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Abstract
Terrestrial carnivorans, with their diverse diets and unique adaptations such as the 
carnassial tooth, offer insights into the connections between functional traits and 
the climatic and environmental conditions they inhabit. They shed light on functional 
trait-environment relationships at the highest trophic levels across a broad range of 
environmental conditions. In this study, we evaluate the relationship between relative 
blade length (RBL) of the lower carnassial tooth, a key dietary adaptation among ter-
restrial carnivorans for slicing and grinding food items, and climate. We propose RBL 
as an ecometric trait and test the hypothesis that community-level RBL is correlated 
with climate and mediated by environmental effects on food availability. Our findings 
show that communities with higher mean and broader variance of RBL are typically 
located in warmer and wetter climates, suggesting a relationship between carnivoran 
dietary diversity and climate. Conversely, communities with a lower mean and nar-
rower variance of RBL predominantly occupy cooler, drier places. This indicates that 
community-level carnivoran dietary traits have the potential to serve as indicators of 
environmental conditions. Given the robust fossil record associated with carnivorans, 
we also show how RBL can be used as a proxy for reconstructing paleoclimates 
by examining trait change at seven sites in North America to estimate changes in 
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1  |  INTRODUC TION

Understanding the factors that guide community assembly and 
global habitation patterns is a perennial challenge in biogeography, 
ecology, and conservation research (Gaston,  2000; Mittelbach & 
Schemske, 2015; Weiher et al., 2011). Communities are often sorted 
geographically across temperature and precipitation gradients, pat-
terns that are mediated by the functional traits displayed by commu-
nity members (Violle et al., 2014; Weiher et al., 2011; Wiens, 2011). 
Functional traits describe attributes that are strongly related to or-
ganismal performance and may include a variety of features such as 
dental morphology, locomotor strategy, and behavioral and physi-
ological attributes (Eronen, Polly, et al., 2010; McGill et al., 2006). 
As we develop an understanding of the relationships between func-
tional traits and environments, we can identify the geographic re-
gions that may be at risk of future disruptions to those relationships, 
and we can understand how ecometric relationships may be modu-
lated both spatially and temporally (McGuire et al., 2023).

Ecometrics evaluate trait-environment relationships at the com-
munity level across spatial gradients, thereby accounting for the 
trait diversity of a functional assemblage (Eronen, Polly, et al., 2010; 
Polly et  al.,  2011; Polly & Head,  2015; Vermillion et  al.,  2018). 
Ecometric traits that represent dietary ecology, locomotory strat-
egy, and physiology have been identified in several groups of ver-
tebrates (Barr, 2017; Gruwier & Kovarovic, 2022; Head et al., 2009; 
Meloro & Sansalone,  2022; Oksanen et  al.,  2019; Polly,  2010; 
Short & Lawing, 2021). For example, the locomotor traits of carniv-
oran communities are indicative of ecoregion and vegetation type 
(Polly, 2010; Short et al., 2023). Carnivoran communities composed 
of cursorial species with digitigrade hindlimb traits are frequently 
located in more open, grassland habitats, whereas plantigrade com-
munities, more commonly associated with an arboreal strategy, 
are frequently located in woodland habitats (Polly,  2010, 2020). 
Ecometrics can provide robust models of trait-environment rela-
tionships across global ecosystems (Eronen, Puolamäki, et al., 2010; 
Short et al., 2023; Short & Lawing, 2021) and can be used to hind-
cast environmental conditions associated with paleocommunities 
(Schap et al., 2021; Schap et al., 2024; Short et al., 2023; Short & 
Lawing,  2021). Given that carnivorans are geographically wide-
spread, inhabit diverse environmental conditions, and have highly 

variable diets, the trait-environment relationships associated with 
their dietary morphology may illuminate environmental factors that 
have yet to be adequately addressed by exploring other trophic 
groups. Carnivorans are also represented by an extensive paleonto-
logical record, which provides a further opportunity to explore these 
trait-environment relationships across a temporal scale.

