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Resumen

Titulo: Uso de la morfometria, dieta y estratos de forrajeo de aves tropicales en la resolucién
de hipétesis de nicho.

Autor: Daniel Eduardo Badillo MojicaT|

Palabras clave: Aves tropicales, Especializacion, Morfoespacio.

Descripcion:

Las hipotesis clasicas basadas en nichos argumentan que la composicion de las especies
locales esta relacionada con la variedad de recursos disponibles, que se distribuyen entre
ellas para reducir la competencia y permitir asi su coexistencia. Sin embargo, los tropicos
albergan la mayor diversidad de especies, lo que implica una mayor cercania de las especies
en el espacio de nicho y potencialmente generando nichos de especies mas pequenos o una
mayor superposicién de nichos interespecificos. Se ha formulado la hipdtesis de que una
mayor especializacion facilita la coexistencia en comunidades de gran diversidad. El analisis
de la distribucién y la composicién de los rasgos funcionales en las comunidades, ha tratado
de abordar las funciones de la especializacion ecoldgica y las interacciones de las especies en
el ensamblaje de las comunidades locales a partir de grupos de especies regionales. Aqui,
proponemos tres clasificaciones de especializacién que describen el uso de los recursos a nivel
de especie: a) especializacién en la dieta, b) dieta principal y ¢) prevalencia de forrajeo.
De esta manera, exploramos cémo la dieta y la especializacién en el forrajeo pueden dar
lugar a la diferencia de tamano y a la superposicion de un espacio de rasgos octadimension-
ales (morfoespacio). Encontramos que las especies con mayor especializacién en su dieta o
prevalencia de forrajeo, presentaban una menor ocupacién y superposicion del morfoespa-
cio en comparacién con las especies generalistas. Nuestros resultados demuestran que los
nichos ecoldgicos de las aves pueden inferirse utilizando los rasgos morfolégicos en las aves
tropicales y cuantificarse mediante el andlisis de hipervolimenes. Estudios adicionales, te-
niendo en cuenta una mayor reserva de especies y la ocupacién morfoespacial de las aves
extratropicales pueden revelar si la ocupacién de los nichos es mayor en las aves tropicales,
contribuyendo a la comprension de como se genera y mantiene la hiperdiversidad tropical.

ITrabajo de grado
2Facultad de Ciencias. Escuela de Biologia. Director: PhD, Bjérn Reu.
Codirector: PhD, Fernando Rondén Gonzélez; PhD, Susy Echeverria Londono
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Abstract

Title:Answering niche-based hypotheses about tropical birds through morphometric, diet
and forage stratum data.

Author: Daniel Eduardo Badillo Mojica[P|

Keywords: Tropical birds, Specialization, Morphospace.

Description:

Classical niche-based hypotheses argue that local species composition is related to the
variety of available resources, which are distributed among species to reduce inter-species
competition and thus enable coexistence. However, the tropics hold the greatest species
diversity, implying that species are more tightly packed into niche space and potentially
indicating either smaller species niches or greater interspecific niche overlap. It has been
hypothesized that increased specialization facilitates local coexistence in high diversity com-
munities. Analysing the distribution and composition of functional traits in communities
has attempted to address the roles of ecological specialization and species interactions in the
assembly of local communities from regional species pools. Here, we proposed three classifi-
cations of specialization that describe species-level resource use: (a) diet specialization, (b)
main diet and (c) foraging prevalence. Whereby, we explore how the avian diet and forag-
ing specialization can shape the difference in size and overlap among an eight-dimensional
trait space (morphospace). We found that species with higher specialization in their diet or
foraging prevalence presented a smaller morphospace occupation and overlap as compared
to generalist species, also taking into account differences in sampling intensity. Our results
highlight that avian ecological niches can be inferred using morphological traits of tropical
birds and quantified using the analysis of hypervolumes. Further studies, taking into account
a bigger species pool and morphospace occupation of extratropical birds may reveal if niche
space occupation is higher in tropical birds contributing to the understanding of how tropical
hyperdiversity is generated and maintained.

!Bachelor Thesis
2Facultad de Ciencias. Escuela de Biologia. Director: PhD, Bjérn Reu.
Co-director: PhD, Fernando Rondén Gonzélez; PhD, Susy Echeverria Londono
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Introduction

Ecological niche

Since the introduction of the term niche in the ecological context by Grinnell (1917), niche
theory has become one of the fundamental concepts of ecology (Pocheville, 2015). Despite
the differences between the multiple meanings of the concept, the niche has been widely used
for studying the relationship between organisms and their environment (Chase & Leibold,
2003; Pocheville, 2015). For Grinnell, the niche encompasses everything that conditions a
species in its habitat, including abiotic factors such as temperature, humidity, precipitation
and biotic factors such as the presence of food, competitors, predators, refuges, among others
(Grinnell, 1917). Grinnell's definition of niche led him to propose an ecological hierarchy in
which species were divided according to the distribution of biotic and abiotic factors into
biogeographical categories. In this context, the niche was seen as the “ultimate” unit of
association between species distribution or occurrence. The comparison of communities also
led Grinnell to bring his attention to ecological equivalents that, by evolutionary conver-
gence, are driven to occupy similar niches in different geographical areas (Grinnell, 1924).
Charles Elton (1927) also focused on individuals with ecological equivalence in different ar-
eas of study but defined the niche primarily by the trophic position and eating habits of the

individual.

While Grinnell and Elton emphasized the similarities of niches occupied by ecological
equivalent species in different geographic areas, Hutchinson (1957) focused on the similari-

ties in niches of species found in the same location. This last concept was due to the idea,
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already described by Darwin (Darwin, 1859) that two species coexisting in the same place
should occupy different niches. Once established as the principle of competitive exclusion
(Gause, 1934; Hardin, 1960), it provided the context for Hutchinson's redefinition of the
term niche. Hutchinson formalized the niche of a species as a volume, in the space of en-
vironmental variables, where the species can survive indefinitely (id., fundamental niche),
or the volume, limited because of interaction with present competitors, where the species
actually survives (id., realized niche) (Hutchinson, 1957). Because this niche volume exists
within a space of n dimensions, where axis represents variables required by the organism,
Hutchinson laid the foundations for quantifying the differences in species'niches. This al-
lowed estimating the niche differences that enable species to coexist, or those that lead to

their exclusion (Pocheville, 2015).

