unpublished data). Just 2 foster chicks (7% of total foster chicks) were relocated
the same day they were removed from the original nest.
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2.2.8. Observations of Foster Parents/Foster Chick Interactions

In our first and second seasons working with macaw foster parents, video camera
systems were installed in the majority of foster our nests (n = 12 foster nests with cameras of
14 foster nest total; 13 foster chicks). In the third season (n = 9 foster nests, 15 foster chicks),
we did not work with video cameras in foster nest. All relocation procedures except #4
(“Triple brood”) had at least one foster nest with a video camera (Table 3). At the foster nests
with video cameras, an experienced observer arrived at the foster nest at about 5:00 AM
on relocation day and took observations of parent/chick interactions using the nest video
system until 5 PM. Observers took focal group observations of known individuals to
record all contact and feeding behaviors between the parent and the chicks. The recorded
behaviors were (1) feeding, (2) preening and (3) brooding. Feeding refers to when adults
grasp the bill of the chick crosswise from above and bob during regurgitation. Preening
refers to when an adult gently touches the chicks’ body with its beak in a continuous
manner. Brooding refers to when an adult positions its body in direct contact with the
chick’s body. We considered that the time the nesting individuals (nesting females or
nesting males) entered the nest and are visible on the video camera as the moment that the
adults became aware of the foster chick’s presence in the nest. Nests with camera sample
sizes varies slightly due to intermittent video camera malfunction during key behavioral
interactions. One foster nest with video camera had problems with image (but not sound)
at the time of foster chick placement and initial interactions were not recorded. Similar
issues happened in another foster nest right after first interactions but before the first
feeding. We had behavioral observations inside the nest of 9 different foster parent pairs.

2.2.9. Monitoring of Foster Chicks

We intensively monitored each foster nest for 10 days after each foster chick relocation.
The monitoring process included (1) checking the foster chick’s crop content twice per
day (5 AM and 5 PM); (2) providing supplemental food to the foster chick any time we
checked the nest and found its crop was more than half-empty (in this way foster chicks
were fed from 0 to 2 times per day), (3) monitoring weight gain by weighing both foster
and resident chicks at 5:00 AM daily; (4) monitoring interactions between the foster chicks,
resident chicks, and foster parents using video cameras when available (14 foster chicks
in 12 foster nests with video cameras); (5) counting feedings per day of both foster and
resident chicks as seen through the video cameras both live in the field and later from video
recordings when cameras were available (See Table A2 for details of hours analyzed). To
count feedings, we performed focal group observations of known individuals and recorded
all feedings of each particular chick in a continuous manner each time they happened.

2.2.10. Supplemental Feeding Plan after Relocation of Foster Chick

Our objective with the supplemental feeding was to allow foster parents, foster
siblings, and foster chicks to learn how to interact with each other without compromising
the foster chick’s nutrition and overall health. We assumed that it would take time for foster
parents to adjust to the new brood size and feeding requirements. We also assumed that it
would take time for foster chicks that were syringe fed prior to placement, to learn how
to consume chunky food regurgitated by the adult macaws. Our supplemental feeding
plan had three stages: (1) Intensive supplemental feeding period. This was during the first
10 days after the foster chick was placed. The foster chick was checked twice per day and
fed until the crop was 75% full. We slowly decreased the number of supplemental feedings,
until by day 5 after relocation we left the chick with the crop only 50% full. This reduction
in feeding was done in order to stimulate chick begging from the foster parents. In extreme
cases (n = 2 chicks), foster chicks were just fed once (in the afternoon) in order to promote
hunger and begging by the foster chicks. (2) Moderate supplemental feeding period. This
was from day 10 after foster chick placement until the foster chick was 40 days old. In this
stage, we checked the foster chick every day and provided supplemental food when its
weight gain was less than 50% of the expected weight for its age on two consecutive days
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(expected weight was for [14] and unpublished data). (3) Passive supplemental feeding
period. This was from 40 days old until the foster chick fledged. We checked the foster
chick every other day and provided supplemental food if its keel was perceivable but
there was moderate breast muscle development still found around it. In the 2017 breeding
season, resident chicks were not supplemental fed. In the 2018 and 2019 breeding seasons,
75% of resident chicks lost weight during the 10-day adaptation period (n = 12 resident
chicks). To address this, resident chicks were given supplemental food when the daily
weight gain was 50% less than expected for its age. In all resident chick supplemental
feeding cases, the chick was fed only until the crop was 50% full.

2.2.11. Foster Chick Acceptance Criteria

We established three levels of foster parent acceptance of foster chicks. (1) Initial
acceptance: foster parents preen foster chick repeatedly and/or start attempting to feed
foster chick. Attempts to feed refers to when the foster parent grabs the foster chick’s beak
in an attempt to start regurgitation and then releases the beak. (2) Intermediate acceptance:
foster parents consistently feed foster chick (as seen by video camera) and/or foster chick
shows a half-full crop on daily checkups. (3) Full acceptance: foster parents feed both
foster chick and resident chick similarly. The half-full crop criterion was chosen because
our previous observations on wild macaw chicks that fledge show that chicks in the 19
to 33 days old age range (Stage 2B) have on average a half-full crop (mean = 2.1 in a 0
to 4 scale, n = 515 chick crop observations, from 61 macaw chicks that fledged, during
16 breeding seasons, GV-T and DJB unpublished data). When the foster chick was the
only chick in the nest, we established just one level of foster parent acceptance: relocation
was considered successful when the foster chick was being fed by foster parents and was
gaining weight as expected.

2.2.12. Foster Chick Acceptance Analysis

In order to better analyze the process of foster chick acceptance by their new parents
we quantitatively measured acceptance using chick feeding ratios and foster chick growth.

2.2.13. Chick Feeding Ratios

In order to show how foster parents were accepting foster chicks we calculated a ratio
of feedings per day (foster/resident chick) for each day in each nest during the first 10 days
after relocation. We collected feeding ratio data in two different ways: from direct field
observations (one season) and from video recordings (two seasons). A total of 418 h of
observations were conducted live in the field by multiple observers and 573 h of video
were scored by a single observer (Appendix A). Feeding ratios from video observations
include 227 h of nocturnal observations. To determine if chick feeding ratios increased over
the first 10 days after relocation we conducted a least squares regression with feeding ratio
as the dependent variable, day post relocation as the independent variable and nest ID as a
random variable.

2.2.14. Foster Chick Growth

In order to evaluate foster chick quality and acceptance we calculated the logistic
growth curves for foster chicks that fledged and compared them with the growth curves of
wild macaws that fledged in our study area during the previous 19 breeding seasons [14].
For this analysis, we only included chicks with 25 or more daily weight measurements
and ≥1 measurement taken during the first week of life [14]. A total of 23 foster chicks
fulfilled this criterion. The non-manipulated chicks used in this analysis were individuals
that fledged from nests with no foster chicks, had no major health issues, did not receive
supplemental feedings, and had fully wild parents that were not-hand raised and released
(see [40] for history of releases in our site). A total of 81 wild chicks fulfilled these criteria.
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To calculate the logistic growth curves, we used the chick weights and a logistic model
with the equation

W = A/(1 + e (−B ∗ (T − C))),

where W = weight in grams, T = age of the chick in days, A = the asymptotic body mass,
B = growth rate constant, C = age in days for which the growth rate is maximal, and e = the
natural constant [14]. We also compared growth parameters of foster chicks and wild chicks
grouped by brood size and hatch order. Wild chick groups were as follows: single chicks
(n = 17), first chicks (n = 38) and, second chicks (n = 26). Curves were fitted using Data Fit
9.1.32 (Oakdale Engineering, 2014, Oakdale, Pennsylvania, USA). To determine if growth
differed between wild chicks and foster chicks, we compared the three growth parameters
using a Mann Whitney U test with p-values calculated using a χ2 approximation. The
differences between groups were tested with Wilcoxon pairwise comparisons.

2.2.15. Foster Chick Influence on Breeding Success

Previous studies on breeding ecology of psittacines have used population level breed-
ing parameters to make comparisons within and among seasons [10]. In order to measure
the impact of chick relocations on overall breeding success we compared the overall breed-
ing success for our monitored nests during the three seasons working with foster chicks
and the previous 17 seasons with no foster chicks. Macaw nests were monitored from
mid-October to mid-April every breeding season. We used five breeding success param-
eters: (1) Chicks that fledged per available nest (# chicks that fledge/# available nests),
(2) Chicks that fledged per nest with eggs (# chicks that fledge/# nests with at least one
egg), (3) Chicks that fledged per nest with at least one chick (# chicks that fledge/# nests
with at least one chick), (4) Percentage of younger chicks that died from starvation (# of
chick starved/# second chicks, third chicks and fourth chicks hatched), and (5) Percentage
of chicks that fledged (# fledged chicks/# total chicks). Macaw nests included for this part
of the experiment included natural and artificial cavities [33]. However, nests where total
clutch size and total number hatched were not known exactly were removed from the
analysis. As mentioned above, some of the adult macaws at our site were hand-raised as
chicks, released and continue to consume food at the lodge [40]. Offspring of those individ-
uals are not included in this analysis. Wild chicks that received supplemental food for any
reason at some point in their lives were also excluded. To determine if breeding success
differed between seasons with foster chicks and seasons without foster chicks we compared
the parameters for both groups using a Mann Whitney U test with p-values calculated
using a χ2 approximation. All statistical comparisons were done using JMP Pro 15, with
a confidence interval of 0.95 and α = 0.05. All results are presented as mean ± standard
deviation unless otherwise indicated.

3. Results

Twenty-eight foster Scarlet Macaw chicks were placed in nests with wild macaw foster
parents. All of them were successfully accepted and 89% of them (n = 25 chicks) fledged
from their foster nests. This included 23 successful foster broods (4 single foster broods, 18
double foster broods and 1 triple brood). In general, foster chicks were placed back in wild
nests at 22 ± 9 days old (min = 14, max = 46 days old, n = 28 chicks). In five double foster
broods, both chicks were foster chicks.

Overall, we had 15% (4 of n = 28 chicks) of foster chicks placed as solo chicks and
75% of them fledged. All 36% of foster chicks (10 of n = 28 of chicks) placed as first chicks
fledged and all but two of the 46 % (13 of n = 28 chicks) placed as second chicks fledged.
The one foster chick placed as a third chick successfully fledged.

The three foster chicks that did not fledge died of depredation (n = 1), lightning
(n = 1) and what was probably an unknown disease (n = 1, Appendix B). We prematurely
terminated one chick translocation only 3.5 h after the chick was placed in the nest because
sweat bees (family Halictidae) from a nearby beehive started entering the nest cavity and
attacking the foster chick.
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In the “Acceptance” relocation procedure, 67% of foster chicks were placed as the
younger member of the brood and 33% of foster chicks were placed as the older chick (n = 11
foster chicks). In this group, four chicks hatched as third chicks in their original nests, were
placed as 2nd chicks (n = 3) and 1st chicks (n = 1) and were all successfully accepted.

In the “Age difference” relocation procedure, the age difference range was 4 to 9 days.
All chicks in this procedure were accepted. Here, 60% of foster chicks were placed as 1st
chick (n = 6 foster chicks) and 40% as 2nd chicks (n = 4 foster chicks). In four cases, chicks
were true siblings that hatched in the same nests with a five-day difference which in normal
conditions would have signified the death by starvation of the younger chick. Indeed,
from all the procedures combined, 29% (8 of n = 28 chicks) were members of multiple
broods with age differences > 4 days (4 foster chicks as first chicks, 3 foster chicks as second
chicks and 1 foster chick as a third chick). In all of these eight foster broods, all chicks
successfully fledged.

In the “empty nest” relocation procedure, 60% of the foster chicks were placed as
solo chicks (n = 5 foster chicks). One of them was 46 days old. Two foster chicks of the
same age were placed in the same foster nest but in different days. The heavier chick was
placed first at age 31 and second chick was placed at age 39. All chicks in this procedure
were accepted.

For the “triple brood” relocation procedure all chicks were true siblings. Here, the
third chick was successfully accepted and all three chicks fledged. However, all three chicks
showed inconsistent weight gain, even > 10 days after relocation of the third chick. Due
to the weight gain problems, we intensively managed this brood giving them a high fat
content supplemental feeding when we found them with empty crops, until the youngest
chick was 45 days old. We planned to conduct more than one triple brood relocation, but
were unable due to depredation events in our other chosen foster nests.

In all foster broods in the first two seasons (n = 14 broods: 12 broods with video
cameras and 2 without video camera), we placed the foster chick when the nesting female
was within sight of the nest (range 0 to 10 m from the nest). In two cases, the nesting female
stayed inside the nest covered with a towel when we placed the foster chick. In all but
two cases, the nesting male was not present. In the majority of the cases, nesting pairs
were present during the precise moment when foster chicks were placed in their nest (100%
females, 86% males, n = 14 nesting pairs). In these two first seasons, two double foster
broods had both chicks as foster chicks.

3.1. Foster Chick Acceptance

The behavior of foster parents when seeing the foster chick for the first time followed
the same pattern in all cases. In all foster broods with video cameras (n = 12 broods), the
first foster parent to have physical contact with the foster chick was the nesting female. First
contact behavior was usually preening (61% of the time, n = 14 chicks with video cameras)
but some foster parents first attempted to feed the foster chick (39% of the time, n = 14
chicks with video cameras). None of the females showed aggression towards the chick. On
average, first contact was made 4.2 min after the foster mother arrived to the nest (n = 14
chicks with video available, range = 0.8 to 14 min) and first feeding was given on average
13 min after arrival (Time range = 0.8 to 76 min, n = 13 of 14 chicks with video available).

In all nests with cameras (n = 14), the first physical contact between an adult and
foster chick happened in the first 15 min after the nesting female arrived at the nest. In the
two cases when females took the longest to touch the foster chick (14 min) it was because
she was paying attention to the climber getting ready to repel down from the tree. After
an average of 4.6 ± 3.3 days foster chicks that were members of multiple chick broods
consistently had half-full crops when checked (n = 23 chicks, min = 2 days, max = 15 days).

3.2. Foster Chick-Feeding Ratios

Daily feeding ratios from observations done in the field by multiple observers and
from recorded observations done by one single observer showed similar patterns. Foster
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chicks were initially fed less than resident chicks (daily feeding ratio of 0.37 ± 0.25 on
relocation day, n = 10 chick pairs), but feeding ratio increased progressively until feedings
were similar for both chicks 10 days after relocation (daily feeding ratio = 0.8 ± 0.4, n = 10
chick pairs, Figure 3). The combination of day and nest (as a random variable) explained
about 22% of the variation in the data and the relationship with day post relocation was
highly significant (least squares regression: R2 = 0.22, df = 53, t-ratio 2.56, p = 0.013).
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Figure 3. Acceptance of Scarlet Macaw foster chicks during the first 10 days after placement in foster nests. Acceptance
of foster chicks in their new nests was measured by counting feedings per day of both foster and resident chicks and
calculating daily feeding ratios (n = 10 chick pairs). Each point on the graph corresponds to the feeding ratio in one foster
nest on one day. The solid line represents the positive linear trend observed and shows that foster chick feedings increased
during the first 10 days in the foster nest. Day one on the X-axis indicates the day of relocation. These data are from the
recorded observations (see Appendix A and Methods for additional descriptions of these data).

3.3. Foster Chick Growth

Foster chicks reached similar maximum weights compared to wild chicks (asymptotic
size from logistic equation: all wild chicks combined: 1014.2 ± 79.7 g, n = 81, foster chicks
1020.3 ± 81.1 g, n = 23, Mann–Whitney U: χ2 = 0.14, df = 1, p = 0.7) and both grew at a
similar rate (growth rate from logistic equation: all wild chicks combined 0.116 ± 0.016,
n = 81, foster chicks 0.120 ± 0.014, n = 23, Mann–Whitney U: χ2 = 0.47 df = 1, p = 0.5).
However, foster chicks reached maximum growth rate at a significantly younger age (Age
at maximum growth rate from logistic equation: all wild chicks combined 26.3 ± 3 days,
n = 81, foster chicks: 23.9 ± 1.7 days, Mann–Whitney U: χ2 = 13.6, n = 23, df = 1, p = 0.0022,
Table 4).

Foster chicks grew significantly faster than second chicks (growth rate from logistic
equation: foster chicks 0.111 ± 0.015, n = 23 chicks, second chicks, 0.121 ± 0.014, n = 26
chicks. Wilcoxon pairwise comparisons: Z = −1.96, p = 0.05). Foster chick growth was
not significantly different than solo chicks or first chicks (Wilcoxon pairwise comparisons:
Z > 0.84, p > 0.06, Table 4). Foster chicks reached maximum growth rate at a significantly
younger age than both first and second chicks: 1.5 days younger than first chicks (first
chicks: 25.7 ± 2.4 days old, n = 38 chicks; foster chicks: 23.9 ± 1.7 days old, n = 23 chicks,
Wilcoxon pairwise comparisons: Z = −2.61, p = 0.009) and 3.5 days younger than second
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chicks (second chicks: 28.2 ± 3.2 days old, n = 26 chicks, foster chicks 23.9 ± 1.7 days old,
n = 23 chicks. Wilcoxon pairwise comparisons: Z = 5.18, p ≤ 0.001, Table 4).

Table 4. Effect of hatch order on growth parameters for Scarlet Macaw. All parameters were calculated using the logistic
growth model [14,41]. “Solo chicks” are wild chicks in one-chick broods. “First chicks” are older chicks in wild two chicks’
broods and “second chicks” are younger chicks in wild two chicks’ broods. Within a column, values followed by a different
superscript letter differed significantly using a Mann–Whitney U (DF = 1, p < 0.05).

Chick Type Number of
Individuals

Maximum Growth Growth Rate Age at Maximum Growth *
A B C

(Mean) (Mean) (Mean)

Wild chicks

Solo chick 17 1028 ± 83.2 A 0.126 ± 0.013 B 24.7 ± 2.3 D

First chick 38 1022 ± 75.4 A 0.115 ± 0.014 B 25.7 ± 2.4 E

Second chick 26 993 ± 77.7 A 0.111 ± 0.015 C 28.2 ± 3.2 F

All combined 81 1014 ± 79.7 0.116 ± 0.016 26.3 ± 3

Foster chicks 23 1020 ± 81.1 A 0.121 ± 0.014 B 23.9 ±1.7 D

* The only growth parameter that differed significantly between wild chicks (all combined) and foster chicks is indicated by an asterisk,
based on Wilcoxon pairwise comparisons (DF = 1, p < 0.05).

3.4. Foster Chick Influence on Breeding Success

In general, during the three seasons with chick relocations, more chicks fledged, more
nests had chicks that fledged and fewer chicks died of starvation (Table 5).

Table 5. Effect of foster nests on seasonal breeding success of Scarlet Macaw. Seasons with no foster chicks (17 seasons,
2000 to 2016) were compared to seasons with chick fostering (3 seasons, 2017 to 2019). In the fostering experiments, we
placed, swapped or added, foster chicks to specific nests (see text). The breeding season was mid-October to mid-April.
Available nests refer to cavities (n = 40) that were not occupied by other species by the beginning of the breeding season. We
calculated χ2 and p-values using Mann–Whitney U (DF = 1).

Breeding Success Parameters
Seasons with Foster Nests

(n = 3)
Seasons without Foster Nests

(n = 17)
χ2 p-Value

Chicks that fledged per available cavity 0.43 ± 0.05 0.23 ± 0.86 7.2 0.036
Chicks that fledged per nest with eggs 1.13 ± 0.15 0.56 ± 0.21 7.1 0.007

Chicks that fledged per nest where at least
one chick hatched 1.5 ± 0.3 0.86 ± 0.24 7.1 0.01

Percentage of younger chicks that starved 0.06 ± 0.03 0.35 ± 0.22 5.5 0.02
Percentage of chicks that fledged 0.7 ± 0.05 0.46 ± 0.14 5.5 0.02

4. Discussion

Our use of wild Scarlet macaws as foster parents along with supplemental feeding
and veterinary care was categorically successful: all foster chicks were accepted by the
foster parents with no chick rejection, foster chicks were fed at rates similar to resident
chicks, foster chick growth was similar to wild chick growth, and almost 90% of all foster
chicks fledged. Moreover, the use of foster parents dramatically reduced chick mortality
due to starvation and increased overall reproductive success in the study area.

4.1. Scarlet Macaws as Foster Parents in the Wild

There are few studies of foster parents in wild psittacines but most of them are quite
complete. Their objectives varied from a management tool to increase population recruit-
ment (RGA unpublished data, [5,18]), to a scientific technique to understand behaviors
such a parent/chick recognition [8], hunger response [42] and food allocation [22]. None of
these previous studies addressed the potential conflict of increasing brood size in species
that show brood reduction strategies in the early stages of the nesting period nor why pairs
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allow their own chicks to starve at the beginning of the nesting period but then accept
additional unrelated chicks later in the same nesting event.

We designed our experimental procedures to avoid placing foster chicks during the
starvation risk period for the species. According to our investigations on brood reduction
by chick starvation of Scarlet Macaws [29], we observed that fourth chicks are always left
to starve in the first week of life and third chicks in their first two weeks. For second chicks,
no death by starvation was recorded after 25 days of age. In fact, 88% of second chicks
that starved were younger than 20 days old. For that reason, we consider “the starvation
risk period” in Scarlet Macaw is from zero to 20 days old [29]. We did not place additional
chicks in foster nests when the youngest member of the foster brood was on average
younger than 22 days old. A similar strategy was used in relocating Yellow-shouldered
Parrot foster chicks, where only chicks older than two weeks were used as foster chicks
because mortality rates are higher in the first weeks of life [18]. Evidence from Scarlet
Macaw fostering work in Guatemala support this suggestion, as foster chicks < 15 days old
seemed to be rejected at higher rates than older chicks (RG-A personal observations). In
foster chicks of Puerto Rican Amazons [5] and the Galahs [8] individuals as young as one
week old were accepted in whole brood swaps. These two studies warn about using older
foster chicks due to the evidence that adults do not recognize small chicks as individuals
but they do recognize older chicks. No warnings are made about placing young foster
chicks during starvation risk periods.

A difference between our foster parent experiment and previous studies with wild
psittacine foster parents is the presence or absence of the nesting pair when foster chicks
were placed in nests. In the two Amazon parrot studies in Puerto Rico and Venezuela
and in the Galah study in Australia, foster chicks were placed in nests when parents were
absent in order to minimize disturbance and possibly nest abandonment [5,8,18]. Multiple
authors stated that they thought the foster parents did not detect the placement of the
foster chick [5,42], but in our study that was clearly not the case. In our case, the majority
of nesting pairs were present during the precise moment when foster chicks were placed
in their nest. In a few cases, the female nesting individual was even inside the nest, so
the argument that foster parents did not detect an additional chick is not valid in our
case. It is worth emphasizing that in our experiment, we did not consider the nesting pair
presence or absence at the nest as an important factor because at our study site, we have
been monitoring macaw nests intensively for the last 20 years and Scarlet Macaw pairs are
very accustomed to our nest checks and rarely display typical disturbance behaviors when
researchers visit the nests and manipulate the chicks [5]. However, in other areas with little
or no history of nest checks or chick manipulations, human presence may disturb nesting
pairs and alter the results of chick fostering attempts.

4.2. Foster Chick Acceptance and Rejection

Overall acceptance of foster chicks in our investigation was excellent, as expected.
There are published records of wild parrots in the genera Cacatua, Amazona, Platycercus
and Ara ([8,18,42] and RG-A unpublished data) and captive Cylopsitta, Alisterus, Amazona,
Pionus, Cacatua and Melopsittacus ([4,5,8,19,20] and GV-T personal observations) accepting
and raising foster chicks. In all the studies done in the wild, including ours, when foster
chicks were accepted, fostering manipulations caused no major disruption of adult nesting
behaviors [5]. In the case of the Galah, the main disruption of adult nesting behavior
happened when whole broods were swapped for unrelated broods [8]. Some pairs hesitated
for several hours before first entering the nest, but once one adult entered the nest (generally
the female), the other nesting adult followed. This hesitation is explained by the fact that
older Galah chicks (few weeks from fledgling) reply to their own parent’s calls when they
arrive at the nest and foster chicks did not respond to foster parent’s calls when they
arrived [8]. In our case, we did not detect hesitation to enter the nest as in the Galahs.
Usually Scarlet Macaw nesting females in our site were eager to come back and check on
their chicks as soon as they were returned to the nest by the researchers.
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High acceptance of foster chicks after chick predation or egg hatching failure was
surprising but also not unexpected; mainly because it has been reported in studies with
foster chicks in Amazon parrots in the wild. In Yellow-shouldered parrots, three of four
foster chicks placed after full predation events were accepted [18]. In wild Puerto Rican
Amazons two foster chicks placed after eggs failed to hatch were accepted, even though
the foster chicks were another species: Hispaniolan Amazons (Amazona ventralis [5]). In
our experiment in Tambopata, in the cases of foster chick acceptance after the resident
brood was depredated, after chicks were killed by lightning, and after egg hatching failure,
nesting pair behavior was very similar to that reported by the previous studies with
Amazon parrots [5,18,24]. There was some initial hesitation, especially the very first time
the foster chick was seen, but once it was fed, the nesting pair behavior fell into the normal
attendance pattern according to the foster chick’s age.

In all three studies, including ours, the timing in which the foster chick was placed
after the nest was emptied was likely a key aspect [5,18]. In the case of replacing unviable
eggs with a foster chick, the swap probably needs to be done as close to the estimated
hatching date as possible. The hatching period is a very sensitive period for the nesting
pair. It offers a very small window to replace eggs for foster chicks. Nesting individuals,
especially nesting females, tend to decline in attentiveness a few days after the end of the
normal incubation period if the eggs fail to hatch [5]. Even though the nesting pair keeps
visiting the nest after egg failure, visits are likely more related to a desire to defend the nest
cavity and maintain ownership GV personal observations, [43,44].

An unexpected result in our experiment was that all foster chicks were accepted. In
three of four foster parent studies from the literature, a few foster chicks were rejected in
each. In the Puerto Rican Amazon case [5], two older chicks that were swapped for one
foster chick were rejected, even when the foster chick was an offspring of the foster parents.
In the Galah study [8] 5% of foster chicks (n = 10 chicks, 3 broods) were rejected; perhaps
because all of them were placed very close to fledgling time and the foster parents seemed
able to recognize their own chicks either by vocalizations or by unique physical cues [8]. In
the Yellow-shouldered Parrot [18], 9.3% (n = 5 chicks) were rejected. Here, rejection was
attributed to a low feeding response of foster chicks and different developmental stages
between foster chicks and wild offspring. In the Scarlet Macaw in Guatemala, foster chicks
were occasionally rejected as well, presumably because they were too young (between 10
to 20 days old) or because brood size was increased over the maximum brood size of the
species in the area (broods of three or four chicks, RG-A unpublished data). The Crimson
Rosella study did not mention chick rejection at all [22].

A tentative explanation for the zero foster chick rejection found in our experiment
is that we measured rejection in a different way than in the previous studies [5,8,18]. We
considered that a foster chick was rejected when daily feeding ratios (foster/resident chick)
were not similar and when the tendency of feeding-ratios was not positive after 10 days of
foster chick relocation. In the Puerto Rican Amazon, the indicator of acceptance was also
feedings but based on crop size observations after a few days and not direct observations
of feeding [5]. In addition, rejection happened when whole broods were swapped but not
when chicks were added to a brood. We did not swap entire broods, so these rejections are
not comparable to our case. In the Yellow-shouldered Parrot, the foster chick acceptance
indicator was also feedings based on crop size and observations of the absence of injuries
at the end of day of relocation. Here, when foster chicks did not have large crops until
the next morning after relocations, they were removed and placed in another nest [18].
Interestingly, in our experiment, the only cases in which foster chicks showed large crops
in the day after relocation were when the foster chick was the only chick in the nest. In
the Scarlet Macaw in Guatemala, foster chick acceptance indicator was also crop size and
crop content after a maximum of three days post relocation. After that period, chicks
found with crops with no macaw food content were relocated to another foster nests (RG-A
unpublished data). In our case, all our foster chicks that were members of multiple broods
needed on average five days to show half-full crops. They were fed by foster parents, as
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clearly observed in videos, but did not have large crops. Under our acceptance/rejection
criteria those chicks were not considered rejected.

Zero foster chick rejection in our experiment might be due to the fact that we matched
ages/developmental stages between foster chicks and resident chicks. Developmental
stages in our experiment were defined based on our extensive knowledge on the nesting
biology of the species [14]. Therefore, our foster chicks looked very similar to the resident
chicks in nearly all cases. The importance of matching similar ages between foster chicks
and resident chicks in chick additions, chick swaps, and whole brood swaps was mentioned
in all the previous studies (RG-A personal observations, [5,8,18]). All investigations that
worked with psittacine foster parents address the fact that foster chick acceptance and
especially rejection were related to age differences among chicks involved (RG-A personal
observations, [5,8,18]). In the Yellow-shouldered Amazon [18] and in the Galah [8], foster
chicks and foster broods that differed in age from the resident chicks and broods were
rejected. In the Puerto Rican Amazon [5] and in the Crimson Rosella [22] studies the
authors considered that pairing chicks that “look similar” to be very important. In the
Scarlet Macaw in Guatemala, it was considered a key aspect in order to warrant chick
acceptance (RG-A unpublished data).

4.3. Foster Chick Chick-Feeding Rates

No previous studies of wild Psittacidae as foster parents have analyzed acceptance
of foster chicks using chick feeding rates as an indicator of acceptance. The daily feeding
ratios in our experiment showed that foster chick acceptance was a slow process that
needed more than one day of post-relocation monitoring before concluding failure. In
the Crimson Rosella study in Australia, feedings (food transfers) were used as a tool
to: (1) quantify hunger response when broods or individual chicks were placed back in
the original nest [22], and (2) to understand food allocation among brood members [42].
However, in both experiments, resident broods and chicks were placed back in their original
nest three hours later, so there was no way to analyze daily feeding rates. In the Galah [8]
and Puerto Rican Amazon studies [5] feedings were used in a descriptive manner, not in
an analytical manner.

Other studies have addressed the first response of foster chicks to foster parents. In our
experiment the results were unexpected because the foster chick reaction we observed most
commonly could be considered a “distress” response. The majority of foster chicks (n = 23)
were syringe fed from a few days old to 20 days of age. Because of that, they showed low
or even nonexistent feeding response when approached by an adult macaw. When foster
parents, grabbed foster chicks’ beaks in an attempt to feed, the foster chick usually shook
its head and pulled away. This pulling away behavior was consistently observed during
the first days after chick relocations, even twelve hours after last supplemental feeding,
when the chicks had little to no food in the crop. Our observations showed that this pulling
away decreased slowly during the first 10 days post relocation as the foster chicks learned
to receive food from the adult macaws. This same sequence of behaviors was also observed
in Guatemala (RG-A personal observations). We consider this behavior a distress response
because we have never seen any wild chicks pull away from parents in this fashion (even
when their crops are nearly 100% full) in either Peru or Guatemala.

A more intense reaction was observed with the Puerto Rican Amazon in which some
hand-raised chicks gave fright responses and distress vocalizations when they were placed
into the wild nests and first encountered adult parrots attempting to brood and feed
them [5]. The first response to foster parents in Galah Cockatoo chicks was not a distress
response, instead, the chicks gave little or no response, especially for chicks in the second
half of their nesting period. At that age, Galah chicks start to respond to parent calls when
they arrive at the nest and foster chicks did not reply to foster parent call when they first
arrived to the nest. However, after a few hours of not being fed, the tendency for rejection
by the nestling was overruled by hunger. Once the nestling was hungry, begging and
vocalizations attracted foster parents that proceeded to enter the nest and feed them [8].
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4.4. Foster Chick Supplemental Feeding

In our experiment, chicks were given supplemental food once or twice per day during
the transition period when foster chicks were learning how to be fed by wild macaws. Even
though they were not responding when foster parents tried to feed them, they were not
losing weight or showing signs of nutritional deficiency due to our supplemental feedings.
This is similar to the fostering protocols used in Guatemala which obtained similar results
(RG-A personal observations). This evidence from Peru and Guatemala leads us to conclude
that supplemental feeding gave foster chicks time to learn appropriate feeding response
behaviors and increased chick acceptance and the success of this technique.

Our experiment raises the question of whether or not we could have obtained similar
results by just feeding the chicks in situ, without pulling them out of the nest and relocating
them. Multiple lines of evidence suggest that just feeding may not have been successful. In
previous breeding seasons, we provided supplemental feeding to starving younger Scarlet
Macaw chicks in the nest (n = 5 chicks: 1 s chick and 4 third chicks) on average three times
per day (range = 1 to 4 times per day) for an average of 4 days (range = 3 to 7 days) and this
failed to prevent starvation. In addition, supplemental feeding provided to younger Green-
rumped Parrotlet chicks upon hatch in the nest three times per day marginally increase
the probability of survival of last-hatched chicks but they still experienced significantly
higher mortality than early hatched chicks and it did not improved probability of survival
of penultimate hatched chicks [45]. Moreover, our observations suggest that feeding
alone may be insufficient to save younger macaw hatchlings as parents may selectively
exclude them from brooding: second and third chicks that starved were excluded from
brooding from 6 to 35 times more than second chicks that fledged (n = 9 macaw broods,
3 breeding seasons, 250 video hours analyzed, GV-T unpublished data). This is problematic
because improper brooding of captive macaw hatchlings and young chicks can cause
abrupt temperature fluctuations that may result in thermal stress and death [39].

