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We explored the evolution of morphological integration in the most noteworthy example of adaptive radiation in mammals, the

New World leaf-nosed bats, using a massive dataset and by combining phylogenetic comparative methods and quantitative genetic

approaches. We demonstrated that the phenotypic covariance structure remained conserved on a broader phylogenetic scale but

also showed a substantial divergence between interclade comparisons. Most of the phylogenetic structure in the integration space

can be explained by splits at the beginning of the diversification of major clades. Our results provide evidence for a multiple

peak adaptive landscape in the evolution of cranial covariance structure and morphological differentiation, based upon diet and

roosting ecology. In this scenario, the successful radiation of phyllostomid bats was triggered by the diversification of dietary

and roosting strategies, and the invasion of these new adaptive zones lead to changes in phenotypic covariance structure and

average morphology. Our results suggest that intense natural selection preceded the invasion of these new adaptive zones and

played a fundamental role in shaping cranial covariance structure and morphological differentiation in this hyperdiverse clade of

mammals. Finally, our study demonstrates the power of combining comparative methods and quantitative genetic approaches

when investigating the evolution of complex morphologies.

KEY WORDS: Adaptive radiation, macroevolution, multi-peaked adaptive landscapes, phyllostomidae, phylogenetic comparative
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In evolutionary quantitative genetics, the genetic variance–

covariance matrix (G-matrix) is a key parameter in understanding

the pace, rate, and trajectory of multivariate evolution (Lande

1979; Lande and Arnold 1983; Schluter 1996). The G-matrix is

particularly useful when describing complex morphologies and

quantifying evolutionary changes, providing information on the

amount of variation in single traits, as well as the extent to which

a set of quantitative traits are genetically correlated (Lande and

Arnold 1983). Estimating a G-matrix in a multidimensional sys-

tem such as the mammalian skull is frequently hampered by

practical limitations imposed by experimental designs, because

its accurate estimation demands large sample sizes with known

genealogies (Garcia et al. 2014; Steppan et al. 2002). On the other

hand, a phenotypic matrix (P-matrix) is easier to obtain and is

often accepted as a good proxy of its genetic counterpart, es-

pecially for morphological traits (Arnold 1981, 1992; Cheverud

1988, 1995, 1996b; Roff 1995, 1996; Ackermann and Cheverud

2000; Marroig and Cheverud 2001; Goswami 2006a; Kruuk et al.

2008; Porto et al. 2009, 2015; Willmore et al. 2009; Garcia et al.

2014; Puentes et al. 2016; Sodini et al. 2018).
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Phenotypic covariance can be estimated at different biologi-

cal levels (Klingenberg 2014) and for decades has been the focus

of significant attention among evolutionary biologists. However,

despite this increasing interest in morphological integration, how

it evolves on a macroevolutionary scale and its potential causes

remain poorly understood, and need to be investigated empiri-

cally on a case by case basis (Steppan et al. 2002; Arnold et al.

2008; Haber 2015). Previous large-scale studies within several

mammalian orders suggested that integration patterns (i.e., the re-

lationships between morphological elements) are remarkably con-

served in most taxa (Cheverud 1996b; Ackermann and Cheverud

2000; Marroig and Cheverud 2001; Goswami 2006b; Oliveira

et al. 2009; Porto et al. 2009, 2015; Haber 2015; Hubbe et al.

2016), while magnitudes (i.e., the intensity of association between

traits) display significant variation even between closely related

species (Oliveira et al. 2009; Porto et al. 2009). Investigations

of phenotypic matrix evolution within mammalian orders also

highlighted dissimilarity in the integration patterns for species,

genera (Oliveira et al. 2009; Shirai and Marroig 2010; Hubbe

et al. 2016), and between families (Haber 2015; Machado et al.

2018), thus indicating that the evolution of the covariance struc-

ture is still an open question in evolutionary biology and depends

on the phylogenetic scope been addressed. The stability of covari-

ation patterns has often been associated with stabilizing selection

operating through a common epigenetic developmental system

(Cheverud 1996a; Marroig and Cheverud 2001; Ackermann 2002;

Mitteroecker and Bookstein 2008; Jamniczky and Hallgrı́msson

2009; Roseman et al. 2011). There is also substantial evidence

from theoretical, simulation, and experimental studies that suggest

that covariation structure does actively evolve (Turelli 1988; Roff

2000; Steppan et al. 2002; Blows and Higgie 2003; Jones et al.

2003, 2004, 2012, p. 201; Jones 2007; Revell 2007; Arnold et al.

2008; Jamniczky and Hallgrı́msson 2009; Pavlicev et al. 2011;

Pitchers et al. 2013; Melo and Marroig 2015; Assis et al. 2016;

Penna et al. 2017). So, if we want to understand the phenotypic

diversification seen today, and how species evolve, in terms of tra-

jectory, pace, and rate of evolution, then investigating how vari-

ation in multidimensional traits changes through time becomes

a key question in biology. Therefore, elucidating the potential

factors favoring the covariance structure stability or affecting its

evolution remains a fundamental challenge to be addressed in evo-

lutionary biology, and will certainly enhance our understanding

of how complex morphologies appear and diversify through time.

We explored the evolution of morphological integration in

the most ecologically diverse clade of mammals, the New World

leaf-nosed bats, using a large dataset and combining both phyloge-

netic comparative methods and quantitative genetic approaches.

The family Phyllostomidae evolved in the New World in the last

30 million years (Rojas et al. 2016), and living species have been

highly successful in exploiting an array of roosting environments

(Kunz and Lumsden 2003; Voss et al. 2016; Garbino and Tavares

2018) and food resources (Giannini and Kalko 2004). Their feed-

ing strategies are exceptionally diverse among mammals, in-

cluding insects, vertebrates, fruit, pollen, nectar, young leaves,

and even blood (Ferrarezi and Gimenez 1996; Freeman 2000;

Wetterer et al. 2000; Giannini and Kalko 2004; Gardner 2007;

Baker et al. 2012). This diversity is reflected in their morphol-

ogy, and their impressive cranial diversity provides an excellent

system for investigating the evolution of complex phenotypes

(Nogueira et al. 2009; Monteiro and Nogueira 2010, 2011; San-

tana et al. 2010, 2012; Dumont et al. 2011, 2014; Pedersen and

Müller 2013; Rossoni et al. 2017; Yohe et al. 2017, 2018).

The aim of our study is twofold: (1) to examine the long-term

evolution of morphological integration structure in the skulls of

a broad sample of phyllostomid bats by comparing the similar-

ity patterns and overall magnitude of integration across species

and clades; (2) to investigate the relationships between patterns

and magnitudes of integration, dietary strategies, roosting ecol-

ogy, and morphological differentiation (i.e., the amount of evo-

lution in multivariate traits) during phyllostomid evolution, to

understand how the covariance structure evolve. These main

goals lead to several questions that will be tested and discussed

throughout the Manuscript: Has the cranial covariance structure

remained stable over 30 million years of diversification of the

New World leaf-nosed bats? If not, where the divergence is con-

centrated in the phylogeny? Is the evolution of morphological

integration associated with dietary specializations and roosting

ecology? Has morphological integration changed as a by-product

of selection acting on species average morphology? Are the co-

variance patterns of particular traits associated with diet and

roosting?

Materials and Methods
SAMPLES, PHYLOGENY, AND TAXONOMIC

FRAMEWORK

We examined 2665 specimens, representing all currently recog-

nized subfamilies, 45 genera, and 48 species of phyllostomid bats

located in Brazilian and North American Natural History Mu-

seums. Table S1 provides the sample sizes per species analyzed.

The phylogenetic estimates were obtained from Rojas et al. (2016)

(TreeBase S17602). We followed the subfamily taxonomic clas-

sification proposed by Baker et al. (2003, 2012), in which 11

subfamilies, 12 tribes, and 56 genera are recognized.