To quantify the fundamental niche of species, Hutchinson originally proposed the n-
dimensional hypervolume (Hutchinson, 1957). In his approach, hypervolumes exist within a
space defined by a set of n variables that represent biologically important and independent
axes. The hypervolume is then defined as a subset of this space, i.e. an n-dimensional geo-
metric form. Although this framework has been proposed 60 years ago (Hutchinson 1957),
just recently, it became accessible quantitatively through the development of statistical ap-
proaches that calculate the size and overlap of these n-dimensional hypervolumes (Blonder
et al., 2018; 2014; Swanson et al., 2015; Junker et al., 2016). In combination with the avail-
ability of large data sets about species traits, such as PanTHERIA, TRY, EltonTraits 1.0 (

Jones et al., 2009, Kattge et al., 2011; Wilman et al., 2014) needed to estimate hypervolumes.
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Trait Hypervolumes

By transferring the niche concept from a geographic to a geometric context (Colwell &
Rangel, 2009) allowed the definition of the niche in terms of a limitless number of ecological
dimensions, and as such its quantification using n-dimensional hypervolumes. Even though
hypervolume concepts have been successful use in functional ecology, where traits are often
taken as proxies for the niche axes (Blonder, 2018; Bregman et al., 2016; Echeverria-Londotio
et al., 2018; Kraft, Valencia, & Ackerly, 2008; Pigot, Trisos, & Tobias, 2016) there must be
an understanding about how selected traits and niches are actually related. For instance, the
selection of axes is an essential step in the definition of trait hypervolumes, and strategic axes
of the taxa of interest should be selected (McGill et al., 2006) In addition, these axes must be
formed by continuous variables, necessary to perform operations that allow the estimation
of hypervolumes size and overlap or the functional richness of the trait axes (Blonder, 2018).
Consequently, efforts in consistency compilation and standardized collection of trait and
ecological data have made more accessible the analysis of trait hypervolumes. Noteworthy
examples of the implementation of standardized data for the definition of ecological niches
have been the distribution of plant forms by Diaz et al. (2016), and trophic level niches on

birds by Pigot et al., (2020).

Applications on birds’ studies

Bird studies have a long tradition in the development of niche concepts and ecomorphology
(Miles & Ricklefs, 1984; Grinnell, 1917) and provide a rich template for understanding the

relationship of form and function of avian species (Wilman et al., 2014). Most of the distin-
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guishing features of birds, such as their flight adaptations, elaborate courting and parental
care behaviours, vocal skills, and variety of eating habits, can be reflected in features of indi-
viduals'external anatomy. Among these, the following easily measured and obtained features
have been highlighted (Luck et al., 2012; Negret et al., 2015): (1) The bill, whose variation
in shape and size, has been directly related to the type of food consumed, and the strate-
gies for handling and obtaining it. For example, some species of insectivorous birds have
flattened beaks with a large mouth opening that allows them to catch insects (Schulenberg,
1983), while frugivorous birds have higher, thicker beaks for swallowing fruit (Moermond
& Denslow, 1985). The bill has also been related to other aspects such as sexual selection
(Rico-Guevara & Araya-Salas, 2015), and processes such as pollination (Rodriguez-Flores &
Stiles, 2005) and seed dispersal (Bouffard & Brooks, 2014). (2) The wing, whose length, area
and size ratio between its feathers has been related to dispersal capacity, migration, flight
manoeuvres and foraging strategies (Claramunt et al., 2012). (3) The length of the legs has
been mainly related to foraging behaviours and strategies. For example, tarsal length has
been used as a predictor of foraging behaviour in insectivorous birds and their ability to
catch prey through multiple strategies (Carrascal et al., 1990). (4) The tail, whose size and
shape have been related to flight manoeuvres (Maybury et al., 2001), forage specialization
(Clark, 2010) and sexual selection (Clark & Dudley, 2009). Most of the above-mentioned
traits are closely related to the trophic aspects of bird species, as birds have diversified into a
wide variety of morphological forms by exploiting a complex configuration of trophic niches.
The concept of hypervolume allows the integration of these traits for the inference of the
ecological niche of birds with different degrees of specialization. In the aim of exploring the

role of specialization in the size and overlap of tropical bird ecological niches.
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Using hypervolumes, we explore how avian diet and foraging can shape the differences
among an eight- dimensional trait space (morphospace) in a high diversity assembly in
Santander, Colombia. Using eight morphometric traits, we test the relationships between the
morphology and (a) diet specialization, (b) main diet and (c) prevalence in foraging stratum
among a tropical bird assemblage. We hypothesize that (i) occupation in the morphospace
will be larger in more generalist species (regarding their diet or foraging stratum) and (ii)
that these generalist species share more morphospace with other species than species with

more specialized diets or foraging prevalence.

1 Methods

1.1 Morphological trait data

We assembled a dataset of morphometric measurements from 3568 live-caught individuals
from existing datasets. In total, our dataset represents 185 species of the 971 bird species
(19%) recognized in Santander, Colombia (SiB Santander, 2020). For each individual, we
obtained morphological traits involving measurements from the bill (culmen length, bill
width and depth), wing (length, wingspan), tail (length), tarsus (length), and total body
length. The majority of the sampling for the existing dataset was conducted by one researcher
following standard protocol for bill width and depth (Colorado, 2004) and culmen, tail, wing
and tarsus length (Winker, 1998). The total sampling for the dataset was performed between
2011 and 2017 in 5 localities (Figure 1) and is available in Hypervolume_ Birds_diets github

repository.
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Figure 1: The geographical location, life zones and above mean sea level (amsl) of the study sites from
which the morphological trait data was obtained.

To match the species-level resolution of our ecological data (see 1.2 Ecological data sec-
tion),we calculated averaged trait values for each species. This is justifiable because most of
the variance in trait values occurs between rather than within species (Pigot et al., 2020).
Species with missing information from any of the 8 morphological traits measurements were

omitted resulting in a dataset consisting of 179 species.
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1.2 Ecological data

We complement the species traits with information on the proportional use of different food
categories and prevalence in foraging layer (from 0 to 100% in 10% increments), published in
Wilman et al.,(2014). We reorganized some of Wilman's original food categories according
to the classification scheme proposed by Lopes et al.(2016) and include or exclude food
categories for some species according to local knowledge (see Appendix Information for
details). Based on the percentages of these categories and in order to explore the differences
in the morphological traits according to the specialization of the species'diet and foraging,
we categorize species according to their diet specialization, main diet and foraging prevalence

as follows:

(a) Diet specialization

First, we adopted a simple approach, adding up the number of food categories in which the
percentage was greater than 0. When a species uses a single food category, we assigned them
as Obligatory specialists (n= 45 species). Species using two different food categories were
assigned as Facultative specialists (n=97 species). Species with broad diets were assigned as

Generalists (n=37 species), when they feed on three or more food categories.

