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Kia whakarongo ake au My attention is drawn
Ki te tangi a te manu nei to the cry of the bird nearby,

a te Kiwi to the Kiwi
Tui-i-i, tui-i-i, tuituia Calling “Bind, join, be united as one”

Tuia i runga May it be woven above,
Tuia raro Enmeshed below,

Tuia i waho Entwined outside.
Tuia i roto and within our very beings,

Tuia i te here tangata Interlaced by threads of human love

Ka rongo te po May there be peace at night (in death)
Ka ronga te ao. and peace by day. (in our lives)

Tuia i te muka tangata Intertwined with the cords of humankind
I takea mai i Hawaiki-Nui Originating from the great homeland

I Hawaiki-Roa, From the far homeland,
I Hawaiki-Pāmamao From the remote homeland

Oti rā me ērā atu ano Hawaiki And from all other ancestral lands
Te hono a wairua Merging with the spirits there

Whakaputa ki Te Whaiao Then coming out into the Light
Ki Te Ao Mārama. Out into the World of Consciousness.

Tihe mauri ora! The living spirit is within us!
Tui, tui, tuituia
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Summary

According to the International Union for the Conservation of Nature (IUCN), over 38,500 species of

living organisms assessed (27.8%) are currently threatened with extinction. Reducing this startling

percentage requires cost–effective monitoring of populations of many and varied species.

Information regarding population trends is crucial to allow decision makers to judiciously allo-

cate unavoidably limited resources.

Acoustic monitoring has long been employed to document the presence and estimate populations

of vocal species for conservation purposes. Determining populations trends without the need of

sighting or capturing animals can drastically reduce costs and improve welfare. However, as with

many other indirect monitoring practices, acoustic surveys impose a series of assumptions about

the detectability of the observed animals and their vocal behaviour. Whereas the variability in

detection distances and other observer–induced effects can be minimised using acoustic recorders,

enabling the delivery of animal abundances using acoustic monitoring requires detailed knowledge

of the target species’ behaviours to relate numbers of detected acoustic cues to those of animals in

an area.

The iconic North Island Brown Kiwi (Apteryx mantelli, Bartlett 1851) is a flightless nocturnal bird

species endemic to Aotearoa New Zealand, fragmentedly distributed across its mainland range and

some of its offshore islands. North Island Brown Kiwi are known for their characteristic vocalisa-

tions which differ between sexes, with males emitting series of whistle-like syllables, and females

producing series of hoarser and lower frequency syllables. Indeed, acoustic surveys are routinely

employed by conservation groups and the Department of Conservation Te Papa Atawhai to mon-

itor North Island Brown Kiwi. These surveys, known as Kiwi Call Counts, require observers

to annotate sex, direction of arrival, and distance of the detected Kiwi vocalisations over a set

period of time. However, little is known of North Island Brown Kiwi vocal behaviour and how

this may relate to animal abundance and the development of more accurate and objective moni-

toring practices is included among the objectives of the Kiwi Recovery Plan (Germano et al., 2018).

This thesis aimed to investigate North Island Brown Kiwi vocal behaviour and activity to build

more objective and accurate acoustic monitoring protocols. Firstly, results from an extensive liter-

ature review on the acoustic playback technique — which has been shown to have the potential to
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enhance acoustic surveys in other species — led to the development of a set of recommendations to

enable reproducibility when using playback. Secondly, results from playback experiments showed

how single microphone acoustic recording units (ARUs) can be used to localise sound sources with

reasonable degrees of uncertainty. This enables the potential transition of Kiwi Call Counts from

relying on human observers to ARUs, which would allow for objective interpretation of the data

while creating a potentially perpetual record.

One of the thesis aims was to ascertain the potential of using playback to standardise the response

of Kiwi populations. The results of experiments testing the effect of playback and environmental

factors on kiwi vocal response show that there is no real relationship between the vocal activity of

the target Kiwi community and playback. However, they corroborate and add to existing knowl-

edge of Kiwi vocal behaviour by identifying relationships between the latter and external factors,

such as lunar illumination and weather conditions. This thesis finally concentrated on the issue

of relating vocal activity to animal abundance by developing and trialling the use of animal-borne

acoustic recorders in conjunction to fixed ARUs. Since using animal-borne acoustic recorders en-

tails handling target animals, we first performed an experiment on post–handling vocal behaviour

to ascertain whether the vocal activity of handled birds of our target community differed from that

of birds that had never been handled. The results from this experiment showed that the vocal

activity recorded from a gully inhabited by never handled Kiwi did not differ from that of a gully

inhabited by birds that were handled during the survey — and have been regularly handled over

the last 17 years — in any detectable way. This is encouraging both for animal welfare purposes,

and for comparing acoustic surveys from both managed and more wild Kiwi populations.

Finally, the results from employing the animal-borne acoustic recorders to inform density estimates

showed how information about individual vocal activity informs more realistic and consistent pop-

ulation estimates than methods based only on community–level vocalisations. On all the occasions

sampled, results of population estimates only accounting for environmentally recorded vocalisations

delivered lower abundance expectations for both males and females. Repeated sampling results

show how estimates that account for individual vocal activity are both more consistent and closer to

real densities than traditional methods, as estimated by paired sampling with a specialised dog sur-

vey. Lastly, information from individual vocal activity in some populations informed more accurate

estimates for other populations without individually tagged animals. Taking advantage of having

multiple populations with tagged individuals, we estimated abundances of a target population with

three different models: unmarked, tagged with animal-borne acoustic recorders, and with informa-

tion from other populations’ tagged individuals. This last estimate was in between the unmarked

and with animal-borne acoustic recorders and apparently more accurate than the unmarked model.
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This thesis provides methods and shows encouraging results to eventually employ passive acous-

tic monitoring to infer Kiwi abundance in a cost-effective and non–invasive fashion at large scale,

and invites further employment of animal-borne acoustic recorders to confidently deliver abun-

dance estimates, crucial information for conservation decision makers. Using animal-borne acoustic

recorders and ARUs together as a way to estimate populations does involve some invasive trials,

but has the potential to lead to fully non–invasive robust abundance estimates though passive

acoustic monitoring.
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Chapter 1

General Introduction

Figure 1.1: Clea the Kiwi gets her transmitter changed, picture by Yuki Yarita
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1.1 What is Passive Acoustic Monitoring and Why Endeav-

our To Improve It

Monitoring animal population trends is a crucial practice in informing conservation decisions (Tem-

ple and Wiens, 1989). Since the resources available for conservation are inherently limited, it is

important to optimise their use in order to maximise the effectiveness of conservation actions,

hence to employ and develop monitoring practices that ensure objectivity and reliability of the

information relayed.

Although the following sections explicitly focus on birds (class Aves) to more clearly define

the context of this thesis, similar points can be made in regard to almost any terrestrial sound–

producing taxon.

1.1.1 Monitoring of Avian Populations: Before Acoustic Monitoring

There are many different methods that are available to researchers to infer animal abundance,

and it is desirable to choose those that appropriately trade off accuracy against efficiency for a

given task. We are here referring to absolute abundance, as although relative abundance may

have historically enabled researchers to cover larger areas, it is only suited to limited purposes,

and inferences of actual populations are preferred (Kendeigh, 1944, scrupulously addresses the

advantages and disadvantages of both estimates). Emlen (1971) lists seven general methods to

estimate bird abundance, together with a set of variables that generally affect the observations and

special sources of error that separate the then–available sampling methods from actual population

density estimates of non-flocking terrestrial birds (see Emlen, 1971, Figure 1). Since then, we have

gone through quite a leap in available technologies (e.g. portable recording devices, remote sensors

of many sorts such as camera traps and autonomous acoustic recording units) and techniques (e.g.

statistical methods such as distance sampling and spatially explicit capture recapture, see section

1.1.5), although most field sampling methods (van Heezik and Seddon, 2017; Krebs, 1998) can

relate to those clearly described by Emlen (1971), which were:

1. mark & retally fraction

2. find & count all nests

3. map & count singing males

4. count in a narrow strip

5. count to flushing distance

6. count x effectivity
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7. count x detectability

In the first method (1), after capturing a number of individuals in an area, the ratio of marked

to total individuals captured or observed at repeated tallies would be representative of the popu-

lation size (Petersen, 1896). Methods (2) to (5) heavily depend on thorough searches and whereas

the author indicates that in (2) nests can be replaced by actual birds, this method entails great

effort and time investment. In method (3), the locations of singing males are plotted on maps to

approximate individual territories, unfortunately missing silent animals and sex ratio. Method (4)

attempts to give detailed account of all present birds by taking the number of animals detected in

a sample strip as approximate for a greater area, assuming similar distribution of animals. Method

(5) involves annotating all the animals one would encounter and their distance from the observer

while walking a transect line and, likewise the last two methods, is reported to be possibly biased

by missed detections, misjudging of distance, and unreliable conversion factors from detected birds

to population size. The last two methods introduce coefficients to correct for effort (6) and prob-

ability of detection (7). Specifically, in (6) the additional piece of information regards the degree

to which the observer surveyed each section of the transect, whilst (7) introduces the idea of a

species–specific multiplier to relate the number of detected individuals to that of the actual birds

in the area (Emlen, 1971).

1.1.2 Towards Reliable Acoustic Monitoring

Several studies strive to improve avian population sampling techniques, reporting advantages and

shortcomings of aural surveys. For instance, Gates and Smith (1972) describe how using appropi-

ate analytical techniques helps correct for the high variability in the vocal behaviour of Mourning

Doves (Zenaida macroura, Linnaeus) in acoustic surveys. The authors however report individ-

ual differences among the obsevers, including hearing acuity and experience, as possible inherent

sources of bias.

Wilson and Bart (1985), and Gibbs and Wenny (1993) introduce the problem of individual vari-

ability in avian vocal behaviour, which could possibly be linked to population density. Although

this was not the case for Wilson and Bart (1985), Gibbs and Wenny (1993) reported that paired

males of some species may be under–represented in aural surveys if unpaired males were more vo-

cal, suggesting that reliable abundance estimates based on vocal cues would ideally need to be able

to account for variability among individuals, whether based on actual individuality, age groups,

pairing status, or other groupings. It is important to highlight how, without sensible multiplying

factors to relate audible cues to animal abundance, acoustic monitoring could not relay the latter

(Thomas and Marques, 2012). Although acoustic monitoring can always indicate occupancy, ac-

curate abundance estimates are crucial for conservation purposes (e.g. detailed population trends,
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translocations).

Over the past few decades, several studies address how acoustic monitoring fares against more

traditional methods. Evans et al. (2007) examine the viability of using playback to standardise call

counts of red grouse (Lagopus lagopus scoticus, Latham), comparing the latter to the customary

censuses, which employed specially trained dogs to find the animals. Their results indicate that

acoustic surveys provide similar results to the dog–reliant census and represent a valid alternative

method when necessary.

Other studies, such as Simons et al. (2007) and Alldredge et al. (2007) explore the reliability of

information from observers, finding that there is variability among observers in terms of both

number of birds counted and distances estimated. Moreover, other studies find that observers

with different levels of experience tend to report varying numbers of birds, with less experienced

observers more likely to report false positives of common species, and more experienced ones more

likely to report false positives of rare species (Farmer et al., 2012). One of the proposed solutions is

to perform simulated experiments to derive correcting factors for actual estimates from observers

with different skills levels (Alldredge et al., 2008).

1.1.3 Passive Acoustic Monitoring

Passive Acoustic Monitoring (PAM Crunchant et al., 2021), which consists of deploying acoustic

recording units (ARUs) in an environment, and drawing conclusion from the collected sounds, has

long been employed in marine systems (Mellinger et al., 2007) and more recently gained popularity

with terrestrial systems (Sugai et al., 2019). This can be because PAM is relatively inexpensive

(Williams et al., 2018), constitutionally non–invasive (Curzer et al., 2013), and generates a po-

tentially permanent record of data that can be reanalysed to reduce observer bias (Castro et al.,

2019). In avian systems, there is growing interest in density and abundance estimates from PAM

data (Pérez-Granados and Traba, 2021). However, in order to obtain estimates of animal density

rather than call density, it is imperative to have detailed knowledge of individual and collective

vocal behaviour of the target system (Marques et al., 2013), and whether these can be standardised

with the use of external stimuli, such as playback (e.g. Okahisa et al., 2016; Perkins et al., 2017).

With rapidly evolving technologies and reduction in cost, PAM promises to be a cheap and

widely applicable alternative to more expensive, invasive, and time–consuming monitoring prac-

tices.
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1.1.4 ARUs as alternatives to human observers

Thanks to improvements in techology, self–powered remotely deployable acoustic recording units

(ARUs) have made their appearance as powerful sources of potentially unbiased data. Researchers

have thus endeavoured to evaluate the available hardware (Brandes, 2008; Pérez-Granados et al.,

2019a; Venier et al., 2012), how these fared in different environments (Celis-Murillo et al., 2012),

and their suitability for PAM (e.g. Cragg et al., 2015). Applications experimenting with social

media citizen science involvement have also been considered (Saito et al., 2015).

Many researchers addressed the question of whether ARUs could replace human observers as

sources of information for acoustic monitoring purposes, frequently to estimate species richness

(Alquezar and Machado, 2015; Bateman and Uzal, 2021; Haselmayer and Quinn, 2000), but also

directly comparing estimates of abundance from point counts (Bombaci and Pejchar, 2019; Sedláček

et al., 2015; Van Wilgenburg et al., 2017) and, more fundamentally, detection probability (Castro

et al., 2019; Yip et al., 2017).

Overall, researchers report that ARUs are an effective alternative to human observers, although

they are subject to different sorts of bias (Castro et al., 2019; Digby et al., 2013), and some

have proposed ways to relate the results from ARUs to those of human observers. Among these,

because ARUs generally have smaller detection ranges than human observers, Darras et al. (2018a)

show how standardising the detection ranges between ARUs and humans can lead to statistically

indistinguishable estimates. Another solution, from the work of Van Wilgenburg et al. (2017), is

to employ paired sampling, that is the concurrent performing of human–reliant point counts with

the deployment of ARUs, to derive coefficients to correct for the difference in detection range.

One of the main reported shortcomings of ARUs is that they cannot be used to estimate distances to

the detected birds, which are sometimes necessary to compute density, hence abundance, estimates.

Microarrays of Microphones for Sound Localisation

Relatively recently, miniature arrays of microphones have been proposed as a possible solution to

sound localisation. The basic idea behind this solution is that sounds being detected by closely

positioned microphones would arrive sooner to the microphone closest to their source location,

and the time difference of arrival among microphones can be computed to accurately estimate

their direction of arrival (Spiesberger and Fristrup, 1990). In practice, applications with terrestrial

animals have developed quite rapidly over the last decade, with studies reporting proof of concept

localisations little less than ten years ago (Cai et al., 2013; Stepanian et al., 2016). Applications

with multiple microarrys for sound localisation quickly followed (Suzuki et al., 2017). These include

wider field applications (Stevenson et al., 2015; Wijers et al., 2021) with the possibility of actually

following individuals through the localisation of their vocalisations (Wijers et al., 2020).
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1.1.5 Estimating abundance from PAM data in terrestrial animals

There are several statistical methods that can be used to estimate abundance from passively col-

lected acoustic data, although they usually depend on the characteristics of the target study system.

A recent review by Pérez-Granados and Traba (2021) evaluated articles estimating abundance from

PAM data and provided valuable recommendations for future improvements. For animals that are

acoustically individually identifiable, spatially explicit capture recapture methods (SECR — Ef-

ford et al., 2009; Royle et al., 2013) provide a solid framework for density estimates. Using the

capture history, that is the history of detections at different ARUs of each indentified animal,

SECR provides accurate estimates of the number animals in an area. Alternatively, if the acoustic

recording system allows for localisation of vocalising animals, distance sampling (Buckland et al.,

2012) takes advantage of spatially locating vocalising animals assuming that vocalisations coming

from different locations correspond to different animals. Moreover, specialised versions of SECR

(Stevenson et al., 2015) can integrate sound localisation to improve precision (Juodakis et al.,

2021a).

Without spatial localisation or individual identification, and assuming that vocal activity is de-

pendent on density, approaches include relating the detected vocal activity rate (DVAR, Pérez-

Granados et al., 2019c) to animal density, possibly using paired sampling (Van Wilgenburg et al.,

2017). Finally, if information of individual vocal activity, or cue rate, of the focal species is avail-

able, this can be used to estimate abundance in the proximity of single ARUs (Sebastián-González

et al., 2018).

1.2 North Island Brown Kiwi

North Island Brown Kiwi (NIBK, Apteryx mantelli, Bartlett, 1851) are flightless nocturnal cryptic

birds belonging to the only Apterigiformes genus, Apteryx. NIBK are considered to be a somewhat

territorial and vocal species (McLennan et al., 1987; Taborsky and Taborsky, 1992, 1995, 1999),

but other studies have shown that territoriality may be dependent on population density (Dixon,

2015; Potter, 1989).

In the red list of threatened species redacted by the International Union for the Conservation of

Nature (IUCN), NIBK are classified as Vulnerable, with a population between 10,000 and 19,999

which is estimated to have undergone an important reduction (30–49%) over the last three gen-

erations (26 years, BirdLife International, 2017). According to the New Zealand Department of

Conservation Te Papa Atawhai, in 2018 NIBK tallied up to 25,100 individuals and this species

is considered At Risk - Declining (Germano et al., 2018, Tables 2 and 3). NIBK are endemic to

Aotearoa New Zealand and have a fragmented distribution across the North Island of Aotearoa

New Zealand; NIBK are also found in some offshore islands (Colbourne, 2005). NIBK are classified

in four recognised management units (taxa, Germano et al., 2018; Undin et al., 2021).
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Vocalisations of male and female NIBK are quite distinct; Corfield et al. (2008) describes males

as producing long–travelling whistles which could be grouped into phrases, and with fundamental

frequencies around 1.5kHz (and overtones up to approximately 13kHz), and female as producing

hoarser and lower vocalisations with intensity concentrated in two formants (see Figure 1.2); duets

have been suggested to possibly have territorial implications (Corfield et al., 2008).

Figure 1.2: Example spectrograms of male (top) and female (bottom) NIBK.

In the current Kiwi Recovery Plan, the New Zealand Department Of Conservation Te Papa

Atawhai identifies inconsistencies between NIBK population densities and the current monitoring

method employed for surveying populations (issue 4.6 Germano et al., 2018), as well as the need

for implementing a long–term monitoring programme to evaluate the changes in NIBK popula-

tion abundances (objective 4.1, action 4.2 Germano et al., 2018). The already in–place acoustic

monitoring framework known as “Kiwi Call Counts” (KCC, Craig, 2018; Robertson et al., 2017)

requires observers to listen for NIBK vocalisations for two hours over 4 to 8 nights (depending

on the number of listening stations per site, totalling 48-50 hours) and annotate each vocalisation

detected, the sex of the animal which emitted it, and its estimated distance and direction of arrival.
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For this thesis, which aims to enable more objective and cost–effective population estimates,

NIBK represents an ideal study system to employ PAM to identify a reliable way of estimating

abundance with the genuine potential for real world applications for three simple reasons:

• NIBK are cryptic and nocturnal, yet vocal, hence acoustic monitoring is a good fit and PAM

provides a more cost-effcient way to survey vocal animals than human observers (Williams

et al., 2018).

• The current monitoring scheme, based on specialised acoustic surveys, needs more reliable

and efficient developments to translate vocal activity into abundance estimates (Germano

et al., 2018).

• Other Apteryx species have been found to either respond well to playback (Digby et al.,

2013), or are individually recognisable from their vocalisations (Bedoya and Molles, 2021),

aspects that would very well work with robust statistial estimates of abundance (Efford et al.,

2009; Royle et al., 2013).

1.2.1 NIBK on Ponui Island

The majority of birds considered in this thesis reside on Ponui Island (Figure 1.3), where the Kiwi

research team led by Isabel Castro has worked since 2004. Fourteen NIBK were released on Ponui

in 1964 (Miles and Castro, 2000),

Ponui Island nowadays hosts a high-density NIBK population (Colbourne, 2005; Cunningham

et al., 2007; Ziesemann, 2011). Over the last 17 years, between 30 and 50 birds have been equipped

with very high frequency (VHF) radio transmitters that are monitored at least monthly. Having

record of the history of these animals, including morphological measurements, usual resting areas,

nesting sites, and social relationships (Cunningham and Castro, 2011; Dixon, 2015; Undin et al.,

2021), makes Ponui Island an ideal site to conduct this research. Previous studies, including MSc

and doctoral theses (e.g. Bansal, 2020; Dixon, 2015; Vattiato, 2021; Vieco Gálvez, 2019; Ziesemann,

2011), provide essential information on the animals’ abundance and habits, that has been crucial

in designing all of the experiments herein described. For instance, the works of Ziesemann (2011)

and Dixon (2015) include essential information on the animals’ home ranges and usual roosting

sites, representing for us realistic expectations on the number of birds potentially in range of our

playback experiment in chapter 4.
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Figure 1.3: Ponui (Chamberlin’s) Island (175.14860,−36.90422 : 175.21860,-36.82961 – Coordinate
Reference System WGS84) is a ∼ 18Km2 privately owned island located in the Hauraki Gulf,
Auckland region, Aotearoa New Zealand. Ponui Island is divided in three properties. In this study
we worked within the South Ponui Island area, where David Chamberlin and his family have a farm.
Ponui Island has been inhabited for several centuries, with evidence of Māori settlements from the
XIV century. The island is mostly covered by pasture but retains primary and secondary native
forest patches, thus providing a thriving environment for NIBK (see Atkinson, 1959; Cameron and
de Lange, 2006; Hynes, 1955; Irwin, 2020, for details on Ponui Island’s history and vegetation).

On Ponui Island, marked birds hold overlapping home ranges of between five and six hectares

(Ziesemann, 2011, Chapter 3). Birds roost in burrows or on the surface in forest patches within

their range and the choice of roost site is dependent on proximity to foraging areas (Dixon, 2015,

Chapter 4). At night NIBK move from the roost sites to foraging sites and are mostly found in

forested and scrub areas (Dixon, 2015, Chapter 4, figure 3.6). In the work of Dixon (2015), over

2377 nocturnal localisations of Ponui NIBK, animals displayed variability in habitat utilisation on

the temporal, breeding and social status scales (e.g. birds that tended to shelter in pairs were

found more often in forest environments than those sheltering alone or in groups).
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1.3 Aims

NIBK are a vulnerable endemic taxon with fragmented populations (BirdLife International, 2017),

in need of more robust and efficient long–term monitoring solutions (Germano et al., 2018). Acous-

tic surveys, either reliant on observers or automated (Castro et al., 2019; Yip et al., 2017), have the

potential to provide crucial insight into population trends in non–invasive and cost–efficient fashion

(Pérez-Granados and Traba, 2021). However, in order to provide realistic abundance estimates,

we need a way to translate number of vocalisations into number of animals (Marques et al., 2013).

This could be done by:

• Localising vocal animals, assuming that vocalisations from different locations are from dif-

ferent animals and that all animals vocalise (Buckland et al., 2012; Stevenson et al., 2015).

• Recognising individuals based on acoustic properties (Bedoya and Molles, 2021; Efford et al.,

2009).

• Estimating how a detected vocal activity rate relates to abundance with paired (concurrent)

sampling (Van Wilgenburg et al., 2017).

• deriving an individual cue rate (Sebastián-González et al., 2018).

All of these methods could also benefit from soliciting vocalisations using acoustic playback

as a mean to standardise vocal response (Okahisa et al., 2016). This thesis aims to contribute

to the development of acoustic–based abundance estimates with the following specific aims:

1. Identify an inexpensive way to localise birds to potentially employ PAM-KCC.

Replacing human observers with ARUs can reduce costs towards more efficient KCCs. How-

ever, KCC require the observers to include the direction of arrival, estimated distance, and

sex of each vocalising animal and, although this information is not currently being used, it is

being collected and, to cut costs, replacing human observers with remotely deployed ARUs

would require a way to include such information while only employing ARUs.

2. Gauge the effectiveness of acoustic playback as a means to enhance acoustic

surveys in NIBK. Acoustic Playback has been reported as a tool for eliciting vocalisations

from NIBK that would have possibly not vocalised otherwise (McLennan, 1992), but is not

employed in KCC during the National KCC scheme (see page 65). Nevertheless, a formal test

of NIBK response to acoustic playback has not to date been reported, and this technique has

been shown to improve acoustic monitoring of other avian species (e.g. Hart, 2020; Okahisa

et al., 2016).

3. Investigate potential post–handling changes in the vocal behaviour NIBK. One

way of both obtaining an indication of individual vocalisation rate, and provide data for
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investigating individual identification is to employ animal–borne acoustic recorders (Stowell

et al., 2017). Since using these devices would entail more handling of wild NIBK than usual,

understanding whether birds that have been handled differ in vocal behaviour due to, for

example, stress, is important both to evaluate potential animal welfare implications of the

use of animal borne recorders, and to check whether the data obtained would be reflective of

normal individual vocal activity.

4. Evaluate the use of animal-borne recorders to inform effective NIBK PAM acous-

tic. In order to relate the number of vocal cues detected to the number of birds we can use

animal borne recorders to acquire individual vocal activity and compare this to concurrently

recorded community vocal activity. We can then use the relationship between individual

activity and community detected vocalisations for abundance estimates.

1.3.1 Thesis Structure and relationship between chapters and aims

Besides chapters regarding the aforementioned aims, this thesis includes one literature review

regarding the use of the acoustic playback technique in ornithological field contexts. This was

necessary as a standardised fashion of reporting the use of this technique with wild birds was

lacking and, concurrently, necessary for this study. As such, this thesis includes the following

chapters:

Chapter 1 This chapter. Provides background information regarding the ideas, context, methods

and scopes of this thesis.

Chapter 2 This is a literature review regarding the playback technique used in chapters 3 and 4.

This has been accepted by the journal IBIS. Together with chapter 3, it addresses aim #1.

Chapter 3 Describes a playback experiment that represents the methodological backbone of this

thesis. It provides experimental evidence for the spatial deployment of the ARUs as well as

an inexpensive alternative to localise sound source using sound intensity rather than time of

arrival.

Chapter 4 Explores the response of Kiwi to playback of other NIBK vocalisation as a way to

standardise acoustic surveys. We conducted two series of playback trials on Ponui Island,

one within the breeding season and the other outside it. This chapter addresses aim #2.

Chapter 5 Compares the vocal activity of a community Kiwi from an area not visited by Kiwi

practitioneers versus a Kiwi community undergoing transmitter change; this includes re-

searchers actively searching and capturing birds and of course birds that are handled. This

chapter addresses aim #3.

11



Chapter 6 Evaluates the use of miniature animal borne acoustic recording units in conjunction

to ARUs to relate the number of animals in an area to the number of vocalisations detected

therein. This chapter addresses aim #4 as well as providing data for future individual

identification research.

Chapter 7 Summarises the results from all the previous chapters and ties them together. This

chapter provides insight for future studies on the subject and gives the next steps in complet-

ing the development of ABARs/ARUs method for estimating Kiwi abundance from acoustic

surveys.

This thesis is strongly based on fieldwork conducted on Ponui Island and in Northland between

2018 and 2021. In order to optimise time and resources, multiple experiments were conducted in

a relatively small timeframe and have at times overlapped. Table 1.1 summarises how this took

place and clarifies where and when sampling occurred.

1.4 Ethical issues

In order to carry out the fieldwork to gather the data for this thesis we received approval from
the Massey University Animal Ethics Committee Protocol ID 20/26 and we operated in the field
under the Department of Conservation permit 63716-FAU.
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Chapter 2

The acoustic playback technique
in avian fieldwork contexts: a
systematic review and
recommendations for best practice

Figure 2.1: Isabel in the field with Tane. Picture by Juan Carlos Garcia Ramirez

15



Abstract

Acoustic playback is commonly used to study wild birds, with applications as diverse as investi-

gating behaviours, ascertaining the presence of rare and elusive species, and attracting individuals

to a location. The number of studies employing playback grows larger every year because it is easy

to apply, increasingly affordable, and very effective. However, the way that it is used and reported

varies significantly across researchers and species. This lack of a protocol for reporting acoustic

playbacks inevitably slows the progress of the field, since studies cannot be easily compared.

In 1991, some of the most knowledgeable researchers in the field of animal communication

met at a North Atlantic Treaty Organization (NATO) Advanced Research Workshop (ARW) at

Thornbridge Hall in the UK to consider the design of playback experiments. The proceedings of the

meeting were published in 1992 and contain crucial guidelines regarding this use of playback. In this

paper we review the literature for papers published since that milestone that use acoustic playback

in ornithological fieldwork contexts. We use the RepOrting standads for Systematic Evidence

Syntheses (ROSES) to evaluate the description of the methods used. The main goal of this review

paper is to identify a shared set of rules for employing and reporting the playback technique in

such contexts to promote reproducibility and comparability. We found 625 peer–reviewed articles

in three on–line databases, of which 419 reported field (rather than captive) studies employing

avian playback.

The biggest hindrance to reproducibility is the availability of the acoustic tracks used by the

authors; four percent (15 articles) of our sample made their tracks publicly available. We found that

only one article provided enough details for their playback application to be fully reproducible.

Further, only four articles (0.92%) provided enough information for reproducibility, even if we

assume information about track preparation and recording details to be unnecessary when tracks

are available.

Based on our synthesis of the literature, we provide a set of recommendations for the reporting

of playback uses to promote reproducibility, including sample paragraphs of description as supple-

mentary material. We strongly recommend that tracks used for such experiments are deposited in

dedicated on-line repositories for the use of other researchers.

While our focus is avian fieldwork applications of the playback technique, we believe that they

can be easily transferred to other animal systems subject to acoustic playback.
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2.1 Introduction

While crucial experimental design aspects of studies involving acoustic playback have justly re-

ceived extensive coverage over the years (e.g., pseudoreplication: Hurlbert, 1984; Kroodsma,

1989a,b, 1990, 1992, 2017; McGregor et al., 1992; Searcy, 1989; Weary and Krebs, 1992), the

comparability and reproducibility of the reported experiments to our knowledge have not been in-

vestigated. However, for scientific experiments it is important to use comparable methods (Barker,

2008) and to report them clearly (McGregor, 2000; Wiley, 2003), enabling fellow researchers to

critique the method, reproduce the experiment, or perform their own experiments in comparable

fashion.

The primary driver of this review was to ascertain whether it is possible to reproduce the

application of the playback technique from avian field context studies relying solely on the pub-

lished content. Many different animals respond to playback of pre-recorded sounds, for example

by vocalising in turn, or approaching the speakers and sometimes interacting with them by closely

examining, and even attacking them. Historically, a useful source of suggestions for the design of

studies involving acoustic playback is the book resulting from the Thornbridge Hall North Atlantic

Treaty Organization (NATO) Advanced Research Workshop (ARW) Consensus, which includes

a table listing features considered important in such experiments (McGregor et al., 1992). This

publication arose from a meeting in August 1991, when experts in animal communication con-

gregated t odiscuss experimental design and analyses of the rapidly growing number of acoustic

playback experiments. The table provides a very useful list of elements to consider regarding

different aspects of experimental design using playback, specifically test sounds, environmental

conditions, test animals, playback equipment, and procedure. However, as more numerous and

advanced recording, broadcasting, and analytical tools have become widely available, increasingly

detailed investigations are possible (Freeman et al., 2017).

