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An integrative approach 
to understanding diversity 
patterns and assemblage rules 
in Neotropical bats
María A. Hurtado‑Materon 1,2* & Oscar E. Murillo‑García 2

Understanding the mechanisms shaping species composition of assemblages is critical for 
incorporating ecological and evolutionary perspectives into biodiversity conservation. Thus, we 
quantified the relative support of community assembly mechanisms by assessing how species 
richness relates to the functional and phylogenetic biodiversity of Neotropical bat assemblages. We 
assessed the association of functional diversity for functional categories and phylogenetic diversity 
with species richness for 20 assemblages of Neotropical bats. In addition, we contrasted functional 
and phylogenetic diversity against null models to determine the mechanisms that structure the 
assemblages. We hypothesize functional/phylogenetic overdispersion for high species sites and a 
positive relationship between those dimensions of diversity and richness. Functional divergence 
increased with species richness, indicating that the variability in ecological attributes among abundant 
bats increases as the assemblages contain more species. Taxa were more distantly related as richness 
increases, but distances among closely related species remained constant. We found a consistent 
tendency of clustering of functional traits in site assemblages, particularly in abundant species. We 
proposed competition between clades as a possible mechanism modulating the community structure 
in Neotropical bat assemblages. Our results suggest that decreasing overlap in functional traits 
between abundant species could promote coexistence with rare species that can buffer ecosystem 
function due to species loss.

Understanding the processes that determine the variety of coexisting species in natural communities is a chal-
lenge for ecology, and it is vital in assessing the effects of anthropogenic disturbances and improving conservation 
strategies1. Ecological processes that contribute to community assembly include biotic interactions2, environmen-
tal conditions3, and limited dispersal coupled with demographic stochasticity4. Thus, ecological processes shape 
patterns of functional (distribution of traits) and phylogenetic (evolutionary relatedness) diversity among co-
occurring species in assemblages5. Reaching an entire understanding of community ecology requires unraveling 
the relative importance of assembly processes for natural communities by integrating the multiple dimensions 
of diversity (taxonomic, functional, and phylogenetic)6.

Functional traits and phylogeny offer different, and often complementary, information about differences 
between species7. The functional dimension of diversity measures those components of biodiversity that influ-
ence ecosystem functioning8. The phylogenetic dimension measures evolutionary relationships between taxa9 
to reflect how much evolutionary history is behind the species constituting the communities6. Patterns of func-
tional and phylogenetic diversity are the result of species responses to ecological processes (e.g., environmental 
conditions, biotic interactions) through the magnitude of trait variation and phylogenetic relatedness among 
co-occurring species, respectively10.

It is possible to assess the relative importance of the mechanisms that structure communities by (1) evaluating 
the change in species traits (functional diversity) and phylogenetic distances (phylogenetic diversity) with rich-
ness across sites, and by (2) comparing local diversity (phylogenetic or functional) with random distributions11. 
If there is phylogenetic conservatism of traits, then the functional and phylogenetic diversity will have the same 
association with richness and null model comparisons. Competition and niche partitioning mechanisms produce 
similar patterns between diversity metrics, richness, and null model comparisons. These patterns are an increase 
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in functional/phylogenetic diversity with an increase in species richness and functional/phylogenetic overdis-
persion. Functional/phylogenetic overdispersion occurs when there is more dispersion than expected under a 
null model5. A decrease in diversity dimensions as species richness increases and as functional/phylogenetic 
clustering occurs may arise when abiotic filters or inter-clade competition restricts particular traits of species5,12. 
There is empirical evidence supporting these mechanisms for animal and plant communities5. However, there is 
no consensus on which processes generate the current biodiversity patterns. Thus, understanding community 
assembly mechanisms require conceptual integration of the multidimensional nature of biodiversity through 
the accumulation of empirical information on functional and phylogenetic diversity patterns of diverse and 
ecologically important assemblages13.

Bats are crucial for Neotropical ecosystems, playing essential roles as insect pest controllers, and contribut-
ing to forest maintenance and restoration through the ecological processes of pollination and seed dispersal14. 
Therefore, bats present high local species diversity, broad dietary habits14, and great mobility15. Given that most 
species belong to the Neotropical leaf‐nosed bats (Phyllostomidae family), there is a close phylogenetic rela-
tionship between bat communities 14. They form local guilds with high species richness and a high potential for 
interspecific competition16. In phyllostomids bats, dietary specializations during their radiation imposed func-
tional demands that have influenced cranial evolution, which is associated with skull morphology, bite force, and 
diet17,18. This relationship suggests strong clade-based links between ecological opportunity and diversification19. 
Thus, studying the diversity patterns of Neotropical bats can help understand the mechanisms driving community 
assembly in highly diverse assemblages.