(b) Main diet

Second, based on the standardized protocol outlined in Wilman et al., (2014), we assigned
species to the diet group from which they obtained at least 50% of their resources. From
this we obtained four specialized groups: Nectar (n= 23 species), Fruits (n=27 species),

Invertebrates (n=82 species), Seeds (n=19 species). When no food category comprised more
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than 50% of the whole species'diet, they were considered an Omnivore (n=28 species).

Although not all species classified in the omnivore group are also generalists in the (a)
classification, and vice versa, there is nevertheless a wide overlap (Appendix Fig. A7). Both
groups (i.e. Generalist and Omnivore) represent the birds with generalist diets referred to
in our hypothesis. For foraging specialization, we categorize species based on the relative

prevalence on different foraging layers (Appendix Table A2) as follows:

(c) Foraging prevalence

We assigned species to the foraging group from which their prevalence is at least 50%.
From this we obtained five specialist foraging groups: Aerial (n= 3 species), Canopy (n= 22
species), Midhigh (n=35 species), understory (n= 24 species), and ground (n= 25 species).
Species using multiple foraging layers in relatively equal proportions were considered ‘forag-
ing generalists’, here called General (n= 70 species), to avoid confusion with the generalist

category in (a) diet specialization.

1.3 Data analysis

To estimate the morphological variation within the three classifications, we compared the
volume and the overlap of trait hypervolumes. Because the number of species is unevenly
distributed across our classifications, we constructed traits hypervolumes by fixing the size of
the groups to the smallest sample size inside each classification (i.e. Generalist in (a), Seeds
in (b) and Canopy in (c)), which allowed us to correct for possible sampling bias in our re-

sults. This procedure was carried out through 1000 iterations, randomly selecting the species
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in each group according to the fixed size. The trait values for the total bill, the exposed
culmen, the bill width and the bill depth, the wing length, the wingspan, the tail length,
the tarsus length, and the total body length, originally in (mm), were log-transformed. We
then constructed the trait hypervolumes using the R package “hypervolume” (Blonder et
al., 2014;2018), using the box kernel density estimation method with the default Silverman
bandwidth estimator.We compared the mean of inferred traits hypervolumes through all
1000 iterations, reported in units of standard deviations (sd) to the power of the number of
traits used (i.e. sd®). Due to the low number of species in the Aerial group on the foraging
prevalence classification, the resampling was performed considering the number of species in
the second smallest category (i.e. Canopy) and the Aerial species were removed from the

volume analysis.

To estimate the overlap of trait space among our classifications, we used the complete
set of species to calculate a single trait hypervolume (Appendix Fig. A1-A3). We then
measure the pairwise overlap of hypervolumes among the groups by estimating the Sgrensen
similarity index (Eq.1).

2|AN B|

M = T 1Bl .

Where A or B corresponds to the proportional volume occupied by the species on a
particular hypervolume. Values of S vary from 0 (no overlap) to 1 (complete overlap) and
are obtained by doubling the volume of the intersection of A and B divided by the sum

of the volumes of both hypervolumes (A, B). As trait hypervolumes were estimated using
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eight morphological traits we further referred to them as groups ‘morphospace’, and to their
volume as ‘morphovolume’. In order to double-check the results obtained from the resampling
method as described above, we repeated this analysis. Instead of resampling a fixed number
of species, we resampled 50% and 70% of all species in each group. Results are presented in

the Appendix Figure A4-AG6.

2 Results

(a) Diet specialization

For morphospaces calculated on the diet specialization classification, we found an increase in
morphovolume according to the number of food categories included in the diet of the species
(Figure 2A). Where the largest morphospace corresponds to the Generalist, with a mean
volume of 3.19 sd® for the 1000 iterations, followed by the Facultative (2.79 sd®) and the
Obligatory (0.97 sd®) specialist.

For the overlap among morphospaces according to the Sgrensen similarity index, we found
that about 42% of the morphospace is shared between Obligatory and Facultative, 28% be-

tween Generalist/Facultative, and 24% between Generalist/Obligatory species (Figure 2B).

(b) Main diet

For the main diet classification, we found differences in the volume of dietary group $§ mor-
phospaces (Figure 3A). Where the largest morphospaces correspond to the Fruit group, with
a mean volume of 3.19 sd® for the 1000 iterations, followed by the Omnivore (1.46 sd®) and

Invertebrate (1.12 sd®) groups. Smaller morphospaces were found for the Seed (0.11 sd®)
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and Nectar (0.05 sd®) groups.

We also found greater overlap between the largest groups, in particular as regards the
Omnivore group (Figure 3B). The highest overlap values according to the Sgrensen similarity
index were obtained among the Omnivore and Fruit group, which share 33% of morphospace,
followed by the overlap between Omnivore/Invertebrate (29%) and Invertebrate/Fruit (22%).

The least overlap was found in the pairs that included seed and nectar groups.

(c) Foraging prevalence

For morphospaces calculated on the foraging prevalence classification, we found differences
in the morphovolume according to species main foraging stratum (Figure 4A). Were the
largest morphospaces corresponding to the General (9.76 sd®) group, followed by Understory
(6.56 sd®) and Canopy (3.81 sd®) groups. Smaller morphospaces were found for the Midhigh
(1.28sd®) and Ground (0.43 sd®) groups. As well as among (b) main diet groups, we found
that the overlap was greater among the larger foraging groups (Figure 4B). The highest
overlap values according to the Sgrensen similarity index were obtained between General and
Canopy groups, which share 48% of morphospace, followed by General/Understory (43%)

groups. The smallest overlap was found on the pairwise that included the Aerial group.
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Figure 2: Diet specialization morphovolume and overlap.(A) Boxplot of estimated morphovolume from diet
specialization groups morphospaces. Volumes have original units of sd® but have been log10- transformed.
The light-colored points for each group reflect the volumes obtained in the resampling terations. (B) Pairwise
similarity (Sgrensen similarity index) in diet specialization groups morphospaces. The darker the cell the

greater the overlap.
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Figure 3: Main diet morphovolume and overlap. (A) Boxplot of estimated morphovolume from dietary
groups morphospaces. Volumes have original units of sd® but have been logl0O-transformed. The light-
coloured points for each dietary group reflect the volumes obtained in the resampling iterations. (B) Pairwise
similarity (Sgrensen similarity index) in dietary groups morphospaces. The darker the cell the greater the
overlap.
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3 Discussion

The presented results confirm our hypotheses about the ecological niches of tropical birds
and can be summarized as follows: Species with a broad ecological niche, considering diet
specialization (i.e. generalists), main diet (i.e. omnivore species) and foraging prevalence
(i.e. species that forage across multiple layers), tend to occupy a larger morphospace than
species with specialized diets or foraging prevalence. These groups of generalist species also
tend to share a greater fraction of morphospace as compared to species with more specialized
diets and foraging prevalence. In the case of high-diversity bird assemblages in the tropics,
this suggests a close relationship between form, function and the ecological niche that we

were able to uncover using the hypervolume framework.

