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Feeding ecology has a stronger evolutionary
influence on functional morphology than on
body mass in mammals
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Ecological specialization is a central driver of adaptive evolution. However, selective pressures may uniquely affect different
ecomorphological traits (e.g., size and shape), complicating efforts to investigate the role of ecology in generating phenotypic
diversity. Comparative studies can help remedy this issue by identifying specific relationships between ecologies and morpholo-
gies, thus elucidating functionally relevant traits. Jaw shape is a dietary correlate that offers considerable insight on mammalian
evolution, but few studies have examined the influence of diet on jaw morphology across mammals. To this end, | apply phyloge-
netic comparative methods to mandibular measurements and dietary data for a diverse sample of mammals. Especially powerful
predictors of diet are metrics that capture either the size of the angular process, which increases with greater herbivory, or the
length of the posterior portion of the jaw, which decreases with greater herbivory. The size of the angular process likely reflects
sizes of attached muscles that produce jaw movements needed to grind plant material. Further, | examine the impact of feeding
ecology on body mass, an oft-used ecological surrogate in macroevolutionary studies. Although body mass commonly increases
with evolutionary shifts to herbivory, it is outperformed by functional jaw morphology as a predictor of diet. Body mass is influ-
enced by numerous factors beyond diet, and it may be evolutionarily labile relative to functional morphologies. This suggests that
ecological diversification events may initially facilitate body mass diversification at smaller taxonomic and temporal scales, but

sustained selective pressures will subsequently drive greater trait partitioning in functional morphologies.
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A common goal in evolutionary biology is to examine the se-
lective pressures that generate phenotypic diversity. This pursuit
is complicated by numerous factors that influence morphologi-
cal evolution, including stochastic processes (e.g., genetic drift
and passive trends), phylogeny, biomechanics, and developmen-
tal and physiological constraints (Darwin 1859; Seilacher 1970;
Raup and Gould 1974; Cheverud 1982; Lande and Arnold 1983;
McShea 1994; Marroig and Cheverud 2005; Wainwright 2007;
Losos 2011). Further, ecological pressures have varying effects
on different morphological traits (e.g., size and shape), confound-
ing efforts to examine adaptive evolution via analyses of mor-
phological evolution (Marroig and Cheverud 2005; Hunt 2007;
Harmon et al. 2010; Santana and Cheung 2016; Slater and Friscia
2019). These issues can be addressed in part by identifying robust

Feeding ecology, functional morphology, jaw morphology, mammal macroevolution, phylogenetic comparative

correlations between ecological and morphological traits, because
these associations provide strong evidence that specific ecological
pressures are driving adaptive phenotypic changes. For instance,
extensive studies of mammalian dentitions have shown strong as-
sociations between mammalian tooth shape and diet, including
convergent morphological evolution in distantly related taxa that
occupy similar ecological niches (Evans et al. 2007; Boyer 2008;
Christensen 2014; Pineda-Munoz et al. 2017; Berthaume et al.
2019). This indicates that feeding ecology is a major driver of
tooth shape diversification.

A further benefit of identifying strong links between ecolo-
gies and morphologies is that these associations provide critical
tools for evolutionary studies, helping researchers to reconstruct
paleoecologies of fossil taxa (Meng et al. 2017; Olsen 2017; Chen
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et al. 2019), examine macroevolutionary patterns in major clades
(Grossnickle and Polly 2013; Mitchell and Makovicky 2014),
and reconstruct paleoenvironments (Vermillion et al. 2018). For
instance, morphological disparity of mammalian teeth is often
used as a proxy for dietary diversity, allowing studies to track
ecological patterns through time and identify adaptive radiations
(Osborn 1902; Simpson 1944; Van Valkenburgh 1988; Janis 1995;
Jernvall et al. 1996; Wilson et al. 2012; Slater 2015; Grossnickle
and Newham 2016; Slater and Friscia 2019). Body size (or body
mass) is an additional morphological trait that is strongly influ-
enced by ecology (Eisenberg 1981; Peters 1986) and is commonly
used as an ecological surrogate in macroevolutionary and macroe-
cological studies (Brown and Maurer 1989; Alroy 1999; Venditti
et al. 2011; Raia et al. 2013; Saarinen et al. 2014; Huang et al.
2017). Body mass is an especially popular ecological correlate
because it is often available in large-scale databases (e.g., Jones
et al. 2009; Faurby et al. 2018) and readily estimated for fossil
taxa (Smits 2015; Hopkins 2018). Numerous comparative studies
have recently used mammalian body size evolution to examine
topics such as rates of evolution, biogeographical patterns, evolu-
tionary trends (e.g., Cope’s rule), and extinction risk (Cooper and
Purvis 2010; Smith et al. 2010; Smith and Lyons 2011; Uyeda
et al. 2011; Venditti et al. 2011; Evans et al. 2012; Raia et al.
2012; Slater 2013; Tomiya 2013; Saarinen et al. 2014; Price and
Hopkins 2015; Smits 2015; Huang et al. 2017).

A critical issue, however, is that the choice of ecological
proxy can have a major influence on the conclusions of macroevo-
lutionary studies. For instance, Slater and Friscia (2019) find evi-
dence of an adaptive radiation (i.e., an “early burst” of ecomorpho-
logical diversification) in Carnivora via functional dental metrics
that are strongly correlated with diet, but this signal is absent
for additional morphological traits that have less functional rel-
evance. Examining evolutionary patterns of nonfunctional traits
may be less informative because an increase in disparity could
simply reflect stochastic evolutionary changes rather than adap-
tive evolution (Raup and Gould 1974; McShea 1994). In addition,
using body mass as an ecological proxy may be less informative
than using functional morphology because many factors influence
body size (Peters 1986; Cooper and Purvis 2010; Tomiya 2013;
Pineda-Munoz et al. 2016), making it difficult to interpret which
factors are the primary drivers of body mass evolution.

Here, I examine the influence of diet on the jaw morphol-
ogy of extant therian mammals (i.e., placentals and marsupials).
Therians diversified from small insectivores in the Late Jurassic—
Early Cretaceous (ca. 160—100 million years ago) into one of the
most functionally diverse clades on Earth, occupying an incred-
ible array of ecological niches and possessing body masses that
span eight orders of magnitude (Simpson 1944; Eisenberg 1981;
Brown and Maurer 1989; Alroy 1999; Smith et al. 2010; Luo
et al. 2011; Grossnickle and Newham 2016; Chen et al. 2019).
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Numerous therian subclades adaptively radiated in response to
novel ecological opportunities, often resulting in convergent evo-
Iution of ecomorphotypes as lineages repeatedly invaded similar
ecological niches or adaptive zones (Osborn 1902; Simpson 1944,
Eisenberg 1981; Smith et al. 2004; Grossnickle et al. 2019). In
concert with therians, flowering plants and several insect groups
have diversified since the Late Cretaceous (Wing and Tiffney
1987; Collinson and Hooker 1991; Moreau et al. 2006; McKenna
et al. 2009; Feild et al. 2011; Ahrens et al. 2014; Eriksson 2016),
likely facilitating an immense expansion of therian diets and habi-
tats (Janis 1995; Jernvall et al. 1996; Grossnickle and Newham
2016; Chen et al. 2019; Grossnickle et al. 2019). Thus, feeding
ecology has had a major influence on mammalian diversification,
and therians offer an exemplary system for examining relation-
ships between ecology and morphology.

