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Abstract

From the ground to the skies: Ecomorphological predictors of diet and trophic

diversification in small Neotropical mammals
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Chair of the Supervisory Committee:
Sharlene E. Santana
Biology

During the evolution and dietary diversification of vertebrates, astounding
morphological, physiological and behavioral adaptations evolved to procure and
efficiently process their preferred food resources. These adaptations affect how well each
species obtains energy, survives and reproduces in their environment, and are directly
related to resource partitioning and diversification patterns.

This dissertation seeks to elucidate patterns of morphological and functional
adaptations on small Neotropical mammals related to selective pressures exerted by their
dietary ecology. I used myomorph rodents and bats as model taxa to develop my research,
as these animals show exceptionally high taxonomic and ecological diversity, which

makes them ideal for understanding ecomorphological trends in the evolution of feeding



structures. Through my three chapters, I tested the hypothesis that evolved differences in
size and shape of morphological structures are directly associated with differences in the
feeding ecology of the species. Moreover, by linking these adaptations to variations in
performance among tasks of vital importance for energy acquisition during feeding (e.g.,
biting, chewing), I also explored how functional adaptations might have allowed
subsequent functional dietary specialization on some taxa and, ultimately, trophic
segregation among Neotropical mammal communities.

In chapter 1, I coupled data on functional mandibular measurements and dental
topography metrics with dietary information under a phylogenetic framework to
investigate the functional correlates of mandibular and molar diversity among
Akodontine rodents. Here, both mandibular and dental morphologies seem to have
evolved to facilitate the efficient processing of specific food items with unique
mechanical properties (e.g., arthropod exoskeleton vs plant materials). Both mandibular
and dental traits show strong dietary signals towards processing specific food resources,
with herbivory and insectivory dietary regimes shaping the most extreme morphologies.
Altogether, our study gives insight into the strong relationship between rodent’s feeding
structures and dietary ecology, highlighting the traits that are, potentially, under stronger
selective forces and that might have facilitated the trophic diversification and
specialization in the Akodontine tribe.

In chapter 2, I used morphological and performance traits to investigate the
influence of feeding ecology on the form-function relationships of feeding structures in
rodents, and explored the potential implications of these differences on morphological

specialization and resource partitioning among sympatric members of a community in



Costa Rica. I found a strong dietary signal on multiple external, mandibular and dental
traits, with shape differences being more extreme in specialized feeding ecologies. I also
found multiple trade-offs between the morphology and performance of the feeding
apparatus of these rodents, highlighting the compromise that usually is detected when
extreme morphologies evolve. Our data give insight into form-function-performance
relationships of rodent feeding structures and provide clues on potential mechanisms that
have allowed trophic diversification among sympatric species.

In chapter 3, I investigated the functional relationship among size, shape and
feeding performance in a community of Neotropical Free-tailed bats in Costa Rica.
Specifically, we evaluated how the size of cranial structures and the shape of molar teeth
correlate and influence food processing. We found strong connections of morphological
and functional specialization with performance outcomes, highlighting mechanisms of
trophic resource partitioning among members of the community. These, in turn, might be
influenced by adaptations to the mechanical properties of different food resources.
Altogether, our study successfully connected morphology and performance with dietary
ecology, setting an example on how to couple these data to better understand ecological

patterns and trade-offs of trophic specialization.
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CHAPTER 1

Chew on this! — Functional correlates of mandibulo-dental morphology and the trophic

diversification of akodontine rodents

Drawing of a Brazilian shrew mouse, Blarinomys breviceps.
Art based on a photo by R. Stumpp.



1.1  ABSTRACT

The shape and size of the vertebrate feeding apparatus is highly informative about what
an animal is adapted to eat. In mammals, this dietary signal is particularly strong in the
mandible and the molars, as the main function of these structures is to acquire and
process food items for further digestion. This ecomorphological relationship has been key
to understanding the diversification of multiple clades, including highly taxonomic and
ecologically diverse lineages such as bats and rodents. Here, we quantified functional
traits of the mandible and the molars of a speciose clade of rodents (tribe Akodontini,
Subfamily Sigmodontinae) in order to elucidate functional correlates between the
morphological diversity and the trophic diversification of these Neotropical rodents. We
found that diet has had a strong influence on the shape of the mandible and the molars,
with extreme dietary regimes showing the most specialized morphologies. Specifically,
herbivores and insectivores species show contrasting jaw morphologies, with shapes that
functionally differ in the amount of area available for masticatory muscle attachment.
Most molar topography metrics, on the other hand, seem to converge in herbivores and
insectivores, suggesting functional advantages of molars with sharp and numerous
breakage sites for processing n different food items. Finally, omnivorous species show a
high variation in the measured traits, which suggests potential advantages of generalized
morphologies for processing food items with multiple and contrasting mechanical
properties. Overall, our data revealed morpho-functional adaptations and potential
trade-offs in the evolution of rodent feeding structures, highlighting mechanisms that

might have facilitated trophic segregation and specialization in Akodontine rodents.
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Key words: diet, jaw, molars, mechanical advantage, resource partitioning.

1.2 INTRODUCTION

In ecomorphological studies, trophic ecology has been frequently highlighted as one of
the main drivers of morphological evolution of feeding structures (Martin & Wainwright
2011; Dumont et al., 2012). Within the skull of vertebrates, for example, structures such
as the mandible and teeth have been strongly correlated with diet, as these parts of the
feeding apparatus are mostly responsible for the controlled movements to acquire and
carefully process the food items for further digestion.

The mandible, on one side, serves as an insertion area for the muscles that open
and close the jaw during biting and mastication (Greaves 2012), therefore, it is expected
that selective forces have been shaping mandibular forms to morphologies adapted to
generate the precise forces and speeds (e.g., mechanical advantage — Grossnickle 2020 ,
Navalon et al., 2019; Westneat 2003) necessary to efficiently process food items that can
vary in a myriad ways (e.g., size, shape, hardness, etc). On the other hand, food-tooth
interaction has been proposed to be one of the major drivers of tooth morphology, and
especially of molar topography (Lucas 1979; Bergqvist 2002), as natural selection will
favor the evolution of shapes that are efficient at processing food items of specific
mechanical properties (e.g., hard vs soft objects—Spears & Crompton 1996; Lucas 2004;
Berthaume 2016a). Altogether, understanding the functional relationship between feeding
structures and dietary ecology is utterly crucial as these interactions underlie ecological
and evolutionary processes including dietary niche partitioning and trophic radiations

(Lucas 1979; Yamaoka 1983; among others), which are ultimately linked to increases in
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phenotypic and functional diversity (Hulsey & Wainwright 2002; Konow et al., 2008;
Mehta 2009).

In highly diverse groups such as bats, mandibulo-dental disparity has been
directly linked to invasion of new diet-affiliated adaptive zones (Dumont et al., 2012;
Grossnickle 2023) and to variations in feeding performance among coexisting species
(Santana et al., 2011; Villalobos-Chaves & Santana 2021). Moreover, in other highly
diverse taxa such as rodents, where members have independently and repeatedly evolved
different dietary specializations (Evans et al., 2007), mandibular and molar disparity have
been hypothesized as the major drivers of phenotypic diversity (Martin et al., 2016;
Maestri et al., 2017; Grossnickle 2020; Missagia et al., 2020), by facilitating
diversification through food niche partitioning processes, for example, functional
variation that is translated into performance differences (Bezzobs & Sanson 1997).
However, among rodent lineages, the morphofunctional relationships between
mandibulo-dental shape and dietary ecology have been mostly explored in murine
rodents (Muridae) (Misonne 1969; Martin et al., 2016; Evans et al., 2007), with a few
insights into the mandibular morphology of other lineages (Evans et al., 2007; Maestri et
al., 2017; Missagia et al. 2020 ).

Here, we investigated the relationship between dietary ecology and the
morphological diversification of mandibular and dental traits among a representative
sample of Neotropical Akodontine rodents (Tribe Akodontini — Cricetidae:
Sigmodontinae). The Akodontini tribe represents a taxonomically diverse (88 species —
Paradinas et al., 2017; Steppan & Schenk 2017) group of Neotropical sigmodontine

rodents that are characterized by a successful radiation in South America (D’Elia &
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Pardifias 2015; Maestri et al., 2017). Akodontini rodents show a mesmerizing diversity of
life history strategies, with species morphotypes that are linked to contrasting ecological
niches (e.g., substrate and diet — Hershkovitz 1966; Reig 1980; D’Elia & Pardifias 2015;
Missagia et al., 2020; Pardinas et al., 2020). Morphological adaptations in akodontines
seem to have evolved independently of phylogenetic relatedness among clades, and the
presence of several lineages in Akodontini that seem to be specialized on specific food
resources (e.g., insects, vegetation) makes this group of rodents ideal to investigate
ecomorphological patterns and functional tradeoffs of specialized morphologies
(Missagia et al., 2020).

Specifically, we tested the hypothesis that evolved differences in mandibular
morphology and molar topography reflect functional dietary specializations towards food
resources with different mechanical properties. As the variation in shape, size, function
and performance of mammalian feeding structures are strongly tied to the challenges of
processing specific food items, we predicted that species with more specialized diets
(e.g., high plant matter content or high animal matter content) evolved more extreme
morphologies due to the advantages of those shapes for processing foods with specific
mechanical properties. Conversely, due to the potential trade-offs of having generalized
morphologies, we predicted that omnivorous species will show less extreme
morphologies that allow them to process food items of highly variable material

properties (e.g., stiff and pliant materials).
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1.3 MATERIALS AND METHODS

1.3.1 Taxonomic sample & data collection

We collected micro-computed tomography (LCT) scans of the skull of voucher specimens
belonging to the Neotropical rodent tribe Akodontine (Supporting information file 1 —
Table S1) using a Skyscan 1172 pCT Scanner (Bruker MicroCT, Belgium). All scans
were performed at an 13.03 um image voxel size while keeping other scanning
parameters consistent (Supporting information file 1 — Table S1). After scanning, we
used NRecon (Microphotonics) to convert CT shadow images into image stacks
(“slices’), which we imported into Mimics v. 22.0 (Materialise, Leuven, Belgium) to
produce 3D surface (*.stl) files (i.e., mesh models). Raw stl files were then imported into
Geomagic Studio v. 2019 (Geomagic Inc., Research Triangle Park, NC, USA) for further
processing and isolation of the structures of interest for the analysis.

Voucher specimens were sourced from the following museums: American
Museum of Natural History, New York (AMNH), Burke Museum of Natural History and
Culture, University of Washington, Seattle (UWBM), Field Museum of Natural History,
Chicago (FMNH), Natural History Museum of Los Angeles County, Los Angeles
(LACM), Museum of Vertebrate Zoology, University of California, Berkeley (MVZ),
National Museum of Natural History (NMNH), and the Smithsonian National Museum of
Natural History, Washington D.C. (USNM). Our unprocessed data set comprises 144
specimens from a phylogenetically diverse sample with 45 species spanning 15 genera

(Supporting information file 1 — Table S1).
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1.3.2 Morphological data

Mandibular traits —We collected 11 linear measurements and one angle (Fig.1.1;
Supplementary information file 1 — Table S2) from scaled, hemi-mandible (lateral view)
pictures that were obtained using our 3D mesh models and the software 3D Slicer
(Fedorov et al., 2012; http://www.slicer.org). Scaled pictures were taken while only using
the right hemi-mandible, both from the lingual and the labial views (see Fig. 1.1).
Measurements were obtained with the help of ImagelJ (National Institutes of Health,
Bethesda, MD, USA).

To control for size variation among the mandibular measurements, we
transformed raw measurements to log-shape ratios (Mosimann 1970) by dividing them by
the geometric mean of all 11 linear measurements (i.e., a proxy for jaw size). The
resulting ratio was then log10-transformed for further analysis (Claude 2013; Price et al.
2019). As measurement 12 (i.e., the JAPr angle — Grossnickle 2020) is not a linear
measurement, we only applied a logl0-transformation to this metric. This size correction
method has the advantage of preserving the variation related with allometry (Grossnickle
2020), hence the results presented here are mainly based using log-shape ratios.

In addition to log-shape ratios, we employed an alternative size correction method
to further account for morphological variation associated with both size and allometry
(Mosimann 1970; Grossnickle 2020) while incorporating the phylogenetic relationships
and phylogenetic signal into the size correction process (Revell 2009; Price et al. 2019).
Here, we obtained the residuals by regressing log10- transformed measurements against
log10-transformed jaw length (measurement 2) using phylogenetic generalized least

squares (PGLS) regressions (Martins & Hansen 1997) via the caper package (Orme et al.,
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2023) in the R software (R Core Team 2024). For this method, the JAPr angle was
equally treated as the other linear measurements, and the residuals from each regression

were saved and then used in all subsequent comparative analyses (see Table S1.4).

Dental traits — To collect data on molar topography, we first visually filtered our
3D mesh models based on tooth wear. This was done because wear can affect topography
metrics. Out of 5 tooth wear categories (i.e., from 4 = highly worn molars to 0 = unworn
molars), we only analyzed mesh models with values between 0 and 3 (Supplementary
information file 1 — Table S3).

Next, we isolated the entire tooth crown (i.e., above the enameled cervix) of the
selected mandibular right tooth rows (i.e., molars) (Boyer 2008) and oriented them
following Pampush et al. (2016), that is, with the occlusal plane parallel to the X-axis
(which pointed anteriorly), the Y-axis perpendicular to the occlusal plane, and the Z-axis
pointing in the lingual direction (see Fig. S3.2 of Chapter 3). Curated and oriented
models were then simplified (25,000 faces), smoothed (20 smoothing iterations, lambda
of 0.6) and saved (as PLY file) with the help of Avizo Lite 9.2.0 (FEI Visualization
Sciences Group, Berlin, Germany) for further calculation of dental topography metrics.
For the latter, we used the package molaR (Pampush et al., 2023) and its incorporated
function, molaR Batch, to collect data on the following metrics: the Dirichlet normal
energy (hereafter: DNE), the convex portion of the Dirichlet normal energy (hereafter:
Convex DNE), the concave portion of the Dirichlet normal energy (hereafter: Concave
DNE), the concave and the convex area, the 2D area, the Relief index (hereafter: RFI),

the Orientation patch count rotated (hereafter: OPCR), the Orientation patch count
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(hereafter: OPC), and the Slope (Pampush et al., 2016) (Supplementary information file

1 — Table S3 and Table S4).

For RFI calculations, we used an alpha value of 0.075, as this was the minimum
value that allowed us to keep the subscript inside the bounds (see details in Pampush et
al., 2016). We performed OPCR calculations with a minimum of 3 faces and 8 steps, with
a step size of 5.62, to make these comparable with previous studies. Further comparative
analyses were performed using only a subset of all dental topography metrics (see details
in the data analysis section and Fig. 1.1), which were selected after conducting Spearman
correlations to evaluate redundancy among the variables. As dental topography metrics
are not influenced by size differences (Berthaume et al., 2020), no size correction is

needed for these traits.

1.3.3 Dietary information
We gathered quantitative and qualitative dietary data for the Akodontine species used in
this study through an intensive literature review (Supporting information file 2 — Table

S5, Table S6, Table S7a and Table S7b) following a modified approach based on Barbero

et al. (2021) and Verde Arregoitia & D'Elia (2021). Accordingly, rodent species were
classified into (1) one quantitative, continuous, dietary scheme based on the available
and/or estimated amount of plant material in their diet, and (2) one qualitative dietary
scheme of three categories (i.e., insectivores, omnivores, and herbivores). We defined
insectivores as species with diets consisting of 80—100% animal prey (or 0—20% plant
material — n = 16), omnivores as 20-85% plant material (n = 28), and herbivores as

85—-100% plant material (n = 1) (Supporting information file 2 — Table S8). Although
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these categories were based on state of the art information available, any diet
classification for a Neotropical rodent species is probably an oversimplification; proposed
thresholds are based on previous studies of diet in mammals (Verde Arregoitia & D'Elia
2021; Grossnickle 2020; Barbero et al., 2023) and my own subjective criteria based on

behavioral observations described for some species or genera.

1.3.4 Phylogenetic relationships

Taxonomic and genetic sampling — We included 44 ingroup taxa (i.e., Akodontine
species), 26 species from sister subfamilies and tribes within Cricetidae, and one
outgroup belonging to Muridae (i.e., Rattus norvegicus) (Supporting information file 3 —

Table S9, Table S10 and Table S11) in our analyses. The expanded set of outgroup

terminals was deliberately selected not only to robustly test the monophyly of Akodontini
but to allow the incorporation of key fossil evidence in our divergence time analyses (see
below). To maximize both taxonomic and molecular coverage while minimizing missing
data in the alignment matrix, we sourced DNA sequence data from GeneBank,
prioritizing specimens with the greatest number of sequenced fragments from a curated
list of nine loci commonly represented across our taxonomic sample (Supporting
information file 3 — Table S11). Selection of specimens also considered geographic
origin, with preference given to individuals collected near each species’ type locality, to
ensure taxonomic accuracy. In most cases, species were represented by multiple
mitochondrial and nuclear loci. The final alignments included 51 sequences for Acp5, 71
for Cytb, 37 for DMP1, 56 for GHR, 60 for Rbp3, 58 for RAG1, 18 for THY, 33 for COI,

and 24 for a long mitochondrial segment encompassing tRNA-Thr, tRNA-Pro, the control
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region (D-loop), tRNA-Phe, 128, and tRNA-Val (hereafter referred to as the “Thr-Val
block™; see Table S1.1 for details on coverage and variability). The taxonomy of all
included species and subspecies was individually verified against available synonym lists
(e.g., Wilson & Reeder, 2005; Paradinas et al., 2017), the accepted species in the [UCN

Red List (2024), and the geographic provenance of voucher specimens.