4.5. Foster Chick Growth Rates

An interesting finding was that foster chicks in our experiment were not only accepted
by foster parents, but also raised as wild chicks. Some foster chicks were in poor condition
when removed from their nests; either underweight, not gaining weight as expected or sick,
and they received special treatments in order to recover. Even though these individuals
grew slowly when young, their overall growth rate ended up similar to wild chicks.
These results fit with the compensatory growth principle that states that given adequate
conditions, slow development as a result of poor nutrition is followed by accelerated
growth. Growth rates become similar to nestlings that did not experience nutritional
stress at all [39,46]. Besides, our hand-raising procedures in the nursery and supplemental
feeding plan during the first 10 days after relocation provided enough nutrition to foster
chicks, so they were able to compensate for the low caloric intake received from foster
parents during the first days in foster nests, and this allowed them to catch-up and attain
maximum growth rates and maximum weights similar to the wild chicks.

The fact that foster chicks reached the maximum growth rate almost two days earlier
than resident chicks is likely a direct consequence of our hand-feeding procedures. Captive
raised Scarlet Macaw chicks grow differently than their wild equivalents. Indeed, purely
captive-raised chicks reached the maximum growth rate even sooner than foster chicks
in this experiment [15]. These differences in growth might be related to differences in the
consistency of macaw chicks’ diets. In the wild, the diet of macaw chicks contains full seeds
and even tree bark [47] so it may take more time and energy to digest than the puree like
formula that is used in captivity [48]. In order to get foster chicks extra fat in preparation
for the adaptation process in their new foster nest, we provided a high fat diet (formula
with nuts and peanut butter added), large portions, and high feeding frequencies [29].

336



Diversity 2021, 13, 121

4.6. Testing Starvation Drivers

The main driver behind brood reduction in two chick broods appears to be the
age difference between brood members [29]. This age difference effect predicts that the
greater the age difference between brood members the higher the risk of starvation of
younger brood members. However, work in Costa Rica and specially in Guatemala [RG-
A unpublished data] suggests that macaws that allowed their own chicks to starve at
the beginning of the nesting period accepted, raised, and fledged additional unrelated
chicks later in the same nesting event even when age differences were >5 days (average
age difference 9 days, maximum = 14 days, n = 60 chicks). In our foster parent work,
we confirmed that these age difference effects on starvation did not apply when brood
members were older than 20 days. We had seven foster chicks with age differences >5 days
from their foster sibling. In all seven foster broods, both chick members successfully
fledged. One reason why age difference might not be correlated with starvation in multiple
broods with chicks older than 20 days old is that the younger the chicks, the more age
specific the parental care requirements (aka: brooding and feeding). Recommendations for
brooding temperatures in captivity indicate that newly hatched chicks need to be kept 2 ◦C
warmer than 5–9 days old chicks and extreme temperature fluctuations at this time can be
harmful or even fatal to the chicks [39]. When the pinfeathers of chicks start to show, around
18 days old, chicks are less affected by temperature and when they are heavily pin feathered,
around 30 days old, heat requirements diminish considerably [39]. The recommended
feeding frequency also varies from every hour for hatchlings to every 3 to 4 h for 5 to 9-day
old chicks and are even more variable as the birds age (Appendix A, [39,49]). Hence, when
chicks are older than 20 days, chicks that are >5 days apart “look similar” and their parental
care requirements, brooding and feeding, are similar. The fact that foster parents were able
to fledge chicks that were over 5 days apart suggests that the developmental stage in which
the foster chicks were placed may have been a key factor. Since both foster siblings were at
the age at which parental care requirements were very similar, even though foster parents
needed time to adjust their food provisioning and foster chicks needed to learn how to be
fed, death by starvation was no longer a major risk.

4.7. “Triple Brood” Chick Relocation Procedure

In our triple brood procedure, the fact that all foster chicks did not gain weight as
expected suggests that the parents were unable to provide sufficient food. Even the resident
chick, that regularly had the largest crop of the trio, could not consistently reach the average
weight for its age. It seems like even though all chicks where being fed, the macaw foster
parents were not able to feed three chicks properly. According to our work on Scarlet
Macaws in southeastern Peru a maximum of 2 chicks fledge under natural circumstances.
In fact, only 37% of nesting pairs managed to fledge 2 chicks and 1.3 chicks per nest is the
average chick production per successful nest in the area [29]. However, there are reports of
rare successful natural triple broods from Costa Rica [50] and Guatemala [51] suggesting
that conditions may vary geographically. In Guatemala, RG-A’s team has created a total of
four triple and two quadruple foster broods across at total of three breeding seasons. From
the four triple foster broods created, all chicks died in one, all chicks fledged in another
and one fledged only two chicks. In the two quadruple foster broods created, only three
chicks fledged from both (RG-A unpublished data).

In the Yellow-shouldered Parrot foster parent research [18] it was recommended to
not create foster broods that were bigger than the optimal brood size of the species. Our
results agree with this conclusion, and show that it is important to calibrate foster brood
size using as a general indicator the optimal brood size of the species in the area.

5. Conclusions

Our technique of macaw foster parents and post relocation supplemental feeding was
categorically successful. All relocated foster chicks were successfully accepted by their
foster parents (n = 28 chicks across three seasons) and 89% of them fledged. The only
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three foster chick fatalities were due to unknown disease, predation, and lightning. Foster
chick acceptance by foster parents was a slow process. Foster chicks were initially fed less
than resident chicks, but feeding ratio increased progressively until feedings were similar
for both chicks 10 days after relocation. Foster chicks needed on average about 5 days to
consistently have half-full crops when checked. Growth rates of foster chicks were similar
to wild chicks and both chick groups reached similar maximum weights. However, foster
chicks reached maximum growth rate at a younger age. These differences were likely
due to differences in diet and feeding schedule. Our foster parents technique increased
the reproductive success of our studied population: fledging success per available nest
increased from 23% (2000–2016) to 43% (2017–2019) and chick death by starvation decreased
from 35% to 6%.

Interdisciplinary Collaboration in Parrot Conservation

Our ability to produce foster chicks that were successfully accepted and that were very
similar to wild chicks by fledgling time, is the result of the integration of three different
fields: parrot ecology, avian veterinary medicine, and aviculture. Psittacines have been the
heart of aviculture for centuries and there are many well know breeding techniques that
can be easily modified and adjusted for use in the wild [52]. In fact, the Scarlet Macaw is
considered one of the most productive species of macaws in captivity (Mark Moore, co-
owner of Hill Country Aviaries, USA. Personal communications, [53]). In our experiment,
we used information from the aviculture literature [15,39,49,54] and worked closely with
experienced psittacine breeders. We also worked with avian veterinarians that took care of
chick health issues and provided insights from their experiences with captive psittacines.
Lastly, we integrated our knowledge on breeding ecology and nesting behavior of the
species [14,33,47,55,56]. As has been demonstrated with the Puerto Rican Parrot [5], Spix’s
Macaw [57,58] and our work with Scarlet Macaw, the integration of ecologists, veterinarians
and aviculturists has great potential to assist management actions in the wild.
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Appendix A

Diet details for Scarlet Macaw wild chicks in the nursery: Throughout the project
macaw chicks were fed based on their age and other special circumstances as outlined
here and in Table A1. Formula for neonates (<4 days old) was prepared as 1-part Zupreem
formula to 4 parts water. For chicks ≥4 days old regular chick formula was 1-part Zupreem
formula to 3 parts water plus peanut butter in the majority of the cases. For chicks ≥12 days
old a mix of shredded raw Brazil nuts, pecans, and peanuts was added to the regular chick
formula (Table A1). The majority of the time chicks were fed when their crops were empty
or close to empty resulting in a feeding frequency of about once every 2.7 h when they
were under 4 days of age to about once every 5 h when they were between 15 and 20 days
old [modified from 39]. This protocol was followed for 21 chicks. For one chick we added
shredded peanuts and peanut butter to the neonate formula starting at age 2 days and four
chicks that had additional health problems received customized feeding regimes.

One underweight third chick was fed neonatal formula until it was 11 days old because
its digestion was slow. From 12 days on it was fed regular chick formula. By age 15, it
showed slower growth and slower development for its age but by 24 days old, its weight
was as expected for its age. A similar situation happened with the underweight forth chick
that arrived to the nursery right after hatching. The chick was fed neonatal emergency
formula on its first day of life and neonate formula its second day of life. Subsequently it
was moved up to neonate formula plus until it was 11 days old. At age 7 and age 8 chick
showed early signs of slow digestion and it was given a mix of warm papaya juice and
cinnamon added to its usual food until crop size increased to half crop full, once per day.
From hatch, this chick showed a slower growth and slower development for its age but by
age 25, it weighed as expected for its age. A second chick with signs of starvation, was given
a special neonatal emergency formula (1 part Formula One by Avitech and 4 parts water;
(http://www.avitec.com/Formula-One-for-hand-feeding-hatchlings-s/70.htm, accessed
on 1 October 2016) and subcutaneous fluids for its first 12 h in the nursery. In these first
12 h it gained 78% of its arrival weight and after that the chick was fed according to its age.

One chick with a large botfly infection and low weight received two feedings that
were a mix of neonatal emergency food and regular neonatal formula.

One first chick that was brought in as part of the acclimation process to create a triple
brood, had food aspiration problems in its second day in the nursery when it was 19 days
old. The chick was under antibiotics, anti-inflammatory and antifungal oral treatment for
the following 20 days (15 days in the nursery, 5 days after nest relocation). This chick’s
weight gain was always as expected for its age. All of the remaining chicks were fed
normally according to their age.
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Table A1. Summary of diet of wild macaw chicks in the nursery. Food names were assigned to differentiate among five
different types of food provided. Neonate food was given to younger chicks (under 4 days old) and Regular food to older
ones (over 4 days old). Emergency food was given to chicks showing signs of starvation. PLUS foods contain peanut butter
and EXTRA PLUS foods contain peanut butter plus shredded raw Brazil nuts, pecans, and peanuts. Chick age is given in
days. Formulas used are well-known commercial formulas use to raised macaw chicks in captivity: Zupreem Embrace
(https://www.zupreem.com/products/birds/embrace-plus/, accessed on 1 October 2016) and Formula One by Avitech
(http://www.avitec.com/Formula-One-for-hand-feeding-hatchlings-s/70.htm, accessed on 1 October 2016). Proportion
used to prepare formula was the recommended by the manufacture.

Food Name

Age Range Ingredients
Formula/Water

ProportionMin
(days)

Max
(days)

Formula Zupreem
Embrace Baby Bird

Formula
One Avitech

Peanut
Butter

Sheered
Seeds

Water

Neonates Formula 0 9 Yes No No No Yes 1 to 4
Neonates Formula Plus 2 20 Yes No Yes No Yes 1 to 4

Regular Formula 4 43 Yes No No No Yes 1 to 3
Regular Formula Plus 4 74 Yes No Yes No Yes 1 to 3

Regular Formula Extra Plus 12 28 Yes No Yes Yes Yes 1 to 3
Special Emergency Formula 7 13 No Yes No No Yes 1 to 4

Appendix A

Table A2. Video observations of scarlet macaw behavior in foster nests. Field observations were done by a mix of 20
different assistants watching live video feeds in the field. Recorded observations were done by one experienced observer
using video recordings and included recordings of both diurnal and nocturnal activity. A total of 10 chicks were observed
with video, 3 in 2017 and 7 in 2018.

Type of Observation Seasons # Total Chicks # Observers
Total Hours
Observed

Hours Observed Per Day

Max Min Average St Dev

Field Observations 2018 7 20 417.9 12.0 4.3 8.4 2.8
Recorded Observations 2017 and 2018 10 1 573.4 23.6 3.7 9.0 4.2

Appendix B

Foster chick fatalities. During the three years of work with wild macaws as foster
parents, three foster chicks perished in their foster nests.

The first one died five days after being placed possibly because of an unknown disease.
This foster chick had half-full crop by the day after relocation but just 1

4 full on the following
days. On those days, it was fed supplemental food. Starting on the day after relocation, this
foster chick showed small red hematomas, first on the right flank, then the left flank, next
to the keel with a scratch-like wound on the right leg. The foster chick was the third chick
in its original nest. Both chicks in the original nest died with the same type of hematomas:
the second hatched chick at 6 days of age and the first hatched at 12 days.

The second case of a foster chick death was due a combination of predation and
lightning hitting the video cable systems installed in artificial nest (PVC pipe). Nest
was found with cable system burned and the access door blown off. The foster chick
(39 days old) and the resident chicks (41 days old) were not found inside the nest or in the
surroundings. Marks of large claws were found around the door of the PVC nest box and
on the tree branches from where nest was hung.

A third case of a foster chick death was due to lightning hitting the artificial nest
(wooden box) that blew the base and top off the nest. The foster chick was 36 days old.
Both foster and resident chick were found dead on the ground, below the nest tree, right
after the thunderstorm stopped. Necropsy suggested that the foster chick’s death was due
to electrocution and resident chick’s due to the fall.
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Abstract: Many species are threatened with extinction, and captive breeding programs are becoming
more common to avoid this outcome. These programs serve to prevent extinction and produce
individuals for eventual reintroduction to natural populations in historical habitat. Captive animals
experience different energetic demands than those in the wild, however, and as a result may have
different levels of glucocorticoid hormones. Glucocorticoids help with responses to energetically
expensive and potentially stressful situations. Elevated glucocorticoid levels can also potentially
alter reproduction and other key behaviors, thus complicating successful captive breeding. The
Puerto Rican parrot (Amazona vittata) is a critically endangered parrot that currently exists in only
two wild and two captive populations. Its recovery program provides a good platform to better
understand how glucocorticoid levels may relate to reproductive success under captive conditions.
We validated a corticosterone assay in this species and used non-invasive techniques of measuring
fecal glucocorticoid metabolites of males and females from two captive populations (Rio Abajo and El
Yunque) of Puerto Rican parrots over two consecutive breeding seasons, 2017 and 2018, and the pre-
breeding season of 2018, which occurred just after Hurricane Maria struck Puerto Rico. Our results
show that levels of fecal glucocorticoid metabolites of males measured during the breeding season of
2018 negatively correlated to the number of total eggs and fertile eggs laid by pairs. In contrast, there
was a positive relationship of female fecal glucocorticoid metabolite levels during the pre-breeding
season of 2018 with total eggs laid. In males from the Rio Abajo population, we found seasonal
differences in fecal glucocorticoid metabolite levels, with higher levels during the pre-breeding season
of 2018 compared to both 2017 and 2018 breeding seasons. There was no difference in the mean value
of male fecal glucocorticoid metabolites between the 2017 breeding season and 2018 breeding season
which started four months after Hurricane Maria struck Puerto Rico. We did find sex differences
during the pre-breeding season of 2018 in birds from the Rio Abajo population. Adjustments in the
care routine of both populations that could reduce circulating baseline glucocorticoids and avoid
frequent, sudden elevations of glucocorticoids should be considered. These results provide a baseline
for future comparison with reintroduced populations of this endangered species and other species
with captive breeding programs.

Keywords: captive populations; endangered species; glucocorticoids; parrot; reproductive suc-
cess; seasonality

1. Introduction

Changes in the local environment of an organism can promote responses or changes
in both physiological processes and behavior, specifically an increase in glucocorticoids [1].
Environmental challenges can be either predictable or unpredictable, but in either case,
can have a major impact on individual fitness and evolutionary adaptation [1]. One of
the primary mechanisms to promote adaptive responses to environmental challenges

Diversity 2021, 13, 617. https://doi.org/10.3390/d13120617 https://www.mdpi.com/journal/diversity343
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in vertebrates is the elevation of glucocorticoid hormone levels by the hypothalamic-
pituitary-adrenal (HPA) axis [2,3]. Glucocorticoids primary role in an organism is to aid
the metabolism of protein and lipids into carbohydrates for energy consumption and
multiple other functions [4,5]. During a disturbance, an animal will release glucocorticoid
hormones, resulting in a process of prioritization of energy for a survival response [2,6,7]
and subsequent recovery. The frequency and duration of perturbations can cause an animal
to have either persistently high glucocorticoid levels, or repeated short-term elevations of
glucocorticoids, sometimes termed ‘allostatic overload’, with potentially negative conse-
quences [1,5]. For example, in birds, elevated levels of corticosterone (the primary avian
glucocorticoid) may inhibit the production of luteinizing hormone and prolactin [8–10]
and reduce affiliative behaviors, potentially affecting reproductive success [8,11,12].

Captivity is a prime example of an environment that can potentially alter normal glu-
cocorticoid levels and reproductive success [8]. Captive breeding programs are becoming
more common as human-mediated habitat changes and other anthropogenic disturbances
threaten more species with population reduction and even extinction. A high produc-
tion of individuals from captive breeding populations of endangered species can allow
managers to develop better strategies to enhance reintroduction efforts and sustain wild
populations [13,14]. But under captive conditions, animals may have altered levels of gluco-
corticoids compared to individuals in the wild, modifying behavior otherwise characteristic
of the species [15]. In captivity, individuals may experience increased social interactions,
atypical photoperiods and limited space overall [16], which can lead to an increase in
glucocorticoid levels and altered behavior [17]. Captive conditions for individuals born
and raised in the wild may cause a drastic increase in glucocorticoids levels, especially
when these individuals spend long periods of time in captivity, with substantial effects
on reproduction [17]. In black-legged kittiwakes (Rissa tridactyla) artificial increase of the
glucocorticoid corticosterone, reduced the production of prolactin, significantly reducing
reproductive success [8]. Furthermore, increased glucocorticoids could negatively impact
reproductive success by altering parental behaviors, such as feeding patterns of offspring,
incubation consistency in birds and the timing of nesting [8,15]. Although the endocrine
system is well conserved across vertebrates, the reaction to captivity may vary depending
on the species [16]. There may also be physiological differences in responses among popu-
lations and individuals [18–23]. Some species may never be able to reproduce effectively in
captive conditions even after generations, while in others, artificial selection can lead to
changes in reproductive physiology [16]. Therefore, studying the effects of glucocorticoid
levels on parental care behavior and reproductive success in captive breeding individuals
and understanding the difference among populations, sex and seasonal variation can help
program managers develop improved techniques to increase reproduction.

Another factor to consider in species conservation is ongoing anthropogenic-induced
climate change which has led to unpredictability in weather, potentially increasing the
frequency, duration, and severity of climate events. In particular, hurricanes can be a major
threat to vulnerable and threatened populations of wildlife [24]. For wild populations,
direct wind effects during the hurricane can kill individuals, and those that survive must
deal with limited food resources [25,26], potentially experiencing altered glucocorticoid
levels. Furthermore, species that coordinate their breeding with local fruiting patterns
can experience reduced reproductive success after such events [26]. Although captive
populations are buffered from many weather events, hurricanes may still affect them.
During and after an extreme weather event, housing facilities may suffer damage and
loss of power, and caretaking staff may have limited access to facilities. Food scarcity,
overcrowding and isolation from normal light cycles could alter the physiology of captive
individuals in these situations. Despite these potentially important effects, there are few
studies examining changes in glucocorticoid levels in captive populations after hurricanes
or other natural disasters [27].

The parrots and cockatoos (Order Psittaciformes) are one group for which increased
knowledge of the relation of glucocorticoid levels to captive reproduction is critical. Psittaci-
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formes have a worldwide species distribution with 419 known species, 42.2% of which are
classified from near threatened to critically endangered [28]. Major threats include habitat
loss and capture for the pet trade, leading to captive breeding being increasingly used as a
conservation tool to protect these species [29–33]. One endangered species in which captive
breeding programs play a critical role is the Puerto Rican parrot (Amazona vittata). This
species is endemic to the island of Puerto Rico and underwent a drastic decline during the
20th century due primarily to habitat loss as the island’s native forest was converted to
agriculture [34]. The periodic threat of hurricanes combined with low population numbers
has stalled population growth in the wild [35,36] and potentially perpetuates the genetic
bottleneck observed in the species [37].

The Puerto Rican Parrot Recovery Program is an excellent model in which to test the
relationship of glucocorticoids to parental care and reproductive success in captivity. The
program currently consists of two captive populations (Rio Abajo and El Yunque) in differ-
ent locations on the island that are closely monitored with good record-keeping practices.
Climate and husbandry methods differ between each population. The urgent need for
the establishment of wild populations in historical habitat demands high productivity of
individuals from the captive populations for release. Birds are reintroduced at both wild
populations’ sites at least once a year, with the number of released birds varying among
releases depending on the yearly production of the captive populations. Captive breeding
is an essential part of the plan to save this species, but no study to date has investigated the
relationship between glucocorticoid levels and reproductive success in this, or any other,
captive breeding program for parrots.

In this study, we validate a commercial corticosterone assay and use it to examine
fecal glucocorticoid metabolite levels in both captive populations of Puerto Rican parrot in
2017 and 2018 and relate these measures to reproductive success of captive individuals.
Assessment of fecal glucocorticoid metabolites is non-invasive and can provide a broader
picture of general circulating levels of glucocorticoids in animals [38]. We predicted that
high glucocorticoid metabolite levels during the pre-breeding season and the beginning
of the breeding season would have a negative relationship to reproductive success. If so,
we expected to see females with lower levels of fecal glucocorticoid metabolites during
the pre-breeding season produce more fertile eggs and males with lower levels of fecal
glucocorticoid metabolites during the breeding season produce more chicks and fledglings.
Additionally, we were provided with an opportunity to test for variation of glucocorticoid
metabolites of captive individuals before and after a major environmental perturbance
in the form of a hurricane. We also explore the effects of Hurricane Maria, a Category 5
hurricane that caused extensive damage to local forests and impacted the captive breeding
facilities and their staff, on fecal glucocorticoid metabolites levels before and during the
following breeding season, while also testing for differences among season, populations,
and sexes.

2. Materials and Methods

The Puerto Rican parrot has a monogamous mating system with biparental care in
which only the females incubate, and the male provides food to the female and the chicks.
Chicks hatch asynchronously, and once the youngest can thermoregulate (at approximately
14 days post-hatch), the female joins the male in foraging for food for the chicks. In captivity,
first eggs are laid from the end of January to the beginning of February. Hatching time is
on average 26 days after egg laying and a range of 55–75 days until chicks fledge from the
nest [34]. Clutch size and the number of chicks that fledge from nests vary among mated
pairs, but typically 3 eggs are laid per pair each year in a single clutch [34]. The production
of fledglings varies with population. Fledgling production from 2015 to 2018 in the Rio
Abajo captive population was 1.02 per pair, and in the Rio Abajo wild population was 1.29
per pair. In the El Yunque captive population fledgling production was 0.71 per pair. The
El Yunque wild population was extirpated by Hurricane Maria in 2017 but releases have
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been ongoing since summer 2019. The birds produced in captivity are used for eventual
reintroductions into the wild or as new breeding individuals in the captive populations.

Each captive population houses around 220 individuals in outside cages with yearly
fluctuations due to births, deaths, translocations, and reintroductions. Each year there are
at least 80 to 120 individuals that form mated pairs at each captive population. Housing
conditions and daily care routines differ somewhat between the two captive populations.
At Rio Abajo, the captive breeding season starts between January 15–25 when the breeding
pairs are each placed in their own breeding cages and ends when the last chicks fledge in
July-August. During the breeding season at Rio Abajo, personnel enters the breeding areas
in the morning to feed the birds and in the afternoon to collect food dishes. All nests are
inspected on Monday mornings by personnel, with secondary nest checks done on some
nests on Thursday or Friday mornings. After all the chicks have fledged from the nest,
mated pairs are placed in retention cages in which some pairs are maintained together in
the same cage and other pairs are separated with males and females placed in individual
cages next to each other. All pair members at Rio Abajo remain in these cages until the
beginning of the next breeding season.

At El Yunque, the captive breeding season also starts between January 15–25 and ends
when the last chick fledges from the nest in July-August. El Yunque personnel feed the
birds in the morning and nest checks are done throughout the week at variable times, with
personnel potentially entering breeding areas multiple times during a day. At the end of
the breeding season, the nest entrance is closed until the initiation of the next breeding
season and pairs remain in these breeding cages year-round except for a week-long period,
during which their cage is washed and prepared for the next breeding season. The activity
of cleaning the breeding cages can occur at any moment between August to December.

2.1. Ethical Considerations

The Puerto Rican parrot is classified as critically endangered by the IUCN Red List [28].
This status imposes particular ethical considerations regarding the type of handling, sam-
pling, and experimental manipulations that might be conducted in a study of this type.
For example, frequent bleeding for measurement of circulating hormone levels or experi-
mental manipulation of the HPA axis via adrenocorticotropic hormone or dexamethasone
challenges, are considered overly invasive and are not permitted by the two managing au-
thorities for this species (Puerto Rico Department of Natural and Environmental Resources
and United States Fish and Wildlife Service). To minimize disruption to reproductive
efforts in this species we primarily used non-invasive sampling of fecal glucocorticoids
metabolites collected as part of the regular daily care routine already established at the two
breeding facilities. This study was conducted under NMSU IACUC protocols 2014-030 and
2021-014, approved by the Puerto Rican Parrot Recovery Program Interagency Operational
Team, supported by the management under the Puerto Rico Department of Natural and
Environmental Resources and conducted under the United States Fish and Wildlife Service
Permit TE125521-4.

2.2. Reproductive Information

We collected reproductive information for the pairs that were included in our study
from captive population managers. This information included the production of total eggs,
fertile eggs, first egg fertility, chicks, and fledglings.

2.3. Pair Selection and Breeding Stages

For this study, we randomly selected 46 pairs from all the breeding pairs in the two
captive populations as follows: 21 pairs for the 2017 breeding season (Rio Abajo = 12
and El Yunque = 9), 12 for 2018 breeding season (Rio Abajo) and 13 for the intervening
pre-breeding season of 2018 (Rio Abajo). We resampled 10 pairs from 2017 in the 2018
breeding seasons. At the Rio Abajo captive population, the breeding areas are clusters of
breeding pairs, and each area is located in a different section of the facility. To minimize the
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potential effect of breeding area the pairs selected were placed in Area I. At the El Yunque
captive population, all breeding cages are in close proximity compared to the structure
used at the Rio Abajo captive population, for this reason, there was no potential effect of
area. We define the breeding season for the captive population as the period of the year
from January when pairs are placed in their breeding cage (Rio Abajo) or when the nest
box is opened (El Yunque) up to the date the last chick in the population fledged. We
define pre-breeding as the time before pairs are placed in their respective breeding cages
(November to December in both populations); during this period, it is common to see birds
showing pair-bonding behaviors (synchronized flights, duets, allopreening, copulations,
allofeeding) and territorial displays.

2.4. Assay Validation

We used the DetectX Corticosterone Enzyme Immunoassay Kit (Arbor Assays, Ann
Arbor MI, USA) to measure fecal glucocorticoids. To validate this assay for the measure-
ment of corticosterone in plasma and fecal glucocorticoids in the Puerto Rican parrot, we
conducted a small study with a limited subset of birds and under supervision of a veterinar-
ian. We employed two different manipulations that were each anticipated to be stressful to
the birds and collected blood and fecal samples at regular intervals after each to determine
whether we could detect a rise in plasma corticosterone and fecal glucocorticoids following
these stressful events. The first manipulation was to capture birds from a group flight
cage and transfer them to individual cages, with subsequent collection of fecal samples
to monitor fecal glucocorticoids. The second manipulation was capture and immediate
blood collection followed by 30 min of restraint and then a second blood collection. In-
dividuals were returned to cages and additional fecal samples were collected following
blood collection. This manipulation allowed us to compare baseline and stress response
circulating corticosterone to fecal glucocorticoid metabolites measured before and after the
stressful event. Assessment of circulating corticosterone and levels to which it elevates
with handling were key to assessing later secretion of glucocorticoids into fecal material
and to confirm that general handling procedures are seen as stressful to this species.

To conduct our validation, we selected twelve birds from the captive population at
Rio Abajo, six males and six females. All birds were two years old at the time of the study.
For the first manipulation, we captured individuals with a large butterfly net from their
standard group housing in a large flight cage and placed them into the smaller cages for
fecal sampling. This method of capture, while standard in the facility, is thought to be
stressful for the birds as it involves chasing them with the net, during which time they
often produce alarm calls. We captured birds at 7:00 and then collected fecal samples
every 2–3 h on the day of capture and the following 4 days to assess changes in fecal
glucocorticoid levels after this putatively stressful event. For this study, we only used
the day of capture and the following day after capture. If this event caused an increase
in circulating glucocorticoids, as anticipated, then we also expected to see a transitory
rise in fecal glucocorticoids later on the day of capture compared to samples collected in
following days.

For the second part of the validation, we collected blood samples and performed
a capture restraint on the same 12 birds after two weeks of individual housing in the
same cages. Approximately 0.3 cc of whole blood was collected from the jugular vein
from each bird between 8:00 am and 9:30 am. Samples were collected in under 3 min
from approaching each cage, and again after 30 min of restraint in a small wooden box to
measure baseline and stress-response circulating corticosterone. The blood samples were
centrifuged, and plasma extracted and frozen immediately. We collected fecal samples
for our baseline values before the restraint protocol was conducted. We then continued
to collect fecal samples from birds for the remainder of the day after blood samples were
collected. For the stress response analysis, we used from each individual the fecal sample
with the highest value after restraint collected between 13:30 to 18:00.
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2.5. Fecal Sampling and Analysis

For our main study, we collected fecal samples from males in both the breeding and
pre-breeding seasons and from females during the pre-breeding season only. Pre-breeding
(November to January) samples were collected only at Rio Abajo where the members of
each pair are separated, which allowed us to distinguish which individual produced each
sample. Breeding season samples were collected from males in both populations due to
their presence outside nesting cavities while females incubate. To collect the fecal samples,
we placed a clean PVC plank under a perch where individuals roosted at night after sunset
between 7:30 to 8:00 PM and collected the plank before the following sunrise between
5:30 to 6:00 AM. The droppings collected at sunrise were thus collected no more than
10 h after defecation and when no rainfall occurred overnight. A study examining the
effects of environmental changes on fecal glucocorticoid metabolites found no effect of
room temperature for 12h on fecal glucocorticoid metabolite concentration but it did find
effects of rainfall on the concentration of fecal glucocorticoid metabolites [39]. Samples were
collected in a 2ml microcentrifuge tube and then stored at −20 ◦C until drying and analysis.

Fecal samples were dried using a gravity convection oven (Fisher Scientific, No:
3511FS) preheated to 90 ◦C, the samples remained in the oven for at least 2 h until fully
desiccated. A study examining the effect of this procedure on glucocorticoid metabolites
levels found that samples that are frozen and then dried in conventional ovens do not
change significantly in glucocorticoid metabolite concentration [40]. After drying the
samples were pulverized and centrifuged, then stored at −20 ◦C until analysis. Rainfall and
small amounts of fecal material in the samples of some individuals, lead to some individuals
having low sample collection during the pre-breeding season of 2018. We randomly
selected 3 samples per individual during the pre-breeding and a range of 3 to 15 samples
per individual during the breeding seasons that had ≥0.2 g of dry feces to measure
glucocorticoids metabolites. We extracted glucocorticoid metabolites from fecal samples
following the DetectX Steroid Extraction Protocol (Arbor Assay), after drying, 2 mL of
ethanol was added to the solid to initiate the extraction of the glucocorticoids. We did minor
adjustments to the centrifugation step during which extracted samples were centrifuged at
4000 rpm for 20 min. We used a SpeedVac (Eppendorf) centrifuge to dry down extracted
samples, after which samples were stored at −20◦ until they were assayed (within 24 h),
sample recovery was assumed to be 100% in subsequent analyses. We adjusted the kit
recommended reconstitution procedure slightly and dissolved extracted samples in 50 μL of
ethanol followed by 600 μL of Assay Buffer. Fecal glucocorticoid metabolite levels were then
analyzed using the DetectX® Corticosterone Enzyme Immunoassay kit (EIA, Arbor Assays,
Inc., #K014-H5). This kit has high affinity for corticosterone (100%), with much lower cross-
reactivity for other glucocorticoids and their metabolites (Desoxycorticosterone—12.30%,
Tetrahydrocorticosterone—0.76%, Aldosterone—0.62%, Cortisol—0.38%, Progesterone—
0.24%, Dexamethasone—0.12%, Corticosterone-21-Hemisuccinate—<0.1%, Cortisone—
<0.08%, Estradiol—<0.08%); since in fecal samples there is low presence of corticosterone,
we report on glucocorticoid metabolites as opposed to corticosterone.

2.6. Statistical Analysis

Since we analyzed samples in multiple plates and years we corrected our glucocorti-
coid estimates using a correction factor applied to all samples to account for inter-assay
variation that could be linked to variation in kits or lab conditions as glucocorticoid analyses
spanned across years [as in 41]. We used the estimated levels of glucocorticoid metabolites
from the fourth point of the standard curve as a basis for our correction factor. We used
the grand mean for all point 4 data points from all standard curves and divided this by
the mean point 4 standard curve point for each individual plate to develop a correction
factor [41–47]. We then multiplied each hormone value on each plate by the correspond-
ing correction factor. Inter-assay variation was measured as the coefficient of variation
(N = 21, Mean = 1241.44, SD = 131.78, CV = 0.106 equaling an inter-assay variation of 10.6%,
intra-assay variation range = 3.22–9.09%). The adjusted glucocorticoid values were then
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log-transformed for subsequent analyses. For all analyses, we used the mean glucocorticoid
values obtained for each individual across all measures within a season.