Whenever playback is used to seek a behavioural response, as opposed to increasing detectability

or testing tolerance to noises, the methods used should aim to make the target audience mistake

the broadcast stimuli for real animals. Nevertheless, the equipment used for playback is of varying

quality, and given that a number of species can discriminate altered sounds (e.g., Luther et al., 2017;

Wong and Gall, 2015), accounts of playback procedures should include sufficient detail to allow

for reproducibility and assessing of playback quality. Reproducibility, one of the vital elements of

the scientific method (Baker, 2016), delivered mainly via the material and methods section within

peer-reviewed publications, although it can also include on-line access to data or other material.

However, information that allows reproducibility is also important because we do not really

know what the birds are hearing and reacting to, and because carrying out the same experi-
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ment with different devices (e.g., broadcasting the same stimuli with speakers covering different

frequency ranges) may produce different results. While accepting that not all variables are mea-

surable, nor all experimental conditions (e.g., weather) potentially replicable, we should strive

to report what is possible to enable readers to paint the most accurate picture of our applica-

tions of the technique as possible. There are two main reasons for focusing on avian fieldwork

contexts. Firstly, the number of articles published yearly on playback in avian field contexts is

increasing (Figure 2.2) and, secondly, the use of playback in many other systems and contexts has

been recently covered by extensive reviews. These cover marine mammals (Deecke, 2006; Ichikawa

et al., 2011; Janik and Sayigh, 2013; Tyack, 2009; Weilgart, 2007), amphibians (Narins, 2018), bats

(Gager, 2019; Jones and Siemers, 2011), rodents (Wöhr, 2018), primates (Fischer et al., 2013), and

insects (pest management – Mankin et al., 2012), as well as considering several specific applica-

tions such as cognitive research (Gentry et al., 2020), interactive playback (King, 2015), gender

identification (Volodin et al., 2015), effectiveness of heterospecific versus conspecific vocalisations

in attracting animals (Putman and Blumstein, 2019), duets (Douglas and Mennill, 2010), and

eavesdropping (Magrath et al., 2015). Compared to wild environments, studies involving acoustic

playback with captive birds have been rightfully reviewed using different criteria (e.g., Beecher

et al., 1986; Derégnaucourt, 2011; Derégnaucourt and Bovet, 2016), taking into account how dras-

tically different the conditions under which we can perform acoustic playback in captive conditions.
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Figure 2.2: Number of articles in our sample by year of publication.
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Some examples of the applications of acoustic playback in ornithological field contexts include

the detection of elusive species (e.g., Marion et al., 1981; Okahisa et al., 2016), attract birds (e.g.,

Martin et al., 1995; Podolsky and Kress, 1989), study predator–prey interactions (e.g., Abbey–

Lee et al., 2018; Mougeot and Bretagnolle, 2000), territoriality (e.g., Akçay et al., 2011; Leedale

et al., 2015), effects of changes in vocalisations’ syntax (e.g., Hedley et al., 2017; Taylor et al.,

2017), eavesdropping (e.g., Niederhauser et al., 2018; Vargas–Castro et al., 2017), genetic/acoustic

discrimination (e.g., Lipshutz et al., 2017; Provost et al., 2018), and neighbour/stranger recognition

(e.g., Dadwal and Bhatt, 2017; Moskát et al., 2017).

Avian Perception of Sound, and Relevance to Playback

Objective parameters to allow for reproducibility of playback are needed because human perception

of sound differs from that of birds, and this has implications for the recording and broadcasting of

avian vocalisations. Sounds emitted from vocalising animals are, more often than not, directional

(Patricelli et al., 2008), and are affected by attenuation, reverberations, amplitude fluctuations,

and atmospheric effects (Catchpole and Slater, 2003). The combination of these various degrada-

tions means that sound changes over distance in a non-linear way. The ability of birds to identify

the direction from which a signal arrives can be directly linked to physiological cues (Bradbury

and Vehrencamp, 2011; Dent and Dooling, 2003; Larsen et al., 2006; Schnyder et al., 2014). Addi-

tionally, birds’ ability to estimate the distance from a signaller through degradational cues, or to

“range” a sound, has been extensively reported.

Hence, to avert misinterpreting the responses observed when performing playback, it is impor-

tant to consider how birds localise sound sources, and whether they may identify degradation cues,

and potentially behave differently because of these.

Ranging

Richards (1981), Richards reported recording two different vocalisations, respectively ten and fifty

metres away from a singing Carolina wren Thryothorus ludovicianus. These two vocalisations were

then played back to conspecifics at a standardised amplitude. The wrens exposed to this playback

responded by counter-singing to the “far” song and by attacking the “near” song. This was, to

our knowledge, the first experiment leading to what Morton (1983) formalised as the “Ranging

Hypothesis”. The hypothesis states that birds assess distances from one another using sound

degradation, by comparing newly heard sounds to an internal representation of the undistorted

sound. The use of degradation cues to estimate signaller distance has been tested and reported

multiple times (Fotheringham et al., 1997; McGregor, 1994; Naguib, 1996, 1998). However, some

results were thought to be unreliable, as a bird could potentially move position and triangulate

20



to estimate distance to a loudspeaker if tracks were played for a sufficiently long time (Naguib

et al., 2000; Wiley, 1998). Further studies have shown that birds are able to range vocalisations by

relying only on degradation cues (Holland et al., 2001; Naguib and Wiley, 2001; Zahorik, 2002).

The detection of sound alteration

Birds can sense differences in amplitude and frequency modulated sounds (Bradbury and Vehren-

camp, 2011; Stebbins, 1983). Avian amplitude (Cynx et al., 1990; Dooling and Searcy, 1981) and

frequency discrimination thresholds (Dooling et al., 2000; Saunders et al., 1978) have been found

to be similar to those of humans.Beason (2004) suggests that birds generally hear best between

1000 and 5000 Hz, with upper and lower auditory limits of 25,000 Hz (25 KHz) and 5 Hz respec-

tively. However, some studies report upper limits closer to those typical of humans (20 kHz, after

conditioning), and theoretical ones up to 30 kHz (Dooling, 2004; Li et al., 2011; Martin, 2017;

Schwartzkopff, 1955). Some bird vocalisations include high-frequency harmonic components ex-

tending into the ultrasonic range (Brand, 1938; Narins et al., 2004; Tanimoto et al., 2017; Thorpe

and Griffin, 1962) nd in some species, the energy carried by these high-frequency components is

like that of the vocalisations’ audible ones (Li et al., 2011). Although high-frequency components

could be byproducts of vocalisation, they may instead have a specific role in signalling conspecifics

(Li et al., 2011; Thorpe and Griffin, 1962; Wilson and Hare, 2004). It has therefore been suggested

that assumed avian auditory system limits may need to be re-evaluated (Li et al., 2011; Narins

et al., 2004). Experiments concerning noise (Lohr et al., 2003; Scharf, 1970) and frequency al-

terations over time (Ratcliffe and Weisman, 1985, 1986) suggest that the way that birds perceive

differences in sounds could be quite different from ours. Of course, such perceptions could be spe-

cific to genus or species. Lohr et al. (1998), and Dooling and Prior (2017) showed how the ability

to discriminate sound alterations in the fine structure of the sound (local timing, accounting for

spectral and temporal cues within individual harmonic syllables), rather than just in the temporal

envelope (accounting for the global features of a sound) in some birds is significantly better than

in humans.

Reaction to sound alterations

Several studies have addressed the matter of differential responses to altered stimuli. Some species,

such as Field Sparrows Spizella pusilla and White-crowned Sparrows Zonotrichia leucophrys show

stronger responses at lowered frequencies (Luther et al., 2017; Nelson, 1989), while other species,

such as Northern Cardinals Cardinalis cardinalis and Black-capped Chickadees Poecile atricapillus

respond more vigorously than average to shifted frequency vocalisations (providing that back-

ground noise is not too high) or when presented with note-specific alterations (Luther and Mag-

notti, 2014; Wong and Gall, 2015). Average amplitudes of natural vocalisations at source are not
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known for most birds, and there is huge individual variation and modulation potential (Naguib,

1995; Tanimoto et al., 2017). Higher broadcasting amplitudes usually elicit altered (often stronger)

responses from wild birds (Dabelsteen, 1981; Nelson, 2000; Ritschard et al., 2010). Amplitude

differences are thus double-edged swords, as the species’ differential response to them could be

advantageous when using playback to detect rare or elusive species (Marion et al., 1981; Okahisa

et al., 2016)but as a source of bias in behavioural contexts. Finally, changes in the quality of

a broadcast vocalisation can have significant impact on the birds’ response. Several species re-

spond more aggressively to playbacks of clear versus degraded vocalisations broadcast at the same

amplitude (McGregor and Krebs, 1984; McGregor et al., 1983; Richards, 1981; Slabbekoorn, 2004).

In this review we examine a sample set of papers that use the playback technique in avian field

studies to investigate how reproducible the studies are. We synthesise our findings to provide a

set of features that we deem important to report in published articles involving the playback tech-

nique in order to improve reproducibility; these come from both the reviewing of the literature and

experience. A consistent approach to performing and reporting experiments employing the play-

back technique would make it easier to understand, reproduce, and compare the results of studies,

thus enhancing advancement of this field. We also provide a series of practical recommendations,

including suggestions on how to measure amplitudes more easily in the field.

2.2 Methods

We performed a systematic literature review following the RepOrting standards for Systematic

Evidence Syntheses (ROSES) protocol (Haddaway et al., 2018). We performed a literature search

using three different on-line literature databases: Scopus (https://scopus.com), PubMed Central

(https://www.ncbi.nlm.nih.gov/pmc/), and Web of Science (https://webofknowledge.com)

on 18 December 2019. Our search was limited to original research articles (i.e., not reviews) from

1993 onwards (that is, published after the 1992 Thornbridge Hall Nato ARW consensus). We

searched using the followin logical combination of keywords: (*bird* OR avian) AND playback

AND (*acoustic* OR sound) AND (natur* OR field) where asterisks represent the possiblity

of any prefix/appendix to be attached to the search word (e.g., natur* would include nature and

natural).

We only included articles written in English in our sample. We also excluded all the search

engine results that did not involve birds (although broadcast of avian vocalisations to non-birds

was accepted, as well as broadcast of non-avian sounds to birds), all non-peer-reviewed articles

(e.g., grey literature, theses), and articles only involving captive birds. All the articles remaining

after these exclusion criteria were applied are included in our sample; a listing of the whole sample

is available as supplementary material.
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Focusing exclusively on the technical aspects of employing the acoustic playback technique, we

prepared a checklist to evaluate the extent to which the reporting in each paper was sufficient to

reproduce it (Table 2.1). This list included all the information we expected to see in the Methods

section and included both information that is important to reproduce the research, and to interpret

the results.

23



Table 2.1: Scoring checklist, apart for the Context variable, which is point based (1 to 8), each
question placed articles into categories. Whereas the first question is point based (the higher, the
more detailed), all the others assign papers to categories (numberic values are not important).

Feature Points

Context 1 to 8
Location

w/co–ordinates 2
w/o co–ordinates 1

Vegetation
Nothing 0
Description 1
References 2

Time
of Year 1
of Day 1

Extra (Fauna/Geology/Weather)
Nothing 0
Description 1
References 2

Feature Category

Tracks Origin
Not Specified 1
Recorded by the authors 2
Obtained from a third party 3
Some recorded by the authors and some obtained from a third party 4

Recording devices
Not Specified 1
Brand & Model 2
Additional information 3
Frequency Response Charts 4
Not Applicable 5

Tracks’ Availability
Not Available 1
Some Available 2
Available 3

Recordings’ Details (Frequency range / bit depth)
Not Applicable 1
Not Specified 2
Present 3

From tracks to stimuli
No Editing 1
Outlined but not reproducible 2
Reproducible 3
Not Specified 4

Playback Procedure
Not Specified 1
Outlined but not reproducible 2
Reproducible 3

Obsevers’ Behaviour
Not Specified 1
Outlined but not reproducible 2
Reproducible 3
Not Applicable 4

Broadcasting SPL
Not Specified 1
Not Shown, Explained 2
Shown, Not Explained 3
Shown, Explained 4
Shown, Referenced 5

SPL Measurement
Not Specified 1
Not Measured 2
Measured, Not Described 3
Described, Not Reproducible 4
Reproducible 5

Broadcasting devices
Not Specified 1
Brand & Model 2
Additional information 3
Frequency Response Charts 4

The first criterion on the checklist considered how comprehensively the authors described the

context in which they employed the playback technique by including relevant geographic, climatic,

and habitat information. Although not as objective as the other criteria, we first considered the

24



amount of information regarding the playback context reported by articles in our sample. We used

a point-based system according to which each article could potentially receive up to eight points,

whereas all the remaining criteria assigned each article to a category. The remaining criteria as-

cribed articles to different categories according to the origin of their audio tracks (and details of

the recording devices if not acquired from a third party), the availability of such tracks, details

about their properties (frequency range and bit depth), whether and how these were processed,

the actual playback procedure, observers’ behaviour, and broadcasting details (including sound

pressure level, see details in Table 2.1.
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The standard screening strategy was to first assess eligibility as follows: read title and abstract,

if not conclusive read methods section, if not conclusive read entire article and supplementary

material. Subsequently, we read each eligible article and relative supplementary material to assign

it to the different categories, according to the checklist.

For consistency, one person (ADR) performed the bulk of the evaluation. ADR also performed

a second evaluation one year after the first, and blind to the first result: the second evaluation

matched 96.7% of the scores (see supplementary material). We further verified the evaluation by

asking five additional people (see Acknowledgements), blind to the main reviewer’s scoring, to

score three randomly selected unique articles already scored by ADR, plus two shared among all,

for a total of 17 (4% of the sample) unique articles.

The ROSES protocol also includes procedures for obtaining missing data. However, we did not

use these procedures because we consider them unnecessary; the main point of this review was to

identify the degree to which we would be able to reproduce applications of the acoustic playback

technique in avian field contexts wholly from the published material (including supplementary

material).

2.3 Results

2.3.1 Analysis of Reporting in the Literature

The different on-line databases returned very different numbers of articles (Table I.i). The total

number of articles returned by the various searches was 1087, of which 625 were individual articles

and the rest repetitions between the databases; we found 601 articles through Web of Science (of

which we included 406 in this study, 294 were only found through Web of Science, see figure I.i),

177 through Scopus (115 included, 9 were only found through Scopus), and 73 through PubMed

Central (38 included, 4 unique in PubMed Central, see Figure S1). We included about two-thirds

(419) of the total 625 unique articles resulting from the search in the sample. Of the 206 that we

excluded, 62 were not about birds, 90 involved the use of captive birds in aviaries or laboratories,

three were not classifiable as “articles” (e.g., books, technical reports), 27 did not employ playback,

21 were not written in English, and three were duplicates. The number of articles per year in the

final sample of evaluated papers showed an increase from as few as three in the 1990s to high

twenties from 2008 onwards (Figure 2.2). We next discuss the distribution of articles according to

each checklist criterion (Figure 2.3).
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Figure 2.3: Proportions of the sample articles resulting from our literature search according to
our review questions. The colours respectively represent the numbers of articles belonging to each
category as per individual legends.
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Playback procedure, context, and observers’ behaviour

Half (52%) of the articles scored 4 or more on the context criterion (the maximum score was 8),

which usually meant that coordinates for the study site, date and time of broadcast were provided,

but see table 2.1 for detail. Overall, the most represented value (median) was 4, with a mean

of 3.60 and a standard deviation of 1.18. Only 4% (17) did not specify any detail about the

playback procedure (stimuli order and playback duration), whilst 45% and 50% provided some

(190) or detailed (211) information. Nine percent (38) of the sample did not specify the activities

of the observer(s) during playback, whilst 26% (109) provided enough information to effectively

reproduce what they were doing. Most (62%, 262), of the sample gave some information on what

the observer(s) was doing, but not enough to faithfully reproduce it.

Recording Devices and Settings

Most of the articles in the sample (66%, 275) used custom tracks (either recorded or generated by

the authors). Overall, tracks obtained from third parties were used in 9% (39) of the articles, while

5% (22) used a combination of custom and third-party tracks. The remaining 20% (82) did not

provide enough information to identify the origin of their tracks. After excluding the 39 articles

that obtained their recordings exclusively from third-parties and the 104 for which we had no

information about track origins, 297 articles that used recording devices remained. Out of these,

70% (209) provided brand and model of their recording devices, and 9% (28) included additional

details (e.g., frequency response). Forty-seven articles (16%) did not provide information about

the recording devices employed. None of the articles provided frequency response charts for their

recording devices. Fifty-nine percent (176) of the articles in which the tracks were recorded by the

authors provided both sampling rate and audio bit depth, while the remaining 121 articles did not.

Sound file preparation

Following recording, most tracks were post-processed to prepare them for playback. This can

include various digital filters such as denoising, amplitude correction, segmentation, and frequency

range reduction. Most of the considered articles (73%, 305) reported something about their track

preparation procedure. Of these, 7% (23) did not alter the tracks, 55% (167) gave some information

about their procedure, and 37% (114) provided enough information to reproduce their track editing.

Broadcast

Whenever possible, we acquired technical specifications for the loudspeakers used by the authors.

Most articles (65%, 274) reported at least brand and model of their devices; 13% (54) also provided

additional specifications occasionally including frequency response intervals (e.g. “flat response
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±3dB”), whilst 90 articles (21%) did not specify the broadcasting device employed. No article

reported frequency response charts for their broadcasting devices. Most of the articles in our

sample (60%, 250) reported measuring their broadcasting sound pressure level (SPL). Twenty-two

percent (93) provided a detailed report that included enough information to reproduce the same

exact measurement, and 28% (117) reported partial information about the measurement. Twenty-

five percent (104) reported the SPL of broadcast without explaining how it was measured; 37%

(157) reported and explained their broadcasting SPL (57 of them also included references), while

34% (144) did not report it at all; 3% (13) explained their broadcasting SPL to the reader without

reporting it. For a playback experiment to be fully reproducible, the tracks used by the authors

need to be publicly available. This is not yet common, with tracks from only 3.6%, 15) of our

sample being easily available (without having to contact the authors) whilst for some of the articles

(7%, 31) a subset of the tracks were available. 372 articles (89%) did not provide any means of

retrieving any of the acoustic tracks employed.

Objectiveness of the review and reproducibility of the articles

Overall, we feel confident we conducted an objective review, in both the selection and scoring of the

articles. Of the two shared articles that we gave to five extra reviewers, one was always discarded as

non-avian, whilst the other was consistently scored by all, although some minor differences arose.

Most differences both among external reviewers and between the main reviewer and the external

reviewers, related to SPL measurements.

Reproducibility of methods

If we define a reproducible article as one that faithfully describes how playback is performed,

how the stimuli are prepared, how the observers behave, at what SPL sounds are broadcast,

and that provides access to the employed tracks (although digital on-line archiving may not have

been available for the entire sample, archives and institutions such as the Macaulay Library —

– established in 1929 — have existed since long before acoustic playback), we would only have

one such article in our sample. This is a study of the low frequency vocalisations of the North

African Houbara Bustard Chlamydotis undulata undulata by Cornec et al. (2017). This definition

of reproducibility specifically relates to criteria 4, 6, 7, 8, and 9 (Table 2.1), leaving the remaining

questions for comparison purposes. For example, criterion 1, which relates to context, might be

essential for reproducing an experiment in similar conditions or conditions that differed in known

degree from those of the initial study. Assuming that we would not need to know how the stimuli

were prepared, because they would be available, and not accounting for the SPL measurement

parameter, we could drop criteria 6 and 9 and would have five reproducible articles in our sample

of 419 articles (0.92%; Cornec et al., 2017; Dufty and Crandall, 2005; Krieg and Getty, 2016; Li
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et al., 2011; Moskát et al., 2018).

2.4 Discussion and Recommendations

Our literature review shows that as a community we are still not providing all the information

that is needed to faithfully reproduce the research we carry out. In the next sections we provide

some recommendations regarding the use of the playback technique and discuss aspects of avian

physiology and behaviour that are likely to affect bird response to playback and hence highlight

the need for reproducibility.

2.4.1 Recommendations (Table 2.2)

Report recording conditions. Ideally, high-quality, almost undegraded (e.g., recorded less than

a metre away from the subject) vocalisations should be used to make playback stimuli, to

avoid conditioning responses with unwanted distance cues (Lambrechts and Dhondt, 1995;

Ŕıos–Chelén et al., 2017). Since this is not always possible, the best compromise we can cur-

rently suggest is to account for at least the SPL and meteorological variables measured when

the sounds were recorded, and the distance from the bird at which these were recorded. If this

is not possible, we would recommend broadcasting or otherwise producing a reference sound

(reproducible elsewhere) at a known distance from the speaker; this will help in determin-

ing, albeit more approximately, the SPL of the recorded vocalising animal. By broadcasting

vocalisations at the SPL measured at the time of recording, the possibility of broadcasting

ambiguous signals, such as high-amplitude degraded songs, should be minimised.

We suggest that all details of the mechanics of the recording are presented: recording de-

vice details (brand and model, settings), environmental conditions (vegetation structure,

base noise SPL, temperature, humidity, wind speed and direction), SPL (including detailed

measurements, see below), and bird orientation (relative to the recorder, e.g., “facing the

recorder”) and distance whilst recording, are all desirable information to include in any re-

port concerning the use of self-recorded stimuli. If tracks are obtained from third parties,

the on-line repository identifiers are needed, together with citation of the original source

reporting them. We suggest including all the details as comments accompanying the tracks

uploaded to on-line repositories.

Report post-processing methods. Post-processing for track creation also needs to be reported

because performing the same experiment using tracks with different dynamic range (because

of the bit depth), frequency response (because of the sampling rate), or altered using different

filters, denoising algorithms and/or more advanced edits, could all lead to different results.
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Understanding the degree to which a target species can discriminate amplitude and frequency

modulations is a decisive step in conducting effective broadcasting experiments.

Make tracks publicly available. We strongly recommend that high-quality, ‘losslessly’–encoded

versions, such as Free Lossless Audio Codec (FLAC) and Waveform Audio File (WAV) files,

of the final tracks are used to be made publicly available on the internet. This enables readers

to evaluate the quality of the sounds used, and other experimenters to directly use them, if

applicable. This could be useful even when counterintuitive. For example, if we broadcast

neighbour and stranger vocalisations to subjects, we may think them to be useful just to

ourselves. However, our neighbour tracks could be employed by other researchers in need of

a stranger track and so on.

There already are several online repositories that are, either partially or wholly, dedicated to

avian vocalisations, such as Xeno-canto (https://www.xeno-canto.org/) and the Macaulay

Library of the Cornell Laboratory of Ornithology (https://www.macaulaylibrary.org).

Whenever sharing the final versions of the employed tracks is not possible, as in the cases

of commercial recordings, the latter can be referenced, and the references accompanied by a

detailed description of post-processing procedures.

Select playback technology appropriately. The most prominent aspect to consider regard-

ing the use of a loudspeaker to broadcast bird vocalisations is probably how these will be

perceived by the birds. It is advisable, when possible, to consider known hearing and vocal

frequency bandwidth limits of target species, and to choose devices accordingly. Some arti-

cles in our sample mentioned the frequency response of their loudspeakers; we add that it

always is desirable to include frequency response charts for all the employed equipment. Un-

fortunately, this information is not always included in the equipment’s specification sheets.

However, a reasonable approximation can be generated by broadcasting a frequency sweep

at normalised amplitude (which can be generated using free or commercial acoustic software)

in front of the SPL meter in logging mode; plotting the resulting amplitude will result in

a rough, albeit informative, frequency response chart. The distance between loudspeaker

and SPL meter, conditions (e.g., soundproof room), and method of generating the frequency

sweep for completeness should also be reported.

Report playback parameters. The SPL (or SPL range) at broadcast should be measured and

device specifications and settings for both loudspeaker(s) and SPL meter, including brand,

model, signal to noise ratio, frequency response chart, positioning, and eventual settings

when applicable for loudspeakers should all be reported. Since measuring the SPL of natural

sounds in the field is often harder than anticipated, we suggest generating a long (e.g., 30

seconds) pure tone at the peak amplitude of the vocalisation to broadcast, to normalise its
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amplitude with that of the natural sound at peak amplitude, and to more easily measure this

instead of the more volatile natural sound. In addition, for the SPL meter, it is important

to include distance at time of measurement(s), brand, model, scale (dBA/dBC/dBZ/other),

response (fast/slow), range (e.g., 30 – 130 dB), and frequency response (possibly including

the chart). Returning to the playback itself, we recommend reporting coordinates and time

of year and day, as well as environmental variables such as altitude, temperature, humidity,

wind speed and direction and a description of the area including surrounding vegetation

community and geophysical information such as an indication of soil type and slope. The

relevance of this contextual information is that although it may not directly influence the

ability of other researchers to perform the experiment, it is helpful in interpreting results.

Additional important features to report include procedural aspects, such the duration of

playback, number of loudspeakers used, use of static/interactive playback, and observer(s)

position and behaviour before and during playback.
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Table 2.2: Useful details to report to facilitate reproducibility of ornithological playback technique
applications.

Feature points
context 1 to 8
location

w/ co-ordinates 2
w/o co-ordinates 1

vegetation
nothing 0
description 1
references 2

time
of year 1
of day 1

extra (fauna/geology/weather)
nothing 0
description 1
references 2

Feature category

tracks origin
not specified 1
recorded by the authors 2
obtained from a third party 3
some recorded by the authors and some obtained from a third party 4

recording devices
not specified 1
brand & model 2
additional information 3
frequency response charts 4
not applicable 5

tracks’ availability
not available 1
some available 2
available 3

recordings’ details (frequency range / bit depth)
not applicable 1
not specified 2
present 3

from tracks to stimuli
no editing 1
outlined but not reproducible 2
reproducible 3
not specified 4

playback procedure
not specified 1
outlined but not reproducible 2
reproducible 3

obsevers’ behaviour
not specified 1
outlined but not reproducible 2
reproducible 3
not applicable 4

broadcasting spl
not specified 1
not shown & explained 2
shown & not explained 3
shown & explained 4
shown & referenced 5

spl measurement
not specified 1
not measured 2
measured & not described 3
described & not reproducible 4
reproducible 5

broadcasting devices
not specified 1
brand & model 2
additional information 3
frequency response charts 4
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2.5 Conclusions

The playback technique represents a very powerful tool in conservation contexts (e.g., eliciting

vocalisations of rare or cryptic species), and can provide invaluable understanding of several aspects

of a target taxon’s behaviour. It is easy to use, relatively non-invasive and can provide directly

interpretable outcomes. This makes it an excellent choice to pursue research questions in areas

such as ecology, ethology, and evolutionary biology. While considering the development of our

own studies involving acoustic playback, we were surprised to be unable to find a consistent set

of guidelines for the design, execution, and reporting of such experiments. To our knowledge, the

table provided by McGregor et al. (1992) whilst not intended as an instruction list, represented

the only available guideline authors could follow to better design their experiments until now. A

recent paper by Gentry et al. (2020), while not specifically about ornithological field applications,

also provides very useful guidelines that correspond well to those we have identified here. Based

on the literature and our own experience we provide, in Table 2.2, a list of features to consider and

report to allow any reader to reproduce future applications of the playback technique. Of course, as

technology advances, and for particular environments and experimental aims, there may be other

factors that need to be considered. We also provide two sample paragraphs (Appendices I.i and

I.ii) that, in our opinion, would represent exhaustive reports regarding potential studies involving

acoustic playback. By consistently reporting methods in a community-wide fashion, and by making

publicly available the acoustic stimuli we employ, the research community would not only allow

fellow researchers to reproduce experiments, but also to compare and evaluate the experiments

reported, hence improving the reliability of future developments in bioacoustics more easily.
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Chapter 3

A, R Us There?
energy–based sound source
location with single microphone
acoustic recording units

Figure 3.1: Raffaele preparing for playback at Totara Reserve, Pohangina Valley
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Abstract

Passive acoustic monitoring (PAM) using remotely deployable acoustic recording units can produce

a long term permanent record of the soundscape of natural sites without significantly affecting the

animals present. Applications of PAM have been expanding as technology improves.

Knowledge about the location of sound sources using passive acoustic methods could be useful in

ecology and animal behaviour studies. However, to infer sound source location is computationally

intense and requires more advanced hardware than a simple recorder. Another way to estimate the

distance to sound source is using energy-based methods which use sturdier and cheaper devices at

some cost in accuracy.

In this experiment we tested the applicability and accuracy of energy–based sound source localisa-

tion using single microphone Acoustic Recording Units, by broadcasting, recording, and localising

multiple sounds, broadcast at different heights, directions, in three distinct environments.

We analysed the localisation errors obtained using five different configurations of single–microphone

acoustic recording units and, for reference using a subset of data, by three microphone arrays using

time difference of arrival (TDOA). As expected, the TDOA method outperformed the energy–based

method with median localisation errors below 7 metres. However, although the overall energy–

based median estimate error was 25 metres, optimising the spatial configuration of ARUs reduced

this error to approximately 10 metres.

These results from using single microphone acoustic recording units to infer sound source loca-

tions have reasonable uncertainty. Although energy–based methods are less accurate than time

of arrival ones, we found that errors could be reduced by calibrating the acoustic recording units

configuration to one’s target species.

The statistical analyses showed that some sounds (Kiwi female and a G5 pure tone) were easier

to localise than others, and that one particular spatial configuration of ARUs (four ARUs at the

vertices of a 100 m sided cross) generally delivered median estimates 5 m more accurate than with

other configurations. Conversely, using only two ARUs 100 m apart (configuration #2) delivered

median estimates with errors almost thirty metres worse than using other ARU configurations.

Finally, estimating sounds in a level forest involved higher than average errors (by v 4 metres),

and very high (equal or higher than 8,000 Hz) and low (lower than 300 Hz) pure tones also in-

volved higher median errors (around 3 metres higher than other sounds). Unexpectedly, weather,

height/angle combinations, and directions of broadcast did not seem to affect this localisation

method to an appreciable degree.

Although time of arrival methods may eventually be routinely used as they indeed provide more ac-

curate estimates, their applicability to large scale monitoring may not yet be practical or affordable.