Phylogenetic Inference and Molecular Dating — To construct individual alignments,
we used the MAFFT v.7 algorithm (Katoh & Standley 2013) in the Geneious v.9.1.8

platform (Biomatters, www.geneious.com). The alignments were performed with the 200

PAM (k=2) scoring matrix, a gap opening cost of 1.53, and an offset of 0.123. The ‘auto’
function was used to select the most appropriate alignment strategy based on sequence
length and complexity. We concatenated the resulting alignments using a custom Python
script that leveraged the Nexus module from Biopython’s Bio.Nexus library. The
resulting concatenated dataset contained 11,873 aligned characters, with 6,707 conserved
sites, 4,910 variable sites, 3,161 parsimony-informative characters, and 1,670 singletons.
Summary statistics for individual mitochondrial and nuclear loci are presented in Table

S1.1.

To define an appropriate calibration strategy for divergence dating, we first
generated maximum likelihood trees from the concatenated dataset using IQ-TREE 2
(Minh et al., 2020). We applied ModelFinder (Kalyaanamoorthy et al., 2017) to
determine the most appropriate models of nucleotide substitution and partitioning
schemes. We analyzed introns (if present) and exons from the same gene as separate data

blocks. Once optimal partitioning and model schemes were identified, we conducted
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maximum likelihood searches and evaluated clade support using 1,000 ultrafast bootstrap
replicates (Hoang et al., 2018) and SH-like approximate likelihood ratio tests (Guindon et
al., 2010). Each analysis was repeated ten times to ensure stability, and the top-scoring

tree was retained. All resulting trees are included in the (Supplemental Material File 00).

We estimated divergence times within a Bayesian framework using BEAST v1. 10.4
(Suchard et al. 2018), incorporating sequence data from all loci previously analyzed in
IQ-TREE 2. Fossil calibrations were implemented as lognormal prior distributions, based
on fossils 3-9 and 14 from Steppan & Schenk (2017: Table 1), which are grounded in the
fossil age justifications detailed by Shenk et al. (2013) and references therein.
Topological constraints (Fig. S1.1) were applied to enable the placement of calibration
points using the best maximum likelihood topology generated with IQ-TREE2 as a
reference. We applied the GTR+I" model for nucleotide substitution and selected a
birth—death speciation model as the tree prior, suitable for datasets with incomplete and
uneven taxon sampling. To ensure robustness, three independent Markov chain Monte
Carlo (MCMC) analyses were run, each initialized with a unique random seed. Each run
was conducted for 900 million generations, with sampling every 90,000 steps. We
evaluated convergence and effective sample sizes (ESS > 200) using Tracer v1.7.2
(Rambaut et al., 2018). The first 10% of samples from each run were discarded as
burn-in, and the remaining samples were combined using LogCombiner v1.10
(Drummond & Rambaut 2007). A summary tree with median node heights was generated
using TreeAnnotator v1.10 (Drummond & Rambaut 2007). The XML input file, all
BEAST outputs, and the resulting maximum clade credibility tree are provided in the

Supplemental Material File O1.
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1.3.5 Data analysis

We first mapped the dietary, dental and mandibular data on the reconstructed Akodontine
phylogeny to visualize their variation across the tree’s topology (Fig. 1.2, Fig. S1.5 and
Fig. S1.6). In addition, we estimated the phylogenetic signal for the dental and
mandibular traits by calculating Blomberg’s K (Blomberg et al., 2003) and comparing our
estimates to a null distribution (no signal) with the help of p-values obtained from 9999
random permutations of the tip values (Table S1.1 — Blomberg et al., 2003; Adams
2014). Both analyses were performed using the ‘contMap’ and the ‘phylosig’ function,
respectively, from the ‘phytools’ package (Revell 2024). Next, we performed Principal
Component Analysis (hereafter: PCA) on species’ averages for the mandibular traits and
for the dental topography metrics using the ‘prcomp’ function from the ‘stats’ package (R
Core Team 2024). The first two components of each PCA, in addition to the
reconstructed phylogeny of Akodontine, were then employed to generate a morphospace
distribution of each dataset on a phylomorphospace (Fig. 1.3 and Fig. 1.4) by using the
‘phytools’ and ‘ggpubr’ packages (Kassambara 2023; Revell 2024).

Finally, following these exploratory analyses, and because means of traits for
species can not be considered as statistically independent data points due to differing
amounts of shared phylogenetic history (Felsenstein 1985), we then used the
reconstructed phylogeny of Akodontine to explore the relationship between dietary
ecology and morphological traits under a phylogenetic context. We performed
phylogenetic generalized least squares regressions (hereafter: PGLS — Martins &
Hansen 1997) via the caper package (Orme et al., 2023) for R software (R Core Team

2024) using the dietary information (i.e., arcsine-transformed proportion of dietary plant
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material), the dental topography metrics, and the size-corrected jaw measurements. We
examined univariate traits rather than performing analyses with multiple predictor
variables because identifying specific morphological correlates of diet is especially
valuable to functional and evolutionary analyses, and paleontological studies
(Grossnickle 2020). Altogether, we performed three different PGLS regression analyses
using (1) the log-shape ratios of all the data available (i.e., all the species and dietary
groups), (2) the log-shape ratios removing Kunsia tomentosus (i.e., the only herbivore in
the data set) to investigate the effects of this outlier, and (3) the residuals from the PGLS

regressions using jaw length to control for size (see Mandibular traits section).

1.4  RESULTS

We found that, among both the dental and mandibular trait datasets, several dental
topography metrics as well as mandibular measurements are significantly associated with
diet (Table 1.1, Table S1.4, Fig. 1.3 and Fig. 1.4). Graphical representation of the best
performing metrics can be found in Fig. 1.3, Fig. 1.4, Fig. S1.3 and Fig. S1.4.

The PCA of mandibular traits supported traits such as the jaw length and the JAPr
angle as the main drivers of the separation along PC1 (46.43% of variance explained),
and traits such as the coronoid process (CPr) and joint elevation as the main contributors
of the variation in PC2 (17.84% of variance explained) (Fig. 1.3 and Table S1.3). Here,
patterns on mandibular morphology indicate that insectivore species have longer jaws
and smaller JAPr angles than omnivores and herbivores, respectively (Fig. 1.3), whereas
traits such as the coronoid process and joint elevation show high variation among dietary

groups (Fig. 1.3).
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In the PCA based on dental (molar) topography metrics, the first two axes
account for 92.18% of the variation (Fig. 1.4, Table S1.3) with variables such as the
convex portion of the DNE and the OPC as the main drivers separating dietary ecologies
in PC1, and the RFI as the main trait influencing PC2 (Table S1.3). In this morphospace,
herbivorous and insectivorous species tend to have molars with more complex and
sharper surfaces (ie., high Convex DNE and OPC) but lower occlusal areas (i.e., low
RFI). Omnivores, on the other hand, show molars with low convex DNE and OPC, in
addition to intermediate RFI values (Table 1.1, Fig. 1.4 and Fig. S1.4). Specifically, it
seems most of the variation is being driven by the herbivore K. fomentosus, in addition to
a few species of insect-eating Akodontine, which are located towards the more positive
values of the PC1 (Fig. 1.4).

When both data sets (i.e., mandibular and dental) are included in the PCA , we
find more morphological differentiation among dietary groups (as seen in Fig. S1.2). In
this analysis, both PC axes show a clear separation among dietary categories, mainly with
mandible traits (35.68% of variance explained) and dental traits (18.15% of variance
explained) driving the variation in PC1 and PC2, respectively (Fig. S1.2).
Correspondingly, this mandibulo-dental PCA indicates that herbivore species show larger
JAPr angles and more complex and sharper molars, but reduced occlusal area and shorter
jaws than insectivores and omnivores, respectively (Fig. S1.2).

Furthermore, the results from the PGLS regression analyses indicate that the best
performing metrics associated with diet correspond to dental traits such as the concave
portion of the DNE and the RFI (Table 1.1), and mandibular measurements related to the

overall length of the jaw (i.e., the jaw length, the m1 to posterior jaw length and the jaw
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joint to m1 length), in addition to the corpus depth, the JAPr ventral length and the JAPr
angle (Table 1.1, Fig. 1.1 and Fig. S1.3). However, when the herbivore species (i.e., K.
tomentosus) is excluded, our analysis highlights metrics such as the convex portion of the
DNE, the corpus depth and the JAPr angle as the best performing traits associated with
dietary differences (Table S1.5). Finally, by using regression residuals from
size-corrected mandibular traits, the most predictive traits of the PGLS are the joint
elevation and the JAPr angle (Table S1.4). Thus, in summary, the JAPr angle and DNE
metrics are the most consistent predictors of dietary categories in our dataset across all

the regressions performed.

1.5 DISCUSSION
Our results shed light on the influence of diet on the mandible and tooth morphology of
rodents, whose masticatory features and jaw movements are unique among mammals
(Cox & Baverstock 2016; Grossnickle 2020). In Akodontine rodents, we find that diet is
strongly associated with morphological features such as the size of the angular process,
thus predictors such as the JAPr distance measured to the ventral-most margin
(measurement 11) and the JAPr angle (measurement 12) account for much of the
differences between insectivores and herbivores (Table 1.1, Fig. 1.3, Fig. S1.2, Fig. S1.3),
and between insectivores and omnivores (Table S1.4).

This positive correlation between JAPr metrics and the increase in plant matter in
the rodents’ diet (Fig. 1.3 and Fig. S1.3) is consistent with findings in other herbivorous
rodents and other plant-consuming mammals (Maynard Smith & Savage 1959;

Grossnickle & Polly 2013; Verde Arregoitia et al., 2017; Grossnickle 2020). Functionally,
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larger JAPr distances and angles could provide larger attachment areas for two important
masticatory muscles (i.e., the superficial masseter and the medial pterygoid) that facilitate
fine control of transverse grinding occlusion movements (Maynard Smith & Savage
1959; Radinsky 1985; Crompton et al., 2010; Grossnickle 2017) and generate force
vectors during orthal jaw closure (i.e., jaw pitch) (Maynard Smith & Savage 1959). In
turn, enlarged (or depressed) angular processes are biomechanically advantageous for
processing materials with more fiber contents, as these require more efficient grinding
movements to be comminuted and then digested (Sanson 2006).

Among other mandibular traits that are strong predictors of diet in akodontine
rodents, our analysis detected the length of the mandible (measurement 2), and more
strongly, the length of the posterior portion of the mandible (measurement 3 and 8, Table
1.1. Fig. 1.3 and Fig. S1.3). These results indicate that insectivores possess, overall, more
elongated mandibles, and that the jaw joint is relatively closer to the m1 in herbivores
than in other dietary groups (Fig. 1.3 and Fig. S1.2). Previous studies have associated
similar patterns to the mechanical advantage of the jaw, and interpreted them as
adaptations to processing foods with contrasting material properties (Grossnickle 2020;
Missagia et al., 2020). For example, as arthropod exoskeletons might offer, overall, less
resistance than plant matter to being punctured by the incisors and grinded by the molars,
the elongation of the mandible in Akodontine, could represent a trade-off between bite
force and jaw closing speed (Samuels 2009; Fabre et al., 2017). That is, a longer
mandible reduces the mechanical advantage of the main jaw adductor muscles (i.e., deep
and superficial masseter and temporalis muscles) due to shorter in-levers and longer

out-levers (Samuel 2009; Maestri et al., 2016; Missagia et al., 2020), while conferring a
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faster closing speed (Samuels 2009; Fabre et al., 2017). Enhanced biting and chewing
speed might be more advantageous than a high bite force in insectivorous species, as they
might hunt for live prey that can escape if not secured rapidly (Fabre et al., 2017). On the
other hand, a greater mechanical advantage due to shorter jaws (i.e., shorter outlever that
results in higher bite forces) may be necessary and selected for in species that include
more plant matter in their diet, as this would help to efficiently chew tough plant material
with their cheek teeth (Grossnickle 2020; Missagia et al., 2020). Finally, herbivorous and
omnivorous species also show a larger jaw corpus depth (measurement 7), which could
reflect the evolution of increased incisor size for gnawing on more challenging food
items (e.g., harder foods — Radinsky 1968; Grossnickle 2020).

Although our log-shape ratio analysis indicates that several mandibular traits are
strongly associated with dietary categories in Akodontine rodents (Table 1.1), the
strength of some of these associations is lost when the alternative size-correction method
that involves PGLS regression residuals is used (Table S1.5; see Methods), or when K.
tomentosus (the only herbivore in the sample) is removed from the analysis (Table S1.4).
This suggests that the correlations between jaw length measurements and diet are
partially caused by the overall jaw size (i.e., the geometric mean), which tends to increase
with greater herbivory (Grossnickle 2020). These patterns are probably driven by the fact
that the residuals do not contain variation associated with allometric relationships
between mandibular traits and jaw length, in addition to the mathematical consequence of
employing the geometric mean of the jaw as the denominator in the log-shape ratio

analysis (i.e., larger jaw size values will generate smaller ratios for measurements that do
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not tend to increase allometrically and with greater plant matter consumption)
(Grossnickle 2020).

Akodontine rodents have also developed a diverse array of molar topographies
that exhibit strong functional relationships to diet (Fig. 1.4, Fig. S1.2, Fig. S1.4 and Fig.
S1.6). For instance, our PGLS analyses revealed a significant influence of the convex and
concave portion of the DNE, in addition to the RFI, for trophic differentiation (Table 1.1,
Table S1.4 and Fig. S1.4). Morphospace separation, on the other hand, is driven by the
convex portion of the DNE, the OPC and the RFI. Here, although our analysis highlights
both components of the DNE as significant, the lack of a explicit functional hypothesis to
explain concave DNE values (Pampush et al., 2022), and the fact that our results are
highly influenced by the extreme morphology of K. tomentosus (Table 1.1 vs Table S1.4),
make us preferentially focus on the analysis of the more functionally relevant part of the
metric (the convex portion — Pampush et al., 2022).

Considering the the convex portion of DNE, our data reveal that the occlusal
sharpness and breakage sites (see van der Glas et al., 1992) are higher in herbivores and
insectivorous species, suggesting that —independent of the food items being processed—
functionally similar pressures may lead to morphologies with similar dental topography
values. High values on these metrics have been previously documented in other taxa
(Winchester et al., 2014), arguing that in animals that routinely chew on fibrous leaves or
insect exoskeletons, an increase in the availability and sharpness of shearing surfaces can
improve the grinding efficiency of the molars (Winchester et al., 2014). Ultimately, these
morphologies allow for better access to the cytosol of plant cells for more rapid

enzymatic hydrolysis in the gut of plant tissue consumers (Sanson 2006) or a more
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efficient breakdown of the insect cuticle and internal tissues/organs for further digestion
and energy extraction in the insect consumers (Jeuniaux 1961). Importantly, and
independently of the inclusion or exclusion of herbivores in our sample, our data show
that insectivorous rodents have evolved, overall, sharper and more complex occlusal
surfaces (i.e, high convex DNE and OPC) than omnivorous species (Fig. 1.4, Fig. S1.2
and Fig. S1.4). This result suggests that processing insect exoskeleton does require
specialized molar topographies in rodents and that (as similarly observed for omnivorous
species) the large interspecific variation detected among single metrics (Fig. S1.4) within
guilds might indicate variations in the mechanical properties of the food items being
processed by the molars (e.g., soft-bodied vs hard-bodied insects — Strait 1993). Similar
patterns have also been observed in the mandible of insectivorous Akodontine rodents,
with for example, species of Oxymycterus having greater mechanical advantages of the
deep masseter due to the consumption of potentially larger prey items that require greater
bite forces (Missagia et al., 2020). Deeper knowledge of the natural history of these
species might eventually lead to better understanding of the dietary ecology of these
rodents, and how it relates to the trade-offs involved in the evolution of more generalized
or specialized morphologies.

Considering the similar trends in DNE and OPC described above for all the
dietary groups, the low values of relief index detected for the herbivore K. tomentosus
suggests an intriguing compromise among the quantity and sharpness of breakage sites
and the occlusal area (Fig. 1.4 and Fig. S1.4). Future research on K. tomentosus is needed
to validate or disprove any assumption about how their dietary ecology specifically

relates to these findings. However, interpretations of RFI values on other taxa (Boyer
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2008; Berthaume et al., 2020; Villalobos-Chaves & Santana 2021; Lopez-Aguirre et al.,
2022) suggest that herbivorous species with low relief index values (i.e., species with
brachydont molars) are better adapted to feed on less abrasive vegetation (i.e., plant
matter with less cellulose and phytoliths) that minimize tooth wear (Williams & Kay
2001). This could give us hints of the potential diet and mechanical properties of the food
items that selectively shaped the extreme molar topography of this species. Lastly,
insectivorous and omnivorous Akodontine rodents seem to have evolved relatively
taller-crowned teeth with more surface area for their size (i.e., more hypsodont teeth) than
species of their tribe with more herbivorous diets (i.e., at least in the case of K.
tomentosus — Fig. 1.4, Fig. S1.4 and Fig. S1.6). From a mechanical standpoint, this
pattern might reflect the mechanical challenges of processing insect exoskeleton, or a
combination of food items with a moderate to high presence of structural carbohydrates,
which might be more efficiently comminuted with taller crowned/cusped molars applying
lower stresses distributed over larger contact areas (Strait 1993).