From the full set of data available, we used a subset to address different questions
depending on the data available. We used twelve males for the 2017 and 2018 breeding
seasons, and ten for the 2018 pre-breeding from the Rio Abajo captive population. From
the Rio Abajo captive population, nine males had data across all seasons, two males had
data only for the 2017 breeding season, only one male had data for pre-breeding and
breeding season of 2018. We had data from nine males for 2017 breeding season from the
El Yunque captive population. For females, we had data from only eleven females from
the Rio Abajo captive population from the 2018-pre-breeding season. After a Shapiro Wilk
Test we Log transform our glucocorticoid values for all the analyses. For the determination
of the relation of reproductive success measures and glucocorticoid metabolite levels at
each season, we used only males (see Table 1) from the Rio Abajo captive population and
performed a Spearman correlation analysis. To compare glucocorticoid metabolite levels
between the pre-breeding and two breeding seasons we used an ANOVA followed by
Tukey post hoc tests using only the males (14) from the Rio Abajo captive population
because this was the only population sampled over all three seasons. Since the breeding
season of 2017 occurred before Hurricane Maria and the breeding season of 2018 occurred
after, we used the results from the previous analysis to compare levels before and after
Hurricane Maria. We performed a paired t-test to investigate differences among males (10)
and females (11) from the Rio Abajo captive population during the pre-breeding season.
For population differences in glucocorticoid metabolite levels, we compared the data from
the breeding season of 2017 of only males (21) from each population using a paired t-test.
We used a logistic regression to determine the relationship of glucocorticoids metabolite
levels during the pre-breeding to first egg fertility. Statistical analysis was performed
using the JMP statistical software package, version 14.0.0 (SAS Institute, Inc. 2018, Cary,
NC, USA).

Table 1. Relationship between male fecal glucocorticoid metabolite levels and reproductive success
variables †.

Reproductive Success Season n r p

Total eggs
Breeding 2017 12 0.2587 0.4169

Pre-breeding 2018 10 0.4411 0.2019
Breeding 2018 12 −0.7255 0.0076

Fertile eggs
Breeding 2017 12 −0.0431 0.8942

Pre-breeding 2018 10 −0.0187 0.9591
Breeding 2018 12 −0.6538 0.0211

Chicks
Breeding 2017 12 −0.4139 0.1810

Pre-breeding 2018 10 0.0781 0.8301
Breeding 2018 12 −0.3897 0.2105

Fledglings
Breeding 2017 12 −0.4193 0.1810

Pre-breeding 2018 10 0.0855 0.8143
Breeding 2018 12 −0.3528 0.2607

† All tests Spearman correlations.

3. Results

3.1. Validation of Corticosterone Assay

In the first potentially stressful event of our validation study (capture and placement
in cages), we saw a sharp but transitory rise in estimated fecal glucocorticoid metabolite
levels in the 12 birds following initial capture from group housing and movement to
individual housing. Although we were not able to obtain fecal samples from all individuals
immediately upon capture, all samples collected in the 6 h following capture had estimated
fecal glucocorticoid metabolite levels under 20,000 pg/mg (Figure 1a). After 6 h there
was a general rise in CORT levels that persisted for 30 h after capture, at which time
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levels decreased (Figure 1a). In our second stressful event (capture and restraint) we
saw a significant rise in circulating plasma CORT from baseline to stress-response levels
following 30 min of a standard capture restraint protocol for the whole group (Figure 1b,
paired t-test, df = 20.12, t = 5.92, p = 0.001). When we compared levels based on sex, we
found that at time zero there was no difference in plasma glucocorticoid levels between
the sexes (paired t-test, df = 7.41, t = 0.02, p = 0.987) but after restraint males showed
higher plasma glucocorticoid levels than females (paired t-test, df = 9.77, t = 2.76, p = 0.021).
Both sexes demonstrated a restraint response with an increase of plasma glucocorticoids
(paired t-test males, df = 11.04, t = 5.59, p = 0.0002 and for females df = 4.93, t = 2.86,
p = 0.036). There was a concomitant rise in estimated fecal glucocorticoid levels in fecal
samples collected on the same day before and after the capture restraint (Figure 1c, paired
t-test, df = 13.09, t = 4.76, p = 0.0004). Comparing the sexes, both sexes demonstrated a
significant increment of fecal glucocorticoids after the restraint protocol (paired t-test for
males, df = 5.89, t = 3.48, p = 0.0136 and for females df = 5.47, t = 6.59, p = 0.0009). Before
the restraint protocol females had higher fecal glucocorticoid levels than males (paired
t-test, df = 10.00, t = −3.82, p = 0.003) but there was no significant difference between
the sexes after the restraint protocol (paired t-test, df = 6.83, t = −1.46, p = 0.1998). As a
final assessment concerning the ability of this assay to detect fecal glucocorticoids in this
species, we used extra, mixed fecal samples from individuals that we then measured as
split into two aliquots (n = 10). These split aliquots were analyzed on the same plate with
final calculated levels of fecal glucocorticoid metabolites compared for similarity. Levels
from split samples were highly correlated, supporting the reproducibility of this assay and
its ability to detect fecal glucocorticoid metabolites for this species (Pearson Correlation,
r = 0.963, n = 10, p < 0.0001). These results validate that the Arbor Assay Detect-X ELISA
Assay is effective in detecting both CORT in plasma and feces of this species. No birds were
harmed during this procedure and veterinary monitoring detected no adverse impacts on
their health.

 

Figure 1. Glucocorticoids levels in fecal and plasma samples. A total of 12 individuals were used for this test with 6 males
and 6 females. (a) Fecal glucocorticoids fluctuation same day of capture up to 40 h after first capture. Multiple samples
per individual, with a total of 37 samples. (b) Plasma glucocorticoids levels before and after bleeding, n = 12, 6 males and
6 females. Figure shows means ± SE. (c) Fecal glucocorticoids levels before and after restraining for blood capture, n = 12,
6 males and 6 females. Figure shows means ± SE.

3.2. Glucocorticoid Metabolite Levels and Measures of Reproductive Success

We assessed how male fecal glucocorticoid metabolite levels in different seasons
related to reproductive success. For the 2018 breeding season we found a significant
relationship between fecal glucocorticoid metabolite levels in males and measures of
reproductive success in the egg stage (total eggs and fertile eggs), but not at the post-egg
stage (chicks and fledglings) (Table 1). Fecal glucocorticoid metabolite levels had a negative
relationship with both the number of eggs laid and the number of fertile eggs (Figure 2).
In contrast, we did not find any relationship between male fecal glucocorticoid metabolite
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levels during either the 2017 breeding season or the pre-breeding season of 2018 with
measurements of reproductive success at the egg stage (total eggs laid, number of fertile
eggs) or chick stage (number of chicks hatched, number of fledglings).

In females, fecal glucocorticoid metabolite levels during the pre-breeding stage of
2018 were positively related to the total number of eggs laid but were not related to the
number of fertile eggs, chicks produced, or fledglings (Table 2, Figure 2). There was no
significant relationship between fecal glucocorticoids metabolite levels of either males or
females during the pre-breeding stage in 2018 to the fertility of the first egg (Female df = 1,
r2 = 0.1748, X2 = 2.1361, p = 0.1439; Male, df = 1, r2 = 0.0727, X2 = 0.6927, p = 0.4052).

Table 2. Relationship between fecal glucocorticoid metabolite levels in females during the pre-
breeding season and reproductive success variables †.

Reproductive Success n r p

Total eggs 11 0.6404 0.0338
Fertile eggs 11 0.3202 0.3371

Chicks 11 0.2741 0.4147
Fledglings 11 0.2513 0.4561

† All tests Spearman correlations.

 
Figure 2. Significant relationships of fecal glucocorticoid metabolites to reproductive success measures. (a) Females showed
a positive relationship of fecal glucocorticoid metabolites during the pre-breeding to the total eggs laid by female in the
following breeding season (2018). Males have a negative relationship of fecal glucocorticoid metabolites to (b) total eggs
and (c) total fertile eggs laid in the following breeding season (2018).

3.3. Hurricane Maria and Seasonal Variation

For the Rio Abajo captive population, we did not identify differences between the
2017 and 2018 breeding seasons (d.f = 16.53, t = −1.018, p = 0.323), which represented pre-
and post-Hurricane Maria, respectively (Figure 3). We found a difference in male fecal
glucocorticoid metabolite levels between seasons (df = 2, F = 7.015, p = 0.003; Figure 3).
Here, male birds had higher fecal glucocorticoid metabolite levels during the pre-breeding
season of 2018 (N = 10, mean ± SE = 3.83 ± 0.15 ng/g) compared to the breeding season of
2017 (N = 12, mean ± SE = 3.28 ± 0.13 ng/mL) and the breeding season of 2018 (N = 12,
mean ± SE = 3.108 ± 0.13 ng/mL). After a Tukey HSD post-hoc comparison, pre-breeding
levels in 2018 were significantly different from the 2017 breeding season (df = 12.821,
t = −3.795, p = 0.0023), as well as the 2018 breeding season (df = 19.144, t = 2.354, p = 0.029).
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Figure 3. Seasonal variation in fecal glucocorticoid metabolite of males at Rio Abajo. During pre-
breeding 2018 fecal glucocorticoid metabolites were higher relative to both the 2017 and 2018 breeding
seasons, which did not differ from each other. The 2017 breeding season occurred prior to Hurricane
Maria while the pre-breeding and breeding season of 2018 occurred after Hurricane Maria. Graphs
show means ± SE.

3.4. Glucocorticoid Metabolite Levels Differed between Sexes and Populations

We found that the fecal glucocorticoid metabolites ranged from 10.988 to 133.750 ng/g
for males and 14.057 to 40.606 ng/g for females. We compared pre-breeding season fecal
glucocorticoid metabolite levels in males and females and found that males had higher
levels (mean ± SE = 3.827 ± 0.17 log ng/g) than females (mean ± SE = 3.284 ± 0.86 log ng/g;
df = 1, t = 2.836, p = 0.00138; Figure 4). In addition, we found a trend towards males’
glucocorticoid levels differing between populations during the 2017 breeding season
(Figure 5). Males at the Rio Abajo captive population had lower glucocorticoid metabolite
levels (mean ± SE = 3.285 ± 0.15 log ng/g) than males at the El Yunque captive population
(mean ± SE = 3.647 ± 0.11 log ng/g), but this trend was not statistically significant (df = 1,
t = −1.895, p = 0.0737).

Figure 4. Sex difference in fecal glucocorticoid metabolites during the pre-breeding 2017–2018. Males
had higher fecal glucocorticoid metabolite levels than females during the pre-breeding season. These
samples include individuals from Rio Abajo captive populations (Rio Abajo males = 10, Rio Abajo
females = 11). Graphs shows means ± SE.
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Figure 5. Populations comparison in fecal glucocorticoid metabolites between males in the Rio Abajo (12) and El Yunque (9)
captive populations during the 2017 breeding season. Graphs show means ± SE.

4. Discussion

Captive breeding can be an important tool for many conservation efforts. Understand-
ing how a threatened species is affected by captive conditions is critical for conservation
success [16]. We evaluated fecal glucocorticoid metabolite levels of captive populations of
Puerto Rican parrots using a newly validated commercial corticosterone assay and related
this to reproductive success over two breeding seasons and the intervening non-breeding
season. We expected to see a negative relationship between the reproductive success of
captive breeding pairs and fecal glucocorticoid metabolite levels of males and females
during pre-breeding, and glucocorticoid metabolite levels of males in the breeding seasons.
Glucocorticoids have been shown to negatively impact reproductive behavior and success
in other avian species [8]. Our results showed a negative relationship of male fecal glu-
cocorticoid metabolite levels to total eggs and fertile eggs during the breeding season of
2018 (Figure 2), while female fecal glucocorticoid metabolite levels during the pre-breeding
season of 2018 showed a positive relationship to total eggs laid. We also found differences
in fecal glucocorticoid metabolite levels between the sexes and seasonal variation in males.
Below we discuss the implications of these results and put them in the context of similar
work on the physiology of captive populations.

4.1. Fecal Glucocorticoid Metabolite Levels and Reproductive Success

Previous research has found that high levels of glucocorticoids can downregulate
reproductive efforts [8]. In a previous study of captive breeding Puerto Rican parrots [48]
visual inspection of adrenal gland and testes showed that in some males the adrenal gland
was hypertrophied and the testes were small. It was suggested that these findings could be
due to high levels of stress [48], however, circulating or excreted glucocorticoids were not
assessed. Here we showed that a standard capture restraint protocol produced a rise in
circulating corticosterone that was mirrored by a rise in fecal glucocorticoid metabolites.
Using this validated assay, we found that male fecal glucocorticoid metabolites during
the breeding season of 2018 had a negative relationship to total eggs and fertility of
eggs providing support to the previous study’s findings related to the testes [48]. For
females during the pre-breeding season of 2018, we found a positive relationship of fecal
glucocorticoid metabolites levels with total eggs laid. However, our results, for either sex,
do not show any relation of fecal glucocorticoid metabolites to the number of chicks and
fledglings produced.
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In males, increases in glucocorticoids have been documented to suppress production
of testosterone [49–51] and luteinizing hormone [49]. Suppression of testosterone and
luteinizing hormone can negatively affect reproductive behaviors. On the other hand,
in a study of wild populations of house wrens (Troglodytes aedon), females whose gluco-
corticoids levels were artificially elevated before breeding produced heavier eggs and
had higher nestling feeding rates, significantly increasing chick body mass [52]. Elevated
glucocorticoids levels in females may mobilize energy to prepare for the breeding season.
Together, these results suggest that, in some species, males and females are differently
impacted by changes in glucocorticoid levels.

The relationship between reproductive success and glucocorticoids may also be af-
fected by a species’ natural history [1,53]. Short live species may have mechanisms that
suppress the effects of high glucocorticoids while long-lived species may experience se-
lection for survival over reproduction [53]. Like many parrots, the Puerto Rican parrot
is a long-lived species and may live for up to 37 years in captivity [54]. Under natural
conditions, in long-lived species, individual survival may be prioritized before reproduc-
tion and males, in particular, may not have evolved the capacity to modulate the effects of
frequent energetic challenges experienced in captivity. On the other hand, females may
evolve mechanisms to modulate any negative effects of elevated glucocorticoid just prior
to egg-laying [55] and this may be held over into captivity. Additionally, egg production
is an energetically demanding process, in which the female must place energetically rich
resources into the production of eggs and may use glucocorticoids for the mobilization of
that energy. This may explain the positive relationship observed between fecal glucocorti-
coid metabolite levels in the pre-breeding season and egg production in females seen in
this study.

4.2. Seasonal Variation

Many animals have seasonal variation in hormone levels in the wild [53,56–59] but
it remains unclear whether that variation is retained under captive conditions. Because
of the outdoor housing and seasonal breeding cycle of the Puerto Rican parrot in the
captive populations assessed here, we expected to see variation among the breeding and
pre-breeding seasons in fecal glucocorticoid metabolite levels. We found that male fecal
glucocorticoid metabolite levels in the Puerto Rican parrot were higher during the pre-
breeding than in the breeding season.

Seasonal variation has also been documented in captive red-tailed parrots (Amazona
brasiliensis), with mean fecal glucocorticoid metabolite concentrations highest just before
breeding [60]. Research in wild populations of northern cardinals (Cardinalis cardinalis)
has shown that females and males have higher plasma glucocorticoid corticosterone levels
in the pre-breeding compared to the breeding season [47]. In northern cardinals, it was
suggested that high glucocorticoid corticosterone levels during the non-breeding season
could be an adaptation for energy needed to survive cold conditions. In the Puerto Rican
parrot, each pair displays territorial behaviors year-round defending their nesting cavity
with a peak in the pre-breeding season which could explain higher fecal glucocorticoid
metabolite levels in males at that time [34], elevated plasma glucocorticoids could provide
the energy needed for expensive territorial activities in this species.

Puerto Rican parrots at Rio Abajo are housed outdoors and exposed to normal daylight
changes, temperature changes and rainfall, and social activity of wild parrots, all of which
may affect glucocorticoids levels between seasons [1]. In European starlings (Sturnus vul-
garis) individuals of both sexes placed in indoor housing experienced delayed reproductive
behaviors while outdoor-housed individuals initiated breeding earlier [61]. Pairs of Euro-
pean starlings housed indoors had significantly lower sex steroids and higher expression of
gonadotropin inhibitory hormone (GnIH). It is possible that the year-round outdoor hous-
ing experienced by these birds results in individuals having hormonal seasonal variation
similar to what would be seen in wild individuals.
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Alternatively, birds at Rio Abajo are housed in different cages during the pre-breeding
versus the breeding season; these conditions may prevent the expression of the full range of
natural behaviors during this period and may in turn alter glucocorticoid levels [16,61]. The
cages used in the pre-breeding period are smaller than breeding cages and they are placed
in closer proximity to other individuals. The proximity of the cages provokes frequent
territorial displays (B. Ramos-Guivas, pers obs), potentially at a higher rate than when birds
are in their breeding cages. This could result in males having higher glucocorticoid levels
during the pre-breeding than during the breeding season. In addition, closer proximity
to human activity and capturing for medical antiparasitic treatments (twice over two
weeks) during the pre-breeding season may contribute to the seasonal glucocorticoid
variations observed.

4.3. Glucocorticoid Levels Do Not Differ between Breeding Seasons, despite Hurricane Maria

The breeding seasons of 2017 and 2018 occurred pre and post-Hurricane Maria. At the
Rio Abajo captive population, we found no significant differences in fecal glucocorticoid
metabolite levels between the two seasons. Although initially surprising, it is important
to note that captive conditions were relatively stable compared to those experienced by
wild populations. Many wild populations of animals suffer increased mortality both
during a hurricane (due to climatic conditions), and afterward due to increased exposure
to predators and reduced food availability [26,62]. Indeed, the wild population of the
Puerto Rican parrot at El Yunque, which was only 31 birds before Hurricane Maria, was
totally extirpated by the hurricane. New releases started in 2019 to re-establish this wild
population. The wild population at Rio Abajo fared somewhat better but is thought to have
declined from 134 to 110 birds as a result of direct effect of the hurricane. Secondary effects
as scarcity of food and exposure to predators reduced the population even more in the
following months after the hurricane. In contrast, the Rio Abajo captive population was
sheltered from the direct impacts of the storm in a hurricane shelter and had no changes in
food availability.

4.4. Males Show Higher Fecal Glucocorticoid Metabolite Levels than Females

Differences between the physiology of males and females are common, therefore we
expected to see a difference in fecal glucocorticoid metabolite levels between males and
females during the pre-breeding season even when faced with similar captivity stimuli
(variation linked to preparation for breeding). We found that males had significantly higher
fecal glucocorticoid metabolite levels than females during the pre-breeding. It could be
that lower levels of glucocorticoids in females compared to males represent suppression of
glucocorticoid levels during the pre-breeding in preparation for egg-laying [60]. Alterna-
tively, higher energetic demands for males than females during the pre-breeding may be
due to increases in courtship or territorial behavior shown by males, which may increase
glucocorticoid levels [63,64].

4.5. Differences between Captive Populations

For our study, we collected fecal samples from both extant captive populations during
the 2017 breeding season. Because of the difference in location and management techniques
we expected to see differences in the glucocorticoid levels between the populations. We
found that fecal glucocorticoid metabolite levels among males were somewhat higher at
the El Yunque population than at the Rio Abajo population, although the difference was
not quite statistically significant. Housing conditions, climate and daily routines differ
between the two captive populations. At the El Yunque captive population, the breeding
cages are more exposed to personnel activity, so recurrent perturbations by people walking
by may stimulate continuous energetic challenges [65]. In addition, the nest checks and
daily feeding are not performed in a strict schedule at El Yunque captive population adding
an element of unpredictability for individuals. Recurrent intrusion to breeding areas
can maintain glucocorticoids levels above baseline, eventually impacting reproductive
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success [65]. At the Rio Abajo captive population, the breeding cages are located behind
vegetation that may serve as a screen from personnel, potentially reducing glucocorticoid
levels. Another difference between the populations is the daily feeding routine. At El
Yunque, feeding time lasts longer than at Rio Abajo. The longer presence of personnel
inside the breeding areas may increase baseline glucocorticoids levels. High levels of
glucocorticoids during the breeding season could negatively affect reproduction.

5. Conclusions

Fecal glucocorticoid metabolite analysis provides an opportunity to study species
in a minimally invasive fashion. Our results provide insight into the relationship of
fecal glucocorticoids metabolites to reproductive success under normal daily routines
in captivity. Although it has been reported in previous studies that captive individuals
have a more attenuated response to energetic challenges than wild individuals [17,66,67],
captive individuals can still be affected by high glucocorticoids levels [68–70]. The negative
relationship of fecal glucocorticoid metabolite levels in males to total eggs laid and total
fertile eggs may indicate a susceptibility to anthropogenic activities. For endangered
species programs, strategies should be developed to reduce perturbations and regularize
their occurrence during key periods of the year to minimize the potential negative effects
on reproduction. The differences between populations in glucocorticoid levels suggest
that managers of captive breeding species should carefully evaluate factors that may be
driving these differences (e.g., housing placement and the frequency and predictability
of anthropogenic activities during critical stages of the breeding season). Future research
should examine the role of glucocorticoids in reproduction of captive populations of other
endangered species, and where possible, compared to wild populations of these species.

Author Contributions: Conceptualization, B.R.-G. and T.F.W.; methodology, B.R.-G., T.F.W. and J.M.J.;
validation, B.R.-G., J.M.J.; formal analysis, B.R.-G. and J.M.J.; investigation, B.R.-G., J.M.J.; resources,
B.R.-G., T.F.W. and J.M.J.; data curation, B.R.-G. and J.M.J.; writing—original draft preparation, B.R.-G.
and T.F.W.; writing—review and editing, T.F.W. and J.M.J.; visualization, B.R.-G.; supervision, T.F.W.;
project administration, B.R.-G. and T.F.W.; funding acquisition, B.R.-G. and T.F.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the World Parrot Trust (grant date 2015, 2016 and 2018).

Institutional Review Board Statement: All research activities and animal handling were carried out
in full compliance and accordance with the NMSU IACUC protocols 2014-030 and 2021-014, the
Puerto Rican Parrot Recovery Program Interagency Operational Team, supported by the management
under the Puerto Rico Department of Natural and Environmental Resources and conducted under
the United States Fish and Wildlife Service Permit TE125521-4.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data availability in this study are available upon request from corre-
sponding author.

Acknowledgments: We thank Marisel López, Jafet Vélez, Iris Rodriguez-Carmona, Gabriel Benitez-
Soto, Limary Ramírez-Esquilín, Arelys Johnson-Camacho from the USFWS for their cooperation
in collecting the samples at the Iguaca facilities at El Yunque National Forest. We thank Miguel A.
García-Bermudez, Ricardo Valentín de la Rosa, Tanya Martínez-Ramirez, Jong Piel Banchs-Plaza
and Roseanne Medina-Miranda from the PR DNER for their cooperation during the study. We
thank Elisa Boyd for the help provided during the preparation of the samples, Dominique Hellmich,
Angela Medina and Grace Smith Vidaure for sharing their knowledge all members of the Wright
Lab at the New Mexico State University for the help provided during the analysis process. We thank
Antonio Rivera-Guzman, Tomás Medina-Cortés, Magaly Massanet, Valeria Perez-Marrufo, Natasha
L. Perez-Nieto, Mariana Travieso-Diffoot, Gabriela Fonseca-Cordero, Adriana Pérez-Vega, Alondra
Villalba, Echo Ruff for their labor during the validation.

Conflicts of Interest: The authors declare no conflict of interest.

356



Diversity 2021, 13, 617

Permits and Approval Statement: The study was approved by the Puerto Rico Department of
Natural and Environmental Resources Puerto Rican Parrot Program coordinator leadership and by
the US Fish and Wildlife Puerto Rican Parrot program coordinator.

References

1. Romero, L.M.; Wingfield, J.C. Tempest, Poxes, and Predators, and People: Stress in Wild Animals and How They Cope; Oxford University
Press: Oxford, UK, 2016; Volume 1.

2. Boonstra, R. Reality as the leading cause of stress: Rethinking the impact of chronic stress in nature. Funct. Ecol. 2013, 27, 11–23.
[CrossRef]

3. Romero, L.M.; Reed, J.M.; Wingfield, J.C. Effects of weather on corticosterone responses in wild free-living passerine birds. Gen.
Comp. Endocrinol. 2000, 118, 113–122. [CrossRef]

4. Busch, D.S.; Hayward, L.S. Stress in a conservation context: A discussion of glucocorticoid actions and how levels change with
conservation-relevant variables. Biol. Conserv. 2009, 142, 2844–2853. [CrossRef]

5. McEwen, B.S.; Wingfield, J.C. The concept of allostasis in biology and biomedicine. Horm. Behav. 2003, 43, 2–15. [CrossRef]
6. Sapolsky, R.M.; Romero, L.M.; Munck, A.U. How do glucocorticoids influence stress responses? Integrating permissive,

suppressive, stimulatory, and preparative actions. Endocr. Rev. 2000, 21, 55–89. [CrossRef]
7. Thiel, D.; Jenni-Eiermann, S.; Palme, R.; Jenni, L. Winter tourism increases stress hormone levels in the Capercaillie Tetrao

urogallus. Ibis 2011, 153, 122–133. [CrossRef]
8. Angelier, F.; Clément-Chastel, C.; Welcker, J.; Gabrielsen, G.W.; Chastel, O. How does corticosterone affect parental behaviour

and reproductive success? A study of prolactin in black-legged kittiwakes. Funct. Ecol. 2009, 23, 784–793. [CrossRef]
9. Love, O.P.; Breuner, C.W.; Vézina, F.; Williams, T.D. Mediation of a corticosterone-induced reproductive conflict. Horm. Behav.

2004, 46, 59–65. [CrossRef] [PubMed]
10. Bowers, E.K.; Thompson, C.F.; Bowden, R.M.; Sakaluk, S.K. Posthatching Parental Care and Offspring Growth Vary with Maternal

Corticosterone Level in a Wild Bird Population. Physiol. Biochem. Zool. 2019, 92, 496–504. [CrossRef]
11. Lin, H.; Decuypere, E.; Buyse, J. Oxidative stress induced by corticosterone administration in broiler chickens (Gallus gallus

domesticus): 1. Chronic exposure. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2004, 139, 737–744. [CrossRef]
12. Shi, L.; Zhang, J.; Lai, Z.; Tian, Y.; Fang, L.; Wu, M.; Xiong, J.; Qin, X.; Luo, A.; Wang, S. Long-term moderate oxidative stress

decreased ovarian reproductive function by reducing follicle quality and progesterone production. PLoS ONE 2016, 11, e0162194.
[CrossRef] [PubMed]

13. Earnhardt, J.M. The Role of Captive Populations in Reintroduction Programs. In Wild Mammals in Captivity: Principles and
Techniques for Zoo Management; The University of Chicago Press: Chicago, IL, USA, 2010; pp. 268–280.

14. Earnhardt, J.; Vélez-Valentín, J.; Valentin, R.; Long, S.; Lynch, C.; Schowe, K. The puerto rican parrot reintroduction program:
Sustainable management of the aviary population. Zoo Biol. 2014, 33, 89–98. [CrossRef] [PubMed]

15. Gilby, A.J.; Mainwaring, M.C.; Rollins, L.A.; Griffith, S.C. Parental care in wild and captive zebra finches: Measuring food delivery
to quantify parental effort. Anim. Behav. 2011, 81, 289–295. [CrossRef]

16. Mason, G.J. Species differences in responses to captivity: Stress, welfare and the comparative method. Trends Ecol. Evol. 2010, 25,
713–721. [CrossRef] [PubMed]

17. Cabezas, S.; Carrete, M.; Tella, J.L.; Marchant, T.A.; Bortolotti, G.R. Differences in acute stress responses between wild-caught
and captive-bred birds: A physiological mechanism contributing to current avian invasions? Biol. Invasions 2013, 15, 521–527.
[CrossRef]

18. Adkins-Regan, E. Do hormonal control systems produce evolutionary inertia? Philos. Trans. R. Soc. B Biol. Sci. 2008, 363,
1599–1609. [CrossRef]

19. Ball, G.F.; Balthazart, J. Individual variation and the endocrine regulation of behaviour and physiology in birds: A cellu-
lar/molecular perspective. Philos. Trans. R. Soc. B Biol. Sci. 2008, 363, 1699–1710. [CrossRef]

20. Dawson, A. Control of the annual cycle in birds: Endocrine constraints and plasticity in response to ecological variability. Philos.
Trans. R. Soc. B Biol. Sci. 2008, 363, 1621–1633. [CrossRef]

21. Nelson, B.F.; Daunt, F.; Monaghan, P.; Wanless, S.; Butler, A.; Heidinger, B.J.; Newell, M.; Dawson, A. Protracted treatment with
corticosterone reduces breeding success in a long-lived bird. Gen. Comp. Endocrinol. 2015, 210, 38–45. [CrossRef]

22. Wingfield, J.C. The concept of allostasis: Coping with a capricious environment. J. Mammal. 2005, 86, 248–254. [CrossRef]
23. Wingfield, J.C. Environmental endocrinology: Insights into the diversity of regulatory mechanisms in life cycles. Integr. Comp.

Biol. 2018, 58, 790–799. [CrossRef] [PubMed]
24. Lance, V.A.; Elsey, R.M.; Butterstein, G.; Trosclair, P.L.; Merchant, M. The effects of hurricane Rita and subsequent drought on

alligators in Southwest Louisiana. J. Exp. Zool. Part A Ecol. Genet. Physiol. 2010, 313, 106–113. [CrossRef]
25. Waide, R.B. The effect of hurricane Hugo on bird populations in the Luquillo Experimental Forest, Puerto Rico. Biotropica 1991,

23, 475–480. [CrossRef]
26. Wunderle, J.M. Pre- and Post-Hurricane fruit availability: Implications for Puerto Rican Parrots in the Luquillo Mountains. Caribb.

J. Sci. 1999, 35, 249–264.
27. Anestis, S.F. Urinary cortisol responses to unusual events in captive chimpanzees (Pan troglodytes). Stress 2009, 12, 49–57.

[CrossRef] [PubMed]

357



Diversity 2021, 13, 617

28. IUCN. The IUCN Red List of Threatened Species. Available online: https://www.iucnredlist.org/search/stats?taxonomies=2267
2853&searchType=species (accessed on 10 August 2020).

29. Berkunsky, I.; Quillfeldt, P.; Brightsmith, D.J.; Abbud, M.C.; Aguilar, J.M.R.E.; Alemán-Zelaya, U.; Aramburú, R.M.; Arce Arias,
A.; Balas McNab, R.; Balsby, T.J.S.; et al. Current threats faced by Neotropical parrot populations. Biol. Conserv. 2017, 214, 278–287.
[CrossRef]

30. Dahlin, C.R.; Blake, C.; Rising, J.; Wright, T.F. Long-term monitoring of Yellow-naped Amazons (Amazona auropalliata) in Costa
Rica: Breeding biology, duetting, and the negative impact of poaching. J. Field Ornithol. 2018, 89, 1–10. [CrossRef]

31. Olah, G.; Butchart, S.H.M.; Symes, A.; Guzmán, I.M.; Cunningham, R.; Brightsmith, D.J.; Heinsohn, R. Ecological and socio-
economic factors affecting extinction risk in parrots. Biodivers. Conserv. 2016, 25, 205–223. [CrossRef]

32. Grajal, A. The Neotropics (Americas). In Parrots. Status Surveys and Conservation Action Plan 2000–2004; IUCN: Gland, Switzerland;
Cambridge, UK, 2000; pp. 98–151, ISBN 2831705045.

33. Wright, T.F.; Toft, C.A.; Enkerlin-Hoeflich, E.; Gonzalez-Elizondo, J.; Albornoz, M.; Rodríguez-Ferraro, A.; Rojas-Suárez, F.; Sanz,
V.; Trujillo, A.; Beissinger, S.R.; et al. Nest poaching in Neotropical parrots. Conserv. Biol. 2001, 15, 710–720. [CrossRef]

34. Snyder, N.F.R.; Wiley, J.W.; Kepler, C.B. The Parrots of Luquillo: Natural History and Conservation of the Puerto Rican Parrot; Western
Foundation of Vertebrate Zoology: Los Angeles, CA, USA, 1987.