As some statistical methods and estimates can benefit from sound source location information, we

hope to enable their application using energy–based methods besides the already–established time

of arrival ones. We conclude that teams wishing to use energy–based methods for localisation of
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animals from vocalisations need to carry out similar experiments to the one presented herein with

their own equipment to select the ARU configuration that best suit their research or management

questions.
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3.1 Introduction

Acoustic Recording Units (ARUs) allow the collection of large datasets with the potential for great

value in conservation (Priyadarshani et al., 2018a). They are particularly useful when monitoring

species of conservation concern with small populations in fragmented and often difficult to reach

locations (e.g. Williams et al., 2018). A large number of different ARUs are available to researchers

(Blumstein et al., 2011; Pérez-Granados et al., 2019a), and Passive Acoustic Monitoring (PAM)

using ARUs has an important role in soundscape studies (Farina, 2013) and studies of different

animal taxa, such as invertebrates, mammals, amphibians, and birds (Sousa-Lima et al., 2013;

Sugai et al., 2019).

One particular aspect of acoustic monitoring involves sound source localisation, which aims at lo-

cating animals mostly using time difference of arrival (TDOA) of sounds to arrays of synchronised

microphones (Marques et al., 2013; Rhinehart et al., 2020). Conversely, energy–based estimates

use power, scaling its estimates to a reference sound with known location, to approximate dis-

tance (Li and Hu, 2003). At a minimum, spatial localisation helps to disambiguate whether the

detections of different sets of devices are of the same vocalisation or not. However, in frameworks

such as Spatially Explicit Capture-Recapture (SECR — Efford, 2004; Efford and Boulanger, 2019;

Royle et al., 2013) location information can also be added as supporting variables (Stevenson et al.,

2015). Being able to use PAM to obtain sound source location will improve monitoring practices,

for example in the cases of point counts using distance sampling (Buckland et al., 2012; Ralph

et al., 1995), which require estimates of location, and as such are currently limited to human ob-

servers rather than ARUs. Identifying sound source location with PAM allows for the extension

and possible improvement of these and similar practices.

The ability to estimate sound source location has been shown using arrays of microphones or

recorders (Darras et al., 2018a; Fan et al., 2010; Rhinehart et al., 2020; Suzuki et al., 2017). These

are more expensive, and power–hungry than traditional single microphone ARUs. PAM often re-

quires sturdy and weather–proof devices able to be deployed in the wilderness for long periods of

time, relying on mimimal power supply (which is also important in wireless synchronisation net-

works, see Cobos et al., 2017). Using TDOA methods requires perfect synchronisation among the

recording channels. While this can be achieved by physical, wireless, or acoustic means (Rhinehart

et al., 2020), it is often impractical (e.g. periodic synchronising sound broadcast, expensive wireless

synchronisation), or environmentally invasive (e.g. physical synchronisation via cables) for long

term monitoring. For instance, VoxNet emerged as a very promising field–deployable TDOA sys-

tem, but is still very expensive and difficult to maintain (Allen et al., 2008; Rhinehart et al., 2020;

Taylor et al., 2016). Eventually, technology will surely allow us to effortlessly use high precision

TDOA methods routinely (Hart and Martinez, 2006). Remotely deployable multi–channel ARUs
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are emerging (e.g. Wijers et al., 2021), but these recently developed devices have not replaced

single–microphone ARUs in everyday conservation surveys, and energy–based localisation could

always be employed to analyse historically collected ARU data. As such, PAM can benefit from

energy–based sound source localisation (Li and Hu, 2003), which uses the strength of the received

signal to approximate distance. Recordings of sound sources closer to a recording device will

display higher amplitude, hence energy, than more remote equally loud ones. A reference sound

from a known location serves to thus convert inverse energies to distances in metres. Estimated

distances from multiple detectors can finally be integrated to localise the sound source.

In this study we used playback to evaluate the accuracy of different configurations of ARUs

at estimating sound source location; we further compared a subset of these estimates to estimates

made using three microphone arrays and TDOA. The benefits of a playback experiment are that

we know the true locations of both the sound source and the ARUs or arrays, and thus have ground

truth for the spatial location of a sound. We use Euclidean distance between known and estimated

sound source locations (i.e., localisation error) as our response variable, seeking to identify variables

that are consistently associated with more accurate localisation of the playback speaker. We used

a statistical model considering different ARU configurations, height/vertical angle of broadcast,

trial (environment), direction of broadcast, and sounds played, as covariates that might affect the

the sound localisation errors.

3.2 Materials and Methods

3.2.1 Track Preparation

Our playback track was 1 minute, 16 seconds long, and comprised noise, pure tones, and avian vo-

calisations, each separated by silence (Table 3.1). Although this thesis is chiefly focussed on North

Island Brown Kiwi (Apteryx mantelli, Bartlett, 1851) as main taxon of interest, we included sev-

eral Aotearoa New Zealand endemic taxa and a commonly–studied North American taxon (Black

Capped Chickadee — Poecile atricapillus, Linnaeus, 1766) to give an heftier contribution to acous-

tic monitoring and broaden the applications of the method. We prepared the track using Audacity

(Audacity Team, 2018). We normalised all the track segments (except the initial noise) to have

the same peak amplitude (so that the most intense sound of each segment had the same intensi-

ty/sound pressure level). We used a second track, comprising a 30 seconds long cyclic repetition

of a standard 440 Hz A (at the same amplitude as in the main track) to calibrate the speaker’s

sound pressure level in the field. Both tracks, in reproducible (mp3 extension 44100 Hz rate, 32

bit depth) and editable (Audacity project .aup) forms, are available within the supplementary

material. We here used uncompressed WAV tracks for our sound collection and analyses, but are
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providing mp3 and aup versions for ease of download.

The first two seconds of the playback track included software–generated Brownian noise; after

0.25 seconds of silence, an equal tempered (Hagenow, 1934) C Major arpeggio from C3 to C6 of

generated tunes followed (Suits, 1998). Each tone of the arpeggio lasted one second and was sepa-

rated from the next by a pause (silence) of 0.25 seconds. We chose to include a C Major arpeggio,

rather than a different scale, as it is easily reproducible with a variety of musical instruments. After

a 0.5 seconds pause (silence) following C6 the avian vocalisations started. Each avian vocalisation

segment lasted five seconds and was separated by 0.5 seconds of computer–generated silence from

the next.

The first avian vocalisation in our track was that of a Ruru (Morepork – Ninox novaeseelandiae,

Gmelin – 1788), followed by Hihi (Stitchbird – Notiomystis cincta, Du Bus & Gisignies, 1839), Kea

(Nestor notabilis, Gould, 1856), Matuku (Australasian Bittern – Botaurus poiciloptilus, Wagler,

1827), female North Island Brown Kiwi, Toutouwai (North Island Robin – Petroica longipes, Les-

son & Garnot, 1827), North Island Brown Kiwi male, Black–Capped Chickadee, and T̄ıeke (North

Island Saddleback Philesturnus rufusater, Lesson, 1828). All scientific names and authorities were

confirmed on the BirdLife International website on the 5th of February, 2020. A sequence of pure

tones (500, 2,000, 4,000, 8,000, 12,000, and 16,000 Hz; Darras et al., 2018b) lasting 1 second each

and 0.25 seconds apart followed 0.5 seconds after the last bird sound. A pause of 0.25 seconds

was followed by a 440 Hz pure tone and 2 seconds of silence. This last pause allowed the rotation

between broadcasting directions (see below for details).
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Figure 3.2: Schematic representation of the experimental setup. The cardinal points and blue dots
represent four ARU locations, the capital C and blue rhomboid represent the central ARU and
weather station’s location, the green dots on the dotted red circumference represent the broad-
casting stations. Asterisks (*) represent ARU locations where microphone arrays were deployed
for the comparison. Each of the two perpendicular black dashed lines is 100 metres long, so the
distance between C and any of the vertices is 50 metres.

3.2.2 Recording setup

We deployed 5 ARUs at the vertices and intersection of an equilateral 100 m cross–shaped exper-

imental field, with one ARU at the centre and one at each vertex of the cross (0 ◦ /360 ◦ North,

90 ◦ East, 180 ◦ South, and 270 ◦ West, Figure 3.2).

When recording data with microarrays we deployed three laptop computers at the central, east-

ern, and western recording points respectively. We connected a miniDSP UMA-8 multi–channel

device, comprising an array of seven Knowles SPH1668LM4H-1 microphones. These commercial

microarrays comprise one central microphone surrounded by six more and a mini-USB port along

circumference. The mini-USB ports faced North. Both the frequency response chart and microar-
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ray schematics are available n the manufacturer’s data sheet.

We used two different types of ARU: the New Zealand Department of Conservation (DOC)

“AR4” (Frequency response curve in Appendix II, Figure II.iii, electronics@doc.govt.nz), and

the Cornell Laboratory of Ornithology “Swift” (Frequency response curve in Appendix II, Fig-

ure II.iv, BRP@cornell.edu). Each ARU was positioned on a tripod so that the centre of the

microphone was 120 cm above the ground, and pointing towards the ground as to resemble field

applications (upward facing ARUs would be exposed to both additional noise from rain, and pos-

sible accumulation of debris in the microphone’s cage). This height was chosen to match the

conventional use of chest height for ARU deployment (e.g. Towsey et al., 2014).

We randomly assigned the ARUs to the five ARU–locations at each change of broadcasting

location to minimise possible device–related bias.

3.2.3 Experimental Procedure

The ground preparation phase can be summarised as follows:

1. Arrival on site.

2. Identification of central point using GPS device.

3. Identification of ARUs points (N, S, W, and E) using GPS device, tape measure, and compass.

4. Positioning of tripods and ARUs at the five ARUs locations (plus laptops with microarrays

when required).

5. Positioning of weather station at the centre of the experimental field, close to the central

ARU.

6. Identification and marking of broadcasting locations of the day (depending on schedule).

7. Adjusting of sound pressure level of the calibration track (see Track Preparation, page 39)

to be within 75 ± 1 dbA at 1 metre horizontal distance between the speaker and the sound

pressure level meter (see broadcasting, page 44), the former facing the latter, which we set

for fast response and range [30, 130] db.

8. Start weather logging. We logged temperature, relative humidity, atmospheric pressure,

and wind speed and direction every 10 seconds using a Kestrel 4500BT Weather Meter

(see https://kestrelmeters.com/products/kestrel-4500-weather-meter) mounted on

a tripod at the centre of the experimental field.

For each broadcasting trial, the playback phase of the experiment comprised: blowing a sport

whistle three times from the centre for distance calibration and acoustic synchronisation purposes,
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setting current height/angle configuration, and cyclically broadcasting the track towards each of

the directions, starting from N, to E, S and finally W.

The sport whistle blowing served as auditory aligning marker (to align the distance calibration

signal, as we blew it from right above the central ARU and, later on, used it as a reference sound

50 m away sound for each vertex–ARU. Additionally, we used this as an alignment marker to pan

all the five ARU recordings to the same starting point as their clock could have had small offsets

between each other.

3.2.4 Field Sites and Trials

The field trials were conducted on three different experimental fields: open field (hereafter open),

level land forest (hereafter level), and uneven ground forest (hereafter uneven). The open trial

took place on a soccer/rugby field at Massey University, Palmerston North, Manawatu–Whanganui,

Aotearoa New Zealand. The centre of the experimental field was located at S40.38728 ◦ E175.62515 ◦

(geodetic reference datum for the coordinates is WGS 84). These trials were performed between

the 12th and the 23rd of February, 2019. During the open trial we additionally found out the

distance at which ARUs and microarrays would not detect broadcasts (measured as not being able

to see the vocalisations on a spectrogram).

The level and uneven field trials took place between 2nd and 6th of October, 2019 at the Tōtara

Reserve, in the Pohangina Valley, Manawatu–Whanganui, Aotearoa New Zealand. The centre of

the level experimental field was located at S40.13218 ◦ E175.84843 ◦ whereas that of the uneven

experimental field was located at S40.15131 ◦ E175.85342◦. The Tōtara Reserve lies approximately

fifteen kilometres North to Northeast of the small town of Ashhurst, in the Manawatu–Whanganui

region. The reserve is crossed, generally Northeast to Southwest, by the Pohangina River, which

is a tributary of the Manawatu River. The vegetation, in both the level and uneven sites was

fairly dense (with trees’ basal area covering around 60m
2

ha — Priyadarshani et al., 2018a, see Fig.

3.3) and mainly comprised native trees and understory, including flagship species such as Northern

rātā (Metrosideros robusta, Cunn — Hassler, 2020b) and Ponga ferns (Alsophila dealbata, Forst —

Hassler, 2020a). For more detailed information about the vegetation and geological structures of

the area see Lusk, (1984) and Challands, (1976).

3.2.5 Broadcasting

We established broadcasting locations every 90 ◦ along a circle of 10 metre radius centred on the

middle ARU (C), starting from due North. We deployed the speaker in three different configu-

rations: (i) at height 350 cm above the ground, and horizontal, (ii) at height 350 cm above the

ground, and facing upwards at 30 ◦ to the horizontal, and (iii) at ground level and facing upwards

at 30 ◦ to the horizontal. This deployment was facilitated by an adjustable (telescopic) supporting
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Figure 3.3: Performing playback at the Massey University Grounds (A) and Totara Reserve,
Pohangina (B). This figure further shows the structure operating elevated flat configuration on
(A) and at ground level on (B).

Figure 3.4: Schematic representation of the broadcasting structure in its three different configura-
tions. The structure is represented hosting the speaker.

aluminium structure (Figure 3.4). The compass direction of the call was also varied during the

recording, in 90 ◦ increments from looking North (i.e., first looking North, then East, then South,

and finally West).

The broadcasts were made using a Foxpro NX4 speaker, for which we experimentally derived

the frequency response (Figure II.ii), by playing a frequency sweep we generated using Audacity.

This included a calibrating introduction (440 A at 0 — full — amplitude, 20 s) followed by a 5

seconds pause and a 120 seconds [20, 20000] 0 — full — amplitude linear frequency sweep (Pope,

2008). We then used the speaker’s curve (from the SPL meter) to adjust the acoustic recording

devices’ frequency response (figures II.iv and II.iii) curves obtained by recording the same track

played by the same speaker using REW (Mulcahy, 2004). These frequency response charts are spe-

cific of our devices and do not necessarily represent the performance of other speakers or recording
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devices of the same brands and models.

All the sound pressure level (SPL) measurements were made using a Digitech QM1592 Profes-

sional Sound Level Meter (see https://www.jaycar.com.au/pro-sound-level-meter-with-calibrator/

p/QM1592 or https://www.techbrands.com), which was calibrated before usage with the provided

calibrator according to the user manual.

3.2.6 Location Estimation

Time Difference of Arrival

We used an implementation of the generalised cross–correlation algorithm (Knapp and Carter,

1976, Appendix II.ii) written by Richard Brown and Stephen Marsland, to estimate the direction

of arrival of each sound, and subsequently localise the sound sources. We estimated the direction

of arrival of all the sounds from one location (North) in the open trial, estimating directions of

arrival of each sound to the three microphone microarray in a 0.3 seconds window. Figure 3.5

illustrates the output of the algorithm for one of the localised sounds.

Energy–based estimation

We prepared multi–channel Audacity projects (Audacity Team, 2018) with the recordings of the

broadcast from each of the five ARUs. Each project comprised the five (one per ARU) unsynchro-

nised parallel channels. We aligned the tracks using the sport whistle sound at each location/trial.

Using the weather data from the portable weather station, we calculated the specific speed of

sound for each synchronising point roughly every 15 minutes. We used this speed to calculate how

much time would it take for sound to travel 50 metres and we thus manually shifted the North,

East, South, and West channels accordingly, using the Centre track as reference. Using the central

channel as a reference (because it was the closer to all broadcasting location, hence the most likely

to always hear the playbacks), we then isolated a 0.1 s to 0.3 s fragment for each part of the

playback track in the current section and extracted it in five-channels wav files. We used AviaNZ

(Marsland et al., 2019, http://avianz.net) to compute the signal power of each channel using

equation (3.1). To investigate whether a particular configuration of ARUs, out of the following

five, resulted in smaller localisation errors:

Configuration #1 Only Central and Eastern tracks included

Configuration #2 Only Western and Eastern tracks included

Configuration #3 Central, Northern, and Eastern Included

Configuration #4 Northern, Eastern, Southern, and Western tracks included
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Figure 3.5: Example output of the GCC implementation. The upper plot shows with a red dot
the best estimate of the current sound source whilst the three lower panels show representations
of the signals from the seven channels of each of the microarrays. These are, from left to right, the
Western, Central, and Eastern microarrays.
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Configuration #5 All five ARUs

We then used the least squares method (Li and Hu, 2003) to infer the most likely sound source

location (z) with different ARU configurations (using equation 3.2), where C is the current set of

ARUs considered. Finally, we calculated the Euclidean distances between known and estimated

locations as in Equation (3.3). This resulted in a total of 7,795 distances between known and

estimated locations.

Power =

∑T
t=0 s

2
t

T
where T = length of file (3.1)

(xest
yest ) = (xy)− (xc

yc )−
ri × [x−xc

y−yc ]

(x− xc)2 − (y − yc)2
(3.2)

∀ c ∈ C

∆lknownest =
√

(xknown − xest)2 + (yknown − yest)2 (3.3)

3.2.7 Statistical Analyses

We modelled the Euclidian distance between the known broadcasting locations and the estimated

coordinates with a normal likelihood (∆l) with lower bound 0 — Equation (3.4) — using Stan

(https://mc-stan.org), through the R (R Core Team, 2013) package rstan (Stan Development

Team et al., 2016). Here we worked within a Bayesian framework for three interconnected rea-

sons. First, Bayesian statistics makes it easy to discern how different factors may have impacted

the estimates. By specifying zero–centered prior distributions (before the simulations) for all the

covariates, the posterior distributions (after the simulations) that fell completely above zero con-

sistently contributed to larger mean euclidean distances (bigger errors). Conversely, the posterior

distributions that fell completely below zero consistently contributed to smaller mean euclidean

distances (smaller errors), and those that remained to some extent centered around zero did not

consistently contibute to either larger or smaller errors. Secondly, by choosing a normal likelihood

(i.e., not employing a link function), the contributions of each different factor, represented by a

covariate (β) in the linear expression in Equation (3.5), are expressed in the same unit of measure

of the response variable, that is metres, hence are easily interpretable. Finally this method allows

us to achieve a quantitative understanding of the contribution of different factors to the euclidean

distances (errors), as posterior distributions that fell closer to zero represented smaller contribu-

tions to the response variable’s mean than those that fell farther from zero. Each occurrence was

modelled with hierarchical mean and standard deviation.
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∆lq ∼ Normal(µ = mq, σ = sig0)∀ q ∈ [1 : Q] (3.4)

mq =β0 + βtritriq + βhahaq + βtratraq + βdobdobq + βARUcARUcq+ (3.5)

+ βAP ×APZq + βRH ×RHZ
q + βT × TZq + βWS ×WSZq

ln(sigw) ∼ Normal(µ = 0, σ = 1)∀w ∈ [0 : W ] (3.6)

β∗
w ∼ Normal(µ = 0, σ = sigw)∀w ∈ [1 : W ]

z =
x− µ
σ

(3.7)

The mean was further dependent on a linear expression — Equation (3.5) — that included a

global offset parameter (or intercept, β0), the following categorical covariates: trial/environment

(open, level, uneven — tri), height (elevated flat, elevated angled, ground level — ha), direction

of broadcast (N, E, S, W — dob), track (26 categories, see Track Preparation, page 39 — tra) and

ARUs configuration (1, 2, 3, 4, 5 — ARUc), and the following non–categorical weather covariates,

each multiplying its z–standardised value — Equation (3.7): Atmospheric Pressure (AP), Relative

Humidity (RH), Temperature T, and Wind Speed (WS). Since we did not obtain reliable estimates of

wind direction for all (open, level, uneven) trials, we did not include this covariate in the analysis.

All the natural logarithms of the standard deviations were modelled as normally distributed with

mean equal to zero and standard deviation equal to one — Equation (3.6) — 47 σ were modelled:

sig0 as hierarchical prior of the normal likelihood and sig1 through sig46 for the β covariates (the

superscript asterisk ∗ on the β is to indicate that any and all the βw have normal priors with mean

equal to 0 and hierarchically modelled standard deviations). We chose to have all hierarchical

standard deviations thus modelled to minimise constraints on covariates and decided to model the

logarithms of the standard deviations to both allow for easier interpretation and ensure that these

would be positive real numbers.

∆lq ∼ Normal(µ = mq, σ = sig0)∀ q ∈ [1 : Q] (3.8)

mq =β0 + βmethodmethodq (3.9)

Additionally, we ran a simpler model — Equations (3.8) and (3.9) — to compare the TDOA and

energy–based estimates. This only included a global intercept and a categorical method covariate.
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We ran both models for 20, 000 iterations, discarding the first half as warm-up/burn-in, a

thinning of 4 (that is, retaining one every 4 MCMC draws), a proposal acceptance probability

(adapt delta) of 0.999 and a maximum treedepth of 15 in six independent chains. This resulted

in a final sample of 15,000 draws per variable.
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3.3 Results

The average (mean squared) error with the energy–based method was 21.49 m, while the TDOA

one was 6.65 m (Figure 3.10, Table II.i).

Figure 3.6 collectively portrays the distribution of the Euclidian distances between real and

estimated sound source locations and the distribution of the z–standardised weather variables.

The abscissæ in plots (A) through (E) are in metres, whereas those in plots (F) to (I) are in

standard deviations terms, being the z distribution standardised with µ = 0 and σ = 1. We found

that no avian vocalisations were detectable from visual inspection of the spectrograms farther than

300 m from the ARUs, and that only the C6 pure tone would still be detectable at 350 m.

Table 3.2: Summary of the distribution of the Euclidian distances (in metres) in different subsets
of the recorders.

Subgroup %2.5% 50% 97.5%
All data 14.06 25.00 34.94
Configuration #1 14.70 25.30 31.79
Configuration #2 40.49 47.82 58.18
Configuration #3 18.84 24.41 32.26
Configuration #4 8.14 9.98 13.05
Configuration #5 17.99 22.12 33.98

The MCMC simulation terminated without warnings and the Gelman–Rubin convergence

statistic R̂ was close to, if not exactly, one, for all the simulated variables.

No direction of broadcast, nor height/angle configuration or weather covariate was associated with

smaller or larger Euclidean distances between known and estimated locations (i.e., they were largely

centred around zero).

We found that the best configuration to estimate the distance to the broadcast was Configura-

tion #4, with four ARUs placed at the four vertices of the area, and the worst configuration #2,

where there were just two ARUs 100m apart (Figure 3.7).

The covariate for Configuration #2 was associated with errors in the sound source location at

times 30 m (see Table 3.3, 97.5% Quantile column) larger than average while the location errors

associated with the covariate for configuration #4 were mostly ∼ 11 m (see Table 1, 50% Quantile

column – median) smaller than average.

There was also an effect of trial on our ability to accurately locate sound source. Broadcasts on

the Level trial were consistently associated with slightly larger errors than average while broadcasts

on the uneven trial were mostly associated with smaller than average errors (Figure 3.8).
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Figure 3.6: Plots A through E depict density curves of the distributions of the Euclidean distances
from known to estimated locations grouped by the different considered categories whereas plots
F through I likewise present the z–standardised values for the weather variables. All the plots
include a black dashed line representing the distribution of the considered variable regardless of
any grouping and a differently coloured continuous line for each of the groups. For example, see
how in plot (C) the distribution of the different height/angle broadcasting configurations almost
retrace the overall distribution of Euclidian distances, whereas in plot (H) the overall distribution
of standardised temperature values markedly differs from both the Level and Uneven trials. For
most of the Euclidean distances plots (B—E), the distributions of different groupings are fairly
similar to the overall distribution of data, exception made for plot D where sounds broadcast
towards the West have overall smaller errors. Configuration # 4 presented the lowest values
together with a narrower distribution width (Table 3.2); in plot (A) we see that the pink line,
corresponding to ARUs conguration # 4, indicates a high density of small Euclidian distances
peaking around 10 m and barely going over. In contrast, conguration # 2 (orange line) shows
overall 20–60 m Euclidian distances/errors with some occurrences up to over 100 m, and the
remaining configurations fluctuate within the 15–40 m range.
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Table 3.3: Gelman-Rubin convergence statistic (R̂), standard deviation, 2.5%, 50% (median), and
97.5% of the posterior distribution for the considered covariates (parameters).

Parameter R̂ sd 2.5% 50% 97.5%
Intercept 1.00 8.00 -2.64 0.44 24.79
βheight/angle Elevated Angled 1.00 0.62 -1.81 -0.38 0.60
βheight/angle Elevated Flat 1.00 0.65 -0.29 0.92 2.20
βheight/angle Ground Level 1.00 0.59 -1.37 -0.04 1.04
βARUs #1 1.00 0.52 -1.12 -0.02 1.04
βARUs #2 1.00 0.64 27.49 28.73 30.00
βARUs #3 1.00 0.58 -0.45 0.47 1.79
βARUs #4 1.00 0.64 -12.87 -11.62 -10.34
βARUs #5 1.00 0.55 -1.47 -0.23 0.75
βDOB N 1.00 0.47 -1.08 -0.12 0.82
βDOB E 1.00 0.52 -0.41 0.39 1.61
βDOB S 1.00 0.47 -0.77 0.07 1.13
βDOB W 1.00 1.01 -3.18 -0.53 0.75
βTrial Open 1.00 1.52 -3.34 0.33 3.17
βTrial Level 1.00 1.57 0.31 4.16 6.96
βTrial Uneven 1.00 1.57 -5.76 -1.88 0.58
βSound C3 1.00 1.08 1.33 3.52 5.59
βSound E3 1.00 1.10 0.82 3.13 5.15
βSound G3 1.00 1.10 0.66 2.89 5.02
βSound C4 1.00 1.08 0.06 2.11 4.21
βSound E4 1.00 1.02 -0.16 1.49 3.62
βSound G4 1.00 1.02 -0.13 1.55 3.63
βSound C5 1.00 0.66 -0.87 0.21 1.84
βSound E5 1.00 1.01 -3.61 -1.44 0.13
βSound G5 1.00 1.05 -4.09 -2.01 -0.05
βSound C6 1.00 1.01 -3.73 -1.62 0.07
βSound Ruru 1.00 0.75 -2.36 -0.49 0.56
βSound Hihi 5 1.00 0.72 -2.19 -0.35 0.67
βSound Kea 1.00 0.69 -2.05 -0.29 0.72
βSound Matuku 1.00 0.63 -1.68 -0.13 0.95
βSound Kiwi Female 1.00 1.02 -4.12 -2.09 -0.17
βSound Toutoutwai 1.00 0.64 -1.74 -0.18 0.92
βSound Kiwi Male 1.00 0.93 -3.27 -1.20 0.21
βSound Black-Capped Chickadee 1.00 0.61 -1.58 -0.12 0.97
βSound T̄ieke 1.00 0.67 -1.93 -0.25 0.82
βSound 500 Hz 1.00 0.99 -0.08 1.60 3.59
βSound 1000 Hz 1.00 0.98 -3.52 -1.47 0.10
βSound 2000 Hz 1.00 0.72 -0.65 0.40 2.17
βSound 4000 Hz 1.00 1.01 1.21 3.34 5.20
βSound 8000 Hz 1.00 1.00 1.41 3.47 5.35
βSound 16000 Hz 1.00 1.00 1.89 3.89 5.79
βSound A 440 Hz 1.00 0.70 -0.77 0.29 2.06
βWeather Temperature 1.01 6.61 -4.01 0.05 8.20
βWeather Relative Humidity 1.00 8.18 -28.27 -0.29 2.86
βWeather Barometric Pressure 1.00 6.92 -18.06 -5.44 1.65
βWeather Wind Speed 1.00 8.12 -24.03 -0.53 2.53
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Figure 3.8: Posterior distributions for different sound type covariates. Extremely high and low
pure tones are mostly associated with larger Euclidean distances between known and estimated
locations whereas most avian sounds are average, except for the Kiwi female, which were associated
with smaller errors
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Figure 3.9: Posterior distributions for different trials’ covariates. Estimates made during the level
trial are mostly associated with slightly larger Euclidean distances between known and estimated
locations

Both extremely low (from C3 to G4 and 500 Hz) and high pure tones (4,000, 8,000, and 16,000

Hz) covariates were consistently associated with larger errors while those of some pure tones in

the middle range (C5, E5, G5, and 1,000 HZ) were consistently associated with smaller errors

(Figure 3.9). Among the avian vocalisations the Kiwi covariates, especially the female, were more

consistently associated with smaller errors when compared to other bird sounds.

The quantitative side of the analysis further puts these covariates into perspective, as different

covariates have stronger effects on the average Euclidan distance modelled: for instance, employing

ARUs configuration #4 is associated with errors mostly ∼ 11m (see Table 3.3, 50% Quantile

column) smaller than average whilst trying to estimate the sound source location in a level forested

area was mostly associated with errors up to 7 m (see Table 3.3, 97.5% Quantile column) larger than

average. Finally, most posterior distributions of the hierarchically modelled natural logarithms

of the standard deviations were centred around zero and comprised very small numbers with

three (normal likelihood, ARU#2, and ARU#4) between 2 and 3. Given the impractical size of

the picture we include it as supplementary material. Following the results from the statistical

models, Figure 3.11 and Table II.ii illustrate the difference between the energy–based and TDOA

localisations using the data from configuration #4. Finally, the simple comparison model, which

included only a global offset and a energy/TDOA categorical covariate, (figure 3.12),table III)

confirmed this by showing clear differences between the different levels of the methods’ covariate.
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Figure 3.10: Distribution of the Euclidean distances (errors) obtained by localising sounds from
one location during the open trial using the energy–based method with all the five ARUs (left)
and using TDOA with the three microarrays (right).
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Figure 3.11: Distribution of the Euclidean distances (errors) obtained by localising sounds from
one location during the open trial using the energy–based method with the ARU configuration #4
(left) and using TDOA with the three microarrays (right). Note that the gap between these is
noticably smaller than when using all the ARUs (Figure 3.10).
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Figure 3.12: Posterior distributions from the simple methods comparison model. See how the
covariate from configuration #4 has an intermediate contrubution to error between the TDOA
method and the energy–based method employing all ARUs.
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3.4 Discussion and Conclusions

This experiment aimed at (1) evaluating whether energy–based sound source localisation could be

applicable to PAM using unsynchronised single microphone ARUs, (2) investigating whether uncon-

trollable factors, such as height of vocalisation, vocalising direction, weather variables, and environ-

ment (vegetation, slope) would affect sound source localisation when using non self–synchronised

devices, and (3) providing information about whether using different configurations of ARUs would

result in more consistent sound source localisations. We found that sound source localisation with

energy–based methods is feasible with errors closer to those resulting from TDOA estimates when

applying knowledge of which configuration worked best. Although some uncontrollable factors,

such as environment (e.g., level forested area), can have an impact on the sound source location,

the use of an appropriate configuration of ARUs can potentially make up for such drawbacks. Both

when comparing energy–based to TDOA, and among different ARU configurations over different

trials, ARUs configuration #4 (four ARUs on the vertices of the cross–shaped experimental field)

definitely resulted in the smaller overall discrepancies between real broadcasting locations versus

estimates, emerging as the most reliable configuration regardless of the broadcast sound. The fact

that configuration #5 performed worse than configuration #4 may be due to sound clipping due

to high amplitude at the central ARU. This phenomenon would have had the central ARU relaying

higher energies and, in turn, smaller estimated distances which might have led to bigger errors. The

differences in localisation error among different forested sites may be more related to vegetation

density rather than wind as the latter was quite consistently absent in both forested environments

whilst the former was higher in the level site. In support of this, a previous sound propagation

study taking place in the same general sites, showed that birdsong transmission is better in forests

than open environments and that reverberation due to reflective surfaces can mask frequencies

higher than 8 KHz Priyadarshani et al. (2018a). In our study the higher pure tones (8, 12, and 16

KHz) weres harder to localise than the lower ones.