In mammal feeding ecomorphology, mandibular and dental shapes exhibit strong
dietary signals that mostly follow well established trends related to the mechanical
challenges of processing specific and/or preferred foods (e.g., insects, leaves, fruits, etc.
— Berthaume 2016b; Evans & Pineda-Munoz 2018; Grossnickle 2020, among many
others). Here, we explored both mandibulo-dental adaptations in the diverse tribe of
Neotropical akodontine rodents, providing compelling evidence of the correlational
relationships between dietary ecology (as the proportion of dietary plant material) and the
morphology of distinct parts of the feeding apparatus. Because the rodent feeding

apparatus and mechanics are exceptionally different to other mammal taxa, and rodents
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are among the most taxonomically diverse clade of vertebrates in the world (Wilson et
al., 2016), our data bestow unique evidence that highlights functional traits likely derived
from selective dietary pressures. Finally, as simple dietary categories or percentages may
not completely explain functional variation in morphology due to differential and
overlapping material properties and mechanical demands of different food items (Lucas
1979; Strait 1993; Lucas & Teaford 1994; Strait 1997), future steps should be focused on
the acquisition and use of quantitative dietary data(e.g., mechanical properties) and
feeding behavior of the species, as these traits may allow us to fully understand the

taxonomic and trophic diversification of Akodontine rodents.
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1.8 TABLES AND FIGURES

Table 1.1 Summary statistics for bivariate phylogenetic generalized least squares (PGLS) regressions, which examine the

relationship between diet (as arcsine-transformed proportion of dietary plant material) and mandibulo-dental traits in

Akodontine rodents. Significance codes: 0 “***’0.001 “*** 0.01 “** 0.05 > 0.1 “’ 1

Dental traits Est. SE t-stat p-value AIC delta w

1) Convex portion of the DNE 0.00092211 0.00062991 1.4639 0.1517 11.701917 13.811115 0.0008949949

2) Concave portion of the DNE 0.00079128 0.00040097 1.9734 0.05595 . 11.057053 13.166250 0.0012355239

3) Orientation Patch Count 0.00054289 0.00112962 0.4806 0.6336 13.077893 15.187090 0.0004498123
A ReliefIndex 20441 LO735 . 19041 0.06470.. ... 9964925 12074122 0.0021330630 __
B

1) Diastema length -0.77744 0.74718 -1.0405 0.3049 12.199272 14.308470 0.0006979452

2) Jaw length -0.81261 0.24667 -3.2942 0.0021802 ** 7.858089 9.967287 0.0061164189

3) m1 to post. jaw -1.14862 0.33418 -3.4371 0.0014683 ** 7.082148 9.191346 0.0090155183

4) Joint elevation -0.43673 1.13544 -0.3846 0.7027 13.161981 15271179 0.0004312923

5) CPr elevation -0.47728 0.83448 -0.5719 0.5708 12.957557 15.066754 0.0004777074

6) APr depth 1.35497 0.72292 1.8743 0.0688 . 9.771593 11.880790 0.0023495530

7) Corpus depth 3.03571 0.78009 3.8915 0.0004008 *** 4.508453 6.617650 0.0326483699

8) Jaw joint to m1 -1.16359 0.33605 -3.4625 0.0013675 ** 6.942155 9.051353 0.0096691835

9) JCPr 0.75001 0.67009 1.1193 0.2702 12.013065 14.122262 0.0007660476

10) JAPr posterior length -0.45593 1.25399 -0.3636 0.7182 13.153488 15.262685 0.0004331278

11) JAPr ventral length 2.64570 0.66844 3.9580 0.0003299 *** 4.119787 6.228985 0.0396514621

12) JAPr angle 4.48975 0.90181 4.9786 1.507e-05 *** -2.109197 0.000000 0.8930299799
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Figure 1.1. Mandibular and dental metrics collected from each voucher specimen. Measurements on the left view, top (lingual
position) were taken perpendicular or parallel to the jaw length line (measurement 1 and 2) which passes along the alveolar
margin. The bottom view (labial position) illustrates measurements involving the articulation surface of the condylar process
(point b). Measurements 9 and 11 approximate the moment arm lengths for the force vectors of the temporalis muscle and

superficial masseter muscle, respectively. Figure labels on the jaw correspond to: (1) diastema length, (2) jaw length, (3) M1 to
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posterior jaw length, (4) joint elevation, (5) coronoid process (CPr) elevation, (6) angular process (APr) depth, (7) mandibular
corpus depth, (8) jaw joint to m1 length, (9) jaw joint to coronoid process (JCPr) length, (10) jaw joint to the posterior-most
point of the angular process (JAPr posterior) length, (11) jaw joint to the ventral-most point of the angular process (JAPr
ventral) length, and (12) jaw joint to the angular process angle (JAPr angle). Measurements on the right view correspond to
dental topography metrics extracted and analyzed from each mandibular right tooth row per specimen (m1, m2 and m3). DNE
= Dirichlet Normal Energy; OPC = Orientation Patch Count, RFI = Relief Index. Detailed description of mandibular

measurements are in Supporting information file 1, Table S2.
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Figure 1.2. Dietary information (as arcsine-transformed proportion of percentage dietary

plant material) mapped onto the phylogeny of akodontine rodents included in this study.
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Figure 1.3. Phylomorphospace and descriptive plots depicting the morphospace
distribution based on functional measurements of the jaw (top) and trends in the jaw
length and jaw joint to the angular process angle (bottom) of Akodontini species with

contrasting dietary ecologies.
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1.10 SUPPORTING TABLES AND FIGURES FOR CHAPTER 1

Table S1.1. Taxon coverage, number of aligned, conserved, variable,

parsimony-informative sites, and singletons present in the alignments of mitochondrial

and nuclear loci.

Loci Genome Coverage Sites Conserved Variable Pi Singletons
Cyt-b Mitochondrial ~ 71 (100.0%) 1140 532 608 541 67
COlI Mitochondrial 33 (46.5%) 1545 965 580 514 66
Thr-Val block Mitochondrial 24 (33.8%) 2790 1163 1416 882 455
Rbp3 Nuclear 60 (84.5%) 1266 786 480 264 216
RAGI1 Nuclear 58 (81.7%) 2026 1263 759 383 376
GHR Nuclear 56 (78.9%) 873 504 360 210 150
Acp5 (exon) Nuclear 51(71.8%) 243 190 53 29 24
Acp5 (intron) Nuclear 50 (70.4%) 229 63 152 90 62
DMP1 Nuclear 37 (52.1%) 1188 690 480 236 244
THY (exon) Nuclear 18 (25.4%) 122 118 4 2 2
THY (intron) Nuclear 18 (25.4%) 451 433 18 10 8

- - TOTAL 11873 6707 4910 3161 1670
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Table S1.2. Blomberg’s K values and significance levels from the phylogenetic signal

test. Significance codes: 0 “***’(0.001 “**’ 0.01 “*> 0.05 ‘. 0.1 ** 1

Variable (dental metrics) K-value p-value

1) Convex portion of the DNE 1.04598 2e-04%***

2) Concave portion of the DNE 0.493094 0.0274 .

3) Relief Index 0.663503 2e-04%**
. 4) Orientation Patch Count | __________________....070161 .. e 0 .
_ Variable (mandibular morphology) e

1) Diastema length 0.740777 le-04%***

2) Jaw length 0.828939 le-04%***

3) ml to post. jaw 0.787337 le-04%***

4) Joint elevation 0.484387 0.0111*

5) CPr elevation 0.507415 0.0068*

6) APr depth 0.37367 0.213

7) Corpus depth 0.760836 le-04%***

8) Jaw joint to m1 0.778283 2e-04%**

9) JCPr length 0.376924 0.1302

10) JAPr posterior length 0.395404 0.2662

11) JAPr ventral length 0.678811 0.0012%**

12) JAPr angle 0.948313 le-04%***
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Table S1.3. Summary of the principal component analysis performed on dental
topography metrics and mandibular measurements. Abbreviations: PC, loadings for each

variable at each component; % variance, explained variance.

Variable (dental metrics) PC1 PC2 PC3

Convex portion of the DNE 0.598447 -0.180298 -0.041970
Concave portion of the DNE 0.504364 -0.480572 0.542728
Relief Index -0.269141 -0.827591 -0.492470
Orientation Patch Count 0.561285 0.227234 -0.67909
Eigenvalues 2437515 1.086941 0.325571
% variance 60.93788 27.17352 8.139275

Diastema length 0.352343 -0.145069 -0.102705
Jaw length 0.427378 -0.12344 -0.125277
Joint elevation -0.152303 0.502092 0.182482
CPr elevation -0.052586 0.518057 -0.039024
APr depth -0.278220 -0.396356 -0.305560
Corpus depth -0.256765 -0.394949 -0.145807
Jaw joint to m1 0.402895 -0.037125 -0.102975
JCPr length -0.117664 -0.197524 0.749941
JAPr posterior length -0.130089 0.292928 -0.488056
JAPr ventral length -0.385011 -0.062767 -0.105942
JAPr angle -0.427293 -0.003643 -0.043219
Eigenvalues 5.000917 2.375601 1.198487
% variance 45.462884 21.596377 10.895339
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Table S1.4. Summary statistics for bivariate phylogenetic generalized least squares (PGLS) regressions, which examine the
relationship between diet (as a function of the percentage of plant matter) and mandibulo-dental traits in Akodontine rodents

excluding herbivores species (i.e., Kunsia tomentosus). Significance codes: 0 “***’(0.001 “*** 0.01 “*> 0.05 . 0.1 “’ 1

Dental traits Est. SE t-stat p-value AIC delta w

1) Convex portion of the DNE -0.0015241 0.0004498 -3.3885 0.001715 ** -12.539797 0.000000 0.22932747

2) Concave portion of the DNE -0.00038718 0.00038178 -1.0141 0.317281 -9.513461 3.026335 0.05050050

3) Orientation Patch Count -0.00078809 0.00085111 -0.9260 0.36063 -9.324356 3.215441 0.04594434
A ReliefIndex . L0924 0.84526 . 12924 . 0.20445 ________ 9903083 . 2:636714 _____0.06136221 _
B

1) Diastema length -0.016742 0.584850 -0.0286 0.9773 -8.444910 4.094887 0.02959802

2) Jaw length -0.044909 0.279316 -0.1608 0.8732 -8.459843 4.079954 0.02981984

3) ml to post. jaw -0.23899 0.36444 -0.6558 0.5161 -8.639461 3.900336 0.03262188

4) Joint elevation -0.44224 0.92438 -0.4784 0.6352 -8.660151 3.879645 0.03296111

5) CPr elevation -0.54759 0.66109 -0.8283 0.4130 -9.154358 3.385439 0.04220048

6) APr depth 0.4664502 0.6328646 0.7370 0.4659 -9.010806 3.528990 0.03927766

7) Corpus depth 2.07538 0.67360 3.0810 0.00394 ** -10.913570 1.626226 0.10170108

8) Joint to m1 -0.24955 0.36245 -0.6885 0.4955 -8.608899 3.930897 0.03212717

9) JCPr 0.92630 0.54496 1.6998 0.0978 . -11.020099 1.519697 0.10726500

10) JAPr post. -0.57202 1.00481 -0.5693 0.5727 -8.777274 3.762523 0.03494899

11) JAPr ventral 0.38179 0.76739 0.4975 0.6218 -8.672209 3.867587 0.03316044

12) JAPr angle 2.88441 0.94159 3.0633 0.004129 ** -10.822703 1.717094 0.09718381
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Table S1.5. Summary statistics for bivariate phylogenetic generalized least squares (PGLS) regressions, which examine the
relationship between diet (as a function of the percentage of plant matter) and mandibular traits in Akodontine rodents. In
contrast to the analyses using log-shape ratios as size-corrected data (see Methods), here the data were size-corrected using
regressions: measurements were log transformed and regressed (via PGLS) against jaw length, and residuals were used in

subsequent PGLS regressions. Significance codes: 0 “***’ (0.001 “**’ 0.01 “** 0.05 ‘> 0.1 ** 1

Mandibular traits Est. SE t-stat p-value AIC delta w
Diastema length 4.17122 5.02043 0.8308 0.411116 10.289756 11.316243 0.003043573
ml to post. jaw 7.41972 7.97609 0.9302 0.357967 10.071388 11.097875 0.003394702
Joint elevation 4.41978 1.55353 2.8450 0.007041 ** 3.777965 4.804452 0.078958906
CPr elevation 2.93026 1.83190 1.5996 0.117764 8.384134 9.410621 0.007891947
APr depth 291117 1.91835 1.5175 0.137195 8.600040 9.626527 0.007084363
Corpus depth 3.73993 2.33070 1.6046 0.11664 8.680661 9.707149 0.006804467
Joint to m1 8.04858 8.12573 0.9905 0.328033 9.9638064 10.990351 0.003582203
JCPr 2.17854 1.85081 1.1771 0.246301 9.522826 10.549313 0.004466017
JAPTr post. 2.26796 2.30597 0.9835 0.331417 9.952324 10.978811 0.003602932
JAPr ventral 3.36683 1.92391 1.7500 0.08798 . 8.154227 9.180714 0.008853355
JAPr angle 3.58731 0.98597 3.6383 0.0007938 *** -1.026487 0.000000 0.872317536
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Figure S1.1. Time-calibrated ultrametric tree from the Beast analysis of the concatenated
data. Nodes that were constrained in analyses based on fossil data are indicated with
encircled numbers that correspond to specific fossils in Tablel from Steppan & Schenk

(2017).

58



6= More sharper &
complex molars

PC2 (18.15% of variance explained)

-5 0 5 10
PC1 (35.68% of variance explained)

Larger JAPr angles
& Shorter jaws

Insectivores Herbivores

L AN = . I

Figure S1.2. Phylomorphospace plot depicting Akodontini species on mandibulo-dental
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Figure S1.3. Schematic mandibular images displaying major morphological changes that
are associated with differences in diet. The p-values in plots are from PGLS (Table 1).
Box-and-whisker plots display medians, 25% to 75% quantiles (boxes), and ranges

(whiskers).
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Figure S1.4. Schematic molar images displaying major morphological changes that are
associated with differences in diet. The p-values in plots are from PGLS (Table 1).
Box-and-whisker plots display medians, 25% to 75% quantiles (boxes), and ranges

(whiskers).
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Figure S1.5. Mandibular traits (Jaw length, Corpus depth, JAPr angle) and dietary

information (as arcsine-transformed proportion of dietary plant material) mapped onto the

phylogeny of akodontine rodents.
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63



CHAPTER 2

Tiny mice tales in the cloud forest: Ecomorphological correlates of diet and feeding

performance in a Neotropical rodent community

Drawing of a Short-tailed Singing Mouse, Scotinomys irazu.



2.1 ABSTRACT

Across animals, the shape and size of many morphological traits has been strongly linked
to ecological selective pressures related to diet, with species evolving structures that
optimize feeding function and maximize energy acquisition. However, trait morphology
and size show great variation among taxa and are usually subject to functional tradeoffs,
which can obscure our understanding on how natural selection has been shaping
form-function-performance relationships across different animal lineages. For instance,
myomorph rodents are within the most diverse and functionally versatile group of
mammals, exhibiting unique morphological features that might be the result of diverse
biotic and abiotic selective pressures. Here, we used this rodent group to investigate
patterns of morpho-functional variation and elucidate performance differences that allow
dietary specialization and trophic segregation among sympatric species inhabiting a
Neotropical forest. We gathered data on the shape and size of external and craniodental
anatomical structures in tandem with metrics of in-vivo feeding performance and dietary
ecology. Our results revealed morphological traits that vary in tandem with the feeding
ecology of the species, with extreme morphologies and performances corresponding to
dietary habits that include greater amounts of either animal or plant matter. For instance,
insectivorous species have, relatively, larger heads, shorter tails and longer jaws with
shallower mandibular bodies; these trends that are correlated with a weaker bite force but
larger mouth gapes. In contrast, the more herbivorous species have, relatively, smaller
heads, longer tails and shorter jaws with deeper mandibular bodies, and these trends are
correlated with stronger bite forces but smaller mouth gapes. Molar topography also

varies significantly among species in relation to their feeding ecology, showing
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contrasting morphologies that are directly linked to the mechanical properties of the
species' preferred food items. Altogether, our study provides evidence on the relationship
among form, function, and performance of morphological structures, and how these traits
directly influence feeding ecology in sympatric myomorph rodent species. This
highlights ecomorphological mechanisms that facilitate trophic segregation, and potential

trade-offs resulting from ecological specialization.

Key words: bite force, Costa Rica, diet, gape, mandible, molars, resource partitioning.

2.2 INTRODUCTION

Trophic ecology is directly connected to morphological diversity in many species, in
which distinct or similar dietary regimes diverge or converge on shapes that are
functional and allow for optimal performance of feeding tasks (e.g., feeding — Dumont
etal., 2012, Arbour et al., 2019; Leisler & Thaler 1982; Mares 1976; RUber & Adams
2001; among others).

Understanding how morphology and ecology are intertwined is crucial and far
from trivial, and these relationships provide strong clues of ecological pressures driving
adaptive phenotypic changes (Grossnickle 2020). Within mammals, for instance, molar
teeth exhibit highly diverse occlusal topographies and jaw sizes and jaw shapes that are
strongly correlated with intra and/or interspecific dietary differences (Eisenberg 1981;
Peters 1986; Evans & Pineda-Munoz 2018). Patterns in these traits have been detected
and described in multiple taxa, particularly those in which the presence of foods with

challenging mechanical properties (e.g., high fiber content, very hard items) seems to be
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the main driver of size-form-and-function relationships (Berthaume et al., 2020).
Outstanding examples can be found in some mammalian herbivores that exhibit overall
larger body size, a larger angular process of the jaw and a molariform tooth row with
higher complexity and larger occlusal area (Berthaume et al., 2020; Grossnickle 2020).

Nevertheless, although useful, our understanding of correlational relationships
should also be informed with performance-based studies that could validate assumptions
about how morphological and/or behavioral variation enables differential access to prey
(Santana 2015). For example, variation in maximum bite force and gape among species,
which are measures of whole-organism performance, is associated with specialization on
food items with different mechanical properties and/or sizes (Binder & Valkenburgh
2000; Dumont & Herrel 2003; Norconk et al., 2009; Williams et al., 2009; Ross &
Iriarte-Diaz 2014; Santana 2015). Altogether, these performance-morphology
relationships play an important role in mechanisms that allow niche separation and
diversification processes at broader (e.g., macroevolution) and finer (e.g., community
ecology) scales (Aguirre et al., 2002).