Dietary ecometrics are well developed for herbivorous species, 
including the tooth crown heights and loph counts of ungulates in 
relationship to precipitation (e.g., Eronen et  al.,  2010b; Fortelius 
et al., 2002, 2014; Jernvall & Fortelius, 2002; Žliobaite et al., 2018), 
the loph counts of ungulates and primates in relationship to tem-
perature (Oksanen et  al., 2019), the tooth crown heights of small 
mammals in relationship to temperature and precipitation (e.g., 
Schap et al., 2021; Schap et al., 2024), and the combined tooth crown 
heights of small and large herbivorous mammal species in relation-
ship to precipitation (Short et al., 2021). Given that herbivorous diets 
are directly related to primary productivity, these communities are 
expected to display a tight ecometric relationship between trait 
morphology and environmental conditions. Terrestrial carnivorans 
display wide dietary preferences, from strict obligate carnivores 
(e.g., felids) to predominantly herbivorous species (e.g., giant panda, 
Ailuropoda melanoleuca) as well as an array of omnivorous, frugiv-
orous, and invertivorous species (Friscia et  al.,  2007; Middleton 
et al., 2021; Van Valkenburgh, 1989). Terrestrial carnivoran diets are 
also expected to be indirectly related to the environment through 
their foods, where the availability of fruits and seeds, as well as ver-
tebrate and invertebrate prey are also strongly dictated by climatic 
conditions (Cruz et al., 2022; Meloro, 2022; Van Valkenburgh, 1989). 
Across geographic regions, terrestrial carnivoran communities are 
known to display an increase in trophic diversity in habitats charac-
terized by higher temperatures and precipitation given the increased 
biodiversity and ample availability of dietary options in those areas, 
including fruits, seeds, nuts, and a diverse array of invertebrates 
(Cruz et al., 2022; Ray & Sunquist, 2001; Zhou et al., 2011; Zuercher 
et  al.,  2022). We may therefore expect a biogeographic trend in 
which the dietary breadth of a carnivoran community is reflective of 
dietary opportunity; however, carnivoran dietary traits have yet to 
be explored in an ecometric framework.

Carnassial teeth are an identifying feature of terrestrial carniv-
oran dentition and include the first mandibular molar (m1) and the 

temperature and precipitation over time in relation to changes in carnivoran commu-
nity assembly. Understanding the nature of trait-environment relationships can help 
us anticipate biological impacts of ongoing environmental change and the geographic 
regions at the greatest risk of ecological disruption.
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fourth cranial premolar (P4) (Friscia et al., 2007; Tarquini et al., 2020; 
Van Valkenburgh, 2007). The lower carnassial is composed of two 
primary regions: the trigonid blade, which is instrumental in gnashing 
and tearing, and the talonid basin, which is involved in grinding and 
crushing food items (Friscia et al., 2007; Tarquini et al., 2020; Van 
Valkenburgh, 1989). Carnassial teeth can display considerable mor-
phological variation associated with the dietary niche of the species 
(Friscia et al., 2007; Tarquini et al., 2020; Van Valkenburgh, 1989). 
The relative blade length (RBL) of the m1 carnassial tooth has been 
widely used to assess carnivoran diets and is an easily recognizable 
trait that is frequently preserved in both modern and fossil specimens 
(Balisi et  al., 2018; Friscia et  al.,  2007; Holliday & Steppan, 2004; 
Van Valkenburgh, 1989). The RBL measure assesses the length of 
the trigonid blade relative to the overall m1 tooth length, thereby 
representing the proportion of the tooth devoted to the cutting 
blade. The RBL essentially represents the degree to which the car-
nassial tooth is modified for a carnivorous diet, signified by a well-
developed trigonid blade, or a less carnivorous diet with a larger area 
devoted to the talonid basin (Davies et al., 2007; Friscia et al., 2007; 
Van Valkenburgh, 1989). RBL varies across Carnivora from frugivo-
rous species, such as dwarf mountain coatis (Nasuella olivacea) who 
have a minimal trigonid blade and a relatively large talonid basin with 
an RBL value of 0.47 (Friscia et al., 2007), to obligate carnivores, such 
as the mountain lion (Puma concolor) which, like all felids, have car-
nassial teeth that are entirely composed of the trigonid blade with an 
RBL value of 1.0 (Van Valkenburgh, 1989).