I examine mammalian jaw morphology because of its direct
functional link to feeding ecology (Maynard Smith and Savage
1959; Turnbull 1970; Grossnickle and Polly 2013). Further, in-
vestigations of jaw morphology and diet across Mammalia are
rare, especially in comparison to similar studies of mammalian
tooth shape (Evans et al. 2007; Boyer 2008; Christensen 2014;
Pineda-Munoz et al. 2017; Berthaume et al. 2019). And a major-
ity of studies on mammalian jaw shape and diet are qualitative
(e.g., Maynard Smith and Savage 1959), lack statistical correction
for phylogenetic non-independence (e.g., Grossnickle and Polly
2013), or focus on mammalian subclades rather than all of Mam-
malia (Radinsky 1981; Radinsky 1985; Anapol and Lee 1994;
Janis 1995; Mendoza et al. 2002; Nogueira et al. 2005; Figueirido
et al. 2010; Meloro and O’Higgins 2011; Monteiro and Nogueira
2011; Ross et al. 2012; Lazagabaster et al. 2016; Maestri et al.
2016; Arregoitia et al. 2017). I incorporate data from 21 taxo-
nomic orders of therians, thus providing insight on convergent
evolutionary changes in jaw morphology across broad taxonomic
groups.

In this study, I have two primary objectives. First, I estab-
lish a robust, functionally relevant correlation between ecology
(i.e., diet) and morphology (i.e., jaw shape), providing a tool for
examining macroevolutionary dynamics during the ecological di-
versification of mammals. Second, I compare the performances
of functional morphology and body mass as ecological proxies in
mammals. Macroevolutionary patterns of size and shape are of-
ten examined together (Marroig and Cheverud 2005; Hunt 2007,
Harmon et al. 2010; Mahler et al. 2010; Wilson et al. 2012; Gross-
nickle and Polly 2013; Slater 2015; Slater and Friscia 2019). How-
ever, it is less common for studies to compare the impact of spe-
cific ecological pressures on these two types of traits (Santana and
Cheung 2016; Zelditch et al. 2017). Body mass tends to increase
with greater herbivory (Eisenberg 1981; Price and Hopkins 2015),
possibly due to several benefits of greater size: decreased energy
requirements (per mass unit), increased gut capacity for digestion
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of plant materials, predator avoidance, and allowance for greater
home ranges (Eisenberg 1981; Demment and Van Soest 1985; Pe-
ters 1986; Pineda-Munoz et al. 2016). However, the significance
of the relationship between mass and diet during ecological radia-
tions of higher-level taxa is less clear (Raia et al. 2013; Slater and
Friscia 2019). Thus, this study offers novel insight on the magni-
tude of selective forces on multiple phenotypic traits during the
radiation of therians, and results are especially relevant to future

studies that use morphological traits as ecological proxies.

Methods

DIETS

Dietary information for 211 mammalian species (representing
21 taxonomic orders) was compiled and recorded as the propor-
tion of plant (and fungal) material in the diet (Table S1). Prior
to analyses, these data were arcsine-transformed, which is rec-
ommended for proportional data (Sokal and Rohlf 1995) (see
Methods in the Supporting Information). Data for 186 species are
from primary literature sources and based on quantitative anal-
yses of stomach contents, building upon the dataset of Pineda-
Munoz and Alroy (2014). Diets of the remaining 25 species are
entirely herbivorous (100% plant material) or faunivorous (0%
plant material), and sources are Nowak (1999) and the University
of Michigan Museum of Zoology Animal Diversity Web (ADW)
(Myers et al. 2017). All sampled species are terrestrial except for
two seals (Lobodon carcinophaga and Arctocephalus townsendi),
the semiaquatic capybara (Hydrochoerus hydrochaeris), and the
semiaquatic otter shrew (Potamogale velox). Collecting morpho-
metric jaw data on additional aquatic mammals is challenging
because of their derived morphologies. For example, cetaceans
lack distinct jaw processes and possess derived dentition (i.e.,
homodonty and polydonty). See Methods in the Supporting In-
formation for additional discussion.

The percentage of plant/animal material consumed is an over-
simplification of diet, especially because material and nutritional
properties of plant and animal products can vary considerably (see
Discussion). However, using a single, continuous dietary metric
eases the computational complexity of regression and model-
fitting analyses. Further, it allows strict definitions of dietary
categories that are based on specific proportions of consumed
foods, and this is beneficial because a majority of mammalian
species consume some amount of both plant and animal matter
(Pineda-Munoz and Alroy 2014), meaning that classification of
species into an omnivorous category can be especially subjec-
tive. For phylogenetic one-way analyses of variance (pANOVAs)
in which dietary classification in necessary, I define faunivores
(or carnivores/animalivores) as species with diets consisting of 0—
15% plant material (n = 58), omnivores as 15-85% plant material
(n = 56), and herbivores as 85-100% plant material (n = 97). To

test whether the choice of dietary thresholds influences results, I
repeated pANOVAs using alternative dietary classifications: om-
nivores as 10-90% plant material consumed and omnivores as
20-80% plant material consumed (Table S5).

MORPHOLOGICAL DATA

I obtained lateral jaw images by photographing specimens in
the Field Museum of Natural History collections, and I supple-
mented these with images from the primary literature, ADW,
and Smithsonian National Museum of Natural History collections
(Table S1). For most of the 211 species, I collected morphome-
tric data for one specimen. However, for six species I collected
data for 10 specimens each, and these data were used to estimate
instraspecific measurement error for supplementary analyses (see
below). Thus, 265 total specimens were measured. Using Im-
ageJ (Schneider et al. 2012), I collected 12 linear measurements
and one angle (Figs. 1 and S1; Table S2) for each jaw image.
The jaw length line (measurement 1) provided a guide for subse-
quent measurements that are parallel or perpendicular to this line