It is positive not to have found any consistent effects of height/angle configurations and di-

rections of broadcast, as the uncontrollable nature of these factors would have been a challenge

for developing sound source locating systems. We however encourage any researcher interested in

employing energy–based localisation with a target species to trial the method beforehand. They

could do so by running a smaller and simplified version of this experiment with two reference

sounds (e.g. one sound we found easier and one we found harder to localise) and vocalisations

from their target system.

There are still gaps in both field and analytic methodologies. To fill these gaps, any existing

methods need to be tested with actual birds and paired sampling (involving multiple sampling
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methods at the same time). Experimental testing will strenghten the confidence we can have in

PAM methods using energy as a proxy for distance while TDOA methods become more widely

applicable. We believe that passive acoustic monitoring can and will be a valid alternative to

account for animal presence and abundance, if objective and standardised methods are employed.
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Chapter 4

Experimental test of acoustic
playback as a monitoring
enhancing tool in North Island
Brown Kiwi (Apteryx mantelli,
Bartlett)

Figure 4.1: Virginia and Cristabel preparing for Playback.
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Abstract

Bioacoustic and ecoacoustic monitoring surveys in terrestrial contexts have gained popularity as

they are both cost–effective and produce potentially perpetual data records. However, animals

vocalise at different rates depending on several factors, including geographical, seasonal and social

ones, potentially introducing bias in abundance estimates.

Acoustic playback is a widespread technique that has proven effective as a tool to standardise

response in acoustic monitoring surveys in different taxa and could be of help when working with

territorial, rare and elusive species. For the technique to work, individuals of the target species

need to respond to playback in a predictable way. The Aotearoa New Zealand iconic North Island

Brown Kiwi (Apteryx mantelli), a nocturnal and cryptic flightless bird, is routinely monitored

through call surveys that, due to the variability of this species’ vocal activity, take place over

several nights. Acoustic playback has been previously employed with North Island Brown Kiwi to

solicit vocalisations within acoustic surveys, although this is not done in national censuses and a

formal test of responsiveness to acoustic playback has not been reported.

We aimed to evaluate the potential of playback as an enhancement tool for monitoring, and to

advance our understanding of this species’ behaviour. We have broadcast vocalisations of strangers

to a high density population of North Island Brown Kiwi within and outside the breeding season

to account for possible variation due to season. We found that North Island Brown Kiwi did not

respond consistently to playback, and that the number of vocalisations per unit of time was instead

related to season and external factors. Specifically, the animals tended to vocalise more at higher

temperatures and relative humidities, but less in more illuminated or windier nights. In addition,

we found an indication that, regardless of the season, the time between vocalisations tended to

increase with the progressing of the playback. Our results suggest that either North Island Brown

Kiwi are able to very quickly learn that playback calls are not real conspecifics, or that they

habituate and either way they stop responding. Our findings discourage the use of playback for

monitoring purposes in North Island Brown Kiwi. We suggest using carefully designed experiments

of neighbour/stranger broadcasts, testing individual responses to playback, and using broadcasts

of synthetic stimuli, to disentangle the effects of habituation versus other types of learning.
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4.1 Introduction

Many animals produce sounds that can provide information to answer a wide range of research ques-

tions (Blumstein et al., 2011). Among these, acoustic surveys can represent an efficient (Williams

et al., 2018) and non–invasive way of monitoring terrestrial animals (Mossman and Weir, 2005;

Rosenstock et al., 2002; Sugai et al., 2019, see also section 1.1 of this thesis). These take advantage

of animal vocal activity to ascertain presence of a certain species, and can also provide information

about animal density in a certain area when multiplying factors to translate acoustic cue numbers

to animal numbers are available (Marques et al., 2013).

Within acoustic surveys, acoustic playback has been employed to standardise detectability for sev-

eral decades (e.g. Gibbs and Melvin, 1997; Johnson and Dinsmore, 1986); this technique is used

in a wide variety of animal groups (Deecke, 2006; Gager, 2019; Narins, 2018, chapter 2), and has

been shown to be a viable tool to improve surveys’ efficiency with a variety of taxa (e.g., Ferreira

et al., 2021; Hart, 2020; Okahisa et al., 2016; Schlaepfer et al., 2021; Wynia et al., 2019). Chapter

2 further provides indications on avian perception of sounds and on how birds may thus respond

differently to playback (see page 20).

The iconic North Island Brown Kiwi (NIBK — Apteryx mantelli, Bartlett) are flightless and noc-

turnal birds with very distinctive vocalisations (Corfield et al., 2008), which further differ between

sexes (see Figure 4.2). According to official reports high density populations produce tens of vo-

calisations per hour, whereas very few are heard at low densities, if any (Craig, 2018, 2021). NIBK

vocalisations have been deemed relevant for monitoring purposes (Keast et al., 2010; Pierce and

Westbrooke, 2003) and specialised acoustic surveys known as Kiwi Call Counts (KCC, Glossary

table VII.i, page XXIII) are routinely used to monitor NIBK populations at distinct locations

around Aotearoa New Zealand. The KCC scheme involves listening for Kiwi vocalisations for two

hours at a time. The scheme requires 48–50 hours of listening from each site (station). Since each

station comprises different numbers of listening locations, stations with fewer listening locations

will need more listening nights to reache the total number of required listening hours. This many

hours are required because there is high variability in vocal activity of Kiwi species, even in seem-

ingly identical conditions (McLennan, 1992, section 3.2.3), hence multiple nights can be necessary

to obtain a reliable number (Robertson et al., 2017).

KCC are used to identify changes in call rate in target populations as approximates of popu-

lations’ and behavioural trends and, originally, McLennan (1992) suggested that using playback

every 10–12 minutes during the second hour would help soliciting vocalisations from birds that

had not vocalised thus far (McLennan, 1992, section 3.3). The use of playback is normally allowed

during the second hour of listening according to Robertson et al. (2017), but only to check for

presence of NIBK in sparsely populated areas. It is prohibited to use playback during the Na-
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Figure 4.2: Example spectrograms of male (top) and female (bottom) NIBK.

tionwide KCC Scheme (Robertson et al., 2017, section 7.2.1), which usually comprises one shared

window of listening during May (this included a backup window during June in 2020, see Craig,

2021) during which listeners throughout the country perform acoustic surveys in predetermined

locations (Craig, 2021; Robertson et al., 2017).

These views in respect to KCC and the acoustic playback technique may be due to the lack of

a formal test of acoustic playback with NIBK. There have been formal tests of acoustic playback

with congeneric taxa. In the work of Digby (2013), the congeneric Kiwi Pukupuku (Little Spotted

Kiwi, Apteryx owenii, Gould) also shows a diverse range of vocal behaviours, with males vocalising

up to three times as much as females, and differences in vocal activity at different times of the year

and of night (Digby et al., 2014b). Nonetheless, Kiwi Pukupuku were shown to be quite territorial

and responsive to playback, often approaching the speaker and vocalising in response to conspecific

vocalisations (Digby et al., 2014a).

Here we present the first formal test of NIBK responsiveness to playback for monitoring pur-

poses. By testing whether playback could affect the vocal behaviour of NIBK we aimed to (1)
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provide information to improve monitoring practices, and (2) improve our understanding of NIBK

vocal behaviour.

4.2 Materials and Methods

4.2.1 Context

We conducted this study on Ponui (Chamberlin’s) Island (175.14860, −36.90422 : 175.21860,-

36.82961 – Coordinate Reference System WGS84 for all coordinates herein; Figure 4.3), in the

Hauraki Gulf, Auckland region, Aotearoa New Zealand.

Fourteen NIBK were translocated to Ponui in 1964 (Miles and Castro, 2000), and the island

now hosts a thriving high density population of NIBK (Cunningham et al., 2007). Ponui Island

hosts the Kiwi Research Group led by Isabel Castro, and NIBK (as well as other species) have

been part of several researches since 2004. For this study, we worked in one of the remnant kauri

(Agathis australis) forest patches in Southern Ponui known as Kauri Bush (175.177635, −36.887127

: 175.182262, −36.882096; Figure 4.3). Approximately 50 birds have been equipped with very high

frequency (VHF) radio transmitters that are monitored at least monthly. Having record of the

history of these animals, including morphological measurements, usual resting areas and nesting

sites (Dixon, 2015; Jamieson et al., 2016), and social relationships (Undin et al., 2021) among

others (Cunningham and Castro, 2011), made Ponui Island an ideal site to conduct this study.

As indicated by McLennan (1992), Colbourne and Digby (2016), and Robertson et al. (2017),

we started performing playback no earlier than 30 minutes after sunset, yet within the first two

hour of darkness, both outside (20-23 March 2021, sunset ranged from 19:31 to 19:26, — https:

//www.timeanddate.com/, and playback started at 21:00) and within (30 July - 1 August 2021,

sunset ranged from 17:32 to 17:34, — https://www.timeanddate.com/, and playback started at

18:30) NIBK breeding season (Robertson et al., 2017; Undin, 2021, Chapter 2.3).

Average temperatures were 17.6 ◦ C (standard deviation, σ = 1.28) and 12.5 ◦ C (σ = 1.59)

during the first (March) and second (July) data collection period respectively. Average relative

humidities were 70% (σ = 3.25) and 89% (σ = 8.81) respectively. Average prevailing wind speeds

were 11 (σ = 2.55) and 10 (σ = 2.89) Km/h respectively. The average percentage of moon illu-

mination was 52% (σ = 0.12) and 67% (σ = 0.08) respectively. We decided to account for lunar

illumination rather than phase following the results from Colbourne and Digby (2016).

Additional information regarding Ponui Island, its NIBK population, vegetation, and related

studies can be found in e.g., the following theses: Bansal (2020); Dixon (2015); Strang (2018);

Vattiato (2021); Vieco Gálvez (2019).
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Figure 4.3: Location of the study site relative to Aotearoa New Zealand (bottom left), the greater
Auckland region (bottom right), and Ponui Island (top right). The top left quadrant shows the
playback setup with letters “R” representing the locations of the ARUs (red at 300 m and black at
200 m from broadcasting stations respectively), and “x” mark the spots from where we broadcast
towards the two ARUs as represented by the dotted triangles. The size of the triangles is not pr-
portionate to the sound propagating distance of the loudspeakers, rather an indication of direction
of broadcast.
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Vocal Behaviour And Territoriality Of Ponui Island North Island Brown Kiwi

NIBK are flightless and nocturnal ground dwelling cryptic birds belonging to the only Apterigi-

formes genus, Apteryx. Like many endemic animal species in Aotearoa New Zealand (e.g., the

Toutouwai, Petroica longipes, see Boulton et al., 2008), NIBK distribution is to some extent conse-

quential of habitat fragmentation (Potter, 1990; Undin et al., 2021) and interactions with relatively

recently introduced mammals (Basse et al., 1999; McLennan et al., 1996; Parlato et al., 2015). Over

the past thirty years, several studies reported NIBK as relatively territorial (McLennan et al., 1987;

Taborsky and Taborsky, 1992, 1995, 1999), but other studies have shown that territoriality may

vary with population density (Dixon, 2015; Potter, 1989; Ziesemann, 2011).

On Ponui Island, marked birds hold overlapping home ranges of between five and six hectares

(Ziesemann, 2011, Chapter 3). Birds roost in burrows or on the surface in forest patches within

their range and the choice of roost site is dependent on proximity to foraging areas (Dixon, 2015,

Chapter 4). At night NIBK move from the roost sites to foraging sites and are mostly found

in forested and scrub areas (Dixon, 2015, Chapter 4, figure 3.6). Vocalisations of NIBK males

and females NIBK are quite distinct; Corfield et al. (2008) describes males as producing long–

travelling whistles which could be grouped into phrases, and with fundamental frequencies around

1.5kHz (and overtones up to approximately 13kHz), whereas female produce hoarser and lower

(fundamental frequency around 0.1 kHz) vocalisations with intensity concentrated in two formants.

Duets are relatively common, and can be initiated by the male or the female; Corfield et al. (2008)

suggested that duets can be territorial calls. Working in mainland Aotearoa New Zealand, Miles

et al. (1997) found that call rate did not match population density in two low–density neighburing

NIBK communities, and that communities with relatively higher density were more responsive to

acoustic playback (Miles et al., 1997).

4.2.2 Experimental design, stimuli and devices

We planned for four nights of non interactive sessions from two broadcasting points (to minimise

habituation) in each season, during which we performed playback for one hour. Each hour included

a total of six stimuli, one every ten minutes, of which two were control sounds (Brownian Noise and

Ruru — Ninox novaeseelandiae, Gmelin — vocalisations) and four were NIBK vocalisations. The

Brownian noise was generated in Audacity (Audacity Team, 2018) at full amplitude (i.e., setting

Amplitude to 1). We did not use the same vocalisation twice as a stimulus (Kroodsma, 1989b;

McGregor et al., 1992) and thus employed a total of thirty-two different NIBK stimuli (twelve male

vocalisations, twelve female vocalisations and eight duets) as well as eight Ruru vocalisations. For

duets, we always presented the same structure (male initiates the duet and female follows); this is

because there is not enough knowledge of whether there is meaning in the order of the duet. All
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the stimuli are available at https://avianz.net/playback.

We selected and extracted high (> 10 dB) signal to noise ratio vocalisations that we had previ-

ously recorded at several locations throughout the North Island using AviaNZ (Marsland et al.,

2019). All the vocalisations were recorded using New Zealand Department of Conservation Te Papa

Atawhai (hereafter DOC) AR4 ARUs (sampling rate 32 KHz, bit depth 16, frequency response

chart in figure II.iii). We then normalised the peak amplitude of all tracks to be the same (0 dB)

and built the playback tracks using Audacity. All the tracks were exported from Audacity and

loaded to the louspeaker in Waveform Audio File format (WAV).

In order to properly test the use of playback, we broadcast from two locations (175.181534,

−36.886633 – 63 m asl and 175.181099, −36.886982 – 58 m asl, figure 4.3) in the middle of the

pasture overlooking Kauri Bush to the North and Horse’s Mane to the South. These are easily

accessible sites and are centrally located for listening to the vocalisations coming from the sour-

rounding forest patches. We deployed a total of four ARUs per data collection period. One ARU

was located at approximately 300 m from each broadcasting point (which is the detection limit we

derived for our ARUs, see page 51), and a second one at about 200 m from the speaker (on the

same imaginary line) also to make sure to always detect the stimuli in at least one ARUs and the

calls of all possible responding birds. We programmed the ARUs to start recording thirty minutes

before the experiment started and stop thirty minutes after its end. This both served as a safety

net in case we could not start the experiment as scheduled, and allowed us to potentially analyse

the vocal activity before, during, and after the experiment if deemed necessary. We randomised

the order of broadcasting from the two loudspeakers, with the only condition that each of them

emitted three stimuli per night (e.g., speaker one could play stimuli at 0, 20 and 30 minutes from

the start and speaker two would play the other three at 10, 40, and 50 minutes from the start).

Because of this, we produced two different one hour long tracks per night, one for each speaker,

collectively comprising a stimulus (control or NIBK) every ten minutes, yet with only three stimuli

per track. We produced a total of eight pairs of tracks.

We here refer to each 10 minutes period after a broadcast during which we recorded NIBK vo-

calisations as a “time slot” (i.e., each playback session comprised six time slots). This is important

to understand the different aspects of vocal activity that we consider to investigate possible effects

of playback on the Ponui Island NIBK. We chose 10 minutes time slots following McLennan (1992)

and specifically looked at:

1. total activity: this is total number of vocalisations over the 10 minutes; we looked at this

to grossly compare vocal activity following different simuli (NIBK versus control).

2. rate of activity: this is time between vocalisations for each time slot; we looked at this

to evince whether vocalsiations would be closer to each other after different stimuli.
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3. evenness of activity: this is the number of early versus late vocalisations following each

stimulus; we looked at this to investigate whether a higher number of vocalisations would

concentrate shortly after a broadcast so as to represent an actual response.

Details of how we analysed these aspects of vocal behaviour follow in section 4.2.4.

4.2.3 Playback Protocol

SPL We adjusted the speakers’ sound pressure level (SPL) using a reference pure tone track one

and a half metres away from a Digitech QM1592 Professional Sound Level Meter (see https:

//www.jaycar.com.au/pro-sound-level-meter-with-calibrator/p/QM1592 or https://

www.techbrands.com), in fast response mode within the 30–130 dBA range, which we cal-

ibrated before usage according to the user manual. We noted the sound pressure level of

the reference pure tone (440 Hz A) at one and a half metres away from the speaker for a

NIBK call at natural amplitude, that is male NIBK vocalisations in the 75–79 dBA range,

and female ones in the 61–63 dBA range respectively (Castro et al., 2019); we then used the

reference sound to adjust the speakers in the field (since this is a pure tone, it maintains a

steady SPL and so is easier to adjust to a desired SPL), hence easier to work with in field

conditions. We had the SPL meter on a tripod 20 cm high from the ground and facing the

loudspeaker.

Setup We deployed the weather station at base camp (175.187383, -36.894460, 0 m asl) and

walked to the site, arriving at least ten minutes before starting each night. One to two

observers ran each station. The observers placed the speakers on the same spot on the

ground each night, with the forward side of the device slightly elevated (∼ 30 ◦ ) to imitate

a calling NIBK. Combining previous knowledge of Ponui Island NIBK from Dixon (2015),

where transmitterised birds from distinct areas were reported to consistently frequent their

roosting areas and our own dog surveys (chapter 6) we could expect more than 18 birds to

be within earshot of the loudspeakers.

Protocol and Observers’ Behaviour We turned the loudspeakers on at 21:00 or 18:30 during

the March and July data collection periods respectively. The observer(s) then moved back

into the forest patch a few metres (see figure 4.3) to monitor any particular event (e.g., a

bird approaching the loudspeaker), and waited in silence until the end of the session. At the

end of the session the observers regrouped and walked back to base camp and turned off the

weather station.
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4.2.4 Computer work

Data extraction

We processed the audio files from the ARUs using AviaNZ (Marsland et al., 2019, Version 3.2),

which uses a combination of filters (wavelet package decomposition and convolutional neural net-

work) to segment vocalisations of interest from the files in a given folder. We subsequently reviewed

the results to correct for both false positives and false negatives. We also manually changed the

labels that the program had assigned to the stimuli to custom ad hoc stimuli labels. We visually

compared the spectrograms of the stimuli from both the original track and the ARU recordings,

as well as the time of recording, to ensure not to mistake them for real birds’ vocalisations. We

joined the AviaNZ–generated spreadsheets from each pair of ARU and removed duplicate detec-

tions (when unsure we further checked aurally and visually that they were indeed duplicates and

not concurrent vocalisations). We finally combined the spreasheets generated through AviaNZ,

the moonlight data downloaded from https://timendate.com and the comma separate value files

(csv) from the weather station, in the three csv files that we used for the statistical analyses.

Statistical analyses

We devised three models to investigate the vocal behaviour of NIBK in relation to acoustic playback

for monitoring purposes. We modelled:

1. the number of vocalisations detected per stimulus’ time slot (ten minutes) with a Poisson

likelihood (with log parameterisation / link function).

2. the times between vocalisations during each stimulus’ time slot with an exponential likelihood

(logit link function).

3. the number of vocalisations within the first three minutes of each time slot related to the

total number of vocalisations in that time slot with a binomial likelihood (with logit param-

eterisation / link function).

We chose these three models to thoroughly explore NIBK vocal activity after playback. In the

Poisson model, (1) the sheer number of vocalisations per time slot would be a gross indicator of

higher or lower overall vocal activity. In the exponential model, (2) by looking at the waiting times

between vocalisations, we would have an indication of whether strangers’ vocalisations would solicit

more clustered vocalisations than expected by chance, and with the binomial model, (3) we would

get a finer–scale look at the distribution of the vocalisations per time slot. A higher probability

of success would indicate higher numbers of vocalisations occurring shortly after broadcast rather

than in the rest of time slot than expected by chance. We used the number of vocalisations in
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the first three minutes of each time slot as success in our binomial model to have a clearer under-

standing on whether the probability of detecting NIBK vocalisations immediately after broadcast

was any different from the rest of the time slot. Although different choices could have also been

acceptable, for instance using the vocalisations detected during half of the time slot as success,

we deemed three minutes a short enough time for pointing at genuinely solicited vocalisations, yet

not so short as to limit the detection of potentially solicited duets or even more complex chains of

vocalisations.

Here we worked within a Bayesian framework for two reasons. First, to be able to discern positive

versus negative changes in vocal activity. By specifying zero–centred prior distributions (before the

simulations) for all the covariates, the posterior distributions (after the simulations) that fell com-

pletely above zero consistently contributed to higher rates of vocalisations per time slot (meaning

more vocalisations in the Poisson model and shorter waiting times between vocalisations for the

exponential model), and higher probability of vocalisations in the first three minutes (binomial).

Conversely, the posterior distributions that fell completely below zero consistently contributed to

lower rates, and those that remained somewhat centred around zero did not consistently contibuted

to either higher or lower rates.

We ran all the models in Stan (Carpenter et al., 2017) through the rstan (Stan Development Team

et al., 2016) package in R environment (R Core Team, 2013). All the models and data are available

at http://avianz.net/playback.

We modelled the number of vocalisations detected during the time slot following each broadcast

[θ in Equation (4.1)] and the number of vocalisations within the first three minutes of each time

slot against the time slot’s total (binomial), including a global offset (β0), a series of categorical

covariates according to sex (βs, three levels: male, female, total number), data collection period

(βt, two levels: non-breeding, breeding), stimulus (βst, five levels: female, male, noise, Ruru,

duet), area (βa, three levels: upper gully, swamp, total number), day (βd, four levels: first, second,

third, forth), and a series of weather related covariates — Equation (4.2) — which multiplied the

Z-standardised (z = x−µ
σ ) weather values; these included moonlight (ml), temperature (te), pre-

vailing wind speed (ws), prevailing wind direction (wd), relative humidity (rh), and atmospheric

pressure (ap). When modelling the times between vocalisations we applied the same linear expres-

sion, with the only difference that as the times belonged to a single vocalisation the levels of the

area and sex covariate were reduced to two (i.e., removing the sum level). The following equations

exemplify the structure of the models using the Poisson model as an example; the only difference

between these and the binomial and exponential one would be in the likelihood and link function.

72

http://avianz.net/playback


θq ∼ Poisson(λq) (4.1)

log(λq) =β0+

βssq + βttq + βststq + βaaq + βddq+

βml ×mlq + βte × teq + βws × wsq + βwd × wdq + βrh × rhq + βap × apq (4.2)

where q ∈ [1..N ]

Each model ran for 60,000 iterations over three independent Hamiltonian Monte Carlo chains

(Carpenter et al., 2017), retaining only one in every three simulated values to prevent autocorrela-

tion. We discarded the first half of the simulated values as burn–in, resulting in 30,000 final draws

per variable per model. After testing that weakly informative priors would produce similar results

to uninformative priors (yet in tremendously shorter times), we specified weakly informative priors

for all covariates across the three models (Normal(µ = 0, σ = 2)). In practice, we first ran a few

models for a reduced number of iterations (10,000) with hierarchically modelled standard devia-

tions (uninformative priors) on all the random variables and, after noting that all of them would

converge to median values no greater than 2, we removed the hierarchical part for the standard

deviations and replaced them with 2 (weakly informative prior).

4.3 Results

4.3.1 Vocalisations detected

Although we planned for two sets of four nights of playback (20 to 23 March and 29 July to 1

August 2021), due to external factors we could not land on the island early enough and could only

perform three nights of playback during breeding season (July). All the four ARUs (two in the

central uphill area of the gully and two in the downhill western swamp, figure 4.3) worked properly

during the first (March) data collection period, but one of the recorders in the downhill swamp

area failed completely during the second (July) data collection period. Although some birds were

also equipped with individual acoustic recorders (see chapter 6), none of them vocalised during

this experiment. However, the detection area of the two pairs was intentionally largely overlapping

within each pair as failsafe. During the March data collection period, in the central uphill area,

one ARU (North) detected 16 vocalisations, the other (East) 13 vocalisations, for a total of 17

unique NIBK vocalisations (without counting the stimuli). Similarly, still during the March data

collection period, in the downhill swamp area, one recorder (West), detected 41 vocalisations, the

other (South) 35 vocalisations, for a total of 54 unique NIBK vocalisations (without counting

the stimuli). Likewise, during the July data collection period, in the central upper area, one
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Figure 4.4: Summary of the number of vocalisations detected by the ARUs over the survey. Each
bar depicts the total number of vocalisations detected each night fractioned as male vocalsiations
from the downhill ARUs (purple), female vocalsiations from the downhill ARUs (blue), male vo-
calisations from the uphill ARUs (green), and female vocalisations from the uphill ARUs (pink).

ARU (North) detected 38 vocalisations, the other (East) 26 vocalisations, for a total of 39 unique

NIBK vocalisations (without counting the stimuli). Conversely, during the July data collection

period, in the downhill swamp area, one ARU (West) detected 74 vocalisations, whereas the other

(South) failed to detect anything (the ARU worked as per the programmed schedule, but only

recorded noise, probably due to a microphone malfunction). Figure 4.4 and Table 4.1 summarise

the distribution of the unique vocalisations detected over the seven playback nights.

74



Table 4.1: Number of vocalisations detected in each area over the survey. This table reports the
absolute number of vocalisations detected by each single ARU over the two data collection periods,
as well as the number of unique vocalisations not shared between the uphill and downhill ARUs
pairs.

Day Month
Uphill Gully Downhill Swamp

North East Unique South West Unique
20

March

8 5 8 13 15 18
21 4 4 6 10 11 12
22 1 1 2 3 5 8
23 2 2 2 9 10 16
Subtotal March 15 12 17 35 39 54
29

July

9 4 9 - 20 20
30 15 10 16 - 32 32
31 14 12 14 - 22 22
Subtotal July 38 26 39 - 77 77

Total 53 38 56 35 113 131
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4.3.2 Statistical analyses

All the models performed well, with high number of independent draws (at least 240,000 indepen-

dent draws per variable, or 80% of the total), no relevant Monte Carlo errors (all smaller than 5%

of the posterior standard deviations), and no R̂ greater than 1.01 (Carpenter et al., 2017). This

is the Gelman & Rubin potential scale reduction statistic, an indicator of the variance explored

by each chain compared to the rest of the chains, and should desirably be close to one. See tables

IV.i, IV.ii, and IV.iii for detailed accounts.

In the following paragraphs, we report the results for each individual model. We are giving me-

dian and 95% posterior high density intervals (hdi) for the covariates that resulted (positively

or negatively) consistently associated with the response variables. We are additionally report-

ing the percentages of the posterior distributions above or below zero of the other covariate, for

visualisation purposes.

Number of vocalisations per time slot. The only covariates consistently associated with the

response were weather related (figure 4.5). Specifically, the moonlight (median -0.59, 95% hdi

from -0.82 to -0.38) and wind speed (median -0.37, 95% hdi from -0.56 to -0.18) covariates

were consistently negatively associated with the number of vocalisations per unit of time,

whereas temperature (median 0.66, 95% hdi from 0.40 to 0.92) and humidity (median 0.47,

95% hdi from 0.15 to 0.80) were positively associated with the number of vocalisations per

unit of time.

The other covariates’ posterior distributions resulted in no consistent association (either

positive or negative) with the number of vocalisations per unit of time. We however report

that most of the data collection period/season covariates posterior distributions resulted

on opposite sides of zero, with approximately 75% of the March covariate being on the

negative side and 75% of the July one on the positive side, indicating that higher numbers

of vocalisations in July may be related to seasonal variation, although (figure 4.6).
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Figure 4.5: Posterior distributions for the weather covariates across the three models. Distributions
completely above or below the horizontal zero line can be considered as having a consistent effect
on the response variable.
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Figure 4.6: Posterior distributions for the data collection period covariates across the three models.
Distributions completely above or below the horizontal zero line can be considered as having a
consistent effect on the response variable.
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Figure 4.7: Posterior distributions for the sex covariates across the three models. Distributions
completely above or below the horizontal zero line can be considered as having a consistent effect
on the response variable.

Less distinctively, approximately 75% of the posterior distribution of the female category

(sex covariate) was below 0, while that of the male category ended up quite centred around

zero, and most (∼ 70%) of the combined sex cateogry covariate posterior distribution was

above zero (figure 4.7); although not consistently associated with the response variables this

indicates that higher number of vocalisations are likely to be detected from males (as in

Miles, 1995).
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Figure 4.8: Posterior distributions for the area covariates across the three models. Distributions
completely above or below the horizontal zero line can be considered as having a consistent effect
on the response variable.

The area covariates relayed a similar result, with the upper gully posterior distribution mostly

(∼ 70%) below zero, the swamp one centred around zero, and the combined one mostly

(∼ 70%) above zero (figure 4.8); again, although not consistently associated with the response

variable, this indicates how higher numbers of vocalisations are likely to be detected in the

downhill swamp area.

Of the stimuli covariates, ∼ 70% of the posterior distribution for the female vocalisation

category sat on the positive side, the male stimulus and control sounds’ ones were centred

around zero and ∼ 60% of the duet simulus one was negative; none of these are consistently

associated with higher or lower number of vocalisations (figure 4.9), although there seem to be

an higher chance of detecting more vocalisations after a female stimulus, which corroborates

the results of (Miles et al., 1997). Finally, all the categories (1 to 4) of the day covariate were

centred around zero (figure 4.10).

Time between vocalisations per time slot. There were no covariates consistently associated

with the response variable. We report that, of posterior distributions of the weather covari-
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Figure 4.9: Posterior distributions for the stimuli covariates across the three models. Distributions
completely above or below the horizontal zero line can be considered as having a consistent effect
on the response variable.
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Figure 4.10: Posterior distributions for the day covariates across the three models. Distributions
completely above or below the horizontal zero line can be considered as having a consistent effect
on the response variable.
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ates, the moonlight and temperature ones lay mostly on the positive side, the wind related

covariates (speed and direction) were mostly centred around zero, and the atmospheric pres-

sure and relative humidity ones were mostly negative (figure 4.5). The posterior distributions

for the two data collection periods, sex, and area categories were quite similarly distributed

with ∼ 60% of them below zero (figure 4.6, 4.7, and 4.8). The posterior distributions of

the stimuli categories were all similarly distributed, with slightly more than 60% below zero

(figure 4.9). Finally, ∼ 60% of the posterior distribution for the first day category lay above

zero, the second day one was almost perfectly centred around zero, ∼ 75% of the third day

one lay below zero, and a little more than 85% of the fourth day one was below zero (figure

4.10).