The assumption that ecological niche spaces can be adequately quantified using a limited
set of phenotypic traits is controversial (Didham et al., 2016; Gravel et al., 2016), mainly to
the poor definition of direct functional effects of the selected traits. The morphological vari-
ables included in this analysis have well- established connections to trophic ecology (Miles
& Ricklefs, 1984; Pigot et al., 2020, 2016; Ricklefs & Travis, 1980) and determine the posi-
tions of species in ecological space (Ricklefs 2012), specifically considering diet specialization,
main diet and foraging prevalence (Pigot et al., 2020, 2016). Hence our results support the
idea that the ecological niche cannot only be assessed from the perspective of environmental
variables (i.e. following Grinell's and Elton's ideas) but also from the morphological varia-
tions among tropical birds. Our a priori functional classification based on diet specialization,

main diet and foraging prevalence in combination with the analysis of morphospace occu-
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pation using hypervolumes allowed us reconciling these two different perspectives about the
ecological niche.

These results might be affected by a biased sampling (i.e. not all groups in the three
niche categories are equally well presented). In order to take this into consideration, we
calculated morphospace volume in three different ways: (1) using all species present in each
group (Figure A1-3), (2) using the number of species in the smallest group and resampling
the same number of species in the other groups (i.e. results shown in the main text) and
(3) using 70% of the species in each group (Figure A4-A6). The results presented here and
discussed below hold for all three methods, which makes us confident that our results are
not biased due to differences in sampling intensity. In the following we discuss our results in

more detail in view of avian diet specialization, main diet and foraging prevalence:

(a) Diet specialization

Consistent with our first hypothesis (i), we found a smaller occupation of morphospace by
species with more specialized diets and broader occupation in generalist species. If mor-
phological differences correspond to differences in resource use (Dehling et al., 2016), this
pattern may be explained by species intake on different types of food. For instance, all
food types considered in this study are being used by generalists, and almost all generalist
species feed on insects and fruits (Appendix Fig S8). Therefore, generalist species exhibit
a greater variety of morphological adaptations moulded by their interactions with multiple
food resources, adding to the volume of the generalists'morphospace. In particular, we ob-
serve an even greater morphospace occupation by those generalist species that feed on fruits

and insects, consistent with works at larger scales (Pigot et al., 2020). The difference in
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morphospace occupation between facultative and obligatory specialists (Figure 2A) can be
explained in a similar manner. While facultative species consume all the types of food, oblig-
atory specialists only consume insects, seeds, fruits and nectar (Appendix Fig. A8). Hence,
this reduces the number of potential distinct morphological adaptations that increase the
total volume of the morphospace of the obligatory species. Although the representation of
specialists feeding on vertebrate prey or plant matter in our data set may be limited due to
their low capture rate in our methodological design, it is expected that due to the strictness
in the obligatory specialist group, it will be very difficult for species in the sampling region
to fall into this category. For example, if the work were extended to the national level of
Colombia, only one folivore species would be considered a mandatory specialist (Hoatzin,
Opisthocomus hoazin). Similarly, species of raptors (e.g., eagles, falcons, and owls) that
would be presumed to be carnivores, would not be considered obligatory in our classification

due to their intake of invertebrates.

Since generalist species share food resources with multiple specialists, they show a consid-
erable degree of morphological overlap with facultative and obligatory specialists (hypothesis
ii). Our results show a lower overlap between specialist and generalist species (Figure 2B).
This may indicate that although generalist and specialist species share food sources, they
have different adaptations to obtain it. While specialist species target a narrow range of
resources, we show that their combinations of morphological traits position them at the pe-
riphery of the morphospace, which has been also shown by Dehling et al., (2012) and Pigot et
al., (2020). In contrast, generalists show a generalized morphology pattern allowing them to

exploit a variety of foraging substrates and prey items, hence they occur clustered toward the
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centre of the morphological space (Ricklefs, 2012). However, the last is not particularly dis-
cernible for this classification, since species are not differentiated by the food they consume,

but rather their ability to feed on a certain number of different foods (see methods).

(b) Main diet

By distinguishing specialists according to their diet preferences, we obtained a differential
pattern of morphospace occupation between generalists and specialists. Not all specialists
show a smaller morphospace occupation than species with more generalist diets (i.e. omni-
vores). This may be due to the fact that the main diet suggests that the correspondence
between form and diet requires a more phylogenetic explanation. Thus, results of average
morphovolume analyses can be interpreted by the specific changes in species composition, by
the idea that niches with more phylogenetic diversity should have more phenotypic variety
(Mazel et al., 2018). Considering the composition of bird families as an explanation for
the difference in morphospace occupation in dietary groups we find the larger morphospaces
(i.e., Fruit, Omnivore, Invertebrate) correspond to the groups composed of the higher num-
ber of families. In contrast, groups with a narrow morphospace (i.e., Seed, Nectar) have
species from only two to three different families (Appendix Fig. A10). The large morphovol-
ume we found for fruit feeding species may be driven by unique representation in Toucans
(Ramphastidae), New World Barbets (Capitonidae) or Manakins (Pipridae) families. With
a relatively small number of species with extreme phenotypes, such as the White- man-
tled Barbet (Capito hypoleucus) and the Collared Aracari (Pteroglossus torquatus). Species
with higher values of beak-related traits (can be seen in Figure A2). On the other hand,

the narrow morphospace occupied by nectar specialist species may be explained by its com-
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plete representation of the hummingbirds (Trochilidae) family, with the exception of the
Bananaquit (Coereba flaveola). Nectar niche species are clearly separated from the rest of
species in morphospace by their tarsus length (Appendix Figure A2). Interestingly we found
for the invertebrate specialist species, that although composed by the greater number of bird
families, do not present values of morphovolume greater than the omnivores or frugivores.
This can be due to a greater morphological similarity between the species classified in this
group (can be seen in the conservation in the resampling results, Appendix Fig. A5), that
although the invertebrate niche is populated by distantly related clades, these lineages are
far more tightly packed in morphospace (i.e. suggesting morphological convergence) than

would be expected based on their evolutionary relatedness (Pigot et al., 2020).