DATA ACQUISITION, MEASUREMENTS, AND DATA

ANALYSIS TOOLS

We recorded three-dimensional coordinates for 21 cranial land-

marks (Fig. 1, Table S2) using a Microscribe MX 3D, and from
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Figure 1. Cranial anatomical landmarks shown on Chrotopterus auritus (A–B; MZUSP 3077) and Phyllostomus hastatus (C–D; MZUSP

18348). (A) Lateral view. (B) Ventral view. (F) Dorsal view. (G) Dorsal view with nasal and frontal bones in detail. Scale bar = 5 mm. See

Tables S2 and S3 for landmarks and linear distances descriptions.

these landmarks, we calculated a set of 35 linear distances de-

scribing cranial morphology (Table S3). Landmarks and the de-

rived interlandmark Euclidean distances were first established by

Cheverud (1982) and reflect important developmental and func-

tional relationships among cranial elements, while simultaneously

representing the overall morphology of the skull (Cheverud 1982;

Marroig and Cheverud 2001; Porto et al. 2009). The landmarks

are positioned at the intersection between sutures or other discrete

and homologous cranial features. Only skulls from adult speci-

mens were measured. Specimens were considered adults when the

basisphenoid and basioccipital joint (synchondroses intersphe-

noidalis and spheno-occipitalis) was completely fused. To accu-

rately place the anatomical landmarks on phyllostomid skulls, we

used a stereomicroscope, and when intense illumination was re-

quired, a 5-mm light source was positioned on the inside of the

foramen magnum.

Bilaterally symmetrical measurements were averaged, and

if one side of the skull was damaged, measurements taken from

the other side were used instead of the average. All specimens

were digitized twice and repeatability was estimated to account

for measurement error (Lessels and Boag 1987). An exploratory

data analysis (Tukey 1977) was performed to check the normality

of each distance measurement and to highlight potential outliers.

Repeatabilities were high for all species (mean = 0.91; SD = 0.05,

Table S4), and no significant deviation from normality was ob-

served. All subsequent analyses were carried out using the av-

erages of repeated measurements using R version 3.5.0 (R Core

Team 2018).

ESTIMATION OF INTRAPOPULATIONAL

CORRELATION AND COVARIANCE MATRICES

Patterns of within-group phenotypic correlation and covariance

matrices (P-matrices) were estimated for each species and will

be referred to from now on as correlation and covariance matri-

ces, respectively. We used the phenotypic matrix as a substitute

for G-matrix. Studies comparing genetic and phenotypic within-

group matrices among populations, species or higher taxa, sug-

gest that P-matrices can be generally accepted as a good proxy

of their genetic counterparts, especially for morphological traits

(Arnold 1981, 1992; Cheverud 1988, 1995, 1996b; Roff 1995,
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1996; Arnold and Phillips 1999; Marroig and Cheverud 2001;

Ackermann and Cheverud 2002; Goswami 2006a; Porto et al.

2009, 2015; Marroig and Cheverud 2010; Garcia et al. 2014).

Moreover, the similarity between P- and G-matrices has been

investigated several times for the same set of traits used in our

study, and has been shown to be quite similar in rodents and

mammals in general (Cheverud, 1988; Porto et al., 2009, 2015;

Marroig & Cheverud, 2010; Garcia et al., 2014; Hubbe et al.,

2016), thus validating the “Cheverud Conjecture” (Cheverud

1988).

Geographic variation, sex, and their possible interaction were

evaluated through MANOVA, with models chosen on the basis

of the Wilk’s lambda statistic, with alpha level of significance set

at P = 0.05 (Table S1). When sources of variation significantly

influenced the data, covariance matrices were estimated using

the residual matrix of a general linear model, including the 35

distances as dependent variables and significant sources of vari-

ation as independent variables. In cases where no effect was de-

tected, the covariance matrices were estimated directly from raw

data.

Additionally, for each node of the phylogenetic tree,

we calculated the ancestral within-group covariance matrices

(W-matrices) using two approaches: (1) pooled within-group

matrices along the phylogeny and (2) by maximum likelihood

ancestral state reconstruction of each variance and covariance

as independent elements (see Supporting Information 1 for a

detailed explanation of both methods).

COMPARISONS OF CORRELATION AND COVARIANCE

PATTERNS

We quantified the similarity of correlation and covariance matri-

ces between species using the Random Skewers (RS) (Cheverud

1996b; Cheverud and Marroig 2007), Krzanowski (Blows et al.

2004; Krzanowsky 1979), and Riemann distance methods (Mit-

teroecker and Bookstein 2009). Because these three metrics pro-

vided essentially the same results, only those obtained by the RS

technique are presented in the main text (see Supplementary Ma-

terial “Krzanowski’s method” and “Riemannian distance method”

for specific descriptions of these methods and the results obtained

using these metrics).

The RS method is based on evolutionary theory and can be

fully interpreted within the theoretical framework of quantitative

genetics (Hansen and Houle 2008; Lande 1979), providing infor-

mation on how similar populations would respond on average to

selection. This procedure is a direct application of the multivariate

response to selection equation (�z = Gβ), and involves multiply-

ing each matrix (here P as a substitute for G) by random selec-

tion vectors (β) and comparing the response vectors (�z) between

each pair of matrices for the same simulated multivariate selection

vector (see also Hansen and Houle 2008). The cosine of the angle

formed between any two vectors is a measure of their correlation.

The response vectors are then correlated and the average across a

large number of vectors is used as a measure of the similarity

between compared matrices (Cheverud and Marroig 2007;

Oliveira et al. 2009). In this study, we compared the evolutionary

responses of each pair of matrices to 10,000 randomly generated

selection vectors obtained from a multivariate normal distribution

and normalized to a length of one. Because the same random se-

lection vector was applied to both matrices, any differences in the

orientation of the responses would be due to differences in

the matrices being compared. This analysis provides a mea-

sure of association, or in other words, a measure of the degree

of similarity among structural patterns of correlation and co-

variance matrices. The statistical significance of this vector is

determined by the distribution of correlations among random

vectors. If two matrices have the same or very similar covari-

ance patterns, the average response to random selection vectors

is expected to be colinear (r � 1.0). Otherwise, if they lack a

common structure, the average response is expected to be per-

pendicular or equal to zero (r = 0.0). If they are mirror im-

ages of each other with opposite signs, the correlation should

approach –1.0. Explicitly, the significance test performed here

considers the null model (absence of shared structure, i.e., no

similarity) among the phenotypic correlation and covariance ma-

trices of phyllostomid bats. If the average observed correlation

vector between two matrices exceeds 95% correlation between

random vectors, it is assumed that a significant structural simi-

larity exists between the two matrices. Perhaps more important

than the significance per se is the observed degree of matrix sim-

ilarity, because this quality is at the core of quantitative genetics’

evolutionary applications (Haber 2015; Marroig and Cheverud

2001).

Finally, sample size can affect estimations of individual ma-

trix elements due to sampling error (Cheverud 1996b; Marroig

and Cheverud 2001; Porto et al. 2009). Thus, we assessed matrix

repeatability to evaluate the level of similarity. Correlation and co-

variance matrix repeatability was calculated using a Monte Carlo

approach, in which 10,000 bootstrap resamplings of the origi-

nal data were made with a constant sample size after removing

other sources of variation (as described above and in Table S1).

These matrices were calculated for each of the resamples and

compared to the original matrix using the RS method, and the

average vector correlation was then used as a measure of re-

peatability. To evaluate how robust our dataset is with respect to

sampling, we performed a rarefaction analysis using the species

with the largest number of sampled individuals in our dataset (see

Supplementary Material “Rarefaction Analyses”). Based on the

results of RS, we produced a pairwise similarity matrix between

species that corresponds to the integration patterns similarity

matrix.
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MATRIX CORRELATION

Analyzing the relationship among morphological
integration (patterns and magnitudes), phylogeny,
morphology, diet, and roosting
We used matrix correlations to investigate the relationships be-

tween matrices that quantify the dissimilarity among morpholog-

ical integration (patterns and magnitudes), phylogeny, morphol-

ogy, diet, and roosting. For that, the integration patterns similarity

matrix (Table S5), obtained by RS approach, was converted into

a Euclidean distance matrix using:

Dhi = √
2(1 − Shi ), (1)

where D is the distance matrix and S is the similarity matrix

(Haber 2015).

We used the average coefficient of determination (r2) to cal-

culate the integration magnitude, by averaging the squared cor-

relations in correlation matrices (Cheverud 1988; Cheverud et al.

1989; Oliveira et al. 2009; Pavlicev et al. 2009; Porto et al. 2009,

2013; Shirai and Marroig 2010). Then, we estimated the Euclidean

distance matrix between species r2 values (r2Dis; Table S6). To

statistically investigate differences in r2 between phyllostomid

species, we bootstrapped the data for each species, calculating

the correlation matrices and r2 for each of the 10,000 resamplings

with replacement.