Coronoid
process

Condylar
¢ Process

Angular

process
d (APr)
Temporalis

€ (UAPr angle) d

Figure 1. Mandibular measurements collected for 211 mam-
malian species. Measurements in the top image are perpendicular
or parallel to the jaw length line (measurement 1), which passes
along the alveolar margin through point a (between the ultimate
premolar and first molar) and point b (between the penultimate
and ultimate molars). The bottom image displays measurements
involving the articulation surface of the condylar process (i.e., jaw
joint, point c), including one angle (measurement 13). Measure-
ments 10 and 12 approximate the moment arm lengths for the
force vectors of the temporalis muscle and superficial masseter
muscle, respectively. Measurement 8 is the maximum erupted
height of any molar above the jaw length line. Descriptions of
measurements are in Table S2. Abbreviations: JAPr angle, jaw-
joint-to-angular process angle; m1, first lower molar.
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(Fig. 1; Table S2). Measurement descriptions are provided in
Table S2, and data are in Table S1. The jaw-joint-to-angular-
process (JAPr) angle (i.e., measurement 13) is inspired by a simi-
lar measurement in Arregoitia et al. (2017), who found this angle
to be correlated with diet in rodents. To address derived morpholo-
gies that make particular measurements challenging or subjective
(Fig. S1), I provide additional discussion on my measurements
in Methods in the Supporting Information. Adult body mass esti-
mates are primarily from the PanTHERIA database (Jones et al.
2009), and these are supplemented with data from the ADW and
primary literature (Table S1). To convert the data to a linear scale, I
natural-log transformed the cube roots of the body mass estimates
(Harmon et al. 2010; Slater and Friscia 2019).

To minimize variation in the morphometric data that is due
to differences in jaw size among species, I size-corrected the jaw
measurements prior to subsequent comparative analyses. There
are benefits and drawbacks of different size-correction methods,
and thus I implemented two different methods. The first method
involves standardizing the linear jaw measurements by transform-
ing them to log-shape ratios (Mosimann 1970). The log-shape ra-
tios are calculated by dividing raw measurements by the geometric
mean of all 12 linear measurements (a proxy for jaw size), and
then logjo-transforming the resulting ratio (Claude 2013; Price
et al. 2019). A benefit of this method is that it preserves varia-
tion associated with allometry. Because the JAPr angle is not a
linear measurement, it was simply log;o-transformed. Converting
measurements to log-shape ratios is my preferred size-correction
method, and therefore the results in the main text are based on
analyses that use log-shape ratios.

For the alternative size-correction method, I regressed log;-
transformed measurements against log;o-transformed jaw length
(measurement 1) using phylogenetic generalized least squares
(PGLS) regressions (Grafen 1989) via the nlme package (Pinheiro
et al. 2016) for R software (R Core Team 2016). Residuals from
the regression models were then used in all subsequent compara-
tive analyses, and results are reported in Results in the Supporting
Information. For this method, the JAPr angle was treated in the
same manner as linear measurements. Because the PGLS regres-
sion model is fit while simultaneously estimating Pagel’s lambda
via maximum likelihood (Revell 2010), a benefit of this method
is that it incorporates phylogenetic relationships and phylogenetic
signal into the size correction process (Revell 2009; Price et al.
2019). However, drawbacks include the removal of variation as-
sociated with allometry (Mosimann 1970) and the elimination of
jaw length as a trait that can be used in subsequent analyses.

PHYLOGENETIC COMPARATIVE METHODS

To help account for the nonindependence of data due to varying
levels of phylogenetic relatedness among species, I used phylo-
genetic comparative methods to examine the association between
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morphology and diet in mammals. Due to uncertainty of the topol-
ogy and branch lengths of the mammalian phylogeny, I repeated
all analyses for 20 species-level phylogenetic trees from Upham
et al. (2019). The trees were drawn randomly from the posterior
distribution. Each tree was pruned to the species in this study, and
statistical results are means of the 20 iterations.

To analyze the relationship between diet and morphology, I
first used bivariate PGLS regressions (via the nlme R package)
to predict diets (i.e., arcsine-transformed proportion of dietary
plant material) using the size-corrected jaw measurements, jaw
size (i.e., the geometric mean of all linear measurements), and
body mass. Further, I performed a multiple PGLS regression in
which jaw traits and body mass are predictor variables in a single
model. However, there is considerable multicollinearity among
the jaw measurements, which violates an assumption of multiple
regressions and can generate spurious results (Graham 2003; see
Results in the Supporting Information). Thus, bivariate regres-
sions are preferred here.

A potential concern with using continuous dietary data in
comparative analyses is that species’ diets may vary considerably
among populations or across seasons, especially in omnivores.
Thus, I supplemented the PGLS regressions by using simulation-
based pANOVAs (Garland et al. 1993) to test for statistical differ-
ences among three discrete dietary groups (i.e., faunivores, om-
nivores, and herbivores), with omnivores grouped together into
a single, broad dietary category (15-85% plant consumption for
primary analyses). Analyses were performed via the phylANOVA
function in the phytools R package (Revell 2012) using 1000
simulations, and I repeated pANOVAs using alternative dietary
definitions (i.e., different plant consumption percentages) to test
for sensitivity of results to these definitions (Table S5).

I examine univariate jaw traits rather than perform mul-
tivariate analyses of overall jaw shape (e.g., via geometric
morphometrics; Grossnickle and Polly 2013) because a central
goal is to identify simple correlates of diet that can be readily ap-
plied to evolutionary model-fitting analyses (see below). Further,
univariate metrics may be especially valuable to future paleonto-
logical studies because fossil jaws are often incomplete, impeding
multivariate analyses of jaw shape. A potential concern with per-
forming many bivariate comparisons between diet and morpho-
logical traits is that it increases the chance of encountering Type I
error. However, my goal is not to determine statistical significance
via specific P-values. Instead, I am investigating the relative
strength of correlations between diet and various jaw traits, with a
focus on how the results for jaw metrics compare to those for body

mass.

MODELING ECOMORPHOLOGICAL EVOLUTION
To further examine the influence of diet on mammalian mor-

phology, I fit seven evolutionary models to jaw and body mass
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data. Goodness-of-fit was evaluated using small-sample-corrected
Akaike information criterion (AICc) values (Akaike 1974,
Hurvich and Tsai 1989) and relative Akaike weights. AICc cal-
culations are based on maximum likelihood values and penalize
increased model complexity. I fit uniform, two-regime, and three-
regime models to the data. Uniform models include a single set
of parameters applied across the entire phylogeny, and multi-
regime models allow parameters to vary among taxa of different
selective regimes (i.e., dietary categories in this study). To fit
two-regime models, I first categorized extant species and ances-
tral nodes into two selective regimes: (i) plant-dominated diet
(i.e., greater than 50% of diet is plant material; “herbivore”) and
(ii) animal-dominated diet (i.e., less than 50% of diet is plant ma-
terial; “faunivore”). Diets at ancestral nodes were inferred using
continuous data (i.e., proportion of plant material in diet) with the
ace function of the ape package (Paradis et al. 2004), and using the
default settings of residual maximum likelihood and a Brownian
motion (BM) model of evolution. From these results, the ancestral
nodes were assigned to the herbivory regime (>50% plants) or
faunivory regime (<50% plants). To fit three-regime models, I
repeated this procedure for three dietary regimes: herbivory (85—
100% plants), omnivory (15-85% plants), and faunivory (0-15%
plants).

