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Introduction

Trophic interactions between plants and frugivores are of 
vital importance in the structure of ecosystems, especially in 
tropical forests where 70 to 90% of woody species are ani-
mal-dispersed (Howe and Smallwood 1982, Jordano 2000). 
There is evidence that suggests that one of the main conse-
quences associated to processes of forest fragmentation is 
the loss of large frugivores, which could lead to changes in 
the dynamics of the plant community (Renjifo 1999, Markl 
et al. 2012), and eventually has repercussions on how eco-
systems function. While over the last decade there has been 
an increase in the amount of studies on frugivory networks 
in tropical forests (Escribano-Avila et al. 2018), the specifics 
of such networks in disturbed lowland forests are still being 
discussed. In northwestern Colombia, a large region of low-
land rainforests has been seriously affected due to extensive 
cattle farming and banana plantations, which have replaced 
a large part of the original land cover, leaving few remnants 
in a large matrix of plantations. In this study, we describe 
the frugivory network in one of these fragments and evaluate 
several hypotheses concerning the ecological and morpho-
logical characteristics of the birds with respect to network to-

pology. Our aim is that the results of this study may serve as 
the foundation for the development of strategies of ecosystem 
restoration.

Interaction networks present a series of topological pat-
terns which are related to the stability and robustness of the 
system when facing species loss (Bascompte and Jordano 
2007, Tylianakis et al. 2010). Likewise, the amount, distribu-
tion, and identity of the interactions of each species make the 
structural importance of the species vary (Martín González 
et al. 2010, Saavedra et al. 2011, Vidal et al. 2014, Palacio 
et al. 2016). Also, the differences in interaction patterns 
amongst species may be determined by their ecological and 
morphological characteristics (Olesen et al. 2011, Dehling 
et al. 2014, 2016), which are related to the susceptibility to 
anthropic pressures (Ceballos and Ehrlich 2002, Dirzo et al. 
2014). Considering the importance of frugivory interactions, 
it is necessary to identify which species are relevant in the 
structure of the interaction network and evaluate whether 
such species exhibit particular ecological and morphological 
traits. This information may be associated with the conditions 
of conservation of a particular site, generating new conser-
vation tools in order to identify the impacts on biodiversity 
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and suggest the implementation of measures in the field of 
ecosystem restoration.

Birds are considered the main group of seed dispersal 
animals in the tropics (Howe and Smallwood 1982), and 
the study of this relationship from a network perspective 
has increased over the past years (Bascompte and Jordano 
2007, Escribano-avila et al. 2018). Some authors have sug-
gested that characteristics such as specialized diets (degree of 
frugivory) determine the importance of species in interaction 
networks and, thus, consider that the most specialized birds 
are the most important to maintain network structure (Mello 
et al. 2014, Sarmento et al. 2014).  Likewise, body size may 
be of great relevance due to the fact that species with greater 
body size contribute substantially to fruit removal (Muñoz 
et al. 2016, Donoso et al. 2017a); and thus the most impor-
tant (Donatti et al. 2011, Palacio et al. 2016). Lastly, interac-
tion patterns are also determined, to a certain degree, by the 
abundance of the species, since species that are more abun-
dant tend to interact more amongst themselves than with rare 
species (Vázquez et al. 2007, Jordano et al. 2009, Donoso et 
al. 2017a). However, it remains unclear which species char-
acteristics determine importance within dispersal networks 
(Escribano-Avila et al. 2018).