Carnivoran communities vary geographically due to ecologi-
cal and evolutionary processes implicated in community assembly; 
therefore, large geographic regions, such as continents, may be as-
sociated with differing ecometric patterns. Over the past few cen-
turies, carnivorans have also experienced massive shifts in their 
geographic ranges due to habitat loss, expansion of urban areas, 
purposeful extermination, and other anthropogenic disruptions, 
factors which have disproportionately influenced large hypercarniv-
orous species, due in part to their extensive habitat requirements 
(Di Minin et al., 2016; Fernández-Sepúlveda & Martín, 2022; Ripple 
et al., 2014). Large carnivorans perform essential ecological roles and 
are often characterized as keystone species; therefore, the eradica-
tion of these animals from community assemblages can have severe 
consequences for ecosystem function (Gittleman & Gompper, 2005; 
Ripple et  al.,  2014; Sih et  al.,  1998). The loss of large carnivorans 
from community assemblages is also known to trigger an increase in 
mesocarnivorous species inhabiting an area (Brashares et al., 2010; 
Hoeks et al., 2020), thereby altering the community-wide trait dis-
tributions. These changes to carnivoran community assemblages 
have been experienced more acutely in certain global regions as-
sociated with heightened levels of agriculture and human popula-
tion density (Ripple et al., 2014; Wolf & Ripple, 2017). For example, 
large carnivorans have been fully extirpated in regions of the eastern 
United States and Europe and are at heightened risk of extinction in 
southeast Asia (Dalerum et al., 2009; Wolf & Ripple, 2017). Certain 
mid-sized carnivorans (e.g., red fox, Vulpes vulpes; common rac-
coon, Procyon lotor) have expanded their geographic ranges in these 

regions (Bateman & Fleming, 2012) and changed the overall struc-
ture of these carnivoran assemblages. Therefore, turnover in carniv-
oran community assemblages can be reflective of climatic conditions 
as well as human disruption.

Here, we leverage one aspect of terrestrial carnivoran dental 
morphology, namely carnassial relative blade length (hereafter RBL), 
to test whether there is a trait-environment relationship at the com-
munity level by developing ecometric models of temperature and 
precipitation. We expected regions with higher precipitation to 
support greater availability and variety of dietary items and there-
fore to be associated with a greater variation in community-wide 
dietary traits, whereas we expected regions with low precipitation 
to support fewer diet types and to have reduced trait variation with 
mean trait values primarily associated with carnivorous behav-
iors. Additionally, we expected that temperature may be related to 
community-level dietary trait values in carnivorans because prey 
composition and prey environment vary with temperature. We cali-
brated ecometric models for each continent to investigate whether 
ecometric relationships hold across different large geographic re-
gions that have different climate compositions and that have also 
recently experienced different amounts of carnivoran loss. We ex-
pected the strongest overall relationships to be associated with re-
gions with the most variation in precipitation (e.g., Asia and South 
America) and temperature (e.g., Asia and North America) and the 
weakest relationships to be associated with areas with greater hab-
itat loss (e.g., Europe). Finally, we evaluated functional trait shifts 
associated with seven North American paleocommunities to assess 
whether this relationship holds through time despite carnivoran ex-
tirpations and extinctions. We expected paleocommunities associ-
ated with drier conditions to display less variation in dietary traits 
and to have mean trait values more strongly associated with carniv-
orous dietary habits as compared to modern communities found in 
the same localities in wetter conditions, which may have a greater 
diversity of dietary options.