The lack of conceptual integration of the multifaceted nature of biodiversity and of the possibility to evaluate 
it in a natural gradient has restricted the understanding of the spatiotemporal dynamics that regulates the pat-
terns of diversity13. To increase the understanding of the processes that drive Neotropical community diversity, 
we assessed the relative contribution of community assembly processes on Neotropical bat assemblages. Spe-
cifically, we assessed the relationship between species richness and diversity (functional and phylogenetic) and 
compared the values of local functional and phylogenetic diversity with the expected value from null models. 
We aim to describe the patterns of functional and phylogenetic diversity with the species richness variation and 
to compare observed diversity values with random distributions to determine the possible mechanisms that 
modulate community structure. We made our predictions based on phylogenetic conservatism of traits. We 
predicted that (1) functional and phylogenetic diversity would increase with species richness and (2) functional/
phylogenetic overdispersion for high species sites indicating that either competition or niche partitioning is the 
primary community assembly mechanism.

Results
Taxonomic coverage.  We measured functional traits for 1871 individuals of 97 species (32 genera and 
six families) in the 20 study sites, with most of the species (80%) belonging to the Phyllostomidae family (Ves-
pertilionidae 10%, Emballonuridae 4%, Mollosidae 4%, and Noctilionidae and Thyropteridae with 1%). Local 
species richness varied widely (mean 20.15 ± 9.33 species) from five species in Finca Bengala (Salento, Quindio, 
2295 m above sea level) to 43 species in Bajo Calima (Valle del Cauca, 220 masl). The species with most of the 
records were Dermanura rosenbergi (208 individuals), Carollia perspicillata (152 individuals), Artibeus lituratus 
(147 individuals), D. rava (115 individuals), C. brevicauda (94), Sturnira erythromos (81 individuals), and Platyr-
rhinus dorsalis (79 individuals). On the other hand, A. amplus, Eptesicus brasiliensis, Eumops glaucinus, Histiotus 
humboldti, Lonchophylla thomasi, Myotis albescens, Phyllostomus latifolius, P. branchycephalus, Rhogeessa io, and 
Trachops cirrhosis were rare, represented by one capture per species.

Relationships between species richness and functional and phylogenetic diversity.  We found 
that the most abundant species diverge in their ecological function as species richness increases, indicated in the 
positive relationship between species richness and the functional divergence for body size, jaw, skull, and overall 
(Fig. 1). However, we did not find any significant association between species richness and functional dispersion, 
evenness, and uniqueness for any functional category (Supplementary Figs. S1, S2, S3). We found that greater 
number of species are associated with greater phylogenetic distances, but that the distance between sister taxa 
did not change as species richness does. This was reflected in a positive association between species richness and 
Mean Phylogenetic Distance (MPD), but a lack of association between species richness and Mean Nearest Taxon 
Phylogenetic Distance (MNTD) (Fig. 2). All Generalized Linear Mixed Models converge based on R-hat and 
visual inspection of the chains of MCMC method, whereas Bayesian p-values (0.025 ≤ p ≥ 0.975) and X2 discrep-
ancy measure (lack of fit ≈ 1.0) indicated a good fit of models to the observed data (Supplementary Table S1).

Null model comparations.  Our results indicate that the distribution of functional traits tended to be more 
clustered than expected at random among the most abundant species of bat assemblages. The values of local 
functional divergence and uniqueness for all functional categories (i.e., body size, skull, jaw, foraging, and over-
all) were lower than the expected under null distributions (SES < − 2.0) for at least 50% of study sites, except for 
foraging (< 25%) (Fig. 3). This pattern was stronger for overall (80%) and skull (70%) functional categories. For 
functional dispersion, less than 50% of study sites showed lower values of SES than expected under the null dis-
tributions for all functional categories, except for the foraging category (80%). Very few study sites showed either 
higher or lower observed values than expected under the null distribution (< 23%) for functional evenness. The 
distribution of phylogenetic diversity was not different than what is expected at random since most study sites 
showed SESs between − 2.0 and 2.0 (Fig. 4).