With over 2, 200 species, rodents are among the most widespread, abundant and
diverse group of living mammals in the world, directly influencing ecosystem health and
functioning through their multiple roles as seed dispersers, pollinators, predators and prey
(Wilson et al., 2016). All living rodents can be classified into four groups (i.e., the
Protrogomorpha, the Sciuromorpha, the Hystricomorpha and the Myomorpha) based on
the expansion of the masseter muscle from the zygomatic arch to the rostrum, which in
turn has functional implications for their mandible biomechanics and the potential access

to available food resources (Cox et al., 2012). For instance, in comparison with
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sciuromophs and hystricomorphs, the biting efficiency and feeding behaviors of
myomorph rodents have allowed them to invade multiple trophic niches (Cox et al.,
2012). This functional versatility and, potentially, differences in performance, represents
a unique and understudied opportunity to understand how subtle variations in the
morphology of the rodent feeding apparatus may allow performance differences that are
related to resource specialization and partitioning among species; this may hold true
especially at small spatial scales where rodents are coexisting and might be subject to
strong competition pressures.

In this context, in the present work we evaluated the relationship between
ecomorphological and performance traits among the coexisting members of a community
of myomorph rodents in Costa Rica to assess functional differences in resource use and
explain mechanisms of trophic partitioning. Correspondingly, we hypothesize that if
feeding ecology has influenced morphological evolution through selection on shapes that
function better at processing food items with specific mechanical properties, evolved
differences in morphological traits would facilitate performance variation among
members of the community. Specifically, due to the tradeoffs associated with processing
plant materials (e.g., tough stationary prey with usually low energy contents that need to
be masticated thoroughly), we predict that more herbivorous species will have relatively
larger body sizes and heads, and jaw traits that enable overall stronger bite forces even at
the small gapes involved in mastication. On the other hand, as capturing and processing
animal prey presents different challenges (e.g., mobile and soft prey that need to be
captured), we predict that species with more insectivorous diets will have relatively

smaller body sizes with head and jaw traits that would result in faster jaw movements, but
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lower bite forces. Moreover, due to the potential advantages of having generalized
morphologies to deal with food items of contrasting material properties (e.g., stiff vs
pliant materials), we predict that species with duller, less complex (i.e., less tools) and
smaller occlusal areas will tend towards omnivory, while higher topographic values will
be found in species in which more animal matter or more plant matter is present in the
diet. This would be due to the advantages of having sharper, heavily equipped (i.e., #
tools) and larger occlusal areas to break down cuticles of varying stiffness with less bite

force, or, on the other hand, mechanically process highly demanding plant material.

2.3  MATERIALS AND METHODS
2.3.1 Field work & taxonomic sample
To collect information on the morphology, dietary ecology and feeding performance of
sympatric Neotropical rodents from Costa Rica, we performed field work at a locality of
the Pacific slope of the Costa Rican Cordillera de Talamanca, namely Parque Nacional
Tapanti (hereafter, Tapanti—9.7582 N, -83.7809 W). There, at three different areas within
Tapanti (i.e., Los Maestros, Arboles caidos and Oropéndola) and during six independent
visits, we used baited Sherman live-traps to sample the community of rodent species.
We captured a total of 191 individuals of 7 species (Table 2.1), and kept, curated
and exported 47 non-pregnant adults as voucher specimens to the Burke Museum of
Natural History and Culture with permission from the Sistema Nacional de Areas de
Conservacion (SINAC-ACC-PI-LC-020-2021; SINAC-ACC-PI-re-082-2021 and

PE-CUSBSE-109-2022) (Supporting information file 4 — Table S1, Table S2a and Table
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https://docs.google.com/spreadsheets/d/1BbjPbu_FrgsgR1dJTUxfuSAKrzGaKtT_EuAoa-Lu9jw/edit?gid=822475356#gid=822475356
https://docs.google.com/spreadsheets/d/1BbjPbu_FrgsgR1dJTUxfuSAKrzGaKtT_EuAoa-Lu9jw/edit?gid=0#gid=0
https://docs.google.com/spreadsheets/d/1BbjPbu_FrgsgR1dJTUxfuSAKrzGaKtT_EuAoa-Lu9jw/edit?gid=1917903299#gid=1917903299

S2b). All procedures involving live animals were approved by the University of
Washington’s Institutional Animal Care and Use Committee (protocol# 4307-01).

We used specimens to create digital 3D models of the skull of each voucher using
a Skyscan 1172 pCT Scanner (Bruker MicroCT, Belgium). All scans were run at a 13.4
um image voxel size while keeping other scanning parameters consistent (Supporting
information file 4 — Table S3). We then used NRecon (Microphotonics) to convert CT
shadow images into image stacks (‘slices’), which we imported into Mimics v. 22.0
(Materialise, Leuven, Belgium) to produce 3D surface (*.stl) files. Raw stl files were then
manipulated with the help of Geomagic Studio v. 2019 (Geomagic Inc., Research
Triangle Park, NC, USA) to select and isolate the morphological structures of interest for

our analysis.

2.3.2 Morphological information

External traits —We collected data on the age (AG), sex (SX), reproductive stage (RS),
body mass (BM), head-body length (HB), tail length (TL), hind foot length (HF), ear
length (EL), head length (HL), head width (HW) and head height (HH) from live animals
in the field with the help of direct observation (i.e., age and sex), a spring scale (i.e.,
BM), rulers and digital calipers (i.e., all other linear measurements) (Fig. 2.1 and Table
2.1). Specifications regarding age and reproductive stage classification, as well as
descriptions of the measurements can be found in the Supporting information file 4 —

Table S1.
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Mandibular traits —We used scaled hemi-mandible pictures obtained from 3D mesh
models to gather data on 10 linear measurements and one angle (Fig. 2.1; Supplementary

information file 4 — Table S4a and Table S4b) (Grossnickle 2020) that are directly

related to the ecology and evolution of morphological patterns and functional tradeoffs
among feeding morphologies (Verde Arregoitia et al., 2017; Grossnickle 2020; and see
Chapter 1). Scaled pictures were taken in 3D Slicer (Fedorov et al., 2012 —
http://www.slicer.org) while only using the right hemi-mandible at lingual and labial
views to facilitate the precision of the measurements, which were taken in Imagel
(National Institutes of Health, Bethesda, MD, USA). Detailed descriptions of each
mandibular trait and how data were collected can be found in Supporting information file

4 — Table S1, in addition to Fig. 2.1.

Dental traits —We used our 3D mesh models to isolate the entire tooth crowns (i.e.,
above the enameled cervix) of each right mandibular molar tooth row (i.e., M1, M2, and
M3) of our voucher specimens (Boyer 2008). After isolation and cropping to expose the
occlusal plane, we oriented the models with the occlusal plane parallel to the X-axis, the
Y-axis perpendicular to the occlusal plane, and the Z-axis pointing in the lingual direction
(see Fig. S3.2 of the supporting table and figures for Chapter 3) following Pampush et al.
(2016). Because tooth wear can affect dental topography metrics, we visually inspected
the models, classified them into 5 categories (i.e., 4 = highly worn molars; 0 = unworn
molars) (Supplementary information file 4 — Table S5), and discarded from further
analysis those specimens with values corresponding to 4 and 3 (i.e., highly/moderate

wear). The best models were then exported into Avizo Lite 9.2.0 (FEI Visualization
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Sciences Group, Berlin, Germany) for simplification (25,000 faces) and smoothing (20
smoothing iterations; lambda of 0.6) (Pampush et al., 2016). Finally, we used the package
molaR and its function molaR Batch to calculate and gather data on the following dental
metrics: the Dirichlet normal energy (hereafter: DNE), the convex portion of the Dirichlet
normal energy (hereafter: Convex DNE), the concave portion of the Dirichlet normal
energy (hereafter: Concave DNE) , the concave and the convex area, the 2D area, the
Relief index (hereafter: RFI), the Orientation patch count rotated (hereafter: OPCR), the
Orientation patch count (hereafter: OPC), and the Slope (Pampush et al., 2016)
(Supplementary information file 4 — Table S5).

For RFI calculations, we used an alpha value of 0.075, as this was the minimum
value allowed for us to keep the subscript inside the bounds (see details in Pampush et al.,
2016). We performed OPCR calculations with a minimum of 3 faces and 8 steps, with a
step size of 5.62. Further comparative analysis was performed using only a subset of all
of these metrics (see details in the data analysis section), which were selected through

Spearman correlations to evaluate similarities among the metrics.

2.3.3 Dietary information
Dietary data came from direct observation of the behavioral response of the focal species
to specific food items offered to them (i.e., fruits, seeds and invertebrates), in addition to
a literature review of all the information available for each species.

Behavioral observations were performed in the field in an enclosed glass
terrarium where animals of each species were individually placed with at least two items

of each food (i.e., two fruits, two seeds, and two invertebrates). Arrangement of the food
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items was based mostly on availability (as these are native foods that were collected in
the forest), nevertheless when available, food items were consistently presented to the
rodents in pairs (i.e., two food items of the same species). Each individual rodent species
was left alone with their food for about five hours (1:00-6:00 am), and after this time
period, food remains were collected to document any trace of feeding activity. We only
considered those food items that were completely predated upon (i.e., 100%) or almost
entirely predated (i.e., 90%) to make our dietary classifications. Partially predated items
might have included, for example, insects that due to the presence of wings (which
rodents do not eat) were not completely consumed but were evidently predated.

According to our behavioral data and bibliographic information, rodent species
were classified into one qualitative dietary scheme with three categories (i.e.,
insectivores, omnivores, and herbivores — Table 2.1) and one quantitative, continuous,
dietary scheme based on the available and/or estimated amount of plant/animal material
in each of their diets. We defined insectivores as species with diets consisting of
80-100% animal prey (or 0-20% plant material — n = 1), omnivores as 20-85% plant
material (n = 4), and herbivores as 85-100% plant material (n = 2) (Supporting
information file 4 — Table S6). These two classifications are probably an
oversimplification of diet, and proposed thresholds are based on previous studies of diet
in mammals (Verde Arregoitia & D'Elia 2021; Grossnickle 2020; Barbero et al., 2023)
and my own subjective criteria based on the feeding behavior of the focal species.
However, due to the scarcity of dietary information and the fact that the majority of
mammalian species consume some amount of both plant and animal matter

(Pineda-Munoz & Alroy 2014), we also used our quantitative dietary scheme to reduce
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bias regarding strict definitions of dietary categories that can be subjective (e.g.,
omnivory), in addition to easing the computational complexity of regression and model

fitting analyses (Grossnickle 2020).

2.3.4 Performance data

Rodents’ voluntary bite force and maximum passive gape at the incisors (Table 2) was
measured in the field from selected animals via a piezoelectric force transducer (Kistler,
type 9203, range = 500 N, accuracy 0.01-0.1 N; Amherst, NY, USA) attached to a
handheld charge amplifier (Kistler, type 5995, Amherst, NY, USA) and a digital caliper,

respectively (Supporting information file 4 — Table S7 and Table S8).

Because we also needed information on the maximum passive gape of each
species to set up the piezoelectric force transducer at a distance (i.e., the distance between
the plates that determines the gape) that could be compared across rodents of different
sizes, we first obtained information on this metric by measuring the linear distance
between the upper and lower incisor tip (i.e., the maximum passive gape) of multiple
animals per species. Each maximum passive gape measurement was collected from
sedated animals after carefully opening the jaw to the maximum point of slight resistance.
Individual rodents used to collect data on maximum passive gape were later used to
collect data on external morphology, kept as voucher specimens, or released back to the
wild. However, they were never used for further data collection of bite force and/or diet,
as these data could have been subject to biases caused by stress due to sedation.

Finally, each rodents’ voluntary bite force was measured taking into account the

average maximum passive gape value measured for each species (above), by setting the
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distance between the bite force meter’s biting plates at a distance that would result in a
gape that was 45% of the average maximum passive gape. We selected this value because
it seems to optimize bite force production at the incisors in rodents (Williams et al.,
2009). In total, we recorded a maximum of eight bites from each individual using these
criteria and used the highest measurement for each individual as the maximum bite
force. Data for animals that were reluctant to bite the plates were removed from the
analysis. The maximum bite force for each species was obtained by averaging the

maximum bite forces among individuals of the species.

2.3.5 Phylogenetic relationships
We assembled a phylogenetic tree based on Cytochrome B sequences to account for the
influence of phylogenetic relatedness among the rodent species from the Tapanti
community. To do so, we used GenBank and the sequence alignment software MUSCLE
(Edgar 2004) to collect and manipulate genetic information on cytochrome B sequences
for the focal species and one outgroup (i.e., Ctenomys boliviensis: Ctenomydae). The
taxonomy of the species included in these data was manually verified against available
synonyms (i.e., Wilson & Reeder 2005; Paradiias et al., 2017). We chose the cytochrome
B gene due to its advantage in detecting interspecific differences due toits high sequence
variation among species (Castresana 2001). In addition, the cytochrome b gene is also
very well represented in gene repositories encompassing many mammal species including
the ones included here (Castresana 2001).

Following alignment, we created and tested 286 DNA models using IQ-TREE

software for phylogenetic inference (Minh et al., 2020). The best candidate model was
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chosen based on the Akaike and the bayesian information criterion values. The best
fitting model was then used to generate, by computing ML distances, 99 parsimony trees.
We then used tree scores to select the more parsimonious topology representing the
phylogenetic relatedness among our focal species (Fig. S2.1). The specific details
regarding voucher information, modeling parameters and tree estimation can be found in

the Supporting information file 4 — Table SO.

2.3.6 Data Analysis
To reduce bias in morphological and performance data due to size differences among the
rodent species, all comparative analyses were performed with size-corrected
measurements (except those including dental topography metrics, which are not
influenced by these differences — Berthaume et al., 2020). Thus, prior to each
subsequent comparative analysis, we divided the raw data of each trait by the geometric
mean of each data set to obtain the estimated shape ratios of each morphological trait
(Mosimann 1970; Claude 2013). Following this process, and because means of traits for
species cannot be considered as statistically independent data points due to differing
amounts of shared phylogenetic history (Felsenstein 1985), we used the Cyt b phylogeny
to evaluate the influence of phylogenetic relatedness by calculating the phylogenetic
signal of each trait using the package ‘phytools’ (Revell 2012) with the lambda (1)
method. However, due to lack of a significant phylogenetic signal (lambda =0, P > 0.05)
in our traits, further analyses were carried out without phylogenetic corrections.

In our first comparative analysis, we explored the differences in external,

mandibular and molar traits among rodents with distinct dietary ecologies. To do this, we
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used non-parametric multivariate analyses of variance (hereafter: MANOVAs) using the
‘adonis’ function from the ‘vegan’ package (Oksanen et al., 2024), in addition to post-hoc
pairwise T-test comparisons using the Holm method.

In our second comparative analysis, we tested the relationships between our
morphological traits and performance metrics. Due to the extensive number of traits
being evaluated, we used Principal Component Analysis (hereafter: PCA) scores
extracted from the first and second axes of two independent PCAs (one on external traits,
and one on mandibular traits), to fit into linear regression models that used the
performance metrics as response variables (i.e., either maximum bite force or maximum
passive gape). PCAs were run in the ‘prcomp’ function from the ‘stats’ package (R Core
Team 2023).

Finally, our third comparative analysis was aimed at understanding how
morphology and performance interact and how strongly they can predict feeding ecology.
Here, we used linear regression models with the first two PCA axes of each PCA (i.e.,
one from external and one from mandibular traits), the individual dental topography
metrics and the gape and bite force as the predictor variables. Moreover, because the
mechanical properties of challenging foods might give us better signals on morphological
or performance differences associated with their processing, we used the percentage of
plant matter for each rodent species as a response variable. We tested the assumptions of
each regression model using the package ‘gvlma’ (Pena & Slate 2019). All statistical

analyses were performed in R (R Core Team 2023).
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2.4  RESULTS
Coexisting rodent species from the Tapanti community can be classified into omnivores
(Peromyscus nudipes, Oligoryzomys costaricensis, Reithrodontomys brevirostris and
Handleyomys alfaroi), herbivores (Heteromys oresterus and Nephelomys devius) and
insectivores (i.e., Scotinomys irazu) based on the dietary information available and the
behavioral data collected at the study site (Table 2.1). Comparative analyses of
size-corrected data (i.e., shape ratio data) show that rodent species with different diets
statistically differ in external (Table S 2.1 and Fig. 2.2) and mandibular (Table S 2.1 and
Fig. 2.3) morphology (non-parametric MANOVA: P < 0.0001).

PCA’s indicate that, within the set of external morphological traits, differences in
PC1 (39.24% of variance explained) are mainly driven by variation in tail length and
head measurements (i.e., head width, head height, and head length). PC2 (19.60% of the
variance explained) differences, on the other hand, are mainly driven by head-body
length variation (Fig. 2.3 and Table S 2.2). Here, S. irazu (an insectivorous which is the
smallest species; Fig. S 2.2) have proportionately, wider, taller and longer heads, shorter
tails and similar head-body dimensions than omnivores and herbivores (Fig. 2.2).
Moreover, within the set of mandibular traits, PC1 loadings (33.09% of variance
explained) revealed traits such as the depth of the mandibular corpus and the maximum
depression of the angular process (i.e., APr depth) as the main contributors of the
differentiation among feeding ecologies (Fig. 2.3 and Table S 2.2). In addition, PC2
loadings (23.83% of variance explained) highlight traits such as the jaw length and the
distance between the jaw joint to the mlas the main drivers of separation within this axis

(Fig. 2.3). Here, patterns on mandibular morphology indicate that herbivorous species

73



such as N. devius and H. oresterus have deeper mandibular corpora and angular
processes, but overall, shorter jaws than omnivore and insectivore species (Fig. 2.3).