Number of early versus total vocalisations per time slot. There were no covariates consis-

tently associated with the response variable. We report that, among the posterior distribu-

tions of the weather covariates, ∼ 70% of the moonlight, prevailing wind speed, prevailing

wind direction, and relative humidity ones were below zero, while the temperature and atmo-

spheric pressure were ∼ 60% and ∼ 75% above zero, respectively (figure 4.5). Similarly to the

Poisson model, most of the data collection period covariates posterior distributions resulted

on opposite sides of zero, with ∼ 80% of the March covariate being on the negative side and

60% of the July one on the positive side (figure 4.6). The three categories of the sex covariate

(Female, Male, and Sum) were almost identically distributed, with ∼ 60% of their posterior

distributions below zero (figure 4.7). The posterior distributions of the three categories of

the area covariate resulted with the upper gully one being mostly centred around zero, the

swamp one with ∼ 70% below zero, and the combined one with ∼ 60% below zero (figure 4.8).

Of the five categories of the stimuli covariate, the posterior distribution of Female stimulus

one resulted ∼ 80% above zero, the Male stimulus and controls around ∼ 65% below zero,

and the duet stimulus ∼ 80% below zero (figure 4.9). Finally, likewise the Poisson model, all

the day categories were similarly centred around zero (figure 4.10).

4.4 Discussion and Conclusions

Our results show no differences in the vocal behaviour of a high density population of NIBK when

presented with stranger conspecific playback, regardless of season. This has several possible expla-

nations, related to territoriality or hearing acuity. We know from marked birds that home ranges

of NIBK on Ponui Island greatly overlap (Ziesemann, 2011) and that birds from Kauri Bush spend

most of their time within or around the Gully (Dixon, 2015), indicating overlapping home ranges

between groups of birds. Nests from individual birds, however, are always placed in the same

area within bush patches. Therefore, although the broadcasts were definitely detectable by NIBK,

as indicated by the fact that our ARUs detected them as well, it could be that the simulated
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individuals from the pasture (i.e., the loudspeakers) were far away enough as not to be perceived

as a threat to respond to by NIBK. Other options include time–related responsiveness, such that

animals would respond only during a certain time–window (different from the one employed here),

or that they would not respond to strangers, rather to known individuals. These explanations

could be tested by performing an experiment with strangers vocalisations changing only the time

window and, on the other hand, by broadcasting known individuals, for which we already have high

quality vocalisations (from chapter 6). A completely different perspective could be that thanks to

high hearing acuity (Corfield et al., 2011) and a specialisation to high frequencies (Corfield et al.,

2012), NIBK were able to recognise our broadcasts as fake, and so ignored them. This would

however be interesting to test, as NIBK, even on Ponui Island, are known to respond to imitations,

for instance using a shepherd whistle for capturing purposes (McLennan and Potter, 1992). This

could be done with playback synthetic vocalisations of different degrees of complexity, although

such a test would require different settings, chiefly involving playback from within gullies or to

populations known to respond to broadcast.The fact that birds equipped with individual acoustic

recorders did not vocalise during this experiment may be related to a specific response to handling.

As speculated in chapter 5, this could be clarified by an experiment involving a first handling to

equip a number of birds with acoustic devices around one month prior to the start of recording.

A mock–transmitter change for half of these individuals would then ensue a few days after the

turning–on of the devices. This would result in having individual vocal activity response both

before and afer handling. An opportunistic playback experiment could also take place then. It is

also possible that these birds may have just not vocalised at all for reasons completely unrelated

to the devices as birds with ABARs at several other times vocalised during the first two hours of

darkness (which would include the playback time, see chapter 6).

The first aim of this study was to provide information to improve monitoring practices. Our

results reinforce the guidelines from the Kiwi Best Practice Manual in discouraging the use of

playback for monitoring purposes. However, in addition to the reason given by Robertson et al.

(2017) that evolving technology which would make data gathered at years’ distance not compa-

rable), we add that, at least in some populations there seem to be no difference in the animals’

vocal behaviour when broadcasting calls compared to when unstimulated. We cannot provide any

advice on the use of playback to enhance the detection of animals in sparsely populated areas due

to the high density of our target population. Further experiments could simultaneously investigate

differences in vocal activity following playback in a low and a high density managed populations.

The simultaneous study would help to minimise potential seasonal effects and by using managed

populations there would be additional information (including localisation using telemetry before,

during, and after playback) of marked individuals. Despite not being consistently associated with

the distribution of the vocalisations, it would also be interesting to further investigate the possible
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trend indicated by the “day” covariate from the exponential model (figure 4.10), where differently

from the other response variables, times between vocalisations per time slot might be more likely

longer in the later days of playback, regardless of the data collection period (figure 4.6); although

none of these covariates were consistently associated with the response, if confirmed by further

experiments, this would also reinforce the idea that playback would not be a desirable tool for

acoustic monitoring, as KCC are performed over multiple nights (Craig, 2018).

The second aim of this study was to improve our understanding of NIBK vocal behaviour.

The results of our statistical analyses which are consistently associated with the response variable

in the Poisson model add to previously reported relationships of number of NIBK vocalisations

over time with external factors, such as moonlight and weather conditions (Colbourne and Digby,

2016). Differently from chapter 5, where the presence of a day covariate would basically nullify

the contribution of these external factors to the response variables (see page 108), here we have

both day and data collection period (representing different seasons) covariates, which points

to an actual effect of lunar illumination, temperature, and relative humidity with the number of

vocalisations per time slot. The relationship of wind speed with fewer number of vocalisations

could be due to reduced detection of the ARUs (e.g., Colbourne and Digby, 2016), however other

studies had previously reported fewer vocalisations in more illuminated nights (Colbourne and

Digby, 2016; Colbourne and Kleinpaste, 1984, although in the 2016 study this was only relevant

for females in a particular site). The positive relationship of temperature and atmospheric pres-

sure with the number of vocalisations could indicate that more favourable weather conditions entail

a higher number of social encounters, hence of vocalisations, and may be worth further investi-

gation. This could be integrated with the use of camera traps to record such potential interactions.

To conclude, we here presented the results of the first formal evaluation of playback as an

acoustic monitoring enhancing tool with NIBK. Acoustic playback may be well suited to elicit

responses in some populations (e.g., Taborsky and Taborsky, 1991). However, as long as the

number of vocalisations per unit of time is used as approximation of abundance nationwide, we

would deter its usage in formal monitoring. This is because it could possibly lead to biased

estimates for populations that responded more to playback than others. In addition, as NIBK

vocal behaviour is still quite unknown, we endeavour to investigate alternative possibilities, such

as individual vocal activity, to contribute to more accurate acoustic monitoring and, in turn, more

informed conservation efforts. On top of clarifying how individuals at different densities respond

to playback, obtaining individual–level data on vocal activity would provide crucial information

to accurately relate numbers of vocalisations obtained through KCC to abundance estimates.

However, NIBK (at least on Ponui Island) home ranges greatly overlap (Ziesemann, 2011), and

deploying ARUs in the proximities of a known burrow would not warrant the recording of just
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one pair as in congeneric species (Bedoya and Molles, 2021; Digby, 2013, could confidently record

individuals from ARUs from territories of Kiwi Pukupuku and Roroa). Animal–borne acoustic

recorders (Stowell et al., 2017) could represent a valid alternative to obtain such data and a way

of comparing individual versus community level vocal behaviours (see Chapter 6).
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Chapter 5

North Island Brown Kiwi
(Apteryx mantelli, Bartlett) vocal
activity in relationship to handling
during annual transmitter change

Figure 5.1: Te Taonga handling Clea the Kiwi. Picture by Vilma Rodriguez
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Abstract

Capturing and handling wild birds has been reported to have a variety of effects on the animals.

This undoubtedly stressful event may cause short and long term behavioural changes. Whereas

some studies report long-term observable differences in behaviour, some others report variable

short-term effects, and some report no observable effects.

It is important to evaluate such potential changes in target individuals to ensure both animals’

welfare and the collection of subsequent unbiased data. However, nocturnal and cryptic animals

are hard to visually monitor after release.

In this study, we compared the vocal activity of a long–term studied population of North Island

Brown Kiwi (Apteryx mantelli, Bartlett) before and after the annual transmitter change, with that

of a neighbouring population that are naive to investigator disturbance.

We found no differences in vocal activity between the two considered populations in relation with

either long–term nor short–term post–handling effects.

We additionally report how the vocal activities of both populations were consistently associated

with exogenous factors. Specifically birds were less vocal at higher lunar illumination and atmo-

spheric pressures, although the effect of moonlight disappeared when including a time–related (day)

covariate. Similarly there were more duets at lower atmospheric pressures, and certain prevailing

wind directions also affected the number of duets.

These results cannot be generalised to all North Island Brown Kiwi populations. However, since

our approach is relatively inexpensive and easy to apply (as it operates with passive acoustic

monitoring and free open–source software), we invite fellow researchers to carry out similar trials

whenever possible to improve our understanding of post–handling behaviours of cryptic and elusive

species.
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5.1 Introduction

Capturing and handling wild birds is an often unavoidable process, as it allows us to get otherwise

unobtainable information directly from the animals (e.g., measurements, blood samples and the

like), as well as to mark them for individual recognition. This information is indispensable to moni-

tor populations and to understand the animals’ biology. Along with coloured and metal bands, the

rapid development of animal–borne tracking devices and data loggers over the past few decades has

provided a wealth of information to researchers (Bridge et al., 2011; Wilmers et al., 2015). However,

we generally expect these invasive procedures to elicit behavioural and physiological changes in the

animal we handle (Mortensen and Rosell, 2020). It is thus important to monitor the possible ef-

fects of investigator disturbance (Carney and Sydeman, 1999), in order to ensure both good animal

welfare (Curzer et al., 2013; Soulsbury et al., 2020) and unbiased results (Powell and Proulx, 2003).

Capturing and handling wild birds has been reported to have a variety of effects on the animals

(Weiser et al., 2016). Whereas some studies report long-term observable differences in behaviour

(e.g., Linhart et al., 2012), some others report variable short-term effects (Budka et al., 2019;

Schlicht and Kempenaers, 2015; Seress et al., 2017), and some report no effects (Petrusková et al.,

2021, although short-term effects could not be assessed). In this study we compared the vocal be-

haviour of two neighbouring communities of North Island Brown Kiwi (NIBK — Apteryx mantelli,

Bartlett) in a long–term study site before and after manipulations.

Relatively little is known about the response of wild kiwi species (Apteryx spp.) to handling.

However, wild NIBK showed significantly higher costicosterone levels immediately after capture

when compared to captive conspecifics suggesting higher levels of stress (Adams, 2000), and some

Roroa (Great Spotted Kiwi, Apteryx haastii, Potts) individuals abandoned their usual roosting

sites, at times for months, following handling (Toy and Toy, 2021). Both these observations beg

the question of how impactful handling is to Apteryx populations and how research and conserva-

tion efforts are affected by them.

Apteryx are mainly nocturnal, making it hard to observe them directly to record their behaviour.

However, their sexually dimorphic calls (Corfield et al., 2008) are very loud and therefore easy

to detect without interfering with the callers using acoustic recorders. NIBK calling behaviour

has been studied several times, including monitoring the effects of some environmental variables.

Previous studies have reported lower numbers of vocalisations in more moonlit nights (Colbourne

and Digby, 2016; Colbourne and Kleinpaste, 1984, although in the latter this only was true for

females in Whanganui).

In this study we took advantage of a long–term high–density study population of NIBK with

marked birds to examine the calling behaviour of NIBK before and after manipulations when con-

sidering environmental factors in addition to handling. In this population, individuals are captured
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at least annually to replace transmitters (batteries last approximately one year). We placed Au-

tonomous Recording Units (ARUs) in two separate areas, one with birds wearing transmitters and

another with no marked (nor handled) birds, for 16 days which included the handling period for

all tagged birds. We also recorded environmental conditions reported to possibly affect calling in

kiwi and other species. Our hypothesis was that if handling affected calling behaviour we should

see differences in the calling of birds in the two gullies after considering environmental effects.

5.2 Materials and Methods

5.2.1 Study Site

We conducted this study on Ponui (Chamberlin’s) Island (Figure 5.2, 175.14860,−36.90422 :

175.21860,-36.82961 – Coordinate Reference System WGS84 for all coordinates herein), in the

Hauraki Gulf, Auckland region, Aotearoa New Zealand.

Figure 5.2: Location of the study site relative to Aotearoa New Zealand (bottom left), the greater
Auckland region (top left), and Ponui Island (main, right). The coloured areas represent the gullies
that have been involved in this study with their initials to help identification. Shaded in red is
Kauri Bush, and shaded in blue is Homestead Gully, which we chose as control for our analysis of
vocal activity against human disturbance as it does not give residence to NIBK with transmitters.
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Fourteen NIBK were translocated on Ponui in 1964 (Miles and Castro, 2000) and, as of 2021,

Ponui Island hosts a high-density NIBK population, which has been under study since 2004 (Col-

bourne, 2005; Cunningham et al., 2007; Ziesemann, 2011). Over the last 17 years, from 30 to 50

birds have been equipped with very high frequency (VHF) radio transmitters that are monitored

at least monthly. Having record of the history of these animals, including morphological measure-

ments, usual resting areas, nesting sites, and social relationships (Cunningham and Castro, 2011;

Dixon, 2015; Undin et al., 2021), make Ponui Island an ideal site to conduct this trial.

We used NIBK in two of the remnant kauri (Agathis australis) forest patches in Southern Ponui.

Kauri Bush (175.177635,−36.887127 : 175.182262,−36.882096) and Homestead Gully (175.180982,−36.892250

: 175.184780,−36.888938). Kauri Bush is home to 14 birds with transmitters, but we had no

marked birds in Homestead Gully (Figure 5.2) and we so used it as a control for handled versus

unhandled birds. However, given the proximity of the two gullies, the overlap in NIBK home

ranges on Ponui, and that some birds have been marked with passive integrated transponders but

not radio transmitterised, there is a slim possibility that birds previously handled migrated to this

gully. However, none of the project’s transmitterised birds has ever been localised in Homestead

Gully (Dixon, 2015). This comes as a trade off with the high degree of similarity in vegetation

and geography between the two gullies. The birds of Kauri Bush equipped with transmitters at

the time of this study had been in the study for on average 10.36 years (median = 12, min = 1,

max = 15), and had been handled between 3 and 17 times overall (mean = 12, median = 14), at

an average yearly rate of 1.34 times per year (median 1.25, min = 0.58, max = 3.00).

More detailed information regarding Ponui Island, its NIBK population, vegetation, and related

studies can be found in the following theses: Bansal (2020); Dixon (2015); Strang (2018); Undin

(2021); Ziesemann (2011).

5.2.2 Study System

NIBK are flightless and nocturnal cryptic birds belonging to the only Apterigiformes genus,

Apteryx. NIBK are considered to be a somewhat territorial and vocal species (McLennan et al.,

1987; Taborsky and Taborsky, 1992, 1995, 1999), but other studies have shown that territoriality

may be dependent on population density (Potter, 1989). On Ponui Island, marked birds hold

overlapping home ranges of between five and six hectares (Ziesemann, 2011, Chapter 3). Birds

roost in burrows or on the surface in forest patches within their range and the choice of roost site

is dependent on proximity to foraging areas (Dixon, 2015, Chapter 4). At night kiwi move from

the roost sites to foraging sites and are mostly found in forested and scrub areas (Dixon, 2015,

Chapter 4, figure 3.6). Additionally, in the work of Dixon (2015, which included 2377 nocturnal

localisations of Ponui NIBK), although animals displayed variability in habitat utilisation on the

temporal, breeding and social status scales (e.g., birds that tended to shelter in pairs were found
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more often in forest environments than those sheltering alone or in groups), none of the transmit-

terised birds was ever recorded close or within Homestead gully. vocalisations of males and females

NIBK are quite distinct; Corfield et al. (2008) describes males as producing long–travelling whis-

tles which could be grouped into phrases, and with fundamental frequencies around 1.5kHz (and

overtones up to approximately 13kHz), whereas female produce hoarser and lower (fundamental

frequency around 0.1 kHz) vocalisations with intensity concentrated in two formants (Figure 1.2);

NIBK are also well known for their duets, which are multiple vocalisations in short succession and

have been suggested to possibly have territorial implications (Corfield et al., 2008). Duets often

include male and female vocalisations which can be overlapping, or a few seconds apart from each

other: we here adopt a stricter definition (for the binomial model, see Methods), considering only

overlapping vocalisations (of any sex) as choral.

5.2.3 Experimental Design

We chose two areas of approximately equal size and vegetation and deployed AR4 ARUs from

the New Zealand Department of Conservation Te Papa Atawhai (32 KHz frequency range, 16 bit

depth, frequency response chart in figure II.iii). We deployed one device in the heart of Kauri Bush

(175.179924,−36.884614) and in that of Homestead Gully (175.182917,−36.890594) respectively on

the morning of the 8th of March, 2021 and retrieved them on the 25th of March, 2021 during the

daytime. One area, Kauri Bush, has been part of the study since 2006 and many of the birds

roosting there are marked with radio transmitters (see chapter 6). The second area, Homestead

Gully has not been part of the study and NIBK using this gully as roosting sites have had no

researcher interference.

We recorded from 19:00 each night for 5 hours (sunset was at 19:50 on the first day of this

study , 08/03/2021, and at 19:27 on the last, 24/03/2021).

We logged weather variables using a Kestrel 4500 portable weather station (https://nz-kestrelmeters.

glopalstore.com/products/kestrel-4500-weather-meter, located at base camp, 175.187373,−36.894459)

and obtained moonlight illumination data from https://https://www.timeanddate.com/moon/

@2184425. We captured, handled, measured, and replaced the radio transmitters of birds from the

15th to the 20th of March. No blood samples were taken on this trip. We captured most birds in

Kauri Bush on the 15th of March, hence we used this date as threshold for grouping the data in

before and after manipulation (before and after categorical covariate in the statistical analyses).

5.2.4 Analyses

Using AviaNZ (Marsland et al., 2019), we processed all the recordings to detect NIBK vocalisa-

tions. We then manually reviewed the results to correct for false positives (segments wrongfully
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labelled as NIBK). We also skimmed the recordings in manual mode to amend any false negatives

(unlabelled NIBK vocalisations).

We then modelled three aspects of the distributions of NIBK vocalisations, specifically the number

of vocalisations per hour, the time between vocalisations, and the number of vocalisations involved

in duets. In this study we set a very strict criterion for duets, as we considered duets only those

vocalisations that to any extent overlapped with others, meaning that if a vocalisation started

before the end of another, we would label them both as being part of a duet.

We used a model with Poisson likelihood (with Log link function) to examine the number of vo-

calisations per unit of time (hour), a model with Exponential likelihood (with Logit link function)

for the time between vocalisations, and a model with Binomial likelihood for the number of vocal-

isations involved in choruses (i.e., any overlapping set of vocalisations) against the single calls per

hour. We worked within a Bayesian framework for two reasons. First, to be able to discern positive

versus negative changes in vocal activity. By specifying zero–centred prior distributions (before

the simulations) for all the covariates, the posterior distributions (after the simulations) that fell

completely above zero consistently contributed to higher rates of vocalisations per night (meaning

more vocalisations in the Poisson model and shorter waiting times between vocalisations for the

exponential model), and higher probability of overlapping vocalisations (binomial). Conversely,

the posterior distributions that fell completely below zero consistently contributed to lower rates,

and those that remained somewhat centred around zero did not consistently contibute to either

higher or lower rates. Table 5.1 summarises the composition of all the models. We ran two rounds

of these models, one including a day categorical covariate (i.e. with a level for each day), and one

without this.

We ran all the models through R (R Core Team, 2013) and rstan (Stan Development Team

et al., 2016). All models ran on three independent chains, each for 60,000 iterations, discarding

the first half as burn–in, and retaining one every fifteen values with an adapt delta of 99.9% and

maximum treedepth of 15, for a final sample of six thousand draws per covariate per model.

5.3 Results

In total, the ARUs detected 1131 vocalisations, of which 490 were detected in Homestead Gully

and 641 in Kauri Bush. Males called more than females in both gullies, with 104 vocalisations

from females in Homestead against 386 from males. Only 29 females vocalisations were detected

in Kauri Bush, against the 612 from males (figure 5.3 and table 5.2).

All the models ran smoothly and without post–sampling warnings and the chains reached good

convergence values. In fact, having set all diagnostic parameters (standard error of the mean of
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Figure 5.3: Distribution of the vocalisations detected over the duration of the survey from the two
gullies. The green and yellow shades around the regression lines represent regressions accounting
for only the data before (yellow) or after (green) the arrival of the research team on the island
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the posterior draws, effective number of independent draws, and Gelman and Rubin potential scale

reduction statistic R̂) to their minimum warning thresholds (5%, 5%, and 1.01 respectively), there

were no variables exceeding these in any of the models.

In the models which included the day covariate, this never was consistently associated with higher

or lower response variables, although there was quite a lot of variability (figures 5.4). The only

covariates consistently associated with the response variables in these models were Prevailing Wind

Speed and Direction in the Poisson Model, and Relative Humidity in the binomial model.
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Table 5.2: Numbers of vocalisations detected by the ARUs between 19:00 and 24:00 each day,
divided by sex and gully. Handling started on day 15 and stopped on day 20 (highlighted in blue).

Day
Homestead Kauri
F M F M

8 14 36 3 36
9 9 24 4 61
10 17 39 0 33
11 8 23 1 46
12 15 39 1 42
13 0 0 1 37
14 7 28 0 46
15 7 35 0 53
16 7 22 0 38
17 5 17 3 40
18 1 8 2 18
19 3 20 2 32
20 4 17 3 23
21 4 23 1 31
22 3 21 5 31
23 0 17 1 27
24 0 17 2 18
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Figure 5.4: 95% High Density Intervals for the Days covariates.
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All the results reported hereafter are from the models without day covariate. Using the Poisson

model, we found that the only covariates consistently affecting the probability of a Poisson ran-

dom variable representing the number of vocalisations per hour were moonlight and atmospheric

pressure (figure V.i and table 5.3).

Figure 5.5: Weather covariates for the Poisson model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.

Table 5.3: Weather covariates high density intervals for the Poisson model. The columns show
the Gelman and Rubin potential scale reduction statistic (R̂), the effective number of independent
samples per variable, mean and standard deviation of the MCMC draws, and three representative
quantiles (2.5%, 50%, and 97.5%) of the same.

Parameter R̂ neff mean sd 2.5% 50% 97.5%
Moonlight 1.000 13722 -0.186 0.045 -0.273 -0.186 -0.099
Temperature 1.000 13515 -0.057 0.050 -0.155 -0.058 0.041
Wind Speed 1.000 14982 -0.049 0.038 -0.122 -0.049 0.024
Wind Direction 1.000 15040 -0.051 0.035 -0.118 -0.051 0.018
Humidity 1.000 14985 -0.040 0.034 -0.108 -0.040 0.027
Atmospheric Pressure 1.000 14735 -0.237 0.045 -0.323 -0.237 -0.151

The categorical sex covariate shows expected differences between the sexes, with males more
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consistently associated with higher numbers of vocalisations per hour than females (figure V.ii).

The posterior distributions of both levels of the handling and gully covariates were almost identi-

cally distributed (centred around 0, figures V.iii and V.iv), and showed no effect of these on the

probability of detecting more or less vocalisations.

Figure 5.6: Sex covariate for the Poisson model. Covariates with posterior distributions overlapping
zero (vertical line) are not consistently associated with the response variable.
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Figure 5.7: Handling covariate for the Poisson model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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Figure 5.8: Gully covariate for the Poisson model. Covariates with posterior distributions overlap-
ping zero (vertical line) are not consistently associated with the response variable.
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From the Binomial model, we again found that the sole covariates consistently affecting the

probability of a Binomial random variable representing the number of vocalisations involved in

duets in an hour (success) over the total number of vocalisations per hour were prevailing wind

direction, and atmospheric pressure (figure 5.9 and table 5.4).

Figure 5.9: Weather covariates for the Binomial model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.

Table 5.4: Weather covariates high density intervals for the Binomial model. The columns show
the Gelman and Rubin potential scale reduction statistic (R̂), the effective number of independent
samples per variable, mean and standard deviation of the MCM draws, and three representative
quantiles (2.5%, 50%, and 97.5%) of the same.

Parameter R̂ neff mean sd 2.5% 50% 97.5%
Moonlight 1.000 14307 0.060 0.106 -0.151 0.060 0.266
Temperature 1.000 14967 -0.144 0.118 -0.376 -0.145 0.088
Wind Speed 1.000 14639 -0.066 0.084 -0.231 -0.066 0.098
Wind Direction 1.000 15039 -0.198 0.082 -0.360 -0.198 -0.038
Humidity 1.000 14368 -0.095 0.072 -0.235 -0.096 0.046
Atmospheric Pressure 1.000 15064 -0.226 0.101 -0.422 -0.227 -0.028

Similarly to the Poisson model, neither the gully nor the handling categorical covariates showed
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any association with higher or lower probabilities for the Binomial model (figures 5.10 and 5.11).

In the exponential model there were no covariates significantly associated with the probability of

more sparsely or clustered vocalisations throughout the first four hours of darkness.

Figure 5.10: Handling covariate for the Binomial model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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Figure 5.11: Gully covariate for the Binomial model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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5.4 Discussion and Conclusions

One model included a categorical covariate with different levels for each day, and a second did

not. We used the first to ascertain whether there was any particular day (specifically, the 8th

day, which was the day of transmitter changing for most birds) when the response variable (of any

given model) was consistently different from the others: we found this not to be the case (figure

5.4). However, since the day covariate showed great variability, we decided to run a second set of

models without this date covariate to investigate the possibility of this variability being explained

by other covariates (e.g., the handling covariate).

Apart for some oddities, for example that there were no detected vocalisations from Home-

stead on the 13th of March, the vocalisations seemed to be distributed similarly between the two

gullies; this was also confirmed by the gully covariates across the models. If the Kauri birds had

changed their vocal behaviour due to the years of handling, we would expect to see differences in

the distribution of the gully covariate. Similarly, if there were differences common to both gullies

in the vocal behaviour before and after handling, we expected the handling covariate to show some

differences. Finally, if the birds in Kauri bush changed their vocal behaviour post–handling, we

expected to see this in the gully/handling interaction covariate.

In a congeneric species, the Roroa, Toy and Toy (2021) found that capturing events were at times

associated with birds abandoning their usual roosting sites. If this were the case for the Ponui

NIBK, we would have expected the Kauri vocalisations to noticeably drop, as during a previously

conducted sweep survey with a specialised Kiwi dog for a different experiment (chapter 6, see page

117), we only found one additional bird to those with transmitters in this gully. That is, even if

this only sets a lower bound for the Kauri population, we would still expect the fourteen birds

with transmitters to represent a considerable part of the population and as such, if they abandoned

their usual gully (even if for just a few nights) we expected to hear noticeably fewer vocalisations

from Kauri bush.

We found the association of external factors with both the number of vocalisations per hour and

the duets per hour interesting. Previous studies have found that NIBK may behave differently ac-

cording to the lunar phase. Colbourne and Kleinpaste (1984) reported how NIBK would vocalise

less in more illuminated nights, while in the study by Colbourne and Digby (2016) only females

from one of the sites (Whanganui) would vocalise differently according to moonlight; they also

found that Roroa Apteryx haastii females were affected by moonlight. This lower level of vocal

activity during moonlit nights may be related to visibility. We can speculate that since producing

vocalisations requires energy like any other activity, moonlit nights represent opportunities for the

animals to conserve energy and simply see each other rather than having to rely on acoustic signals.

Alternatively, although unlikely, it could be that during a time when NIBK sill had natural native
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predators such as the North Island Adzebill (Aptornis otidiformis, Owen 1844 — see Tennyson and

Martinson, 2006), NIBK evolved such a behaviour to reduce the possiblity of being preyed upon.

While we could interpret the prevailing wind direction as a bias of passive acoustic monitoring

(ARUs are fixed to trees and sounds coming from certain directions are less detectable, see Cas-

tro et al., 2019), it is interesting to see that higher atmospheric pressure, often indicating good

weather, was associated with fewer vocalisations and duets. Together with the indication that

there may be fewer vocalisations with high temperatures and lunar illumination, this could point

to some relationship between vocal activity and ease of foraging, and would be quite interesting to

pair a food availability survey (e.g., invertebrate census) with an acoustic survey to see whether

NIBK vocalise differently when more or less food is available. However, having here only one (not

even complete) lunar cycle, we cannot exclude that moonlight could in this instance approximate

time or some other time–related undetected cause of variability in NIBK vocal activity, especially

because the moonlight covariate was not consistently associated with the response variables when

the day covariate was present. Thus, we recommend both repeating acoustic sampling on Ponui

island during different lunar phases to ascertain this apparent association, and analysing data from

multiple locations concurrently, to minimise undetected local effects and confirm or dispute the

association between lunar illumination and vocal activity.

Here we show how, for a single high densiy population of NIBK that are frequently handled,

handling does not appear to affect the number of vocalisations detected in an area. However

we did detect distinct changes in vocal activity and further investigation would be interesting.

Nevertheless, in the context of this thesis this reassures us that data from ABARs can be used to

inform abundance estimates (chapter 6), as the community vocal behaviour does not appear to be

affected by the attachment of the devices.
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Chapter 6

Animal-borne acoustic recorders
can inform consistent abundance
estimates based on passive
acoustic monitoring

Figure 6.1: Emily, BJ, Alvin, and Andre (taking the picture) with one of the Northland birds.
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Abstract

Monitoring animal populations is important to allow for appropriate conservation actions, and

monitoring methods need to be as objective, efficient, and accurate as possible. Passive Acoustic

Monitoring, whereby remotely deployed acoustic recorders collect data in unsupervised fashion,

is relatively cheap and virtually impervious to observer’s bias, whilst also producing potentially

perpetual data sets.

Already prominent in marine environments, this monitoring method has become popular in the

terrestrial scene, however quantitative estimates are seldom possible as we lack proper scaling fac-

tors from cue numbers to animal abundance. Moreover, thanks to technological developments,

miniature animal–borne loggers of many sorts, can nowadays deliver information on individual

animal features, including vocal behaviour.

Here we show how concurrently equipping a portion of individual animals with miniature animal-

borne acoustic recorders (ABARs), and deploying environmental recorders can inform abundance

estimates. Studying North Island Brown Kiwi (Apteryx mantelli, Bartlett 1851), we found how

statistical models informed with individual vocal behaviour recorded through individual loggers

convey more consistent and realistic abundance estimates than models lacking this information.

Although attaching transmitters is an inherently invasive method, we further detail how iterating

its application can lead to fully uninvasive passive acoustic monitoring abundance. This would

be possible by informing unmarked populations’ estimates with individual behavioural data from

marked populations while accounting for environmental covariates. We however invite researchers

interested in developing such a monitoring framework to carefully consider the ethical implications

of repeated handling for their target species, and provide recommendations on trial experiments

to evaluate post–handling vocal behaviour at the individual level.