35. Beissinger, S.R.; Wunderle, J.M.; Meyers, J.M.; Saether, B.E.; Engen, S. Anatomy of a bottleneck: Diagnosing factors limiting
population growth in the puerto rican parrot. Ecol. Monogr. 2008, 78, 185–203. [CrossRef]

36. Snyder, N.F.R.; Derrickson, S.R.; Beissinger, S.R.; Wiley, J.W.; Smith, T.B.; Toone, W.D.; Miller, B. Limitations of captive breeding in
endangered species recovery. Conserv. Biol. 1996, 10, 338–348. [CrossRef]

37. Wilson, M.H.; Kepler, C.B.; Snyder, N.F.R.; Derrickson, S.R.; Josh, F.; Wiley, J.W.; Wunderle, J.M.; Lugo, A.E.; Graham, D.L.;
Toone, D. Puerto Rican Parrots of the Potential Approach Metapopulation Species Conservation. Conserv. Biol. 1994, 8, 114–123.
[CrossRef]

38. Mohlman, J.L.; Navara, K.J.; Sheriff, M.J.; Terhune, T.M.; Martin, J.A. Validation of a noninvasive technique to quantify stress in
northern bobwhite (Colinus virginianus). Conserv. Physiol. 2020, 8, 1–10. [CrossRef] [PubMed]

39. Washburn, B.E.; Millspaugh, J.J. Effects of simulated environmental conditions on glucocorticoid metabolite measurements in
white-tailed deer feces. Gen. Comp. Endocrinol. 2002, 127, 217–222. [CrossRef]

40. Terio, K.A.; Brown, J.L.; Moreland, R.; Munson, L. Comparison of different drying and storage methods on quantifiable
concentrations of fecal steroids in the cheetah. Zoo Biol. 2002, 21, 215–222. [CrossRef]

41. McGlothlin, J.W.; Jawor, J.M.; Greives, T.J.; Casto, J.M.; Phillips, J.L.; Ketterson, E.D. Hormones and honest signals: Males with
larger ornaments elevate testosterone more when challenged. J. Evol. Biol. 2008, 21, 39–48. [CrossRef]

42. Jawor, J.M.; McGlothlin, J.W.; Casto, J.M.; Greives, T.J.; Snajdr, E.A.; Bentley, G.E.; Ketterson, E.D. Seasonal and individual
variation in response to GnRH challenge in male dark-eyed juncos (Junco hyemalis). Gen. Comp. Endocrinol. 2006, 149, 182–189.
[CrossRef]

43. McGlothlin, J.W.; Jawor, J.M.; Ketterson, E.D. Natural variation in a testosterone-mediated trade-off between mating effort and
parental effort. Am. Nat. 2007, 170, 864–875. [CrossRef]

44. DeVries, M.S.; Winters, C.P.; Jawor, J.M. Testosterone elevation and response to gonadotropin-releasing hormone challenge by
male Northern Cardinals (Cardinalis cardinalis) following aggressive behavior. Horm. Behav. 2012, 62, 99–105. [CrossRef]

45. DeVries, M.S.; Jawor, J.M. Natural variation in circulating testosterone does not predict nestling provisioning rates in the northern
cardinal, Cardinalis cardinalis. Anim. Behav. 2013, 85, 957–965. [CrossRef]

46. Susan Devries, M.; Holbrook, A.L.; Winters, C.P.; Jawor, J.M. Non-breeding gonadal testosterone production of male and female
Northern Cardinals (Cardinalis cardinalis) following GnRH challenge. Gen. Comp. Endocrinol. 2011, 174, 370–378. [CrossRef]

47. Duckworth, B.M.; Jawor, J.M. Corticosterone profiles in northern cardinals (Cardinalis cardinalis): Do levels vary through life
history stages? Gen. Comp. Endocrinol. 2018, 263, 1–6. [CrossRef] [PubMed]

48. Clubb, S.; Velez, J.; Garner, M.M.; Zaias, J.; Cray, C. Health and Reproductive Assessment of Selected Puerto Rican Parrots
(Amazona vittata) in Captivity. J. Avian Med. Surg. 2015, 29, 313–325. [CrossRef]

49. Johnson, B.H.; Welsh, T.H.; Juniewicz, P.E. Suppression of luteinizing hormone and testosterone secretion in bulls following
adrenocorticotropin hormone treatment. Biol. Reprod. 1982, 26, 305–310. [CrossRef] [PubMed]

50. Orr, T.E.; Mann, D.R. Role of glucocorticoids in the stress-induced suppression of testicular steroidogenesis in adult male rats.
Horm. Behav. 1992, 26, 350–363. [CrossRef]

51. Deviche, P.; Gao, S.; Davies, S.; Sharp, P.J.; Dawson, A. Rapid stress-induced inhibition of plasma testosterone in free-ranging
male rufous-winged sparrows, Peucaea carpalis: Characterization, time course, and recovery. Gen. Comp. Endocrinol. 2012, 177,
1–8. [CrossRef]

52. Bowers, E.K.; Bowden, R.M.; Sakaluk, S.K.; Thompson, C.F. Immune activation generates corticosterone-mediated terminal
reproductive investment in a wild bird. Am. Nat. 2015, 185, 769–783. [CrossRef]

53. Breuner, C.W. Stress and Reproduction in Birds. In Hormones and Reproduction of Vertebrates; Academic Press: Cambridge, MA,
USA, 2011; Volume 4, pp. 129–151, ISBN 9780123749291.

54. Young, A.M.; Hobson, E.A.; Lackey, L.B.; Wright, T.F. Survival on the ark: Life-history trends in captive parrots. Anim. Conserv.
2012, 15, 28–43. [CrossRef] [PubMed]

358



Diversity 2021, 13, 617

55. Lattin, C.R.; Romero, L.M. Seasonal variation in corticosterone receptor binding in brain, hippocampus, and gonads in House
Sparrows (Passer domesticus). Auk 2013, 130, 591–598. [CrossRef]

56. Li, D.; Wang, G.; Wingfield, J.C.; Zhang, Z.; Ding, C.; Lei, F. Seasonal changes in adrenocortical responses to acute stress in
Eurasian tree sparrow (Passer montanus) on the Tibetan Plateau: Comparison with house sparrow (P. domesticus) in North
America and with the migratory P. domesticus in Qinghai Province. Gen. Comp. Endocrinol. 2008, 158, 47–53. [CrossRef]

57. Romero, L.M. Seasonal changes in plasma glucocorticoid concentrations in free-living vertebrates. Gen. Comp. Endocrinol. 2002,
128, 1–24. [CrossRef]

58. Romero, L.M.; Cyr, N.E.; Romero, R.C. Corticosterone responses change seasonally in free-living house sparrows (Passer
domesticus). Gen. Comp. Endocrinol. 2006, 149, 58–65. [CrossRef] [PubMed]

59. Romero, L.M.; Meister, C.J.; Cyr, N.E.; Kenagy, G.J.; Wingfield, J.C. Seasonal glucocorticoid responses to capture in wild free-living
mammals. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2008, 294, 614–622. [CrossRef] [PubMed]

60. Popp, L.G.; Serafini, P.P.; Reghelin, A.L.S.; Spercoski, K.M.; Roper, J.J.; Morais, R.N. Annual pattern of fecal corticoid excretion
in captive Red-tailed parrots (Amazona brasiliensis). J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2008, 178, 487–493.
[CrossRef] [PubMed]

61. Dickens, M.J.; Bentley, G.E. Stress, captivity, and reproduction in a wild bird species. Horm. Behav. 2014, 66, 685–693. [CrossRef]
62. White, T.H.; Collazo, J.A.; Vilella, F.J.; Guerrero, S.A. Effects of Hurricane Georges on habitat use by captive-reared Hispaniolan

Parrots (Amazona ventralis) released in the Dominican Republic. Ornitol. Neotrop. 2005, 16, 405–417.
63. Helfenstein, F.; Wagner, R.H.; Danchin, E.; Rossi, J.M. Functions of courtship feeding in black-legged kittiwakes: Natural and

sexual selection. Anim. Behav. 2003, 65, 1027–1033. [CrossRef]
64. Seymour, R.M.; Sozou, P.D. Duration of courtship effort as a costly signal. J. Theor. Biol. 2009, 256, 1–13. [CrossRef]
65. MacLeod, K.J.; Sheriff, M.J.; Ensminger, D.C.; Owen, D.A.S.; Langkilde, T. Survival and reproductive costs of repeated acute

glucocorticoid elevations in a captive, wild animal. Gen. Comp. Endocrinol. 2018, 268, 1–6. [CrossRef] [PubMed]
66. Cyr, N.E.; Romero, L.M. Fecal glucocorticoid metabolites of experimentally stressed captive and free-living starlings: Implications

for conservation research. Gen. Comp. Endocrinol. 2008, 158, 20–28. [CrossRef]
67. Vidal, A.C.; Roldan, M.; Christofoletti, M.D.; Tanaka, Y.; Galindo, D.J.; Duarte, J.M.B. Stress in captive Blue-fronted parrots

(Amazona aestiva): The animalists’tale. Conserv. Physiol. 2019, 7, 1–11. [CrossRef] [PubMed]
68. Costa, P.; Macchi, E.; Valle, E.; De Marco, M.; Nucera, D.M.; Gasco, L.; Schiavone, A. An association between feather damaging

behavior and corticosterone metabolite excretion in captive African grey parrots (Psittacus erithacus). PeerJ 2016, 2016, 1–14.
[CrossRef] [PubMed]

69. Jill Heatley, J.; Oliver, J.W.; Hosgood, G.; Columbini, S.; Tully, T.N. Serum corticosterone concentrations in response to restraint,
anesthesia, and skin testing in hispaniolan amazon parrots (Amazona ventralis). J. Avian Med. Surg. 2000, 14, 172–176. [CrossRef]

70. Owen, D.J.; Lane, J.M. High levels of corticosterone in feather-plucking parrots (Psittacus erithacus). Vet. Rec. 2006, 158, 804–805.
[CrossRef] [PubMed]

359





diversity

Communication

Reintroduction of the Golden Conure (Guaruba guarouba) in
Northern Brazil: Establishing a Population in a Protected Area

Marcelo Rodrigues Vilarta 1,2, William Wittkoff 1, Crisomar Lobato 3, Rubens de Aquino Oliveira 3,

Nívia Gláucia Pinto Pereira 3 and Luís Fábio Silveira 1,2,*

Citation: Vilarta, M.R.; Wittkoff, W.;

Lobato, C.; Oliveira, R.d.A.; Pereira,

N.G.P.; Silveira, L.F. Reintroduction of

the Golden Conure (Guaruba

guarouba) in Northern Brazil:

Establishing a Population in a

Protected Area. Diversity 2021, 13, 198.

https://doi.org/10.3390/d13050198

Academic Editors: Guillermo Blanco,

Martina Carrete and Luc Legal

Received: 31 March 2021

Accepted: 29 April 2021

Published: 8 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Lymington Foundation, Estrada Dias Gomes 2.200, Juquitiba 06950-970, SP, Brazil;
marcelovilarta@hotmail.com (M.R.V.); fund.lymington@gmail.com (W.W.)

2 Museu de Zoologia da Universidade de São Paulo, MZUSP, Avenida Nazare 481,
Ipiranga 04263-000, SP, Brazil

3 Instituto de Desenvolvimento Florestal e da Biodiversidade do Estado do Pará, IDEFLOR-Bio, Avenida João
Paulo II, Utinga, Belém 66610-770, PA, Brazil; crisomarlobato@yahoo.com.br (C.L.);
rubens.aquino25@gmail.com (R.d.A.O.); niviabio@gmail.com (N.G.P.P.)

* Correspondence: lfs@usp.br

Abstract: Brazil has the highest number of parrots in the world and the greatest number of threatened
species. The Golden Conure is endemic to the Brazilian Amazon forest and it is currently considered
as threatened by extinction, although it is fairly common in captivity. Here we report the first
reintroduction of this species. The birds were released in an urban park in Belem, capital of Para
State, where the species was extinct more than a century ago. Birds were trained to recognize
and consume local food and to avoid predators. After the soft-release, with food supplementation
and using nest boxes, we recorded breeding activity in the wild. The main challenges before the
release were the territorial disputes within the aviary and the predation by boa snakes. During the
post-release monitoring the difficulties were the fast dispersion of some individuals and the dangers
posed by anthropic elements such as power lines that caused some fatalities. Released birds were
very successful at finding and consuming native foods, evading predators, and one pair reproduced
successfully. Monitoring continues and further releases are programmed to establish an ecologically
viable population.

Keywords: reintroduction; soft-release; acclimatization; monitoring; Amazon; dispersion

1. Introduction

Parrots are among the most endangered birds in the world, having over 29% of
their 402 extant species at risk of extinction [1]. This vulnerability is mostly due to their
charismatic nature that leads to a high demand in the illegal pet trade, which, consequently,
reduces wild populations. In turn, this situation attracts many conservation actions on
their behalf [2,3].

The reintroduction of captive-bred wildlife is an important conservation tool, being
increasingly used to compensate human impacts on populations and ecosystems [4,5].
In extreme cases, it has already been used to recover species that were on the brink of
extinction such as Petroica traversi and is currently the only option to return extinct in the
wild species such as Pauxi mitu and Cyanopsitta spixii [6–9].

Brazil is known for having both the greatest richness of parrot species and the largest
number of endangered birds in the world [10,11]. However, reintroduction programs
are still rare in the country, while indiscriminate release actions, carried out without
technical rigor and monitoring are common [12]. This seems to be a rule in most of South
America [13], but there are successful examples with parrots that highlight the potential for
their reintroduction [14,15].

The Golden Conure (Guaruba guarouba) is an endemic species of the Brazilian Ama-
zon forest. Given their exuberant appearance, these conures have suffered a dramatic
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population decline due to the illegal pet trade, which in addition to severe habitat loss,
has led them to be vulnerable to extinction [16,17]. Although it is estimated that their
wild population is small, with less than 10,000 remaining individuals, Golden Conures are
prolific and quite common in captivity [17].

Considering the Amazon’s progressive habitat destruction, and how the occurrence area
of this species has drastically shrunk over the years, the long-term survival of this species in
the wild is seriously jeopardized, and actions for its conservation are urgent [17–20].

In such an unfavorable scenario, the reintroduction of captive-bred Golden Conures
may be a viable way to restore the species to key areas, reduce the risk of extinction and raise
awareness of their importance as a conservation symbol to the local population. However,
there are no records of previous attempts to reintroduce this species. Additionally, they
remain poorly studied, with many aspects of their behavior and natural history not yet
clarified [16,21].

Lymington Foundation, a Brazilian non-profitable organization located in Juquitiba,
São Paulo state, Brazil, has successfully bred this species over the last 20 years, and in 2017,
teamed up with IDEFLOR-Bio, from Belém, Pará state, Brazil, to start the first attempt
to reintroduce the Golden Conure in the wild. Here we report the preliminary results of
this collaboration.

2. Study Area and Methods

Identify and remove the causes or the main threats that lead the targeted taxa to be
extinct in a given area are of paramount importance for a successful reintroduction [22].
Hence, we chose a recently created protected area in Belem, capital of the state of Para,
where the last credible sighting of the Golden Conure dates from over 150 years ago [23].

The Utinga State Park, located in Belém, Pará state, has 1393 km2 mostly represented
by lowland rainforest, connected to the continuous forested area to the east, the Guamá
River to the south, and the city by the west and north (Figure 1a) [24]. The area is constantly
under surveillance by both private security and the public environmental police, so the
main causes for the Golden Conures’ extirpation, which were habitat loss and capture, are
controlled in this area [24].

Figure 1. (a) The Utinga State Park (dark green), located inside the environmental protected area (light green). (b) The
acclimatization aviary is composed of two modules connected.

We built the acclimatization aviaries in the intended release site at the center of the
park. They consisted of a maintenance module of 6 m × 2 m × 2 m, connected to a larger
one with 5 m × 5 m × 5 m. Two nest boxes were available in the maintenance module for
the birds to spend the night, the second module had a tree inside, and both with enough
space for flight (Figure 1b). We chose a previously opened site with sparse secondary
vegetation, known to be preferred by the species for roosting and nesting [18]. The site was
rich with Byrsonima sp. Trees, an important resource in the post-fledgling period [17] and
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provided good visualization during the monitoring. The adjacent patches were composed
by primary forest fragment and a lake, providing various environmental options.

Individuals selected for the reintroduction were bred at Lymington Foundation, where
the installations are surrounded by Atlantic Forest, with visual and acoustic exposure to
local wildlife. We selected birds both hand-raised and raised by their parents. The group
was composed of birds genetically diverse and kept at Lymington Foundation in aviaries
similar to the one built in the reintroduction area. Individuals had numbered metallic
bands to allow for identification up close. Males and females had their bands placed on
the right or the left leg respectively, for quick identification. Identification of individuals
outside of close range relied on physical traits such as plumage patterns, eye coloration,
and beak marks.

After performing the standard health evaluations (including PCR exams for circovirus,
bornavirus, and herpesvirus, among other important diseases), and the results being
negative in all cases, two groups of birds were sent to the release site. Both groups were
composed of mostly young individuals of two to three years old, in equal proportion of
males and females. The first group was sent to Belem in August 2017, consisting of 14 birds,
and the second group of 10 individuals was sent in May 2018.

The birds were moved to the aviary, where they stayed for five months for adaptation
to the local conditions. The diet was gradually adapted to native fruits until a total replace-
ment was achieved. Native food was served attached to the branches of the respective
plants and placed on hard-to-reach spots, so the birds would have to practice the recogni-
tion and foraging techniques. Predator recognition training was performed using live boa
snakes placed in the proximity of the enclosure. Birds of prey were naturally present in
the area and could occasionally be seen diving for lizards on the ground and at the top of
the aviary. During these occasions we evaluated the behavioral response of the Golden
Conures by scanning their reactions after the predators were sighted and approached the
enclosure. The group was considered apt when all individuals reacted together, demon-
strating alertness and emitting alarm vocalizations when potential predators approached.
We made daily ad libitum observations to record social interactions in search of aggressive
behaviors and couple formation, in order to identify which individuals were more inclined
to fights and/or reproduction.

To provide experience to gain and increase site fidelity before the group release,
we selected three males that showed the strongest attachment to females for prereleases.
These males were released individually and on different days in the morning (Figure 2a),
allowing them to explore the surroundings during the day, but still being aware of the
group vocalizations in the aviary. Before the afternoon, they were attracted back to the
aviary by food offering (Figure 2b).

Figure 2. (a) A single male being prereleased separately from the group. (b) The single male returning to the aviary at the
end of the day.
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For the reintroduction, we used the soft release method, which consists of opening
the windows of the aviary and allowing them to decide when to leave and to return if
they desire [25]. Supplementary food was offered daily on the top of the aviary and in two
suspended feeders, distributed around the release site. In an additional effort to promote
site fidelity, we installed nest boxes on the top of the enclosure, using the same model that
the birds were already familiar with. A total of 20 individuals were released.

3. Results and Discussion

Golden Conure is a social species, usually living in groups varying from 3 to
30 birds [17,26]. However, in the acclimatization aviary we recorded territorial fights,
with two females being killed by a very aggressive female. This bird was separated from
the main group, returning a few days before the release. The fact that females were
involved in aggressions, and not males, contradicts anecdotical reports from breeders,
which indicated that males were the most aggressive sex.

During the prerelease we considered a group of 10 individuals as the optimal size for
release. The aggression events recorded in the first group but not in the second, suggest
that the birds should be released before the breeding season. The breeding season of the
Golden Conure starts in October, lasting to March, and the casualties recorded were related
with a female defending a nest site. It is relevant to report that the second group showed no
negative interactions when we avoided the breeding season and, after release, no territorial
disputes in the wild were recorded.

We recorded a random dispersion of the conures after the release, with a few birds
staying near the enclosure. In the first group, 72% of the Conures dispersed in one week,
while in the second event, 50%. The birds that showed site fidelity spent most of the time
over the enclosure, but without re-entering, as reported by other psittacine releases [27,28].
From these dispersed groups, three birds were located 10 km away from the releasing area.
On multiple occasions, other sightings of flying birds were reported in different sites in
urban areas of Belem. Although we cannot confirm if those were the same three individuals
or the others from the group, we had evidence of a quite long-distance dispersion for some
individuals. The second group showed a stronger site fidelity over 12 months after release,
but afterward they moved to the border between the protected area with the city, 4 km
away from the release site, leaving it vacant (Figure 3).

Figure 3. Number of golden conures potentially alive over time (blue) and those that remained near the release site (green);
every reduction in the blue line represents a recorded death. The space between the blue and green lines represents the
individuals with uncertain fate during a given time. Dashed orange lines mark the first and second release, the arrow points
to the first breeding in the wild, in which one individual is added to the total population.
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The dispersion of the Golden Conures after release can be associated with fluctuations
of food availability in the area, which included fragmented landscapes and pristine forests.
Since the supplementary food was constant throughout the monitoring, we believe there
may be other causes for the higher dispersion and nomadism. Groups of other psittacines,
mostly Amazona amazonica, were often seen flying from northeast to southwest during
mornings and the way back in the afternoons. Even though we did not see any interaction
with the conures, they may have influenced these movements, since the five conures
were found in the northeast of the release site, in the same path that these parrots use
daily. It is also possible that they were attracted to the numerous plantations of Euterpe
oleracea, that are concentrated in the area where the dispersed birds moved to, since this is
a favorite food item with a nutritious pulp. The uncertainty of the fate of some individuals
that dispersed was the main problem to attest the level of success of this reintroduction.
Dispersal and difficulty of monitoring has already been reported in the reintroduction of
the Thick-billed Parrot, when it deeply affected the survival rates [29]. The recent release
of the Orange-bellied Parrot (Neophema chrysogaster) in Tasmania also showed an elevated
dispersion, with 38–46% of birds flying over the monitoring range, despite the training to
instill site fidelity [30]. These cases suggest that elevated dispersal is still one of the main
challenges for monitoring in psittacine reintroductions. Even so, this trait can be positive
for a population, given the possibility of finding more suitable habitats and being able to
expand their range.

We recorded a successful reproductive event only one month after the first release
(Figure 4) by the same aggressive female that caused two deaths during prerelease. We
did not register any behavior of nest helpers as we expected from previous reports [18,26].
Despite the first breeding attempt being successful, the two following attempts failed, even
with the female incubating to the eggs apparently in the same way. It was not possible to
evaluate if either the eggs were unfertilized or if they suffered any mechanical damage, but
the latter might be the most probable cause, since individuals from the second group were
sharing the nest box at night, and broken eggs were later found.

Figure 4. Released Golden Conure parents positioned in the extremities guiding the wild-born young at the center.

Reintroductions often present pronounced mortality in the first month of release, and
predation is often considered the main factor leading to loss of individuals [3]. In our
study, after the release, one individual was predated but the main threat was electrocution
in powerlines, which caused two deaths. Predation by boa snakes, Boa constrictor, was
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a major problem in the prerelease. Despite the conures showed an aversive response to
predator exposure and being alert near their presence, three individuals were preyed upon
inside their nest boxes during the night, two before the release. We addressed this problem
by moving the nest boxes to trees that had no contact with the rest of the canopy and
protecting their base with metallic belts, avoiding snake access. Other reintroductions also
reported psittacines preyed mostly inside their nests [25,28], therefore the selection of sites
for the installation of artificial nests must be carefully evaluated to avoid predation.

In previous studies with psittacines, the absence of antipredator training led to high
losses to raptors, especially with hand-reared birds [29,31]. In our case, the golden conures
were alert in the presence of bigger birds of prey like Heterospizias meridionalis, evading
their attacks on multiple occasions. Milvago chimachima a smaller falcon that does not pose
a risk to them was abundant in the area, and in that case, the conures did not show any
concern and even shared perches occasionally. By the end of the monitoring, no losses to
avian predators were recorded.

Toucans are known to be nest predators of conures [26], and many individuals or
groups of Pteroglossus aracari and Ramphastos vitellinus were often seen around the release
site. However, no interaction between them was recorded during the breeding period or in
the rest of the monitoring. Two individuals of black tamarins, Saguinus niger, tried to access
the nest box once but were rapidly fended off by the breeding couple. Given the conures´
positive reactions to conspicuous predators after going through exposure in captivity and
given that captive parrots tend to lose antipredator behavior without exposure [32], we
reinforce the importance of these conditions during the prerelease period.

As for post-release feeding, we did not register any individual suffering from starva-
tion during monitoring. On multiple occasions, individuals dispersed for weeks or months
and were found later without apparent signs of food deprivation, meaning they were able
to forage and survive without supplementary food. Thus, we attest to the success of the
food recognition training and recommend it before any release. The supplementation of
food was important in the maintenance of site fidelity for the individuals that did not
disperse far, given they were routinely present in the site at the exact time of the food
exchange. This importance has also been attested in the reintroduction of Ara macao [15].
Similarly, reintroduced Conures switched supplementary feeding for natural foraging
gradually over time, despite the offer remaining constant.

4. Concluding Remarks

Even while this reintroduction is still in its first steps, important milestones of success
were already achieved such as an early reproduction in the wild, conures developing
natural foraging skills, and avoiding avian predators. However, we still lack accurate data
on post-release dispersal that is vital to understand how this species will move and occupy
the region. We aim to address this matter with the use of telemetry, since these questions
rely on it. We also seek to standardize the methods to better record feeding habits and
group interactions. With the learning acquired in this stage, we are confident that future
releases will be more successful, and, in the future, an ecologically viable population of
Golden Conures will settle in this protected area.
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Abstract: The family Psittacidae is comprised of over 400 species, an ever-increasing number of
which are considered threatened with extinction. In recent decades, conservation strategies for these
species have increasingly employed reintroduction as a technique for reestablishing populations
in previously extirpated areas. Because most Psittacines are highly social and flocking species,
reintroduction efforts may face the numerical and methodological challenge of overcoming initial
Allee effects during the critical establishment phase of the reintroduction. These Allee effects
can result from failures to achieve adequate site fidelity, survival and flock cohesion of released
individuals, thus jeopardizing the success of the reintroduction. Over the past 20 years, efforts to
reestablish and augment populations of the critically endangered Puerto Rican parrot (Amazona vittata)
have periodically faced the challenge of apparent Allee effects. These challenges have been mitigated
via a novel release strategy designed to promote site fidelity, flock cohesion and rapid reproduction
of released parrots. Efforts to date have resulted in not only the reestablishment of an additional
wild population in Puerto Rico, but also the reestablishment of the species in the El Yunque National
Forest following its extirpation there by the Category 5 hurricane Maria in 2017. This promising
release strategy has potential applicability in reintroductions of other psittacines and highly social
species in general.

Keywords: Psittacidae; reintroduction; Allee effect; population; survival; reproduction; site fidelity;
flock cohesion

1. Introduction

The family Psittacidae is comprised of over 400 species, an ever-increasing number
of which are considered threatened or endangered [1,2]. In recent decades, conservation
strategies for these species have increasingly employed reintroduction as a technique
for reestablishing populations in previously extirpated areas [2–5]. However, reintro-
ductions in general face substantial biological and methodological challenges, and many
are ultimately unsuccessful [2,3,6,7]. Among these challenges are inherent—but often
overlooked—Allee effects associated with small populations [7–10]. Allee effects are
generally considered as consisting of either component effects (i.e., those which affect a
component of individual fitness), or demographic effects, which affect per capita growth
rates at the population level [11]. Examples of Allee effects include increased per capita
predation risk, reduced foraging efficiency, and reduced pair-formation and reproduc-
tive effort, all of which contribute to reduced population growth [7–9]. These effects
are particularly notable in group-living social species [9,11]. For example, the viability
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of African wild dog (Lycaon pictus) populations declines markedly once group size falls
below a critical threshold, as also occurs with schools of bluefin tuna (Thunnus thynnus)
and social groups of suricates (Suricata suricatta) [9]. Although Allee effects typically are
considered as affecting populations as they decline from previously robust levels, in re-
cent years, component and demographic Allee effects have increasingly been recognized
during the establishment phase of reintroduced populations, before population size has
achieved a robust, sustainable level [9,12–14]. Because most psittacines are highly social
and flocking species, reintroduction efforts may face the numerical, behavioral and method-
ological challenges of minimizing initial Allee effects during the critical establishment
phase of the reintroduction [9,14–16]. For example, although Snyder et al. [3] did not
explicitly identify a component Allee effect as affecting releases of Thick-billed parrots
(Rhynchopsitta pachyrhyncha) in Arizona, USA, they clearly implied such by stating that
there appeared to be a “critical mass” of group size that conferred greater protection to re-
leased birds from avian predators. Further, Brightsmith et al. [4] reported that post-release
survival of hand-reared Scarlet macaws (Ara macao) increased with increasing cohort sizes,
and that macaws established at release sites facilitated survival of subsequent releases, also
suggestive of a potential component Allee effect. Common challenges of reintroducing
psittacines include, but are not limited to: (1) excessive or premature dispersal from the
release area, (2) maintaining flock cohesion, (3) maximizing survival, and (4) obtaining
reproduction rapidly following release [3,14,17–20]. If these challenges are not recognized
and adequately addressed or ameliorated, they can result in failed efforts and wasted
resources [2,3,9,13,15,16]. Management efforts for meeting these challenges typically fall
into three general categories: (1) managing release group size and composition, (2) reduc-
ing post-release dispersal and mortality, and (3) direct management of Allee effects (e.g.,
predator control, supplemental feeding) [9,16].

The Puerto Rican parrot (Amazona vittata) is a critically endangered psittacine endemic
to the island of Puerto Rico, for which an ongoing species conservation and recovery
program has existed since the early 1970s [17,18]. Like most psittacines, Puerto Rican
parrots are primarily frugivorous canopy-dwellers, secondary cavity nesters, and also
exhibit marked natal philopatry and nest-site fidelity [17,18]. The total wild population has
remained precariously low throughout the recovery program, ranging from a low of 13 to
nearly 200 individuals over the period 1973–2017 [17,18] (USFWS, unpubl. data). Since
2000, captive-reared parrots have been released under a variety of scenarios in order to
augment the sole relict wild population of the species in the El Yunque National Forest
(hereafter EYNF), and to reestablish the species at an additional location on the island (i.e.,
Rio Abajo Commonwealth Forest) [17,20–23]. Moreover, future releases to reestablish the
species at yet a third location (i.e., Maricao Commonwealth Forest) are anticipated. Here,
we examine these scenarios, specifically those related to the relict population in the EYNF,
in terms of how and why specific release strategies have achieved the desired objectives
and potentially minimized some of the inherent initial Allee effects often associated with
reintroduced populations [9,12,14,16]. We believe our findings have direct relevance to
reintroductions of not only psittacines, but also other highly social or group-living species.
We use the term “reintroduction” herein in its broadest sense, inclusive of all its recognized
variants [2,24].

2. Materials and Methods

We examined and compared four (4) distinct captive release strategies in terms of their
efficacy in establishing a resident, breeding population of Puerto Rican parrots. These strate-
gies included: (1) Soft release of individual groups of captive-reared parrots translocated
to a wild release site (hereafter “traditional release”); (2) Hard release of small numbers
of captive-reared parrots translocated directly to a wild release site (hereafter “precision
release”); (3) Soft release of multiple groups of captive-reared parrots translocated to a
wild release site with conspecifics held on-site briefly following release (hereafter “soft
release type A”; (4) Soft release of captive-reared parrots released on-site at a captive-

370



Diversity 2021, 13, 13

breeding facility (hereafter “soft release type B”). In the context of this study, the term
“soft release” refers to those methods that include on-site acclimation at the release site,
and post-release support or supplementation. “Hard release” refers to methods involving
no on-site acclimation, and no post-release support [8]. All parrots were released in the
EYNF of northeastern Puerto Rico (approx. 18.32◦ N; 65.78◦ W, Figure 1), a mountainous
forest reserve consisting of 19,650 ha of subtropical rainforest at elevations ranging from
200 to 1074 m ASL [20]. However, all releases occurred at elevations ranging from 500 to
700 m ASL, in the Tabonuco and Palo Colorado forest types [18,20], within the subtropical
montane rainforest life zone [18,20]. Detailed descriptions of all forest types in the EYNF
are found in Snyder et al. [18].

Figure 1. Location of Puerto Rico within the Caribbean Basin, and locations of the El Yunque National
Forest and Rio Abajo Commonwealth Forest (sites of current wild Puerto Rican parrot populations)
and the Maricao Commonwealth Forest, where future releases of Puerto Rican parrots are planned
for reestablishing the species at a third location.

2.1. General Release Methodologies
2.1.1. Traditional Release

“Traditional release” is the most common release method for captive-reared animals
in the reintroduction literature, e.g., [3,8,19,20]. For the Puerto Rican parrot, this consisted
of rearing a group (15–20) of parrots together to desired age of release (1–4 years of age),
and providing pre-release flight training, wild foods (>50 species) and predator aversion
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training for a minimum of 6 months in large (approx. 9 m × 8 m × 5 m) outdoor flight
cages. Because the parrots were to be monitored post-release using radio-telemetry, replica
“dummy” radio transmitters were attached to all release candidates during pre-release
training to accustom them to flying and foraging with the device prior to release [19–21].
Flight cages were equipped with both stable and non-stable perches comprised of natural
materials. Natural wild foods were offered in the same fashion as parrots would encounter
in the wild. Complete fruiting branches, racemes, etc., were suspended from perches and
cage roofs and sides to accustom birds to identifying and manipulating these foods in the
wild. Following the initial training period, parrots were transported to a release cage for on-
site acclimation (30–40 days) at a release site occupied by wild conspecifics [20]. All parrots
were equipped with a functioning radio-transmitter (Holohil®, Ottawa, ON, Canada, SI-2C
model) approximately 5–7 days prior to release to allow monitoring of their movements
and survival post-release. Immediately following on-site acclimation, all parrots were
allowed to exit the release cage at will. All releases occurred at dawn. Supplemental
food sources were provided daily at the release site for a period of 2–4 weeks following
release. Following each release, parrots were radio-tracked 3–5 days/week for the duration
of transmitter life (approx. 10–16 months), or parrot mortality. The traditional releases
occurred in EYNF at the end of the wild parrot nesting season (June) during 2000–2002 and
2004 [17,20]. Because of numerous predations of released parrots and wild parrot fledglings
by Red-Tailed Hawks (Buteo jamaicensis) during 2000–2002, active predator control was
implemented within 1.5 km of the release site, beginning in 2003, and continued throughout
all subsequent years for all releases [17,20].

2.1.2. Precision Release

“Precision release” was an experimental methodology aimed at the fostering rapid
integration of limited numbers of captive-reared parrots into an existing population. Like
traditional releases, all release candidates were provided with at least six months of ex-
tensive pre-release training. However, unlike traditional releases, only two individuals
were released during any given release event. All parrots released ranged from 1–2 years
in age. Moreover, each release occurred within 100 m of an active wild parrot nest site,
immediately (1–2 days) following fledging of the last nestling from the nest (typically
May–June [17,18]). Releases were thus timed to take advantage of the early post-fledging
phase, during which wild Puerto Rican parrot family groups remain relatively sedentary
for several days, and with greatly diminished nest site territoriality [18]. The objective was
to promote greater and more rapid interaction between wild and released parrots than had
been observed following traditional releases [20]. All parrots so released were transported
directly from the captive-rearing facility and released immediately at the wild nest site
shortly after dawn, with no post-release supplemental food sources provided. Each parrot
was also equipped with a radio-transmitter to allow post-release monitoring. Precision
releases occurred in EYNF in alternate years from 2008 to 2010, and then yearly thereafter
until 2014.