On the other hand, anthropic disturbances exert pres-
sure on the environmental and ecological characteristics of 
the ecosystems. Among human activities, habitat destruc-
tion has been the main cause of biodiversity loss (Pimm et 
al. 2006), including birds (Buckton 2001). Thus, in disturbed 
ecosystems, habitat destruction and fragmentation may alter 
how frequently certain morphological traits appear or modify 
the ecological attributes of the communities such as species 
abundance (Renjifo 1999, Peres and Palacios 2007, Markl et 
al. 2012). For example, in the tropics, large frugivorous birds 
are the most vulnerable to extinction due to forest fragmenta-
tion and other human related activities like hunting (Kattan et 
al. 1994, Renjifo 1999, Pimm et al. 2006). The link between 
body size, fragmentation, and extinction risk is complex and 
related to several demographic parameters such as abun-
dance, population fluctuations, and population growth rates 
(Henle et al. 2004), that respond directly to changes in avail-
able habitat, but also indirectly through changes in the troph-
ic interactions among species (Feeley and Terborgh 2008). 
Species at the top end of food chains are often large, have 
lower population densities, and are regarded as more extinc-
tion prone than those at lower levels (Gard 1984). Therefore, 
if anthropic pressures negatively select certain ecological and 
morphological traits (e.g., large species), this alteration will 
inevitably affect the network interaction patterns, which will 
reflect upon the distribution of the importance of species in 
the network structure.

In this study, we described the frugivory interaction net-
work between plants and birds in a humid tropical forest in 
the Urabá plains of Antioquia department in Colombia. We 
evaluated the relationship between the ecological and mor-
phological characteristics of birds and the importance of the 
species within the network structure. Therefore, we used 
centrality as a measure that quantifies the importance of a 

species by the position it holds within the network structure    
(Barthélemy 2004, Jordán et al. 2006), and the interaction 
with particular traits of the bird species. Our hypothesis was 
based on the concept that the structural importance of species 
is determined by the degree of frugivory, body size, and abun-
dance. We expected the largest obligate, most abundant frugi-
vores to present the highest centrality values confirming their 
role as the most important species in the network structure.   

Materials and methods

Study area

Samples were taken from a fragment of a tropical rain-
forest in the biogeographical region of Chocó, located at the 
Sede de Estudios Ecológicos y Agroambientales Tulenapa 
(Headquarters of Ecological and Agro-environmental 
Studies), in northwestern Antioquia, Colombia (N 07° 
46.391’, W 76° 40.306’). Tulenapa is approximately 60 me-
ters above sea level and has 193 ha, of which 146 ha are made 
up of natural vegetation with some patches in varying states 
of conservation, within a matrix of banana plantations. Aerial 
crop dusting is frequently conducted with pesticides in the 
surrounding plantations, which could affect biodiversity in 
many ways as well as increase the vulnerability of the site. 
Tulenapa is the largest fragment of native forest on the Leon 
river plain that has been heavily transformed into banana and 
plantain crops (Etter et al. 2006, Sánchez-Cuervo and Aide 
2013). Research and conservation projects have been recom-
mended for this region (Colorado 2013), but there is still little 
known about this highly threatened zone.

Within this forest fragment, the samples were distributed 
in three permanent, 1-hectare plots that had been previously 
established by the herbarium at the Universidad de Antioquia, 
and along the path that surrounds Tulenapa. The plots corre-
sponded to different successional stages, and were referred to 
as initial succession, intermediate succession, and advanced 
succession. Within the plots, all trees with >31.4 cm circum-
ference at chest height and bushes with > 1 cm circumference 
at chest height in a 1600 m2 subplot were marked and labeled, 
which made it easier to identify the species that had fruit. The  
early succession plot contains 937 individuals corresponding 
to 83 species, the intermediate succession plot contains 674 
individuals corresponding to 126 species and the advanced 
succession plot has 1341 individuals from 181 species accu-
mulating a total of 256 species in the three plots, of which 
148 species were identified as potentially consumed by birds. 