We produced a phylogenetic distance matrix (Table S7) be-

tween all species analyzed using the function cophenetic.phylo

from the R package ape (Paradis et al. 2004). We also estimated

the Mahalanobis (D2) distance between species (Table S8) as a

measure of multivariate morphological divergence (Ackermann

2002) using the following equation:

D2
i j = (µi−µj)W−1(µi−µj), (2)

where µi and µj are the vector of means for the ith and jth popula-

tion, respectively, and W is the ancestral pooled within-group co-

variance matrix. This equation was implemented in the R package

evolqg (Melo et al. 2015) using the MultiMahalanobis function.

The morphological distance matrix was then used to investigate

the relationship between species multivariate average phenotype

and morphological integration patterns (Marroig and Cheverud

2001; Ackermann 2002; Oliveira et al. 2009), as integration pat-

terns might have changed as a by-product of changes in species

average morphology. This measurement represents the amount

of evolution in trait averages and will be described hereafter as

morphological differentiation.

Additionally, we constructed ecological matrices based on

diet (Table S9) and roosting ecology (Table S10) similarities

among phyllostomid species. Species diets were quantified as the

proportions of a species’ diet constituted by five different feeding

strategies: insectivory, carnivory, hematophagy, nectarivory, and

frugivory. A pairwise dietary similarity matrix was calculated as

the sum across the five categories, where each category had a

value corresponding to the square root of the product of paired

species-specific values in the same category, as follows:

Dietary similarity
(

sp1,sp2
) = √ (

%Isp1 × %Isp2
)

+√ (
%Csp1 × %Csp2

) + √ (
%Hsp1 × %Hsp2

)

+√ (
%Nsp1 × %Nsp2

) + √ (
%Fsp1 × %Fsp2

)
, (3)

where I, C, H, N, and F represent insectivory, carnivory,

hematophagy, nectarivory and frugivory, respectively. The same

method was used for roosting ecology using three categories:

cave, cavity, and foliage. Dietary and roosting information was

obtained from the previous literatures (Nowak and Walker 1994;

Ferrarezi and Gimenez 1996; Freeman 2000; Wetterer et al.

2000; Kunz and Lumsden 2003; Giannini and Kalko 2004; Sim-

mons 2005; Rodrı́guez-H. et al. 2007; Gardner 2008; Datzmann

et al. 2010; Baker et al. 2012; Voss et al. 2016; Garbino and

Tavares 2018) and supplemented by personal experience (N. P.

Giannini).

As done for the integration patterns similarity matrix, the

dietary and roosting similarity matrices were transformed into

Euclidean distance matrices based on Haber (2015) (Equation (1)

above). From now on, we will adopt the following terms and

abbreviations for each of these Euclidean distance matrices:

(a) Covariance distance matrix also known as integration

patterns (RSDis); (b) r2 distance matrix also known as inte-

gration magnitudes (r2Dis); (c) Phylogenetic distance matrix

(PhyloDis); (d) Morphological distance matrix (MorphDis); (e)

Dietary distance matrix (DietDis); and (f) Roost distance matrix

(RoostDis).

Comparisons between these variables were performed us-

ing matrix correlation, and the significance was obtained through

permutation tests (Mantel 1967). We also calculated matrix par-

tial correlations conditioning the variation of RSDis, r2Dis, Mor-

phDis, DietDis, and, RoostDis on the phylogenetic distance matrix

between species (PhyloDis) (Dow and Cheverud 1985; Marroig

and Cheverud 2001) using the phylogenetic permutation proce-

dure proposed by Harmon and Glor (2010).

RELATIONSHIPS BETWEEN FEEDING STRATEGY AND

ROOSTING ECOLOGY AND COVARIANCE PATTERNS

OF INDIVIDUAL TRAITS

We used the Selection Response Decomposition method (SRD;

Marroig et al. 2011) to investigate whether different dietary

strategies and roosting ecologies influenced similarities in

covariance patterns of particular traits in phyllostomid bats.

Given the functional and biomechanical requirements imposed by

dietary and roosting strategies, we predict that those covariance
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patterns of traits related with the rostrum/palate extension and

retraction, muscle mechanics, and biting performance will show

significant correlation with diet and roosting matrices. The SRD

is an extension of the RS method, but instead of comparing all

of the evolutionary response vectors (�z) between matrices,

the �z component is broken down into its two subcomponents:

those due to direct selection acting on a trait, and those due to

correlated selection (i.e., a response acting on a given trait due to

its covariance with other traits under selection). Although the RS

method provides an overall measure of the similarity between

any two matrices, the SRD highlights which traits diverged more

and/or remained particularly similar in their covariance between

morphologies. We compared these trait-specific response vectors

between each pair of matrices using vector correlations. The

average correlation among these vectors was obtained by

repeating the process for each of the 10,000 random selection

vectors, and is referred to as the SRD score. To explore whether

the dietary distance matrix (DietDis) and roosting distance

matrix (RoostDis) are related to patterns of morphological

integration associated with each individual trait, we generated 35

matrices (one for each Euclidean distance) using the SRD score,

and compared each with DietDis and RoostDis using matrix

correlation. The significance was assessed via permutation test

(Mantel 1967). The SRD analysis was performed using the

corresponding function in the R package evolqg (Melo et al.

2015).

PHYLOGENETIC COMPARATIVE ANALYSIS

Phylogenetic decomposition analysis of morphological
integration patterns and magnitudes
We used the diversity decomposition analysis (decdiv, Pavoine

et al. 2010) to investigate the disparities of the integration patterns

and magnitudes in a phylogenetic context (see also Haber 2015

and Machado et al. 2018). The method allows testing whether the

divergence is (1) concentrated on a single node; (2) concentrated

on a few nodes; and (3) concentrated toward the root or the tips of

the tree. This test consists of decomposing the distances matrices

(RSDis and r2Dis in our case) along the phylogenetic tree and

estimating the contribution of each node to the overall character

distribution, testing the null hypothesis of a random structure

(see also Haber 2015 and Machado et al. 2018). Significance

was carried out using 999 permutations of the tip labels of the

phylogeny.

Trait evolution models
We used Brownian Motion (BM) and Ornstein–Uhlenbeck (OU)

models of trait evolution to test whether changes in feeding habits

might have led to changes in cranial integration patterns, mag-

nitudes, and morphological differentiation among phyllostomid

clades. For that, we performed a principal coordinate analysis

(Pcoord or PCoA) in RSDis, r2Dis, and MorphDis and used the

first two eigenvectors in the subsequent analysis implemented in

R package mvMORPH (Clavel et al. 2015; R Core Team 2018).

We established multiple hypotheses for the evolution of varied

feeding habits, each gradually increasing in complexity. The first

model included three feeding regimes (Diet OUM.3): (1) obligate

frugivores (short-faced bats); (2) frugivores, hematophagous, and

generalists; and (3) nectarivores. The next model corresponded

to four adaptive peaks (Diet OUM.4) and included: (1) obligate

frugivores; (2) frugivores and generalists; (3) nectarivores; and (4)

hematophagous bats. Diet OUM.5 discriminated among: (1) obli-

gate frugivores; (2) frugivores; (3) nectarivores; (4) animalivores;

and (5) hematophagous. Diet OUM.7 discriminated among: (1)

obligate frugivores; (2) frugivores; (3) nectarivores; (4) omni-

vores; (5) carnivores; (6) insectivores; and (7) hematophagous.

Finally, Diet OUM.8 included the strict insectivores to the pre-

vious model. Model BM1 assumes that there is no difference

between the feeding specializations and that integration magni-

tude evolves according to BM, accounting for unique rates of

evolution in each trait. Model BMM allows variables (integration

patterns, magnitudes, and morphological differentiation) to evolve

at varying rates in different feeding classes. Model OU1 accounts

for the hypothesis of single peak stabilizing selection, in which

there is a unique selective regime for the whole phylogenetic tree

and the variables under study evolve to the same optimum (i.e.,

a single optimum for all species). Contrastingly, model OUM al-

lows for multiple selective regimes, or separate optima with single

phenotypic rate and single strength of selection between feeding

categories. If dietary habits and roosting ecologies do influence

the tempo and/or the mode of integration patterns, magnitudes,

and morphological differentiation, then we would expect either

the BMM or OUM model to best fit our data. Conversely, if di-

etary habits and roosting ecologies have no influence on the focal

variables, then we would expect the other models to be a bet-

ter fit. Finally, the model EB was used to explore the hypothesis

of an early-burst model of trait evolution, in which evolutionary

rates decrease over time (Harmon et al. 2010; Slater and Pennell

2014).