Six models were fit using the OUwie function within the
OUwie R package (Beaulieu and O’Meara 2016). A uniform BM
model (BM1) with a single phylogenetic mean (0) serves as the
null hypothesis, and it models a constant evolutionary rate (c?)
under the assumption of stochastic evolutionary change from a
central tendency. The second model is a single-optimum Ornstein-
Uhlenbeck (OU) model (Hansen 1997; Butler and King 2004). OU
models include an additional parameter, o, which represents the
strength of attraction toward a trait optimum (6). Support for the
BM1 or OUI models would indicate that dietary category does
not strongly influence evolutionary changes in jaw morphology
or body mass. Four multi-regime models test the presence of dis-
tinct selective regimes by allowing parameters to vary among taxa
of different dietary categories. Support for multi-regime models
would provide evidence for the hypothesis that diet drives evo-
lutionary changes in jaw morphology, suggesting the presence of
adaptive zones (Simpson 1944) or adaptive peaks of a fitness land-
scape (Wright 1932) that are associated with each regime. Multi-
regime models include two-regime and three-regime BM models
(BMS2 and BMS3, respectively), which allow the phylogenetic
means () and evolutionary rates (¢%) to vary among dietary cat-
egories. The “root station” was set to allow phylogenetic means
to vary, invoking the group mean model of Thomas et al. (2006).
Further, I fit two-regime and three-regime OU models (OUM2
and OUMS3, respectively), which allow 6 to vary among dietary
groups, but a and o are kept constant across regimes. Support
for the multi-regime OU models would suggest the presence of

selection for trait optima. In contrast, multi-regime BM models
do not model a mechanism for shifts between selective regimes.
Rather, changes in diet are modeled as instantaneous shifts. Multi-
regime BM models may seem counterintuitive—rapid morpho-
logical change during regime shifts suggests the presence of
strong selective pressures, but BM evolutionary processes im-
ply a lack of strong selective pressures within the regimes. One
potential mechanism for generating a multi-regime BM pattern is
the presence of fluctuating phylogenetic means (e.g., nonstation-
ary adaptive peaks) through time, which might drive short-term
directional changes within individual lineages but result in over-
all BM patterns at broader taxonomic and temporal scales (Revell
et al. 2008).

The seventh model fit to the data is the early burst (EB) model
(Harmon et al. 2010), which is often used to test for adaptive
radiations that involve greater morphological diversification early
in a clade’s history. It was fit using the fitContinuous function
in the package geiger version 2.0 (Pennell et al. 2014). The EB
model incorporates a parameter that represents the exponential
decrease in morphological rate of evolution through time. Greater
morphological partitioning is expected over time, increasing the
phylogenetic signal relative to BM, which is the opposite effect
of an OU process (Harmon et al. 2010).

Measurement error, including intraspecific variation, can af-
fect modeling results by reducing phylogenetic signal in datasets
(Revell et al. 2008). To examine the influence of measurement
error on evolutionary modeling analyses, I repeated analyses af-
ter assigning standard error values to taxa. Error values for jaw
metrics were estimated by measuring 10 specimens of six species
from different taxonomic orders (see Methods in the Supporting
Information). For body mass, I used a standard error of 0.0345
for all mammals (sensu Harmon et al. 2010).

RODENTS VERSUS NONRODENTS

Comparative analyses were repeated for subsamples consisting
of nonrodents (n = 140) and rodents (n = 71). Rodents were
analyzed separately because they possess derived masticatory
features, such as ever-growing incisors, unique jaw musculature
(e.g., Cox and Baverstock 2016), and the propensity to use proal
(i.e., forward) jaw movement during occlusion (rather than or-
thal or transverse occlusion that is common in nonrodents; von
Koenigswald et al. 2013), and these traits may result in unique
selective pressures and evolutionary trends. Further, rodents ac-
count for a large portion of the overall sample (and approximately
45% of all known mammalian species), and performing analyses
with and without rodents allows for consideration of their influ-
ence on the overall patterns for mammals. The pANOVAs and
three-regime model-fitting analyses were not performed for the
rodent sample because there are only two faunivorous species
when using three dietary categories.

EVOLUTION 2020 5
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Results

The correlation analyses identify several jaw and molar traits that
are significantly associated with diet (Tables 1, S3, S4, and S8),
and the best performing metrics are summarized via conceptual-
ized jaw images for nonrodents (Fig. 2A) and rodents (Fig. 2C).
Especially powerful predictors of diet are metrics that capture
either the size of the angular process, which increases with greater
herbivory, or the length of the posterior portion of the jaw, which
decreases with greater herbivory. These metrics show significant
correlations with diet in bivariate PGLS regressions, multiple
PGLS regression, and pANOVAs (Tables 1, S3, S4, and S8).
The overall jaw size (i.e., the geometric mean of the linear mea-
surements) tends to increase with greater herbivory, especially in
nonrodents.

Figure 3 displays frequency data for the mammalian sample
and a phylogenetic tree (Upham et al. 2019) with mammals classi-
fied into two dietary regimes (i.e., faunivory and herbivory). JAPr
angles have a bimodal distribution that largely separates fauni-
vores and herbivores (Fig. 3C), and JAPr distances and jaw-joint-
to-m1 distances display similar bimodal distributions (Fig. S2).
The herbivores include a considerable number of rodents. How-
ever, rodents alone cannot account for the distinct jaw patterns for
faunivores and herbivores, as there remains a strong correlation
between the jaw metrics and diet in nonrodents (Table 1). The her-
bivores with relatively small JAPr angles (i.e., those overlapping
with faunivores in Fig. 3C) include many fruit bats, suggesting
that Chiroptera may not adhere to the trend of greater JAPr values
with increased herbivory. However, I performed an independent
PGLS regression for bats (n = 30), and results are consistent with
the overall mammalian sample: diet is significantly correlated
with JAPr angle (mean 7 = 2.62, mean P = 0.015). Thus, despite
the relatively small JAPr angles, there remains a tendency toward
greater JAPr angles with increased herbivory (see the example
chiropteran jaws in Fig. 3B).

In evolutionary model-fitting analyses, I chose to focus on
three jaw metrics with especially strong relationships to diet: JAPr
distance (measurement 12), JAPr angle (measurement 13), and
jaw-joint-to-m1 distance (measurement 9). Two-regime models
outperform three-regime and uniform models for both the mam-
mal and nonrodent samples (Tables 2 and S6; Fig. 4). JAPr angles
for nonrodents are an exception, but Akaike weights for BMS2
and OUM2 are similar to that for BMS3. The dominant support
for two-regime models is maintained when measurement error is
incorporated into the model-fitting analyses (Table S7), and when
PGLS regression residuals are used as an alternative method for
size-correcting the linear measurements (Table S9; Fig. S4).