All traits had a significant phylogenetic signal with a mean Pagel’s lambda of 0.96, ranging from 0.70 (Middle 
skull width) to 1.02 (M2 area) (Supplementary Table S2).
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Discussion
Functional divergence for most trait categories (skull, jaw, body size, and overall) and the mean phylogenetic 
distance increased with bat species richness; however, the other functional and phylogenetic diversity indices 
did not show any relationship. Local functional divergence indicated trait clustering for most study sites and trait 
categories. Nevertheless, the other functional and phylogenetic diversity components did not differ from what 
was expected at random. Our results suggest an increasing differentiation in ecological function between the 
most abundant species as the local richness of bat assemblages increases, and that competition between clades 
may be responsible for bat composition at the site scale.

As expected, we found that the most abundant species are more different in their ecological function as the 
richness of bat assemblages increases, as indicated by the positive relationship between functional divergence 
(body size, skull, jaw, and overall) and species richness. Functional divergence represents the spread of trait 
abundances within the functional space occupied by species of a community20. Thus, functional divergence 
is associated with the degree of niche differentiation among abundant species within communities, with high 
values indicating that abundant species within communities are very dissimilar, which suggests that those spe-
cies may compete weakly21. On the other hand, and contrary to our expectations, we did not find a relationship 
between functional dispersion, evenness, and uniqueness with species richness. Consequently, dispersion in 
trait abundances, the spread of species across trait space, and the functional contribution of single species to 

Figure 1.   Effects of species richness on functional divergence in Neotropical bat assemblages across Western 
and Central Mountain ranges of Colombian Andes based on a Generalized Linear Mixed Model.

Figure 2.   Effects of species richness on phylogenetic diversity in Neotropical bat assemblages across Western 
and Central Mountain ranges of Colombian Andes based on a Generalized Linear Mixed Model. MPD: mean 
phylogenetic distance, MNTD: mean nearest taxon phylogenetic distance.



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8891  | https://doi.org/10.1038/s41598-023-35100-z

www.nature.com/scientificreports/

overall community redundancy did not increase with richness. Functional overlap does not increase with species 
richness, even when the most abundant species become more functionally different among themselves. Thus, 
significant niche differentiation between the most abundant bats may facilitate species’ coexistence as species 
richness increases, generating functional redundancy among the less abundant species (Fig. 5). This functional 
redundancy between low abundant species can buffer ecosystem function due to species loss by anthropogenic 
or environmental disturbances, maintaining the stability of highly diverse ecosystems22,23.

Figure 3.   Standardized effect sizes (SSE) of functional divergence of different functional categories for 
assemblages of Neotropical bats across Western and Central Mountain ranges of Colombian Andes. (A) 
Overall, (B) Skull, (C) Jaw, (D) Body size, and (E) Foraging. SES values > 2.0 indicate that the community has 
more divergence than expected by chance, which suggested trait segregation. SES values < − 2.0 suggests trait 
clustering.
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Interspecific competition for resources is strong when species have similar traits24 causing competitive exclu-
sion or character displacement, which results in trait overdispersion at the community level25. However, the 
probability of interaction is not equal for all species pairs in a community due to different factors26. For example, 
species segregation was particularly evident only for territorial species of understory birds, which face a high 
interaction potential due to a low dispersal capability among fragments24. On the other hand, in natural com-
munities and especially in the tropics, few species are abundant and most are rare27. An important consequence 
of this variation in abundance is that the likelihood of interaction for a given species pair is positively correlated 
with their abundance at a given site28. Hence, while the fraction of abundant species may interact markedly 
among themselves; the remaining rare species may have fluctuating and erratic interactions with one another. Our 
results suggest that inside Neotropical assemblages of bats, the species that interact the most are those that are 

Figure 4.   Standardized effect sizes of phylogenetic diversity indexes for assemblages of Neotropical bats across 
Western and Central Mountain ranges of Colombian Andes. (A) Mean nearest taxon distance (MNTD), and 
(B) Mean pairwise distance (MPD). SES values > 2.0 indicate that the community has more divergence than 
expected by chance, which suggested segregation. SES values < − 2.0 suggest clustering.