Considering the overlap of morphospace among groups, we found support for our second
hypothesis. Morphospaces of the specialized groups show higher overlap with the omniv-
orous morphospace than with any of the other morphospace among the specialized groups
(Figure 3B). Although species are morphologically adapted to exploit different resources,
their morphologies can be broadly similar, in particular when sharing resources. Moreover,
the morphospace overlap of almost all omnivores includes at least some species feeding on
insects and fruits as well as seeds (Appendix Fig. A9) but rarely nectar and other food cate-
gories. Thus, the food types most consumed by omnivores are those shared with species that
show the greatest morphological overlap with them. Meanwhile, the foods used in smaller
proportions by omnivores correspond to those shared with the species which they overlap
the least. Furthermore, the intake of insects by frugivorous species or vice versa might be an

explanation for the high morphological overlap found between these two groups. It has been
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observed that birds'diets comprise a continuum between some extremes commonly treated
as distinct categories, such as insectivores and frugivores (Lopes et al., 2003; Remsen, 2003;
Zimmer & Isler, 2003). Interestingly we found that birds feeding on nectar also presents a
significant intake of invertebrates (especially by hummingbirds), which is not reflected in a
high morphospace overlap with the invertebrate group. This may be due to the fact that
some of the variables related to invertebrate intake in hummingbirds were not taken into

account in this work, such as sexual dimorphism and beak curvature (Stiles, 1995).

(c) Foraging prevalence

Morphospace differences due to foraging prevalence were less consistent than those for diet, in
which similar estimates of morphovolume were obtained regardless of the resampling method
(compared Figure 2-3 with Figure A4-A5). Nevertheless, we found greater morphospace vol-
ume for canopy, understory dwelling species and generalists in the overall and resampling
results. Moreover, species with a foraging prevalence at midhigh and ground obtained the
lowest morphovolume. With regard to phylogenetic diversity, the wide coverage of species
with generalist foraging habits, which are represented in almost all bird families in the data
set, seems to be related to the major occupation of morphospace. However, we also found
large differences in morphospace volume for groups that do not vary much in the number
of families, making it difficult to link phylogenetic diversity with morphospace occupation
for foraging prevalence. Altogether, there seems to be no clear pattern between species
composition and differences in morphospace occupation, contrasting our results with diet
classifications where we found this relation. Most families are well represented among forag-

ing groups and few seem to be linked directly to a particular group. With the exception of
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the unique presence of swifts (Apodidae) and swallows (Hirundinidae) in the aerial niche.

In terms of morphospace volume overlap, we found that the majority of specialized for-
aging groups showed higher overlap with foraging generalists (i.e. species that forage across
multiple layers) than with any other specialized foraging group (Figure 4B). Almost all over-
lap values seem to be linked to the group morphospace volume (i.e. groups that have a greater
volume show a greater overlap) and not to ecological similarities between the species. The
reason for the poor morphological differentiation in the foraging groups may be due to the
fact that species are not distinguished by more specific habits, but only by their preference
for a certain feeding layer. Studies that found closer relationships between morphometrics
and foraging included traits associated with foraging techniques (Pigot et al., 2020) or by
comparing the level of species sharing the same food source (Pigot et al., 2016). This may be
due that our morphological traits do not determine foraging behaviour and that the inclusion
of more body measurements, such as bill-shape (Cooney et al., 2017) or cranial (Felice et al.,
2019) measurements may reveal further morphological variation between species according

to their foraging prevalence.
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4 Conclusions

Our results highlight that the ecological niches of tropical birds can be inferred using mor-
phological traits and quantified using hypervolumes. Advancing the understanding of avian
niches hence requires compilations of standardized traits, as well as information about the
species life history, from an ecological and phylogenetic perspective. Future studies, taking
into account morphospace volume and overlap at a larger spatial scale and species assemblage
(i.e. for entire Colombia) or comparing morphospace occupation with those of extratropical
birds may reveal if niche space occupation is higher in tropical birds. This will advance the

understanding of avian ecological niches and the generation of biodiversity.



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 31

References

Blonder, B. (2018). Hypervolume concepts in niche- and trait-based ecology. FEcography,

41(9):1441-1455.

Blonder, B., Lamanna, C., Violle, C., and Enquist, B. J. (2014). The n -dimensional hyper-

volume. Global Ecology and Biogeography, 23(5):595-609.

Bouffard, L. A. and Brooks, D. M. (2014). The Role of the White-Winged Guan (Penelope
albipennis) in Seed Dispersal and Predation in Tumbesian Dry Forest, Peru. Journal of

Sustainable Forestry, 33(2):184-194.

Bregman, T. P., Lees, A. C., MacGregor, H. E., Darski, B., de Moura, N. G., Aleixo,
A., Barlow, J., and Tobias, J. A. (2016). Using avian functional traits to assess the

impact of land-cover change on ecosystem processes linked to resilience in tropical forests.

Proceedings of the Royal Society B: Biological Sciences, 283(1844):20161289.

Carrascal, L. M., Moreno, E., and Tellerfa, J. L. (1990). Ecomorphological relationships in

a group of insectivorous birds of temperate forests in winter. Ecography, 13(2):105-111.

Chase, J. M. and Leibold, M. A. (2003). Ecological niches : linking classical and contempo-

rary approaches. University of Chicago Press.

Claramunt, S., Derryberry, E. P., Remsen, J. V., and Brumfield, R. T. (2012). High dispersal
ability inhibits speciation in a continental radiation of passerine birds. Proceedings of the

Royal Society B: Biological Sciences, 279(1733):1567-1574.



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 32

Clark, C. J., y. R. D. (2009). Flight costs of long, sexually selected tails in hummingbirds.

Proceedings of the Royal Society of London Series B, 276:2109-2115.

Colorado-Z, G. J. (2004). Relacién de la morfometria de aves con gremios alimenticios.

Boletin SAO, 14(26-27):25-32.

Colwell, R. K. and Rangel, T. F. (2009). Hutchinson’s duality: The once and future niche.

Proceedings of the National Academy of Sciences, 106(Supplement_2):19651-19658.

Cooney, C. R., Bright, J. A., Capp, E. J., Chira, A. M., Hughes, E. C., Moody, C. J.,
Nouri, L. O., Varley, Z. K., and Thomas, G. H. (2017). Mega-evolutionary dynamics of

the adaptive radiation of birds. Nature, 542(7641):344-347.

Darwin, C. R. (1859). On the origin of species by means of natural selection, or the preser-

vation of favoured races in the struggle for life (1st ed.). London: John Murray.