Data collection

Interaction record. Eight field trips were conducted between 
May 2016 and April 2017, at intervals of at least one month 
and with a duration of four to seven days each, including the 
dry (three trips in September and between February and early 
April) and rainy seasons (five trips between May and July 
and between October and November). In order to increase 
the probability of detecting infrequent interactions, a com-
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bination of methods between trail walks and focal observa-
tions were used (Jordano 2016) within the plots and along the 
path. Every day, between two and four observers registered 
all frugivory events between birds and plants in two shifts 
(6:00 – 11:00 a.m. and 3:30 – 6:00 p.m.). A frugivory event 
was defined as a visit where a bird ate at least one fruit from 
the observed plant. Each time such an event was recorded, a 
4-minute focal observation was conducted on the tree/bush 
that had been visited recording the date, time, plot, plant spe-
cies visited, bird species, and the number of birds that ate fruit 
from the plant. If a new interaction was recorded during the 
last minute of observation, focal observation was extended 
one minute.
Ecological and morphological characteristics. In order to 
identify which characteristics determine the importance of a 
bird species within an interaction network, certain ecological 
and morphological traits that characterize the species which 
make up the network were selected. Degree of frugivory was 
evaluated by categorizing according to degree of specializa-
tion in the diet of the species; those for which over 50% of 
their diet was based on fruit were considered “obligate”, those 
for which 20-50% of their diet was based on fruit were known 
as “partial”, and those for which under 20% of their diet was 
based on fruit were called “opportunistic”. Likewise, data 
was collected for each bird species concerning body mass as 
a proxy for size. Data were obtained using EltonTraits 1.0 da-
tabase both for degree of frugivory and body mass (Wilman 
et al. 2014). 

In order to estimate the abundance of birds, we used the 
record from each of the counting sites. During each sampling 
shift, there was a counting site in the center of each plot, or 
at the edge of the forest, which had a radius of 50 meters. 
Counting lasted 15 minutes and consisted in recording bird 
species and number of each species sighted and/or heard 
(Bibby et al. 1998). Frequency was then calculated as the 
proportion of counting sites in which a specific species was 
recorded with respect to total counting sites. Overall, between 
15 and 18 counting sites were conducted for each sampling 
unit.

Data analysis

A quantitative interaction matrix was made using the data 
collected (Supplement, Table A2), where each row included a 
bird species (i), each column included a plant species (j) and 
the i, j cell was assigned the interaction strength value identi-
fied as the number of frugivory events registered during the 
entire sampling (Vázquez et al. 2007). In order to evaluate 
sample representativeness, an interaction accumulation curve 
was constructed with the number of unique interactions ob-
served as a function of sampling effort, measured as the num-
ber of interactions registered (Chacoff et al. 2012, Jordano 
2016). In this procedure, the estimated number of expected 
interactions was calculated using the Chao1 estimator and 
was compared to the number of observed interactions (Chao 
et al. 2009). Calculations were performed using 1000 itera-
tions and EstimateS 9.1.0 software (Colwell 2013). 

We estimated the percent number of observed interac-
tions  in our samples following Chacoff et al. (2012):

%SO= 100 (SO/ SE),

where SO is the observed richness of species or interactions 
observed and SE is the expected richness or the total number 
of expected interactions estimated with Chao 1.

In order to quantify the relative importance of the spe-
cies within the network structure, three centrality measures 
were calculated based on the interaction matrix: i) Degree 
(ND): this quantifies the amount of interactions for each spe-
cies (e.g., species with high ND values make up a large part 
of the network interactions; ii) Betweenness (BC): it is de-
fined as the proportion of the shortest paths between all pairs 
of network species that pass through a determined species 
(Newman 2003). High BC values are interpreted as species 
that unite two or more different guilds within a community 
(Martín González et al. 2010, Mello et al. 2014); and iii) 
Closeness (CC): it measures the proximity of one species to 
all other network species (Estrada 2007, Sazima et al. 2010). 
In ecological terms, a bird species presents high CC values 
when it eats plant species which are also eaten by many other 
birds, while it has low values when its diet is more unique 
(Martín González et al. 2010, Mello et al. 2014). To calculate 
BC and CC, a one-mode projection of the matrices was used, 
where two frugivore species are connected when they feed 
on at least one plant species in common (Mello et al. 2014), 
this projection includes edge weights (i.e., frequency of an in-
teraction). All  calculations were conducted using R-package 
bipartite, 3.4.0 (Dormann et al. 2017).