Overall, combining data from miniature animal–borne acoustic recorders and environmental recorders

can deliver more consistent, informed, hence realistic abundance estimates. Furthermore, the use

of ABARs provides data for investigating individual identification which, combined with the indi-

vidual vocal activity, would inform ever more accurate passive acoustic abundance estimates.
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6.1 Introduction

Reliable estimates of animal abundance, or population densities, are very important in conserva-

tion, as knowing whether populations are growing or declining informs decision makers to better

manage the available resources. However, while monitoring animal populations can be challenging

and/or very expensive, it should ideally be non-invasive, standardised, and scalable.

As recently as the last couple of decades, we have witnessed the establishment, expansion and con-

solidation of terrestrial passive acoustic monitoring (PAM, see Sugai et al., 2019), whereby remotely

deployed acoustic recording units (ARUs) are programmed to store soundscapes in unsupervised

fashion. PAM methods are non-invasive, provide objectively analysable data and, although they

potentially produce enormous amounts of data, progress in automatic segmentation (Potamitis

et al., 2014; Priyadarshani et al., 2018b) allow for the unsupervised processing of field recordings

with continuously improving results (Juodakis et al., 2021b; Priyadarshani et al., 2020). PAM

methods can potentially be used to investigate activity patterns, behaviour, species occupancy,

richness, distribution, or abundance among others (Browning et al., 2017).

However, to reliably estimate population densities and abundances, we need a way to relate the

recorded data to the number of individuals, while accounting for silent individuals (Efford et al.,

2009; Pérez-Granados et al., 2019b; Royle et al., 2013; Sebastián-González et al., 2018). There

are several statistical methods that can be used to estimate abundance from passively collected

acoustic data, although they usually depend on the characteristics of the target study system. A

recent review by Pérez-Granados and Traba (2021) evaluated articles estimating abundance from

PAM data and provided valuable recommendations for future improvements. For animals that

are acoustically individually identifiable, spatially explicit capture recapture methods (SECR —

Efford et al., 2009; Royle et al., 2013) provide a solid framework for density estimates. Using

the capture history, that is the history of detections at different ARUs of each indentified animal,

SECR provides accurate estimates of the number animals in an area. Alternatively, if the acoustic

recording system allows for localisation of vocalising animals, distance sampling (Buckland et al.,

2012) takes advantage of spatially locating vocalising animals assuming that vocalisations coming

from different locations correspond to different animals. Moreover, specialised versions of SECR

(Stevenson et al., 2015) can integrate sound localisation to improve precision (Juodakis et al.,

2021a).

Without spatial localisation or individual identification, and assuming that vocal activity is de-

pendent on density, approaches include relating the detected vocal activity rate (DVAR, Pérez-

Granados et al., 2019c) to animal density, possibly using paired sampling (Van Wilgenburg et al.,

2017). Finally, if information of individual vocal activity, or cue rate, of the focal species is avail-

able, this can be used to estimate abundance around single ARUs (Sebastián-González et al., 2018).

It is thus important to identify an appropriate relationship between the detected vocal activity rate

and the actual number of individuals in the surveyed area (Juodakis et al., 2021a; Marques et al.,
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2013; Thomas and Marques, 2012).

In the last few years animal–borne microphones (Gill et al., 2016) soon thereafter followed by

animal–borne acoustic recorders (ABARs) have entered the terrestrial scene (Stowell et al., 2017),

first within behavioural studies (Greif and Yovel, 2019; Wijers et al., 2018), and more recently in

conservation–related studies (Reid et al., 2021). Animal-borne sensors have been around since the

late 1930s (Kooyman, 2007). ABARs acquire acousic recordings directly from the equipped indi-

viduals and have emerged during the so–called golden era of animal-borne sensors, although they

are somewhat under–represented compared to other sensors in the literature (Wilmers et al., 2015).

Deploying ARUs together with ABARs thus enables the concurrent recording of vocalisations at

the individual and community levels. We can then employ modern statistical methods (Royle

et al., 2013) to model individual level cues and fathom more informed community abundances

than would have been possible in a non–tagged population. Whereas a single use of these devices

can provide an abundance estimate for the particular period of sound collection, iteratively em-

ploying ABARs can potentially make PAM sufficiently accurate to be the main monitoring method.

In this study we describe a protocol to employ ABARs on potentially any vocal animal system

capable of being equipped with similar devices. We exemplify this by presenting a case study

featuring North Island Brown Kiwi (Apteryx mantelli, Bartlett — hereafter NIBK). NIBK are rou-

tinely monitored through specialised aural surveys known as “Kiwi Call Counts” (KCC, Robertson

et al., 2017). During KCC, observers listen for two hours per night (at least 30 minutes after sun-

set but within the first two hours of darkness) over 4-8 nights (Craig, 2018). In the current Kiwi

Recovery Plan, the New Zealand Department Of Conservation Te Papa Atawhai identifies incon-

sistencies between NIBK population densities and KCC results (issue 4.6, Germano et al., 2018),

as well as the need for implementing a long–term monitoring programme to evaluate changes in

NIBK population abundance (objective 4.1, action 4.2, Germano et al., 2018).

In this study, we present results from abundance estimates on four sampling occasions of three

high density NIBK communities (two sampling occasions were in the same population) where

we equipped individuals with ABARs, and deployed ARUs. We compared the estimates from

two different years and seasons on the same population using three different statistical methods

(unmarked populations mark resight, distance sampling, and ABAR–informed mark resight, see

section 6.2.7). We further tested whether using information from populations with individuals

tagged with ABARs could improve estimates on unmarked populations. We finally discuss current

limitations and future perspectives using this method.
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6.2 Material and Methods

6.2.1 Ethical Statement

This study has been possible thanks to the approval of Iwi and permits from DOC (Authority

Number 63716-FAU), and the Massey University Animal Ethics Committee (protocol ID 20/26)

6.2.2 Study System and Site

We conducted this study at two locations within Aotearoa New Zealand: Ponui (Chamberlin’s)

Island (Figure 6.2, 175.14860,−36.90422 : 175.21860,-36.82961 – Coordinate Reference System

WGS84 for all coordinates herein), in the Hauraki Gulf, Auckland region, and at The Landing

(174.079718,−35.174519 : 174.084968,−35.177706), on the Purerua Peninsula, Northland.

Fourteen NIBK were translocated to Ponui Island in 1964 (Miles and Castro, 2000), and the

island hosts a high-density NIBK population, which has been under study since 2004 (Colbourne,

2005; Cunningham et al., 2007). On Ponui Island, over the last 17 years, from 30 to 50 birds have

been equipped with very high frequency (VHF) radio transmitters that are monitored at least

monthly. Having record of the history of these animals, including morphological measurements,

usual resting areas, nesting sites, and social relationships (Cunningham and Castro, 2011; Dixon,

2015; Undin et al., 2021) makes of Ponui Island the ideal site to trial the use of ABARs to improve

acoustic abundance estimates in NIBK.

In the last DOC KCC report (Craig, 2018), The Landing had the closest number of vocalisations

to that of Ponui Island. The NIBK at The Landing are not usually equipped with VHF transmit-

ters. On Ponui Island, we worked in two of the remnant kauri (Agathis australis) forest patches

located on South Ponui farm: Kauri Bush (175.177635,−36.887127 : 175.182262,−36.882096) and

Red Stony Hill Gully (RSHG — 175.180982,−36.892250 : 175.184780,−36.888938). At the time of

the surveys, Kauri Bush was home to 14 birds with transmitters, whereas RSHG hosted 17 trans-

mitterised birds (Figure 6.2). Detailed information regarding Ponui Island, its NIBK population,

vegetation, and related studies can be found in the following theses: Bansal (2020); Dixon (2015);

Strang (2018); Vattiato (2021); Ziesemann (2011).

NIBK are flightless nocturnal cryptic birds belonging to the only Apterigiformes genus, Apteryx.

Vocalisations of males and females NIBK are quite distinct (see figure 1.2; NIBK tend to be more

vocal during the first and last hours of darkness, male vocalisations can be three times as numerous

as females ones, and number of vocalisations detected are not linearly related to animal abundance

(Miles, 1995). Corfield et al. (2008) describes males as producing long–travelling whistles which

could be grouped into phrases, and with fundamental frequencies around 1.5kHz (and overtones

up to approximately 13kHz), and females as producing hoarser and lower (fundamental frequency
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Figure 6.2: Maps indicating the location of the sample populations in relation to Aotearoa New
Zealand. The arrow from the central left map leads to a map showing the greather Auckland
and Northland regions from which one arrow leads upwards towards the Ipipiri (Bay of Islands)
Map and thereby left to the map of The Landing (green shaded polygon), and one arrow leads
downwards towards the Ponui Island map and thereby left to the map comprising Kauri Bush
(blue shaded polygon) and RSHG (red shaded polygon).
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around 0.1 kHz) vocalisations with intensity concentrated in two formants; duets have been sug-

gested to possibly have territorial implications (Corfield et al., 2008).

However, some studied consider NIBK more strictly territorial (McLennan et al., 1987; Taborsky

and Taborsky, 1992, 1995, 1999), but others have shown that territoriality may be dependent on

population density (Potter, 1989). On Ponui Island, marked birds hold overlapping home ranges

of between five and six hectares (Ziesemann, 2011, Chapter 3). Birds roost in burrows or on the

surface in forest patches within their range and the choice of roost site is dependent on proximity

to foraging areas (Dixon, 2015, Chapter 4). At night kiwi move from the roost sites to foraging

sites and are mostly found in forested and scrub areas (Dixon, 2015, Chapter 4, figure 3.6). Over

2377 nocturnal localisations of Ponui NIBK, animals displayed variability in habitat utilisation on

the temporal, breeding and social status scales (e.g. birds that tended to shelter in pairs were

found more often in forest environments than those sheltering alone or in groups).

6.2.3 Equipment

ABARs

We developed and tested our ABARs starting from a SOROKA 15E (https://ts-market.com/

products/models/19058/, figure VI.i) digital recorder, to which we soldered an external water-

proof microphone, and an Adult Kiwi VHF transmitter (https://kiwitrack.weebly.com).

Before assembling the ABARs, we tested the detection range of the ABARs at the natural

average amplitude of NIBK (figure 6.3, see Castro et al., 2019, for additional information as well

as the test tracks; we measured fast response dbA, 1.5 metres away from the loudspeaker in the

30-130 db range); we played back the vocalisations from on top of the device, one metre, two

metres, and five metres away from it, always facing the device as shown in Figure 6.3. We then

tested different possible protection materials for the external microphone: neoprene, clear plastic,

epoxy resin, and silicone.

The ABARs weigh 21 grams, which is within the acceptable weight of NIBK transmitters

(Robertson et al., 2017), and can last up to two weeks in continuous recording setting (12 hrs per

day) at 32 KHz frequency range and 16 bit resolution. Although the VHF transmitter and recorder

are connected to the same battery, the acoustic recording component (from the SOROKA 15E)

conveniently shuts down when the (3.5 V) battery drops below 3 V of produced voltage, whilst

the VHF transmitters keep working until the voltage drops to 2.5 V, potentially allowing for the

safe recovery of the device even from the more elusive animals. The ABARs were reprogrammed

before each fieldtrip.

We tested the detection distance of the ARUs (DOC AR4, 32 KHz frequency range and 16

bit resolution, see a representative frequency response chart in figure II.iii) during a previous
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Figure 6.3: Testing the detection range of an ABAR. On the the leftmost leg of the big tripod we
secured a SOROKA 15E with external battery and microphone. Beside this, the smaller tripod
holds the SPL meter in place whilst a tape mesure runs between a movable aluminium platform
(the same as in chapter 3) onto which lays a FoxPro NX4 speaker. We used a compass to have the
tape measure always in the same direction for reproducibility in case we needed to repeat the tests.
The testing track included two NIBK vocalisations (one per sex). In the actual test we broadcast
these vocalisations at natural amplitude (Castro et al., 2019) at increasing distances along the
tape measure to ascertain the distance at which a NIBK vocalisation would not be detected by the
ABAR.
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experiment (Chapter 3) by broadcasting NIBK female and male vocalisations from increasingly

larger distances until said vocalisations were not visible on the spectrogram.

We used a FoxPro NX4 speaker for all the broadcasts (frequency response graph figure II.ii) and

made all the sound pressure level (SPL) measurements using a Digitech QM1592 Professional Sound

Level Meter (see https://www.jaycar.com.au/pro-sound-level-meter-with-calibrator/p/

QM1592 or https://www.techbrands.com), which was calibrated before usage with the provided

calibrator according to user manual.

6.2.4 Acoustic Sampling

We sampled three areas in two NIBK high density populations in 2020 and 2021. Kauri Bush and

RSHG, on Ponui Island, were sampled from the 21st to the 24th of May and from the 6th to the

10th of June 2020 respectively. In 2021 we concurrently sampled Kauri Bush and The Landing

(Purerua Peninsula) from the 18th to the 24th of March. Surveys included three types of sound

sampling: 1. human listening following KCC (Robertson et al., 2017); 2. four ARUs per area, on

the vertices of a 100 m equilateral cross following the results of a previous experiment (Chapter

3); and 3. eight (2020) and seven (2021) birds equipped with ABARs. We followed Colbourne and

Digby (2016) and Robertson et al. (2017) and sampled for two hours from 45 minutes after sunset;

this period is hereafter referred to as a night.

6.2.5 Kauri Bush Dog Sweep Survey

A dog-handler team (Eko and Isabel Castro = the pair) zigzagged Kauri Bush from top to bottom

searching for kiwi on June, the 5th 2020. A second person (Stephen Marsland) maintained visual

contact with the pair at a distance to avoid interfering with the search, but to be able to indicate

to the dog handler any areas that may have been missed by the pair; these areas were then

checked to fully examine all the gully. Each time the dog indicated the presence of a bird, this was

visually observed and a telemetry set was used to ascertain whether the bird had a transmitter.

All transmitter birds were accounted for using radio telemetry to check the accuracy of the dog in

finding the kiwi.

6.2.6 Data extraction and ABARs vocal ownership

We used AviaNZ (Marsland et al., 2019) to process all the data, both from the ABARs and

ARUs. We then reviewed the resulting labels to ascertain that all the labelled segments were

actual NIBK vocalisations, removing the segments incorrectly labelled as NIBK (false positives).

As ABARs would potentially record vocalisations from both the bird wearing them and nearby

ones, we needed an objective way of assigning vocalisation ownership. We adapted an AviaNZ

function (as the program is open source) to perform the following steps:
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1. within each ABAR detected vocalisations:

(a) we removed any vocalisation that did not match the sex of the bird wearing the ABAR

(b) for the remaining vocalisations, we calculated each individual syllable’s signal to noise

ratio (SNR)

(c) we calculated the mean minimum SNR (A)

(d) we identified the strongest (highest median SNR) vocalisation and saved its minimum

SNR as (B)

(e) we then discarded all the vocalisations which maximum SNR was both below (B), and

which median was below (A)

2. since this would have left at least one vocalisation per device, regardless of overall quality

(i.e., even if a device only recorded strangers’ vocalisations), looking at all the vocalisations

left (among ABARs), we kept only those where median was greater than the overall mean

minimum and where minimum was above 0

3. we additionally asked a NIBK expert (Isabel Castro), blind of our division, to allocate calls

to the bird wearing the ABAR.

6.2.7 Analyses

In order to evaluate whether using ABARs informed more accurate abundance estimates we de-

signed a three stages analysis.

We first employed two separate models for the community level vocalisations from each sampling

occasion; we used custom versions of spatial capture recapture (SCR) models, specifically one

for unmarked populations and the other for populations with a known number of marked

individuals in the population (see Chapters 18 and 19 of Royle et al., 2013, for detailed

examples). The former comprises a first loop to recruit a number of individuals through

a dedicated Bernoullian variable, and simulate a Poisson distributed number of cues per

individual, and a second loop to limit the number of total cues to that of the actually

observed ones: at the end of the simulation, the distribution of the number of recruited

individuals is informative of an expected abundance. The latter additionally has a loop

to model the observed cues from marked individuals, which covariates will then affect the

recruited individuals, then proceeding like the previous model, hence effectively accounting

for the distribution of observed individual cues to inform that of simulated/recruited ones.

The main assumption imposed by the unmarked population model is that all animals in the

area vocalise; the removing of this by the added loop in the ABAR–informed model (where
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animals that do not vocalise exist), additionally allows for the simulation of silent recruited

individuals, which should enable more realistic estimates of abundance.

Secondly, we estimated distances from vocalising animals from the same location on two different

sampling occasions (May, 2020 and March, 2021) and compared the estimates from the

previous models to those from a distance sampling model (Buckland et al., 2012; Royle et al.,

2013, Chapter 4). We did so by using the method detailed in Chapter 3 which, using energy as

an approximate for distance, provides localisation estimates using single–microphone ARUs.

Finally, we further customised the ABARs–informed SCR model to utilise the information from

populations with marked individuals (reference populations) to infer abundances in unmarked

populations (target populations). To do this, the first loop of the model ran with data from

individuals with ABARs from the reference populations, whilst the second loop (to recruit

individuals), ran for both the reference and target populations. At the end of the model the

numbers of recruited individuals from the reference populations were added to the numbers

of tagged individuals, whilst those from the target populations were not (technically they

were added to zeroes, see appendix VI.iii for the full model). All the models are provided

as supplementary material and both models and data are available at http://github.com/

albertodiegoderosa/abars.

We ran all the models using JAGS (Plummer et al., 2003). After 400, 000 burn-in iterations,

each model ran for 800, 000 iterations retaining one every 40 values on four independent chains,

effectively resulting in 80, 000 final draws per observed variable.

6.3 Results

All eight ABARs worked properly during the 2020 sampling in Kauri 2020, while two failed in

RSHG. These two ABARs worked as per programmed schedule, but one of them recorded only

noise, while the memory card of the other one was unreadable, possibly damaged by water (the

device still worked afterwards). The protocol followed to ascribe vocalisations recorded by the

ABARs to the bird wearing the ABAR proved very effective as:

• it succeeded in selecting the same vocalisations as the NIBK expert (Isabel Castro) did.

• the number of vocalisations from the kiwi wearing the ABAR recorded by each device differed

between animals (figure VI.ii shows proportions of owner versus other kiwi vocalisation in

2020).

In 2021, three ABARs failed in Kauri bush, while two failed at The Landing. All of these recorded

only noise. This left us with a total of twenty-four ABARs that delivered individual recordings.
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There were no problems with the ARUs.

During the survey with the help of the kiwi dog, we found a total of seventeen birds in Kauri Bush;

the dog missed one of the transmitterised birds. This establishes the lower bound for the expected

number of birds in Kauri Bush at eighteen.

At the community level, the ARUs on average detected 2.75 (standard deviation, σ = 1.71) female

vocalisations and 6.75 (σ = 4.65) male vocalisations from Kauri Bush in 2020, 6.14 (σ = 3.24)

female vocalisations and 9.86 (σ = 4.74) male vocalisations from Kauri Bush in 2021, 9.5 (σ = 5.97)

female vocalisations and 16.5 (σ = 5.2) male vocalisations from RSHG, and 0 (σ = 0) female

vocalisations and 0.43 (σ = 0.79) male vocalisation from The Landing (Table 6.1 and figure 6.4).

On the individual level, each ABAR on average detected 0.31 (σ = 0.48) female vocalisations and

0.38 (σ = 0.5) male vocalisations from Kauri Bush in 2020, 1.21 (σ = 0.89) female vocalisations

and 0.5 (σ = 0.65) male vocalisations from Kauri Bush in 2021, 0.25 (σ = 0.46) female vocalisations

and 0.56 (σ = 0.51) male vocalisations from RSHG, and 0 (σ = 0) female vocalisations and 0.04

(σ = 0.19) male vocalisations from The Landing (table 6.2 and figure 6.5).

Table 6.1: Number of vocalisations detected by the ARUs per occasion per sex per night.

Occasion Sex
Night

1 2 3 4 5 6 7

Kauri 2020
F 2 3 1 5
M 7 5 2 13

Kauri 2021
F 12 4 8 6 7 3 3
M 17 10 15 10 6 7 4

RSHG
F 17 11 7 3
M 20 17 20 9

The Landing
F 0 0 0 0 0 0 0
M 1 0 0 0 0 2 0

All the models reached satisfactory chain convergence as confirmed by both visual inspection

and the Gelman-Rubin scale reduction factors (R̂). All the R̂ were in fact very close to, or exactly,

one, with no value above 1.05.

In the first stage of our analyses (figures 6.6 to 6.9), all the ABAR–informed models returned higher

expected numbers of individuals (both males and females) than the Unmarked populations models,

with all posterior distributions for the estimated number of animals to some extent overlapping

between each pair of models (figures 6.6 to 6.9, table 6.3).

In the second stage of our analyses, comparing the estimated number of birds in the same

population over two different sampling occasions with three methods, the ABAR–informed models

were the most consistent, followed by the unmarked population models and finally by the distance

sampling models estimates (Figure 6.10 and table 6.4). When combining data from both sexes,

the ABARs–informed models further resulted as the more realistic, with median estimated values

closer to the findings from the dog sweep survey (Figure 6.11).

The numbers of males and females estimated from the models in stage three in RSHG were at
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Figure 6.4: Community Female and Male Vocalisations detected over the four surveys. The higher
the number of vocalisations detected per night by the ARUs, the wider the shape in the plot. For
instance in the 2020 Kauri bush survey, there were more nights with only two female vocalisations
per night than four.

Figure 6.5: ABARs Female and Male Vocalisations detected over the four surveys.
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Figure 6.6: Single population models: Unmarked versus ABAR–informed estimates for Kauri
Bush 2020. Where the two models overlap in estimated population size, the model with the
smaller occurence is represented in a darker intermediate colour. ABAR = Animal–Borne Acoustic
Recorder, MCMC = Markov chain Monte Carlo.
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Figure 6.7: Single population models: Unmarked versus ABAR–informed estimates for Kauri
Bush 2021. Where the two models overlap in estimated population size, the model with the
smaller occurence is represented in a darker intermediate colour. ABAR = Animal–Borne Acoustic
Recorder, MCMC = Markov chain Monte Carlo.
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Figure 6.8: Single population models: Unmarked versus ABAR–informed estimates for Red Stony
Hill Gully. Where the two models overlap in estimated population size, the model with the
smaller occurence is represented in a darker intermediate colour. ABAR = Animal–Borne Acoustic
Recorder, MCMC = Markov chain Monte Carlo.
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Figure 6.9: Single population models: Unmarked versus ABAR–informed estimates for The Land-
ing. Where the two models overlap in estimated population size, the model with the smaller oc-
curence is represented in a darker intermediate colour. ABAR = Animal–Borne Acoustic Recorder,
MCMC = Markov chain Monte Carlo.
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Figure 6.10: ABARs Estimated Females (top) and Males (bottom) NIBK in Kauri Bush over two
sampling occasions with three methods: ABARs (Red), Distance Sampling (D.S. — Green), and
Unmarked (Blue). The brighter variants (left of each pair) of each colour represent the 2020 May
survey, whereas the dimmer ones (right of each pair) represent the 2021 March survey.
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Figure 6.11: ABARs Estimated total NIBK in Kauri Bush over two sampling occasions with three
methods: ABARs (Red), Distance Sampling (D.S. — Green), and Unmarked (Blue). The brighter
variants (left of each pair) of each colour represent the 2020 May survey, whereas the dimmer ones
(right of each pair) represent the 2021 March survey. The dotted line represents the number of
kiwi found during the dog sweep survey on 5th June, 2020.
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Table 6.2: Number of vocalisations detected by the ABARs per occasion per sex per night.

Occasion Sex
Night

1 2 3 4 5 6 7

Kauri 2020

F

0 0 0 0
0 0 0 1
0 0 1 0
1 1 0 1

M

0 1 1 1
0 0 0 1
0 0 0 0
1 0 0 1

Kauri 2021
F

2 2 2 2 0 2 1
2 2 0 0 0 1 1

M
2 1 1 1 1 0 1
0 0 0 0 0 0 0

RSHG

F
0 0 1 1
0 0 0 0

M

1 1 0 1
0 0 1 0
0 1 0 1
1 1 1 0

The Landing
F

0 0 0 0 0 0 0
0 0 0 0 0 0 0

M

1 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

an intermediate level between the those resulting from the Unmarked and ABARs model from the

same population (figures 6.12 and 6.13 and table 6.5). The posterior distributions of the covariates

from these models were more similar to those from the fully ABARs–informed models (Figure

6.14). Tables with all the model–specific covariates posterior high density intervals are available

as supplementary material.
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Figure 6.12: Estimated Females (top) and Males (bottom) NIBK individuals in RSHG with dif-
ferently informed models. The leftmost estimate (red) represents the Unmarked models (with no
ABARs information), the second from the left (green) is informed with individuals from Kauri
Bush 2020, the third from the left (cyan) is informed with individuals from Kauri 2020 and Kauri
2021, and the rightmost one is informed with ABARs from the respective target population.
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Figure 6.13: Estimated Females (top) and Males (bottom) NIBK individuals in The Landing with
differently informed models. The leftmost estimate (red) represents the Unmarked models (with
no ABARs information), the second from the left (green) is informed with individuals from Kauri
Bush 2020, the third from the left (cyan) is informed with individuals from Kauri 2020 and Kauri
2021, and the rightmost one is informed with ABARs from the respective target population.
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Table 6.3: Estimating populations with unmarked populations and ABAR–informed models.

Sampling Occasion Sex
Estimated Abundance

Unmarked ABAR–informed
1st Quantile Median 3rd Quantile 1st Quantile Median 3rd Quantile

Kauri 2020
F 2 3 5 4 8 8
M 5 7 11 9 14 25

Kauri 2021
F 2 5 6 6 8 10
M 8 10 13 10 12 15

RSHG
F 7 11 16 9 13 17
M 13 17 23 17 21 27

The Landing
F 0 34 97 4 50 100
M 1 1 83 4 26 97

Figure 6.14: Effect of the covariates on the number of individual vocalisations recorded by ABARs
. Posterior distributions range from negative (blue) to positive (yellow). All intermediate colours
indicate posterior distributions mostly centered around zero (no effect of the covariate on the
number of vocalisations). The brighter the yellow, the higher the proportion of the covariate
distribution that fell above zero showing a positive effect on the number of vocalisations. Conversely
the brighter the blue the higher the proportion of the distribution that fell below zero for that
covariate and therefore showing a negative effect on the number of vocalisations. ABARs =
Animal-Borne Acoustic Recorders
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6.4 Discussion and Conclusions

PAM has emerged as a cost-effective and objective way of sampling for animal vocal cues (Pérez-

Granados and Traba, 2021; Sugai et al., 2019). Nevertheless, more often than not we lack consistent

means to relate detected vocal activities to number of animals in the area of detection of one’s de-

vices (Thomas and Marques, 2012). The use of SCR models together with ABARs can potentially

accomodate a wide variety of variables and has the great advantage of being naturally scalable to

multiple concurrent detectors in a given area (Royle et al., 2013).

The data from our four sampling occasions shows quite distinct numbers of vocalisations in

the considered time window, both within (Kauri Bush 2020 versus 2021) and between populations.

Interestingly, when looking at the distributions of the vocalisations in Kauri 2020 and RSHG, these

look quite different at the community level, yet very similar at the individual level. This is quite

possibly a result of these two gullies being neigbouring communities that were sampled only at

a week apart. Further considering that birds from these two communities have been previously

shown to display similar habits in terms of habitat utilisation (Dixon, 2015) reinforces the idea that

the RSHG population comprises more birds than the population at Kauri Bush, at least within

the detection of our ARUs.

The fact that the results from our first stage of analyses show the ABAR–informed models

always estimating higher expected number of birds when compared to the Unmarked populations

models is not surprising. As mentioned above one of the assumptions overcome by the ABAR–

informed models is the detection of all the individuals in the area as this adds information about the

silent animals. Unfortunately, the birds at The Landing were silent during the sampling window

and although the ABARs to some extent compensated for the lack of vocalisations, all estimates

were quite uncertain, as shown by the width of all this population’s high density intervals (figure

6.4). This could be a location–specific factor, but critically points to the need to iterate the use of

ABARs in managed populations, thus obtaining multiple samples over different years and seasons

to better interpret the results in unmanaged populations.

The results from the second stage of our analyses shed some more light on the usefulness of the

ABARs. Similarly to our previous consideration regarding the assumption of detecting all animals

with the Unmarked populations model, here we see how the ABAR–informed models provide more

consistent inferences than the other considered methods. The Unmarked populations model still

returned consistent estimates over the two years, however underestimating the number of overall

individuals, especially females. This is confirmed by the ascertained lower bound of eighteen

individuals in Kauri Bush with the help of a Kiwi–finding dog shortly after the 2020 sampling, as
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this number sits outside the combined high density intervals for the Unmarked populations model

(table 6.4). The distance sampling model returned the least consistent estimates, possibly because

this assumed each vocalisation to come from a different individual, but also because of seasonal

changes in behaviour (Nijman, 2007; Zuberogoitia et al., 2019).

Finally, the models including one and two informing populations with ABARs to inform abun-

dance estimates on unmarked populations delivered some compelling results. Using data from

informing populations to inform estimates in target populations resulted in these being closer to

those resulting from ABAR–informed models for the target populations. Interestingly, median

values for all but females at The Landing were intermediate between those from the Unmarked

populations models and ABAR–informed models. This is very likely because of the total absence

of female vocalisations from The Landing both at the community and individual level. Conse-

quently it is understandable how the models informed with data from populations where females

did vocalise, may tend to lower the expected values on populations with no recorded vocalisations.

Additionally, it is quite interesting to see how the posterior distributions for most covariates of all

these partially informed models markedly resemble more distribution of the full ABAR–informed

model than the full Unmarked populations model. Although these covariates convey quite similar

results to recent experiments (Chapters 4 and 5), they do not have real explanatory value on NIBK

behaviour, as they are based on the projection of the behaviour of a few individuals on populations

of estimated sizes. Nevertheless, their distribution is reasonably promising in regard of the num-

ber of sampling occasions needed to reach satisfactory results with these models (Pérez-Granados

et al., 2019c).