Dehling, D. M., Jordano, P., Schaefer, H. M., Bohning-Gaese, K., and Schleuning, M.
(2016). Morphology predicts species’ functional roles and their degree of specialization

in plant-Frugivore interactions. Proceedings of the Royal Society B: Biological Sciences,

283(1823):20152444.

Didham, R. K., Leather, S. R., and Basset, Y. (2016). Circle the bandwagons - challenges
mount against the theoretical foundations of applied functional trait and ecosystem service

research. Insect Conservation and Diversity, 9(1):1-3.

Echeverria-Londono, S., Enquist, B. J., Neves, D. M., Violle, C., Boyle, B., Kraft, N. J. B.,

Maitner, B. S., McGill, B., Peet, R. K., Sandel, B., Smith, S. A., Svenning, J.-C., Wiser,



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 33

S. K., and Kerkhoff, A. J. (2018). Plant Functional Diversity and the Biogeography of

Biomes in North and South America. Frontiers in Ecology and Evolution, 6:219.

Elton, C. (1927). Animal ecology. Sidgwick and Jackson, London.

Felice, R. N., Tobias, J. A., Pigot, A. L., and Goswami, A. (2019). Dietary niche and the
evolution of cranial morphology in birds. Proceedings of the Royal Society B: Biological

Sciences, 286(1897).

Gravel, D., Albouy, C., and Thuiller, W. (2016). The meaning of functional trait composition

of food webs for ecosystem functioning.

Grinnell, J. (1917). The Niche-Relationships of the California Thrasher. The Auk, 34(4):427—-

433.

Grinnell, J. (1924). Geography and Evolution. FEcology, 5(3):225-229.

Hardin, G. (1960). The competitive exclusion principle. Science, 131:1292-1297.

Hutchinson, G. E. (1957). Concluding Remarks. Cold Spring Harbor Symposia on Quanti-

tative Biology, 22:415-427.

Jones, K. E., Bielby, J., Cardillo, M., Fritz, S. A., O’Dell, J., Orme, C. D. L., Safi, K.,
Sechrest, W., Boakes, E. H., Carbone, C., Connolly, C., Cutts, M. J., Foster, J. K.,
Grenyer, R., Habib, M., Plaster, C. A., Price, S. A., Rigby, E. A., Rist, J., Teacher,
A., Bininda-Emonds, O. R. P.,; Gittleman, J. L., Mace, G. M., and Purvis, A. (2009).
PanTHERIA: a species-level database of life history, ecology, and geography of extant and

recently extinct mammals. Fcology, 90(9):2648-2648.



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 34

Junker, R. R., Kuppler, J., Bathke, A. C., Schreyer, M. L., and Trutschnig, W. (2016).
Dynamic range boxes - a robust nonparametric approach to quantify size and overlap of

n -dimensional hypervolumes. Methods in Ecology and Evolution, 7(12):1503-1513.

Kattge, J., Diaz, S., Lavorel, S., Prentice, 1. C., Leadley, P., Bonisch, G., Garnier, E.,
Westoby, M., Reich, P. B., Wright, I. J., Cornelissen, J. H., Violle, C., Harrison, S. P.,
Van Bodegom, P. M., Reichstein, M., Enquist, B. J., Soudzilovskaia, N. A., Ackerly, D. D.,
Anand, M., Atkin, O., Bahn, M., Baker, T. R., Baldocchi, D., Bekker, R., Blanco, C. C.,
Blonder, B., Bond, W. J., Bradstock, R., Bunker, D. E., Casanoves, F., Cavender-Bares,
J., Chambers, J. Q., Chapin, F. S., Chave, J., Coomes, D., Cornwell, W. K., Craine, J. M.,
Dobrin, B. H., Duarte, L., Durka, W., Elser, J., Esser, G., Estiarte, M., Fagan, W. F.,
Fang, J., Fernandez-Méndez, F., Fidelis, A., Finegan, B., Flores, O., Ford, H., Frank, D.,
Freschet, G. T., Fyllas, N. M., Gallagher, R. V., Green, W. A., Gutierrez, A. G., Hickler,
T., Higgins, S. I., Hodgson, J. G., Jalili, A., Jansen, S., Joly, C. A., Kerkhoff, A. J., Kirkup,
D., Kitajima, K., Kleyer, M., Klotz, S., Knops, J. M., Kramer, K., Kiihn, I., Kurokawa,
H., Laughlin, D., Lee, T. D., Leishman, M., Lens, F., Lenz, T., Lewis, S. L., Lloyd,
J., Llusia, J., Louault, F., Ma, S., Mahecha, M. D., Manning, P., Massad, T., Medlyn,
B. E., Messier, J., Moles, A. T., Miiller, S. C., Nadrowski, K., Naeem, S., Niinemets, U.,
Nollert, S., Niiske, A., Ogaya, R., Oleksyn, J., Onipchenko, V. G., Onoda, Y., Ordonez, J.,
Overbeck, G., Ozinga, W. A., Patino, S., Paula, S., Pausas, J. G., Penuelas, J., Phillips,
O. L., Pillar, V., Poorter, H., Poorter, L., Poschlod, P., Prinzing, A., Proulx, R., Rammig,
A., Reinsch, S., Reu, B., Sack, L., Salgado-Negret, B., Sardans, J., Shiodera, S., Shipley,

B., Siefert, A., Sosinski, E., Soussana, J. F., Swaine, E., Swenson, N.; Thompson, K.,



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 35

Thornton, P., Waldram, M., Weiher, E., White, M., White, S., Wright, S. J., Yguel, B.,
Zaehle, S., Zanne, A. E., and Wirth, C. (2011). TRY - a global database of plant traits.

Global Change Biology, 17(9):2905-2935.

Kraft, N. J., Valencia, R., and Ackerly, D. D. (2008). Functional traits and niche-based tree

community assembly in an Amazonian forest. Science, 322(5901):580-582.

Lopes, L. E., Fernandes, A. M., and Marini, M. A. (2003). Consumption of vegetable matter

by Furnarioidea. Ararajuba, 11(2):235-239.

Lopes, L. E., Fernandes, A. M., Medeiros, M. C., and Marini, M. A. (2016). A classification

scheme for avian diet types. Journal of Field Ornithology, 87(3):309-322.

Luck, G. W., Lavorel, S., Mcintyre, S., and Lumb, K. (2012). Improving the application of
vertebrate trait-based frameworks to the study of ecosystem services. Journal of Animal

FEcology, 81(5):1065-1076.

Maybury, W. J., Rayner, J. M. V., and Couldrick, L. B. (2001). Lift generation by the
avian tail. Proceedings of the Royal Society of London. Series B: Biological Sciences,

268(1475):1443-1448.