2.1.3. Soft Release Type A

“Soft release type A” was also an experimental release methodology. The objective
was to promote increased site fidelity and flock cohesion of the release cohorts, as well as
social interactions between the relict wild population and the released captive-reared birds.
As with both the traditional releases and precision releases, all release candidates under-
went at least 6 months of extensive pre-release training prior to transport to the release site.
Parrots released ranged from 1 to 3 years of age. During pre-release training, candidates
were closely observed for signs of potential pair bonds developing (e.g., allopreening,
allofeeding). The use of unique color and shape-coded tags facilitated identification of
individual parrots during training. Soft release type A also involved a 30–40 day on-site
acclimation period at the release site (as with traditional releases), following which the
parrots were released in two (2) groups over a period of 6–8 days. The release cage was
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divided into two equal-size segments to allow release group separation. Group 1 consisted
of the males of any apparent pairs, together with a mix of unpaired males and females,
and was released first. Group 2 consisted of the females of apparent pairs, together with
a mix of other unpaired males and females, and released 6–8 days following Group 1.
All releases occurred at dawn, and parrots were allowed to exit cages at will. Once all
parrots had vacated both release cages, the following morning an additional group of
6–8 captive-reared parrots was placed in one of the release cages for a period of 2–3 weeks
to serve as an additional “social attractant” for the newly released parrots. Supplemental
food sources were provided and replenished daily at the release site for at least one year
following release. All parrots were equipped with radio-transmitters to allow post-release
monitoring. The soft release type A releases occurred in EYNF at the end of the wild parrot
nesting season (June) during 2015–2017.

2.1.4. Soft Release Type B

“Soft release type B” releases were conducted on the grounds of the two captive-
rearing facilities for the species, one of which is in the Rio Abajo Commonwealth Forest
(hereafter, RAF) in northcentral Puerto Rico and the other in the EYNF [17,22,23]. At each
of these facilities, a large number (currently 225–275) of captive-reared Puerto Rican parrots
are housed and maintained in outdoor cages in a natural setting. Because the objective of
these releases was to reestablish a free-flying wild population in an area from whence it had
previously been extirpated, these releases were true “reintroductions” as defined by IUCN
guidelines [24]. As with the other release strategies for the species, all release candidates
received at least 6 months of extensive prerelease training, with some individuals receiving
up to one year of training. As with soft release type A, parrots for release in EYNF ranged
from 1 to 3 years of age, with the exception of one individual of six years of age. The
6-year-old parrot was a parrot previously released in 2015, which returned to the captive
rearing facility following hurricane Maria in 2017. However, unlike soft release type A,
all birds of soft release type B were reared and trained at the actual release site, and released
directly from the prerelease training cage, instead of being transported to a separate release
site. As with other releases, all parrots were equipped with radio transmitters to allow
post-release monitoring. Upon release, supplemental food sources were provided daily
near (10–30 m) the release site, and maintained continuously following each release. Several
(8–10) artificial nest cavities [25] were also strategically placed within the release area in
order to provide immediate nesting opportunities for the parrots following release. Soft
release type B releases occurred during November 2006 at RAF [23] and January/February
2020 at EYNF, immediately prior to the species’ normal nesting season (February–June).

2.2. Data Analyses and Reporting

We report and discuss the results of each type of release in EYNF in terms of four
key parameters we considered important for successful reestablishment of psittacine pop-
ulations: (1) survival, (2) site fidelity, (3) flock cohesion, and (4) prompt reproduction.
We define “prompt reproduction” as successful reproduction by parrots within 18 months
post-release, expressed as the proportion of surviving breeding age (≥3 years) parrots that
successfully nested during this period. We choose 18 months as a temporal benchmark as
it allows all release cohorts time to adapt to the release environment and experience at least
one complete nesting season following release, independent of their actual month of release.
We considered prompt reproduction important in the context of establishing a resident
population. This is because wild Puerto Rican parrots exhibit an annual philopatry of 87.5%
to previously successful nesting sites [18,26]. Thus, prompt reproduction may more quickly
and effectively “anchor” released individuals in the release area. We define “site fidelity”
as the percentage of released parrots that established a stable activity area within 1.5 km
of the release site, excluding any temporary longer distance forays. We choose 1.5 km
as a spatial delineator because it corresponds to the radius of the primary area utilized
by the relict wild Puerto Rican parrot population in EYNF during the last two decades,

373



Diversity 2021, 13, 13

prior to their extirpation by the Category 5 hurricane Maria in 2017 (USFWS, unpublished
data). We define “flock cohesion” as the percentage of surviving individuals that directly
interacted (e.g., flying, foraging, roosting) as a group within the release area. With the
exception of soft release type B, this also includes any direct interactions with, or integration
into, groups of wild conspecifics at or near the release site. We report “survival” as the
percentage of released individuals that survived for at least one year post-release [17,20].
Additionally, because most post-release mortalities of captive-reared psittacines occur
within the first three months (90 days) after release ([3,17,19,20,27]; see [4,28]), we also
report initial 3-month post-release survival for each release type. We estimated weekly,
3-month and annual survival of soft release types A and B in EYNF using the Kaplan–Meier
product-limit estimator, in order to directly compare with published survival estimates for
“traditional” captive releases of this and similar species [17,19,20], and because there were
occasional censored observations (i.e., missing individuals and/or transmitter failures)
during these releases. Censored observations were more frequent following soft release
type B in EYNF due to personnel limitations and restrictions associated with the ongoing
COVID-19 global pandemic, which resulted in reduced monitoring intensity compared to
that of previous releases. For precision releases, because of the very low sample sizes (n = 2
individuals/release) for each of the multiple releases of this type, we report the overall
range and average known survival pooled across all releases, as these releases did not
meet the sample size requirements for Kaplan–Meier methods [19]. Finally, because of the
distinct differences in release area habitat and microclimate between RAF and EYNF [17,18],
we also report and discuss the first-year survival results of RAF soft release type B [23] for
comparative purposes only. We did this in order to eliminate an additional and unquantifi-
able source of variability in the overall results, and facilitate a more accurate and direct
comparison of the actual release strategies without the confounding effects of habitat or
environmental differences. All percentages reported were rounded to nearest percent for
simplicity. Kaplan–Meier first-year survival estimates are reported with associated 95%
confidence intervals (CI), and compared using a log-rank test [29]. Differences in survival
trajectories were considered significant at alpha < 0.05.

3. Results

3.1. Traditional Releases
3.1.1. Survival

A total of 39 captive-reared parrots were released in EYNF using traditional releases
from 2000 to 2004 [17]. As previously reported see [17,20], overall first-year survival for
traditional releases was 41% (CI: 22–61%), whereas survival at three months post-release
was 74% (see [20], Figure 2). Similar traditional releases of captive-reared Hispaniolan
parrots (A. ventralis) in the Dominican Republic resulted in a first-year survival of 30%,
with a 3-month post-release survival of 60% [19]. In the EYNF, raptor predation was
responsible for at least 53% (9/17) of the documented mortalities [17]. The causes of the
remaining mortalities could not be determined, although additional raptor predations
were possible [20]. Interestingly, most (67%) of the raptor predations occurred following
increased dispersal of individual parrots from the release area approximately 6–8 weeks
post-release (see [17] (pp. 22, 49)).

3.1.2. Site Fidelity

According to White et al. [20], individual parrots began dispersing from the immediate
release area approximately two months following each release. Dispersing parrots often
travelled up to 6–8 km from the release site (USFWS, unpublished data). All parrots which
so dispersed did not return to the release area (i.e., 1.5 km radius of release site), and most
were later recorded as mortalities or censored observations [20]. On one occasion, a pair
(male, female) of released parrots returned to the captive-rearing facility, approximately
3 km from the release site, 11 months post-release. These parrots also did not return to
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the release area. Overall, site fidelity for traditional releases was low, with approximately
30–40% of released parrots remaining within the release area one year post-release.

3.1.3. Flock Cohesion

As with site fidelity, flock cohesion of traditional release cohorts was low. Few (ap-
proximately 20–25%) of the surviving parrots that remained within the release area for up
to one year post-release were observed engaging in typical flocking behaviors with either
wild or other released captive-reared parrots.

3.1.4. Prompt Reproduction

There was no successful reproduction (or attempts at such) by traditionally released
parrots within 18 months post-release, despite the fact that several parrots (44%) were
released at or entering breeding age within said period [20]. According to White et al. [20],
there were documented nesting attempts by only three traditionally released parrots. These
attempts first occurred in 2004 and consisted of a pair of captive-reared parrots released in
2002 at the ages of one and two years. This attempt was unsuccessful, and no subsequent
nesting attempts by this pair were documented. The other was a captive-reared male
released in 2001 at the age of one year, which successfully nested with a wild female and
fledged two chicks in 2004 [20]. This pair continued to successfully nest each year thereafter
until the disappearance of the male in 2009.

3.2. Precision Releases
3.2.1. Survival

A total of 36 captive-reared parrots were released in 18 separate release events in EYNF
during six different years. Overall first-year survival of precision releases averaged 59%,
although it ranged widely from 25% to 75% annually. Survival at three months post-release
averaged 76%, while also ranging annually from 50% to 87%. Although raptor predation
was confirmed as a cause of mortality in at least six (40%) cases, the cause of most mor-
talities remained unknown due to their occurrence in inaccessible areas, which precluded
recovery of transmitters or parrot remains. In such cases, mortality was presumed when
parrot movements ceased and transmitters remained stationary thereafter. We based this
presumption on past experience with radio-tracking parrots in this environment [17,20].

3.2.2. Site Fidelity

Site fidelity of precision releases was markedly low. Released parrots typically re-
mained near (<200 m) the release site for 2–5 days post-release, and then rapidly engaged
in extensive movements both within and outside the immediate release area (USFWS,
unpublished data). These movements also include the longest distances documented by
captive-reared parrots released in EYNF, many of which resulted in parrot locations within
suburban and urban areas up to 23 km from the EYNF release site. On four separate
occasions, a precision released parrot returned to the captive-rearing facility, and did not
return to the release area. Indeed, of 21 parrots known to have survived for one year, only
8–10 (38–48%) were subsequently observed within the release area. Thus, only 22–28%
of all precision released parrots during 2008–2014 remained within the release area after
one year.

3.2.3. Flock Cohesion

Flock cohesion of precision released parrots was relatively low. Although most re-
leased parrots exhibited some initial vocal interactions with both wild and previously
released parrots (T. White, pers. observation), there were few instances (4–6) of their long-
term integration into existing groups of resident birds. Nevertheless, it was notable that
there were no agonistic interactions witnessed between released parrots and wild parrots,
despite the fact that parrots were released in close proximity (<100 m) to family groups
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of newly fledged wild parrots (T. White, pers. Observation). Released parrots were also
occasionally seen flying with or towards wild parrots during the initial days post-release.

3.2.4. Prompt Reproduction

Not surprisingly, given the very low site fidelity and flock cohesion, there were
likewise no cases of prompt reproduction by precision released parrots with either wild
parrots or other captive-reared parrots. Notwithstanding, during 2014, a male parrot that
had been precision-released in 2012 was observed nesting with a wild female (USFWS,
unpublished data). This pair successfully fledged three chicks from an artificial nest cavity
that year. Unfortunately, that was the only year this particular male was observed nesting,
and his subsequent fate remains unknown.

3.3. Soft Release Type A
3.3.1. Survival

A total of 65 captive-reared parrots were released during 2015–2017; with 20, 24 and
21 being released in 2015, 2016, and 2017, respectively. Overall first-year survival of soft
release type A releases (2015, 2016) was 64% (CI: 50–79%; Figure 2), while initial 3-month
survival averaged 85% (all three cohorts). No first-year survival data exist for the year
2017 release cohort, as virtually the entire wild population in EYNF was extirpated by
hurricane Maria approximately 12 weeks following the 2017 release. However, at the
time of the hurricane (20 September 2017), survival of the 2017 cohort was 95% (USFWS,
unpublished data).

Figure 2. Kaplan–Meier weekly and cumulative survival estimates for 44 captive-reared Puerto Rican parrots released
during soft release type A in the El Yunque National Forest, Puerto Rico, 2015–2016. Black arrow denotes 3-months
post-release.

3.3.2. Site Fidelity

Site fidelity of soft release type A parrots was comparatively high. All surviving
parrots remained within the release area following release, despite occasional longer
distance forays by some individuals lasting from 2 to 4 days. All parrots who engaged in
such forays later returned to the release area. Thus, the locations and status of most released
parrots were known each day of monitoring, and there were few censored observations
except for a single week in 2015, when a predation attempt at the release site by a Red-
tailed hawk resulted in the rapid dispersal of over 50% of the released birds from the area.
However, all dispersed parrots returned to the release area within five days.
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3.3.3. Flock Cohesion

As with site fidelity, flock cohesion by soft release type A parrots was very high. All sur-
viving parrots of each release event interacted on a daily basis with not only members of
their release cohort, but also parrots of other release cohorts. Moreover, approximately four
months post-release, beginning in 2015, released parrots and wild parrots were observed
and video-recorded directly interacting at the release site (location of supplemental feeders)
and within the surrounding area. These interactions consisted of vocal exchanges as well
as flying and foraging together on wild foods. Interestingly, wild parrots were never
observed approaching or utilizing supplemental feeders, despite the fact that they (wild
birds) would often perch in the canopy immediately above supplemental feeders being
used by released parrots.

3.3.4. Prompt Reproduction

Reproduction by soft release type A parrots began the first breeding season (<1 year)
following release. A pair of captive-reared parrots released in June 2015 nested and fledged
two chicks during both the 2016 and 2017 breeding seasons, in addition to a pair released
in 2016 that also nested and fledged three chicks during the subsequent 2017 season.
Thus, there were three successful nesting attempts during the first 18 months post-release.
For parrots released in 2015 and 2016, this represented 18% and 17%, respectively, of the
total breeding-age birds released each year. Two additional pairs of captive-reared parrots
were observed engaging in stereotypical nesting behavior (e.g., allofeeding, defending and
entering nest cavities) during the 2017 season, but did not actually nest.

3.4. Soft Release Type B
3.4.1. Survival

A total of 30 captive-reared parrots were released in EYNF during late January-early
February 2020. As with soft release type A, captive-reared parrots were released in two
groups; one group of 15 birds on January 30 followed by a second group of 15 birds on
February 6. To date (i.e., 10 months post-release), the survival estimate is 68% (CI: 47–87%,
Figure 3). Three-month (12-weeks) post-release survival of this cohort was 94% (Figure 3),
very similar to the 92% survival reported by Estrada [5] for Scarlet macaws released in
Mexico. The greatest declines in overall survival occurred 24–26 weeks and 41–42 weeks
post-release (Figure 3), when at least six parrots were lost to raptor predations during two
separate episodes. Survival of type B releases was higher than that of traditional releases
(χ2 = 8.779, df = 1, p = 0.003), but not significantly greater than type A releases (χ2 = 0.792,
df = 1, p = 0.373). However, early post-release survival of type B releases was much higher
than that of type A during the ensuing breeding season over the 20 weeks immediately
following the type B release (χ2 = 7.647, df = 1, p = 0.006; Figure 4).
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Figure 3. Kaplan–Meier weekly and cumulative survival estimates for 30 captive-reared Puerto Rican parrots released
during a soft release type B in the El Yunque National Forest, Puerto Rico, 2020. Black arrow denotes 3-months post-release.
Red arrows denote 24–26 weeks and 41–42 weeks post-release, corresponding to two episodes of raptor predation of several
released parrots near release site, which accounted for 75% of all documented post-release mortalities.

Figure 4. Comparison of survival trajectories based on Kaplan–Meier survival estimates for traditional, type A, and type B
releases of captive-reared Puerto Rican parrots in the El Yunque National Forest, Puerto Rico, 2000–2020. Survival trajectory
of traditional releases adapted from White et al. [17,20] and used with permission. Vertical red lines delineate temporal
span (approx. 16 weeks) of the species’ reproductive season. Black arrow denotes 3-months post-release.
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3.4.2. Site Fidelity

Site fidelity of released parrots was moderately high. Of the 30 birds released, 26 (87%)
remained within the release area until 24–26 weeks post-release, when a series of raptor
attacks resulted in the temporary dispersal of several individuals from the area. Although
most of the dispersed parrots later returned to the release area, two did not and their
current locations are unknown. Approximately 10 months (40 weeks) post-release, 20 (67%)
of the released parrots remained within the release area and immediate vicinity of the
release site, until a second episode of raptor attacks during weeks 41–42 resulted in the
dispersal of several parrots and additional censored observations.

3.4.3. Flock Cohesion

As with site fidelity, flock cohesion of soft release type B parrots was high. Virtually
all (95%) of the surviving parrots remained together as a flock within the release area.
Moreover, parrots were observed daily flying and foraging together, and engaging in group
antipredator behaviors (e.g., posting “sentinels” while foraging, coordinated flights to
confuse raptors) [30].

3.4.4. Prompt Reproduction

Reproduction by soft release type B parrots was very rapid, with two pairs of released
parrots initiating nesting activities within two months of release. This represented 25% of
the total number (n = 16) of breeding-age birds released (Table 1). Interestingly, the male of
one breeding pair was a 6-year-old parrot that was, at the time of release, the sole surviving
individual of the former wild population prior to hurricane Maria (Figure 5). Both pairs
successfully fledged chicks, with one pair fledging three chicks and the other two. Indeed,
this was the most rapid reproduction of captive-released parrots ever documented for this
species. As occurred with the soft release type A releases, there were two additional pairs
that engaged in stereotypical nesting behaviors post-release, but failed to actually nest.
In both of these cases, at least one member of the pair was only two years of age, and thus
unlikely to be sexually mature [18]. A graphical comparison of summary statistics for all
four release types is presented in Figure 6.

Table 1. Summary statistics for four different types of release for captive-reared Puerto Rican parrots
in the El Yunque National Forest, Puerto Rico, 2000–2020. Site fidelity refers to percentage of released
parrots that remained within 1.5 km of release site; Flock cohesion refers to percentage of surviving
parrots that remained in release area interacting as a group; Prompt reproduction refers to percentage
of reproductive age parrots released that successfully nested within 18 months post-release.

Release Type Survival 1-Year Site Fidelity Flock Cohesion
Prompt

Reproduction

Traditional 41% 30–40% 20–25% 0
Precision 59% 22–28% 11–17% 0

Soft Release A 64% 65% 100% 18%
Soft Release B 68% 1 67% 1 95% 1 25%

1 10 months post-release (November 2020).
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Figure 5. Pair of captive-reared Puerto Rican parrots (male–upper; female–lower) released during a soft release type B in the
El Yunque National Forest, 30 January 2020. The pair began nesting at this artificial nest cavity 29 February 2020 (30 days
post-release) and subsequently fledged three chicks from this nest. This was the first active nest of free-flying parrots in the
El Yunque National Forest following hurricane Maria in 2017. Photograph taken by Thomas White.

(b) (a) 

(d) (c) 

 

Figure 6. Graphical representation of the relative efficacy of four different strategies for establishing a resident breeding
population of Puerto Rican parrots from captive-reared individuals in the El Yunque National Forest, Puerto Rico, 2000–2020.
R-axis is prompt reproduction, S1-axis is first-year survival, F-axis is site fidelity, C-axis is flock cohesion. Circumference
of circle represents 100%, while intersect at center represents zero for associated axial parameter values. Area of interior
polygons indicates degree of maximization of the four component parameters. Release types depicted: (a) Traditional
release, (b) Precision release, (c) Soft release type A, (d) Soft release type B.
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4. Discussion

We examined the results of four different strategies for the release of captive-reared
Puerto Rican parrots during 26 distinct release events totaling 170 parrots from 2000 to
2020 in the El Yunque National Forest in Puerto Rico. Because the fundamental pre-release
training of all released parrots was the same, we were able to compare the actual release
strategies and methodologies in terms of their effectiveness at promoting survival, site
fidelity, flock cohesion and prompt reproduction by released parrots. We believed these
parameters to be important in mitigating or reducing potential Allee effects associated
with small populations, as commonly occurs during the initial establishment phase of
reintroductions [9,16]. As such, our study adds to the findings of White et al. [2] regarding
factors influencing the success of psittacine reintroductions. Although survival is the
single most commonly reported parameter of reintroduction attempts (e.g., [2,4,19,20,28]),
site fidelity and flock cohesion are seldom addressed explicitly, as reported in this study.
However, these parameters are all inextricably interrelated when reintroducing highly
social species [14,16].

For captive-reared Puerto Rican parrots released in the EYNF, post-release survival
tended to increase not only with the size of release cohorts, but also with numbers of
conspecifics at or near the release site. This was particularly apparent in the case of
soft release type B in EYNF (Figure 4), in which the largest release of parrots (n = 30)
occurred, and in the presence of approximately 250 captive conspecifics held in outdoor
cages at the release site. Indeed, of the four release methods, soft release type B resulted in
improved post-release survival (Table 1, Figures 3 and 4), with a 3-month survival of 94%.
In comparison, Llerandi-Román et al. [23] reported a first-year survival of 48% for a similar
soft release type B in the RAF. Although post-release survival of type B eventually (approx.
10 months post-release) approximated that of type A releases, the initial survival during
the critical early establishment phase and concomitant reproductive season was very high
(>90%) throughout the season (Figure 4). In a previous study of factors associated with
success of psittacine reintroductions, White et al. [2] did not find these factors (i.e., numbers
released, conspecifics present) to be significant, perhaps due to the high variability in
this parameter among those reintroductions examined. Nevertheless, many other studies
have found positive relationships between numbers released and establishment success
([6,31,32], but see [16] for some caveats). In this study, we believe the presence of a large
number of conspecifics held on-site aided newly released parrots in terms of more effective
predator detection and avoidance. This was because, having been held in outdoor cages,
all captive parrots had substantial prior exposure to avian predators, and most had even
witnessed raptor predations of other avian species (e.g., Zenaida spp.) at the captive-rearing
facility (T. White, pers. observations; see also [28]). These numerous captive “sentinels”
quickly sounded alarm calls that alerted released parrots to impending dangers (T. White,
pers. observation), thereby increasing the “effective flock size” of released parrots in
terms of predator detection and avoidance [29]. We believe this increase in effective flock
size helped to mitigate or reduce per capita risk associated with a potential predator-
driven Allee effect, as suggested by White et al. [17] and demonstrated theoretically by
Gascoigne and Lipsius [33] and empirically by Angulo et al. [34]. This is very important
because the primary source of mortality for parrots in the EYNF has historically been raptor
predation ([17,18,20], this study). Following soft release type B, survival trajectories (weekly,
cumulative) were characterized by high survival for extended periods, punctuated by two
separate episodes of raptor predations that resulted in multiple mortalities (Figures 3 and 4).
This is in contrast to the temporal pattern of raptor predations following traditional releases,
when at least 23% of all released parrots were lost to raptors during the first 27 weeks post-
release [17], p. 22. Following traditional releases, raptor predations occurred concomitantly
with the exodus of individual parrots from the release group and area, and the dispersing
individuals were also the predominant victims of predation [17,20]. This is consistent
with a predator-driven Allee effect increasing per capita predation risk with decreasing
group size. Angulo et al. [34] also reported a similar predator-driven component Allee
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effect related to population size in reintroduced island foxes (Urocyon littoralis). In that
study [34], larger group sizes resulted in lower per capita predation risk from Golden eagles
(Aguila chrysaetos). Indeed, Llerandi-Román et al. [23] reported that survival of subsequent
establishment releases of captive-reared Puerto Rican parrots increased annually following
an initial soft release type B at RAF, and attributed this to a steadily increasing group size
of resident survivors. During the RAF reintroduction, there were survival benefits that
accrued to successive release cohorts due to cultural transmission of acquired survival
skills by survivors of previous releases. Similarly, the initial 3-month survival (95%) of
the third (2017) soft release type A in EYNF was also higher than that of the previous two
such releases, as parrots were also released into a larger group of resident survivors of
previous cohorts.

Although attaining adequate survival is paramount in any reintroduction, how sur-
viving individuals distribute themselves within the release landscape is likewise critical,
especially in the case of social species. Accordingly, we were encouraged by the compara-
tively high site fidelity exhibited by parrots released during both the type A and type B
releases (Figure 6). Site fidelity not only promotes increased social interactions among indi-
viduals of a given cohort, but also—in conjunction with high survival—promotes increased
survival and integration of subsequent release cohorts [4,23]. Conversely, low site fidelity
can result in greater post-release mortality of individuals dispersing into areas with few,
if any, conspecifics, and attendant increased per capita predation risk [17,20], as occurred
following traditional and precision releases. This “dilution” and reduction in release group
size via low site fidelity can contribute directly to initial Allee effects [9,12,14,16]. In the case
of the Puerto Rican parrot, the presence of conspecifics held on-site following releases of
individual cohorts likely aided in reducing excessive or premature dispersal. For example,
for both the type A and type B releases, we believe that our technique of releasing only one
member (male) of potential breeding pairs in a partial cohort release, followed by a second
release soon after consisting of the other members of the cohort (including females of pairs),
further promoted site fidelity. Because Puerto Rican parrots—like most psittacines—form
lifelong monogamous pairs, the strength of this bond may be harnessed in order to retain
initially released individuals on-site long enough for them to locate supplemental feeders
and begin the adaptation process to the release area. In all such cases, we observed males
initially released visiting their mates still held in the release cage, and even attempting
to feed them through the cage sides and roof. Upon later release, the other members of
the cohort immediately integrated into the previously released group. Moreover, in the
case of release type B, we believe the presence of over 250 conspecifics held in captivity
at the release site constituted yet another significant factor that aided in promoting site
fidelity (Table 1) via increased conspecific attraction (see also [4,5,28]). The long-term
presence of on-site supplemental feeders following soft releases type A and type B was
also a likely factor in maintaining site fidelity, as also reported by Brightsmith et al. [4] and
White et al. [2]. The continual presence of supplemental food sources not only promoted
fidelity to the release area, but also greatly aided in monitoring the behaviors and fates of
parrots post-release (Figure 7).
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Figure 7. A group of captive-reared Puerto Rican parrots converging at a post-release supplemental feeder during March
2016. These parrots had been released nine months earlier (June 2015) during a soft release type A in the El Yunque National
Forest of Puerto Rico. Photograph taken by Dailos Hernández-Brito.

Closely related to site fidelity was flock cohesion. For both the soft release type
A and type B releases, post-release social cohesion and interactions of released cohorts
was extremely high (Table 1, Figure 6), in contrast to traditional and precision releases,
in which group cohesion was markedly low. The use of larger and mixed-age release
cohorts, combined with long-term supplemental feeding, were the most probable reasons
for these findings. The presence of on-site supplemental feeders facilitated daily social
interactions by released parrots (Figure 7), which strengthened post-release social bonds
and attendant group cohesion, as also reported by Brightsmith et al. [4]. Indeed, the lowest
flock cohesion occurred with precision releases (Table 1, Figure 6), in which we released
only two individuals during any given release event, and with no post-release support.
Moreover, parrots released during precision releases were also released into a very small
and low-density wild population, with attendant low conspecific attraction.

Among the parameters recognized as indicative of success in psittacine reintroduc-
tions, there are two—survival and subsequent reproduction—that are the most characteris-
tic metrics of success [2]. Of the four types of captive releases of Puerto Rican parrots, only
soft releases type A and type B resulted in prompt successful reproduction by released
birds (Table 1, Figures 5 and 6). Indeed, in the case of EYNF soft release type B, the suc-
cessful nesting by two pairs of captive-reared parrots within two months of release—in
only 30 days in one case—was unprecedented (Figure 4). Reasons for the more rapid
reproduction most likely relate to increased social interactions of all parrots, both released
and captive, resulting from larger group sizes associated with type B releases. Importantly,
the higher early post-release survival following type B releases also maximized the number
of potential breeding individuals during the ensuing reproductive season (Figures 4 and 5),
thereby increasing the likelihood of spatial anchoring and establishment of the incipient
population. Increased pair formation and breeding efforts in response to larger group
sizes have been similarly documented in several social species, including Royal penguins
(Eudyptes schlegeli) [35], African wild dogs [14], Kakapo (Strigops habroptila) [15], and Flamin-
gos (Phoenicopterus spp.) [36]. Indeed, for many such species there appears to be a critical
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group size threshold, below which social interactions such as pair formation and repro-
duction are disrupted or inhibited by component Allee effects [17,36,37]. In the case of
the Puerto Rican parrot, White et al. [17] hypothesized such a flock size threshold, and be-
lieved it to be at least >50 individuals, based on past breeding performance of both wild
and captive-released populations. For example, although the number of nesting pairs in
the small relict population in EYNF had never exceeded six pairs/year in over 50 years,
the breeding population reintroduced at RAF consisted of ten pairs within only six years
of initial release [17]. However, since the 1960s, the relict population in EYNF had also
never exceeded 50 individuals [17,18] until shortly before hurricane Maria in 2017, when
it briefly reached 53–56 individuals (USFWS, unpublished data). In contrast, at RAF the
combined presence of both the released and captive parrots resulted in an “effective social
population” of 150–200 birds during the critical establishment phase of the reintroduc-
tion [17]. Following the initial establishment releases, the RAF wild population—and
number of breeding pairs—increased rapidly [17,23]. Similarly, for the soft release type B
at EYNF, this “effective social population” approached 300 individuals, and the celerity
of pair-formation and post-release reproduction was unprecedented. Thus, in both cases
(RAF, EYNF), we hypothesize that soft release type B surpassed a species-specific social
threshold and demographic Allee effect inherent to the smaller populations associated
with both the traditional and precision releases.

5. Conclusions

Our findings highlight the importance of developing effective strategies for achieving
high survival, site fidelity, flock cohesion and prompt reproduction during psittacine rein-
troductions. Maximizing these parameters may aid in reducing the inherent vulnerability of
such reintroductions to potential Allee effects, as described by Deredec and Courchamp [9]
and recommended by Armstrong and Wittmer [16].

Consequently, we highly recommend use of soft release type A and B strategies, ap-
propriately adapted to local and species-specific conditions and requirements. For captive-
reared Puerto Rican parrots, these strategies have resulted in higher post-release survival,
site fidelity and flock cohesion than either the traditional or precision releases. Most
importantly, type A and B releases were the only methods that also resulted in prompt post-
release reproduction by released parrots (Figures 5 and 6), and associated establishment of
a resident breeding population. For those reintroductions in which a substantial numbers
of conspecifics are available to be held on-site both before and after any initial releases, soft
release type B would be the favored strategy—particularly if releases of reproductive-age
individuals can occur shortly before or at the onset of the species reproductive season
(sensu Figure 4). Examples include reintroductions at existing captive-rearing or rehabili-
tation facilities, or the a priori establishment of small captive populations of conspecifics
on-site at proposed reintroduction locations [38]. Nevertheless, we recognize that for
many reintroduction efforts, the required resources—both biological and financial—may
be insufficient to effectively employ this particular strategy. In such cases, a potentially
viable option would be the soft release type A strategy. Regardless of the specific strategy
employed, diligent efforts directed at minimizing potential Allee effects should be incor-
porated into the overall reintroduction plan. For psittacines, we believe that both of our
recent release strategies (types A, B) have clearly demonstrated the potential to achieve
this critical reintroduction goal.
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Abstract: The release of captive-raised parrots to create or supplement wild populations has been
critiqued due to variable survival rates and unreliable flocking behavior. Private bird owners free-
fly their parrots in outdoor environments and utilize techniques that could address the needs of
conservation breed and release projects. We present methods and results of a free-flight training
technique used for 3 parrot flocks: A large-bodied (8 macaws of 3 species and 2 hybrids), small-bodied
(25 individuals of 4 species), and a Sun Parakeet flock (4 individuals of 1 species). Obtained as chicks,
the birds were hand-reared in an enriched environment. As juveniles, the birds were systematically
exposed to increasingly complex wildland environments, mirroring the learning process of wild birds
developing skills. The criteria we evaluated for each flock were predation rates, antipredator behavior,
landscape navigation, and foraging. No parrots were lost to predation or disorientation during over
500 months of free-flight time, and all birds demonstrated effective flocking, desirable landscape
navigation, and wild food usage. The authors conclude that this free-flight method may be directly
applicable for conservation releases, similar to the use of falconry methods for raptor conservation.

Keywords: psittaciformes; macaw; conure; parakeet; reintroduction techniques; hand-rearing; pio-
neer flock; training; survival; flocking; predator evasion

1. Introduction

Reintroduction is often a necessary conservation strategy in the face of rapid envi-
ronmental change and anthropogenic impacts [1]. However, the successful release of
captive-raised parrots has been limited due to a variety of problems, including predation,
loss of fear of humans, inadequate foraging skills, poor landscape navigation skills, and
inappropriate socialization [2–4]. In terms of best practices, released parrots often do
better when added to established flocks [1,3,4]. However, there are not always appropriate
flocks available, and creating a wild parrot flock de novo from captive-reared birds is a
challenge [3,5,6].

For parrots, prerelease training can be a key factor in project success. Prerelease
training is broadly defined and can encompass a wide variety of behavior-developing or
-modifying techniques. Techniques include the birds observing predation events, keepers
providing experience with wild foods to encourage food plant recognition, or operant con-
ditioning training to recall to a protective aviary [4,7,8]. Researchers have been successful
in encouraging birds to recognize wild foods, remain near the release site, interact in group
settings, increase stamina, and recognize predators [2,4,9–14]. However, many of these
methods could be improved, and methods for creating other key survival skills, including
effective flocking, landscape navigation, and coordinated response to predators, remain
undocumented.