Although OUM?2 models best fit the jaw metrics (Table 2;
Fig. 4), there are concerns with using OU models in these anal-
yses. OU models are prone to overfitting (Cooper et al. 2016),
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and the strong phylogenetic signals for jaw traits (Table 1) con-
tradict an OU process, which decreases the phylogenetic signal
with time. Further, the phylogenetic half-lives (In(2)/a) of the
jaw metrics are each approximately 40 million years. This sug-
gests that if an OU process is occurring, dietary shifts in lineages
are associated with slow rates of morphological change and/or
weak selective pressures. However, in many analyses, especially
those in which regression residuals were used for size correction
(Table S9; Fig. S4), the additional two-regime model, BMS2, out-
performs the BM1 and BMS3 models. Thus, if OU models were
excluded from analyses, there would still be support for the pres-
ence of distinct faunivory and herbivory regimes via the BMS2
model.

Body mass is strongly associated with diet, especially in non-
rodents (Table 1; Fig. 2). There is a general trend toward greater
body size with increased herbivory, consistent with analyses in
previous studies (Demment and Van Soest 1985; Price and Hop-
kins 2015; Pineda-Munoz et al. 2016). Faunivores and omnivores
have similar average body masses (Fig. 2), but variances and evo-
lutionary rates may be distinct between these groups (Tables 2 and
S6; Price and Hopkins 2015). Evolutionary model-fitting results
for body mass vary among mammals, nonrodents, and rodents
(Tables 2 and S6; Figs. 3 and 4). In the mammalian sample, body
mass is best explained by the three-regime BMS3 model that in-
cludes a distinct adaptive peak for omnivory (which is absent for
jaw morphology), but this result is not maintained for nonrodents
and rodents.

Discussion

THE INFLUENCE OF DIET ON JAW MORPHOLOGY

Diet has a powerful evolutionary influence on functional jaw mor-
phology, and two jaw traits show especially strong relationships
with diet. The first trait is the size of the angular process, which
increases with greater herbivory (Tables 1, S3, and S4; Fig. 2). Of
the measurements that capture angular process size (Fig. 1), the
two strongest predictors of diet are the JAPr distance measured
to the ventral-most margin (measurement 12) and the JAPr an-
gle (measurement 13). The strong link between JAPr metrics and
diet is consistent with qualitative observations (Maynard Smith
and Savage 1959) and an analysis of jaw shape in Grossnickle
and Polly (2013), which found the JAPr distance to account for
much of the variation between small-mammal faunivores and
herbivores.

The second jaw trait that is a powerful predictor of diet is
the length of the posterior portion of the jaw, which decreases
with greater herbivory (Tables 1, S3, and S4; Fig. 2). This is best
captured by the jaw-joint-to-m1 distance (measurement 9) and
m1-to-posterior jaw length (measurement 2). Measurements 2 and
9 do not extend anterior to m1 and are more strongly correlated
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Figure 2. Schematicjaw images of nonrodents (A) and rodents (C), displaying major morphological changes that are driven by differences
in diet. The arrow lengths and relative sizes of jaw changes approximate the strength of correlations between jaw metrics and diet
(Table 1). B (nonrodents) and D (rodents) display jaw-joint-to-angular process (JAPr) ventral distances (measurement 12), JAPr angles
(measurement 13), jaw-joint-to-m1 distances (measurement 9), and body masses for species classified into three dietary categories (see

Methods). Linear jaw measurements were converted to log-shape ratios prior to analyses. The p-values in nonrodent plots are from
PANOVAs (Table 1). Box-and-whisker plots display medians, 25% to 75% quantiles (boxes), and ranges (whiskers). Mammal silhouettes

are from PhyloPic (phylopic.org).

with diet than total jaw length (measurement 1), suggesting that
diet influences the posterior length of the jaw to a greater degree
than it influences the anterior length. These results indicate that
the jaw joint is relatively closer to ml in herbivores (Fig. 2).
However, unlike JAPr metrics, the strong correlation between
posterior jaw length and diet is not maintained in analyses using
the alternative size-correction method that involves PGLS regres-
sion residuals (Table S8; see Methods). In contrast to log-shape
ratios (my primary method for size correction), regression resid-
uals eliminate variation associated with allometric relationships
between jaw traits and jaw length. This suggests that the corre-
lation between posterior length of the jaw and diet (via log-shape
ratios) is due in part to overall jaw size (i.e., the geometric mean)
tending to increase with greater herbivory. This is because jaw
size serves as the denominator in the log-shape ratios, and larger
jaw sizes in herbivores will result in smaller ratios for measure-
ments such as the posterior jaw length that do not increase with

greater herbivory. This interpretation is supported by PGLS and
PANOVA results for the geometric mean of jaws, which shows a
strongly significant correlation with diet (Table 1), indicating that
the relative jaw size (but not length) in mammals increases with
herbivory. This increase in jaw size with herbivory may be driven
in part by the significantly increased size of the angular process
in herbivores.

The jaw-joint-to-ml distance approximates the outlever
length for bites at m1 that involve jaw rotation around an axis
at the jaw joint, and mechanical advantage will increase with a
shortened outlever (if the inlever remains constant). Thus, one po-
tential biomechanical explanation for the strong correlation with
diet is that the joint-to-m1 distance remains short (relative to over-
all jaw size) in herbivores to help maintain mechanical advantage
for mastication involving cheek teeth.

Nonrodents and rodents show distinct morphological trends,
especially for dentition-related traits (Fig. 2; Table 1). The molar
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Figure 3. Selective regimes for animal-dominated diets (‘faunivory’; maroon) and plant-dominated diets (‘herbivory’; green), defined
by the proportion of plant material in diets (A; Table S1). B, Mammalian phylogeny (from a sample of 20 trees used in this study; Upham
et al. 2019) with ancestral state reconstructions at nodes, and exemplar faunivore and herbivore jaws of five mammalian clades. Triangles
depict JAPr angles, highlighting the greater angle magnitudes in herbivores. Histograms of JAPr angles (C) and body masses (D) display
frequency of faunivorous species and herbivorous species (brown represents overlap of the two diets). Arrows mark the trait optima or
phylogenetic means (6) from the best-fitting two-regime models, and error bars are +1 standard error (Table 2). Jaws in B are from the
Field Museum of Natural History (Table S1) and, from top to bottom, are Otomys irroratus, Geoxus valdivianus, Callicebus personatus,
Tarsius bancanus, Potos flavus, Mustela nivalis, Vampyrum spectrum, Pteropus alecto, Macropus giganteus, and Marmosa demerarae.
Silhouettes are from PhyloPic (phylopic.org). Abbreviations: Afro., Afrotheria; Eulipot., Eulipotyphla; JAPr, jaw-joint-to-angular process;
Ma, millions of years ago; X., Xenarthra.
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Figure 4. A, Conceptualizations of types of evolutionary models used in this study: uniform (maroon), two-regime (green), and three-
regime (orange). Species are classified into two diets (faunivory and herbivory) for two-regime models and three diets (faunivory,
omnivory, and herbivory) for three-regime models. B, Relative model support (Akaike weights) for the seven evolutionary models (see
Methods) that were fit to jaw-joint-to-angular process (JAPr) distances, JAPr angles, jaw-joint-to-m1 distances, and body masses. Values
are means of the analyses for 20 phylogenetic trees, and standard errors (whiskers) are calculated from these results. Three-regime
models were not fit to rodent data because of the dearth of faunivorous species.