In addition to external and mandibular differences among dietary groups, rodent
species with varying feeding ecologies also show significant variation in molar shapes
(non-parametric MANOVA: P < 0.0001; Table S 2.1 and Fig. 2.4). For example, rodents
with more herbivorous diets have molars with more (indicated by higher OPC values)
and sharper (indicated by higher Convex DNE values) tools, but smaller occlusal areas
(i.e., lower RFI values). In contrast, insectivorous rodents show the lowest OPC and
convex DNE with the highest RFI values (Fig. 2.4). Omnivorous rodents, in contrast to
the other two extreme morphologies, seem to have molars with less acute shapes but also
with the greatest variation among all (Fig. 2.4)

Furthermore, regression models indicate that incisor bite force differences among
sympatric species are better explained by external morphology (Table 2.3 and Table
S2.3). For instance, despite having relatively smaller heads, herbivorous species show
significantly (Kruskal-Wallis chi-squared = 17.138, df = 2, p-value = 0.0001899) higher
bite forces than omnivorous and insectivorous species (Fig. 2.5). On the other hand, gape
differences among species are also best predicted by differences in external (i.e., PC1)
and mandibular traits (i.e., PC2) (Table 2.3 and Table S2.3). Here, species with relatively
bigger heads and longer jaws (such as insectivores) tend to have significantly
(Kruskal-Wallis chi-squared = 14.142, df = 2, p-value = 0.0008492) larger maximum
passive gapes than species with relatively smaller heads and shorter jaws (i.e., omnivores

and herbivores — Fig. 2.5).
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Finally, among morphological and performance traits collected in this study, we
detected that a combination of performance traits (i.e., incisor bite force), external (i.e.,
PC1 — tail length, head height and head width) and dental morphology (i.e., Convex
DNE) are the best predictors of the feeding ecology of species (Fig. 2.5, Table 2.4 and
S2.4, Fig S2.2). Correspondingly, species with higher incisor bite forces, relatively
smaller heads and sharper molars (i.e., N. devius and H. oresterus) include more plant
material in their diet than species with weaker incisor bite forces, relatively larger heads
and duller molars (Fig. 2.5 and Fig S2.1). Among other traits explored, feeding ecology is
also predicted (although to a lesser extent) by the length of the jaw (i.e., PC2), the
maximum passive gape and the occlusal area of the molar row (i.e., the RFI). Here,
species that include more animal materials in their diet (i.e., S. irazu and omnivores in
general) have relatively larger jaws and gapes, and more chewing area available (Fig. 2.4,

Table 2.4 and Fig S2.2).

2.5 DISCUSSION

Our results are consistent with ecomorphological patterns detected in other vertebrates
and mammals, in which external morphological traits (Baeckens et al., 2016;
Villalobos-Chaves & Santana 2021), mandibular morphology (Maynard Smith & Savage
1959; Turnbull 1970; Grossnickle & Polly 2013) and dental traits (Evans &
Pineda-Munoz 2018; Winchester et al., 2014; Selig et al., 2019) are highly correlated
with feeding ecology. Moreover, our data also reveal a strong connection among diet,
morphology, and performance; this highlights a strong influence of dietary ecology on

morphology and performance that goes beyond body size and phylogenetic relatedness.

75



Interestingly, our results highlight head measurements and tail length (major
contributors of the PC1) as important traits that differentiate insectivorous and
herbivorous species, and to some extent, these two dietary groups from omnivores (Table
S2.2 and Fig. 2.2). For instance, our results reveal that S. irazu, which is a small (i.e., 11g
— Fig. 2.2 and Table 2.1) diurnal species that is the only insect specialist of the
community (feeding up to 80% of insects — Hooper & Carleton 1976), have relatively
larger heads and shorter tails, in addition to other contrasting traits such as wider gapes,
longer jaws and weaker incisor bite forces than the rest of the species in the community.
These morphological and performance traits detected in S. irazu challenge positive head
size and bite force correlations (Verwaijen et al., 2002; Nogueira et al., 2009; Rao et al.,
2018) but support positive size-gape trends (Williams et al., 2009), supporting potential
trade-offs in the evolution of anatomical configurations that favor larger gapes at the
expense of bite force (Dumont & Herrel 2003; Santana 2015). Tail length variation, on
the other hand, seems to be partially explained by dietary ecology at least indirectly. For
instance, as animal prey is more concentrated in the canopy (Wells et al., 2004) and
arboreal locomotion is positively correlated with tail length due to its role as a
counterweight supporting changes in torque (Russo 2015, Mincer & Russo 2020; Sheard
et al., 2024), the evolution of longer tails might be related with the locomotor
performance advantages of moving and finding food in the forest canopy.

Overall, although our data is limited for generating interpretations about the
adaptive significance of the extreme morphology and performance found in S. irazu,
some of these patterns have converged in independent lineages of Old-World (i.e.,

muroids — Samuels 2009) and New-World (i.e., Sigmodontinae — Maestri et al., 2017;
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Missagia et al., 2020) tropical rodents. This contributes to the idea that selective pressures
related to faunivorous/insectivorous diets shaped form-function-performance
relationships and trade-offs in rodent species that feed mostly on animal matter (Samuels
2009; Maestri et al., 2017; Missagia et al., 2020). Special caution, nevertheless, should be
taken when interpreting this ecomorphological axis of variation, because peak bite forces
can be produced at different gape sizes in different species (Kaczmarek & Gidmark
2020), and modifications of the jaw-muscle architecture of specialized species —which
were not studied here— also contribute to differences in feeding performance (Williams et
al., 2009).

In addition to the specialized form-function-performance relationships detected in
the insectivorous species of the community, we also observed contrasting trends as
species tend to include more plant matter in their diet (Fig. 2.5). Overall, as species
increase the amount of plant foods (e.g., seeds, fruits, stems, leaves) they tend to have
larger body sizes (i.e., body mass — Table 2.1 and Fig. 2.2), relatively smaller heads
(Fig. 2.2), taller and shorter mandibles (Fig. 2.3), and stronger incisor bite forces and
smaller gapes (Fig. 2.5). Considering the above trends, differences in these traits in
omnivores, and specially, in herbivores, might reflect selective pressures related to
procuring and processing food items with mechanical properties that differ from those of
insect cuticle or other animal prey. For example, a potential biomechanical explanation
for the importance of incisor bite force and external morphology (i.e., head size) on diet
(Table 2.4) might be associated with the consumption of food items that require more
force to be initially punctured. This holds especially true, for instance, for species of the

genus Peromyscus, Oligoryzomys, Heteromys and Reithrodontomys, all of which have
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been previously documented to feed on hard seeds of multiple plant species (Chinchilla
2009; Hafner 2016; Leiser-Miller et al., 2019)

Differences among guilds in mandibular traits such as an enlarged angular process
(measurement 5) also suggest functional adaptations that are advantageous for plant
matter consumption (Fig. 2.3). For instance, greater attachment areas for the superficial
masseter and medial pterygoid muscles are highly correlated with an expanded angular
process (Grossnickle 2020). These muscles are involved in transverse jaw movements for
grinding occlusion (Maynard Smith & Savage 1959; Radinsky 1985; Crompton et al.,
2010; Grossnickle 2017), which in many rodents, should help them to sustain forceful
occlusal contact during extended power strokes (i.e., better grinding efficiency —
Grossnickle 2020).

Moreover, important differences among species with contrasting feeding
ecologies within the community are also reflected in the mandibular corpus depth
(measurement 6), the jaw-joint-to-m1 length (measurement 7) and the jaw joint to the
ventral-most point of the angular process (JAPr ventral) length (measurement 10) (Fig.
2.3, Table S2.1 and Fig. S2.3). Specifically, increases in the depth of the jaw body (e.g.,
corpus depth) are related to increased incisor size which might be advantageous for
gnawing on harder objects (Radinsky 1968). Reduction of the jaw-joint-to-m1 distances
on more herbivorous species might also be related to trade-offs regarding the mechanical
advantage exerted while chewing; this distance approximates the outlever length for bites
at the m1, which involve jaw rotation around an axis at the jaw joint, thus the mechanical
advantage will increase with a shortened outlever if the in lever remains constant

(Grossnickle 2020). Finally, differences observed in the JAPr distance (Fig. S2.3) among
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insectivorous and more herbivorous species might also reflect functional trade-offs in
gape and bite force among feeding ecologies. This is because JAPr distance influences
the position of the superficial masseter and medial pterygoid muscles in relation to the
jaw joint, influencing muscle stretch during jaw opening (Herring & Herring 1974).
Therefore, selective pressures may have operated in favor of longer JAPr distances (i.e.,
bigger superficial masseter and medial pterygoid muscles) in herbivorous species to
restrict gape opening while maintaining strong bite forces. On the other hand, because
some JAPr distances result in muscle configurations that limit maximum gape and
decrease bite force during wide gape (which may be especially detrimental to insectivores
that consume large prey) insectivorous species are expected to show shorter JAPr
distances and wider gapes, which are indeed the patterns observed in Scotinomys irazu
(Fig. 2.5 and Fig. S2.3).

Lastly, strong functional relationships can also be found in the dental morphology
of the species within the community (Fig. 2.4). In feeding ecology, dental morphology
(and especially molar topography), underlie strong dietary signals (Evans &
Pineda-Munoz 2018); as biting and chewing food is largely about fracture, it is expected
that occlusal topographies evolved to efficiently break down of food items (Ungar 2010;
Evans & Pineda-Munoz 2018). However, as the fracture of a material relates to its
mechanical properties and the strain-stress responses of that material due to an applied
force (Berthaume 2016), the topographic patterns observed in our community suggest
potential trade-offs between food mechanical properties and occlusal topography.

For instance, higher convex DNE and OPC values with higher herbivory might

increase the availability and sharpness of shearing surfaces on the molar rows. In
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herbivorous mammals, a configuration such as this could be advantageous because the
consumption of tissues with more fiber contents requires more efficient grinding surfaces
to gain access to the cytosol and/or to expose more surface area of the plant cell wall for
more rapid enzymatic hydrolysis in the gut (Sanson 2006). Interestingly, patterns on the
convex DNE and orientation patch count values for insectivorous species suggest that
selective pressures might have acted in the opposite direction, reducing complexity and
sharpness of the shearing surfaces (Fig. 2.4). From a mechanical standpoint, these results
might indicate that S. irazu is more suited to prey upon softer insects or invertebrates that
are more efficiently comminuted with lower stresses distributed over larger contact areas
(Strait 1993). This idea might also explain the truly exceptional size of the occlusal area
in the molars of this species (Fig. 2.3). Considering the contrasting trends in dental
topography metrics detected, we argue that potential trade-offs might be involved in the
dynamic between availability/sharpness of shearing surfaces and occlusal area, with
natural selection favoring one side or the other.

In conclusion, our results provide compelling evidence for interspecific
differences in ecomorphological and performance traits among coexisting rodent species
in a Neotropical forest, demonstrating how form-function-performance relationships
might ultimately facilitate trophic resource partitioning among members of the
community (Abrams 2022). Future steps might be focused on the collection and use of
quantitative data on diet (e.g., mechanical properties), as well as studies of the functional
trade-offs of specialized and generalized feeding morphologies (Huey & Hertz 1984;
Roslin & Salminen 2008; Santana et al., 2011). Additional efforts should also be taken to

understand the feeding behavior of species and its implication on feeding performance
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(e.g., Santana & Dumont, 2009), as well as spatial and temporal differences that might be
contributing to resource partitioning. Altogether, our study explores multiple layers of
morphological and performance traits, which allowed us to elucidate functional links and

trade-offs that underlie the feeding ecology and coexistence of rodent species.
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2.8 TABLES AND FIGURES

Table 2.1. External ecomorphological traits of importance collected in this study. Results shown are mean £ SD.

Family Subfamily Species Diet Sample Body mass Head height Head length Head width
size (n) (grams) (mm) (mm) (mm)
Cricetidae Neotominae Peromyscus nudipes Omnivore 67 559+6.8 13.6£0.5 36.7+1.3 15.5+£0.8
Cricetidae Sigmodontinae Oligoryzomys costaricensis Omnivore 11 17.5+49 10.4+£0.8 25713 11.9+0.6
Cricetidae Neotominae Scotinomys irazu Insectivore 18 11.3+1.1 10.0+0.3 249+0.7 11.7£0.5
Cricetidae Neotominae Reithrodontomys brevirostris Omnivore 5 10.6 £1.8 9.8+0.2 23.8+0.8 114+0.3
Cricetidae Sigmodontinae Handleyomys alfaroi Omnivore 4 274+4.1 12.0+0.5 30.6 0.4 13.7+1.0
Heteromyidae Heteromyinae Heteromys oresterus Herbivore 6 73.3+6.0 151+1.2 40.8+1.0 17.2+0.7
Cricetidae Sigmodontinae Nephelomys devius Herbivore 9 95.1£15.5 17.2+£0.5 425+24 189+0.9

Table 2.2. Performance traits collected for the species in this study. Results shown are mean + SD.

Species Sample size_bite force (n) max. bite force (N) Sample size_max. pass. gape (n) max. passive gape (mm)
Peromyscus nudipes 19 13.34+£2.30 16 13.5+1.3
Oligoryzomys costaricensis 2 7.82+2.51 10 94+£29
Scotinomys irazu 4 598 +0.91 10 10.1+0.8
Reithrodontomys brevirostris 3 7.05+1.24 5 9.9+£0.6
Handleyomys alfaroi 3 11.59+1.74 4 11.7+ 0.8
Heteromys oresterus 3 18.99 £1.32 5 156+ 1.6
Nephelomys devius 3 24.23 £ 1.46 8 16.3£2.8
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Table 2.3. Fit of the best performing regression models for bite force and maximum passive gape . F = F-statistic; R =R

squared; p = p-value. Models are ranked by R’ values.

Model F R’ D

Bite force ~ Ext. morphology (PC1) * Ext. morphology (PC2) 10.2 0.82 0.043*
Bite force ~ Ext. morphology (PC1) + Ext. morphology (PC2) + Mand. traits (PC2) 523 0.67 0.103
Bite force ~ Ext. morphology (PC2) + Mand. traits (PC1) + Mand. traits (PC2) 413 0.61 0.137

. Bite force - Ext. morphology (PC1) + Ext. morphology (PC2)  Mand, traits (PC1)  Mand. traits (PC2) . __ 268052 0.289

Gape ~ Ext. morphology (PC1) + Mand. traits (PC2) 470 0.55 0.089
Gape ~ Ext. morphology (PC1) 6.60 0.48 0.050%*
Gape ~ Ext. morphology (PC1) : Ext. morphology (PC2) 6.04 0.45 0.057
Gape ~ Ext. morphology (PC2) : Mand. traits (PC1) 5.89 0.44 0.059

Asterisks indicate statistical significance (p <.05). Signal ‘+’ indicates the combination of variables, ‘:” indicates the interaction between variables, and
‘x” indicates the combination of variables with the interactions between them.
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Table 2.4. Fit of the five best performing regression models for feeding ecology. F' = F-statistic; R’ = R squared; p = p-value.

Models are ranked by R’ values.

Model F R’ p

Diet ~ Bite force * Ext. morphology (PC1) 283.3 0.99 0.0003
Diet ~ Bite force + Ext. morphology (PC1) + Convex DNE 221.6 0.99 0.0005
Diet ~ Bite force + Ext. morphology (PC1) + Ext. morphology (PC2) + Convex DNE 1455 0.99 0.0006
Diet ~ Bite force + Gape + Ext. morphology (PC1) + Mand. traits (PC2) 187.6 0.99 0.0053
Diet ~ Bite force + Ext. morphology (PC1) + Convex DNE + RFI 179.4 0.99 0.0055

Asterisks indicate statistical significance (p <.05). Signal ‘+’ indicates the combination of variables, ‘:” indicates the interaction between variables, and
‘x” indicates the combination of variables with the interactions between them.
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Figure 2.1. Mandibular and external measurements collected from each voucher specimen. Measurements on the top view, left
(lingual position) were taken perpendicular or parallel to the jaw length line (measurement 1) which passes along the alveolar
margin. The top view, right (labial position) shows measurements involving the articulation surface of the condylar process

(point b). Measurements 8 and 10 approximate the moment arm lengths for the force vectors of the temporalis muscle and
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superficial masseter muscle, respectively. Figure labels on the jaw correspond to: (1) jaw length, (2) M1 to posterior jaw
length, (3) joint elevation, (4) coronoid process (CPr) elevation, (5) angular process (APr) depth, (6) mandibular corpus depth,
(7) jaw joint to M1 length, (8) jaw joint to coronoid process (JCPr) length, (9) jaw joint to the posterior-most point of the
angular process (JAPr posterior) length, (10) jaw joint to the ventral-most point of the angular process (JAPr ventral) length,
and (11) jaw joint to the angular process angle (JAPr angle) (11). Detailed description of measurements are in Supporting

information file 3, Table S1. Scale bar: 4cm.
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Figure 2.2. Differentiation among coexisting rodent species across major dietary classifications based on external
morphological traits. Boxplots depict morphological variables with higher contribution among PCA axes. Different letters

indicate significant variation of traits among dietary ecologies.
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variation of traits among dietary ecologies.
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Figure 2.5. Graphical representation of the best fitting models depicting the relationships

between performance metrics bite force (top) and maximum passive gape (bottom), and

90




external morphological traits (PC1) and feeding ecology. Boxplots within the plots show
trends in bite force and maximum passive gape in relation to feeding ecology. Different
letters indicate significant variation of traits among dietary ecologies. Sco_i: Scotinomys
irazu; Han_a: Handleyomys alfaroi; Oli_c: Oligoryzomys costaricensis; Rei_b:
Reithrodontomys brevirostris; Per_n: Peromyscus nudipes; Nep d: Nephelomys devius;

Het o: Heteromys oresterus.
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2.10  SUPPORTING TABLES AND FIGURES FOR CHAPTER 2

Table S2.1. Results (p-values) from the post-hoc pairwise T-test comparisons using the Holm method on molar, external and

mandibular traits in relationship with diet categories.