2  |  METHODS

2.1  |  Study system and functional trait

Carnivorans represent an ecologically diverse mammalian order of 
252 extant terrestrial species (IUCN, 2020). Terrestrial carnivorans 
are native to five continents worldwide (apart from Antarctica and 
Australia) and can be found in nearly every global ecoregion across 
a range of temperature and precipitation gradients (Arias-Alzate 
et al., 2020; Van Valkenburgh, 2007; Wilson & Mittermeier, 2009). 
Whereas certain species may be highly adapted for life in extreme 
habitats such as deserts (e.g., fennec fox, Vulpes zerda, sand cat, Felis 
margarita) or tundras (e.g., Canada lynx, Lynx canadensis, polar bear, 
Ursus maritimus) (Ripple et al., 2014; Wilson & Mittermeier, 2009), 
some carnivorans display generalized habitat requirements and may 
flourish in any number of ecosystems including human-dominated 
landscapes (e.g., red fox, Vulpes vulpes, raccoon, Procyon lotor; 
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Bateman & Fleming, 2012; Gehrt et al., 2010). Carnivorans also per-
form a variety of roles within their communities that help to maintain 
ecosystem function, including as large apex predators that act as top-
down community regulators as well as smaller mesocarnivores that 
act as predators, competitors, and seed dispersers (Dalerum, 2013; 
Prevosti & Pereira, 2014; Roemer et al., 2009).

To assess the functional dietary traits of terrestrial carnivorans, 
we compiled the relative blade lengths (RBL) of the mandibular m1 
tooth for 223 of 252 non-domesticated extant terrestrial carnivoran 
species as reported by the IUCN (IUCN, 2020) (Figure  1c). These 
measures were recorded from the existing published literature as 
well as from direct measurements (using complete mandibles) col-
lected within the National Museums of Kenya (Nairobi, Kenya) using 
digital calipers. In some cases, we also measured the RBL from spec-
imen photos with Fiji software version 2.3.0 (Schindelin et al., 2012) 
using specimen images from natural history collections that were 
published in the literature (e.g., Christiansen, 2009; Larivière, 2001; 
Morales & Giannini, 2010, Nellis, 1989; Tellaeche et al., 2018; Van 
Rompaey, 1988; Van Rompaey & Colyn, 1992; n = 7), had been pre-
viously photographed in a museum collection (n = 3), or were avail-
able online through museum collections (e.g., Animal Diversity Web; 
Myers et  al., 2024; n = 2) (Appendix S1). When possible, measures 
were collected from a minimum of five specimens (including males 
and females) to calculate the mean RBL for each species. We did not 
measure any specimens with damaged or broken carnassial teeth or 
specimens from immature individuals (assessed using cranial sutures 
and tooth eruption patterns).

2.2  |  Ecomorphological analyses

Previous work has documented an ecomorphological signal in the 
trait variation of RBL (Friscia et al., 2007; Tarquini et al., 2020; Van 

Valkenburgh, 1989). As a preliminary analysis, we assessed whether 
that signal is present in the dataset we assembled to test whether 
biological processes are drivers of our findings rather than statisti-
cal artifacts. We tested whether RBL variance is explained by two 
aspects of the carnivoran diet: the percent of vertebrate prey items, 
as reported in Elton Traits 1.0 (Wilman et al., 2014), and dietary di-
versity. To estimate dietary diversity, we calculated the number of 
diet categories that composed at least 10% of the diet of each spe-
cies including vertebrate prey, invertebrate prey, fruits, plant mate-
rial, seeds, and scavenged materials (following Wilman et al., 2014). 
To evaluate the relationship between RBL, percent vertebrate prey, 
and dietary diversity, we conducted Phylogenetic Generalized Least 
Squares (PGLS) using the carnivoran phylogeny from Nyakatura and 
Bininda-Emonds (2012).