row length (measurement 3) and maximum erupted molar depth
(measurement 8) both decrease with herbivory in nonrodents, but
the trend is in the opposite direction in rodents, with both metrics
increasing with herbivory. This could be due in part to many car-
nivorans possessing prominent carnassial molars, whereas fauniv-
orous rodents are primarily insectivorous and have reduced molars
(Helgen and Helgen 2009). An additional distinction between ro-
dents and nonrodents is that the jaw corpus depth (measurement

12 EVOLUTION 2020

7) is significantly correlated with diet in rodents but not in non-
rodents (Table 1; Fig. 2; Arregoitia et al. 2017). A deeper jaw
body could reflect increased incisor size for gnawing (Radinsky
1968), because the incisor alveoli extend posteriorly through the
jaw corpus.

I chose to fit evolutionary models to three jaw metrics with
especially strong relationships with diet: JAPr distance, JAPr an-
gle, and jaw-joint-to-m1 distance (Table 1, Fig. 4). Although the
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two JAPr metrics capture very similar morphological features of
the jaw (Fig. 1), they are both analyzed here because they offer
unique benefits. For instance, the JAPr angle may be less affected
by subjective measurements and was independently found to be
correlated with diet in a large sample of rodents (Arregoitia et al.
2017). (See extended discussion in Methods in the Supporting
Information.)

Evolutionary model-fitting analyses of functional jaw mor-
phology indicate that faunivores and herbivores occupy unique
selective regimes, as two-regime models outperform all additional
models for the mammal and nonrodent samples (Tables 2 and S6;
Fig. 4). These results are maintained when measurement error
is incorporated into the model-fitting analyses (Table S7), and
when evolutionary models are fit to JAPr metrics that were size-
corrected using regression residuals rather than log-shape ratios
(Table S9; Fig. S4). The best fitting model for the total sample of
mammals, OUM2, predicts the optimum JAPr angle (6) to be con-
siderably different for the two selective regimes: approximately
22 degrees for faunivores and 43 degrees for herbivores (Fig. 3C).
The lack of support for three-regime models suggests the absence
of a distinct adaptive peak for omnivores.

ECOMORPHOLOGICAL CONVERGENCE AMONG
MAMMALIAN ORDERS

Ecomorphological convergence is a powerful indicator of adap-
tive evolution (Losos 2011; Zelditch et al. 2017), providing ev-
idence that ecological specialization influences morphological
evolution. The comparative analyses of this study suggest that
selective pressures associated with shared diets have driven con-
vergent evolution of jaw morphology in distantly related mam-
malian clades. For instance, JAPr metrics increase with herbivory
in data subsets consisting of rodents, nonrodents (Table 1), and
chiropterans (see Results), indicating that jaw similarities evolved
convergently in each group. This is also highlighted in Figure 3B,
which shows greater JAPr angles in herbivorous taxa for five ma-
jor mammalian clades (rodents, carnivorans, primates, bats, and
marsupials). Herbivory likely evolved independently, and often
on multiple occasions, in most of these mammalian groups.

The broad taxonomic sample of this study permits the recog-
nition of convergent jaw evolution across multiple mammalian
orders. Previous studies found the JAPr distance (or a comparable
metric) to be correlated with diet in carnivorans (Radinsky 1981;
Figueirido et al. 2010), platyrrhine primates (Anapol and Lee
1994), ungulates (Radinsky 1985; Mendoza et al. 2002), and
rodents (Arregoitia et al. 2017). However, this correlation was
not especially strong in carnivorans (Radinsky 1981) or ungulates
(Mendoza et al. 2002), at least relative to additional metrics, sug-
gesting that the significant results of this study rely on sampling
multiple major clades. Further, by examining morphological
patterns at a broad taxonomic scale, trait variation associated with

diet is expected to outweigh variation resulting from numerous
additional factors that may affect jaw morphology, including
functional demands due to additional uses of the jaw beyond
feeding (Ross et al. 2012; Davis and Pineda-Munoz 2016).

BIOMECHANICAL LINKS BETWEEN THE ANGULAR
PROCESS AND DIET

Identifying strong functional links between ecology and morphol-
ogy is critical for examining the impact of ecological specializa-
tion on phenotypic diversification. Here, model-fitting analyses
indicate distinct selective regimes for faunivory and herbivory,
providing evidence that selection facilitates trait partitioning of
jaw morphologies between these two dietary categories. However,
this raises the question: what biomechanical factors are driving
the dichotomy between faunivore jaws and herbivore jaws?

The JAPr metrics have a strong association with diet in all
comparative analyses in this study (Tables 1, 2, S3, and S4),
including supplemental analyses in which residuals from PGLS
regressions against jaw length are used as size-corrected data
(Table S8). The JAPr angles and distances are considerably greater
in herbivores, and this pattern is independent of allometric changes
related to jaw size. Thus, I focus the discussion here on biome-
chanical factors that are related to the mandibular angular process.

The JAPr distance can increase due to an enlarged (or de-
pressed) angular process, which is common in many herbivorous
clades (Fig. 3B). But the JAPr distance can also increase due to
elevation of the jaw joint, which is especially prevalent in groups
such as ungulates, primates, and lagomorphs (Table S1). These
clades often use transverse grinding motions of the lower jaw dur-
ing occlusion, suggesting a functional link between the elevated
jaw joint and transverse movement (Greaves 1974). However,
jaw joint elevation above the tooth row (measurement 4) is not as
strongly correlated with diet as several additional jaw measure-
ments (Table 1). This indicates that a shift to herbivory does not
always trigger an elevation of the jaw joint, and JAPr distance is
more closely linked to the size and position of the angular process.

An enlarged angular process provides greater attachment
areas for the superficial masseter and medial pterygoid muscles
(Fig. 1). These muscles are generally larger in herbivorous mam-
mals (Turnbull 1970), often facilitating transverse jaw movements
for grinding occlusion (Maynard Smith and Savage 1959; Radin-
sky 1985; Crompton et al. 2010; Grossnickle 2017). Radinsky
(1985) suggested that the larger superficial masseter and medial
pterygoid muscles enhanced the control of grinding action in large
herbivores. Further, Grossnickle (2017) posited a link between
the evolution of the angular process and jaw rotation around a
dorsoventral-oriented axis (i.e., yaw), which generates transverse
jaw movements. This suggests that many herbivores possess large
angular processes (and attached muscles) due to masticatory jaw
movements that are yaw dominated. A greater JAPr distance also
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increases the moment arm lengths for the force vectors of the me-
dial pterygoid and superficial masseter during orthal jaw closure
(i.e., jaw pitch) (Maynard Smith and Savage 1959). In herbivores
with proal jaw movement (e.g., many rodents), the expanded
angular process may reflect lengthening of the masseter and
medial pterygoid muscles, likely increasing overall muscle mass
and helping maintain forceful occlusal contact during extended
power strokes.