According to the protocol proposed by Pérez-Granados et al. (2019b), and having previously

evaluated the detection distance of our ARUs for the species of interest (300 m, see page 51), we

have here approached the derivation of vocal activity rate for a cryptic and nocturnal species in

the time window suggested by Colbourne and Digby (2016) as the optimal listening time–frame

for NIBK acoustic monitoring. Thanks to the manual revision of batch–processed recordings in

AviaNZ (Marsland et al., 2019) we know we have no false positives and would thus be in the fourth

step of the protocol to derive consistent values to generalise the use of PAM for robust estimates of

NIBK abundance Pérez-Granados et al. (2019b). However, the models are currently limited by the

number and diversity of sites sampled, as shown by the high uncertainty in the estimates for the

Northland site (The Landing). The number of further sampling occasions to reach reliable NIBK

abundance estimates with this method (Pérez-Granados et al., 2019b, suggest at leat 20-30 sites to

derive reliable VAR, and ABARs play an analogous role) would depend on the performance of the

models and would ideally be identified when a difference in median estimated abundance between

partially informed and ABAR–informed models smaller than a small number ε, should be reached

through the iterative use of ABARs in managed populations.
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Here we showed how employing ABARs in conjunction with ARUs and SECR can lead to more

realistic and consistent estimates of abundance. However, using the ABARs in their current state,

managers would see an an initial increase in the invasiveness of the procedures, as the animals

would need to be handled more often, which would entail careful ethical considerations depending

on the target species. This would also involve including a number of different populations, condi-

tional to the heterogeneity of the target species’ community, to allow for confident inferences on any

other population. As such, one final consideration needs to address possible animal welfare issues.

Although we know from a recent study (Chapter 5) that we have found no detectable difference

between the vocal behaviour of a NIBK community that had been handled and one that is to date

näıve to investigator’s disturbance, there is no knowledge of how this could affect individual birds.

In order to obtain such information it would be necessary to equip some animals from two different

populations with ABARs programmed to start recording at a later date for a given number of

days (e.g. eight); after half of the recording days would have passed, researchers would need to

re–capture half of the animal and realease them shortly thereafter. The resulting comparison of

vocal activity would give a quite strong indication on whether handling would represent a tolerable

source of stress for the animals.

Alternatively and possibly more desirably, further tests and collaborations with transmitter–

building companies could lead to replacing normal VHF transmitters with ABARs, programmed

to record during the national KCC scheme and deploy ARUs programmed accordingly. This op-

tion would see no changes in the operations conducted by Kiwi practitioners tending to managed

populations, although it would bring a wealth of information with the real possiblity of accurate

abundance estimates based on passive acoustics.

To conclude, ABARs can be a reliable source of information to derive consistent abundance

estimates for vocal animals that are able to carry them, nonetherless we would advise serious

consideration of ethical implications appropriate to the target species. We are confident that

future technical and technological developments will allow for more accurate and cost-efficient

applications of these devices to inform more effective conservation efforts.
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Chapter 7

Conclusions and
Recommendations

Figure 7.1: Stephen in the field with Virginia and Kayla. Picture by Lucas Mugnier.

137



7.1 Conformity with the objectives of the thesis

Understanding the magnitude of biodiversity changes is crucial for policy makers (Brond́ızio et al.,

2019). Reliable animal population monitoring practices are critical to enable conservation decision

makers to properly allocate resources (IUCN, 2020). It is important to improve our wildlife mon-

itoring techniques employing modern technologies and data analysis techniques (IUCN, 2021) to

provide more robust yet cost–efficient species density estimates.

In Aotearoa New Zealand, the New Zealand Department of Conservation Te Papa Atawhai (DOC)

defines the development of an objective and efficient monitoring framework for the iconic North

Island Brown Kiwi (NIBK — Apteryx mantelli, Bartlett 1851) as critical in their 2018–2028 recov-

ery plan (Germano et al., 2018). NIBK are currently monitored through specialised aural surveys,

known as Kiwi Call Counts (KCC), where observers listen for NIBK vocalisations over two hours

and annotate estimated distance, direction, and sex of all the detected vocalisations (Robertson

et al., 2017). Besides the inconsistencies specifically identified by DOC in the numbers of vocal-

isations from KCC identified by DOC (Germano et al., 2018), other studies have found a high

degree of variability in the data delivered by observers–reliant aural surveys, mostly depending on

experience and hearing acuity (see chapter 1, section 1.1.2). The first objective of this thesis was

to identify an inexpensive way of localising vocalising animals using ARUs, to minimise both bias

(e.g. Alldredge et al., 2007) and cost (e.g. Williams et al., 2018). Using playback (chapter 4), we

found that it is possible to use single microphone ARUs to localise vocalising animals with a rea-

sonable degree of uncertainty depending on the environment. In chapter 6 we further applied this

to inform a distance sampling model for the birds in Kauri bush (on Ponui Island). In accordance

to Darras et al. (2018a), as ARUs and human observers have different detection ranges, it would

be necessary to standardise the detection distance between ARUs–based and human–reliant KCC

to integrate the results from these two sources. For historical data, this could be done by filtering

out all the human detections above the ARUs detection range threshold (300 m in the case of the

DOC AR4), whereas future applications could also deploy a grid of ARUs covering the presumed

human detection radius around KCC listening stations.

Relating acoustic monitoring data to animal abundance can be particularly challenging because

animals do not have a fixed call rate, and the playback technique has been reported as a possible

tool to enhance or standardise detections (Evans et al., 2007; Okahisa et al., 2016) This technique

is also familiar to Kiwi practitioners as it has been reported as a tool to enhance responses of

NIBK during aural surveys (McLennan, 1992). The second objective of this thesis was to assess

the suitability of the playback technique as a tool in NIBK acoustic monitoring. Over two different

seasons, we conducted a formal evaluation of the degree to which NIBK in a high density popula-

tion would respond to playback (chapter 4). We found that NIBK did not consistently respond to
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playback more than to control sounds. Although this may be different with populations of different

density, our results discourage the use of playback within an acoustic monitoring framework with

NIBK.

Recent technological advances in miniaturisation of electronic devices enabled animal–borne log-

gers have become to became a superlative source of data, as this is acquired directly from indi-

vidual animals (Wilmers et al., 2015). These include animal-borne acoustic recorders (ABARs),

which have quite recently entered the terrestrial scene (Gill et al., 2016; Stowell et al., 2017),

and even more so employed for conservation–related purposes (Wijers et al., 2020). However, em-

ploying animal–borne devices entails repeated handling, which poses questions both for animal

welfare issues (Curzer et al., 2013; Soulsbury et al., 2020), and for data reliability due to possible

post–handling behavioural changes (Toy and Toy, 2021). The third objective of this thesis was to

investigate whether NIBK communities with individuals that have been recently handled displayed

a different vocal activity than communities of birds näıve to investigator’s disturbance. Over a

period of three weeks spanning before and after the annual transmitter change of the birds on

Ponui Island, we deployed ARUs in both a gully inhabited by a large contingent of transmitterised

birds, and one where birds are known to live but researchers have never worked (chapter 5). We

found no detectable differences in the vocal activity of the two communities before or after the

annual transmitter change. Although this is reassuring in terms of post–handling acoustic data

reliability, it cannot be conclusive in regards of possible individual changes and in chapter 6 we

propose an elucidative experiment using ABARs (see page 136).

Decision makers need robust estimates of animal density in order to support sensible conser-

vation actions. PAM is cost–effective, uninvasive, and impervious to observer’s bias, and also

produces potentially permanent data records (Sugai et al., 2019). Nevertheless, density estimates

based on PAM require a way to translate vocalisations’ densities into animals’ densities. The

final objective of this thesis was to evaluate the use of ABARs concurrently to PAM surveys to

estimate NIBK abundance, hence density. Over two years and four total sampling occasions, we

acoustically sampled NIBK communities and estimated animal abundance using different acoustic

methods (chapter 6). Abundance estimates using custom spatial mark–resight models informed

with ABARs data were more accurate and robust over time than unmarked population models and

distance sampling models. Furthermore, estimates of unmarked populations informed by ABARs

estimates from other populations delivered encouraging results for eventually reaching fully unin-

vasive PAM abundance estimates.
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7.2 Integrating Results from the Research Chapters

7.2.1 On Kiwi Vocal Behaviour and Activity

The North Island Brown Kiwi (Apteryx mantelli, Bartlett 1851) is an iconic and very charismatic

species endemic to Aotearoa New Zealand. Nevertheless, this species is considered globally “Vul-

nerable” (BirdLife International, 2017) and nationally “At–Risk, Declining”, being threatened by

introduced mammals and predation by dogs (Department of Conservation Te Papa Atawhai, 2021).

Moreover, its distribution is fragmented across the North Island of Aotearoa New Zealand, with

potentially reduced gene flow, hence heightened risk of inbreeding. Despite decades of genetic

research on this species, recent reviews have identified how the produced knowledge would not

allow for predictable conservation outcomes (Undin et al., 2021). Additionally, only a few NIBK

translocations could thus far be considered successful (Jahn et al., 2022). It is crucial to be able to

properly assess animal abundance consistently, especially after translocations. Acoustic monitoring

is the second most common method of post–release monitoring (Jahn et al., 2022), and interpreting

this data can be quite daunting especially considering the surprising lack of knowledge regarding

NIBK vocal behaviour. Formal descriptions of NIBK vocalisations are relatively recent (Corfield

et al., 2008), as are reports of differences in vocal activity depending on external factors such as

weather variables and lunar phase (Colbourne and Digby, 2016). Additionally, according to the

latest Kiwi Recovery Plan, there is a critical need for more objective and effective framework for

NIBK acoustic monitoring (see page 7), and a need for more knowledge about the behaviour of all

Kiwi species (action 19.4, Germano et al., 2018).

This thesis delivers updated and novel information about NIBK vocal behaviour intertwined

within the PAM–oriented experiments (chapters 4, 5, and 6). Over different seasons and time

windows, these show how NIBK in the considered populations had a tendency to be more vocal

at higher temperatures and relative humidities (chapter 4), and less so with higher lunar illumi-

nation (chapters 4, 5) and higher wind speed (chapter 4). Atmospheric pressure however resulted

in conflicting results: NIBK were found to be both less vocally active at higher atmospheric pres-

sure levels (Chapter 4), and less vocally active (chapter 5). The likely explanation for this resides

in that moonlight and atmospheric pressure effects disappeared when a day covariate was intro-

duced (chapter 5), indicating that they probably approximated time (i.e., days), rather than actual

weather effects. However, in chapter 4 the posterior distributions of both moonlight and atmo-

spheric pressure covariates were consistently associated with the response variable, notwithstanding

the presence of covariates explicitly representing time (day and data collection period covari-

ates). This would also hold for the covariates from chapter 6, which considered short sampling

windows over multiple seasons. However the covariates from the models employed in this chapter

relate to virtual/recruited individuals derived from the projection of the vocal behaviour of the
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ABAR–equipped individuals; for this reason we are not considering them as informative of actual

NIBK behaviour. It is still reassuring to see how they mostly align with the other chapters. Over-

all, across all these chapters male NIBK are more vocal than females, except that ABAR–equipped

individuals from Kauri Bush of both sexes were similarly active. NIBK tended to be less vocal

outside the breeding season as seen in chapters 4 (see figure 4.6) and 6 (figure 6.4). Finally, despite

similar densities between NIBK communities at The Landing and on Ponui Island, both individual

and community vocal activities resulted remarkably different between these two locations. Fur-

ther studies would be necessary to investigate whether this might be an actual difference in vocal

behaviour between island and mainland populations, more related to habitat type, or possibly

latitude (although the time window of acoustic sampling were all adjusted for differences in sunset

time).

By performing playback tests for assessing whether this technique could be of help in acoustic

monitoring, we acquired information on the possibly territorial nature of NIBK (Corfield et al.,

2008; Taborsky and Taborsky, 1992, 1995). According to the literature regarding territorial birds,

we would expect these to not only respond to playback, but to do so more intensely when presented

with strangers’ vocalisations (e.g. Moskát et al., 2017). Additionally, in the case of NIBK, as duets

have been reported to possibly have territorial defence functions (Corfield et al., 2008), we would

expect more aggressive responses when broadcasting duets of strangers. However, animals from

the high density community of Kauri Bush, Ponui Island did not vocalise more when presented

with NIBK vocalisations than control sounds (either noise or vocalisations of Ruru, Ninox novae-

seelandiae, Gmelin, 1788). We need to consider that this experimental test of playback (chapter

4) aimed at evaluating the potential of using playback for standardising aural surveys, and as such

we did not broadcast from the depths of Kauri Bush, but from the pasture overlooking it (figure

4.3). However, the distance from vocalising birds was fairly low, with some birds vocalising just

tens of metres from the broadcasting stations. It could be that what a NIBK considers territory

may be a narrow area close to their roosting area, ideally this could be investigated with further

playback experiments. However, the idea of a fluid concept of territoriality (Dixon, 2015; Potter,

1989) seems more appropriate for this species.

7.2.2 Relations to population densities

In the pursuit of non–invasive monitoring practices, identifying how numbers of vocalisations relate

to numbers of individuals is essential (Pérez-Granados and Traba, 2021). In the absence of indi-

vidual identification (Takagi, 2018; Terry et al., 2005), this is the only way to effectively estimate

abundance from PAM. In chapter 6 we showed how models integrating information on individual

vocal behaviour relay more realistic and consistent estimates (figures 6.6 and 6.10). We addition-

ally show how models integrating estimates from populations with individually marked birds to

estimate unmarked populations can deliver estimates closer to those obtained if these also had
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marked individuals.

These estimates are however still not close enough to those informed with ABARs in the target

populations and, as illustrated in chapter 6, the use of these devices would need to be repeated

over multiple seasons and populations in order to reach reliable estimates based only on PAM. It

is however remarkable how our customised Spatial Mark Resight models for Unmarked population

(see Royle et al., 2013, Chapter 18, and Appendix VI.i of this thesis) delivered estimates with pos-

terior distributions always greatly overlapping the ones with ABARsinformation. Given the broad

width of the distribution of estimated individuals for the population of The Landing, further in-

vestigations on mainland managed populations of both high and low presumed density would be

necessary to reduce the degree of uncertainty. The fact that the Unmarked population models con-

sistently delivered lower population estimates than the ABAR–informed models is likely because

the added information from the ABARs provided knowledge of which proportion of animals did

not vocalise during the sampling windows, thus allowing the ABARs–informed models to project

this behaviour at the community level. In order to better estimate the Northland population it

would be advisable to extend the sampling time window to the whole night, or perform multiple

sampling over several widespread stations in the area.

7.2.3 Applications to conservation

This study provides a series of tools that can be immediately applied to NIBK monitoring nation-

wide. Firstly, we have tested and trialed a PAM system to localise sounds using ARUs produced by

DOC with reasonable (approximately 15 m, figure 3.6) uncertainty, together with an assessment of

their detection range with NIBK vocalisations (approximately 300 m, chapter 3). This allows for

both paired sampling (as in Castro et al., 2019) and direct replacement of human observers with

ARUs, granted that the appropriate detection range adjustments are adopted, such as deploying

a grid of enough ARUs around listening stations as to cover the same range presumed for human

observers. This would greatly reduce costs (Williams et al., 2018) while producing potentially

permanent data records.

Secondly, having performed the first formal evaluation of using acoustic playback in NIBK

acoustic surveys (chapter 4), this study provides support for the current Kiwi Best Practice Man-

ual in discouraging its use, adding a behavioural component to the current reasoning based on

changing technologies. In addition, the reporting of how a NIBK community näıve to investigator’s

disturbance and a regularly handled one could not be distinguished based on their vocal activity

alone encourages the performing of aural surveys concurrently with transmitter change field trips,

again reducing costs. Finally, having for the first time tested how animal-borne recorders used in

conjunction to ARUs can be used to provide robust estimates of animal populations, this study
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paves the way to the development of an eventually completely PAM–reliant abundance estimating

framework for NIBK.

7.3 Conclusion and future prospects

While this study has established some important building blocks for the development of sound

PAM NIBK abundance estimates, it has opened many more doors than it has closed. This is to

say that whereas this study was successful in addressing some important points in NIBK behaviour

and conservation practices, it also set the stage for several important issues to be investigated.

One of the most enticing would definitely be about whether there is such a thing as NIBK vocal

individuality, and whether it can be of use in conservation, that is, whether we can recognise how

many different individuals vocalise in an area. Such an exciting project would now be possible

thanks to the ABARs data produced during this study, and that which can be produced in the

future thanks to our trials and tests.

Moreover, a whole set of questions regarding territoriality and vocal behaviour in relationship to

population density can now be tackled, protentially even without excessive ethical issues. Currently,

the ABARs can only be left on the animals for a few weeks, thus requiring one extra handling

event per year per bird, but further collaborations with transmitter–building technicianse integrate

ABARs with regular VHF transmitters. If programmed to work for only a small amount of time,

say one or two hours, these ABARs could likely be adapted to be left on the birds for longer periods

of time, and with further testing possibly the whole year, thus averting the extra handling.

This would not only allow for more informed abundance estimates, but also for the compilation

of the NIBK (and potentially other Kiwi species) repertoire with data from managed populations

across Aotearoa New Zealand. Additionally, as it is not clear to what extent NIBK recognises

other sounds as NIBK, for instance males are known to respond to impressions of their calls made

with shepherd whistles (e.g. McLennan et al., 1987), hence experiments with artificially sythesised

vocalisations of different levels of resemblance to natural vocalisations would deliver unprecedented

insight on this aspect of NIBK/NIBK recognition.

In light of our findings, the next steps for kaitiaki to achieve reliable PAM–based abundance

estimates are:

1. Collaborate with transmitter–building technicians to refine the ABARs. Ideally, the resulting

devices would work for a whole year as regular VHF transmitters, and wake up to record

audio for two hours during the National KCC scheme week. By retaining the original VHF

transmitters build, such transmitters would also provide data on animals’ activity through

the already in–place chick timers, which would add a further layer of detail in describing

NIBK vocal behaviour.
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2. Identify a number of populations to equip with ABARs. These would ideally be already–

managed populations, including animals from as many different environments, regiorns, and

population densities as possible to encompass as much variability as possible (Pérez-Granados

et al., 2019a, suggest between 20 and 30 sites).

3. In these populations, replace the regular VHF transmitters with ABARs on a representative

number of individuals and, during National KCC scheme week, deploy ARUs in the interested

areas. Ideally deploy VHF proximity data loggers to also objectively record the presence

of non–vocal marked animals in the area. Some additional paired sampling with human

observers performing KCC would help to standardise estimates in locations where it would

be impractical to deploy ARUs. Also, performing some dog sweep surveys (where feasible)

would provide further ground truth estimates.

4. Iterate comparing abundance estimates with ABARs–informed models and informing–populations

models (see page 129) until the difference between these two estimates either reaches negli-

gible size or stabilises.

Once the difference between estimates obtained by ABARs–informed models and informing–

population models is satisfactory, the latter can be used to infer abundances without the need

equipping animals with ABARs, effectively reaching reliable non invasive PAM–reliant abundance

estimates in NIBK.

Finally, the methods described herein can be quickly adapted to be used with any terrestrial

vocal species capable to carry ABARs, which would help standardise monitoring practices, pro-

vide more robust estimates, ultimately allowing conservation decision makers to more consciously

allocate resources.
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Bishop, M. Boldenow, L. Bollache, et al., 2016. Effects of geolocators on hatching success, return
rates, breeding movements, and change in body mass in 16 species of arctic-breeding shorebirds.
Movement Ecology 4:1–19.

Wijers, M., A. Loveridge, D. W. Macdonald, and A. Markham, 2021. CARACAL: a versatile
passive acoustic monitoring tool for wildlife research and conservation. Bioacoustics 30:41–57.

Wijers, M., P. Trethowan, B. Du Preez, S. Chamaillé-Jammes, A. J. Loveridge, D. W. Macdonald,
and A. Markham, 2020. Vocal discrimination of African lions and its potential for collar–free
tracking. Bioacoustics 30:575–593.

Wijers, M., P. Trethowan, A. Markham, B. Du Preez, S. Chamaillé-Jammes, A. Loveridge, and
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Appendices

I Appendix to Chapter 2

I.i Sample report paragraph #1 (Third party tracks)

“We obtained half of the original tracks from the Macaulay Library at the Cornell Lab of Ornithol-
ogy and the rest from xeno-canto.org (ML1234, ML5678, ML9101, ML1121, ML3141, ML5161,
XC7181, XC9202, XC1222, XC3242, XC5262, XC7282). All the original tracks were recorded in
locations > 800 km away from our experimental ones (see on-line repositories for details) and, given
the sedentary behaviour reported for the target population (Otor, 2009), we do not see any reason
to think that any of them were of individuals known by our targets. In [Audio Editing Software

Name and Version Here] we joined the original tracks two by two (in the given order, for a total
of six tracks), separated by one second of generated silence. We then applied a High Pass Filter
at 1000 Hz, added 5 seconds of white noise at the beginning of each track (amplitude 0.4), and
normalised each track to 0 dB amplitude. We did not apply any further algorithm; the finalised
tracks are available at our research group website (http://thisisour.url/research/media) .
Playback took place in three different locations within the plains of Flat natural reserve (#1: 12 ◦

34.56 N, 78 ◦ 91.01 W; #2 11 ◦ 21.31 N 41 ◦ 51.61 W; #3 71 ◦ 81.92 N, 02 ◦ 12.22 W), on the Xth,
Yth and Zth of Month Year respectively. All trials began at 21:00h and lasted 30 minutes each,
consisting of 10 minutes of playback, 10 minutes of silence, repeat of the 10 minutes of playback.
We broadcast a different pair of stimuli in each location to avoid pseudoreplication. The weather
was generally stable throughout the three trials with 14 ◦ C < T < 17 ◦ C, 65% < H < 74%, and
3.4 Km/h<Wsp< 5.7 Km/h from 244 ◦ <Bearing< 275 ◦. We recorded weather data using a
Brand 1.23 portable weather station, that we set to log data every 15 seconds; the weather station
logged data from 15 minutes before to 15 minutes after each trial and was placed on a tripod at
a height of 1.5 m. Raw weather data is included as supplementary material to this paper and on
our website. In all but one location (# 2) we did not record any activity/presence of individuals
prior to the beginning of the playback. In location # 2, one male chased away a younger male
around five minutes prior to the beginning of the experiment; both males were colour banded and
we did not see them during the experiment. All three locations were sparsely vegetated, with
only a few shrubs of Plant (Genus speciensis, L) within a radius of ∼ 40 m from the loudspeaker.
The loudspeaker (Sp.Ker MAX, frequency response 140 – 14, 000 Hz (chart included as Fig. S1),
signal
noise = 89± 4 dB) was set at 1.5 m height on a tripod, parallel to the ground. We used a Sp.Lev

M3734 Sound Pressure Level Meter (fast response, C setting – frequency response chart included as
Fig. S2) to set broadcasting amplitude to 66 dB at 1 m distance, as this value has previously been
reported to be the natural average for this species (Author et al., 2011). We video-recorded all
trials using a O/Brand 4.56 Action Camera fixed on top of the loudspeaker. During the trials, two
observers sat in a previously (one week) assembled hide, approximately 30 m away, yet in sight, of
the remotely activable loudspeaker. All the videos are available at our research group website.”
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I.ii Sample report paragraph #2 (Self-recorded tracks)

“We recorded the original tracks at a sampling rate of 48 kHz and audio bit depth of 16, using a MIC

#1234 microphone (frequency response 40 to 20,000 Hz – chart included as Fig. S1 –, sensitivity
-50 dB) connected to a Sr. EC X12345 digital recorder. The recording was carried out at the
forest of Trees (12 ◦34.56N, 78 ◦91.01W ), in the city of Town, Country, during the breeding season,
on Month Xth Year morning from hh:mm to hh:mm h. At the time of recording, temperature
averaged 9 ◦ C, humidity 67%, and the wind was blowing from 256 ◦ at an average speed of 12
km/h (Brand X12 portable weather station, logging every 30 seconds throughout the recording
session – raw log available as supplementary material). We recorded four different males perching
on ∼ 2 m high branches 5±2 m away from our hide; no obstacles were between us and the recorders
at any time. No individual was solicited to vocalise. The measured SPLs were 62.3, 63.1, 66.0, and
65.4 dB measured at 5± 2 m (Sp.Lev M3734 Sound Pressure Level Meter, fast response, A setting
– chart included as Fig. S2); details for individual vocalisations are provided as comments with
the tracks uploaded on-line (identifiers: ML7181, ML9202, XC1222 and XC3242). At the time
of recording, base background noise ranged from 48 to 53 dB as measured with the same device
and settings as the birds’ vocalisations. We selected only tracks recorded whilst the recordee was
facing the recorder. We used [Audio Editing Software Name and Version Here] to divide the
five-hours long recording into individual vocalisations tracks (that we then uploaded on-line with
the aforegiven identifiers). We did not apply any filter nor denoising algorithm. The playback
experiment took place in the Forestpark Park, near the town of City,Othercountry, where we used
an omni-directional (Sp.Ker ∅) loudspeaker, with frequency response between 40 Hz to 18,000 Hz
(Fig. S3) and signal to noise ratio of 91±2 dB; we placed the loudspeaker on the provided support
(Sp.O47 tripod), 1 m high at the presumed centres of four different territories. The presumed
owners of territories were sighted and recognised (by their unique colour bands combinations) on-
site prior to the beginning of the trials. Trials were initiated only if the territory owner had not
been heard vocalising for t ≥ 10 minutes. Vegetation was dense, with 0.3376 ± 0.16 trees/m2 in
three out of four locations (coordinates, pictures and point-centred quarter method tables in the
results section); location #3 was less dense, with 0.1875 trees/m2 . Dominant species were Onetree
(Primigenus specinæ, L) in locations 1 (73%) and 2 (54%), Anothertree (Aliumgenus speciferus, L)
in location 3 (80%) and Lastree (Ultimugenus specii, L) in location 4 (64%). We used a different
track for each location to avoid pseudoreplication, and we set the loudspeaker to broadcast each
track at its originally measured amplitude to avoid unnatural broadcast (5 m away from the speaker
using the previously mentioned settings on hte Sp.Lev M3734 Sound Pressure Level Meter).”
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I.iii

Table I.i: Number of articles found and included from the different on-line databases

Source Found Included

PubMed Central 73 38
Scopus 177 115

Web of Science 601 406
Total 625 419

Figure I.i: Depiction of which on-line resources found the articles included in this study. Numbers
within each section represents the number of articles found by each resource; i.e., we found 294 of
the included articles only through Web of Science, whereas 6 articles were found by both PubMed
Central and Web of Science.
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II Appendix to Chapter 3

II.i Figures and tables

Figure II.i: Standard deviations posterior distributions (natural logarithms)
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Figure II.ii: Frequency reponse curve of our FoxPro NX4 speker at 1/12 smoothing.

Figure II.iii: Frequency reponse curve of a DOC Te Papa Atawhai AR4 ARU at 1/12 smooth-
ing.The fall above 16 KHz is due to the fact that the AR4 samples at 32 KHz, effectively only
recording up to 16 KHz
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Figure II.iv: Frequency reponse curve of one of our Cornell Lab of Ornithology Swift ARUs at
1/12 smoothing.

Table II.i: Summary of the distribution of the Euclidian distances (in metres) between the first
TDOA and energy estimates.

Min. 1st Qu. Median Mean 3rd Qu. Max.
energy 16.44 20.87 21.74 21.49 22.29 27.83
TDOA 0.00 3.16 8.00 6.65 9.00 15.52

Table II.ii: Summary of the distribution of the Euclidian distances (in metres) between the TDOA
method and our best energy–based ARUs configuration (#4).