2.3  |  Community-level data

We assembled species lists by overlaying IUCN range maps 
(IUCN, 2020) with a set of points sampled equidistantly at 50 km 
across the terrestrial globe (excluding Antarctica and Australia) 
resulting in 50,994 community sampling points (Polly,  2010). We 
limited our dataset to areas with a minimum of three carnivoran 
species with RBL trait measures, which left us with 48,757 global 
communities, including 11,835 communities in Africa, 17,162 com-
munities in Asia, 3817 communities in Europe, 8948 communities 
in North America, and 6995 communities in South America. Any 
taxonomic discrepancies between the published literature, the ASM 
Mammal Diversity Database (Mammal Diversity Database,  2023), 
and the IUCN range maps (IUCN, 2020), were resolved based on the 
Integrated Taxonomic Information System (ITIS, 2023).

To test whether there is a relationship between community-level 
RBL traits and climate, we sampled annual precipitation (AP, mm) 

F I G U R E  1 The carnassial relative 
blade length (RBL) trait. (a) The RBL 
calculation is based on the ratio of the 
trigonid blade length (BL) divided by 
the total length of the m1 tooth (m1L). 
(b) Carnivorans with diets that extend 
beyond vertebrate prey, such as coyotes 
(Canis latrans), have a smaller relative 
blade length. (c) Obligate carnivores, such 
as cats, have an m1 composed exclusively 
of the trigonid blade. (d) Rank-order plot 
showing the RBL values of the species 
in our dataset color-coded based on the 
percent of vertebrate prey associated 
with the species in Elton Traits 1.0 
(Wilman et al., 2014). Diets with a higher 
proportion of vertebrate prey tend to 
have higher RBL values.
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and mean annual temperature (MAT, C) at the geographic location 
of every community in our dataset from interpolated global environ-
mental data sourced from weather stations at a resolution of 1 km2 
(Fick & Hijmans,  2017). We log transformed annual precipitation 
because ecologically relevant variation in small precipitation values 
is underemphasized in standard deviation calculations compared to 
large precipitation values.

2.4  |  Ecometric analyses

We calculated the mean and standard deviation of the RBL trait for 
each community within our dataset and organized those data into a 
25 × 25 gridded ecometric space (625 ecometric bins total) following 
Lawing & Polly (2012) and Vermillion et al. (2018). We used a maxi-
mum likelihood framework to separately fit trait models with AP 
and MAT (Figure 4). This method has been shown to produce more 
accurate estimates than other statistical approaches to fitting eco-
metric models (Short et al., 2021). For each individual ecometric bin, 
we created a likelihood surface using a Gaussian kernel smoother to 
estimate the distribution and fit of the environmental values of all 
the communities within the bin. We then extracted the most likely 
environmental value from the peak of the likelihood surface. We 
evaluated the fit of the trait-environment relationship by comparing 
the estimated environmental values to the observed environmental 
values by calculating the coefficient of determination (R2).

To test whether the estimated to observed environment cor-
relation is spurious, we shuffled the estimated environments and 
compared those environments to the observed environments with 
the coefficient of determination. For a second test, we randomly 
assigned communities to an ecometric bin, recalculated the max-
imum likelihood value of the environment for all of the newly as-
signed communities within the bin, and compared those estimates 
to the observed values with a coefficient of determination. We 
repeated both procedures 100 times and compared the distribu-
tion of correlations generated from the randomization procedures 
with the original correlation between the estimated and observed 
environments. In addition, we calculated the anomaly between 
the observed and estimated environments for every community 
and mapped the anomalies in geographic space to investigate spa-
tial patterning. We conducted this procedure for all communities 
globally and repeated these steps for the communities associated 
with each continent.

We assessed the validity and transferability of the RBL ecom-
etric model with a series of sensitivity analyses following Schap 
et al. (2024). We randomly down-sampled communities with sam-
ple sizes ranging from 100 to 9100 communities at intervals of 
1000 to test various sample sizes across the full range of sample 
sizes while limiting the total number of required iterations, and 
we repeated this procedure 20 times to obtain a range of vari-
ation associated with the different sample sizes. For each down 
sample, we used a randomly drawn 80% of the data to train an 

ecometric model and the remaining 20% for testing. The final RBL 
ecometrics model was fit using all communities, which is above 
the number of communities needed to accurately capture the RBL 
trait-environment relationship.