Functional trade-offs related to gape may also influence JAPr
distance. Increasing the JAPr distance shifts the superficial mas-
seter and medial pterygoid muscles farther from (i.e., more ventral
to) the jaw joint, which results in increased stretch of these mus-
cles during jaw opening (Herring and Herring 1974). This limits
maximum gape and decreases bite force during wide gape, which
may be especially detrimental to faunivores that consume large
prey. Thus, selection pressures may favor smaller superficial mas-
seter and medial pterygoid muscles (and shorter JAPr distances)
in faunivores to permit a wider gape. Gape may also help explain
why the jaw-joint-to-coronoid process distance (measurements
10) is not as strongly correlated with diet as the angular process
metrics (Tables 1 and S3). The temporalis muscle inserts on the
coronoid process, and it may have to remain relatively close to the
jaw joint to allow a wide gape (Emerson and Radinsky 1980). This
restricts faunivores from greater elevation of the coronoid process
despite their relatively large temporalis muscles (Turnbull 1970).

Taken together, these biomechanical considerations sug-
gest that functional trade-offs between faunivores and herbivores
drive convergent, adaptive changes in taxa with similar diets.
Enlargement of the angular process and attached musculature
may decrease gape in herbivores, but it simultaneously enhances
the grinding capabilities necessary for masticating plant materials.
Thus, there is a strong functional link between jaw morphology
and feeding ecology.

FUNCTIONAL MORPHOLOGY VERSUS BODY MASS
There are two major discrepancies between results for functional
jaw morphology and body mass. First, several jaw metrics that
capture important functional traits (e.g., angular process size) out-
perform body mass as predictors of diet (Table 1; Figs. 2 and 3).
This result is particularly apparent in Figure 3, which shows a
distinct separation of JAPr angles between herbivores and fauni-
vores (Fig. 3C), whereas body masses of the two dietary groups
show considerable overlap (Fig. 3D). Thus, dietary specialization
during the diversification of therian mammals appears to have
generated greater trait partitioning in functional morphologies
than in body mass.

The second major discrepancy between results for jaw mor-
phology and body mass is that jaw shape shows less variance
within dietary categories (Figs. 2—4), and the support for OU
models (vs. BM models for body mass) indicate that feeding
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ecology generates greater selective pressures on jaw morphology.
Further, three functionally relevant jaw metrics (JAPr distance,
JAPr angle, and joint-to-m1 distance) are all best explained by
two-regime (i.e., faunivory and herbivory) models, whereas body
mass data are best explained by three-regime (i.e., faunivory, om-
nivory, and herbivory) models (Table 2; Fig. 4; Price and Hopkins
2015). Thus, feeding ecology has fundamentally unique effects
on functional jaw morphology and body mass.

A concern is that I differentiate diets by the proportion of
plant material, which is simplistic (especially because plant ma-
terials can vary considerably in their physical and nutritional prop-
erties) and may not capture nuanced differences among more spe-
cific dietary categories (Pineda-Munoz and Alroy 2014; Davis and
Pineda-Munoz 2016). Pineda-Munoz et al. (2016) separate mam-
mals into a larger number of dietary groups, and they found dis-
tinct body size patterns related to dietary preference in mammals.
For instance, subcategories within faunivores (e.g., insectivores
and carnivores) and herbivores (e.g., frugivores and granivores)
have unique body mass distributions (Eisenberg 1981; Pineda-
Munoz et al. 2016). Thus, if diet is a major driver of body mass
evolution, it is likely due to the presence of many local adaptive
peaks (or subzones within larger adaptive zones) associated with
specific diets (Zelditch et al. 2017), rather than an adaptive land-
scape that is dominated by two or three peaks, as tested in this
study. Future work can explore this possibility by examining a
greater number of dietary categories using large-scale datasets.

These considerations suggest two potential explanations for
the discrepancies between the macroevolutionary patterns of jaw
shape and body mass. First, the adaptive landscape associated
with body mass is more complex than that of functional jaw mor-
phology (Slater 2015). Although jaw analyses suggest two major
adaptive peaks for jaw morphology (Fig. 4), the adaptive land-
scape for body mass may include many adaptive peaks that are
associated with more-specific dietary guilds than the three cat-
egories of this study (Pineda-Munoz et al. 2016; Zelditch et al.
2017). Further, these peaks may not be stationary through time,
and fluctuating peaks could generate macroevolutionary patterns
that resemble BM processes (Revell et al. 2008), which is con-
gruent with the support for BM models for body mass (Table 2;
Fig. 4). This complexity is also compounded by the numerous
factors beyond diet that influence body mass, such as life-history
traits, habitat (e.g., terrestrial vs. aquatic), climate, predation pres-
sures, biogeography, and extinction risk (Eisenberg 1981; Peters
1986; Brown and Maurer 1989; Tomiya 2013; Smits 2015; Gearty
et al. 2018). Selective pressures associated with these factors may
oppose the pressures generated by dietary ecology, weakening the
observed correlation between diet and body mass.

A second explanation for the discrepancies between results
for jaw shape and body mass is that size is more evolutionarily
labile than functional morphology. Body mass changes may be
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the “evolutionary path of least resistance” when mammalian lin-
eages first shift to new diets (Marroig and Cheverud 2005). This
could result in body mass diversification within clades during
early stages of ecological diversification events (Raia et al. 2012),
especially in lower level clades (Marroig and Cheverud 2005;
Mahler et al. 2010; Uyeda et al. 2011), small mammals (Smith
et al. 2004; Zelditch et al. 2017), and situations in which shifts
in body size facilitate a greater range of dietary options (e.g., an
increase in size allows faunivores to consume larger prey; Santana
and Cheung 2016). In contrast, functional morphology may be less
evolutionarily labile, such that substantial evolutionary changes
only occur with sustained, strong selective pressures. For instance,
evolutionary changes in jaw shape may be inhibited by the need
for concurrent modifications in associated soft tissues and com-
plex chewing cycles. However, eventual evolutionary changes to
the masticatory apparatus may help facilitate occupation of new
adaptive zones/peaks, subsequently resulting in stabilizing selec-
tion that will constrain the variance of functional morphologies
within those zones (Simpson 1944; Santana and Cheung 2016;
Slater and Friscia 2019). This idea is supported by the relatively
strong fit of multi-regime OU models to functional jaw morphol-
ogy (Tables 2 and S9; Figs. 4 and S4), because evidence for an
OU process is often linked to stabilizing selection (Hansen 1997,
Butler and King 2004; Hunt 2007).