Model hypotheses applied to roosting ecologies also fol-

lowed a trend of gradual complexity, distinguishing first the

foliage species from the others (Roosting OUM.2), then treat-

ing cave, cavity, and foliage as separate categories (Roosting

OUM.3), and finally treating foliage, cavity, cave, cavity-cave

(which means predominantly cavity and secondarily cave), and

cave-cavity (which means predominantly cave and secondarily

cavity) as separate classes (Roosting OUM.5). We used Akaike‘s

information criterion (AIC) along with estimates of �AICc and

AICc weights, to determine the relative support of each model.

The details of additional analysis to test for model adequacy are

described in the Supporting Information 2.

9 6 6 EVOLUTION MAY 2019



MORPHOLOGICAL INTEGRATION IN PHYLLOSTOMIDAE

Disparity through time
To examine the patterns and magnitudes of integration during

phyllostomid diversification over time, we produced relative dis-

parity through time (DTT) plots (Harmon et al. 2003). This

method estimates the mean phenotypic disparity within clades

in a phylogeny, dividing that by the disparity of the entire group

(or to the between-clade disparity). The empirical DTT curve is

compared to a distribution of 10,000 simulated curves generated

under a BM evolutionary model using the morphological dispar-

ity index (MDI; Slater et al. 2010, 2017). The MDI measures the

amount of space between the line of the empirical curve and the

median of the simulated curves. When the curve for the empirical

data lies above the median for the simulated data (positive MDI),

the disparity within clades is higher than expected under BM,

relative to the between-clade disparity. In this case, trait evolution

deviates from BM in the direction of a single, stable adaptive zone

(stabilizing selection) or follows a “Late Burst” model (Edwards

et al. 2015). Negative MDI values indicate that the empirical curve

lies below the simulated lines, suggesting that disparity between

clades is higher than expected under BM, relative to disparity

within clades. In this case, trait evolution deviates from BM in

a way similar to an “Early Burst” consistent with an adaptive

radiation model. Here, we adapted the original dtt function in R

package geiger (Harmon et al. 2008) to allow analysis of multi-

variate pairwise distance matrices (RSDis and r2Dis). R codes are

provided as Supporting Information.

Results
COMPARISONS OF CORRELATION AND COVARIANCE

PATTERNS

The first question addressed in our study was whether the phe-

notypic covariance and correlation patterns were similar across

phyllostomid lineages. All results from RS analyses were sig-

nificantly different than zero (P < 0.0001) both between species

(Fig. 2 and Table S5) and across the entire phylogenetic tree

(Tables S11 and S12), suggesting that, on a broader scale, the

family Phyllostomidae share similar patterns of cranial morpho-

logical integration. With some exceptions, within-clade species

comparisons presented a higher similarity in morphological inte-

gration patterns (Figs. S1–S5). In addition to the overall similarity,

our results also revealed divergences in morphological integration

patterns, especially from comparisons between species belonging

to distant phylogenetic clades (Fig. 2 and Table S11). The

lowest similarities among species were found in comparisons

between Choeronycteris mexicana (Subfamily Glossophaginae;

nectarivore) and Centurio senex (Subtribe Stenodermatina;

obligate frugivore) (0.42 raw and 0.44 adjusted; Table S5 and

Fig. 2). Figure S6 represents the average similarity of integration

patterns for 48 species grouped by feeding specializations,

based on comparisons of covariance matrices using RS method.

Note that some nectarivorous and obligate frugivorous species

presented the lowest values in the boxplot. RS results obtained

from the most important clades of the phyllostomid phylogeny

are presented in Figures S1–S5 and Tables S11 and S12. Raw and

adjusted RS values were highly correlated for both correlation

and covariance matrices (Pearson’s r = 0.988, P < 0.001 and

Pearson’s r = 0.990, P < 0.001, respectively). The mean pairwise

adjusted similarity patterns were broadly equal when calculated

by covariance or by correlation matrices (Fig. S7). The lower raw

and adjusted similarities for correlation and covariance matrices

compared were associated with lower sample sizes (Fig. S8).

See Supplementary Material “Rarefaction Analyses” for further

discussion on sample reliability (Fig. S9). We have removed

the first principal component from the phenotypic covariance

matrices and evaluated the similarity between species using RS

procedure. Ours results showed that the similarity decreased 0.10

on average (minimum 0.02 and maximum 0.23) when comparing

the original matrices and the matrices with the allometric

component removed. Although it does not have a significant

impact on the similarity, allometric size variation is an important

component maintaining the morphological integration structure.

Additionally, for visualization purposes, we projected the

first two PCoA axes obtained from the RSDis to represent the dis-

tribution of taxa in the morphological integration patterns space

(Fig. 3). The first two axes explain, respectively, 12.33% and

11.21%, of the total variation. The distribution shows a group-

ing of species in their respective subfamilies with some overlap

between them (Fig. 3). On both PCoA axes, the nectarivorous

(Subfamily Glossophaginae) and strict insectivorous (Subfamily

Lonchorhininae) clades showed no overlap with other families,

with the former presenting lowest values in the represented axes

(Fig. 3). Little overlap was found in the clade representing obligate

frugivores and hematophagous species (Subtribe Stenodermatina

and Subfamily Desmodontinae, respectively, Fig. 3).

INTEGRATION MAGNITUDES

The overall magnitude of integration among traits, measured by

r2, varied across species from 0.046 (Sphaeronycteris toxophyl-

lum) to 0.15 (Micronycteris microtis), with an average of 0.08

(Fig. S10). The inferred evolution of integration magnitude can

be visualized in a “traitgram” (Fig. S11, function phenogram in

package “phytools” for R; Revell 2012). This figure represents

a projection of the phyllostomid phylogenetic tree into a space

defined by the integration magnitude (r2 values) and time since

the root (Myr) (see Evans et al. 2009; Revell 2012).

MATRIX CORRELATION

Our second goal consisted of analyzing the relationships between

patterns (RSDis) and magnitudes (r2Dis) of integration, dietary
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Figure 2. Average vector correlations between covariance matrices responses to 10,000 random selection vectors for each pairwise

species comparisons (matrix similarity—Random Skewers). The diagonal contains the matrix repeatability for each species.

strategies (DietDis), roosting ecology (RoostDis), and morpholog-

ical differentiation (MorphDis). Results from standard and partial

correlations between species average morphologies (MorphDis)

and morphological integration patterns (RSDis) were significant

for both covariance and correlation matrices (Table 1). Our anal-

ysis also indicated a significant association between ecological

variables (DietDis and RoostDis) and RSDis in the standard cor-

relation test (Table 1). However, this result was no longer sig-

nificant when phylogenetic relatedness was taken into account

(Table 1), suggesting that these variables are phylogenetically

structured. Matrix correlation results among MorphDis, DietDis,

and, RoostDis are provided in Table 2.

RELATIONSHIPS BETWEEN FEEDING STRATEGIES

AND INDIVIDUAL TRAIT COVARIANCE PATTERNS

SRD results revealed that dietary strategies and roosting ecol-

ogy of phyllostomid bats influenced patterns of morphological

integration in cranial traits. Six cranial traits associated with
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Figure 3. Principal coordinate analysis (PCoord) of RSDis showing the position of species and Subfamilies in the integration space

defined by two PCoA axes. Colors presented here match those of the Figure 5.

Table 1. Standard and partial matrix correlations between dissimilarity matrices of integration patterns (covariance and correlation

matrices with raw and adjusted values), and dietary, roosting, morphological, and r2 distances among phyllostomid species.