Molar traits Convex Relief Index Orientation
DNE Patch Count
Herbivores-Insectivores 1.3e-05 2.5e-05 5.9¢-06
Omnivores-Insectivores 0.049 2.5¢-05 0.00041
Omnivores-Herbivores 3.9¢-06 0.62 0.00284
External traits Body mass  Head-body Tail length Hind-foot Ear length  Head width Head Head
length length length height
Herbivores-Insectivores <2e-16 0.10 <2e-16 0.013 1.7¢-08 <2e-16 3.5e-06 2.5e-15
Omnivores-Insectivores le-15 0.44 <2e-16 0.097 0.015 <2e-16 0.0021 1.5e-15
Omnivores-Herbivores le-14 0.11 1e-06 5.9¢-06 3.2e-07 0.0068 0.0021 0.22
Mandibular traits Jaw length Joint Cpr elevation Apr Corpus Joint to M1 JCPr JAPr JAPr JAPr
elevation elevation depth distance distance posterior ventral angle
Herbivores-Insectivores 0.012 0.484 0.00058 0.0045 3.1e-05 2.4e-05 0.00650 0.140 0.00064 9.5¢-06
Omnivores-Insectivores 0.404 0.097 1.4e-06 0.0045 0.00018 0.0026 0.00039 0.140 0.07585 0.0039
Omnivores-Herbivores 0.015 0.316 0.18216 0.4701 0.12509 0.0140 0.56003 0.001 0.00889 0.0039
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Table S2.2. Summary of the principal component analysis performed on external
morphological traits and mandibular measurements. Abbreviations: PC, loadings for each

variable at each component; % variance, explained variance.

Variable (external morphology) PC1 PC2 PC3

Head and body length -0.05388 0.608305 0.590504
Tail length 0.522227 0.041098 0.040667
Hind foot length 0.152528 -0.4398 0.677516
Ear length -0.33572 0.253022 -0.32091
Head width -0.45952 -0.34552 0.071713
Head length -0.40565 0.37157 0.247693
Head height -0.46119 -0.33672 0.145423
Eigenvalues 2.746777 1.371829 0.960725
% variance 39.23967 19.59756 13.72464

Jaw length -0.11176 0.602735 0.11597
joint elevation -0.25413 -0.02841 0.50547
CPr elevation -0.32924 -0.17314 0.386218
APr depth 0.433044 0.113234 0.149918
Corpus depth 0.484273 0.152301 -0.00156
jaw joint to M1 -0.24888 0.518786 0.0940064
JCPr length 0.239207 0.346628 -0.21332
JAPr posterior length -0.13042 0.262471 0.319524
JAPr ventral length 0.373078 0.16271 0.435179
JAPr angle 0.342235 -0.29198 0.462145
EVL 3.309217 2.383361 1.571648
% variance 33.09217 23.83361 15.71648
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Table S2.3. Fit of regression models for bite force and maximum passive gape estimates. F' = F-statistic; R’ = R squared; p =

p-value. Models are ranked by R’ values.

R2

# Models (bite force) F D

1 Bite force ~ External morphology (PC1) * External morphology (PC2) 10.2  0.82  0.043
2 Bite force ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2) 523  0.67 0.103
3 Bite force ~ External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2) 4.13 0.61 0.137
4 Bite force ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)  2.68  0.52  0.289
5 Bite force ~ Mandibular traits (PC1) * Mandibular traits (PC2) 2.89 048 0.203
6 Bite force ~ External morphology (PC2) * Mandibular traits (PC2) 2.80 047 0.209
7 Bite force ~ External morphology (PC1) * Mandibular traits (PC2) 271 046 0.216
8 Bite force ~ External morphology (PC2) + Mandibular traits (PC2) 3.05 040 0.156
9 Bite force ~ External morphology (PC1) + Mandibular traits (PC2) 2.64 035 0.185
10  Bite force ~ External morphology (PC1) + External morphology (PC2) 2.54 034 0.193
11  Bite force ~ External morphology (PC2) + Mandibular traits (PC1) 243 032 0.203
12 Bite force ~ External morphology (PC2) * Mandibular traits (PC1) 1.86 030 0.319
13 Bite force ~ Mandibular traits (PC1) + Mandibular traits (PC2) 225 029 0.221
14  Bite force ~ External morphology (PC1) : Mandibular traits (PC2) 339 028 0.124
15 Bite force ~ Mandibular traits (PC2) 3.09 025 0.138
16  Bite force ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) .36 0.15 0.403
17  Bite force ~ External morphology (PC1) + Mandibular traits (PC1) + Mandibular traits (PC2) .32 0.13 0411
18  Bite force ~ External morphology (PC2) 1.81 0.11  0.235
19  Bite force ~ External morphology (PC1) : Mandibular traits (PC1) : Mandibular traits (PC2) 1.80 0.11  0.237
20 Bite force ~ External morphology (PC1) 1.56 0.08 0.265
21 Bite force ~ Mandibular traits (PC1) 140 0.06 0.290
22 Bite force ~ Mandibular traits (PC1) : Mandibular traits (PC2) 0.68 -0.0 0.446
23 Bite force ~ External morphology (PC2) : Mandibular traits (PC1) 0.71 -0.0 0.437
24  Bite force ~ External morphology (PC2) : Mandibular traits (PC2) 0.53 -0.0 0.496
25  Bite force ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC2) 0.55 -0.0 0.489
26  Bite force ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC1) 048 -0.0 0.516
27  Bite force ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC1) : Mandibular traits (PC2) 047 -0.0 0.523
28  Bite force ~ External morphology (PC1) : Mandibular traits (PC1) 0.06 -0.1 0.807
29  Bite force ~ External morphology (PC1) + Mandibular traits (PC1) 0.65 -0.1 0.567
30 Bite force ~ External morphology (PC1) : External morphology (PC2) 0.11  -0.1  0.750
31 Bite force ~ External morphology (PC2) : Mandibular traits (PC1) : Mandibular traits (PC2) 0.03 -0.1 0.868
32 Bite force ~ External morphology (PC1) * Mandibular traits (PC1) 032 -0.5 0.807
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Models (maximum passive gape)

Gape ~ External morphology (PC1) + Mandibular traits (PC2)

Gape ~ External morphology (PC1)

Gape ~ External morphology (PC2) * Mandibular traits (PC1)

Gape ~ External morphology (PC1) : External morphology (PC2)

Gape ~ External morphology (PC2) : Mandibular traits (PC1)

Gape ~ External morphology (PC1) * Mandibular traits (PC1)

Gape ~ External morphology (PC1) + Mandibular traits (PC1) + Mandibular traits (PC2)
Gape ~ External morphology (PC1) * Mandibular traits (PC2)

Gape ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2)
Gape ~ External morphology (PC1) + External morphology (PC2)

Gape ~ External morphology (PC1) + Mandibular traits (PC1)

Gape ~ Mandibular traits (PC1)

Gape ~ Mandibular traits (PC1) + Mandibular traits (PC2)

Gape ~ External morphology (PC1) * External morphology (PC2)

Gape ~ Mandibular traits (PC1) * Mandibular traits (PC2)

Gape ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC1)
Gape ~ External morphology (PC1) : Mandibular traits (PC1)

Gape ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1)
Gape ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)
Gape ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC1) : Mandibular traits (PC2)
Gape ~ External morphology (PC2) + Mandibular traits (PC1)

Gape ~ External morphology (PC1) : Mandibular traits (PC1) : Mandibular traits (PC2)
Gape ~ Mandibular traits (PC2)

Gape ~ External morphology (PC2) : Mandibular traits (PC1) : Mandibular traits (PC2)
Gape ~ External morphology (PC1) : Mandibular traits (PC2)

Gape ~ External morphology (PC2) : Mandibular traits (PC2)

Gape ~ Mandibular traits (PC1) : Mandibular traits (PC2)

Gape ~ External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)
Gape ~ External morphology (PC1) : External morphology (PC2) : Mandibular traits (PC2)
Gape ~ External morphology (PC2)

Gape ~ External morphology (PC2) * Mandibular traits (PC2)

Gape ~ External morphology (PC2) * Mandibular traits (PC2)

4.70
6.60
2.86
6.04
5.89
2.57
2.60
2.53
2.40
2.74
2.75
2.83
1.88
1.55
1.53
243
2.30
1.42
1.32
2.13
1.18
1.36
1.15
1.02
0.81
0.88
0.68
0.95
0.49
0.00
0.46
0.24

0.55
0.48
0.48
0.45
0.44
0.44
0.44
0.43
0.41
0.36
0.36
0.23
0.22
0.21
0.21
0.19
0.17
0.17
0.17
0.15
0.05
0.05
0.02
0.00
-0.0
-0.0
-0.0
-0.0
-0.0
-0.1
-0.2
-0.6

0.089
0.050
0.205
0.057
0.059
0.228
0.226
0.232
0.245
0.177
0.177
0.153
0.264
0.362
0.366
0.179
0.189
0.389
0.473
0.203
0.395
0.295
0.331
0.357
0.408
0.390
0.446
0.513
0.511
0.958
0.659
0.864

Bold numbers indicate statistical significance (p <.05). Signal ‘+’ indicates the combination of variables, ‘:* indicates the interaction between variables,

and ‘x’ indicates the combination of variables with the interactions between them.
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Table S2.4. Fit of regression models for dietary ecology. F' = F-statistic; R’ = R squared; p = p-value. Models are ranked by R’

values.

# Models (Diet) F R’ P

1 Diet ~ Bite force * External morphology (PC1) 2833  0.99 0.0003
2 Diet ~ Bite force + External morphology (PC1) + Convex DNE 221.6  0.99 0.0005
3 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Convex DNE 1455  0.99 0.0006
4 Diet ~ Bite force + Gape + External morphology (PC1) + Mandibular traits (PC2) 187.6  0.99  0.0053
5 Diet ~ Bite force + External morphology (PC1) + Convex DNE + RFI 179.4 099  0.0055
6 Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + RFI 1783 0.99  0.0055
7 Diet ~ Bite force + External morphology (PC1) + Convex DNE + OPC 159.8  0.99  0.0062
8 Diet ~ Gape + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2) 151.9  0.99 0.0065
9 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + Convex DNE 5560  0.99 0.0101
10 Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2) + RFI 966.3 0.99 0.0244
11 Diet ~ Gape + External morphology (PC1) + Convex DNE + RFI + OPC 660.1  0.99 0.0295
12 Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) + Convex DNE 584.6 099  0.0313
13 Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC1) + RFI 310.8 099  0.0430
14 Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2) 236.5 0.99 0.0493
15 Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2) + OPC 1732 099  0.0576
16 Diet ~ Bite force + Gape + External morphology (PC1) + Convex DNE 1109 098 0.0089
17 Diet ~ Bite force + External morphology (PC1) + RFI + OPC 1109 098 0.0089
18 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + RFI 75.5  0.98 0.0871
19 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + OPC 71.31 098 0.0896
20 Diet ~ Bite force + External morphology (PC1) + Convex DNE + RFI + OPC 77.92 098 0.0857
21 Diet ~ Gape + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2) 68.04 098 0.0917
22 Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) + OPC 63.00 0.98 0.0953
23 Diet ~ Bite force + External morphology (PC1) 106.8  0.97 0.0003
24 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) 94.44 097 0.0018
25 Diet ~ Bite force + Gape + External morphology (PC1) + Mandibular traits (PC1) 73.82 097 0.0026
26 Diet ~ Bite force + Gape + External morphology (PC1) 71.21 097 0.0027
27 Diet ~ Bite force + External morphology (PC1) + RFI 68.46 097 0.0029
28 Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) 68.27 097 0.0144
29 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) 67.76 097 0.0146
30 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + OPC 72.03 097 0.0137
31 Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + OPC 60.72 097 0.0162
32 Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2) 4997 0.97 0.0197
33 Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) 40.51  0.97 0.1187
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Diet ~ Bite force + External morphology (PC1) + Mandibular traits (PC2)

Diet ~ Bite force + External morphology (PC1) + OPC

Diet ~ Bite force + Gape + External morphology (PC1) + Mandibular traits (PC1)

Diet ~ Bite force + Gape + External morphology (PC1) + RFI

Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + RFI

Diet ~ Bite force + Gape + External morphology (PC1) + OPC

Diet ~ Bite force + External morphology (PC2) + Convex DNE + RFI

Diet ~ Bite force + Gape + External morphology (PC1) + External morphology (PC2) + RFI
Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC1) + OPC

Diet ~ Bite force + External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)

Diet ~ Bite force + External morphology (PC2) + OPC

Diet ~ Bite force + External morphology (PC2) + RFI

Diet ~ Bite force + Gape + Convex DNE + RFI + OPC

Diet ~ Bite force + Mandibular traits (PC1)

Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1)

Diet ~ Bite force + Mandibular traits (PC1) + RFI

Diet ~ Bite force + Mandibular traits (PC1) + OPC

Diet ~ Bite force + External morphology (PC2) + Convex DNE + OPC

Diet ~ Bite force + Gape + Convex DNE

Diet ~ Bite force * Mandibular traits (PC1)

Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC2)
Diet ~ Bite force + Gape + External morphology (PC2) + OPC

Diet ~ Bite force + Gape + External morphology (PC2) + Convex DNE

Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)
Diet ~ Bite force + External morphology (PC2) + RFI + OPC

Diet ~ Bite force + External morphology (PC2) + Convex DNE + RFI + OPC
Diet ~ Bite force + Gape + Mandibular traits (PC1)

Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2)

Diet ~ Bite force + Mandibular traits (PC1) + Convex DNE

Diet ~ Bite force + Gape + Mandibular traits (PC2) + Convex DNE

Diet ~ External morphology (PC1) + External morphology (PC2) + RFI + OPC
Diet ~ External morphology (PC1) + Convex DNE + RFI + OPC

Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2)
Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC1)
Diet ~ Bite force + Gape + External morphology (PC2) + RFI

Diet ~ Bite force + Gape + Mandibular traits (PC1) + Convex DNE

Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + RFI

Diet ~ Bite force + Mandibular traits (PC1) + Convex DNE + RFI

Diet ~ Gape + External morphology (PC1) + RFI + OPC
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57.08
54.13
48.73
44.58
48.47
35.72
29.88
29.49
25.31
28.95
34.8
28.41
18.2
39.02
25.71
25.92
25.33
20.12
23.95
22.04
17.64
17.42
16.36
16.16
17.62
14.54
21.15
19.61
19.92
15.96
15.44
15.05
11.97
14.24
14.21
13.48
13.33
13.43
14.12

0.96
0.96
0.96
0.96
0.96
0.95
0.95
0.95
0.95
0.95
0.94
0.93
0.93
0.92
0.92
0.92
0.92
0.92
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.89
0.89
0.89
0.89
0.89
0.89

0.0038
0.0041
0.0202
0.0220
0.0203
0.0274
0.0326
0.1389
0.1497
0.140
0.007
0.010
0.176
0.002
0.012
0.012
0.012
0.047
0.013
0.015
0.054
0.055
0.058
0.059
0.054
0.195
0.016
0.017
0.017
0.059
0.061
0.063
0.215
0.066
0.066
0.070
0.070
0.070
0.067



73
74
75
76
77
78
79
80
81
82
83
84
85
86
&7
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

Diet ~ Bite force + Gape + Mandibular traits (PC1) + RFI

Diet ~ Bite force + Gape + Mandibular traits (PC1) + OPC

Diet ~ Bite force + Gape + Convex DNE + RFI

Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + Convex DNE
Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + OPC

Diet ~ Bite force + Mandibular traits (PC1) + Convex DNE + OPC

Diet ~ Bite force + Mandibular traits (PC1) + RFI + OPC

Diet ~ Bite force + Gape + Mandibular traits (PC1) + Mandibular traits (PC2)

Diet ~ Bite force + Gape + Convex DNE + OPC

Diet ~ Bite force : External morphology (PC1) : Convex DNE : RFI

Diet ~ Bite force : External morphology (PC1) : Convex DNE : OPC

Diet ~ Bite force : External morphology (PC1) : RFI : OPC

Diet ~ Bite force : External morphology (PC1) : Convex DNE : RFI: OPC

Diet ~ Bite force : Gape : External morphology (PC1) : Convex DNE : RFI: OPC

Diet ~ External morphology (PC1) * External morphology (PC2)

Diet ~ Bite force : External morphology (PC1) : Convex DNE

Diet ~ Bite force : External morphology (PC1) : RFI

Diet ~ Bite force : External morphology (PC1) : OPC

Diet ~ Bite force : Gape : External morphology (PC1) : RFI

Diet ~ Bite force : External morphology (PC1)

Diet ~ External morphology (PC1) * OPC

Diet ~ Mandibular traits (PC1) * Mandibular traits (PC2)

Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + Convex_ DNE
Diet ~ Bite force : Gape : External morphology (PC1) : Convex DNE

Diet ~ Bite force : Gape : External morphology (PC1) : OPC

Diet ~ Bite force + Convex DNE

Diet ~ RFI * OPC

Diet ~ Bite force + External morphology (PC2) + Convex DNE

Diet ~ Bite force * Convex DNE

Diet ~ Bite force : Gape : External morphology (PC1)

Diet ~ Bite force + Gape + Mandibular traits (PC2) + Convex DNE

Diet ~ Convex DNE : OPC

Diet ~ External morphology (PC2) + Mandibular traits (PC2)

Diet ~ Bite force + Convex DNE + RFI

Diet ~ Bite force + Convex DNE + OPC

Diet ~ Bite force + Gape + External morphology (PC2) + Mandibular traits (PC1) + Convex DNE
Diet ~ Bite force + Gape + Mandibular traits (PC2) + Convex DNE + RFI