During raptor conservation activities, many key elements of breed and release projects
are developed using or modifying established practices of falconry [15], including captive
breeding, rearing, physical conditioning, and release methods. Falconry methods applied
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to conservation have traditionally outperformed newly developed techniques [16,17], al-
lowing these practices to speed species recovery using predeveloped, field-proven methods.
For raptors, release success can be impressive: The long-term survival of captive-reared
kestrels can match that of wild-bred individuals using falconry techniques and falconer
staff participation [18].

Similar to falconry, there is a system for flying parrots outdoors called free-flight [19].
However, unlike falconry, parrot owners and breeders have historically had less participa-
tion in conservation actions [9]. Current parrot free-flight includes the sport flying of pet
parrots, outdoor educational bird shows, and parrot keeping, where parrots fly in and out
of building windows, similar to an indoor-outdoor pet door. Free-flight tends to utilize
internet groups, classes, and in-person seminars to disseminate this practice [19,20]. This
paper focuses on a popular method developed by the author Chris Biro (C.B.), heretofore
referred to as the free-flight method. Since 1999, C.B. has trained over 400 students in using
this method.

This system starts with the trainer creating a strong human-animal bond and site
fidelity through the attendance, nurturance, and comforting of chicks during early devel-
opment. Certain behaviors, including recalling to a trainer, flying point to point between
trainers, getting off objects on command, and becoming wary when humans warn of dan-
ger are developed using an operant conditioning approach [21]. Once these basic behaviors
are established, the trainer takes the birds outside and allows them to interact with the
environment, then recalls them back into the safety of captivity. The trainer systematically
exposes the birds to more and more complex and dangerous environments. Shortly after
fledging and without the need for an operant conditioning protocol, the birds develop
skills in flocking, aerial maneuvers, alertness, predator evasion, landscape navigation, wild
food consumption, and utilization of information from heterospecifics. These behaviors
appear to be generated through animal-environment interaction.

By comparison, most parrots in breed and release projects are provided normal captive
care in cages and aviaries in breeding facilities and release sites [6,13,14,22–24]. Unfor-
tunately, these conditions do not allow the animals to develop many of the “instinctive”
behaviors that are needed for survival in the wild [3]. In wild individuals, these survival
skills normally emerge as a product of the animals’ interactions with the environment
during their development [25], and in young parrots, these interactions often occur under
the guidance and protection of their parents or other conspecifics [26]. In this way, the
animals’ survival behaviors are calibrated to the environment in which they are raised.
Even in domestic animals, such as dogs and mice, that are carefully bred for consistent
temperament and behavior, variations in postnatal experiences can have significant lifelong
effects [27].

Studies of predator recognition and avoidance in birds have shown how inappropriate
escape behaviors can form. Development in a captive environment may create less func-
tional responses than wild development [28]. This is likely because each bird undergoes
a threat learning process and has an individualized set of responses to the world formed
during early development [29]. Without the necessary experiences during growth and
development, the brain circuits that underlie normal behaviors may not form [30]. As
a result, captive-raised birds are often considered poor candidates for release into the
wild [3,7].

The free-flight method outlined here attempts to overcome this issue by providing
the needed experiences during postnatal and juvenile development. Using the broad
definition of prerelease training, free-flight “training” can be thought of as developing key
survival techniques in release candidates through a combination of limited formal operant
conditioning training in early development followed by intentional and sequential exposure
to carefully selected and increasingly complex environments. Simply, free-flight is allowing
birds’ developmental processes to spontaneously fulfill their function by providing the
opportunity at the correct age.
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The objective of this paper is to introduce a community-based method that that has
the potential for use in conservation science. To communicate this method, we document
the mortalities and behavioral outcomes of 37 parrots of 7 species and 2 hybrids trained by
C.B. using this method in 3 different flocks over a total period of 17 years.

2. Materials and Methods

C.B. began experimenting with free-flight techniques in 1993 and began using the
specific method reported here in 1997. The activities reported on in this paper were
conducted between 1997 and 2016. Author Constance Woodman, C.W., and C.B. began
their collaboration in 1999. Starting in 2008, C.B. and C.W. worked together to document
the method in writing [31] and compiled training and behavioral records of all the birds
flown by C.B. In 2010, C.B. began formally teaching his expanded version of these methods
to pet owners.

In 2016, we conducted a more formal research project to document the methods used
and the results during the first year of creating a new free-flying flock. This process was
reviewed by the Texas A&M University Institutional Animal Care and Use Committee
(IACUC), College Station, TX, USA, and determined to be exempt from Animal Use
Protocol on 3 February 2016, as the study utilized recording the outcomes when using
pre-existing methods of private individuals (C.B.) from outside the university.

The training process used in this study begins with unweaned, pre-fledge birds and
trains them in a series of more and more complicated physical and ecological systems. The
guiding principle of this process is that, when placed in the appropriate environments, the
birds’ behaviors are shaped by interaction with the environment and other animals [31].
The method relies on the birds’ natural responses to wild environments during juvenile
development as opposed to behaviors shaped one at a time through interactions with a
human trainer. Through this process, normal parrot survival skills develop by mimicking
what happens in the natural rearing process of parrots raised in the wild by their parents.

The birds learn in 6 distinct environment levels (heretofore referred to as training
levels, Figure 1). As the birds’ abilities improve, they progress from simple environments
(level 0: Indoors in a room) to highly complex environments (level 5: Forests and landscapes
with major elevation changes inhabited by dangerous avian and mammalian predators
with potentially dangerous weather conditions).

As a note, some verbiage in this paper disagrees with the language used by the free-
flight community. We have attempted to codify and explicitly define some activities that
are part of the culture of free-flight. For example, a trainer will verbally warn their birds of
impending threats intuitively and not define communication as a part of training. Here,
we refer to the “human alarm call” that alerts birds to threats, even though that specific
term is not a part of the practice of free-flight.
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Figure 1. Schematic diagram showing the physical and ecological complexity of sites used for training parrots in this study.
Loss of line of sight and landscape feature complexity increases with level. Key level elements include the presence of wild
animals: Harmless at level 1, harassing to level 2, casual predator investigations in level 3, occasional determined predator
at level 4, and immediate predation threat at level 5. Each image in the sequence shows how landscape features influence
the ease of retrieving birds by vehicle or by foot, from contained birds indoors at level zero; to retrieval not being possible at
level 5. Note the caged member of the social group (the “anchor bird”) in levels 1 and 2 whose contact calls help keep other
birds near the training site.

2.1. Flock Descriptions

For this study, we report on the raising and training of 37 individual birds. These
birds were flown in 3 flocks, a large-bodied mixed-species macaw flock, a small-bodied
mixed-species parrot flock, and a Sun Parakeet flock. All birds were reared and trained
similarly except as noted below.

The small-bodied flock included a total of 25 different birds: Sun Parakeets (Aratinga
solstitialis) n = 16, Mitred Parakeets (Psittacara mitratus) n = 5, Senegal Parrots (Poicephalus
senegalus) n = 3, and a Burrowing Parakeet, (Cyanoliseus patagonus) n = 1. This group was
active for 16 years (1997–2013). Not all birds were intended to be made fully independent,
as C.B. focused on a subgroup of show flyers and others were less intensively trained.
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The large-bodied flock included a total of 8 different birds: Hybrid “Calico” macaws
(Ara chloroptera x Ara militaris) n = 3, Blue-Throated Macaws (Ara glaucogularis) n = 2, a
Scarlet Macaw (Ara macao) n = 1, a Blue-and-Yellow Macaw (Ara ararauna) n = 1, and a
hybrid “Shamrock” Macaw (Ara macao x Ara militaris) n = 1. This group was active for
13 years (2000–2013). This flock was trained to be maximally independent.

The Sun Parakeet flock included a total of 4 birds, all Sun Parakeets n = 4. This group
was active for 1 year (2015–2016). This flock was used only for documentation of the
early rearing process, and transition from indoor to outdoor flying and training was only
conducted at levels 1–3.

When outdoor nesting attempts occurred in mature birds, the birds were not allowed
to progress to wild reproduction to avoid creating naturalized populations.

2.2. Locations

The large and small-bodied flocks primarily flew in a rural area outside of Moab,
UT, USA. The average temperature during the study period was 14.2 ◦C, with an extreme
maximum of 43.9 ◦C and an extreme minimum of −21.1 ◦C. Average annual rainfall was
233 mm [32].

The birds were also transported by C.B. and flown in multiple locations in the Western
United States, including locations in Washington State, California, and Oregon. The Sun
Parakeet flock was fledged in College Station and primarily flown outdoors in Dripping
Springs, TX, USA. The average temperature during the study period was 20.1 ◦C, with
an extreme maximum of 39.4 ◦C and an extreme minimum of −15.6 ◦C. Average annual
rainfall was 1189 mm [32].

Each group of birds added to the flocks had a different set of location experiences. The
sites utilized for level 1, for example, comprised about 20 sites utilized across all 3 flocks.
Some birds were trained in only 1 level and 1 area, others were trained in multiple level1
locations. For the 2 longer-term flocks, the small and large-bodied flocks, new level 2, 3,
and 4 locations were frequently identified and utilized. Site identification included casual
recognition of a site while traveling, where birds might only be flown once with permission
of a property owner.

The 3 free-flight flocks varied in their range size based on training. The Sun Parakeet
flock was not trained to travel between locations, while the 2 longer-term flocks were. The
large-bodied flock was encouraged to follow a vehicle over multi-kilometer trips, further
than what was done for the small-bodied flock.

2.3. Data Types and Collection

Data on the large-bodied and small-bodied flocks were drawn from C.B.’s archives
and C.W.’s photography and notes. The archives consisted of dated emails, SMS text
messages, content and meta-data of digital photographs, and content and meta-data from
videos. The data included each birds’ name, species, age at first outdoor training, date of
each bird’s entry into their flock, duration of participation, the reason the bird left the flock,
a maximum level reached, and total time spent flying outdoors. To record the Sun Parakeet
flock rearing process, a video camera with a time-lapse recording function was mounted
above the playpen to record the chicks and monitor how they utilized the space. Records
for the Sun Parakeet flock consisted of content and meta-data from normal and time-lapse
video, content and meta-data data from photographs, and contemporaneous notes taken
by C.W.

Total time flying in a natural environment was estimated based on 12 h of daily flying
when not working at seasonal educational shows. Hours flying were calculated per bird,
meaning if a group of 10 birds flew for 4 h, there would be 40 h of flying time recorded.
To understand how outdoor flight mortality outcomes compare to conservation outcomes
of similar outdoor duration, a “flight months” metric was created. The hours of outdoor
flying are converted to “flight months”, consisting of 30 counts of 12 h outdoors. Mortality
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outcomes were analyzed using the Mayfield method [33], calculating the risk of death for
1 year. All data are presented as mean ± standard deviation unless otherwise noted.

2.4. Level 0
2.4.1. Goals

The skills the birds gained at level 0 were skills for socialization, weaning, and fledging.
Meeting all the criteria in Table 1 were needed for the bird to move to a level 1 environment.

Table 1. Level p environmental characteristics and mastery criteria for parrot free-flight training. The birds in this study
completed level p criteria between the time of fledge and weaning, ~70 d for Sun Parakeets, ~100 d for macaws.

Environmental Features Mastery Criteria

• Handfeeding location.
• Enclosed spaces such as a living room or outdoor aviary
• No wild species.

• Trainer linked with the consistent meeting of care needs
through associative learning.

• Accepts food and water from the trainer.
• Accepts interaction from trainer including snuggles and

toy play readily.
• Steps up on the trainer.
• Approaches trainer on foot or wing when separated.
• Returns to the trainer with recall cue.
• Leaves perch with “get off” cue.
• Lands on difficult to reach perches.
• Flies throughout the entire space.
• Orients to other birds in flight (“tagging,” “chasing”).
• Aerial maneuvers (i.e., “jinking” sudden turn in the air).

2.4.2. Acquisition

To document the general early rearing process for all flocks, 4 captive-bred, hand-
reared, incubator-hatched Sun Parakeets from different clutches were purchased from
a commercial bird breeding facility and assembled into an aggregated group of young.
The hatch dates of the birds were unknown, but the developmental stages were roughly
estimated as 33 days old (n = 1) and 40 days old (n = 3). When acquired, the chicks were
able to walk between locations, thermoregulate, and possessed adequate stamina and
coordination to climb up and over Carefresh-brand bedding (http://www.carefresh.com/
accessed on 22 February 2021) substrate and return to the nest box after play periods. At
the time of acquisition, the chicks were not yet human-socialized. Gaping, swaying, and
cowering in the presence of human beings were observed.

2.4.3. An Enriched Rearing Environment

For all 3 flocks, the rearing setup was intended to maximize opportunities for interac-
tion with the environment. The environment, built as a playpen, was roughly 1 m × 1 m
with 0.5 m-high cardboard walls (Figure 2). A small box with a paper towel flap provided
a cavity for the birds. The box and playpen were routinely refilled with clean bedding.
Various objects, climbing opportunities, and foods were placed on the bedding, including
toys and soft comfort “cuddle” items. A lamp on a timer provided 12 h per day of direct
lighting. The chicks were old enough to thermoregulate so they could be safely reared
without a temperature-controlled brooder. This general setup focused on free-choice activ-
ity, where chicks could remain inside a dark box or leave the box and engage with multiple
activities in the environment. Additional rearing and housing details are similar to those
described by Speer [34]. Additional parrot developmental complexity, a topic much too
complex for this methodology, has been described by Bond and Daimon [35].
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Figure 2. Stages during free-flight training: (A) Sun parakeets flock at the time of acquisition, 33–40 days old. Chicks showed
a lack of human socialization through gaping and swaying as well as cowering; (B,C) Playpen rearing area. 1. Feeding
access door. 2. Wire cored rope climbing coil. 3. Box with paper towel entry flap. 4. Overhang to prevent climbing
out. 5. Carefresh-brand bedding on the floor and in brooder box; (D) Author Chris Biro at a level 1 area appropriate for
small birds, an open area of about 3 hectares. Note the transport carrier and anchor birds’ cage; (E) Author Chris Biro at a
level 1 area appropriate large-bodied birds, utilizing a much larger open area of about 16 hectares. Note the portable perch
for back and forth flying; (F) Complex landscape navigation training (levels 3–5). Trainers on either side of a canyon and
cliff complex recall the birds at the safest crossing points to train landscape navigation; (G) The large and small-bodied flock
escape from a hawk (arrow) at the home base.
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2.4.4. Feeding and Training

All chicks in all 3 flocks were hand-fed using plastic syringes and commercial Kaytee-
brand hand-feeding formula (https://www.kaytee.com accessed on 22 February 2021). The
objective of syringe feeding was to enable normal use of the beak and tongue as opposed
to feeding by gavage needle where the mouth is bypassed. Solid food, including apple
slices, breakfast cereals, and Zupreem parrot pellets (https://zupreem.com accessed on
22 February 2021), were provided daily to enable a smooth transition to weaning and
maximize options for chick activities.

Feedings broadly followed the manufacturer’s recommendations and varied based
on individuals’ ingested amount per feeding, digestion speed, and age. Body condition
scoring, a common veterinary technique, was utilized to monitor health [36].

The introduction of the recall cue was paired with feeding times. During feeding
times, the chicks ran to the syringe and followed the human hand to different areas of the
playpen while the recall cue was presented. The cue was a verbal “here birds” or the bird’s
specific name to train for individual recall versus full group. Over time, the birds came to
the cue whether or not the syringe was present.

The Sun Parakeets weaned at approximately 60 days of age. To check that the wean
was complete, the birds were weighed at the time of cessation of hand feeding and 1 week
later. Weight losses of <5% indicated birds were maintaining body condition and the wean
was successful.

2.4.5. Handling

To ensure that the chicks became comfortable interacting with the researchers, chicks
were handled several times a day. Handling consisted of petting, holding, carrying, and
interacting. Chicks approached human hands spontaneously 3 days after acquisition for
the Sun Parakeets flock. The chicks were taken on 30-min trips to indoor or outdoor spaces
away from the playpen roughly every 2 days.

2.4.6. Fledging

Once chicks had well-developed wing feathers, at approximately 50 days of age for
the Sun Parakeets, they began spontaneously climbing to higher perches and intensely
flapping their wings. By the time the chicks fledged, they were already responsive to the
recall cue, having run to the hand while being called during feedings. As the birds became
proficient at hopping to the trainer, hops were regularly practiced until they became short
flights. The goal was to produce maximum flight skills available within this contained
environment and to establish a behavior routine of flying to the human on cue, building
the recall behavior prior to fledge.

The playpen environment was modified for the fledge by adding a second rope perch,
with a loop extending above the playpen. A perch “tree” was set up near the playpen for
flight practice. By day 60 of age, the Sun Parakeets spontaneously flew to the researcher
and areas around the rearing area. The Sun Parakeets flew frequently throughout the day.
As weaning occurs after fledging, parakeets who flew to the researcher for food were fed
first, creating a competitive situation that rewarded fast response to the recall cue.

To develop a “get off” behavior, birds were spoken to sharply immediately upon
landing in an unsafe location. The harsh volume and tone of voice resulted in them flying
off. The birds appeared to become more sensitive to the sharp “get off” cue and readily
responded more immediately as time went on. When birds could fly as a group, engage
in aerial acrobatics, be individually or jointly recalled, and responded to a “get off” cue,
they were ready to transition to a level 1 environment. The birds were called over for
food, touch, or play, then shooed back to the perch or placed on the perch. Then, they
were recalled again and given more attention or hand-feeding as a reward. The flying
away and back to the trainer repeatedly led to a habit of back-and-forth flying to nearby
approved objects, called “point-to-point” or “A-to-B” flight. Nonapproved landing sites
were identified through the get off cue.
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2.4.7. Human Alarm Call

When chicks were observed engaging in a problematic activity, such as climbing an
object that would fall over, the trainer would warn the chick in a louder, stern tone. As
chicks frequently had such problems, the chicks learned to associate the tone with coming
danger, a precursor to the training creating increased outdoor wariness in later levels.

2.4.8. Move to Outdoor Caging

After confirming that weaning was complete, the Sun Parakeet flock was moved
full-time to a tall outdoor aviary that was approximately 5 m by 3.5 m by 2.7 m tall
in Dripping Springs, TX, USA. The aviary allowed for nearly constant, unmonitored
flying, and physiological adaptation to the mild early summer outdoor environment. The
large-bodied and small-bodied flocks were split across similar aviary buildings when not
out flying. These outdoor aviaries were at the home base site. Back-and-forth flying was
developed from the food- and comfort-seeking flights to the trainer. Large, portable perches
were introduced into the outdoor aviary and utilized for back-and-forth flying practice.

2.5. Level 1
2.5.1. Landscape Setting

The landscape features of these sites were all similar and can be summarized as large,
flat areas with few trees or shrubs similar to prairies or agricultural fields. There were
limited opportunities for biotic interactions and only mild weather (Table 2, Figure 1). The
transport vehicle was parked adjacent to the flying area to train the birds to return to this
easily discernable landmark.

Table 2. Level 1 environmental characteristics and mastery criteria for parrot free-flight training. Training occurred as close
to fledging as possible, and older individuals were observed to be more likely to panic fly or not bond with the group. Birds
in this study gained mastery within about 3 weeks of flying. All criteria were mastered before birds were moved to the
next-level environment.

Environmental Features Mastery Criteria

• Open field.
• Light wind.
• No precipitation.
• Distant wildlife.
• Simple retrieval by foot or vehicle.

• All previous criteria.
• Repeated practice flying at low and high altitudes.
• Fly with and against the wind.
• Demonstrate endurance through multi-minute continuous flapping flight.
• Introduced to flocking outdoors with others.
• Fly low the majority of the time (high flight is associated with nervous

behavior, indicating the bird is unready for more complexity).
• Tendency to stay near rally point vehicle between flights.
• Develop complex movements initiated during aerial play.
• Utter alarm and contact calls.
• Respond appropriately to flockmate’s contact and alarm calls through

increased wariness, reply calling, and approaching calling flockmate.

2.5.2. Goals

The skills the birds gained at level 1 were foundational skills for flying in an outdoor
space and returning to the trainer. Meeting all the criteria in Table 2 was needed for the
bird to move to a level 2 environment.

2.5.3. Point-to-Point Flying

Before the training sessions, portable perching stored in the rally vehicle was set up
adjacent to the rally vehicle. The bird(s) were taken from the carrier by hand and placed
onto a portable perch. The trainer walked a few meters away and began the “point-to-point”
back-and-forth perch flight routine developed during level 0. This back-and-forth routine
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was utilized to acclimate the birds to the new conditions in level 1 through a familiar
routine. During the first outdoor flights, 1 bird at a time practiced point to point.

2.5.4. Rally Vehicle and Anchor Bird

During initial training, not all birds were taken out to fly at once. Birds not being
trained were placed in a cage on the top of the rally vehicle, as shown in Figure 2. These
caged bird(s) were able to contact call with the bird(s) being trained, forming an “anchor.”
During training sessions, the birds rarely flew outside of the contact call range of these
anchor birds to which they were socially bonded, which helped them remain near the
rally vehicle.

2.5.5. Recall Cue

The recall cue developed at level 0 was put into practice at level 1. Recall practice
began with the back-and-forth flying routine and continued each time the bird flew off the
perch and explored the area. When multiple trainers were available, birds could be recalled
between trainers to practice distance flying and build stamina. The constant presence of the
vehicle and anchor bird(s) during recall, as shown in Figure 2 helped reinforce the vehicle
as the return point.

2.5.6. “Get Off” Cue

The “get off” cue, developed at level 0, was utilized at the level 1 outdoor location.
Birds were cued to “get off” when they entered dangerous situations such as approaching
powerlines or landing on a vehicle that was not the rally vehicle.

2.5.7. Human Alarm Call

Using warning tones while speaking in a louder voice, the trainers could verbally
increase the birds’ awareness. For example, if another vehicle approached but the birds
were oblivious, the trainer would speak in a louder, warning tone, and the birds would
increase their attention to the environment and notice the oncoming car. Through practice,
the birds learned that the warning tone signaled a need for increased vigilance.

2.5.8. Flying in a Group

Chicks initially flew 1 at a time. Other socially bonded birds were held back in a cage
on the rally vehicle. As the birds explored, they were praised for exploratory flights and
increasingly complex aerial maneuvers. Once each bird was competent in outdoor point-to-
point flying, the birds would be placed as a group on the portable perches and to fly point
to point as a group until they became confident enough to explore the area and expand
beyond point-to-point flights. Confidence was judged by a lack of fear-associated behaviors.
Fear-associated behaviors included high flight, increased respiration, raised hackle feathers
for moderate fear, completely smooth feathering for strong fear, dilated pupils, panting,
tight gripping of the perch or arm, alarm vocalizations, and distress vocalizations [37].

2.5.9. Feeding on Plants

Feeding on plants was limited in level 1 except when birds were flown near lone
trees or shrubs present in the landscape. Utilization of sparse trees of shrubs for practicing
recall coming down from trees and flying up into them was conducted occasionally. Upon
contacting a tree or shrub, the parrot inevitably began chewing on buds, seeds, shoots, and
leaves. The “get off” cue was utilized to discourage chewing on plants that the trainer felt
were inappropriate or might have been toxic.

2.5.10. Situations Special to Level 1

If the trainer felt that 1 or more birds were fearful, the birds were placed back in their
carriers to allow them to acclimate to the site and watch their socially bonded fellows fly.
When startled, some birds occasionally flew up very high (>40 m). When this happened,
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the anchor bird usually initiated back-andforth contact calls. The high-flying bird would
circle the anchor bird and the trainer, eventually tiring and circling and gliding back to the
anchor bird and trainer at the rally vehicle. The recall cue was utilized during the high
flying to encourage the bird to return.

Circling flights, increased speed, and increased distance away from the trainer oc-
curred. Eventually, all birds engaged in sudden movements using their tail to maneuver,
called “jinking,” recreating the aerial play patterns seen at level 0. This initial pattern of
behavior was similar for all flocks.

Uncontrolled flights associated with strong fear states were called panic flights. In a
panic flight, there was no response to the recall cue. Panic flights were rare. A prolonged
panic flight was observed on a single occasion in 2014 when C.B was building a new macaw
flock. The event is worst-case and is noteworthy enough to include even though the bird
was not from the 3 studied flocks. A straight-line panic flight away from the rally vehicle
was observed by C.W. when C.B. was flying a macaw. After 13 min of flight, the bird tired,
lost altitude, and landed. The bird was not observed to engage in another panic flight over
subsequent weeks. As the bird was being flown in an appropriately wide, agricultural field
complex, the bird never left the line of sight or entered a forested area. Nervous flying at
unusually high altitudes was only observed at level 1.

2.6. Level 2
2.6.1. Landscape Setting

Level 2 landscapes consisted of various shrubby fields, gentle hills, and sparsely
treed areas (Table 3). Flying through trees introduced the birds to territorial songbirds,
while flying in the vicinity of bodies of water provided harassing, curious gulls. Level 2
landscapes did not contain known dangerous predators except as aerial silhouettes on the
horizon. Retrieval of birds was possible by off-road vehicle.

Table 3. Level 2 environmental characteristics and mastery criteria for parrot free-flight training. The average time to master
level 2 was 3 weeks. Mastery time could be extended depending on the exact location and wildlife presence. The frequency
of wildlife interactions was a limiting factor.

Environmental Features Mastery Criteria

• Hills, shrubs, and small or isolated trees.
• Breezy or gusting wind.
• Mist or drizzle.
• Non-dangerous wild species that follow or harass.
• Retrieval by foot or vehicle relatively easy

• All previous criteria.
• Recalls to the trainer from shrubs and trees.
• Chooses perches for easy takeoff.
• Startle response to strange species.
• Joins flock in flight.
• Coordinated group escape from curious or harassing

wildlife initiated by any flock member.
• Recalls after a momentary loss of sight of the trainer.
• Returns to and follows rally vehicle over short distances.

2.6.2. Goals

The primary goals of level 2 were to encourage brief, independent navigation when
the line of sight is broken, build stronger flocking skills, introduce interaction with shrubs
and trees, and interact with wildlife to begin the development of antipredation behaviors
(Table 3).

2.6.3. Rally Vehicle and Anchor Bird

During level 2, 1 bird was typically an anchor bird while the others were flying.
During level 2, birds required less individual monitoring of behavior as panic flights and
confusion were less frequent than during initial level 1 experiences.

The rally vehicle was parked close to the trainer, continuing to build an association
of returning to the vehicle after periods of activity. The vehicle was often driven a short
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distance during training, changing the location of both the trainer and the vehicle. These
alterations in location made it possible to train the flock to follow the vehicle and orient to
a changing rally point.

2.6.4. Point-to-Point Flying

Similar to level 1, back-and-forth flying was utilized to adapt the birds to the new
environment until they became comfortable with exploring. Birds were let out individually
for training or as a group.

2.6.5. Recall Cue

The recall was practiced throughout the 1- to 6-h sessions, with significant focus on
coming down from trees and shrubs. The birds followed the trainer around single trees of
isolated forest fragments and learned to follow and recall even when visibility was blocked
by trees and hills.

2.6.6. “Get Off” Cue

Birds were cued to “get off” when they entered potentially dangerous situations or
attempted to consume unsafe items. Observed uses included interrupting perching on a
stump near to the ground, landing on dangerous cacti, and landing on powerlines.

The “get off” cue was utilized to direct the birds to safely utilize perching in trees and
shrubs. Members from all 3 flocks were not permitted to rest in dense tree cover or other
locations where the birds could not see approaching predators. Inexperienced birds would
initially perch close to the trunk of a tree and would be discouraged from doing so using
the “get off” cue. Using the “get off” cue led to permanent behavior of perching on outer
branches where emergency takeoffs were unobstructed by dense branches.

2.6.7. Human Alarm Call

The human alarm vocalizations initially developed in level 1 were utilized in subse-
quent levels. By increasing alertness in the flock, the trainer selectively sensitized the birds
to dangerous situations. The level of volume and harshness of tone were commiserated
with the danger. Birds were alerted to be wary at the approach of harassing wildlife. Bird
wariness was increased selectively, such as for a dangerous hawk’s silhouette flying far
away. However, bird wariness was intentionally not increased for a harmless vulture
silhouette at the same distance, building recognition of predators before close encounters.

2.6.8. Flying in a Group

Birds from the same cohort were permitted to fly together when each individual
showed competence in recalling from trees or shrubs and when there was a break in the
line of sight to the trainer. Birds were flown as individuals or in subgroups of the full flock
to focus on skill development in specific members.

Birds from all flocks tended to group in response to the approach of harassing wild
animals. When available, more experienced birds were added to level 2 birds in training
once the newly flying birds showed competency in recalling from trees and broken line of
sight. When flying with more experienced birds from outside the study, the Sun Parakeets
flock learned to respond to the alarm calls and escape flights of the macaws and cockatoos.
Sometimes, the Sun Parakeet flock would follow and perch next to the larger birds C.B.
brought out to go flying, apparently gaining information about how to use the landscape
from the more experienced flyers.

2.6.9. Feeding on Plants

Birds would almost always chew spontaneously on the nearest plant parts whenever
they landed in foliage. The “get off” cue was utilized to discourage landing on spiny plants
or chewing on undesirable plants.
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2.6.10. Situations Special to Level 2

Northern mockingbirds, (Mimus polyglottos), blue jays, (Cyanocitta cristata), grackles
(Quiscalus spp.), and various gulls (genus Larus) were observed to chase and threaten
the parrots. Interactions with aggressive, non-dangerous birds like these allowed the
free-flight flocks to practice grouping and responding to threats. The flocks spontaneously
grouped up and fled or stood their ground in response to harassment. For example, the Sun
Parakeet flock would occasionally group and chatter or chase harassing wildlife, beginning
the development of mobbing behavior.

Through repetition, the flocks learned what stimuli indicated real danger. Initial
inappropriate hypersensitivity to certain kinds of harmless events, such as a vulture high
and far away on the horizon, became appropriate after multiple repetitions. Eventually,
the birds learned to accept a distant vulture while still reacting to approaching raptors.

2.7. Level 3 through 5
2.7.1. Landscape Progression and Training Activities

Level 0 developed a bond between the trainer and birds and established many basic
flight skills within a contained space, while levels 1 and 2 focused on expanding early
skills to unconfined but open spaces. Basic outdoor flight skills, including beginner-level
navigation, flocking strengthened recall, and avoidance of harassing wildlife, were achieved
in levels 1 and 2. Increased 3-dimensional flying and brief loss of sight to the handler were
achieved in level 2. The next levels were incremental increases toward fully independent
function in the landscape. The environmental complexity increased from level 3 through 5
(Table 4), matching the trainer’s evaluation of behavior mastery. Level 4 conditions were
frequently similar to level 5, and only differed based on landscape access for the trainer.
The trainer’s ability to access a disoriented, injured, or struggling bird was an important
factor in choosing a level 4 versus 5 locations. At level 5, there was no ability for recovery
or rescue, emphasizing the need for fully independently functioning birds.

During level 3 through 5 training, the tools developed in earlier levels were utilized to
encourage more complex behavior. The human alarm call was used to sensitize birds to
new dangers in their environment without deleterious trial and error. The rally vehicle was
parked out in the open as much as was possible to keep the return point visible to the birds
in the increasingly hilly and forested terrain. Anchor birds were mainly utilized during the
initial visits to new sites. An anchor bird was carried on the trainer’s hand to encourage
other birds to follow while on a hike, teaching routes and moving birds to desired training
locations. Hand-carried anchor birds were also used to encourage reluctant birds to fly
down from a tree or cliff or enter an area with novel features. Birds were recalled while the
rally vehicle was in motion. The vehicle drove along access roads between sites, guiding
the small and large-bodied flocks to fly between sites.

Back-and-forth flying practice was utilized to encourage the birds to safely interact
with complex landscape features (Figure 2). A second trainer was often present to recall the
birds to a location where the birds were unlikely to fly alone. Examples included canyon
and cliff navigation, selection of safest crossing points over water or forested terrain, and
selection of cliff diving sites to develop skill in diving escape behaviors.
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Table 4. Level 3 through 5 environmental characteristics and mastery criteria for parrot free-flight training. The time for
new flocks to reach levels 4 and 5 was normally within 1 year and before 2 years of age. Not all birds reached level 5,
as intentionally flying the birds without the ability to retrieve or under immediate predator threat was not necessary for
developing skills.

Level 3 Environmental Features Mastery Criteria

• Substantial elevation variation.
• Open forest.
• Small ponds/small streams.
• Windy, light precipitation.
• Investigative pursuit by aerial predators.
• Retrieval by foot and off-road vehicle.

• All previous criteria.
• Exploration and learning of landscape, circling and

exploration patterns.
• Consistent routes between features, and preferred, safe,

perching areas.
• Habituation to weather and precipitation, respond by

appropriate sheltering instead of anxiety behaviors.
• Ability to fly during wind gusts.
• Some mobbing or intimidating behaviors toward

harassing wildlife.
• Complex aerial escape maneuvers.
• Recall after 2–3 min of loss of sight of the trainer.

Level 4 environmental features Mastery criteria

• Water basins or major streams.
• Windy, heavy precipitation.
• Chance of pursuit by a determined aerial predator.
• Retrieval is possible only by foot or specialty vehicle due

to limited vehicle access.

• All previous criteria.
• Fly up and down cliffs.
• Complex diving and escape maneuvers.
• Habituation to heavy precipitation.
• Strong flight negotiating wind gusts.
• Strong flock mobbing, escape, and predator

confusion behaviors.
• Recall readily after 5–10 min out of sight of the trainer.
• Intelligent disobedience, refuse cues if there are

hazards present.