Random Skewers observed Random Skewers adjusted
Covariance Correlation Covariance Correlation

Matrices Standard matrix correlations

Diet (DietDis) 0.166 0.175 0.174 0.174
Roosting (RoostDis) 0.084 0.112 0.086 0.118
Morphological (MorphDis) 0.360 0.375 0.360 0.375
r2 (r2Dis) 0.124 0.150 0.142 0.181

Partial matrix correlations
Diet (DietDis) 0.109 0.108 0.105 0.09
Roosting (RoostDis) 0.02 0.04 0.01 0.05
Morphological (MorphDis) 0.346 0.360 0.345 0.358
r2 (r2Dis) 0.106 0.130 0.123 0.161

Note: Partial correlations were estimated by conditioning the association of pairwise correlations on a matrix of phylogenetic distance. Boldface values

indicate significant results at P < 0.05.

the face and two associated with neurocranial regions were

significantly correlated with the dietary matrix (Table S13).

Those associated with the face region were related to the oral

(PM–ZI and MT–PNS), nasal (NSL–NA and NA–PNS), and

zygomatic regions (ZYGO–TSP), as well as one trait span-

ning both the oral and nasal subregions (NSL–ZI) (Table S13,

Fig. 4). Traits associated with the neurocranial region were related

to both the vault (BR - APET) and base subregions (APET - TS)

(Table S13, Fig. 4). Four cranial traits associated with the face

and four associated with the neurocranium were significantly cor-

related with the roosting matrix (Table S14). Those associated

with the face region were related to the oral (MT–PNS), nasal
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Table 2. Matrix correlations between morphological, dietary and

roosting distances among phyllostomid species.

Matrices Diet Roosting Morphological

Diet (DietDis) 1
Roosting

(RoostDis)
0.59 1

Morphological
(MorphDis)

0.32 0.16 1

Note: Boldface values indicate significant results at P < 0.05.

(NSL–NA, and NA–PNS), and zygomatic subregions (ZI–TSP)

(Table S14). Those traits associated with the neurocranial region

were related to the vault subregion (NA–BR, BR–PT, BR–APET,

and BR–LD) (Table S14).

PHYLOGENETIC COMPARATIVE ANALYSIS

Phylogenetic decomposition analysis of morphological
integration patterns and magnitudes
The results obtained from the diversity decomposition analysis

indicated that the divergence observed for integration patterns

and magnitudes are not randomly distributed along the phyloge-

netic tree (Fig. 5). The null hypothesis of structural randomness

was rejected for all tests (Table 3), suggesting a “close-to-root”

model in which most of the diversification is significantly con-

centrated on one or a few nodes close to the root of the phylogeny

(Pavoine et al. 2010). The “close-to-root” model corresponds to

the classical models of phylogenetic signal in the trait states of

extant species, in which closely related species are expected to

be more similar to one another and distantly related species are

expected to be more dissimilar than would be predicted under a

BM (Pavoine et al. 2010). Most of the phylogenetic structure in

the integration space (patterns and magnitudes) can be explained

by splits at the beginning of the diversification of major clades in

the Phyllostomidae.

TRAIT EVOLUTION MODELS

We used models of trait evolution to investigate whether differ-

ences in cranial integration patterns, magnitudes, and average

morphology may be explained by the varied dietary specializa-

tions and roosting behaviors of phyllostomid bats.

The relative support for the explored models of trait evolu-

tion based on dietary specializations is shown in the Supporting

Figure 4. Graphical representation of Selection Response Decomposition (SRD) analysis of each linear distance with diet, drawn on

representations of Ectophyla alba skull (dorsal and lateral view). Red lines indicate statistically significant results between traits and diet.

Six cranial traits associated with the face and two with the neurocranium regions showed significant correlation with the dietary matrix.
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A B

Figure 5. Diversity decomposition analysis for integration patterns (A) and magnitudes (B). The phylogeny was adapted from Rojas et al.

(2016) to include all studied species. The size of the circle represents the contribution of each node to the overall character distribution.

Labels represent dietary strategies and roosting ecology.

Table 3. Statistics for phylogenetic decomposition analysis (decdiv, Pavoine et al. 2010) of morphological integration patterns and

magnitudes.

Variables Test Obs Std.Obs Alter P value

Integration patterns (RS) Single nodes 0.0667 7.8429 Greater 0.001
Few nodes 0.1568 3.3267 Greater 0.001
Skewed to the root∗ 0.5753 5.8222 Two sided 0.001
Skewed to the root∗∗ 0.4579 –3.8692 Two sided 0.001

Integration magnitude Single nodes 0.1525 3.6774 Greater 0.009
Few nodes 0.4221 3.4250 Greater 0.001
Skewed to the root∗ 0.6423 3.5836 Two sided 0.001
Skewed to the root∗∗ 0.4126 –2.6223 Two sided 0.016

∗
ranking is based on tree topology;

∗∗
ranking is based on branch lengths.

Obs = observed; Std.Obs = standard deviations of observed values.
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Information 2, Figure SI2-1, and Table SI2-1. For cranial inte-

gration patterns, we found relative strong support for multi-OU

model (best relative supports: OUM.8, 60%; OUM.4, 26%; and

OUM.5, 12%, Fig. SI2-1A and Table SI2-1). Likewise, the best

relative support found for species average morphology was also

a multi-OU models with 61% suggesting seven adaptive peaks

(OUM.7) and 26% suggesting eight (OUM.8) (Fig. SI2-1C and

Table SI2-1). These results indicated that the evolution of both

integration patterns and morphological differentiation had multi-

ple optima corresponding to species occupying different adaptive

zones. The BM model with four different rates presented the

best relative support for cranial integration magnitudes (BMM.4,

79%; Fig. SI2-1B and Table SI2-1). For this model, the sigma

parameter, representing the intensity of stochastic fluctuations

in the evolutionary process or the phenotypic rate, was higher

for obligate frugivores, suggesting that these species might be

evolving under a distinct and possibly less constrained selective

regime regarding the magnitude of integration (Fig. SI2-3).

The relative support for the explored models of trait evolution

based on roosting ecology is shown in Figure SI2-2 and Table SI2-

2. For integration patterns, relative strong support for multi-OU

models was found among the 300 replicates of stochastic char-

acter mapping histories reconstructed on the mcc tree (OUM.3,

69%; OUM.5, 18%; Fig. SI2-2A and Table SI2-2). For cranial

integration magnitudes, we found a relative strong support for

a five multi-OU model (OUM.5), favored across OUM.3 (26%)

(Fig. SI2-2B and Table SI2-2). The BM model with three dif-

ferent rates (BMM.3, 84%) presented the best relative support in

our analysis for average morphology, followed by BMM.5 (16%)

(Fig. SI2-2C and Table SI2-2). Parameter estimates under BMM.3

suggested that cavity roosting shows higher phenotypic rate, fol-

lowed by foliage and cave categories (Fig. SI2-4).

DISPARITY THROUGH TIME

Relative disparities through time plots were produced to examine

the time course of patterns and magnitudes of integration dur-

ing phyllostomid diversification. We found that MDI values were

positive and significantly different from simulated curves gener-

ated under a BM model of evolution (MDI RSDis = 0.43; P =
0.02 and MDI r2Dis = 0.32; P = 0.02; Fig. 6). The evolution of

integration patterns was more stable behavior through time, with

almost constant average disparities, which always lay above the

simulated curves (Fig. 6A). This pattern of divergence is usually

interpreted as a product of stabilizing selection (evolution in the

direction of a single peak—OU model; stable adaptive zone) or a

“Late Burst” model. Comparatively, magnitudes showed remark-

able variation over time (Fig. 6B). Despite an overall increase

in subclade magnitude disparity over time (MDI r2Dis = 0.32;

P = 0.02), at least three important decreases were observed: one

occurring at the beginning of diversification (�27–23 Myr; 0.1

relative time), another coincident with the radiation of several

clades and evolution into different dietary adaptive zones (�24–

20 Myr; 0.2 relative time), and finally, another decrease �9 Myr

(0.7 relative time) coincident with the radiation of the short-faced

bats, subtribe Stenodermatina (Fig. 6B).

Discussion
HAS THE CRANIAL COVARIANCE STRUCTURE

REMAINED STABLE OVER 30 MILLION YEARS OF

DIVERSIFICATION?