Principal components analysis (PCA) was used in order 
to create a single general centrality measure containing the in-
formation from all three measures. The first component (PC1) 
was used as a descriptor of the structural role of each species 
within the network (Estrada 2007, Sazima et al. 2010, Vidal 
et al. 2014). Prior to the PCA calculation, data were standard-
ized in z-scores, with a mean of 0 and standard deviation of 1 
(Estrada 2007).

Lastly, a generalized linear model was constructed in or-
der to determine how the ecological and morphological traits 
of the species determine their structural role (Fox 2015). 
For this model, the general centrality measure was used as 
a dependent variable and degree of frugivory, body size, and 
abundance as explanatory variables. Calculations were per-
formed using R 3.4.2 software (R Core Team 2017) lme4 
package (Bates et al. 2015).  

Results

During field sampling, 47 species were found in fruiting 
inside the three plots and ten additional species were found 
outside them. Besides, 523 frugivory events were recorded 
including 32 plant species and 45 bird species with a sam-
pling effort of 551 hours per observer, which resulted in 132 
different interactions, reaching representativeness of 79.3% 
of the interactions expected according to the Chao 1 estima-
tor (mean: 166.52 interactions; confidence interval (95%): 
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148.95 – 202.32 interactions). Based on centrality measures, 
principal component analysis shows that the fi rst principal 
component explains 67.4% of variation of data. To interpret 
this measure, negative values indicate peripheral species, 
whereas positive values indicate species that are more central 

and probably have an infl uence on network dynamics (Sazima 
et al. 2010, Fig. 1). Twenty one species were identifi ed as 
central or important, including Psarocolius decumanus, 
*Catharus ustulatus, Thraupis episcopus, and Piranga rubra 
as the most relevant species (Supplement, Table A1).

Figure 1. Plant-frugivore interaction network observed in the forest fragment. Gray nodes represent the plants, black nodes the birds, 
and nodes with inner numbers emphasize the birds with the highest centrality values. The thickness of the lines is proportional to the 
strength of the interaction between two species. The infl uence of birds with high centrality values (nodes with inner number), extends 
to a large portion of the central core of the network and also reaches the peripheral areas. Two lower panels can be used to identify any 
node (bird or plant) with Table A3 in the supplementary material.
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Generalized linear models show that abundance and 
body size may partially explain the variation in relative im-
portance of birds in the network structure (Table 1), where 
the most important birds were those which were most abun-
dant and smallest in body size (Centrality = 8e-11 + 0.9247* 
Abundance - 0.4457*Body_Size; Figure 2).

Discussion

In this study, we described the structure of a frugivory 
interaction network in a fragment of a lowland tropical rain-

forest and identifi ed important differences with respect to pat-
terns reported in other studies. Unlike that which has been 
reported in pristine forests, where large species provide great 
stability to the network (Donatti et al. 2011, Muñoz et al. 2016, 
Donoso et al. 2017b), our results highlight the importance of 
species which are smaller but relatively abundant. The stated 
hypothesis that structural importance of species is determined 
partly by the degree of frugivory was not supported by our 
data. We suggest that this difference may be due to the high 
degree of intervention in this forest fragment, which, though 
it has partially maintained its vegetation structure, has lost a 
large amount of its original disperser community. Hereafter, 
we will discuss the relationships found amongst each of the 
variables, how this relates to the particular characteristics of 
the study area, and the implications concerning conservation.