Figure 5.   Graphic representation of multidimensional functional space as species richness increases. The 
distances of the abundant species from the mean of the multidimensional space (centroid) increase with species 
richness, indicating an expansion in ecological differentiation. Cg is the centroid of the multidimensional space, 
the circles are the species, and circle size indicates abundance, with abundant species being represented in red.
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abundant, so they show high functional differentiation as richness increases in these assemblages, which allows 
the coexistence of ecologically similar and less abundant species. Thus, since competition between rare species 
may not be strong enough to drive species to local extinction or result in character displacement, it may instead 
result in coexistence and more similarity in traits than expected under the competition-relatedness hypothesis29.

Contrary to our initial predictions, we found functional divergence clustering, which is usually attributed to 
environmental filters and is expected to be observed in communities inhabiting sites with a stressful climate that 
restricts the particular trait range in each site3. However, we found this clustering of traits for bat assemblages 
across an altitudinal range from 0 to 3500 m that includes a high variation in environmental conditions. Alterna-
tively, clustering patterns can originate from other processes than environmental filtering12. Clade competition 
can generate these patterns as well if the members of an entire clade that share particular phenotypic traits due 
to phylogenetic closeness have an advantage, and consequently exclude species from other groups3,12. Based 
on our results, species are equally spaced across the phylogeny in the community regardless of species number 
(positive relationship between MPD with species richness, but no MNTD); suggesting that the increase in spe-
cies is through the addition of closely related species. Consequently, our results agree with the hypothesis that 
clade competition can be a process that produces clustering of traits3. Although, we could not distinguish the 
described pattern from that which is produced if the species are lost randomly30.

In summary, we found less functional divergence between the most abundant species of local bat assem-
blages, but functional divergence increased as assemblages contained more species. This pattern suggests that an 
increasing differentiation in ecological function between the most abundant species is required as more species 
with similar morphologies or low abundance are added to assemblages. This results in a high local species rich-
ness of ecologically similar bats in tropical communities. The possible mechanism for local bat assemblage is 
competition between clades12, which can generate a lower functional and phylogenetic diversity than expected 
based on species richness. Our results suggest that the most abundant species of assemblages have negative 
feedback interactions and neutral interactions with the rare species, which allow the coexistence of several rare 
species regardless of their functional traits. The increased functional divergence with species richness results 
from a progressive ecological differentiation between the most abundant species with the accumulation of spe-
cies; it could reduce competition due to the high probability of interaction and overlapping feeding preferences 
between abundant species.

Methods
We selected our study sites from localities represented at the mammal collection of Universidad del Valle (Cali, 
Colombia) based on the completeness of sampling, which we assessed using the number of visits and the number 
of specimens collected at each potential site. We selected 20 study sites across the Western and Central ranges of 
the Colombian Andes, distributed across six of the World Wildlife Fund’s Global Ecoregions31 and an elevation 
ranging from 0 to 3670 m above sea level (Table S3). All specimens used in this study were collected by previous 
researchers and are housed at the mammal collection of Universidad del Valle. Relevant guidelines and regula-
tions for experiments on live vertebrates do not apply.

Taxonomic diversity.  We compiled species richness for each location as a measurement of taxonomic 
diversity. Hence, we considered only adults and confirmed the identification of all individuals in our study sites 
by using taxonomic keys for Neotropical bats32,33.

Functional diversity.  We compiled categorical and quantitative functional traits that influence the fitness 
of individuals. We compiled life-history traits from published literature and we measured morphometric traits 
using a digital caliper with 0.01-mm accuracy. We grouped the traits into functional categories of body size, 
skull, jaw, foraging, and overall (Table 1). We assumed that the number of individuals collected at each study site 
is a valid surrogate for species abundance and we evaluated that assumption by comparing our proxy of abun-
dance with captures from other studies performed in some of our study sites or localities close to them34–38. We 
found that the most abundant species reported in those studies were the same as in our study sites, which sug-
gests that the number of individuals deposited in the mammals’ collection is a reliable surrogate for the ranking 
of bat abundance in our study sites.

We quantified functional diversity by calculating four indexes: functional dispersion47, functional diver-
gence, functional evenness20, and functional uniqueness48. Each functional diversity index was calculated for all 
study sites and functional categories. We calculated Pagel’s Lambda to test whether functional traits exhibited 
phylogenetic signal49.