Despite the distinct results for jaw shape and body mass,
neither trait supports an “early burst” in morphological diver-
gence in therian mammals (Fig. 4; Tables 2, S6, and S9). This
is consistent with paleontological evidence that also contradicts
an “early burst” at the therian phylogenetic node. The early the-
rian lineages in the Late Jurassic—Early Cretaceous (ca. 160—
100 million years ago) were primarily small insectivores, and
therians do not show evidence of significant ecological diversifi-
cation until the Late Cretaceous (Grossnickle and Newham 2016;
Grossnickle et al. 2019). Thus, early therians may not have experi-
enced an “early burst” in functional morphology, but many therian
subclades likely underwent rapid ecological diversification in the
latest Cretaceous and early Cenozoic (Alroy 1999; Smith et al.
2010; Raia et al. 2013; Slater 2013; Halliday and Goswami 2016;
Grossnickle and Newham 2016; Grossnickle et al. 2019; Slater
and Friscia 2019).

ECOLOGICAL SURROGATES IN
MACROEVOLUTIONARY STUDIES

Conclusions about macroevolutionary patterns in therians are
sensitive to the ecomorphological trait being examined, and I
advocate using functionally relevant traits as ecomorphological
correlates when possible (Slater 2015; Smits 2015; Santana and
Cheung 2016; Chen et al. 2019; Slater and Friscia 2019). Evo-
lutionary patterns for these functional traits provide direct evi-
dence of selective pressures associated with specific ecological

or biomechanical functions. In contrast, many factors influence
body mass, and therefore it may be difficult to decipher which
ecological factors are specifically driving evolutionary patterns.

A prerequisite for using functional morphologies as ecolog-
ical proxies, however, is the identification of ecomorphological
traits that can be applied to higher level clades. Strong links be-
tween tooth morphology and diet have been previously established
in mammals (Evans et al. 2007; Boyer 2008; Christensen 2014;
Pineda-Munoz et al. 2017; Berthaume et al. 2019), proving to be
especially valuable for paleontological studies (Van Valkenburgh
1988; Janis 1995; Wilson et al. 2012; Slater 2015; Grossnickle
and Newham 2016; Chen et al. 2019). The jaw correlates of diet
presented in this study, especially JAPr distance and JAPr angle,
may offer new functional traits that can be easily applied to broad
studies of extant and fossil mammals.

Conclusions

Ecological traits can have various evolutionary influences on dif-
ferent morphological traits. Here, I examine the evolutionary in-
fluence of feeding ecology on functional jaw morphology and
body mass in therian mammals, a clade that has experienced
considerable ecological diversification over the past 100 million
years. I identify several jaw traits that are significantly influ-
enced by diet (Table 1) and convergently evolved among major
mammalian clades (Figs. 2 and 3). An especially strong predic-
tor of diet is the distance between the jaw joint and the angular
process (JAPr distance), which shows considerable trait partition-
ing (Table 2; Figs. 2—4) due to strong selective pressures associ-
ated with functional trade-offs between herbivores and faunivores
(Maynard Smith and Savage 1959; Turnbull 1970; Herring and
Herring 1974; Grossnickle 2017). Further, jaw metrics such as
JAPr distance and joint-to-m1 distance outperform body mass as
predictors of diet (Table 1; Figs. 2 and 3), suggesting that diet-
related selective pressures have acted more forcibly on functional
morphology than on body size during the ecological radiation of
therians. Results also highlight the complexity of body mass evo-
lution (Tables 2 and S6; Fig. 4; Pineda-Munoz et al. 2016), which
is influenced by many factors beyond diet. Body mass may be
evolutionarily labile in relation to functional morphology (Mar-
roig and Cheverud 2005; Slater and Friscia 2019), and it may be
the evolutionary path of least resistance when a clade initially di-
versifies ecologically. However, sustained selective pressures will
eventually generate more substantial trait partitioning in func-
tional morphologies than in body masses.

Ecological specialization is a central driver of phenotypic
diversification. However, the impact of ecological pressures can
vary among different morphological traits (e.g., size and shape),
and observed macroevolutionary patterns within a clade are sen-
sitive to the ecomorphological traits being examined (Fig. 4;
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Wainwright 2007; Harmon et al. 2010; Slater 2015; Santana and
Cheung 2016; Slater and Friscia 2019). This highlights the im-
portance of identifying strong associations between functional
morphologies and ecologies, especially because morphological
traits can serve as valuable ecological surrogates in macroevo-
lutionary, macroecological, and paleoenvironmental studies
(Wilson et al. 2012; Grossnickle and Polly 2013; Slater 2015;
Vermillion et al. 2018; Chen et al. 2019). The jaw metrics identi-
fied here offer an additional ecomorphological correlate beyond
those commonly found in the literature (e.g., dental metrics) that
can be readily applied to extant and fossil mammals.
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Figure S1. Derived jaw morphologies of select mammalian species.
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Table S2. Descriptions of jaw measurements, which are also displayed in Figure 1.
Table S3. Summary statistics for the multiple PGLS regression, using seven jaw measurements (of the original 13) and body mass as predictors of diet.
Table S4. Best-performing models (AAICc < 2) of multiple PGLS regression using various combinations of jaw measurements (Fig. 1, Table S2) and

Table S5. Phylogenetic one-way analyses of variance (PANOVAs), using three alternative definitions for categorizing species into discrete diets (see text).
Table S6 (page 15). Fits of evolutionary models to JAPr distances, JAPr angles, jaw-joint-to-m1 distances, and body masses for nonrodents (top) and

Table S7. Model support (via Akaike weights) for evolutionary models fit to morphological data for analyses in which measurement error is included (left
Table S8. Summary statistics for phylogenetic one-way analyses of variance ()ANOVAs) and bivariate phylogenetic generalized least squares (PGLS)
regressions, examining the relationship between diet and jaw shape in mammals.

Table S9. Fits of evolutionary models to mammalian JAPr distances (measurement 12) and JAPr angles (measurement 13), using residuals from PGLS
regressions of jaw measurements against jaw length (i.e. the alternative size-correction method; see Supplementary Results).

Figure S2. Histograms of JAPr distances (A) and jaw-joint-to-m1 distances (B), displaying the frequency of faunivorous species (maroon) and herbivorous

Figure S3. Schematic jaw images of nonrodents (A) and rodents (B), displaying major morphological changes that are driven by differences in diet.
Figure S4. Relative model support (Akaike weights) for the seven evolutionary models (see Methods) that were fit to jaw-joint-to-angular process (JAPr)

TABLE S1. Measurements: See Figure 1 and Table S2 for descriptions of the 13 jaw and molar measurements.
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