With respect to degree of frugivory, our results are con-
trary to what has been reported in other studies (Mello et al. 
2014, Sarmento et al. 2014, Sebastián-González 2017), since 
there was no relationship between this variable and the struc-
tural importance of the species. This tendency may be due to 
the particularly disturbed conditions of the study area (frag-
mentation, land-use change, crop dusting, isolation), where 
the composition of the community of obligate, frugivorous 
birds may be locally affected. For example, species like the 
Great Curassow (Crax rubra), and the trogons (Trogon mas-
sena, T. melanurus, and T. viridis) that were observed in 
nearby forests approximately 50 years ago (Escobar-Cardona 

Figure 2.  Linear regression models for abundance (R2 = 0 .44; p < 0.001) and body size (R2 = 0.12; p = 0.017) variables with respect 
to the structural importance of bird species (centrality), in a plant-frugivore interaction network in a tropical rainforest in northwestern 
Colombia. Body size in grams, logarithmic axis. 

Table 1. Generalized linear model that evaluates the eff ect of 
ecological and morphological variables on the structural impor-
tance of bird species (centrality) in a plant-frugivore network in a 
tropical rainforest in northwestern Colombia. * signifi cant at p < 
0.05; *** signifi cant at p < 0.001. 

Estimate Standard 
error t-value P

Obligate 
frugivore -0.14 0.22 -0.63 0.53

Opportunistic 
frugivore 0.22 0.39 0.57 0.57

Partial frugivore 0.34 0.39 0.89 0.39

Abundance 0.91 0.15 6.02 4.34e-07 ***

Body size -0.39 0.17 -2.33 0.03 *
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and Alvarez-Lopez 1966), have not been recently recorded in 
Tulenapa (Audubon and Cornell Lab of Ornithology 2018). 
This supports the idea that habitat loss and changes in veg-
etation composition in a particular area considerably affect 
species with a certain degree of specialization, where strict 
frugivores are particularly vulnerable to environmental fluc-
tuations that affect food availability (Christiansen and Pitter 
1997). For example, in seasons of low fruit production, there 
may be a serious decrease in population size that may even 
lead to local extinction (Christiansen and Pitter 1997). As a 
result, the distribution pattern of trophic guilds of the area 
may have shifted and could differ from its original composi-
tion, and is now dominated by generalist species with diets 
that are not strictly linked to fruit. For example, based on 
bird listings reported on the eBrid platform (Audubon and 
Cornell Lab of Ornithology 2018), obligate frugivores in 
Tulenapa make up 16% of species, whereas at the nearby “La 
Alborada” farm, which is in a better state of conservation, 
obligate frugivores reach 24%. In this new scenario with few 
obligate, frugivorous species (or with reduced populations) 
their relevance within the network structure may be affected.  

In a similar manner, habitat modifications and disturbanc-
es may explain the tendency of the relationship between body 
size of the birds and structural importance. Our results sug-
gest that the smallest birds are the most relevant, an inverse 
relationship to the one that has been reported by other authors 
(Donatti et al. 2011, Palacio et al. 2016). Once again, it is not 
uncommon that fragments of small or isolated forests lack 
the resources necessary for the maintenance of large frugi-
vores (Karr 1976, Willis 1979), where interactions involving 
large species disappear resulting in functional implications 
(Emer et al. 2018). In addition, other pressures such as selec-
tive tree cutting and hunting tend to affect the larger species 
first, and are thus quickly removed from disturbed forests 
(Redford 1992, Renjifo 1999, Markl et al. 2012). For exam-
ple, it has been reported that populations of large frugivores 
such as the Black-necked Aracari (Pteroglossus aracari), the 
Spot-billed Toucanet (Selenidera maculirostris), and the Red-
breasted Toucan (Ramphastos dicolorus), amongst others, 
have been considerably reduced in forests of nearly 200 hec-
tares (Christiansen and Pitter 1997). Likewise, in our study 
area, large frugivores, such as the Crested Guan (Penelope 
purpurascens), the Purple-throated Fruitcrow (Querula pur-
purata), and the Great Curassow (Crax rubra), which have 
been recently recorded in nearby locations (Audubon and 
Cornell Lab of Ornithology 2018), may have become locally 
extinct. Therefore, the composition of the local avifauna is 
mainly made up of small, generalist species, which, due to 
their abundance, occupy central positions in the network that 
we believe were previously occupied by larger frugivores. 
However, many of these small, frugivorous species have also 
disappeared from these fragments and have been replaced by 
species that are more generalists in their feeding habits.