We explored the evolution of cranial covariance structure in a

comprehensive sample of phyllostomid bats by phylogenetically

analyzing the associations among dietary strategy, roosting ecol-

ogy, and average morphological differentiation. The first goal of

our study was to investigate whether morphological integration

remained similar during the diversification of Phyllostomidae. Re-

sults of matrix comparisons revealed that phenotypic covariance

structure remained relatively conserved on a broad phylogenetic

scale, suggesting that New World leaf-nosed bats share an over-

all pattern of similarity in their cranial morphological integration

(Fig. 2, Tables S5 and S11). This stability in the morphological

integration structure throughout the evolution of this group was

also supported by the high subclade average disparity revealed by

DTT analyses (Fig. 6A and B). This result is quite interesting con-

sidering the substantial evolutionary timescales of diversification

and the myriad of morphological, physiological, and ecological

changes associated with feeding specializations in theses bats, and

might suggest the relative role of internal constraints in shaping

the covariance structure (see Cheverud 1982). With few excep-

tions, most of the intraclade comparisons between within-species

covariance matrices presented higher similarity results. Never-

theless, despite the overall similarity, our analyses also revealed

substantial divergence in the morphological integration patterns

between interclade comparisons, suggesting that the evolution of

the morphological integration in phyllostomid bats depends on the

phylogenetic scope been addressed. Although the projection of

the only two axes of the Pcoord analyses (Fig. 3) do not explain

all the variance in integration patterns, they do show structur-

ing of part of the variation existing in the data, enlighten our

understanding of which groups of taxa differ the most in their

integration patterns. The most striking feature of this integration

space is the absence of overlap (nectarivorous, Subfamily Glos-

sophaginae and strict insectivorous, Subfamily Lonchorhininae)

or little overlap (obligate frugivores, Subtribe Stenodermatina and

hematophagous species, Subfamily Desmodontinae) of the inte-

gration patterns between distant phylogenetic clades. These find-

ings are in agreement with the results of diversity decomposition

analysis (Pavoine et al. 2010) discussed below.
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Figure 6. Relative disparity through time (DTT) plots for integration pattern (A) and integration magnitude (B). Solid line represents the

empirical curve. The dashed line represents the median subclade DTT based on 10,000 simulations of trait evolution on the phyllostomid

phylogeny under Brownian motion. The grey shaded area indicates the 95% confidence intervals for the null hypothesis of neutral

evolution (DTT range for the simulated data). Time shown is relative from the root of the phylogenetic tree to the present.

PARTICULARS OF DIVERGENCE BETWEEN INTRA-

AND INTERCLADE COVARIANCE PATTERNS

COMPARISONS

Despite the greater similarities found from intraclade compar-

isons, some exceptions deserve a case-by-case interpretation.

For instance, pairwise comparisons including the nectarivorous

species of the Subfamily Glossophaginae, the Antillean bats

Brachyphylla cavernarum, and Monophyllus redmani exhibited

the smallest similarities in their patterns of phenotypic covari-

ation (Fig. S2). In a nectarivorous ecomorphological space,

Brachyphylla represents a plant-visiting generalist species (its

diet includes fruits, pollen, nectar, and insects) with relatively

short rostra and an unspecialized tongue, being reported as

phenotypically similar to frugivorous phyllostomids (Griffiths

1985; Freeman 1995, 1998, 2000; Rodriguez and Dávalos 2008;

Datzmann et al. 2010; Monteiro and Nogueira 2011). Con-

versely, Monophyllus possesses an elongated muzzle and a jaw

morphology that is more suited for feeding on nectar rather

than fruit (Mancina and Herrera 2010). The morphological pe-

culiarities reported in Brachyphylla, within a clade compris-

ing a broad array of specialist nectarivores, could be the re-

sult of dietary changes to exploit potential frugivore niches
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left unoccupied by other phyllostomid bats during the Antilles

colonization, as suggested by Griffiths (1985). This case illustrates

only one of various examples of species exhibiting peculiar mor-

phologies and exploiting a relatively unique niche within the same

clade during the adaptive radiation of the Phyllostomidae, and

might help explain differences in the covariance patterns observed

from intraclade comparisons (see also Monteiro and Nogueira

2010).

Additionally, our results indicated substantial divergence in

covariance patterns within comparisons between phylogenetically

distant species (interclade comparisons) and those species ex-

hibiting extreme phenotypes. For instance, pairwise comparisons

involving C. mexicana and C. senex were more dissimilar than

average, exhibiting the least similarities among phyllostomids

(Fig. 2 and Table S5). The smallest values observed in our study

are comparable to those found among the Old World Monkeys

represented by Miopithecus, Papio, Mandrillus, Homo, Gorilla,

and Nomascus, species that show remarkable cranial morpholog-

ical disparity within catarrhines (see Oliveira et al. 2009). Un-

surprisingly, the Mexican long-tongued bat C. mexicana and the

wrinkle-faced bat C. senex are opposite extremes in terms of skull

morphologies (Fig. 5). Exhibiting an extremely short and wide

skull, C. senex is an obligate frugivore (Gardner 2008; Goodwin

and Greenhall 1961) specialized in feeding on hard fruits. This

species produces the strongest bite forces known among fruit-

eating phyllostomid bats (Dumont et al. 2009). Conversely, the

specialized nectar-feeding bat, C. mexicana, possesses a longer

rostrum, which accounts for 40–50% of cranium length and a long

tongue that measures �1/3 of its body length (Arroyo-Cabrales

et al. 1987). C. senex displayed the lowest similarities in matrix

comparisons, deviating largely from the covariance and corre-

lation patterns shared by all other phyllostomid species. Mon-

teiro and Nogueira (2010) investigated the relative importance

of ecological and developmental factors in controlling patterns

of within-species and evolutionary integration in the mandible of

phyllostomid bats. They reported similar differences in within-

species phenotypic integration patterns between clades represent-

ing different dietary groups.

Overall, our results complement previous empirical works

reporting both the stability of the covariance structure at larger

scales for mammals (Ackermann and Cheverud 2000; Marroig

and Cheverud 2001; Ackermann 2002; Goswami 2006b; von

Cramon-Taubadel et al. 2007; Oliveira et al. 2009; Porto et al.

2009; Garcia et al. 2014; Hubbe et al. 2016; von Cramon-Taubadel

and Schroeder 2016; Machado et al. 2018; Sodini et al. 2018), as

well as the divergence of some genera (Oliveira et al. 2009; Shirai

and Marroig 2010; Hubbe et al. 2016) and families (Haber 2015;

Machado et al. 2018).

These results discussed in the section above are based on the

48 within-species covariance matrices estimates and, therefore,

reflects the distribution of the integration patterns of the currently

recognized subfamilies of Phyllostomidae. However, considering

the whole phylogeny, how are those differences distributed?

WHERE IN THE PHYLOGENY THE DISPARITY IS

CONCENTRATED? THE PHYLOGENETIC STRUCTURE

OF MORPHOLOGICAL INTEGRATION SPACE

The diversity decomposition analyses rejected the null hypoth-

esis of random structure and indicated that both morphological

integration patterns and magnitudes diverged early in the his-

tory of the Phyllostomidae (Fig. 5A and B, Table 3). The highly

significant phylogenetic signal for all spaces tested (Table 3), em-

phasizes the importance of evolutionary history in the evolution of

the covariance structure during phyllostomid diversification. This

pattern of phylogenetic structuring among variables is reinforced

by the results of matrix correlation (Table 1). Also, the association

of phylogenetic history with covariance patterns was previously

demonstrated between taxa (Ackermann 2002; Ackermann and

Cheverud 2002; Goswami 2006b; Oliveira et al. 2009; Haber

2015), and among populations of the same subspecies (Steppan

1997).

The largest variation in integration patterns was significantly

concentrated in the transition to three major clades: Glos-

sophaginae (nectarivory), Lonchorhininae (strict insectivory)

and Lonchophyllinae (nectarivory) (Fig. 5A). Other instances of

significant variation were detected in the divergence of clades

comprising frugivorous, obligate frugivorous and carnivorous

bats (Fig. 5A). For integration magnitudes, the largest variation

seems to be associated with the split of major clades that resulted

in the remarkable feeding specializations currently recognized

(Fig. 5B). Additionally, significant variation for integration

magnitude was found in the divergence of clades comprising

frugivorous, obligate frugivorous and omnivorous bats (Fig. 5B).

TEMPO OF THE MORPHOLOGICAL INTEGRATION

EVOLUTION

DTT analyses allowed the evaluation of temporal variation in

the patterns and magnitudes of integration (Figs. 6A and 6B).