Mazel, F., Pennell, M. W., Cadotte, M. W., Diaz, S., Dalla Riva, G. V., Grenyer, R.,
Leprieur, F., Mooers, A. O., Mouillot, D., Tucker, C. M., and Pearse, W. D. (2018).
Prioritizing phylogenetic diversity captures functional diversity unreliably. Nature Com-

munications, 9(1):1-9.

McGill, B. J., Enquist, B. J., Weiher, E., and Westoby, M. (2006). Rebuilding community

ecology from functional traits. Trends in Ecology and Evolution, 21(4):178-185.



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 36

Miles, D. B. R. E. R. (1984). The Correlation Between Ecology and Morphology in Deciduous

Forest Passerine Birds. Ecology, 65(5):1629-1640.

Moermond, T. C. and Denslow, J. S. (1985). Neotropical Avian Frugivores: Patterns of Be-
havior, Morphology, and Nutrition, with Consequences for Fruit Selection. Ornithological

Monographs, 36:865-897.

Negret, B. E., Martinez Anzola, J. C., Cubillos, C., Cabrera, M., Ruiz Osorio, C., Lépez
Ordonez, J. P., Stiles, F. G., Parra Vergara, J. L., Cortés Gémez, A. M., Ramirez Pinilla,
M. P., Urbina Cardona, N., Zamudio, J. E., Herrera-Collazos, E. E., Maldonado-Ocampo,
J. A., DoNascimiento, C., Gonzalez, M. A., Baptiste E., M. P., Ruiz Agudelo, C. A., and
Garcia Martinez, H. (2015). La Ecologia Funcional como aprozimacion al estudio, manejo
y conservacion de la biodiversidad: protocolos y aplicaciones. Instituto de Investigacion

de Recursos Biolégicos Alexander von Humboldt, Bogota, D. C. Colombia.

Pigot, A. L., Sheard, C., Miller, E. T., Bregman, T. P., Freeman, B. G., Roll, U., Seddon,
N., Trisos, C. H., Weeks, B. C., and Tobias, J. A. (2020). Macroevolutionary convergence
connects morphological form to ecological function in birds. Nature Ecology € Evolution,

4(2):230-239.

Pigot, A. L., Trisos, C. H., and Tobias, J. A. (2016). Functional traits reveal the expansion
and packing of ecological niche space underlying an elevational diversity gradient in passer-

ine birds. Proceedings of the Royal Society B: Biological Sciences, 283(1822):20152013.

Pocheville, A. (2015). The Ecological Niche: History and Recent Controversies. In Handbook



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 37

of Evolutionary Thinking in the Sciences, chapter 26, pages 547-586. Springer Netherlands,

Dordrecht.

Remsen, J. V. (2003). Family Furnariidae (Ovenbirds). In J. del Hoyo, A. E. . D. C., editor,
Handbook of the birds of the World, vol. 8. Broadbills to Tapaculos, pages 162-357. Lynx

Edicions, Barcelona, Spain.

Ricklefs, R. and Travis, J. (1980). A Morphological Approach to the Study of Avian Com-

munity Organization. The Auk, 97(2):321-338.

Ricklefs, R. E. (2012). Species richness and morphological diversity of passerine birds. Pro-

ceedings of the National Academy of Sciences, 109(36):14482-14487.

Rico-Guevara, A. and Araya-Salas, M. (2015). Bills as daggers? A test for sexually dimorphic

weapons in a lekking hummingbird. Behavioral Ecology, 26(1):21-29.

Rodriguez-Flores C. 1., y. F. G. S. (2005). Andélisis ecomorfolégico de una comunidad de
colibries ermitanos (Trochilidae, Phaethorninae) y sus flores en la Amazonia colombiana.

Ornitologia Colombiana, 3:7-27.

Schulenberg, T. S. (1983). Foraging behavior, eco-morphology, and systematics of some

antshrikes ( Formicariidae: Thamnomanes). Wilson Bulletin, 95(4):505-521.

SiB Santander (2020). Biodiversidad en Cifras: Numero de especies de aves registradas en

el SiB Santander. Consultado a través del SiB Santander.

Stiles, F. G. (1995). Behavioral, Ecological and Morphological Correlates of Foraging



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 38

for Arthropods by the Hummingbirds of a Tropical Wet Forest. Society, 97(December

1994):853.

Swanson, H. K., Lysy, M., POwer, M., Stasko, A. D., Johnson, J. D., and Reist, J. D.
(2015). A new probabilistic method for quantifying n-dimensional ecological niches and

niche overlap. Ecology, 96(2):318-324.

Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M. M., and Jetz,
W. (2014). EltonTraits 1.0: Species-level foraging attributes of the world’s birds and

mammals. Ecology, 95(7):2027-2027.

Winker, K. (1998). Suggestions for Measuring External Characters of Birds. Ornitologia

Neotropical, 9(January 1998):23-30.

Zimmer, K. J., M. L. 1. (2003). Family Thamnophilidae (Typical Antbirds). In J. del Hoyo,
A. E. . D. C., editor, Handbook of the birds of the World, vol. 8. Broadbills to Tapaculos,

pages 448-681. Lynx Edicions, Barcelona, Spain.



MORFOMETRIA, DIETA Y FORRAJEO DE AVES TROPICALES 39

Appendices

Appendix A. Group classification and assignment protocol

(a-b) Main diet and diet specialization

Based on dataset quantifying the relative proportion of the diet made up of 8 different food
categories (Table A1; columns 3-4), we assigned species obtaining half or more (> 50%) of
their food from a single category as specialists to the corresponding dietary groups (Nectar,
Fruit, Invertebrate, Seed). The remaining species were classified as non-specialists (Omni-
vore). Only 5 of 8 possible dietary groups were included in our analyses because no study
species specialized on any vertebrate prey or other plant material. For diet specialization
classification, we further combined some of the original food categories according to Lopes's
proposal classification scheme for avian diet types (Table Al; columns 1-2). By summing
up the number of these new food categories on species diet, we assigned species with 1 or 2
food categories as specialists (1: Obligatory and 2: Facultative specialists respectively). The
species with 3 or more food categories were classified as Generalists. We modified de pres-
ences or absence of some food categories for several species according to the local knowledge
of species diets (can be seen the public data set available in Hypervolume_Birds_diets github

repository)

(c) Foraging groups

To calculate specialization of foraging substrates, we used the extensive data on the relative

use of different foraging niches (scored in 10% intervals) available in Etontriats1.0 dataset.
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we assigned species to the foraging niche from which their prevalence is at least 50%. Leav-

ing us with 5 specialist foraging niches: Aerial, Canopy, Midhigh, Understory and Ground.