The consolidation of an abundant generalist guild is sup-
ported by our results with respect to abundance, where the 
most important bird species within the network are also the 
most abundant and are commonly labeled as generalists, 
such as the Crested Oropendola (Psarocolius decumanus), 

the Blue-gray Tanager (Thraupis episcopus), the Chestnut-
headed Oropendola (Psarocolius wagleri), and the Palm 
Tanager (Thraupis palmarum). This pattern can be explained 
using the following reasoning: in tropical ecosystems, large 
species are generally more scarce than smaller species (Peres 
and Palacios 2007, Markl et al. 2012); this difference may 
also be more evident due to a decrease in the population of 
large species as a result of anthropic effects. Also, given that 
the most abundant species have a higher probability of inter-
acting with other species (Vázquez et al. 2007), it should be 
expected that, in the study area, the plant-frugivore interac-
tion network would be characterized by small, abundant spe-
cies occupying central positions within the network. In other 
words, certain network positions that were occupied by spe-
cies which disappeared locally are now occupied by species 
with different ecological and morphological characteristics, 
which prevents a structural breakdown of the network but 
does not necessarily maintain the functionality of the ecosys-
tem. As such, there may be plant species that lost their origi-
nal dispersers and their new dispersers are not as effective 
due to different ecological and morphological characteristics. 
From a functional standpoint, large frugivorous birds are im-
portant dispersers for species with large fruits playing a key 
role in demographic aspects (Vidal et al. 2013, Muñoz et al. 
2016, Donoso et al. 2017b). From a restoration perspective 
large birds can distribute seeds between distant patches facili-
tating the functional connectivity of fragmented landscapes 
(Kays et al. 2011, Mueller et al. 2014). Large seeded species 
such as Spondias mombin, Pouteria glomerata and Clavija 
mezii  were observed in fruit, but we did not record any birds 
eating them.

In conclusion, in a disturbed ecosystem, although the 
interaction networks maintain an interconnected structure 
amongst species, the importance of a particular species within 
such structure depends on its ecological and morphological 
attributes as well as on the availability of resources in the 
area. The frequency and distribution of these traits in the com-
munity may be determined by the disturbance of a particular 
area. For example, in this study we observed that, contrary to 
our expectation, large frugivores have little structural impor-
tance, which may be due to a negative selection toward large 
animals in disturbed ecosystems that led to local extinction 
or decreased populations sizes (Redford 1992, Renjifo 1999, 
Markl et al. 2012, Emer et al. 2018). As a result, the interac-
tion network is mainly structured by species that are small 
and abundant. Nonetheless, it should be noted that structural 
importance does not necessarily imply ecological function-
ality (Muñoz et al. 2016). It is important to recognize that 
our results could be more conclusive if we had a control case 
in an undisturbed ecosystem. The forests of the Uraba plains 
have been heavily transformed (Etter et al. 2006, Sánchez-
Cuervo and Aide 2013) but future studies in additional frag-
ments would greatly complement the results obtained here. 
Therefore, we suggest that future studies combine structural 
evaluation of the network with the functional role of species 
in specific ecological processes, such as seed dispersal. It will 
be specifically important to study the response capacity and 
compensatory effects among plant species with large fruit 
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when their dispersers disappear. Finally, this study shows that 
interaction networks and the evaluation of their structural pat-
terns are a useful tool for identifying species with relevant 
roles. This information is important when evaluating the ef-
fects of species that have disappeared as a result of anthropic 
actions.  
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