We observed that while the integration patterns were relatively

stable through time, with almost constant average disparities

(Fig. 6A), the magnitude showed remarkable variation over the

course of evolution (Fig. 6B). These results complement previ-

ous large-scale studies investigating morphological integration

in several mammalian orders (Cheverud 1996b; Ackermann and

Cheverud 2000; Marroig and Cheverud 2001; Goswami 2006b;

Oliveira et al. 2009; Porto et al. 2009, 2015; Haber 2015; Hubbe

et al. 2016). Three significant decreases in magnitude were ob-

served which were associated with important dietary transitions

and the emergence of novel clades. The first occurred at the be-

ginning of phyllostomid diversification (approx. 27-23 Myr), and
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coincides with the phenotypic (shape and size) and ecological

(diet) divergence previously reported by Monteiro and Nogueira

(2011). This period is marked by a transition in multiple species

from a primarily insectivorous ancestral feeding habit to a feeding

habit which also included plant material (Ferrarezi and Gimenez

1996; Freeman 2000; Baker et al. 2012). This change in feeding

ecology has been hypothesized to have reduced competition with

other insectivorous bat species (Freeman 2000; Baker et al. 2012),

and set the stage for the successful diversification of Phyllostomi-

dae. The second decrease is coincident with evolution into differ-

ent dietary adaptive zones and the radiation of several clades (be-

tween approximately 24-20 Myr), and the third decrease (�9 Myr)

is coincident with the radiation of the short-faced bats, subtribe

Stenodermatina (Fig. 5 and 7B). This clade evolved from a primar-

ily frugivorous ancestor into highly specialized frugivores. This

radiation into the obligate frugivory niche was preceded by intense

selection (Rossoni et al. 2017) and represents the most recent burst

of diversification in the Phyllostomidae (Rojas et al. 2016).

IS THE EVOLUTION OF MORPHOLOGICAL

INTEGRATION IN PHYLLOSTOMID BATS ASSOCIATED

WITH DIETARY SPECIALIZATIONS AND ROOSTING

ECOLOGY?

Several studies on phyllostomid radiation have focused on the

relationships between feeding behavior and trophic morphology

(e.g., Wetterer et al. 2000; Datzmann et al. 2010; Dumont et al.

2011; Monteiro and Nogueira 2011; Rojas et al. 2011). Monteiro

and Nogueira (2010) reported a strong association between diet,

shape, and phylogenetic distance in the phyllostomid mandible.

An overview of the current clades comprising the family

Phyllostomidae supports direct evidence of these associations

between phylogeny, roosting, dietary habits, and morphology

(Fig. 5). Kunz and Lumsden (2003) discussed how roost availabil-

ity could influence both social organization and dietary strategy

in bats. They argue that roosting ecology may be understood as

a complex interaction of both biotic and abiotic variables, and

roosting strategies may be directly influenced by the distribution

and availability of food resources, among other things (Kunz and

Lumsden 2003). Previous works have demonstrated that traits

associated with roosting ecology might explain some morpholog-

ical variation seen in phyllostomids (Garbino and Tavares 2018;

Santana et al. 2011). Additionally, Tavares et al. (2018) proposed

that traits associated with roosting behavior might have played an

important role during the diversification of short-faced bats on the

mainland.

Given the importance of these ecological variables for Phyl-

lostomidae morphological evolution, is easy to predict that they

might have played a role in influencing the evolution of the covari-

ance structure. So far, the results from diversity decomposition,

DTT analysis and matrix comparisons strongly suggested the

influence of ecology in modifying the cranial morphological

integration in phyllostomid bats. Matrices correlation results not

only showed a significant association between morphological

integration and ecological variables, as indicated the presence of

strong phylogenetic structuring in these variables (Table 1). The

degree of phylogenetic structuring among morphological inte-

gration patterns, morphology and the ecological variables is quite

evident when represented using phylomorphospaces on the PCo-

ord axes (Fig. 7). These plots illustrate that, in terms of ecology,

closely related taxa tended to cluster together in similar regions

of morphospace, while more distant taxa were distributed further

from one another in more disparate regions of morphospace

(Fig. 7). Correlation matrices results also indicated that species

with similar feeding specializations shared similar roosting

habits (r = 0.59, p < 0.001; Table 2). Diet and roosting were also

significantly associated with average morphology (r = 0.32 and

r = 0.16, p < 0.001), indicating that species with similar feeding

and roosting behaviors are morphologically similar (Table 2).

Our results complement the studies reported above, demon-

strating that feeding strategies and roosting ecology diversified

together during phyllostomid evolutionary history, and explain a

significant proportion of morphological evolution within clades.

Additionally, our results extended these findings through a com-

parative quantitative genetic investigation of the evolution of the

covariance structure, showing that the evolution of morphological

integration in phyllostomid bats is associated with dietary special-

izations and roosting ecology (see next section below). Overall, it

seems reasonable to argue that these two ecological factors (diet

and roosting) were significant drivers of phyllostomid radiation,

with their evolution being in close association with variation in

integration structure (patterns and magnitude) as well as average

morphological differentiation.

HAS MORPHOLOGICAL INTEGRATION CHANGED AS

A BY-PRODUCT OF SELECTION ACTING IN SPECIES

AVERAGE MORPHOLOGY?

The quantitative genetic theory predicts that the covariance struc-

ture might change indirectly or directly in response to natural

selection. Indirect changes in covariance structure might result

from selection acting to differentiate species average morphol-

ogy, indirectly changing variances and covariances among traits

(i.e., the covariance change as a by-product of changes in species

average morphology). Direct changes might result from selection

acting directly upon both the variances and covariances among

traits; not necessarily affecting the mean phenotype. Studying

relationship QTLs (rQTLs), Pavlicev et al. (2008, 2011) identi-

fied “neutral” rQTLs capable to change the variance and covari-

ance among traits without affect the trait means. These studies

highlight the importance of epistatic pleiotropy in shaping covari-

ation (see also Wolf et al. 2005).
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Figure 7. Phylomorphospaces plot viewed as the first two principal coordinates of the integration patterns (RSDis) and morphological

differentiation (MorphDis). Labels represent dietary strategies in phyllostomid bats (SF, strict frugivory; N, nectarivory; F, frugivory; C,

carnivory; H, hematophagy; SI, strict insectivory; O, omnivory; IP, insectivory). Colors presented here match those of the Figure 5.

In our study, matrix correlation results revealed a significant

association between morphological integration patterns (RSDis)

and morphological differentiation (MorphDis) (Table 1), suggest-

ing a coordinated evolution of both trait averages and phenotypic

covariances throughout clade diversification. This association

suggests that natural selection had two potential roles in changing

morphological integration during phyllostomid diversification.

Firstly, directional selection resulting in the differentiation of

species average morphology (see Rossoni et al. 2017) may have

had indirect consequences on the shaping of cranial inter-trait

relationships in phyllostomid bats. Alternatively, directional

selection may have acted directly upon both trait averages

and covariances during phyllostomid diversification. Although

the first scenario (indirect changes) seems more reasonable,

given that the greater the cranial morphological divergence in

phyllostomid bats, the greater the dissimilarity in their covariance

matrices, it does not explain all the divergence observed in our

data. Probably, both scenarios happened during phyllostomid

diversification. Morphological integration might have changed as

a by-product of selection acting in species average morphology,

and also, selection might have acted directly on variances and

covariances to change functional and developmental morpholog-

ical integration patterns associated with ecological adaptations

(this will be investigated in a future contribution).

Remarkably, our results suggested that an evolutionary model

of adaptation with multiple peaks corresponding to species

occupying different dietary and roosting adaptive zones was the

most likely scenario for the evolution of morphological integration

structure and average morphological differentiation in phyllosto-

mid bats (Tables SI2-1 and SI2-2; Figs. SI2-1A,C and SI2-1A,B).

Macroevolution in phyllostomids might conform with Simpson’s

phenotypic landscape hypothesis based on dynamics among adap-

tive zones (Simpson 1944, 1953). According to Simpson (1944,

1953), the evolution of appropriate traits, i.e., those that meet

functional demands, could facilitate an organism in accessing

and occupying a new adaptive zone. Our results demonstrate that

ascending those novel dietary and roosting peaks (Simpsonian

subzones; Simpson 1944) involved changes in morphological in-

tegration structure (phenotypic covariance patterns and magni-

tudes) and morphological differentiation (average morphology)

during the diversification of phyllostomids (see also Pfaender

et al. 2016). In a previous study, we have also demonstrated that

natural selection was the key process driving phyllostomid diver-

sification by directly affecting cranial morphology (Rossoni et al.