Phylogenetic diversity.  To calculate phylogenetic diversity, we used the phylogeny of the superfamily 
Noctilionoidea50. For analyses, we substituted the species that were not included in the tree with the closest phy-
logenetic species of the same genus. We assessed phylogenetic diversity by using the Mean Pairwise Phylogenetic 
Distance (MPD) and the Mean Nearest Taxon Distance (MNTD) weighted by species abundance10.

Data analysis.  We tested the association of species richness with functional and phylogenetic diversity 
using Generalized Linear Mixed Models. For functional divergence, evenness and uniqueness, we used beta 
mixed models since these indexes have continuous and bounded values between 0 and 1. On the other hand, for 
functional dispersion and phylogenetic indexes, we used normal mixed models since index values are continu-
ous and unbounded. To evaluate the potential biases due to differences in sampling effort between site locations, 
we assessed whether the number of capture days at study sites was correlated with species richness or the number 
of collected individuals across sites. We found marginally significant associations (species richness/sampling 
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effort Rho = 0.391, p value = 0.089; captured individuals/sampling effort Rho = 0.422, p value = 0.063), indicating 
that our measurements of taxonomic diversity are marginally affected by differences in sampling effort among 
sites, so we included sampling effort (log number sampling days) as a random effect of the model. We added 
the effect of altitude (m) as a random effect due to its potential influence on species richness. We ran three 
chains (6,100,000 samples per chain) for an MCMC method to approximate the posterior distribution of model 
parameters, with the first 100,000 samples used as the burn-in period and a thinning interval of 5000 samples to 
minimize autocorrelation in the chains. We used a Bayesian p and a discrepancy measure based on chi-squared 
to test for the goodness of fit51.

To evaluate whether the dispersion of traits and phylogenetic distances observed at each study site differed 
from what is expected at random, we compared empirical values of diversity (functional and phylogenetic) with 
those obtained from a null model. First, we ran 1000 iterations by randomizing species identity and abundance 
among sites but maintaining species richness for each site and abundance for each species52. Then, we calculated 
the standardized effect size (SES) for each index and each study site to measure the statistical amount of devia-
tion of the observed value from the mean of the null distribution53. Finally, we considered that an observed 
value was not different from a null distribution when its SESs fell between − 2.0 and 2.053. Furthermore, positive 
SES values > 2 indicate overdispersion (more dispersion than expected), and negative SES < − 2 values indicate 
segregation (less dispersion than expected) of traits and phylogenetic distances53.

We used the statistical language R 4.0.2.54 for analyses. We used the dbFD function of the FD package55 to 
calculate functional divergence, dispersion, and evenness; the function uniqueness of the adiv package56 to 
calculated functional uniqueness, and phylosig of the phylotools package to test phylogenetic signal57. We used 
the mpd and mntd functions of the package picante52 to calculate MPD and MNTD indices. We randomized 
community matrices with the randominzeMatrix function of the picante package52 and ran generalized linear 
mixed models in JAGS58 with the rjags package59. Finally, we graphed our results using the ggplot package60.

Data availability
All data analyzed during this study are included in this published article (and its appendix file).

Received: 23 February 2023; Accepted: 12 May 2023

References
	 1.	 Belyea, L. R. & Lancaster, J. Assembly rules within a contingent ecology. Oikos 86, 402–416 (1999).
	 2.	 Macarthur, R. & Levins, R. The limiting similarity, convergence, and divergence of coexisting species. Am. Nat. 101, 377–385 

(1967).

Table 1.   Bat traits and trait categories used to estimate the functional diversity of bat assemblages from the 
Western and Central mountain ranges of Colombian Andes.

Functional category Trait Attribute Influence about the fitness

Foraging

Feeding strategy39–41

Foliage gleaner

Variation of foraging

Aerial insectivore

Nomadic frugivore

Sedentary frugivore

Sanguivore

Piscivore

Nectarivore

Carnivore o animalivore

Wing shape (the ratio of the length of the third digit metacar-
pal to the length of the fifth digit metacarpal)42 Affects flight patterns and thus prey selection

Relative length of the pinna (ratio of the ear length to the 
length of de forearm)42