The remaining species were classified as foraging non- specialists (i.e. General). Only 5 of 7

possible foraging niches were included in our analyses because no study species specialized

on foraging below a water surface (for further description see Table A2).

Table Al: Description of food categories according to the classification scheme proposed by Lopes et

al.(2016), used for the Main diet and Diet specialization classifications, and further equivalent in EltonTraits

1.0 data set.
Description Variable Desctiption
(Lopes et al. 2016) (Eltontriaits1.0) | (Eltontriaits1.0)

Insectivore | Hexapoda (insects and their Diet-Inv Per cent use of Invertebrates-general,
kin; e.g., springtails, aquatic invertebrates, shrimp, krill,
dragonflies, cockroaches, squid, crustaceans, molluscs,
termites, locusts, true bugs, cephalopods, polychaetes, gastropods,
beetles, flies, butterflies, ants, orthoptera, terrestrial Invertebrates,
bees, and wasps), including the ground insects, insect larvae, worms,
benthic aquatic forms (e.g., orthopterans, flying insects
dragonflies, stoneflies, and
mayflies). This category also
includes birds that feed on
other terrestrial arthropods,
such as Chelicerata (e.g., ticks,
spiders, and scorpions) and
Mytiapoda (e.g., centipedes
and millipedes).

Carnivore | Tetrapoda (e.g., amphibians, Diet-Vend Per cent use of Mammals, Birds
reptiles, birds, and mammals).
Prey must be obtained alive to
be considered a carnivore. Diet-Vect Per cent use of Reptiles, snakes,

Eggs of tetrapods (e.g., turtles,
snakes, and birds) are also
included in this food category
because nest predators usually
eat eggs and young.

amphibians, salamanders

40
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Piscivore

All kinds of fish, from the,
most frequently eaten
Actinopterygii (ray-finned
fishes) to Myxiniformes
(hagfishes),
Petromyzontiformes
(lampreys), Chondrichthyes
(sharks, rays, skates, and
chimaeras), and Dipnoi
(lungfishes). Fish must be
captured alive. Fish eggs are
also included here.

Diet-Vfish

Per cent use of Fish

Frugivore

Fleshy fruits, including berties,
drupes, pomes, aggregated
fruits, multiple fruits, and
accessory fruits. Seeds, when
ingested, are usually
regurgitated or defecated
whole

Diet-Fruit

Per cent use of Fruit, drupes

Nectativore

nectar of flowers.

Diet-Nect

Per cent use of Nectar, pollen, plant

exudates, gums

Granivore

Seeds, grains, nuts, and dry
fruits, such as that of pines,

grasses, sedges, composites,
oaks, and palms.

Diet-Seed

Per cent use of Seed, maize, nuts,
spores, wheat, grains

Folivores

Leaves, stems, shoots and
buds, flowers, whole aquatic
plants, ferns, clubmosses, and
mosses.

Diet-PlantO

Per cent use of Other plant material,
Grass, ground vegetation, seedlings,
weeds, lichen, moss, small plants,
reeds, cultivated crops, forbs,
vegetables, fungi, roots, tubers,
legumes, bulbs, leaves, above-ground
vegetation, twigs, bark, shrubs, herbs,
shoots, aquatic vegetation, aquatic
plants
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Table A2: Description of Foraging groups based on an estimated percent of foraging stratum recorded in
EltonTraits 1.0 data set.

Foraging groups Description

Aerial Species where more than 50% of foraging activity occur above vegetation or any
structures.

Canopy Species where more than 50% of foraging activity occur in or just above (from)
tree canopy.

Midhigh Species where more than 50% of foraging activity occur in mid to high levels in

trees or high bushes (2m upward), but below the canopy.

Understory Species where more than 50% of foraging activity occur below 2m in the
understory in the forest, forest edges, bushes or shrubs

Ground Species where more than 50% of foraging activity occur on the ground

General species where less than 50% of foraging activity occur on any single stratum
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Figure Al: Diet specialization morphospace. Trait hypervolume (i.e. morphospace) for diet specialization
groups using the whole pool of species. Morphospace is shown in a 2D projection using the combination of
all eight morphological traits implemented in this study. All morphological traits were log-transformed.
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Figure A2: Main diet morphospace. Trait hypervolume (i.e. morphospace) for main diet groups using
the whole pool of species. Morphospace is shown in a 2D projection using the combination of all eight
morphological traits implemented in this study. All morphological traits were log-transformed.
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Figure A3: Foraging prevalence morphospace. Trait hypervolume (i.e. morphospace) for foraging groups
using the whole pool of species. Morphospace is shown in a 2D projection using the combination of all eight
morphological traits implemented in this study. All morphological traits were log-transformed.
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Figure A4: Diet specialization re-sampling by percentage. Boxplot of the inferred volumes in the 1000
re-sampling iterations. For each iteration, we took a random sample of 50% (left) and 70% (right) of the
species in each group.
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Figure A5: Main diet re-sampling by percentage. Boxplot of the inferred volumes in the 1000 re-sampling
iterations. For each iteration, we took a random sample of 50% (left) and 70% (right) of the species in each
diet group.
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Figure A6: Foraging prevalence re-sampling by percentage. Boxplot of the inferred volumes in the 1000
re-sampling iterations. For each iteration, we took a random sample of 50% (left) and 70% (right) of the
species in each foraging group.
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Figure A7: Relation between diet specialization and main diet categories. (A) The proportion of generalist
and specialist species in each diet group (B) Proportion of diet groups species in each diet specialization

group.
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Figure A8: Food categories used by generalists and specialists. The proportion of species using food

categories in each diet specialization groups.
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Figure A9: Food categories used by main diet groups. The proportion of species using food categories in

each diet group.
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Vireonidae
Tyrannidae
Turdidae
Troglodytidae
Trochilidae
Tityridae
Thraupidae
Thamnophilidae
Ramphastidae
Rallidae
Psittacidae
Pipridae
Picidae
Parulidae
Mimidae
Icteridae
Hirundinidae
Furnariidae
Fringillidae
Emberizidae
Cuculidae
Columbidae
Cardinalidae
Caprimulgidae
Capitonidae
Apodidae

o
S
o
N
a

0.50 0.75
proportion of species

o

Fruit

N
. Invertebrate
|

Nectar

. Omnivore
. Seed

Figure A10: Family composition in main diet groups. The proportion of species in each family by diet

groups.
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Figure A11: Family composition in foraging groups. The proportion of species in each family by foraging

groups.
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