2017). Moreover, by reconstructing selection gradients along the

phylogeny, we have shown that intense magnitudes of selection

preceded invasions of new ecological niches and the appearance

of novel feeding specializations (Rossoni et al. 2017). Based upon

theoretical models, Pavlicev and co-workers (2011) demonstrated

that directional selection can play an important role in chang-

ing genetic covariance patterns. Recent simulation approaches

broadly supported this model (Jones et al. 2014; Melo and Marroig

2015), and empirical studies have demonstrated that directional

selection can change patterns of integration in the mammalian

skull, both in the wild (Assis et al. 2016) and in the laboratory

(Penna et al. 2017).

Previous studies using phylogenetic comparative methods to

investigate biomechanical performance (Dumont et al. 2014) and
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mandible shape and size (Monteiro and Nogueira 2011) in phyl-

lostomid bats have also found the Ornstein-Uhlenbeck process

to be the best-supported evolutionary model for average mor-

phology. Additionally, Dumont et al. (2012) demonstrated that

changes in skull morphology enabled the expansion of dietary

niches in stenodermatines. This clade includes the greatest relative

numbers of genera and species in Phyllostomidae, with feeding

strategies ranging from primary to obligate frugivory (Baker et al.

2012, see Fig. 5). The origin of this clade was associated with

a significant increase in the rate of species diversification (Du-

mont et al. 2012) and with a strong magnitude of selection in the

branch leading to highly specialized frugivores (the short-faced

bats, Subtribe Stenodermatina) (Rossoni et al. 2017). Overall, our

results extend those findings through a comparative quantitative

genetic investigation, incorporating the covariance among traits,

and leading to significant insights into the evolution of morpho-

logical integration in the most noteworthy example of adaptive

radiation in mammals. Here, the interplay between natural se-

lection, changes in the phenotypic covariance structure, and in

trait averages (morphology), together with the invasion of novel

dietary and roosting-based adaptive zones, can be thought of as

having “fine-tuned” this adaptive radiation.

ARE THE COVARIANCE PATTERNS OF PARTICULAR

TRAITS ASSOCIATED WITH DIET AND ROOSTING?

In analyzing the relationships between ecological variables and

the covariance patterns of individual traits (SRD method; Marroig

et al. 2011), our results revealed that dietary strategies and roost-

ing ecologies are associated with covariance patterns in particular

cranial traits, most of them associated with the oral, nasal, and zy-

gomatic subregions (face region) and a some associated with vault

and base subregions (neurocranial region) (Fig. 4, Tables S13 and

S14). Especially for the face, traits that displayed significant corre-

lation with feeding strategies also exhibited significant correlation

with roosting ecology, and thus might indicate morphological cor-

relates of dietary and roosting adaptations. Bats of the Subfamily

Stenodermatinae are a good example of species sharing feeding

strategies and roosting behaviors (see Fig. 5). This Subfamily

contains bats that mostly feed on fruits, including almost all phyl-

lostomid species known to roost in foliage and species known to

modify leaves into tent shelters (Voss et al. 2016; Fig. 5). Feeding

on fruits and changing the shape of leaves to create tent shelters

involve biting through resistant plant tissues. These strategies and

their associated physical challenges might demand biomechanical

functions from the different regions of the skull. In the insectivo-

rous bat Lophostoma silvicolum, for example, teeth are essential

in the excavation of roosts in active termite nests (Kalko et al.

2006; Dechmann et al. 2009). This species generates high bite

forces during biting behaviors associated with feeding and roost

excavation (Dechmann et al. 2009). In our study, the landmarks

involved in the SRD results mostly capture distances related to

rostrum and palate extension and retraction (face region), being

associated with the premaxilla, palate, and nasal bones (Fig. 4,

Tables S13 and S14). These bones and associated muscle mechan-

ics are strongly associated with biting performance (see Nogueira

et al. 2009; Santana et al. 2010, 2012; Dumont et al. 2014). Re-

garding the neurocranium, the landmark APET is located in the

basicranial subregion, and is also positioned close to the auditory

region, which is host to the balance and orientation organs and

additionally delimits the basisphenoid and basioccipital bones.

The distance BRAPET for instance is associated with the vault

subregion and, among other things, reflects the height of the brain-

case, which may vary greatly among species according to their

feeding or roosting specializations and distinct morphologies. An

interesting follow-up to our work would be to examine cranial

modularity in phyllostomid bats, including hypotheses linking

the functional demands of different dietary and roosting special-

izations with integration patterns and magnitudes. This approach

would be advantageous in developing our understanding of the

relative role of external factors as determinants of phenotypic co-

variance structure. Additionally, moving from one adaptive peak

to another in the adaptive landscape might require substantial

changes in the functional requirements of the phyllostomid skull

(Dumont et al. 2014). Therefore, another important avenue for

future research would be to quantify the functional performance

in phyllostomid skulls and/or mandibles to investigate if the di-

rection of selection and the direction of evolutionary response are

aligned with biomechanical variables during dietary transitions

along the phylogenetic tree, and whether these interactions have

impacted integration structure.

Conclusion
In this study, we demonstrated that, on a broader phylogenetic

scale, cranial morphological integration structure remained

relatively similar during the evolution of the New World

leaf-nosed bats. However, despite this overall similarity, we also

observed substantial divergences between interclade compar-

isons. We found a significant degree of phylogenetic signal in all

variables analyzed, emphasizing the importance of evolutionary

history in dictating changes in morphological integration struc-

ture, feeding strategies, roosting ecologies, and morphological

differentiation during phyllostomid diversification. Most of the

phylogenetic structure in the integration space can be explained

by splits at the beginning of the diversification of major clades

in the Phyllostomidae. The adaptive radiation of phyllostomid

bats was triggered by the diversification of dietary and roosting

strategies, and the invasion of new adaptive zones leading to

changes in phenotypic covariance structure and cranial mor-

phology. In this scenario, intense natural selection preceded the
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invasion of these new adaptive zones (at least for feeding

strategies, see Rossoni et al. 2017) and played an important role

in shaping both cranial covariance structure and morphologi-

cal differentiation throughout the successful radiation of this

hyperdiverse clade of mammals.
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2018. Out of the Antilles: fossil phylogenies support reverse colonization
of bats to South America. J. Biogeogr. 45:859–873.

Tukey, J. W. 1977. Exploratory data analysis. Addison-Wesley Pub. Co, Read-
ing, MA.

Turelli, M. 1988. Phenotypic evolution, constant covariances, and the main-
tenance of additive variance. Evolution 42:1342–1347.

von Cramon-Taubadel, N., and L. Schroeder. 2016. Testing the equiva-
lence of modern human cranial covariance structure: Implications for

bioarchaeological applications: von C ramon -T aubadel and S chroeder.
Am. J. Phys. Anthropol. 161:355–366.

von Cramon-Taubadel, N., B. C. Frazier, and M. M. Lahr. 2007. The prob-
lem of assessing landmark error in geometric morphometrics: theory,
methods, and modifications. Am. J. Phys. Anthropol. 134:24–35.

Voss, R. S., D. W. Fleck, R. E. Strauss, P. M. Velazco, and N. B. Simmons.
2016. Roosting ecology of Amazonian bats: evidence for guild structure
in hyperdiverse mammalian communities. Am. Mus. Novit. 3870:1–43.

Wetterer, A. L., M. V. Rockman, and N. B. Simmons. 2000. Phylogeny of
phyllostomid bats (Mammalia: Chiroptera): data from diverse morpho-
logical systems, sex chromosomes, and restriction sites. Bulletin of the
American Museum of Natural History 248:1–200, New York, NY.

Willmore, K. E., C. C. Roseman, J. Rogers, J. M. Cheverud, and J. T.
Richtsmeier. 2009. Comparison of mandibular phenotypic and genetic
integration between baboon and mouse. Evol. Biol. 36:19–36.

Wolf, J. B., L. J. Leamy, E. J. Routman, and J. M. Cheverud. 2005. Epistatic
pleiotropy and the genetic architecture of covariation within early and
late-developing skull trait complexes in mice. Genetics 171:683–94.

Yohe, L. R., R. Abubakar, C. Giordano, E. Dumont, K. E. Sears, S. J. Rossiter,
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