Affects echolocation characteristics and thus the detection and 
capture of prey

Skull

Total skull length43–45

Associated dietary differences and protection of the brain and 
sensory organs

Length of maxillary toothrow43–45

Middle skull width43–45

M2 area43–45

Breadth across upper molar43–45

Breadth of braincase43–45

Jaw

Condylo-canine length43–45

Associated dietary and feeding strategy differencesTotal length43–45

Coronoid process height43–45

Body size

Length of forearm43,46

Significance in the ecological differentiation in the community 
and reflect physiological constraintsTotal length43,46

Mass43,46



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8891  | https://doi.org/10.1038/s41598-023-35100-z

www.nature.com/scientificreports/

	 3.	 Cadotte, M. W. & Tucker, C. M. Should environmental filtering be abandoned?. Trends Ecol. Evol. 32, 429–437 (2017).
	 4.	 Rosindell, J., Hubbell, S. P. & Etienne, R. S. The unified neutral theory of biodiversity and biogeography at age ten. Trends Ecol. 

Evol. 26, 340–348 (2011).
	 5.	 Weiher, E. & Keddy, P. A. Assembly rules, null models, and trait dispersion: New questions from old patterns. Oikos 74, 159 (1995).
	 6.	 Cardoso, P., Rigal, F., Borges, P. A. V. & Carvalho, J. C. A new frontier in biodiversity inventory: A proposal for estimators of 

phylogenetic and functional diversity. Methods Ecol. Evol. 5, 452–461 (2014).
	 7.	 de Bello, F. et al. Decoupling phylogenetic and functional diversity to reveal hidden signals in community assembly. Methods Ecol. 

Evol. 8, 1200–1211 (2017).
	 8.	 Tilman, D. Functional diversity. In Encyclopedia of Biodiversity (ed. Levin, S.) 109–120 (Academic Press, 2001).
	 9.	 Faith, D. P. Conservation evaluation and phylogentic diversity. Biol. Conserv. 61, 1–10 (1992).
	10.	 Webb, C. O., Ackerly, D. D., McPeek, M. A. & Donoghue, M. J. Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 

475–505 (2002).
	11.	 Pavoine, S. & Bonsall, M. B. Measuring biodiversity to explain community assembly: A unified approach. Biol. Rev. 86, 792–812 

(2011).
	12.	 Mayfield, M. M. & Levine, J. M. Opposing effects of competitive exclusion on the phylogenetic structure of communities. Ecol. 

Lett. 13, 1085–1093 (2010).
	13.	 Kluge, J. & Kessler, M. Phylogenetic diversity, trait diversity and niches: Species assembly of ferns along a tropical elevational 

gradient. J. Biogeogr. 38, 394–405 (2011).
	14.	 Kalko, E. K. V. & Handley, C. O. Neotropical bats in the canopy: Diversity, community structure, and implications for conservation. 

Plant Ecol. 153, 319–333 (2001).
	15.	 Bernard, E. & Fenton, M. B. Bat mobility and roosts in a fragmented landscape in central Amazonia, Brazil. Biotropica 35, 262–277 

(2003).
	16.	 Delaval, M., Henry, M. & Charles-dominique, P. Interspecific competition and niche partitioning: Example of a neotropical rain-

forest bat community. Rev. Ecol. 60, 149–165 (2005).
	17.	 Dumont, E. R., Herrel, A., Medellín, R. A., Vargas-Contreras, J. A. & Santana, S. E. Built to bite: Cranial design and function in 

the wrinkle-faced bat. J. Zool. 279, 329–337 (2009).
	18.	 Aguirre, L. F., Herrel, A., van Damme, R. & Matthysen, E. The implications of food hardness for diet in bats. Funct. Ecol. 17, 201–212 

(2003).
	19.	 Dumont, E. R. et al. Morphological innovation, diversification and invasion of a new adaptive zone. Proc. R. Soc. B Biol. Sci. 279, 

1797–1805 (2012).
	20.	 Villéger, S., Mason, N. W. H. & Mouilot, D. New multidimensional functional diversity indices for a multifaceted freamework in 

functional ecology. Ecology 89, 2290–2301 (2008).
	21.	 Mouchet, M. A., Villéger, S., Mason, N. W. H. & Mouillot, D. Functional diversity measures: An overview of their redundancy and 

their ability to discriminate community assembly rules. Funct Ecol. 24, 867–876 (2010).
	22.	 Loreau, M. et al. Biodiversity and ecosystem functioning: Current knowledge and future challenges. Ecology 294, 804–808 (2001).
	23.	 Petchey, O. L., Evans, K. L., Fishburn, I. S. & Gaston, K. J. Low functional diversity and no redundancy in British avian assemblages. 