Level 5 environmental features Mastery criteria

• Extreme elevation changes and landforms.
• Low visibility due to precipitation.
• Large bodies of water or swift-moving water.
• Immediate threat from determined predators.
• Retrieval not possible due to landscape or lack of

specialty vehicles.

• All previous criteria.
• Function completely independently between sporadic

recall cues.
• Safely negotiate immediate and serious predator threats.

2.7.2. Goals

Level 3 through 5 training developed familiarity and appropriate responses to a variety
of landforms, predators, local food plants, and weather conditions. Most bird activities
consisted of the birds experiencing and reacting to biotic and abiotic environmental factors
in the human selected environment, with guidance to move the birds through the landscape
where certain experiences in the environment was provided by the trainers. As the birds
functioned more independently, they were expected to engage in “intelligent disobedience,”
a concept most often encountered in service dog training [38]. The animal should be aware
enough of the environment to refuse a trainer’s cues that increase risk until the risk passes.

3. Results

A total of 37 parrots across 3 free-flight flocks logged a total of 501.2 flight months
during this study. Total combined mortality during outdoor flying was six birds or 16%.
The causes of outdoor flying mortality were human environmental hazards (pesticides
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n = 2, powerline n = 1, wind turbine n = 1) and weather associated with flying birds in cold
climates (n = 2). A total of 20 birds were retired either before or at the end of the study.

The large-bodied flock was flown over 13 years. The members of the large-bodied
flock logged 147.3 flight months total (18 ± 3.2 months per individual, n = 8 individuals).
The longest membership was 25.5 flight months over 9 years for a scarlet macaw, who was
retired, the shortest membership was 15.3 flight months over 7 years for a blue-throated
macaw, who was also retired (Table 5).

Table 5. Outcomes for three free-flight parrot flocks from 1997–2016 flown in the continental United States. Of 37 birds,
6 died due to abiotic hazards in the environment and 11 died due to husbandry-related issues. LB is large-bodied flock, SB
is small-bodied flock, S is Sun Parakeet flock. Flight months are defined as 30 twelve-hour days flying in wildland spaces.
Age level 1 is the age, in months, when a bird began flying outside. The level attained is the highest level on the free-flight
Biro system of 0–5 environmental complexity.

Species Flock
Age

Level 1
Start

Level 1
End

Training
Membership

Months
Flight

Months
Level

Attained
Fate

Blue & Yellow
Macaw LB 3 Apr-00 Apr-07 84 21 4 Wind turbine mortality

Scarlet Macaw LB 3 Oct-04 Mar-13 102 25.5 5 Retired
macaw hybrid LB 3 Jul-06 Mar-13 78 19.5 5 Retired
macaw hybrid LB 3 Jul-06 Jan-12 66 16.5 5 Aviary fight mortality
Blue-Throated

Macaw LB 3 Jul-06 Mar-13 66 16.5 5 Retired
Blue-Throated

Macaw LB 3 Dec-06 Mar-13 61 15.25 5 Retired
macaw hybrid LB 12 Oct-07 Mar-13 66 16.5 5 Retired
macaw hybrid LB 3 Oct-07 Mar-13 66 16.5 5 Retired

Mean ± SD 4.1 ± 3.0 18.4 ± 3.2 4.9

Patagonian
Parrot SB 3 Jun-97 Mar-13 154 38.5 5 Retired

Mitred Parakeet SB 3 Jun-97 Aug-06 99 24.75 4 Electrical line mortality
Mitred Parakeet SB 3 Jun-97 Aug-04 75 18.75 5 Pesticide mortality
Mitred Parakeet SB 3 Jun-98 Jul-07 87 21.75 4 Aviary fight mortality
Mitred Parakeet SB 3 Jun-98 Aug-04 63 15.75 4 Pesticide mortality

Sun Parakeet SB 3 Apr-99 Mar-07 94 23.5 4 Aviary fight mortality
Sun Parakeets SB 3 Nov-04 Mar-13 101 25.25 5 Retired
Sun Parakeets SB 3 Nov-04 Nov-06 24 6 4 Husbandry issue
Sun Parakeets SB 3 Nov-04 Nov-06 24 6 4 Husbandry issue
Sun Parakeets SB 3 Nov-04 Nov-06 24 6 4 Husbandry issue

Mitred Parakeet SB 4 Feb-08 Mar-13 61 15.25 5 Retired
Sun Parakeet SB 3 Mar-08 Mar-13 60 15 4 Retired
Sun Parakeet SB 3 Mar-08 Mar-13 60 15 4 Retired
Sun Parakeet SB 3 Mar-08 Mar-13 60 15 4 Retired
Sun Parakeet SB 3 Mar-08 Mar-13 60 15 4 Retired
Sun Parakeet SB 3 Mar-08 Aug-10 30 7.5 4 Natural death
Sun Parakeet SB 3 Mar-08 Feb-13 60 15 4 Weather mortality
Sun Parakeet SB 3 Mar-08 Feb-13 60 15 4 Weather mortality
Sun Parakeet SB 3 Mar-08 Mar-13 60 15 4 Husbandry issue
Sun Parakeet SB 3 Nov-08 Nov-08 0.1 0 0 Husbandry issue

Senegal Parrot SB 3 Mar-08 Mar-11 36 9 3 Husbandry issue
Sun Parakeet SB 3 Mar-10 Mar-13 36 9 4 Retired
Sun Parakeet SB 3 Mar-10 Mar-13 36 9 4 Retired

Senegal Parrot SB 5 Mar-10 Mar-13 34 8.5 5 Retired
Senegal Parrot SB 5 Mar-10 Mar-10 0.1 0 0 Husbandry issue

3.8 ± 0.57 15.2 ± 7.6 4.2

Sun Parakeet S 3 Jul-15 Jul-16 12 1.1 3 Retired
Sun Parakeet S 3 Jul-15 Jul-16 12 1.1 3 Retired
Sun Parakeet S 3 Jul-15 Jul-16 12 1.1 3 Retired
Sun Parakeet S 3 Jul-15 Jul-16 12 1.1 3 Retired

3.0 ± 0 1.1 ± 0 3.0

The small-bodied flock was flown over 16 years. The members of the small-bodied
flock logged 349.5 flight months total (15.2 ± 7.6 months per individual, n = 25 individuals).
The longest membership in the small-bodied flock was 38.5 flight months over a 16-year
span for a burrowing parrot, who was retired, and the shortest membership was 0 flight
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months for a Senegal parrot and Sun Parakeet that were not yet bonded to a human trainer,
escaped before starting outdoor training, and were subsequently unrecovered (Table 5).
These two birds’ zero values of outdoor training duration were omitted to calculate means
and standard deviations.

The Sun Parakeet flock was flown for 1 year, and the total flight months were 4.4
(1.1 ± 0 flight months per individual, n = 4 individuals). All birds from the Sun Parakeet
flock were retired after 1 year, with no early exits from the flock.

3.1. Predation and Husbandry-Related Mortality

No birds were killed by predators even though they flew in predator-rich environ-
ments. Predators seen at the Moab, Utah location included Accipiter hawks, Buteo hawks,
peregrine falcons (Falco peregrinus), golden eagles (Aquila chrysaetos), coyotes (Canis latrans),
fox species (genus Vulpes), and bobcats (Lynx rufus). The two long-term flocks, small-bodied
and large-bodied, were primarily flown in a hawk migration area. The largest observed
migration was a kettle of 197 hawks. The predators seen at the Dripping Springs, TX, USA
location included Buteo hawks, Accipiter hawks, feral domesticated cats, fox species, and
coyotes. Mortality was primarily due to husbandry issues (Table 5). Of the 37 birds studied,
11 died during captive management. These deaths occurred unrelated to outdoor training
and included dying naturally during sleep or accidental escape of a young bird before
any training began. The death during husbandry and training combined translates into a
mortality rate of about 45%.

To understand this mortality in terms of risk over time in outdoor environments,
the Mayfield method [33] was utilized. The calculation did not include the two fledged
chicks that escaped before the start of outdoor training. During birds’ first year of flight
months, there was 100% annualized daily survival probability during outdoor training.
During the first year, six birds were considered husbandry-related moralities, creating a
59% annualized daily survival probability related to handling and care. After the first year,
annualized survival probability during training decreased to 77%. Annualized post-first
year captivity and husbandry survival probability were 60%.

Flocking and Responses to Predator Threats

During level 0 training, hand-fed chicks flew as a group to be fed when formula was
presented, practicing the fundamentals of group flight. The birds also tended to follow one
another around the human home while expanding their activity area from the playpen.
Social play during flight consisted of chasing, following, and pouncing, such as landing by
grabbing the tail of a flockmate. During level 1, the groups became more cohesive, with
birds increasingly seeking to remain with the group. During level 2, defensive flocking was
developed through repeated interactions with harassing wild birds. Sometimes, flocking
coordination was developed from a single, prolonged set of interactions with a particularly
tenacious wild bird, such as a black vulture (Coragyps atratus), that followed the Sun
Parakeet flock for an hour. In other cases, interactions with multiple wild birds formed the
basis of a predator response. After each iteration or harassment, flocking behavior became
more cohesive, forming coordinated vigilance, escape, and mobbing behaviors as seen in
wild birds. A gull or a jay that might initially scatter the birds during early interactions
would face a coordinated, alarm calling group during subsequent interactions.

Once birds gained level 2 mastery, flocking behavior was highly developed and
consistent in all three flocks, with birds seldom leaving the line of sight of the group.
Coordinated alarm calling and escape developed at that time. Level 3 training developed
birds’ discrimination between non-dangerous wildlife and animals that posed a predation
threat. Early mobbing behaviors of agitated chatter and approach of predators by the
flock, observed in earlier levels, grew to be aggressive in rare circumstances, unrelenting
mobbing in level 4 conditions.

Interactions with predators were primarily with avian predators. It is estimated that
over 100 aerial predation attempts were observed across the 3 flocks, primarily hunting
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attempts by bird-hunting Buteo and Accipiter hawks. When a predator was observed, one
bird would typically alarm call and launch into flight, and its fellows would immediately
launch as well. All three flocks responded to predator observation with a pattern of
identification, alarm calling, launching, forming tight flying groups, predator avoidance,
effective perching for escape, and exhibiting wariness. All three flocks utilized loud,
continuous vocalizations in the presence of predators. If the birds were already airborne
when a predator was observed, an initial bird would alarm call and the birds would form
into a tighter group while already in the air.

The large and small-bodied flocks were observed, in some cases, mobbing predators
and strange animals that approached the flock. Mobbing was a spectrum of behavior,
ranging from tentatively approaching the target while the group alarm-called to the extreme
of chasing and biting. Typically, the flocks alarm-called and stood their ground, facing the
target as a group. C.W. observed one instance in the large-bodied flock and one instance in
the small-bodied flock where flock members aggressively chased a target. In one instance
of extended mobbing, the large-bodied flock drove a golden eagle that approached the
flock out of a valley and up over the cliff rim about 2km away for approximately 10 min
before breaking off pursuit. The small-bodied flock showed high aggression when they
chased a pet parrot of a species that was not a part of their flock that had been accidentally
let loose and flew into their midst. The flock surrounded the bird in the air, physically
pushed the offending bird to the ground, and forced it to land, where a trainer broke up
the skirmish.

3.2. Behavioral Outcomes

Behavioral outcomes are summarized in Figure 3. The two long-term flocks were
outdoors regularly for long durations. The large- and small-bodied flocks were most
regularly free-flown in the area around the home base, ranging up to 2 km normally.
The two flocks occasionally flew further away when at the home base, but excursions
were difficult to verify due to the lack of telemetry. The conditions at the Utah home
base ranged from level 2–4 based on predator presence and weather. The normal flying
day was approximately 12 h a day of flight time, varying depending on seasonal day
length. Outdoor flight time for the small- and large-bodied flocks involved periods of no
supervision, estimated to be up to 2 h, while trainers were in a nearby building. There
were almost always more experienced birds present at the home base when new juvenile
birds were let out to free-fly. Occasionally, birds would not recall at the end of the day and
would outdoors overnight, but the frequency of these overnights was not recorded.

The Sun Parakeet flock home base in Dripping Springs, TX, USA was adjacent to a
heavily forested area ranging from level 3 to 4, requiring the development of level 3 skills
before flying at the home base. Their free-flight sessions were up to 6 h a day. Experienced
free-flight trained birds from outside the Sun Parakeet flock were less often present at
the home base when the Sun Parakeet flock was free-flown due to the difficulty of casual
tracking of birds in among the dense trees.
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Figure 3. Survival behaviors in free-flight trained parrots. (A) Large-bodied flock coordinated
during an escape launch. (B) Blue-throat macaw and hybrid macaw evade a hawk. (C) Sun para-
keet foraging on ocotillo (Fouquieria splendens) flowers. (D) Hybrid macaw foraging on juniper
(Genus Juniperus) berries. (E) Scarlet and hybrid macaws forage alongside a wild turkey, Meleagris
gallopavo. (F) Multispecies flocking in response to a predator. (G) Large-bodied flock engaging in
long-distance navigation.

3.2.1. Landscape Navigation

No birds permanently left the home base site during training. Failed site fidelity was
seen only in two fledged birds that escaped from the small-bodied flock prior to the start
of formal outdoor training, a Sun Parakeet and a Senegal parrot, that had 0 h of outdoor
training (Table 5).

Physical fitness was developed early in training, starting at level 1. The birds in all
three flocks made extended flights as a form of social or individual play. Play flying was
indicated by nonaggressive aerial dogfighting and jinking. Aerial circling in response to
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novel situations or wildlife presence was common, with investigative flights greater than
10 min of length regularly observed.

The free-flight training occurred in multiple spatially disparate landscapes. Through
experience, the birds learned to navigate in novel landscapes. Once familiar with areas, the
birds spontaneously went to nearby locations which were visible from the air, apparently
recognizing landmarks and flying between them. The large- and small-bodied flock some-
times returned home or flew to the next location in known training routes spontaneously.
The large-bodied flock executed the longest spontaneous navigation recorded: The group
flew 11 km to return to the home base after training. The birds were also trained on routes
through repetition. Travel involved repeating the route of the rally vehicle or the foot route
of the trainer. Experienced birds would fly ahead of the trainer through a complex canyon
or drainage system, having learned how the group would travel through the area based
on earlier experiences. The large-bodied flock followed the rally vehicle for the longest
duration, more than 3 km.

Practice within the landscape focused on navigating cliffs, canyons, hills, trees, and
other landscape features at each level, emphasizing staying up high and enabling maximum
line of sight for the three flocks. Birds flew over and not through heavily treed areas when
navigating between locations, stayed above narrow canyons, and perched at the highest
point of landforms whenever possible. The only flock that did not go between identified
training locations spontaneously was the Sun Parakeet flock, as they were in a semirural
residential area where it was not possible to fly between areas without disturbing property
owners. Skill gains were an obvious progression. For example, macaws would dive off
a 4m bluff with a hiking trail at a level 3 location while a trainer above and below used
point-to-point flying to encourage diving. For level 4, those same macaws dove and rode
the air currents down a landscape-sized, steep cirque, where the trainer had less access and
ability to interact. At level 5, macaws fully and independently navigated major canyons
and were not accessible to the trainer.

3.2.2. Foraging on Wild Foods

All three flocks were observed feeding on local plants (Figure 3). In all three flocks,
all the birds routinely consumed the berries of junipers (Genus Juniperus), and specific
individuals occasionally ate maple (Acer ssp.) seeds. The birds of all flocks daily chewed
on leaf buds, seeds, any present fruits, and catkins of local plants.

The three parrot flocks were joined daily by other wild birds that foraged nearby on
the ground, in adjacent trees, or in the same tree as the parrots. The parrots and wild
birds appeared to form temporary foraging assemblages, where the parrots could receive
information and copy behaviors of the wild birds. At least one time, the large-bodied flock
was observed dropping to the ground to search for food in the grass with a single wild
turkey (Meleagris gallopavo) despite the flock’s training to stay off the ground (Figure 3).
The turkey and macaws foraged safely within this novel multispecies complex, and the
macaws’ non-wary behavior suggested that this event had previously occurred. When
wild birds, which were most often doves and songbirds, alarm-called or flushed, the parrot
flocks increased wariness or launched into flight, demonstrating learning of heterospecific
signals and behavioral cues.

4. Discussion

These hand-raised parrots trained with free-flight methods successfully developed
skills in flocking, predator evasion, navigation of complex landscapes, and wild food use.
These successes align well with the key goals of parrot prerelease training [4,6] and show
that our methodology can avoid skill deficiency and aberrant behavior associated with
many hand-raised parrots [2,7,26]. Whereas the level of human effort for free-flight training
is high, it is comparable to other intensive bird management schemes utilizing hand-rearing,
wild nest management, cross-fostering, and intensive soft release [12,39–42]. As a result,
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we feel that this free-flight method of human-guided learning has great potential for use in
conservation releases.

4.1. Flocking, Predation, and Mortality

Captive-bred parrots commonly lack vital survival skills, such as being able to form a
cohesive flock, and are often considered unsuitable for release due to lack of antipredator
behaviors [2,7]. As a result, predation is a major cause of failure in parrot releases. A review
of 100 releases for 10 species showed that high predator presence was the main predictor
of release program failure, and that predator training was a predictor of post-release
survival [4]. Fortunately, all birds in our study demonstrated appropriate antipredator
behaviors, including identification of predators, flocking, increased vigilance, mobbing,
and evasive landscape use. As a result, there were zero predation events in the studied
flocks despite multiple observed interactions with predators. This contrasts with projects
that have shown major losses of released birds and failure to establish a second generation
due to predation [2,5]. Current antipredator training techniques teach release candidates
to associate a predator with a fear state. For example, training used with Puerto Rican
Amazons includes the following steps: (1) A silhouette of a hawk is passed over the cage
while playing a hawk call, (2) a captive hawk attacks the aviary, and (3) a captive hawk
attacks an armored Hispaniola parrot (Amazona ventralis) in full sight of the caged birds [12].
Whereas White et al. utilized a captive raptor, this free-flight training utilized naturally
occurring encounters with non-dangerous harassing birds present in the environment to
build early individual and group skills, then utilized increasingly dangerous predator
interactions in the field to train aversion to specific species. Although both techniques
increase wariness and vigilance, only free-flight training improves coordinated group
responses to predators including flocking, evasive maneuvers, and mobbing. As a result,
the use of free-flight training may help further reduce predation rates in hand-raised and
released Psittacines.

4.2. Landscape Use

None of our birds permanently left the home base area or got lost in the landscape
during this study. This stands in stark contrast to soft-release projects with a variety of
macaws and parrot species where birds permanently left the release area, reducing the
success of the projects [2,6,7,43,44]. The panic flights that have caused problems for these
other reintroduction projects only occurred during our level 1 flying, which was always
conducted in areas with few places to perch where it was relatively easy to recover the
bird once it flew until exhaustion. Our success in preventing flyoffs was likely due to
the gradual way that our training introduced birds to navigation in the landscape and
our use of the anchor bird during the early stages of free-flying. Our use of anchor birds
resembles the widely adopted practice of using caged conspecifics as an attractant to help
keep released Psittacines near the release site [9,10,14,45].

During our study, we trained the two long-term flocks to navigate among major
landmarks and find high-quality patches in a semi-arid and marginal landscape in Utah.
The birds flown near springs and streams with fruiting trees and shrubs knew how to
travel among high-quality patches. This skill is likely beneficial during conservation release
projects, as multiple studies have shown that released Amazon parrots that ranged farther
had higher survival rates presumably because they could exploit resources over a wider
geographic area [10,11]. In addition, many native populations of large parrots move across
hundreds of kilometers, ostensibly tracking food resources [26,45–47], and this may be key
to long-term survival. To date, no parrot reintroduction projects have reported methods
to train individuals to navigate to distant points in the landscape. Long-distance training
may have benefits, where trainers fill a role typically provided by conspecifics. Random
exploration by newly released blue-and-yellow macaws without an established flock were
associated with higher mortality than newly released macaws following an established
flock’s pattern of landscape use [44]. Our results suggest that free-flight training may be
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useful in simultaneously reducing unwanted abandonment of the release area and teaching
birds how to navigate among food sources, habitat patches, and other distant resources in
the landscape.

4.3. Foraging

Teaching birds to forage on their own was not a focus of our free-flight training.
However, through their natural habit of chewing plants they encountered, the parrot
flocks all learned to consume wild foods. One of the unique aspects of this free-flight
method is that interactions with naturally occurring native wild birds occurred during
flying and foraging. These interactions appear to have led to the unintended benefit of
learning to forage with a mix of wild species. Members of all three free-flight flocks foraged
alongside other native species. These types of mixed-species foraging groups likely have
multiple benefits as multispecies bird flocks are more likely to successfully utilize novel
food sources [48]. Multispecies flocking might help naïve released birds utilize food sources
and is an area in need of further study. In addition, all three flocks increased wariness
and scanning in response to alarm calls or flushing of other birds. Eavesdropping on
the signals of other animals, even when not participating in a multispecies flock, can
also confer survival benefits as information transfer among different taxa likely improves
predator avoidance [49,50]. As a result, free-flight training that includes interaction with
native species can produce birds that can both forage more effectively and benefit from
interactions with native species.

4.4. Human-Guided Learning

Our ability to recall birds allowed us to move them in and out of captivity and move
them among training sites with different sets of resources, risks, and physical features.
However, the use of recall in conservation releases of parrots is not unique. Release
methodologies used with echo parakeets (Psittacula eques) included a recall cue to bring
birds to a home aviary, where supplemental food was provided [8]. These parakeets
were then given increasing exposure to the environment around the release site, through
longer and longer outdoor periods between recall, until they were free-living. In our
free-flight training, using complete recall back to cages provided us with the ability to
transport our birds to new locations and expose them to sequentially more complex and
dangerous sites and ecosystems throughout the training process. In this way, we shaped
the flocks’ landscape use through human knowledge and intent. Effectively, the human
trainer determined the landscape usage patterns the birds normally learn from their parents
and other conspecifics.

The flexible, “plastic” development of young parrots is not spontaneous, as behav-
iors develop from extended environmental and social interaction [26,51,52]. This plastic
developmental process allows parrots to adapt to widely varying circumstances.

Naturalized populations of parrots can adapt to environments strikingly dissimilar
to their ancestral range, such as Amazona parrots in Germany [53] and other locations
throughout the world [54]. In the wild, behavioral flexibility allows wild parrots to adapt to
human-altered environments [52,55] and transmit behavior socially among individuals [26].
When carefully planned, hand-rearing has the potential to magnify the ability of a parrot to
adapt to its environment. When animals are raised by human caregivers, their behavioral
repertoire may increase through the introduction to novel food types, foraging behaviors,
and habitats unused by their ancestors [56]. Using the free-flight technique presented here,
trainers should be able to customize the birds’ landscape knowledge to the exact locations
and resources that the trainers want them to exploit, even if those resources are quite distant.
This should allow researchers to customize birds for specific release areas by imparting
knowledge of the landscape that is not a part of traditional soft-release techniques.

The long-term effects of hand-rearing parrots for release are not well understood.
Captive breeding programs regularly utilize hand-rearing with successful reproduction
by hand-reared birds [57], suggesting sexual imprinting is not a major problem in this
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clade. Concerns about human-socialized animals being easily poached or engaging in
human-wildlife conflict could be reduced if human-socialized birds were recalled after
functioning as a core flock for the release of non-socialized birds. It is not yet known if the
natural dispersal phase when subadult birds leave their family group would disrupt the
parrot-human bond.

4.5. Potential Use of Free-Flight Training in Conservation

The 0 to 5 level system presented here is a useful way to compare animal survival
skills to the complexity and dangers of potential release sites, even when the skill-building
and learning processes are different among projects. For example, using the level system to
analyze the classic thick-billed parrot releases in Arizona [2], the birds for release lacked
coordinated flocking responses, which are required for mastery of a level 2 environment
in the free-flight methodology we present here. By comparison, the environment and
predator presence suggest that the Arizona release site was appropriate only for birds
that had mastered skills equivalent to level 4 or 5 training. From such an analysis, the
thick-billed parrots would not have been considered ready for release at this site, and plans
for additional training or an alternative release site could have been considered.

In some instances, getting the first released parrots established at sites without con-
specifics can be challenging, especially in areas with high predation rates [2,5,6,44]. We
propose that, using the techniques we outline here, projects should be able to create pioneer
flocks of birds that can (1) be recalled to captivity as needed, (2) have highly advanced
flocking and predator avoidance skills, (3) safely forage on a wide diversity of natural
foodstuffs, (4) utilize other native bird species as information sources and foraging partners,
and (5) navigate safely and effectively among resource patches in the landscape surround-
ing the release area. Though, unlike a permanent pioneer flock, these birds would form
a kernel for new additions but would not be intended to remain in the wild. Once the
kernel flock is established, additional young birds could be raised with minimal human
socialization and be released shortly after fledging into this pioneer flock using techniques
similar to traditional soft-release methods. This mixture of human-socialized and non-
human-socialized birds could then remain together in the wild for months without being
recalled until the non-human-socialized birds have learned the core survival skills and
landscape navigation. This overlap period could be similar to the amount of time wild
parrot chicks stay with their parents post-fledging. Once this overlap period is complete,
the human socialized birds could be recalled and removed from the environment, leaving
only a core flock of non-human-socialized birds. After recall, this trained flock could then
be used to establish new flocks in other areas or to help raise additional release candidates.
In this way, parrot free-flight training could help jumpstart parrot reintroduction efforts
similar to the ways that falconry has revolutionized raptor reintroduction science.
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Abstract: Parrots have been transported and traded by humans for at least the last 2000 years
and this trade continues unabated today. This transport of species has involved the majority of
recognized parrot species (300+ of 382 species). Inevitably, some alien species either escape captivity
or are released and may establish breeding populations in the novel area. With respect to parrots,
established but alien populations are becoming common in many parts of the world. In this review,
we attempt to estimate the total number of parrot species introduced into the wild in non-native
areas and assess how many of these have self-sustaining breeding populations. Based the public
databases GAVIA, eBird, and iNaturalist, 166 species of Psittaciformes have been introduced (seen
in the wild) into 120 countries or territories outside of the native range. Of these, 60 species are
naturalized, and an additional 11 species are breeding in at least one country outside of their native
range (86 countries or territories total). The Rose-ringed Parakeet (Psittacula krameri) and Monk
Parakeet (Myiopsitta monachus) are the most widely distributed and successful of the introduced
parrots, being naturalized in 47 and 26 countries or territories, respectively. Far and away, the United
States and its territories support the greatest number of naturalized parrots, with 28 different species
found in either the continental US, or Hawaii or Puerto Rico. Naturalized species as well as urbanized
native species of parrots are likely to continue increasing in numbers and geographical range, and
detailed studies are needed to both confirm species richness in each area as well mitigate potential
ecological impacts and conflicts with humans.

Keywords: naturalized parrots; introduced species; invasive species; world parrot trade;
invasion biology

1. Introduction

Parrots have been transported and traded by humans for at least the last 2000 years
and this trade continues today [1]. Cardador et al. [2] summarized trade data available
through the Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES [3]) and documented that during the 20-year period 1975 to 2015, more than
19 million individual parrots of 336 species were legally traded among countries. This
involved an average of more than half a million birds each year, with the parrot trade
representing approximately 25% of all legal bird trade [2].

Inevitably, some individuals of introduced alien species either escape captivity and/or
are accidentally or purposefully released and may begin breeding in the wild in the
novel area [4,5]. Parrots are no exception and released or escaped parrots are often quite
successful at surviving in the wild in new areas. Over time, if a successful breeding
population is established, the species would be considered naturalized in that area. In
some cases, the new populations can expand rapidly and grow exponentially in size [6–10].
If the species extends its naturalized range and establishes additional populations, it may
become invasive.

Naturalized and invasive species are increasing worldwide, and parrots represent
an increasingly large proportion of the naturalized bird species [11,12]. Although the
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invasive nature of established foreign parrot species is debated [13–15], naturalized parrot
populations are increasing in distribution and size. Additionally, their interactions with
humans are also increasing and becoming more complex and involve both positive and
negative aspects [16–20]. This interaction with humans also includes control of some
populations. In many cities around the world two common introduced parrots, the Rose-
ringed Parakeet (Psittacula krameri) and Monk Parakeet (Myiopsitta monachus) are being
controlled due to real or perceived problems with human activity. This is also true for some
species in their native distribution [21].

The wildlife trade that ultimately gives rise to naturalized populations of parrots can
also directly and negatively impact populations of species in their native ranges [22]. In
many cases, this trade is causing species to be endangered in their native area, while at the
same time inadvertently creating the possible situation where a population may establish
itself in a novel and foreign area. In addition, the established populations can have impacts
on local and native species [13]. It seems critical, therefore, to know exactly how many
parrot species have established breeding populations in novel areas outside of their natural
distribution. Such information is critical for monitoring introduced populations, informing
management priorities, and understanding how introduced population may relate to the
conservation of endangered populations in the native range of species [20]. That is the
purpose of this review. We summarize multiple databases and attempt to arrive at an
estimate for the number of parrot species both introduced and naturalized in the world.
Our effort includes providing a database combining information from separate sources for
use by other researchers.

Efforts to estimate the number of naturalized parrots have been made for almost
two decades, and a comparison of the results highlights that the number and distribution
of naturalized parrots is increasing. In one of the first efforts at counting naturalized
parrots, Lever [23]; see also [24] reported that 34 species of parrots established naturalized
populations. Two years later, Runde et al. [25] reported that there were 39 naturalized parrot
species. Subsequently, Menchetti and Mori [13] reported about 60 parrot species were
breeding outside their native distribution, and Avery and Shiels [26] reported 54 species
have been introduced into foreign areas and 38 of these have become established. Most
recently, Royle and Donner [24] examined records in the Global Avian Invasion Atlas
(GAVIA) database [27] from 1993–2012 and documented records of 129 species of parrots
observed in 106 countries. From these records, Royle and Donner concluded that there
were at least 47 species of parrots in 21 genera that are naturalized in at least one country
outside their native range. Lastly, a recent estimate of the geographical range of naturalized
parrots is that of Mori and Menchetti [15] in which they conclude that species are found in
47 countries and all continents except Antarctica [28–30]. The variation in recent estimates
is due in part to the sources of the information reviewed, and the time frame considered.
Although our study is also subject to the same limitations, our review represents the first
attempt to estimate the number of naturalized species based on a combination of the
available data sets that have previously been analyzed separately. Additionally, for the
United States, we compare the data from the public data sets with detailed reviews and
field observations to examine the consistency and accuracy in the public data sets.

2. Methods

Our examination of world parrot species follows the taxonomy of the International
Ornithological Congress (IOC) [31]. According to that taxonomy, there are 399 recognized
species of parrots, including 17 taxa now extinct, and 382 extant species.

2.1. Terminology

There are many terms now used in the literature on introduced and naturalized alien
species [32]. We use the terminology of Blackburn et al. [33,34] and Richardson et al. [32]
as follows: (a) introduced species–a non-native/alien species that has been transported
outside of its native range by human means and for which individuals have been observed
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in the wild in the new and novel area; (b) Breeding-non-native/alien species for which
there is evidence of breeding in the wild; (c) Naturalized-non-native/alien species that has
established a self-sustaining population; (d) Invasive–non-native/alien species that has
established a self-sustaining populations at multiple sites across a range of habitats.

2.2. Databases

We were focused on identifying populations of species of Psittaciformes that occur
in areas outside of their natural ranges. Thus, records of sub-species were subsumed
under their corresponding species. To assess the status of each species, we summarized all
records in the Global Avian Invasions Atlas (GAVIA) database [27]. GAVIA is a spatial and
temporal database that summarizes published literature on naturalized birds and classifies
the occurrence of species into various categories based on published findings. The GAVIA
database consists of 27,723 records of observations and/or data on alien birds, representing
971 species and spanning the period 6000 BCE–2014 CE. Each record details an introduced
species’ status within a country, as referenced by a particular publication. For our analysis,
the GAVIA dataset was filtered to only include records of Psittaciformes. Furthermore,
76 records of introductions (corresponding to 22 species) for conservation purposes or
reintroductions back into a species’ native range (known or presumed) were excluded.
The final GAVIA dataset we examined consisted of 3422 records of 127 species introduced
into 109 different countries and administrative regions. Of these 127 species, 96 were also
present in the eBird database (see below), whereas 31 were unique to the GAVIA database.

In the GAVIA database, the status of species is classified into one of six categories:
Breeding = a species that is known to be breeding or to have bred in the area of introduc-
tion, but for which the population is not self-sustaining; Established = a species that has
formed self-sustaining populations in the area of introduction; Unsuccessful = an intro-
duced species that has been seen in the wild but has not been able to establish a breeding
population; Died Out = a species that was once established in the area of introduction, but
has become extinct (by non-human means); Extirpated = a species that was once established
in an area, but has subsequently been exterminated by humans; and lastly Unknown = a
species that is observed in the wild in the area of introduction but whose status is unknown
relative to the other categories [27].

We sorted these records by species and country and collapsed the six categories to
four: Introduced (Unsuccessful or Unknown status in GAVIA), Breeding, Naturalized
(Established status in GAVIA), and Historic (Extirpated or Died Out status in GAVIA).

We complimented the above data from GAVIA with citizen science records from
eBird [35] and the Alien Parrots Observatory project in iNaturalist [36]. These are spatial
and temporal databases of species’ observations as reported by citizen scientists. All eBird
records (whether from checklists or individual observations) between 1960–2017 were
downloaded and filtered to include only extant species of Psittaciformes (N = 2,342,926).
We then mapped these observations onto a high-resolution world map (from the R pack-
ages rworldmaps and rworldxtra [37–39]) to identify the country/territory where the
observation was made. Observations of a given species were excluded if they were made
within that species’ native range, as based on distribution maps available from BirdLife
International [40]. Furthermore, observations within 250 km of the native range were also
excluded under the assumption that these observations likely represent extralimital sight-
ings rather than observations of introduced birds. If there were at least three observations
of individuals that occurred on different days and were more than 250 km outside of their
native range, we considered those observations to represent an introduced population.