Diet ~ Bite force + Gape + Mandibular traits (PC1) + Mandibular traits (PC2) + Convex DNE
Diet ~ Bite force + External morphology (PC2) + Mandibular traits (PC1) + Mandibular traits (PC2) + Convex DNE
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13.02
12.83
12.22
13.03
12.71
12.71
12.96
11.09
11.99
42.07
42.83
41.47
43.70
43.76
13.86
39.00
39.61
39.87
39.09
36.04
13.19
12.53
9.99
35.77
36.86
17.28
12.11
12.12
11.85
33.05
7.53
31.65
11.38
11.45
10.97
7.28
6.98
6.51
6.48

0.88
0.88
0.88
0.88
0.88
0.88
0.88
0.87
0.87
0.87
0.87
0.87
0.87
0.87
0.86
0.86
0.86
0.86
0.86
0.85
0.85
0.85
0.85
0.85
0.85
0.84
0.84
0.84
0.84
0.84
0.84
0.83
0.83
0.83
0.83
0.83
0.83
0.82
0.82

0.072
0.073
0.077
0.072
0.074
0.074
0.072
0.008
0.078
0.001
0.001
0.001
0.001
0.001
0.029
0.001
0.001
0.001
0.001
0.001
0.031
0.033
0.092
0.001
0.001
0.010
0.034
0.034
0.035
0.002
0.269
0.002
0.038
0.037
0.039
0.273
0.279
0.288
0.289



112 Diet ~ External morphology (PC1) + External morphology (PC2) + Convex DNE + RFI + OPC 6.82  0.82 0.282

113 Diet ~ RFI+ OPC 1432 0.81 0.015
114  Diet ~ Gape + Convex DNE 14.18 0.81 0.015
115  Diet ~ External morphology (PC2) * OPC 10.09  0.81 0.044
116  Diet ~ Bite force + Gape + External morphology (PC2) 991 0.81 0.045
117  Diet ~ Bite force + External morphology (PC2) 13.68 0.80 0.016
118  Diet ~ Gape + External morphology (PC1) + Mandibular traits (PC2) 942  0.80 0.048
119  Diet ~ Bite force : Convex DNE : OPC 2599 0.80 0.003
120  Diet ~ Bite force : Convex DNE 23.61  0.79 0.004
121  Diet ~ Bite force + OPC 129  0.79 0.018
122 Diet ~ Convex DNE + OPC 12.6  0.79 0.018
123 Diet ~ Bite force + Mandibular traits (PC2) + Convex DNE 873 0.79 0.054
124 Diet ~ Gape + Convex DNE + OPC 873 0.79 0.054
125  Diet ~ Mandibular traits (PC1) + Mandibular traits (PC2) + OPC 899 0.79 0.052
126  Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + Convex DNE 5.57 0.79 0.310
127  Diet ~ Bite force + Mandibular traits (PC1) + Convex DNE + RFI + OPC 5.59  0.79 0.310
128  Diet ~ External morphology (PC1)+External morphology (PC2)+Mandibular traits (PC1) + Mandibular traits (PC2)+Convex DNE 572 0.79 0.306
129  Diet ~ Mandibular traits (PC1) + OPC 126  0.78 0.019
130  Diet ~ External morphology (PC1) + Convex DNE 11.79  0.78 0.021
131  Diet ~ Bite force + Gape 11.9 0.78 0.020
132 Diet ~ Gape * Convex_ DNE 840  0.78 0.056
133 Diet ~ Gape + Mandibular traits (PC1) + Convex_ DNE 829 0.78 0.057
134  Diet ~ Gape + RFI + OPC 837 0.78 0.057
135  Diet ~ External morphology (PC1) + External morphology (PC2) + Mandibular traits (PC2) 826 0.78 0.058
136  Diet ~ External morphology (PC1) + External morphology (PC2) + Convex DNE 8.19 0.78 0.058
137  Diet ~ Bite force : Convex DNE : RFI 2294  0.78 0.004
138  Diet ~ Bite force : Convex DNE : RFI : OPC 2234 0.78 0.005
139  Diet ~ Bite force + Gape + Mandibular traits (PC1) + Mandibular traits (PC2) + RFI 5.37 0.78 0.315
140  Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + RFI + OPC 5.37 0.78 0.315
141  Diet ~ Bite force : OPC 21.49  0.77 0.005
142 Diet ~ Mandibular traits (PC1) * Convex DNE 7.07  0.77 0.063
143 Diet ~ Bite force + RFI + OPC 792  0.77 0.061
144  Diet ~ Gape + External morphology (PC2) + Convex DNE 7.96  0.77 0.061
145  Diet ~ External morphology (PC2) + Mandibular traits (PC1) + RFI + OPC 6.14  0.77 0.144
146  Diet ~ Bite force + Gape + Mandibular traits (PC1) + Mandibular traits (PC2) + OPC 5.13  0.77 0.322
147  Diet ~ Bite force + Mandibular traits (PC1) + Mandibular traits (PC2) + Convex DNE + OPC 5.10  0.77 0.323
148  Diet ~ Bite force + Mandibular traits (PC2) + Convex DNE + RFI + OPC 5.03  0.77 0.325
149  Diet ~ Mandibular traits (PC1) ¥ OPC 745  0.76 0.066
150  Diet ~ Bite force + Gape + Mandibular traits (PC2) 7.66  0.76 0.064
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151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

Diet ~ Bite force + Gape + OPC

Diet ~ Gape + External morphology (PC1) + Convex DNE
Diet ~ Gape + Mandibular traits (PC2) + Convex DNE
Diet ~ Gape + Convex DNE + RFI

Diet ~ Mandibular traits (PC2) + Convex DNE + OPC
Diet ~ Convex DNE + OPC + RFI

Diet ~ Bite force + Mandibular traits (PC2) + Convex DNE + RFI
Diet ~ Bite force + Convex DNE + RFI + OPC

Diet ~ Bite force

Diet ~ Bite force : RFI

Diet ~ External morphology (PC1) + OPC

Diet ~ External morphology (PC2) + OPC

Diet ~ Bite force + RFI

Diet ~ Mandibular traits (PC2) * Convex DNE

Diet ~ Bite force * Gape

Diet ~ Bite force * External morphology (PC2)

Diet ~ Bite force * RFI

Diet ~ Mandibular traits (PC2) + Convex DNE + RFI

Diet ~ Gape + External morphology (PC2) + RFI + OPC
Diet ~ Gape + Mandibular traits (PC1) + RFI + OPC

Diet ~ Gape + Mandibular traits (PC2) + RFI + OPC

Diet ~ Mandibular traits (PC1) + Convex DNE + RFI + OPC
Diet ~ Bite force : Gape : Convex DNE : RFI

Diet ~ Bite force : Gape : Convex DNE : RFI : OPC

7.53
7.50
7.42
7.65
7.58
7.69
5.82
5.86
19.12
19.15
10.3
10.05
10.05
7.18
7.15
7.29
7.22
7.26
5.53
5.51
5.69
5.55
19.46
19.49

0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.76
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

0.065
0.066
0.066
0.064
0.065
0.063
0.151
0.150
0.007
0.007
0.026
0.027
0.027
0.069
0.070
0.068
0.069
0.068
0.158
0.159
0.155
0.158
0.006
0.006

Asterisks indicate statistical significance (p <.05). Signal ‘+’ indicates the combination of variables, ‘:” indicates the interaction between variables, and
‘x” indicates the combination of variables with the interactions between them.
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Figure S2.1. Most parsimonious tree topology (left) and PCA plots depicting the
position of coexisting rodent species based on external morphological (upper right) and
mandibular traits (lower right). Colors at the tip of the species at phylogeny indicate

dietary ecology (left circle) and identity on the PCA’s (right circle).
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Figure S2.2. Graphical representation of the relationships between diet (as indicated by
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indicate significant variation of traits among dietary ecologies.
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CHAPTER 3

How do you like your prey? Craniodental traits predict feeding performance and dietary

hardness in a community of Neotropical free-tailed bats (Molossidae)*

*Article published in the journal Functional Ecology, 2022, Vol. 36, Issue 7, pp.
1690-1699 (https://doi.org/10.1111/1365-2435.14063)

Skulls of Eumops underwoodi, Molossus molossus and E. nanus


https://doi.org/10.1111/1365-2435.14063

3.1 ABSTRACT

Form-function studies have established a strong link between dental morphology and the
mechanical properties of food items, with animals evolving tooth shapes theoretically
ideal for their diets. However, information on how teeth perform under natural conditions
is rare, which limits our understanding of how dental morphology influences dietary
ecology and niche partitioning within animal communities. Free-tailed bats (Molossidae)
are a diverse clade of aerial insectivorous mammals that exhibit an outstanding variation
in size and craniodental traits, which have been directly related to ecological segregation
among sympatric species. We investigate the mechanisms that allow functional dietary
specialization and trophic segregation among sympatric free-tailed bat species inhabiting
a Neotropical forest. To do so, we coupled data on the shape and size of molar teeth and
the feeding apparatus with in-situ collected measurements of feeding performance and
dietary hardness. We found that evolved differences in molar topography and size vary in
tandem with the mechanical demands of prey items naturally consumed by sympatric
molossid species. This may be explained by feeding performance capabilities resulting
from both molar shape and the overall size of the feeding apparatus, which seem to allow
efficient processing of food items with specific mechanical properties. For instance,
smaller bats with higher topographic values and more gracile heads mainly feed on softer
prey items, whereas bigger bats with lower topographic values and more robust heads
mostly feed on tougher prey items. Species with a broader range of sizes, craniodental
morphologies, and prey hardness are also present in the community. Based on the extent
of our results, our data provide compelling evidence on how the shape and size of feeding

structures, in addition to how they perform, may facilitate trophic segregation among

112



sympatric free-tailed bat species. Similar mechanisms are thought to be driving the
diversity of other present and even past bat and/or insectivorous communities, so
correspondingly, we emphasize the value of gathering key information in order to better
understand the functional significance of biological traits and ultimately the evolution of
diverse communities. Key words: Costa Rica, molars, insectivory, diet, resource

partitioning.

3.2 INTRODUCTION

The functional relationships between dental morphology and diet underlie ecological and
evolutionary processes, including food niche partitioning and trophic radiation, across a
wide array of vertebrate taxa (e.g., Primates — Kay & Hylander 1978; Lucas 1979;
cichlids, Yamaoka 1983; carnivorans and rodents — Evans et al., 2007). This is because
teeth are at the mechanical interface with food items, and therefore under strong selective
pressures to perform efficiently at acquiring and breaking down foods with different
mechanical properties (e.g., toughness — Ungar 2010; Evans & Pineda-Munoz 2018). In
mammals, molar teeth exhibit highly diverse occlusal topographies and show a strong
dietary signal (Evans & Pineda-Munoz 2018). Consequently, molars have been studied
extensively to understand the trophic niches and diet in extinct and extant taxa (e.g.,
Strait 1993a; 1993b; Santana et al., 2011; Wilson 2013; Evans & Janis 2014; Martin et
al., 2016; Selig et al., 2019). However, although there have been substantial advances in
describing these form-function relationships, few studies have attempted to investigate

how differences in molar morphology directly translate into variation in feeding
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performance among sympatric species (but see Moore & Sanson 1995; Bezzobs &
Sanson 1997; Santana et al., 2011).

Among mammals, there is evidence that rodent, primate, and marsupial species
that have well developed shearing, crushing, and grinding molar cusps are more efficient
at processing and digesting plant material (McArthur & Sanson 1988; Bezzobs & Sanson
1997). Similarly, it has been demonstrated that among bats, primates, and marsupials,
certain molar morphologies (e.g., sharp crests/cusps) allow for high feeding performance
while feeding on insects (i.e., finely comminuting exoskeleton — Moore & Sanson 1995;
Kay & Sheine 1979; Santana et al., 2011). Therefore, incorporating performance
estimates into form-function studies allows for a mechanistic understanding of the
relationships between tooth morphology and diet, including the role of ecomorphological
segregation (Wainwright 1994) in allowing some species to increase their masticatory and
digestive efficiency, ultimately enhancing their feeding performance and fitness (Sheine
& Kay 1977; Kay & Sheine 1979).

Free-tailed bats (Molossidae: Chiroptera; 110+ species) are small to
medium-sized bats (2-220 g — Taylor 2019) that exhibit an outstanding range of skull
and jaw morphologies within the aerial insectivorous niche (Freeman 1979; 1981). This
morphological variation is thought to be related to specialization on different types of
insects that are caught and processed in flight well above the canopy (Freeman 1981).
Specifically, variation in body size, morphology of the skull (e.g., sagittal crest size),
mandible (e.g., coronoid process size) and teeth (e.g., teeth number and size, height of the
molar cusps) has been linked to trophic segregation of species throughout the Family;

with molossids with robust skulls and thick jaws seem to specialize on hard-shelled
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insects, whereas species with gracile skulls and thin jaws eat mostly soft-bodied insects
(Freeman 1979; 1981; Swartz et al., 2003). These ecomorphological relationships are
likely mediated by performance differences, which might in turn help understand
ecological specialization, community structure, and diversification processes across this
diverse mammalian clade.

Here, we investigate the relationships among size and craniodental traits, feeding
performance and dietary hardness in sympatric Neotropical free-tailed bats in Costa Rica.
We functionally link feeding performance (i.e., the ability to breakdown insect prey) and
prey hardness estimates with craniodental traits and body size metrics (i.e., 3D DTMs,
forearm length, head, and skull measurements). We test the hypothesis that evolved
differences in molar topography and the overall size of the feeding apparatus enable
differences in feeding performance and access to prey items with different mechanical
properties, and subsequent functional dietary specialization and trophic segregation
among free-tailed bat species. As exoskeleton thickness may affect which insect taxa
molossid species can prey upon (Freeman 1979), and exoskeleton particle size indicates
the degree of food processing (Santana et al., 2011), we predict that species with more
robust (wider, taller) heads and lower molar topographic values specialize on harder prey
(e.g., beetles) due their capacity to access and break down these mechanically
challenging items more efficiently (e.g., due to higher bite force and blunter molars —
Hepburn & Chandler 1976; Strait 1993b). Conversely, we predict that species with more
gracile (narrower and shorter) heads and higher molar topographic values specialize on
softer prey (e.g., moths) (Hepburn & Chandler 1976; Strait 1993b). Finally, across both

guilds, we predict that as DTMs increase, so do the occlusal area and the number of tools
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molars have for prey processing, leading to more efficient exoskeleton breakdown.
Altogether, these ecomorphological differences may help explain the coexistence of

molossid bats within this and other species-rich communities.

3.3  MATERIALS AND METHODS

3.3.1 Field work & data collection

Our study was conducted at Parque Nacional Diria, Guanacaste, Costa Rica (hereafter
Diria; 10°1025.8" N, 085°35'46.3"” W, 128 m a.s.l.). Dirié is in the northwestern Pacific
lowlands of Costa Rica and is characterized by the presence of a seasonal tropical dry
forest and a river ca. 40 m wide (Rio Enmedio) that is surrounded by a gallery forest
(Pineda et al., 2008 — Fig. S3.1). Our sampling effort was focused on a subset of the
insectivorous bats of the area (i.e., free-tailed bats — Family Molossidae). We captured
bats during three consecutive nights in April 2014 and 2015 and May 2016 by placing
three mist nets (12 x 3 m) across water ponds of the Rio Enmedio (Fig. S3.1). During all
sampling days, we set up mist nets in the same area and time frame (18:00h-21: 00h).
Upon capture, we recorded each bat’s species, age, sex, and reproductive status based on
external traits (Brunet-Rossinni & Wilkinson 2009). We then kept each bat in an
individual cloth bag for approximately 15 minutes to obtain fecal samples of their natural
diet (Table 3.1). These bags were examined to obtain fecal pellets, which we carefully
removed using fine tweezers and stored in Eppendorf centrifuges tubes. To obtain data
about body size and dental topography traits of each bat species, we kept a subset of the
captured animals as voucher specimens (N = 3 specimens; under permit

ACT-OR-DR-147-14 and ACT-OR-DR-011-16; Supporting information file 5 — Table
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S1), in addition to measuring forearm length (proxy for overall size) and head dimensions
known to influence bite performance (head length, head width and head height —
Santana et al., 2010) from live animals (Fig. S3.2 and Table 3.2). We augmented the
morphological dataset with specimens from the Louisiana Museum of Natural Science
(LSU) and Museum of Texas Tech University (TTU) mammal collections (Supporting
information file 5 — Table S1), selecting Costa Rican specimens whenever possible

(Total N = 31 specimens). All specimens used had minimal, if any, noticeable tooth wear.

3.3.2 Morphological information

Craniodental traits — We created digital 3D models of the skull of each voucher
specimen using a Skyscan 1172 uCT Scanner (Bruker MicroCT, Belgium). All scans
were performed at an 11.99 um image voxel size while keeping other scanning
parameters consistent (Supporting information file 4 — Table S2). We used NRecon
(Microphotonics) to convert CT shadow images into image stacks (‘slices’), which we
imported into Mimics v. 22.0 (Materialise, Leuven, Belgium) to segment the right upper
and right lower molar rows of each specimen and produce 3D surface (*.stl) files. We
imported raw stl files into Geomagic Studio v. 2019 (Geomagic Inc., Research Triangle
Park, NC, USA) to select the entire tooth crown (i.e., above the enameled cervix) of
premolars and molars of each specimen (Boyer 2008). We selected these teeth because
premolars and molars are predominantly used by bats to process food items, including
insect prey (Dumont 1999; Santana & Dumont 2009). We did not include vestigial
premolars (PM?) to avoid morphological variation of little functional importance (i.e., in

Eumops ferox, E. hansae, E. nanus, E. underwoodi and Promops centralis—Freeman
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1981). We oriented tooth row models with the occlusal plane parallel to the X-axis
(which pointed anteriorly), the Y-axis perpendicular to the occlusal plane, and the Z-axis
pointing in the lingual direction (Supporting information Figure 2a). We imported
oriented models into Avizo Lite 9.2.0 (FEI Visualization Sciences Group, Berlin,
Germany) for simplification to 40,000 faces and smoothing (100 iterations with a lambda
of 0.6; Pampush et al., 2016). We then saved each tooth row as *.PLY files for
subsequent analyses.