J. Anim. Ecol. 76, 977–985 (2007).
	24.	 Ulrich, W. et al. Environmentally and behaviourally mediated co-occurrence of functional traits in bird communities of tropical 

forest fragments. Oikos 127, 274–284 (2018).
	25.	 Case, T. J. & Sidell, R. Pattern and chance in the structure of model and natural communities. Evolution 37, 832 (2006).
	26.	 Aderhold, A., Husmeier, D., Lennon, J. J., Beale, C. M. & Smith, V. A. Hierarchical Bayesian models in ecology: Reconstructing 

species interaction networks from non-homogeneous species abundance data. Ecol. Inform. 11, 55–64 (2012).
	27.	 Steven, R. D. & Willig, M. R. Geographical ecology at the community level: Perspectives on the diversity of New World bats. Ecol-

ogy 83, 545–560 (2002).
	28.	 Poisot, T., Stouffer, D. B. & Gravel, D. Beyond species: Why ecological interaction networks vary through space and time. Oikos 

124, 243–251 (2015).
	29.	 Cahill, J. F., Kembel, S. W., Lamb, E. G. & Keddy, P. Does phylogenetic relatedness influence the strength of competition among 

vascular plants?. Perspect. Perspect. Plant Ecol. Evol. Syst 10, 41–50 (2008).
	30.	 Chakravarty, R., Mohan, R., Voigt, C. C., Krishnan, A. & Radchuk, V. Functional diversity of Himalayan bat communities declines 

at high elevation without the loss of phylogenetic diversity. Sci. Rep. 11, 22556 (2021).
	31.	 Olson, D. M. & Dinerstein, E. Ecoregions. Ann. Mo. Bot. Gard. 89, 199–224 (2002).
	32.	 Diaz et al. Clave de Identificación de los Murciélagos de Sudamerica. Publicación Especial N° 2, PCMA (Programa de Conservación 

de los Murciélagos de Argentina) (2016).
	33.	 Gardner, A. L. Mammals of South America Vol. 1 (University of Chicago Press, 2007).
	34.	 Salazar, H. J. Redes de interacción entre murciélagos frugívoros y plantas quiropterócoras en un paisaje rural cafetero (Pontificia 

Universidad Javeriana, 2018).
	35.	 Velandia, et al. Estructura y composición del ensamblaje de murciélagos de sotobosque en Isla Palma, Bahía Málaga, Valle del 

Cauca. Bol. Cient. Centro Museos Museo Hist. Nat. 16, 215–225 (2012).
	36.	 Aroca, A. K., González, L. Á., Hurtado, M. A. & Murillo-García, O. E. Diet Preference in Frugivorous Bats (Phyllostomidae) within 

a Fragment of Dry Tropical Forest en un fragmento de bosque seco tropical. Rev. Cienc. 20, 139–146 (2016).
	37.	 Zapata-Mesa, N., Montoya-Bustamante, S. & Murillo-García, O. Temporal variation in bat-fruit interactions: Foraging strategies 

influence network structure over time. Acta Oecol. 85, 9–17 (2017).
	38.	 Arenas, D. & Giraldo, A. Quirópteros del Parque Natural Regional El Vínculo y su zona de amortiguación (Buga, Valle del Cauca, 

Colombia). Biota Colomb. 14, 51–56 (2013).
	39.	 Arias, L. Ecomorphological structure of an Amazonian phyllostomid bat assemblage (Texas Tech University, 2008).
	40.	 Landmann, A., Walder, C., Vorauer, A., Bohn, S. & Weinbeer, M. Bats of the La Gamba region, Esquinas rainforest, Costa Rica: 

Species diversity, guild structure and niche segregation. Stapfia 80, 423–440 (2008).
	41.	 Soriano, P. J. Functional structure of bat communities in Tropical Rainforests and Andean Cloud Forests. Ecotropicos 13, 1–20 

(2000).
	42.	 Fenton, M. B. The structure of aerial-feeding bat faunas as indicated by ears and wing elements. Can. J. Zool. 50, 287–296 (1972).
	43.	 Cisneros, L. M. et al. Multiple dimensions of bat biodiversity along an extensive tropical elevational gradient. J. Anim. Ecol. 83, 

1124–1136 (2014).
	44.	 López-Aguirre, C., Pérez-Torres, J. & Wilson, L. A. B. Cranial and mandibular shape variation in the genus Carollia (Mammalia: 

Chiroptera) from Colombia: Biogeographic patterns and morphological modularity. PeerJ 3, e1197 (2015).
	45.	 Dumont, E. R. Cranial shape in fruit, nectar, and exudate feeders: Implications for interpreting the fossil record. Am. J. Phys. 