The final data set of eBird observations comprised 215,699 records of 135 species.
Observations in iNaturalist were handled similarly to those from eBird, and the resulting
data comprised 12,760 observations of 34 species from 1960–2017. All 34 species present in
the iNaturalist data set were also in the eBird database.

Although the records from GAVIA provide information on the status of introduced
parrots (breeding, etc.) the records from eBird and iNaturalist generally do not, at least
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in terms of the occurrence data that we summarized. In our data set (Tables S1–S3), we
scored a species as ‘Observed’ if the records came from eBird or iNaturalist. The category
Observed is thus the same as Introduced (from GAVIA) but these are listed separately in
the database to indicate where those data came from. In cases where the GAVIA database
indicated a status of ‘Historic’ for a species, but there were also records in eBird and
iNaturalist, the status was listed as ‘Historic/Observed’.

Lastly, using the eBird and iNaturalist records, we determined each species’ area of
occupancy (AOO) using the R package redlistr [41] to quantify the area (in km2) occupied
by each species outside its native distribution. The AOO analysis examines a species
distribution based on 2 × 2 km grids, and the total AOO for a given species is the sum of the
area for the total number of grids in which that species has been recorded outside is native
distribution subject to the criteria listed above (three observations at least 250 km distant).
For the six species of introduced parrots with the largest values for AOO, we also map
their worldwide distribution, using the R packages rworldmaps and rworldxtra [37–39].

For both the identification of introduced populations and the mapping of sightings
for calculation of the AOO, consistent nomenclature between the various databases is
critical. Although we used the IOC checklist [31], we also compared that taxonomy with
that of the BirdLife/Handbook of Birds of the World checklist [42] to identify cases where
taxonomic changes have been proposed. We identified 21 cases/taxa where the taxonomy
has changed (Table S4) and that would impact our examination of introduced populations.
First, as regards the GAVIA database and the identification of naturalized species, the
newly recognized species are not present as distinct taxa in the GAVIA database. Thus,
the GAVIA records could conceivably refer to naturalized populations of any one of the
species listed in association with a particular species in the original taxonomy. This possible
error is unavoidable until new research is done on these newly designated taxa. Similarly,
there are no labeled sightings of the newly recognized species identified in either eBird or
iNaturalist. When calculating the AOO for introduced species, we could only make the
calculations for the species taxa listed in the ‘original’ taxonomy in Table S4. To calculate
the AOO for each such species, we filtered out sightings within the distribution of the
newly recognized taxa, as such observations would have artificially increased the AOO of
the taxa under consideration.

Separate from examining the records in the above databases, we examine in detail
the parrot species present in the United Sates. Several recent, and in-depth analyses
and reviews of introduced parrots in the United States and its territories [43–46], permit
comparisons between various data sets.

2.3. Political Designations

The GAVIA database, and records on eBird and iNaturalist, are only as geographically
widespread as the publications or actual observations themselves. Thus, there are not
records or observations for every country or geographical area. In our summary, we desig-
nated the country of observation as that location on the observation or reference publication.

Many countries administer political territories. When there were data on introduced
parrots in territories, these data were summarized for the specific territory as separate from
the country itself (Tables S1–S3). For example, Puerto Rico and US Virgin Islands are listed
separately from the United States.

3. Results

Based on the GAVIA, eBird, and iNaturalist databases (hereafter referred to as the
combined database), there are records of 166 species of Psittaciformes having been intro-
duced (seen in the wild) in 120 countries or territories outside of the native range (Figure 1;
Tables S1 and S2). These species comprise 43% (166 of 382) of all known species of Psittaci-
formes and approximately half (49.4%, 166 of 336) of the species of parrots identified in
the international parrot trade [2]. Of these 166 species, 60 species have been recorded or
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are now known to be naturalized and an additional 11 species are breeding in at least one
country outside of their native range, being present in a total 86 countries or territories.

Figure 1. The distribution of naturalized and breeding species of parrots (Psittaciformes), according to the GAVIA (Dyer
et al., 2017) dataset. The map depicts how many species of introduced Psittaciformes are naturalized or breeding per country.
See text for definitions.

For the 71 species either breeding or naturalized, the mean number of countries (or
territories) in which these species occur is 3.8 with a wide range of 1–51 (Figure 2). Almost
half (30) of these species are recorded as either breeding or having a naturalized popula-
tion in just one country. The six most widely distributed naturalized parrots, in terms of
countries occupied are: Rose-ringed Parakeet, naturalized in 47 countries or territories;
Monk Parakeet, naturalized in 26 countries or territories; Budgerigar (Melopsittacus undu-
latus), naturalized in 12 countries or territories; Alexandrine Parakeet (Psittacula eupatria)
naturalized in 12 countries or territories; Brown-throated Parakeet (Eupsittula pertinax),
naturalized in eight countries or territories; and Grey-headed Lovebird (Agapornis canus),
naturalized in six countries or territories (Table S1).

Countries vary enormously in size, and the area of occupancy (AOO) is a more
objective measure of the geographical distribution of introduced populations than num-
ber of countries occupied. For introduced parrots (species observed in the wild outside
their native range), the AOO varied widely. The mean AOO was 714.3 km2 (n = 135;
range = 4–21,944 km2; SD = 2595.7; Figure 3). Above, the six most widely distributed
parrots are listed in terms of countries occupied. This list changes when considering
AOO. The six species with the largest AOO of introduced populations are: Monk Para-
keet (21,944 km2), Rose-ringed Parakeet (18,812 km2), Eastern Rosella (Platycercus eximus,
5976 km2), Nanday Parakeet (Aratinga nenday, 4840 km2), Red-crowned Amazon (Ama-
zona viridigenalis, 3376 km2) and Budgerigar (3172 km2). Only the Monk Parakeet and
Rose-ringed Parakeets overlap in these two ranked lists. Figures S1–S6 illustrate the global
distributions of the sightings of these six species outside their native ranges.
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Figure 2. The frequency distribution of introduced and naturalized or breeding species of parrots
(Psittaciformes) across countries.

Figure 3. The frequency distribution of introduced and naturalized or breeding species of parrots
(Psittaciformes) by their AOO (Area of Occupancy). The AOO only refers to introduced populations.

Despite the difference between countries as an indicator of geographical spread and
AOO, there was a significant correlation between the number of countries a species was
introduced in and the AOO (Figure 4; Spearman Rs = 0.732, p < 0.001).
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Figure 4. Relationship between area of occupancy and the number of countries that introduced
parrots have been seen in the wild or are naturalized or breeding.

In terms of countries supporting naturalized parrots, and based on the combined
database, the six countries or territories with the largest number of naturalized or breed-
ing species are: United States (40 species), Australia, Spain, and Puerto Rico each with
14 species, Taiwan (9 species), and Singapore (8 species). This order is different if we
consider records for all introduced species combined. That list is: United States (87 species),
Brazil and Spain with 52 species, Australia and Puerto Rico with 35 species, and Mexico
(20 species) (Table S1).

The records for Australia of 13 naturalized species (Table S1) illustrate the complexity
of the parrot trade and the current distribution of introduced species. Currently in Australia,
there is only one introduced species likely to be naturalized at present, the Rose-ringed
Parakeet [47]. The other naturalized species in Australia isted in Table S1 are native to
Australia but introduced in areas outside of their native range on the continent [47]. Thus,
these species fall within the definition of transported, introduced, and naturalized used by
authors, but the species’ novel distributions are still within their native country Australia.

For the continental United States, there are records of 85 species of parrots introduced,
breeding, or naturalized (Tables S1 and S2). At least two of these records are suspected to be
in error or are inaccurate (that of Kuhl’s Lorikeet Vini kuhlii and Kakapo Strigops habroptila),
leaving 83 species. In comparison, the work by Uehling et al. [43,44], focusing on the
continental United States during the 15-year period from 2002–2016, documented records
of 56 species of parrots either introduced or naturalized. These two lists (the combined
database (Table S1) and Uehling et al. [44,45]) overlap considerably when only considering
naturalized species, but less so when considering all species. Thus, of the 25 naturalized
species listed in [44], all but three are listed as naturalized or breeding in the combined
database. Similarly, of the 22 species listed as naturalized in the combined database,
16 species are also listed as naturalized by Uehling et al. [44]. There is even greater overlap
for the data in Hawaii and Puerto Rico. Of the five species of parrots listed by VanderWerf
and Kalodimos [46] as naturalized in Hawaii, each of those species is listed as naturalized in
the combined database (Table S3). For Puerto Rico, of the 12 naturalized species identified
by Falcón and Tremblay [43], all of these species are listed as either introduced, breeding,
or naturalized in the combined database (Table S3). Despite this considerable overlap when
considering currently known naturalized species, the combined database (Table S1) also
contains records of many species that have not been recently confirmed or verified. Thus,
for the continental US, the combined database contains records of 28 introduced and eight
breeding or naturalized species not confirmed by Uehling et al. [44,45].

Combining the lists of the recent studies [43–46], 28 species of Psittaciformes are natu-
ralized in either the continental US, Hawaii, or Puerto Rico, and an additional 15 species
are breeding there (43 species total). If we ask the same question of the combined database,
there are records of 26 species as naturalized in either the continental US, Hawaii, or Puerto
Rico, and an additional 14 species are breeding there (40 species total).
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4. Discussion

Parrots are one of the most endangered groups of birds in the world, and in part
this is because of the global trade driven primarily by the pet trade. As a result of this
international trade, parrots as introduced and naturalized species are also among the most
widely distributed groups of birds in the world, although much of this distribution is in
novel areas outside of species’ native ranges. It was our goal in this review to attempt to
estimate the number of naturalized species of parrots in the world. This effort updates
past estimates [13,23,25,26] and provides a combined database of parrot specific records
from GAVIA, eBird, and iNaturalist available for use by other researchers. While previous
efforts have utilized separate data sets, by combining data sets our goal was to a reliable,
current estimate for introduced parrots around the world.

Of the 382 extant species of Psittaciformes, the majority of these (336) have been
transported around the world through the global pet trade [2]. Our review indicates that
almost half of these species (49.4%, 166 of 336) have escaped captivity or been released
in novel areas and observed in the wild in no less than 120 countries or territories. Not
surprisingly, introduction in a new area does not guarantee establishment success, but
nevertheless at least 71 species are known to have established breeding or naturalized
populations in 86 different countries or territories. Considering past estimates of the
number of naturalized species [13,23,25,26] it is obvious that the number of naturalized
parrots has increased over time. Part of this increase is related to a general increase in
parrot trade around the globe [2], although this trade has changed drastically in some areas
due to bans on trade that been imposed by the governments in some areas, e.g., the United
States and the European Union (2,4,11,45). Some of the increase in naturalized parrots
is likely also related to increased numbers of escapes or releases of individuals already
present in a locality as the result of past trade activity.

There are necessary qualifications to the data that we summarized as well as our
methods of analysis. Citizen science data are increasingly used to examine distributional
patterns of species worldwide including introduced parrots [24,43,48–50]. Nevertheless,
issues concerning species identification and spatial and temporal biases in sampling must
be considered in analysis and interpretation [49–52]. Our combined database (Table S1) is
subject to these considerations, and our conclusions about the numbers of introduced and
naturalized species should be viewed as our best attempt to conservatively review the data
available in public databases.

The GAVIA database is an important resource as a starting point, but given that it
is not being updated with respect to changes in taxonomy and current research on the
distribution and status of individual species, the importance of this database will likely
decrease over time. It is also the case for many species, the status as based on publications
listed in the GAVIA database needs confirmation from more recent sources. Similarly, our
use of a 250 km distance as a filter for observations from eBird affects our conclusion about
the number of introduced species. Without such a filter, every extralimital observation
of a species would have been included but, in our opinion, would not have improved
our understanding of the number or distribution of naturalized parrots. If a transported
species establishes a new population on a new island or in a far-distant country, it is clearly
a novel naturalized population. However, if an extralimital population establishes itself
close to the native population, it is simply a matter of judgement or semantics whether
that population is considered naturalized or just an example of a range expansion. This
is particularly true in some countries, e.g., Australia, where the majority of naturalized
parrot species are also species native to Australia. It is also the case that for some poorly
studied species, the actual native distribution may not be fully known. In these cases,
observations listed in eBird and iNaturalized that meet our distance criteria of 250 km may,
in fact, simply be observations of birds in the native range but misclassified as representing
introduced populations.

For any geographical area, combining citizen science records with detailed field
observations by knowledgeable researchers will ultimately yield the most accurate and
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reliable records for distribution of introduced parrots, as exemplified by [46]. We hope that
by providing the combined database (Table S1) other researchers can use these data as the
starting point for such field observations. Our comparison of the combined database with
recent publications on parrots in the United States illustrates one method of checking for
consistency and accuracy. This comparison showed general but not exact agreement for
species either breeding or naturalized, but less so for all introduced species. Considerable
overlap was expected given that both Uehling et al. [44] and this study made use of
eBird data. However, Uehling et al. [44] reported species for which there was at least
one observation recorded in eBird, whereas we used a minimum of three observations.
Clearly, any conclusion we or other researchers reach is dependent on the exact data
set examined. Although not summarized specifically here, comparison of the combined
database with recent surveys of introduced parrots in England [53], Europe [54], Spain
and Portugal [55], and South Africa [56] also show general agreement with respect to
naturalized and breeding species.

Calculation of the area of occupancy (AOO) for introduced species allows for a more
objective analysis of a species’ spread than just comparing the number of countries a species
is recorded in. The number of countries a species has colonized as a naturalized species is
important, but we expect that any examination of life-history correlates of success would be
more likely to identify significant factors if such analyses focused on AOO. A comparison of
the data for the two most common introduced species, the Rose-ringed Parakeet and Monk
Parakeet, highlight the value of examining both measures of success. The Rose-ringed
Parakeet is now naturalized in 47 countries, whereas naturalized Monk Parakeets are found
in 26 countries. In contrast, the AOO of Monk Parakeets is ~15% larger than that of Rose-
ringed Parakeets (21,944 km2 compared to 18,812 km2; Table S1). One possible explanation
for this difference is that the Rose-ringed Parakeet is more widely traded worldwide in
the pet trade than is the Monk Parakeet, leading to Rose-rings establishing themselves in
more countries. In contrast, Monk Parakeets are highly adaptable and successful in areas
where they establish themselves [57], leading to population increases and range expansions
that would be observed through calculation of the AOO. We encourage consideration
of both the AOO and countries occupied in future studies of the spread and success of
introduced parrots.

Naturalized parrots are increasingly common in some areas and can present a host of
both positive and negative interactions with humans. As Kiacz and Brightsmith [20] review,
naturalized parrots offer timely and significant opportunities for conservation, research,
and human society. The potential negative impacts of naturalized parrots, thoroughly
reviewed by Mori and Menchetti [15] and Brightsmith and Kiacz [14] can be significant
in some situations, as with damage to electrical infrastructure by Monk Parakeets or
localized agriculture by some species. Nevertheless, overall, Brightsmith and Kiacz [14]
conclude that these impacts are minor and do not in general justify the widespread and
indiscriminate control of naturalized parrot species.

Given that populations of naturalized parrots are expanding, becoming urbanized in
many cities, and generally representing larger fractions of local avifaunas, a greater under-
standing of their population biology, behavior, and interactions with humans is needed.
We encourage regular local and regional surveys for species presence and abundance as
well as large scale reviews of global patterns. Accurate data on the species richness and
diversity of naturalized parrots will be critical for understanding the role of parrots as
introduced and possibly invasive species, conservation efforts of threatened or endangered
species, any management efforts when needed, and increasing the public knowledge and
understanding of this important group of birds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13090412/s1. Table S1: Status of all species of Psittaciformes identified in the GAVIA, eBird,
and iNaturalist databases as having been introduced (seen in the wild) in a country or territory outside
of their native range. Introduced = a non-native/alien species that has been transported outside of
its native range by human means and for which individuals have been observed in the wild in the
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new and novel area. Breeding = a non-native/alien species for which there is evidence of breeding
activity in the wild. Naturalized = non-native/alien species that has established a self-sustaining
population. Historic = a non-native/alien species that was previously recorded as breeding but
which was extirpated or it died out. Observed = a non-native/alien species that has been transported
outside of its native range by human means and for which individuals have been observed in the
wild in the new and novel area, according to observations in eBird and iNaturalist. This designation
is thus the same as ‘Introduced’, but we separate the terms to indicate which database the record
came from. All instances of ‘Introduced’ are from the GAVIA database. All instances of ‘Observed’
are from the eBird or iNaturalist database. Table S2: A summary of the numbers of species of
parrots (Psittaciformes) outside of their native range according to the GAVIA database, eBird and
iNaturalist. Here the category Introduced includes the category Observed from Table S1. See text
for definitions of each category. Note that the categories in this table are mutually exclusive. Thus,
species counted in the Naturalized column are not counted in the Breeding column. Table S3: Status
of parrots (Psittaciformes) in the USA recorded in the GAVIA, eBird, and iNaturalist databases (This
Study* in table) compared with those in recent and in-depth studies and reviews. Species arranged in
alphabetical order of scientific name. Table S4: Recent taxonomic changes [31,41] in parrots that were
considered when calculating the Area of Occupancy (AOO) of introduced populations. Figure S1:
Distribution of sightings of Monk Parakeets (Myiopsitta monachus) outside of their native range based
on records in eBird and iNaturalist. See text for explanation. Figure S2: Distribution of sightings of
Rose-ringed Parakeets (Psittacula krameri) outside of their native range based on records in eBird
and iNaturalist. See text for explanation. Figure S3: Distribution of sightings of Eastern Rosellas
(Platycercus eximus) outside of their native range based on records in eBird and iNaturalist. See text
for explanation. Figure S4: Distribution of sightings of Nanday Parakeets (Aratinga nenday) outside
of their native range based on records in eBird and iNaturalist. See text for explanation. Figure S5:
Distribution of sightings of Red-crowned Amazons (Amazona viridigenalis) outside of their native
range based on records in eBird and iNaturalist. See text for explanation. Figure S6: Distribution of
sightings of Budgerigar (Melopsittacus undulatus) outside of their native range based on records in
eBird and iNaturalist. See text for explanation.
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Abstract: Home-range size is a key aspect of space-use, and variation in home-range size and
structure may have profound consequences for the potential impact of damage and control strategies
for invasive species. However, knowledge on home-range structure of naturalized parrot species
is very limited. The aim of this study was to quantify patterns of home-range variation according
to sex and age of the monk parakeet Myiopsitta monachus, an invasive parakeet in Europe. Mean
kernel home-range size was 12.4 ± 1.22 ha (range 1.7–74.1 ha; N = 73 birds). Juveniles had a larger
home-range size than adults, but sexes did not differ in kernel home-range size. The mean maximum
distance moved by monk parakeets was 727 ± 37.0 m (range: 150–1581 m), and it was not dependent
on either the sex or age of the birds. Having a small home range is one of the conditions for the
feasible eradication of an invasive species; hence, the small home range of urban monk parakeets
that we report here is good news for pest managers. However, this small home-range size can limit
the effectiveness of culling operations with traps or feeders with contraceptives or poison, and other
alternatives, such as funnel nets or traps, should be used.

Keywords: Myiopsitta monachus; home range; sex; age; urbanization; invasive alien species

1. Introduction

Animal movement and space-use is a key topic in ecology [1]. Early work mostly
focused on describing movement patterns and their links with external factors (e.g., the
environment), neglecting the individual causal drivers of this movement [2–4]. More
recently, research effort has focused primarily on understanding the reasons for consistent
intraspecific variation among individuals, investigating how morphological, behavioral,
sexual, or age variation affect movement patterns [5–7].

Knowledge on the reasons and pattern of individual movements is especially im-
portant in the management of pests, to ensure that pest control actions are undertaken
at a scale relevant to the species. Knowledge on home-range size and use is critical, for
instance, to determine number and density of traps, their placement, and timing of trapping
operations [8–11]. The same scale problem is applicable to other control methods, such
as contraceptives or poison baiting [12,13]. Simulation models to manage the population
dynamics and spread of pest species also need estimates of home-range parameters [13,14].
Sex and age are two main individual causal drivers of variation in home range [7], and
because of that, any pest control plan has to scale actions having taken into account these
two key variables [14].

Psittaciformes (parrots) is one of the most endangered bird orders in the world [15], and,
at the same time, this group also contains some of the most invasive and damaging alien
species [16,17]. However, knowledge on movement patterns of parrot species, including
invasive ones, is very limited. Current available information is based on the study of
a few species and provides data on just a few radio-tagged individuals [18–22], which
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reduces generalization of results found. Given that many parrot species are generally
monomorphic [23], current available work does not provide any data on sexual differences
in home-range use. Invasive parrot species are typically linked to urbanized habitats [24],
but apart from the ring-necked parakeet Psittacula krameri [19], no information is available
on home range-use in urban habitats.

The limited knowledge on movement patterns of parrots is probably due to the fact
that parrots are difficult to capture and that their strong beaks easily destroy most devices
that allow individual identification of the birds without having to recapture them [20].
However, we recently designed a metal tag attached to the bird neck with a collar that
has proved very useful for the long distance identification of marked parakeets [25]. The
method is simple and cheap, which allows marking a high number of individuals in an
economically feasible way.

The aim of this paper is to take advantage of this marking method to study monk
parakeet Myiopsitta monachus variation in home-range size and movements according to
the sex and age of the birds. The monk parakeet is a highly successful invasive species
in Europe and North America [24,26]. The marking device has been successfully used
to determine dispersal patterns of the species in an urban environment [27]. However,
similar to other parrot species, no detailed data is currently available on its home-range
size. The monk parakeet is sexually monomorphic, but we use specifically developed
genetic methods [28] to sex our birds and to analyze for sex specific home-range patterns.
Data on home-range variation and movements is later used to delineate strategies for the
control of the species.

2. Materials and Methods

The study was performed in the city of Barcelona, located on the northeastern coast of
the Iberian Peninsula. Extending over 102.16 km2, Barcelona is structured in 10 districts,
with approximately 73% of the city built up. We concentrated our sampling efforts in
and around the Parc de la Ciutadella area (625 ha) (Figure 1), which holds the highest
monk parakeet density in the city [29]. Previous information (based on a smaller sample
size) on the movement of monk parakeets showed that maximum home-range distances
(between the center and the maximum extremes of the range) moved by juveniles were
1113 ± 103 m and 496 ± 122 m for adults [30]. This made us confident that the size of the
area sampled was adequate to locate most daily home-range movements of the birds. Monk
parakeets were captured using a modified Yunick trap at the Natural Sciences Museum of
Barcelona, and marked with metal rings and a medal attached to a collar [25]. These unique
identification tags allowed the identification of the birds without having to recapture them.
The marking of birds has been carried out for two 6-week sampling periods (winter and
summer) every year since 2002 [31].

On capture, we determined the age of the birds (juveniles or adults) based on molt
patterns and capture history [32]. We also obtained a blood sample that allowed us to sex
the birds molecularly (see Dawson-Pell et al. [28]).

The sampling of parakeets for the study of home range was carried out from 15 January
to 15 July of 2016 and 2017 by direct observation and georeferencing of the marked indi-
viduals (visual recapture) in the Ciutadella Park area (Figure 1). This period of sampling
was chosen because natal dispersal by juveniles in their first year, if present, has already
taken place and the birds are ready to breed, building or maintaining nests, or actively
breeding [30]. Monk parakeets are sedentary, long-lived, and use the nests year-round
for roosting and breeding for multiple years [27,31]. The species is also colonial, build-
ing large compound nests [27]. About 80% of birds breed in the same nest in successive
years, and dispersing adult birds move an average distance of just 37 m [27], removing
any bias of using two years. Data from juvenile birds includes only resightings within
the year in which they were aged as juveniles, because in the second year they were, by
definition, adult birds, but also because some juveniles may disperse in their second year.
In Barcelona, only about 50% of birds breed in their first year, with the others showing
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delayed breeding [27,33]. A transect was made on foot every weekday (on average 3 h per
day, avoiding days with poor weather). In practice, the use of transects means that there
was only one location per individual per day. Four different transects, with a total length of
15.4 km, were established through the study area. The transects visited all the green areas
and locations where previous information indicated there could be parakeets breeding,
resting, or foraging. Note that the area has been intensively surveyed since 2001 during a
succession of different studies [27,29–31,33,34]. Data on individual identification, location,
date, and time was stored in the field using app iNaturalist (https://www.inaturalist.org;
accessed on 10 November 2021). The transects were carried out at different times of the
day at random in order to avoid any bias due to the activity of the birds (observations
made between 800 and 1400 h and between 1400 and 2000 h). We additionally included
observations of birds seen at the trap at the Museum, since this is a regular feeding point for
many birds at the Ciutadella Park (Figure 1). We additionally visited, in an opportunistic
way, some green areas out of the study area to confirm that no marked birds were present.

 

Figure 1. Map of the study area. The yellow box includes the study area (625 ha) where the transects
were carried out. The blue circle indicates the location of the Museum trap. The green areas in the
city are colored green.

We used the program Ranges 9 [35] (http://www.anatrack.com; accessed on 10 July 2017)
to analyze home-range size of Monk parakeets. We used the kernel estimation of home-
range size, which determines the probability of use of space, creating nuclei according to the
density of observations of the animal at different locations [36]. This is a measure of the area
most used by the individual, calculated using 95% of the estimated total area [37]. Ranges
9 also computes the activity center as the location at which the Gaussian kernel estimator
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indicates highest density [36]. The kernel method, however, excludes movements outside
of “normal activities”. Hence, and in order to have information on movement potential
away from the “normal” home range, we also computed maximum distances moved by
an individual, which are computed by Ranges 9 as the maximum distances from locations
to the range center. Incremental area analysis, also implemented in Ranges 9, was used
to determine the minimum number of locations to be used per individual. Consecutive
areas, which tend to increase initially as the animal is observed using different parts of
its range, were plotted against number of locations until there was evidence of stability,
indicating that adding further locations did not improve the home-range estimate [35]. The
number of locations needed to reach the asymptote was estimated to be 21, and so analyses
were conducted only on individuals located ≥21 times (N = 73). Kernel home-range size
did not follow a normal distribution, the distribution being skewed to the right, and did
not follow homogeneity of variances (Shapiro–Wilk W = 0.70, p < 0.001; Levene’s test
for homogeneity of variances F3,69 = 6.34, p < 0.001; skewness = 3.43 ± 0.28). Hence, to
test for the relationship between home-range size and sex and age, we used a general
linear model (GLM) on the logarithmic transformation. Logarithmic transformed data fit
to a normal distribution and showed homogeneity of variances (Shapiro–Wilk W = 0.99,
p = 0.57; Levene’s test F3,69 = 1.55, p = 0.21; skewness = −0.05 ± 0.28). We used the kernel
home-range size as a dependent variable, and we included sex and age (juvenile or adult)
of the birds as categorical fixed factors. Mean maximum distances moved, again, did not
follow a normal distribution (Shapiro–Wilk W = 0.93, p < 0.001; skewness = 0.76 ± 0.28;
Levene’s test F3,69 = 0.97, p = 0.41). Logarithm transformation overcorrected the data, which
still did not fit to a normal distribution and was skewed to the left (Shapiro–Wilk W = 0.94,
p = 0.01; Levene’s test F3,69 = 0.03, p = 0.99; skewness = −0.73 ± 0.28). In such cases,
square root transformation is advised [38,39]. The squared root transformed data did not
fit to a normal distribution (Shapiro–Wilk W = 0.96, p = 0.02), but showed homogeneity
of variances (F3,69 = 0.27, p = 0.85) and reduced skewness (0.07 ± 0.28), and thus this was
the transformation we used in analyses. We used a GLM with the maximum distance
as a dependent variable, and sex and age (juvenile or adult) of the birds as categorical
fixed factors.

3. Results

We recorded 471 different marked individuals, with 4807 visual “recaptures”. From
these, we selected the subsample of birds recorded ≥21 times (N = 73 birds; average N
observations per individual: 30 ± 1.12 SE, range 21–62; see methods). Mean kernel home-
range size was 12.4 ± 1.22 ha (N = 73), with a median value of 10.1 ha (range 1.7–74.1 ha).
Home-range size was negatively correlated to the number of observations per individual
(r = −0.25, p = 0.03, N = 73). Some individuals showed a compact home range while some
other individuals showed a multinuclear home-range area with two or three main activity
areas (Figure 2).

Juveniles had larger home-range sizes than adults (juveniles: 16.0 ± 1.96 SE ha, N = 32;
adults: 10.4 ± 1.66 ha, N = 41) (Figure 3), and sexes did not differ in kernel home-range
size (Table 1).

The mean maximum distance moved by monk parakeets, from the center of the range,
was 727 ± 37.0 m (range: 150–1581 m). Maximum distance moved was not correlated to
the number of observations per individual (r = −0.001, p = 0.99, N = 73), but it correlated
positively to kernel home range (r = 0.40, p < 0.001, N = 73). Maximum distance moved
was not dependent on either the sex or age of the birds (Table 2).
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Figure 2. Study area displaying all the visual observations of the 73 marked monk parakeets and three examples of
home-range area (kernel method). Home ranges display 50, 75, and 95% contours. The home range of individual I76 is
compact, while that of E44 and E71 is multinuclear, with two and three activity areas, respectively. The activity center,
computed by Ranges 9 as the location at which the Gaussian kernel estimator indicates highest density, is marked with the
sign +.
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Figure 3. Variation in monk parakeet home-range size (ha ± SE) (kernel 95%) in Barcelona urban
area according to the age of the birds (N = 73). Test of effects in Table 1.

Table 1. Results from the general linear model analysis (GLM) of the variation in monk parakeet
kernel home-range size (ha) according to the sex and age (juveniles and adults) of the birds.

F Df P

Sex 0.005 1.69 0.95
Age 4.50 1.69 0.04

Sex x Age 0.008 1.69 0.93

Table 2. Results from the general linear model analysis (GLM) of the variation in monk parakeet
maximum distances moved (m) according to the sex and age (juveniles and adults) of the birds.

F Df P

Sex 0.65 1.69 0.42
Age 1.12 1.69 0.29

Sex x Age 0.11 1.69 0.74

4. Discussion

Juvenile monk parakeets had larger home ranges than adults. Although there is a lot
of interspecific variation, this is typical of many species [7,40] and may be related to the
fact that in Barcelona monk parakeets, about 50% of juveniles do not breed in their first
year [33], and hence are not so strongly tied to the nest as adult breeding birds. Juvenile
birds, therefore, may wander more widely, returning to the nest only for roosting. Similarly
to other species, the nest in adult birds may therefore act as a central place which limits
movements [41,42]. In contrast, we found that extreme movements did not differ between
sexes and ages, which suggests that occasional forays away from the home range are carried
out by all the individuals irrespective of sex and age. However, we have to acknowledge
that detailed GPS data on movement patterns is needed to quantify the distance and
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frequency of forays more precisely. This GPS data can also help to determine whether
visual data can underestimate home-range size estimation.

Monk parakeet home ranges in our study area are surprisingly small, with a median
value of 10 ha. This contrasts with data for other similarly sized parrot species. Bahama
parrots Amazona leucocephala had average home ranges of 16,000 ha (95% kernel) [22],
maroon-fronted parrots Rhynchopsitta terrisi of 4000 to 12,000 ha (50% kernel) [21], and the
mean home ranges of Hispaniolan parrots Amazona ventralis was 864 ha [43]. The small
home ranges of our monk parakeets could be the result of extremely high resource loads in
the urban environment, in part because of the public providing food to parakeets [44]. In
their native range, monk parakeets normally have home ranges of 3–5 km in diameter [45],
and have been found to travel as far as 16 km to feed on grain crops [46]. Although anec-
dotal, this was also the explanation for the small home range of an urban blue-crowned
parakeet Aratinga acuticaudata [47]. This seems also to be the case for other urban-dwelling
species with access to anthropogenic food supplies, such as foxes Vulpes vulpes [48] or
raccoons Procyon lotor [49]. Ring-necked parakeets studied in an urban habitat with an-
thropogenic food supplies also showed a reduced home-range size (86 ha, 95% kernel)
compared to parrots in the wild [19], although this home range was still substantially
higher than that of the smaller monk parakeet.

The monk parakeet is considered an invasive alien species of high concern, and calls
are being raised to control their populations [26,50]. Having a small home range is one of
the conditions for the feasible eradication of an invasive species [51,52], and hence the small
home range of urban monk parakeets that we report here is good news for pest managers.
The method to be used for the control, however, is dependent on the demography and home
range of the focal species. Population dynamic models have suggested that the culling
of adult birds is twice as effective as efforts to suppress breeding [31]. From the different
culling methods available for monk parakeets, we can generally distinguish between those
methods in which the animals have to move to the control source, as in the case of traps
or feeders with contraceptives or poison, and methods in which the control operation
moves to locate the parakeets, as in approaches such as shooting or the use of funnel nets
at nests [50]. The first group of methods can be difficult when the home range of the focal
species is small, because the number of traps or feeders to be used increases inversely with
the home-range size of the species under control [8,53]. In the case of monk parakeets, the
small home range of the species in urban settings makes the costs of setting enough traps
or feeders to cover the whole urban area of a city such as Barcelona prohibitively high,
which advises against its use [50]. Hence, the alternative methods in which the control
operation moves to locate the parakeets are necessary. Given that monk parakeets roost at
their nests, showing high nest-site fidelity [27], focusing on the capture of birds at the nest
at night with funnel nets or funnel traps could be a good alternative [50].
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