Following Freeman (1981), we collected a set of cranial and mandibular
measurements of potential importance in determining the feeding performance of
free-tailed bat species: Greatest skull length (GSL), Dentary thickness (DENT THIC) and
Dentary length (DENT LEN), all measured from the 3D models of the skull and
mandible (Fig. S3.2 and Supporting information file 5 — Table S3).

We calculated DTMs (DNE, RFI and OPCR) of the upper and lower molar tooth
row of each specimen using tooth row models (*.stl flies) and the function molaR Batch
within the R package MolaR (Pampush et al., 2016). For RFI calculations, we used an
alpha value between 0.4 and 0.6 for the upper molar rows, and an alpha value of 1.2 for
the lower molar rows. These values correspond to the step size used for calculating the
outline of the footprint and, contrary to the default setting (0.001), we assigned these
values to our calculations as they allowed us to keep the subscript inside the bounds (see
details in Pampush et al., 2016). We performed OPCR calculations with a minimum of 5
faces in each specimen following Winchester (2016). We used data across individuals to

estimate the average value of each DTM across each molar row for each species.
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3.3.3 Feeding performance & dietary hardness
From each fecal sample (Total N = 38), we randomly selected 1-2 g of fecal pellets,
which we rehydrated for 24 hours in a Petri dish containing distilled water. Once
exoskeleton pieces could be spread out by gently shaking the Petri dish, we placed a
numbered grid under the Petri dish and used a random number generator to choose grid
quadrants and select at least 20 exoskeleton particles from each fecal sample. As
irregularly-shaped particles such as limb fragments or head capsules could introduce high
variation to the data, we only selected flat cuticle pieces that were uniform in shape and
thickness to collect diet and feeding performance data. Using fine tweezers, we collected
and dried particles by placing them on a Kimwipe tissue.

We estimated feeding performance and dietary hardness by measuring the size
and thickness, respectively, of each insect exoskeleton particle (Supporting information

file 5— Table S4 and Table S5).. Chitin is highly indigestible by mammals (Altman &

Dittmer 1968); therefore, particle size is related to the ability to break down insect prey
(i.e., feeding performance; Santana et al., 2011). Moreover, as exoskeleton thickness and
insect hardness have been found to be positively correlated (Evans & Sanson 2005;
Santana et al., 2011), variation in exoskeleton thickness reflects the physicals demands
imposed by different insects or their body parts and may influence particle breakdown
during feeding events (Santana et al., 2011). We measured exoskeleton particle size from
digital pictures taken of each particle along with a millimetric scale under a binocular
stereoscope (Leica M 125 with attached camera, Leica Microsystems, Germany), using
ImageJ (National Institutes of Health, Bethesda, MD, USA) to outline each particle’s

perimeter and calculate its corresponding area. We measured exoskeleton particle
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thickness using a high precision micrometer with hemispherical attachments (Mitutoyo
type 293-340-30CAL, range + 25.4mm, resolution +/- 0.001 mm; Aurora, IL, USA). We
averaged data on exoskeleton particle size and thickness within each sample and across

individuals to obtain species means.

3.3.4 Data analysis

All variables used in our analyses were log transformed to ensure linearity assumptions
of the parametric tests performed. When assumptions were still not met, we used
non-parametric tests. We first employed Spearman’s correlation tests to assess the
relationship among body size metrics, among cranial and mandibular measurements,
among DTMs of the lower and upper molar tooth rows, and between exoskeleton particle
size and exoskeleton particle thickness.

To visualize interspecific patterns in body size and craniodental traits among bat
species, we first classified free-tailed bat species into three dietary hardness categories
based on dietary information available in the literature and our exoskeleton thickness
data. Accordingly, E. underwoodi and P. centralis were classified as hard-insect eaters,
M. pretiosus, M. molossus and C. greenhalli as intermediate, and E. nanus, E. hansae and
E. ferox as soft-insect eaters. We centered all morphometric and dental variables by
subtracting the mean from individual values and size-corrected these centered
measurements using Burnaby’s transformation (Burnaby 1966; Rohlf & Bookstein 1987;
Claude 2008). We then performed Principal component analysis (PCA) on the
size-corrected dental and morphometric data sets, respectively, using the ‘prcomp’

function, and corrplot (Wei et al., 2017) and factoextra (Kassambara & Mundt 2017)
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packages. We plotted the first two PCs, which accounted for >70% of the total variance.

We evaluated the relationship between feeding performance and dietary hardness
among species using two approaches. First, due to the lack of data for direct performance
comparisons (i.e., exoskeleton particle sizes from bat species eating the same prey items)
and the potential confounding effect of exoskeleton thickness on feeding performance,
we plotted the particle size versus thickness data and fitted separate linear regression
models for each of the diet hardness categories (hard, intermediate, soft) using the
geom_smooth function (Wickham 2016). This allowed us to visualize if, for a given
exoskeleton thickness, species within each of these categories produced particles that
differed in size. Since this was the case (see Results), we used multivariate analyses of
variance (MANOVA) to test for differences in DTMs, body size and cranial and
mandibular traits among diet hardness categories (with the vegan package; Oksanen et
al., 2017).

Second, we evaluated the relationship among feeding performance, dietary
hardness, body size and craniodental traits without a priori groupings using linear
regression models and phylogenetic generalized least squares (PGLS) regression models
with a Brownian correlation. In these regressions, exoskeleton particle size and thickness
were used as independent response variables, while DTMs (DNE, RFI, and OPCR), in
addition to head length for the particle size analysis and head height for thickness
analysis, were employed as the predictor variables. These specific head dimensions were
selected among the multiple variables available (i.e., cranial, and mandibular
measurements) because they were the most fitting predictors explaining the variation in

feeding performance and dietary hardness, respectively. Assumptions of the regression

121



models were tested with package ‘gvlma’ (Pena & Slate 2019), and, since no phylogeny
available includes all the species or has used the same molecular markers, we used
phytools and ape (Revell 2012; Paradis & Schliep 2018) packages to run the PGLS with a
tree topology based on published molecular relationships among molossid genera
(Ammerman et al., 2012) and within Eumops (Bartlett et al., 2013), setting branch lengths
to 1. Best fitting models were chosen based on the Akaike information criterion for small
sample sizes (AIC,), which considers the fit and complexity of the regressions (Schwarz
1978; Burnham & Anderson 2002). Models were ranked by AIC, value (the lowest value
of AIC, has the most support from the data) and compared using AIC model weights (w;).

All statistical analyses were performed in R (R Core Team 2021).

3.4 RESULTS

Correlation analyses showed that DTMs between the upper and lower molar tooth rows
were positively correlated. Body size, cranial and mandibular traits were also correlated
with one another, as were exoskeleton particle size and thickness (Supporting information
file 5— Table S6)

When grouped into diet hardness categories, coexisting free-tailed bats differ in
their DTMs (F 551y = 7.8, p = 0.001), body size metrics (F ;4= 18.6, p <0.001) and
cranial and mandibular traits (F 39, = 58.1, p <0.001). Principal component analyses
indicate that all three DTM’s (Fig 2a), forearm length and all three head dimensions (Fig.
3.2b), greatest skull length, and dentary thickness (Fig. 3.2¢) contribute to the
morphometric differences among dietary hardness groupings (Supporting information file

5 — Table S7). Species segregate into three morphotypes: (1) bigger species with more
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robust (larger) heads/crania, thicker mandibles, and molariform dentitions that are flatter,
with smaller occlusal surfaces and less complex topographies (i.e., lower DNE, RFI and
OPCR — Fig. S3.5), (2) more generalized morphologies that exhibit greater variation in
forearm length, head sizes and craniodental traits, and (3) smaller species with more
gracile (smaller) heads/crania, thinner mandibles, and molariform dentitions with
sharper/taller cusps, greater occlusal surfaces, and more complex topographies (i.e.,
higher DNE, RFI and OPCR — Fig. S3.5). These morphotypes differ in feeding
performance (Fig. 3.2d); for a given particle thickness, bats from different dietary
hardness groups produce exoskeleton particles of different sizes (F (, ;54 = 63.5, p<
0.001), with hard-insect eaters producing larger particles than soft-insect eaters, and
intermediate species exhibiting large variation in feeding performance (Fig. 3.2d).
Across the community, regression models indicate that feeding performance and
dietary hardness can be predicted by variations in DTMs and head length among the
species (Table 3.2). Similar, PGLS analysis show that, independently of phylogenetic
relationships, molossid species with narrower and more dorsoventrally flattened heads
but high to intermediate DNE, RFI and OPCR values tend to prey upon less
mechanically-demanding insects (i.e., with thinner exoskeleton) and are able to produce

smaller exoskeleton particles (Supporting information file 5 — Table S8 and Table S9).

Conversely to this trend, species with lower DNE, RFI and OPCR values and wider and
taller heads prey upon more mechanically challenging insects (i.e., with thicker

exoskeleton) and produce larger exoskeleton particles (Fig. 3.3).
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3.5 DISCUSSION
Dental topography metrics have been successfully used as a proxy of dietary ecology in
extant and extinct species (e.g., Evans 2013; Winchester et al., 2014; Selig et al., 2019;
among others). Here, we expand upon this by examining the relationships among body
size, craniomandibular and dental traits, feeding performance and dietary hardness in a
community of closely-related, sympatric insectivorous bats. Altogether, our data are
consistent with the idea that physical properties of the consumed food items are strongly
tied to variation in shape, size, function and ultimately performance of the feeding
apparatus of mammals (Spears & Crompton 1996; Freeman 1988; Herrel & Holanova
2008; Santana et al., 2011, Evans & Pineda-Munoz 2018). Available data on the
interspecific variation in diet, body size, craniomandibular and dental morphology among
insectivorous bats at large further supports that dental and size traits have been evolving
in tandem with dietary ecology, allowing species to overcome potential challenges
involved in the mechanical processing of insects (Freeman 1979, 1988; Strait 1993b).
From a mechanical standpoint, the interaction between molar topography, bite
force, and the physical properties of the prey item will determine the extent to which the
prey is broken down into pieces that are small enough for digestion (Sheine & Kay 1977;
Berthaume 2016; Evans & Pineda-Munoz 2018). Our results indicate that free-tailed bat
species that have sharper molars and more gracile heads and mandibles (E. nanus, E.
hansae, and potentially E. ferox) are morphologically specialized to finely comminute
softer insects (i.e., with thinner exoskeletons). As high stresses are not necessary to
fracture the exoskeleton of soft insects (i.e., they are broken down via ductile fracture;

Strait 1993b), these species are usually small and morphologically suited by having a
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greater number of and sharper shearing features that allow the distribution of bite forces
over larger contact areas (Strait 1993b). This is similar to other species of mammals that
exhibit increased shearing surfaces and larger occlusal areas and feed on ductile foods
(e.g., moles, primates, carnivorans, Strait 1993b; Evans et al., 2007). However, these
molossid species may be functionally constrained by these adaptations (i.e., increased
risks of tooth fracture and wear) when processing tougher food items (Freeman 1979;
Strait 1993b).

In contrast to soft-insect eaters, a set of the molossid species in the community (£.
underwoodi and P. centralis) appear to be occupying a more durophagous feeding niche
(Freeman 1979; Strait 1993b). Specifically, our results suggest that these bigger bats with
blunter molars and more robust heads and mandibles primarily feed and efficiently
process prey items with thicker exoskeletons. By having fewer and smaller shearing
features that can focus greater bite forces on small contact areas, these bats can
concentrate stress on the prey item to produce brittle fracture, in a similar way that other
durophagous mammals do (Fisher 1941; Strait 1993b; Kay 2017). Functional tradeoffs of
these adaptations seem to be related with the production of larger particles for any given
exoskeleton thickness (Fig. 3.2d).

In between specialized soft and hard insect eaters, several species in the
community seem to occupy a more generalized morphospace and dietary niche (Fig. 3.2);
Molossus pretiosus, Cynomops greenhalli, and potentially M. molossus are consuming
prey items that vary highly in hardness (exoskeleton thickness). Therefore, these bats
appear to be opportunistic feeders that consume prey of a wide range of physical

properties but with overall lower feeding performance than specialized soft-insect eaters
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(Fig 3.2d). These results support previously described functional trade-offs in feeding
performance among vertebrates (e.g., Huey & Hertz 1984; Roslin & Salminen 2008;
Santana et al., 2011).

Overall, our data on feeding performance and dietary hardness supports
form-function-performance trends detected on the feeding ecology of mammals and other
vertebrates (Strait 1993b, Kay & Hylander 1978; Lucas 1979; Yamaoka 1983; Evans et
al., 2007, among others), highlighting how shape and size of key feeding structures as the
molars, in addition to the total size of the feeding apparatus, have coevolve with the
dietary ecology of bat species. Here, we also demonstrated how DTMs can be
successfully employed in detailed comparative studies, and how matching data on diet
and feeding performance can help to better understand the morphological evolution of
biological structures.

Given our results, we encourage researchers to include feeding performance
estimates and DTMs, or other informative metric of teeth morphology (see Strait 1993b)
into form-function studies, as this combination may provide more cues on the functional
understanding of the mechanisms driving dietary specialization and trophic segregation
among sympatric species. Ultimately, and by gathering more detailed data on the natural
history, morphology, and behavior of the species, we can better understand major patterns
on ecomorphological diversification and community ecology.

In conclusion, our manuscript provides compelling evidence that explains the
interspecific differences in the DTMs and size traits among free-tailed bats species
coexisting in a Neotropical forest, demonstrating how these evolved differences in molar

shape and feeding apparatus size translate into food resource use and feeding
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performance in prey processing. Given the dietary, dental, craniomandibular and size
differences described among other molossid species in other geographic areas (e.g.,
Freeman 1979, 1981; Giménez & Giannini 2016), similar trophic niche segregation
mechanisms may operate in similar communities across the whole range of the Family
(Ethiopian, Neotropical, and Indo-Australian species). Promising steps might be focused
on investigating the functional trade-offs of specialized versus generalized feeding
morphologies (Huey & Hertz 1984; Roslin & Salminen 2008; Santana et al., 2011), for
example by conducting direct feeding performance comparisons (e.g., on the same prey
items), detect and understand modulation of feeding behaviors (e.g., Santana & Dumont
2009), as well as by evaluating the spatio-temporal availability and the detailed

mechanical properties of the insect prey on their natural environments.
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3.8 TABLES AND FIGURES
Table 3.1. Sample sizes, feeding performance and dietary hardness variation among the

sympatric free-tailed bat species studied. Values are mean =+ SD.

Species N fecal samples Exoskeleton particle size (mm) Exoskeleton particle thickness (mm)

Molossus pretiosus 22 0.69 + 0.54 0.12+0.06
Molossus molossus - - -
Eumops underwoodi | 2.36£2.67 0.13£0.08

Promops centralis - - -

Cynomops greenhalli 7 0.75+0.79 0.08 £0.05
Eumops ferox - - -

Eumops hansae 5 0.55+0.32 0.08 £0.06
Eumops nanus 3 0.46 + 0.34 0.08 +0.04
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Table 3.2. Fit of the six best performing regression models based on exoskeleton particle
size and thickness, respectively. df = degrees of freedom; R2 = R squared; Loglik =
Likelihood function; AIC, = Akaike information criterion corrected for small sample

size; Delta AICc = AIC,; — minimum AIC_; w; = Akaike weights.

Model df R2 Loglik AIC, Delta AIC, W;
Particle size ~ RFI*Head length 5 0.99 14.84 -79.7 0.00 0.73
Particle size ~ DNE*OPCR 5 0.98 13.49 -77.0 2.70 0.19
_Particle size - DNE*Head length______________ .5 . ... 097 _ . _. 1244 _____-749_ 480 ________.0.06 __
Particle thickness ~ DNE*OPCR 5 0.99 26.97 -104.0 0.00 1.00
Particle thickness ~ DNE+RFI+OPCR 5 0.95 16.21 -82.40 21.53 0.00
Particle thickness ~ DNE+OPCR+Head height 5 0.79 12.57 -75.10 28.81 0.00
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(c)

Orientation

Figure 3.1. Three-dimensional reconstructions of two extreme (a, ¢), and one
intermediate (b) skull and upper dentition morphologies found within the community of
free-tailed bats studied. (a) Eumops underwoodi, (b) Cynomops greenhalli, (c) Eumops

nanus. DNE (a2, b2, ¢2), RFI (a3, b3, ¢3) and OPCR (c4, b4, c4) maps are shown.
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Supporting Information Table 5 for summary statistics.
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3.10 SUPPORTING TABLES AND FIGURES FOR CHAPTER 3

Figure S3.1. Study locality at Parque Nacional Dirid, Guanacaste, Costa Rica. Pictures a

to d represent different views of the Rio Enmedio. Red arrows in ¢ and d indicate mist

nets placed across water ponds of the river.
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Figure S3.2. Orientation of the tooth crowns based on X, Y and Z axis (a); Head

dimension measurements (b) and craniomandibular traits (c and d) across the sampled

free-tailed bat species.
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Cynomops greenhalli (a)

Promops centralis (b)

Molossus molossus (c)

Molossus pretiosus (d)

Eumops hansae (e)

Eumops nanus (f)

Eumops ferox (g)

Eumops underwoadi (h)

Figure S3.3. Tree showing the relationships among the free-tailed bat species included in

this study (modified from Ammerman et al., (2012) and Bartlett et al., (2013)).
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Figure S3.4. Graphical representation of the best fitting regressions models illustrating
the interaction among exoskeleton particle thickness and size with head height (a),
Dirichlet Normal Energy (b), Relief Index (c) and Orientation Patch Count Rotated (d)

(predictive variables).
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Figure S3.5. Patterns in head size and dental topography metrics among contrasting dietary
hardness estimates. Different letters indicate significant variation of traits among hardness

classifications.
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