Min. 1st Qu. Median Mean 3rd Qu. Max.
energy 2.68 9.62 11.31 13.29 16.21 39.95
TDOA 0.00 3.16 8.00 6.65 9.00 15.52
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II.ii Generalised cross-correlation script

import os
import yaml
import csv
import wave
import numpy as np
import scipy.fft as fft
import matplotlib.pyplot as plt
from yaml import CLoader as Loader

class MicrophoneArray:
def __init__(self, coordinates, centre, c_sound=343):

self.coordinates = coordinates
self.centre = centre
self.c_sound = c_sound

def load_data(self, dir, start, length, prefix, num_channels):
data = []
self.U = []
for k in range(num_channels):

fname = os.path.join(dir, ’{:s}{:d}.wav’.format(prefix, k+1))
fd = wave.open(fname)
if k == 0:

self.fs = fd.getframerate()
width = fd.getsampwidth()

if width == 2:
datatype = np.int16
maxval = 2**15

elif width == 4:
datatype = np.int32
maxval = 2**31

else:
raise Exception("Can only handle 16 bit and 32 bit integer data")

#Fast-forward to start value
fd.setpos(round(start*self.fs))

frames = fd.readframes(round(length*self.fs))
x = np.frombuffer(frames, dtype=datatype)/maxval

# Process data
# Remove mean
x -= np.mean(x)

# Zero pad
x = np.concatenate((x, np.zeros(100)))

data.append(x)
self.U.append(fft.rfft(x))

self.data = np.array(data).T
self.n_frames = len(x)

def delay_time(self, theta, pos):

x = [pos[0] - self.centre[0], pos[1] - self.centre[1]]
return -(x[0]*np.cos(theta) + x[1]*np.sin(theta))/self.c_sound

def delay_sample(self, theta, pos):
return self.fs*self.delay_time(theta, pos)

def gcc_phat(self, pairs, pos):
# Calculate angles of arrival
x = pos
theta = np.arctan2(x[1] - self.centre[1], x[0] - self.centre[0])

npairs = len(pairs)
cc = []
for k in range(npairs):

i1, i2 = pairs[k]
R = self.U[i1]*np.conj(self.U[i2])
R = R/np.abs(R)
foo = fft.irfft(R)
d1 = self.delay_sample(theta, self.coordinates[i1])
d2 = -self.delay_sample(theta, self.coordinates[i2])
idx = d1 + d2
cc.append(foo[(idx.round()).astype(int)])

return np.array(cc).T

def load_experiment_details(config):
"""Load the relevant experiment details and offset from file"""
with open(config[’experiment_file’]) as csvfile:
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reader = csv.DictReader(csvfile)
rows = []
for row in reader:

rows.append(row)

with open(config[’sound_offsets_file’]) as csvfile:
reader = csv.reader(csvfile)
offsets = []
# Strip off the header row
header = next(reader)
for row in reader:

offsets.append(float(row[0]))
offset = offsets[config[’sound_id’]]

return rows[config[’experiment_id’]], offset

def construct_mic_arrays(config, details):
"""Construct microphone arrays from provided details"""
arr = {}
x = np.array(config[’coordinates’])
for key in config[’keys’]:

theta = config[’array_orientations’][key]*np.pi/180
c = np.cos(theta)
s = np.sin(theta)

# Fix the orientation
R = np.array([[c, -s], [s, c]])
centre = np.array(config[’array_positions’][key])
pos = np.dot(x, R) + centre # Using the inverse of R, but multiplying on right, means R is what we have
arr[key] = MicrophoneArray(pos, centre, c_sound=config[’speed_of_sound’])

return arr

# ------------------- MAIN SCRIPT STARTS HERE ---------------------#
# Start by reading in our configuration file.
with open(’./confi.yml’) as configfile:

config = yaml.load(configfile, Loader = Loader)

# Load the microphone arrays
details, offset = load_experiment_details(config)
# Or, just load offset directly
offset = -config[’sound_offset’]
print("offset=")
print(offset)
# Now construct the arrays
mic_arrays = construct_mic_arrays(config, details)

num_channels = config[’num_channels’]
length = config[’window’]
keys = config[’keys’]
dirs = {}
start = {}

aupfiles = {’c’: ’path C’, ’e’: ’path E’, ’w’: ’path W’}
times = {’c’: ’time C’, ’e’: ’time E’, ’w’: ’time W’}
for key in keys: # keys is a subset of [’w’, ’c’, ’e’]

aupfile = os.path.join(config[’data_dir’], details[aupfiles[key]])
base, fname = os.path.split(aupfile)
fname_base, ext = os.path.splitext(fname)
dirs[key] = os.path.join(base, config[’wav_dir’], fname_base)
start[key] = float(details[times[key]]) - offset

plt.figure(1)
i_subplot = 1
for key in keys:

m = mic_arrays[key]
m.load_data(dirs[key], start[key], length, config[’channel_prefix’], config[’num_channels’])
t = 1/m.fs * np.arange(m.n_frames)
# Plot waveform from centre channel
plt.subplot(1,len(keys),i_subplot)
plt.plot(t, mic_arrays[key].data)
i_subplot += 1

x = np.arange(-75, 76, 1)
y = np.arange(-50, 51, 1)
X, Y = np.meshgrid(x, y)
cc = {}
for key in keys:

m = mic_arrays[key]
# Calculate GCC-PHAT values for each pair from current mic array. Don’t
# combine them yet
cc[key] = m.gcc_phat(config[’pairs’], [X, Y])
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cc = np.concatenate([cc[key] for key in keys], axis=2)
img = (1/np.sum(1/np.abs(cc), 2)).T
plt.figure(2)
plt.imshow(img, origin=’lower’, extent=[-75.5, 75.5, -50.5, 50.5])

# Find the maximum
idx = np.unravel_index(img.argmax(), img.shape)
print(idx)
plt.plot(x[idx[1]], y[idx[0]], ’ro’)

print(details)
print("praa")
print(y[idx[0]])
plt.show()
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III Energy/TOA comparison model

Parameter R̂ neff mean sd 2.5% 50% 97.5%
Intercept 1.000 1232 9.318 1.098 7.207 9.331 11.463
Energy Based 1.000 1238 12.111 1.100 10.001 12.110 14.212
TOA 1.000 1253 -2.651 1.104 -4.778 -2.672 -0.514

Table III.iii: Summary table of a simple model comparing estimates between using energy–based
or time of arrival localisations. The more positive numbers showed for the energy based method
mean bigger errors involved with this method.
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IV Appendix to Chapter 4

Parameter Rhat n eff mean sd 2.5% 50% 97.5%
bs[1] 1.0000 27172 -0.6466 1.0728 -2.7585 -0.6452 1.4394
bs[2] 1.0000 27150 0.1535 1.0721 -1.9618 0.1505 2.2268
bs[3] 1.0000 27158 0.5250 1.0721 -1.5885 0.5238 2.6010
ba[1] 0.9999 29043 -0.6730 1.0714 -2.7858 -0.6771 1.4391
ba[2] 0.9999 29114 0.1776 1.0709 -1.9263 0.1707 2.2857
ba[3] 0.9999 29084 0.5342 1.0705 -1.5746 0.5276 2.6373
bd[1] 1.0000 29285 -0.0070 1.9891 -3.9549 -0.0041 3.8945
bd[2] 0.9999 29599 0.0169 1.9989 -3.9180 0.0196 3.9213
bd[3] 1.0000 31097 0.0055 2.0024 -3.8802 0.0116 3.9438
bd[4] 1.0000 30773 -0.0142 1.9867 -3.8741 -0.0227 3.9247
bt[1] 1.0001 29236 -0.9130 1.2932 -3.4592 -0.9115 1.6091
bt[2] 1.0001 29532 0.9160 1.2829 -1.5955 0.9064 3.4438
bst[1] 0.9999 25510 0.4890 0.8615 -1.2057 0.4952 2.1905
bst[2] 0.9999 25149 0.0748 0.8607 -1.6052 0.0742 1.7817
bst[3] 0.9999 25143 -0.1533 0.8610 -1.8430 -0.1527 1.5526
bst[4] 0.9999 25454 -0.0651 0.8606 -1.7488 -0.0636 1.6338
bst[5] 0.9999 25323 -0.3338 0.8619 -2.0152 -0.3298 1.3659
bw[1] 1.0001 28740 -0.5947 0.1118 -0.8162 -0.5935 -0.3774
bw[2] 1.0000 29870 0.6599 0.1319 0.4024 0.6593 0.9189
bw[3] 1.0001 29236 -0.3677 0.0988 -0.5635 -0.3668 -0.1757
bw[4] 1.0000 28892 0.1000 0.0638 -0.0259 0.1002 0.2258
bw[5] 1.0001 28903 0.4708 0.1663 0.1455 0.4701 0.7998
bw[6] 1.0000 30506 0.1240 0.1477 -0.1641 0.1242 0.4142
bz 1.0001 29459 0.0317 1.5302 -2.9613 0.0398 3.0533
log-posterior 1.0000 25468 -16.9808 3.4442 -24.6607 -16.6490 -11.2094

Table IV.i: Poisson Model Summary Table
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Parameter Rhat n eff mean sd 2.5% 50% 97.5%
bs[1] 1.0000 29469 -0.9186 1.2892 -3.4345 -0.9145 1.6116
bs[2] 1.0000 29527 -0.9449 1.2887 -3.4488 -0.9457 1.5737
bt[1] 1.0000 30998 -0.9745 1.7376 -4.3744 -0.9666 2.4224
bt[2] 1.0001 30280 -0.8941 1.6230 -4.0817 -0.9057 2.2737
bd[1] 1.0000 30415 0.4040 1.2962 -2.1059 0.4052 2.9599
bd[2] 1.0000 30371 -0.0304 1.0347 -2.0427 -0.0292 2.0045
bd[3] 1.0000 30083 -0.8436 1.0525 -2.8996 -0.8443 1.2021
bd[4] 0.9999 29963 -1.4191 1.2799 -3.9213 -1.4289 1.0977
ba[1] 0.9999 28426 -0.8154 1.3018 -3.3597 -0.8209 1.7464
ba[2] 0.9999 28522 -1.0378 1.3013 -3.5766 -1.0415 1.4993
bst[1] 1.0000 26749 -0.3453 0.8867 -2.0975 -0.3436 1.3921
bst[2] 1.0000 26733 -0.3086 0.8812 -2.0427 -0.3078 1.4104
bst[3] 1.0000 26658 -0.3684 0.8861 -2.1205 -0.3676 1.3521
bst[4] 1.0000 26676 -0.3197 0.8857 -2.0671 -0.3220 1.4138
bst[5] 1.0000 26603 -0.5136 0.8902 -2.2836 -0.5078 1.2152
bw[1] 1.0000 28939 0.4590 0.3814 -0.3016 0.4640 1.1913
bw[2] 1.0000 29803 0.3218 0.6360 -0.8964 0.3146 1.5781
bw[3] 1.0000 29987 -0.1016 0.1892 -0.4763 -0.0988 0.2638
bw[4] 0.9999 30578 -0.0408 0.1301 -0.2983 -0.0410 0.2144
bw[5] 1.0000 29484 -0.7080 0.6249 -1.9217 -0.7098 0.5135
bw[6] 1.0000 30139 -0.3091 0.6536 -1.5835 -0.3064 0.9658
bz 1.0000 29367 -1.8549 1.6357 -5.0512 -1.8688 1.3632
log-posterior 1.0000 24741 -1152.0520 3.3330 -1159.4222 -1151.7187 -1146.4890

Table IV.ii: Exponential Model Summary Table

Parameter Rhat n eff mean sd 2.5% 50% 97.5%
bs[1] 1.0001 27521 -0.3131 1.0882 -2.4404 -0.3080 1.8085
bs[2] 1.0001 27939 -0.2176 1.0826 -2.3487 -0.2133 1.9004
bs[3] 1.0000 27855 -0.2447 1.0805 -2.3562 -0.2420 1.8448
ba[1] 1.0000 27837 0.1302 1.0814 -1.9863 0.1321 2.2592
ba[2] 1.0000 27968 -0.5658 1.0782 -2.6797 -0.5619 1.5444
ba[3] 0.9999 27959 -0.3233 1.0772 -2.4347 -0.3216 1.7945
bd[1] 0.9999 31210 -0.0183 1.9980 -3.9369 -0.0086 3.8630
bd[2] 1.0001 30400 0.0104 2.0057 -3.9338 0.0078 3.9243
bd[3] 1.0000 30623 -0.0049 1.9953 -3.8927 -0.0048 3.9250
bd[4] 1.0000 30329 0.0031 1.9898 -3.9114 0.0053 3.8890
bt[1] 1.0000 29344 -1.3203 1.5296 -4.3033 -1.3111 1.6799
bt[2] 1.0002 29119 0.5645 1.4095 -2.1818 0.5806 3.3234
bst[1] 1.0001 25175 0.8421 0.8818 -0.8637 0.8429 2.5735
bst[2] 1.0002 25148 -0.3177 0.8763 -2.0097 -0.3131 1.3975
bst[3] 1.0001 25450 -0.1801 0.8879 -1.9134 -0.1802 1.5617
bst[4] 1.0001 25188 -0.2964 0.8818 -2.0120 -0.2955 1.4534
bst[5] 1.0002 25523 -0.8601 0.8910 -2.5969 -0.8648 0.8799
bw[1] 1.0002 29241 -0.1175 0.2595 -0.6373 -0.1158 0.3884
bw[2] 1.0000 28566 0.1100 0.3768 -0.6273 0.1085 0.8533
bw[3] 1.0000 30676 -0.2352 0.3062 -0.8421 -0.2315 0.3584
bw[4] 1.0000 29971 -0.1622 0.1628 -0.4846 -0.1603 0.1529
bw[5] 1.0003 29406 -0.1991 0.4196 -1.0118 -0.2010 0.6333
bw[6] 1.0001 29559 0.3167 0.4574 -0.5967 0.3173 1.2066
bz 1.0002 28096 -0.7633 1.5252 -3.7598 -0.7680 2.2352
log-posterior 1.0000 24519 -375.8899 3.5014 -383.6861 -375.5508 -370.0794

Table IV.iii: Binomial Model Summary Table
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V Appendix to Chapter 5

V.i Exponential model

Parameter Rhat n eff mean sd 2.5% 50% 97.5%
bs[1] 1.000 29282 0.112 0.747 -1.359 0.116 1.572
bs[2] 1.000 29950 -0.106 0.745 -1.563 -0.107 1.351
bsp[1] 1.000 29845 -0.030 0.348 -0.717 -0.031 0.642
bsp[2] 1.000 29808 -0.000 0.349 -0.690 -0.000 0.672
bsp[3] 1.000 30403 -0.066 0.371 -0.783 -0.064 0.658
bsp[4] 1.000 29974 0.088 0.373 -0.633 0.087 0.819
bg[1] 1.000 29756 -0.014 0.712 -1.394 -0.013 1.384
bg[2] 1.000 29840 0.004 0.712 -1.370 0.005 1.407
bo[1] 1.000 26885 0.043 0.501 -0.940 0.045 1.027
bo[2] 1.000 26880 -0.015 0.501 -0.997 -0.015 0.957
bo[3] 1.000 26952 -0.032 0.502 -1.021 -0.032 0.946
bo[4] 1.000 26927 -0.021 0.502 -1.004 -0.022 0.957
bh[1] 1.000 29732 -0.002 0.707 -1.380 -0.001 1.393
bh[2] 1.000 29807 0.018 0.708 -1.367 0.018 1.418
bw[1] 1.000 30351 -0.037 0.050 -0.137 -0.036 0.059
bw[2] 1.000 30612 -0.009 0.055 -0.116 -0.009 0.098
bw[3] 1.000 29447 -0.004 0.041 -0.085 -0.003 0.075
bw[4] 1.000 31251 -0.006 0.039 -0.083 -0.006 0.071
bw[5] 1.000 30811 0.001 0.039 -0.074 0.001 0.078
bw[6] 1.000 29726 -0.045 0.050 -0.143 -0.045 0.054
bz 1.000 28573 -3.068 1.352 -5.698 -3.070 -0.423
log-posterior 1.000 24435 -4623.354 3.254 -4630.634 -4623.007 -4617.957

Table V.i: Exponential Model Summary Table
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Figure V.i: Weather covariates for the Exponential model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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Figure V.ii: Sex covariate for the Exponential model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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Figure V.iii: Handling covariate for the Exponential model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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Figure V.iv: Gully covariate for the Exponential model. Covariates with posterior distributions
overlapping zero (vertical line) are not consistently associated with the response variable.
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VI Appendix to Chapter 6

Figure VI.i: ABARs frequency response chart; similarly to the AR4, these devices only sample up
to 32KHz, hence the fall in response above 16KHz.

Figure VI.ii: Number of vocalisations recorded by each of the fourteen ABARs in 2020. The blue
fraction of each bar represents the vocalisations of the animals wearing the device whilst the orange
fraction represents the vocalisations of other NIBK.

VI.i Unmarked model

################ data
### alpha = global offset / intercept
### beta_sex = 2 levels, male female
### sex = two dimensions array with 1 as female and 2 as male {iota x max(nu[i])}
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### iota = integer, number of populations // sampling events | input
### nu = one dimension array of integers of length iota, number of known individuals per population | input
### kappa = one dimension array of integers of length iota, number of sampling events per population | input
### lambda = three dimensions array {iota x nu[i] x kappa[i]}, rate of vocalisations per sampling event per

individual per population
### eta = three dimensions array {iota x nu[i] x kappa[i]}, number of vocalisations per sampling event per

individual per population | input
### rho = two dimensions array prob of recruitment of individual in population i of sex s
### gamma = recruitment bernoullian variable based on rho
### psi = two dimensions array, {iota x 2 (sex)} contains the number of individuals in population i of sex s
### mu = rate of vocalisation for recuited individuals // counterpart of lambda
### theta = number of vocalisation for recuited individuals // counterpart of eta
### omicron = real number of vocalisations per population, per sex per sampling event | input
### zeta = estimated number of individuals per population per sex

model{
########### covariates

alpha~dnorm(0,1e-3)
for(s in 1:2)
{

beta_sex[s]~dnorm(0,1e-3)
#beta_toy[s]~dnorm(0,1e-3)

}

for(i in 1:iota)
{

beta_occ[i]~dnorm(0,1e-3)
}
for(i in 1:3)
{

beta_pop[i]~dnorm(0,1e-3)
}

for(q in 1:6)
{

beta_weather[q]~dnorm(0,1e-3)
}

for(i in 1:iota)
{

for(s in 1:2)
{

rho[i,s]~dbeta(1,1)
for(w in 1:omega)
{

xi[i,s,w]~dbern(rho[i,s])
for(k in 1:kappa[i])
{

logit(mu[i,w,k,s])<-alpha+beta_sex[s]+beta_weather[1]*lot[i,k]+beta_pop[qp[i
]]+beta_occ[i]+beta_weather[2]*hit[i,k]+beta_weather[3]*ws[i,k]+
beta_weather[4]*rh[i,k]+beta_weather[5]*ap[i,k]+beta_weather[6]*ml[i,k]

theta[i,w,k,s]~dpois(mu[i,w,k,s]*xi[i,s,w])

}
}

}
}

for(i in 1:iota)
{

for(s in 1:2)
{

for(k in 1:kappa[i])
{

omicron[i,s,k]~dsum(theta[i,1,k,s],theta[i,2,k,s],theta[i,3,k,s],theta[i,4,k,s],theta[i,5,k,s],theta
[i,6,k,s],theta[i,7,k,s],theta[i,8,k,s],theta[i,9,k,s],theta[i,10,k,s],theta[i,11,k,s],theta[i
,12,k,s],theta[i,13,k,s],theta[i,14,k,s],theta[i,15,k,s],theta[i,16,k,s],theta[i,17,k,s],theta
[i,18,k,s],theta[i,19,k,s],theta[i,20,k,s],theta[i,21,k,s],theta[i,22,k,s],theta[i,23,k,s],
theta[i,24,k,s],theta[i,25,k,s],theta[i,26,k,s],theta[i,27,k,s],theta[i,28,k,s],theta[i,29,k,s
],theta[i,30,k,s],theta[i,31,k,s],theta[i,32,k,s],theta[i,33,k,s],theta[i,34,k,s],theta[i,35,k
,s],theta[i,36,k,s],theta[i,37,k,s],theta[i,38,k,s],theta[i,39,k,s],theta[i,40,k,s],theta[i
,41,k,s],theta[i,42,k,s],theta[i,43,k,s],theta[i,44,k,s],theta[i,45,k,s],theta[i,46,k,s],theta
[i,47,k,s],theta[i,48,k,s],theta[i,49,k,s],theta[i,50,k,s],theta[i,51,k,s],theta[i,52,k,s],
theta[i,53,k,s],theta[i,54,k,s],theta[i,55,k,s],theta[i,56,k,s],theta[i,57,k,s],theta[i,58,k,s
],theta[i,59,k,s],theta[i,60,k,s],theta[i,61,k,s],theta[i,62,k,s],theta[i,63,k,s],theta[i,64,k
,s],theta[i,65,k,s],theta[i,66,k,s],theta[i,67,k,s],theta[i,68,k,s],theta[i,69,k,s],theta[i
,70,k,s],theta[i,71,k,s],theta[i,72,k,s],theta[i,73,k,s],theta[i,74,k,s],theta[i,75,k,s],theta
[i,76,k,s],theta[i,77,k,s],theta[i,78,k,s],theta[i,79,k,s],theta[i,80,k,s],theta[i,81,k,s],
theta[i,82,k,s],theta[i,83,k,s],theta[i,84,k,s],theta[i,85,k,s],theta[i,86,k,s],theta[i,87,k,s
],theta[i,88,k,s],theta[i,89,k,s],theta[i,90,k,s],theta[i,91,k,s],theta[i,92,k,s],theta[i,93,k
,s],theta[i,94,k,s],theta[i,95,k,s],theta[i,96,k,s],theta[i,97,k,s],theta[i,98,k,s],theta[i
,99,k,s],theta[i,100,k,s])
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}
}

}

for(i in 1:iota)
{

for(s in 1:2)
{
zeta[i,s]<-sum(xi[i,s,])
}

}
}

VI.ii ABARs model

################ data
### alpha = global offset / intercept
### beta_sex = 2 levels, male female
### sex = two dimensions array with 1 as female and 2 as male {iota x max(nu[i])}
### iota = integer, number of populations // sampling events | input
### nu = one dimension array of integers of length iota, number of known individuals per population | input
### kappa = one dimension array of integers of length iota, number of sampling events per population | input
### lambda = three dimensions array {iota x nu[i] x kappa[i]}, rate of vocalisations per sampling event per

individual per population
### eta = three dimensions array {iota x nu[i] x kappa[i]}, number of vocalisations per sampling event per

individual per population | input
### rho = two dimensions array prob of recruitment of individual in population i of sex s
### gamma = recruitment bernoullian variable based on rho
### psi = two dimensions array, {iota x 2 (sex)} contains the number of individuals in population i of sex s
### mu = rate of vocalisation for recuited individuals // counterpart of lambda
### theta = number of vocalisation for recuited individuals // counterpart of eta
### omicron = real number of vocalisations per population, per sex per sampling event | input
### zeta = estimated number of individuals per population per sex

model{
########### covariates

alpha~dnorm(0,1e-3)
for(s in 1:2)
{

beta_sex[s]~dnorm(0,1e-3)
beta_toy[s]~dnorm(0,1e-3)

}

for(i in 1:iota)
{

beta_occ[i]~dnorm(0,1e-3)
}
for(i in 1:3)
{

beta_pop[i]~dnorm(0,1e-3)
}

for(q in 1:6)
{

beta_weather[q]~dnorm(0,1e-3)
}

for(i in 1:iota)
{

for(n in 1:nu[i])
{

for(k in 1:kappa[i])
{

logit(lambda[i,n,k])<-alpha+beta_sex[sex[i,n]]+beta_toy[toy[i]]+beta_weather[1]*lot[i
,k]+beta_pop[qp[i]]+beta_occ[i]+beta_weather[2]*hit[i,k]+beta_weather[3]*ws[i,k
]+beta_weather[4]*rh[i,k]+beta_weather[5]*ap[i,k]+beta_weather[6]*ml[i,k]

eta[i,n,k]~dpois(lambda[i,n,k])
}

}
}

for(i in 1:iota)
{

for(s in 1:2)
{

rho[i,s]~dbeta(1,1)
for(w in 1:omega)
{

xi[i,s,w]~dbern(rho[i,s])
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for(k in 1:kappa[i])
{

logit(mu[i,w,k,s])<-alpha+beta_sex[s]+beta_toy[toy[i]]+beta_weather[1]*lot[i,k
]+beta_pop[qp[i]]+beta_occ[i]+beta_weather[2]*hit[i,k]+beta_weather[3]*ws
[i,k]+beta_weather[4]*rh[i,k]+beta_weather[5]*ap[i,k]+beta_weather[6]*ml[
i,k]

theta[i,w,k,s]~dpois(mu[i,w,k,s]*xi[i,s,w])

}
}

}
}

for(i in 1:iota)
{

for(s in 1:2)
{

for(k in 1:kappa[i])
{

omicron[i,s,k]~dsum(theta[i,1,k,s],theta[i,2,k,s],theta[i,3,k,s],theta[i,4,k,s],theta[i,5,k,s],theta
[i,6,k,s],theta[i,7,k,s],theta[i,8,k,s],theta[i,9,k,s],theta[i,10,k,s],theta[i,11,k,s],theta[i
,12,k,s],theta[i,13,k,s],theta[i,14,k,s],theta[i,15,k,s],theta[i,16,k,s],theta[i,17,k,s],theta
[i,18,k,s],theta[i,19,k,s],theta[i,20,k,s],theta[i,21,k,s],theta[i,22,k,s],theta[i,23,k,s],
theta[i,24,k,s],theta[i,25,k,s],theta[i,26,k,s],theta[i,27,k,s],theta[i,28,k,s],theta[i,29,k,s
],theta[i,30,k,s],theta[i,31,k,s],theta[i,32,k,s],theta[i,33,k,s],theta[i,34,k,s],theta[i,35,k
,s],theta[i,36,k,s],theta[i,37,k,s],theta[i,38,k,s],theta[i,39,k,s],theta[i,40,k,s],theta[i
,41,k,s],theta[i,42,k,s],theta[i,43,k,s],theta[i,44,k,s],theta[i,45,k,s],theta[i,46,k,s],theta
[i,47,k,s],theta[i,48,k,s],theta[i,49,k,s],theta[i,50,k,s],theta[i,51,k,s],theta[i,52,k,s],
theta[i,53,k,s],theta[i,54,k,s],theta[i,55,k,s],theta[i,56,k,s],theta[i,57,k,s],theta[i,58,k,s
],theta[i,59,k,s],theta[i,60,k,s],theta[i,61,k,s],theta[i,62,k,s],theta[i,63,k,s],theta[i,64,k
,s],theta[i,65,k,s],theta[i,66,k,s],theta[i,67,k,s],theta[i,68,k,s],theta[i,69,k,s],theta[i
,70,k,s],theta[i,71,k,s],theta[i,72,k,s],theta[i,73,k,s],theta[i,74,k,s],theta[i,75,k,s],theta
[i,76,k,s],theta[i,77,k,s],theta[i,78,k,s],theta[i,79,k,s],theta[i,80,k,s],theta[i,81,k,s],
theta[i,82,k,s],theta[i,83,k,s],theta[i,84,k,s],theta[i,85,k,s],theta[i,86,k,s],theta[i,87,k,s
],theta[i,88,k,s],theta[i,89,k,s],theta[i,90,k,s],theta[i,91,k,s],theta[i,92,k,s],theta[i,93,k
,s],theta[i,94,k,s],theta[i,95,k,s],theta[i,96,k,s],theta[i,97,k,s],theta[i,98,k,s],theta[i
,99,k,s],theta[i,100,k,s])
}

}
}

for(i in 1:iota)
{

for(s in 1:2)
{
zeta[i,s]<-sum(xi[i,s,])+psi[i,s]
}

}
}

VI.iii ABARs–informed model for unmarked populations

################ data
### alpha = global offset / intercept
### beta_sex = 2 levels, male female
### sex = two dimensions array with 1 as female and 2 as male {iota x max(nu[i])}
### iota = integer, number of populations // sampling events | input
### nu = one dimension array of integers of length iota, number of known individuals per population | input
### kappa = one dimension array of integers of length iota, number of sampling events per population | input
### lambda = three dimensions array {iota x nu[i] x kappa[i]}, rate of vocalisations per sampling event per

individual per population
### eta = three dimensions array {iota x nu[i] x kappa[i]}, number of vocalisations per sampling event per

individual per population | input
### rho = two dimensions array prob of recruitment of individual in population i of sex s
### gamma = recruitment bernoullian variable based on rho
### psi = two dimensions array, {iota x 2 (sex)} contains the number of individuals in population i of sex s
### mu = rate of vocalisation for recuited individuals // counterpart of lambda
### theta = number of vocalisation for recuited individuals // counterpart of eta
### omicron = real number of vocalisations per population, per sex per sampling event | input
### zeta = estimated number of individuals per population per sex

model{
########### covariates

alpha~dnorm(0,1e-3)
for(s in 1:2)
{

beta_sex[s]~dnorm(0,1e-3)
}
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for(i in 1:(delta+iota))
{

beta_occ[i]~dnorm(0,1e-3)
}
for(q in 1:6)
{

beta_weather[q]~dnorm(0,1e-3)
}

for(i in 1:iota)
{

for(n in 1:nu[i])
{

for(k in 1:kappa[i])
{

logit(lambda[i,n,k])<-alpha+beta_sex[sex[i,n]]+beta_weather[1]*lot[i,k]+beta_occ[i]+
beta_weather[2]*hit[i,k]+beta_weather[3]*ws[i,k]+beta_weather[4]*rh[i,k]+
beta_weather[5]*ap[i,k]+beta_weather[6]*ml[i,k]

eta[i,n,k]~dpois(lambda[i,n,k])
}

}
}

for(i in 1:(iota+delta))
{

for(s in 1:2)
{

rho[i,s]~dbeta(1,1)
for(w in 1:omega)
{

xi[i,s,w]~dbern(rho[i,s])
for(k in 1:kappa[i])
{

logit(mu[i,w,k,s])<-alpha+beta_sex[s]+beta_weather[1]*lot[i,k]+beta_occ[i]+
beta_weather[2]*hit[i,k]+beta_weather[3]*ws[i,k]+beta_weather[4]*rh[i,k]+
beta_weather[5]*ap[i,k]+beta_weather[6]*ml[i,k]

theta[i,w,k,s]~dpois(mu[i,w,k,s]*xi[i,s,w])

}
}

}
}

for(i in 1:(iota+delta))
{

for(s in 1:2)
{

for(k in 1:kappa[i])
{

omicron[i,s,k]~dsum(theta[i,1,k,s],theta[i,2,k,s],theta[i,3,k,s],theta[i,4,k,s],theta[i,5,k,s],theta
[i,6,k,s],theta[i,7,k,s],theta[i,8,k,s],theta[i,9,k,s],theta[i,10,k,s],theta[i,11,k,s],theta[i
,12,k,s],theta[i,13,k,s],theta[i,14,k,s],theta[i,15,k,s],theta[i,16,k,s],theta[i,17,k,s],theta
[i,18,k,s],theta[i,19,k,s],theta[i,20,k,s],theta[i,21,k,s],theta[i,22,k,s],theta[i,23,k,s],
theta[i,24,k,s],theta[i,25,k,s],theta[i,26,k,s],theta[i,27,k,s],theta[i,28,k,s],theta[i,29,k,s
],theta[i,30,k,s],theta[i,31,k,s],theta[i,32,k,s],theta[i,33,k,s],theta[i,34,k,s],theta[i,35,k
,s],theta[i,36,k,s],theta[i,37,k,s],theta[i,38,k,s],theta[i,39,k,s],theta[i,40,k,s],theta[i
,41,k,s],theta[i,42,k,s],theta[i,43,k,s],theta[i,44,k,s],theta[i,45,k,s],theta[i,46,k,s],theta
[i,47,k,s],theta[i,48,k,s],theta[i,49,k,s],theta[i,50,k,s],theta[i,51,k,s],theta[i,52,k,s],
theta[i,53,k,s],theta[i,54,k,s],theta[i,55,k,s],theta[i,56,k,s],theta[i,57,k,s],theta[i,58,k,s
],theta[i,59,k,s],theta[i,60,k,s],theta[i,61,k,s],theta[i,62,k,s],theta[i,63,k,s],theta[i,64,k
,s],theta[i,65,k,s],theta[i,66,k,s],theta[i,67,k,s],theta[i,68,k,s],theta[i,69,k,s],theta[i
,70,k,s],theta[i,71,k,s],theta[i,72,k,s],theta[i,73,k,s],theta[i,74,k,s],theta[i,75,k,s],theta
[i,76,k,s],theta[i,77,k,s],theta[i,78,k,s],theta[i,79,k,s],theta[i,80,k,s],theta[i,81,k,s],
theta[i,82,k,s],theta[i,83,k,s],theta[i,84,k,s],theta[i,85,k,s],theta[i,86,k,s],theta[i,87,k,s
],theta[i,88,k,s],theta[i,89,k,s],theta[i,90,k,s],theta[i,91,k,s],theta[i,92,k,s],theta[i,93,k
,s],theta[i,94,k,s],theta[i,95,k,s],theta[i,96,k,s],theta[i,97,k,s],theta[i,98,k,s],theta[i
,99,k,s],theta[i,100,k,s])
}

}
}

for(i in 1:(iota+delta))
{

for(s in 1:2)
{
zeta[i,s]<-sum(xi[i,s,])+psi[i,s]
}

}
}
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VII Glossary

Term Definition
0 — full — amplitude maximum amplitude allowed
440 Hz A standard reference note for instrument tuning
ABAR Animal–Borne Acoustic Recorder
AP Atmospheric Pressure
ARU Acoustic Recording Unit
ARW Advanced Research Workshop
C Major arpeggio cyclic sequence of notes including C, E, and G
C3 the third C on a standard piano
C6 the sixth C on a standard piano
dB deciBel
dBA/dBC/dBZ different deciBel weighting scales
DOC Department of Conservation Te Papa Atawhai
DVAR Detected Vocal Activity Rate
FLAC Free Lossless Audio Codec
GCC Generalised Cross–Correlation
IUCN International Union for the Conservation of Nature
KCC Kiwi Call Count
MCMC Markov Chain Monte Carlo
NATO North Atlantic Treaty Organization
NIBK North Island Brown Kiwi
PAM Passive Acoustic Monitoring
RH Relative Humidity
ROSES RepOrting standads for Systematic Evidence Syntheses
SECR Spatially Explicit Capture-Recapture
SPL Sound Pressure Level
T Temperature
TDOA Time Difference Of Arrival
VHF Very High Frequency
WAV Waveform audio file
WS Wind Speed

Table VII.i: Glossary table.
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