Anthropol. 102, 187–202 (1997).
	46.	 Giannini, N. P. & Kalko, E. K. V. The guild structure of animalivorous leaf-nosed bats of Barro Colorado Island, Panama, revisited. 

Acta Chiropt. 7, 131–146 (2005).
	47.	 Laliberte, E. & Legendre, P. A distance-based framework for measuring functional diversity from multiple traits. Ecology 91, 

299–305 (2010).



9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8891  | https://doi.org/10.1038/s41598-023-35100-z

www.nature.com/scientificreports/

	48.	 Ricotta, C. et al. Measuring the functional redundancy of biological communities: A quantitative guide. Methods Ecol. Evol. 7, 
1386–1395 (2016).

	49.	 Pagel, M. Inferring the historical patterns of biological evolution. Nature 401, 877–884 (1999).
	50.	 Rojas, D., Warsi, O. M. & Davalos, L. M. Bats (Chiroptera: Noctilionoidea) challenge a recent origin of extant neotropical diversity. 

Syst. Biol. 65, 432–448 (2016).
	51.	 Kery, M. & Royle, J. A. Applied Hierarchical Modeling in Ecology: Analysis of Distribution, Abundance and Species Richness in R and 

BUGS (Elsevier Inc, 2016).
	52.	 Kembel, S. W. et al. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 26, 1463–1464 (2010).
	53.	 Gotelli, N. J. & McCabe, D. J. Species co-occurrence: A meta-analysis of J. M. Diamond’s assembly rules model. Ecology 83, 

2091–2096 (2002).
	54.	 R Development Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 

2020).
	55.	 Laliberté, E., Legendre, P. & Bill Shipley. Measuring functional diversity (FD) from multiple traits, and other tools for functional 

ecology 1–28. http://​cran.r-​proje​ct.​org/​web/​packa​ges/​FD/​FD.​pdf (2015).
	56.	 Pavoine, S. Analysis od Diversity (2018).
	57.	 Revell, L. J. phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 3, 217–223 (2012).
	58.	 Plummer, M. JAGS: A program for analysis of Bayesian graphical models using Gibbs sampling. In Proceedings of the 3rd Interna-

tional Workshop on Distributed Statistical Computing, Vol. 124 (2003).
	59.	 Plummer, M. rjags: Bayesian graphical models using MCMC. R package version 3-13 GPL (2). http://​cran.r-​proje​ct.​org/​packa​ge=​

rjags (2014).
	60.	 Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2016).

Acknowledgements
The authors are particularly grateful to Baltazar Gonzalez Chavez, Alejandro Valencia, Michelle Lawing and 
Paula Saria for their valuable comments on the manuscript. This work was partially supported by National Sci-
ence Foundation Grant 2124836 and United States Department of Agriculture National Institute of Food and 
Agriculture Hatch TEX09600 project 1020451.

Author contributions
All authors contributed to the design of the research. M.A.H.M. collected the data. All authors interpreted the 
data. M.A.H.M. and O.E.M.G. wrote the main manuscript text and M.A.H.M. prepared figs. 1,2,3,4 and 5. All 
authors approved of the final document and have agreed to be accountable for the integrity of the work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​35100-z.

Correspondence and requests for materials should be addressed to M.A.H.-M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://cran.r-project.org/web/packages/FD/FD.pdf
http://cran.r-project.org/package=rjags
http://cran.r-project.org/package=rjags
https://doi.org/10.1038/s41598-023-35100-z
https://doi.org/10.1038/s41598-023-35100-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An integrative approach to understanding diversity patterns and assemblage rules in Neotropical bats
	Results
	Taxonomic coverage. 
	Relationships between species richness and functional and phylogenetic diversity. 
	Null model comparations. 

	Discussion
	Methods
	Taxonomic diversity. 
	Functional diversity. 
	Phylogenetic diversity. 
	Data analysis. 

	References
	Acknowledgements