2.5  |  Paleoenvironmental reconstruction

We used the carnivoran RBL trait to reconstruct paleoenvi-
ronmental conditions and assessed the trends associated with 
seven North American fossil sites from the Last Glacial Maximum 
(~40,000 to 10,000 years ago). These sites included Anderson Pit, 
Indiana (Richards,  1972), Brynjulfson Cave 1, Missouri (Parmalee 
& Oesch,  1972), Friesenhahn Cave, Texas (Graham,  1976), 
January Cave, Alberta (Burns,  1991), Little Box Elder Cave, 
Wyoming (Anderson,  1968; Long,  1971), McKittrick, California 
(Jefferson, 1991), and New Trout Cave, West Virginia (Grady, 1986). 
The carnivoran species associated with these sites were extracted 
from the Neotoma Paleoecology Database (https://​www.​neoto​
madb.​org) and were previously used in ecometric studies by Polly 
et al. (2017). Using these species lists, we compiled RBL values for the 
assemblages reported from each fossil site. We compiled additional 
RBL measures for extinct species (n = 3) by measuring specimen 
images from the published literature (Christiansen & Harris, 2009; 
Reynolds et al., 2023; Sorkin, 2006).

To reconstruct the paleoenvironments associated with the fos-
sil sites, we calculated the mean and standard deviation of the RBL 
trait for each fossil community. We used the means and standard 
deviations from the fossil sites to explore the temperature and pre-
cipitation estimates of these areas based on the global ecometric 
models fitted using the modern carnivoran communities (Polly & 
Head, 2015; Schap et al., 2021; Schap et al., 2024; Short et al., 2021, 
2023). To determine how community trait distributions temporally 
shifted, we extracted mean and standard deviation values of the 
modern carnivoran communities currently inhabiting the locations 
associated with each fossil site. Unless otherwise noted, all analyses 
were conducted in R version 4.2.3 (R Core Team, 2023).

3  |  RESULTS

3.1  |  Relative blade length

Relative blade lengths varied across species from 0.41 for 
Humboldt's hog-nosed skunk (Conepatus humboldtii) to 1.0 for the 
felids (Figure  1). This variation was associated with diet, where 
higher RBL values are associated with a higher percent of vertebrate 
prey in the diet (Figure 1d). Although RBL has a high phylogenetic 
signal (Pagel's lambda = 0.97) (Figure 2), PGLS analyses indicate that 
14% of the variation in species-level RBL is explained by both per-
cent vertebrate prey in the diet (R2 = .14; p = .02) and dietary diver-
sity (R2 = .14; p = .03).
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3.2  |  Geographic trait variation

Community mean RBL ranged from 0.53 to 0.94 worldwide with 
a standard deviation of 0.15 (Table  1), where the highest values 
were most apparent in arid regions, such as the Atacama Desert of 

western South America, the central Sahara Desert of Africa, and 
the desert region of southwestern and central Asia (Figure 3a). Low 
mean RBL values were found throughout most of the Holarctic re-
gion of North America and Europe as well as northern and eastern 
Asia (Figure 3a). Certain geographic regions were also associated 

F I G U R E  2 Phylogeny of carnivorans 
included in the dataset, pruned from 
Nyakatura and Bininda-Emonds (2012). 
Tree tips are color-coded based on the 
percentage of vertebrate prey in the 
species diets as reported in Elton Traits 
1.0 (Wilman et al., 2014). The outer 
ring indicates the taxonomic families 
represented on the phylogeny.

Localities N Min RBL Max RBL Mean RBL (σ)
R2 
(MAT)

R2 
(AP)

Global 48,757 0.53 0.94 0.72 (0.15) .53 .49

Africa 11,835 0.64 0.88 0.75 (0.14) .10 .59

Asia 17,162 0.55 0.87 0.72 (0.14) .52 .66

Europe 3817 0.63 0.79 0.69 (0.11) .36 .46

North America 8948 0.53 0.83 0.68 (0.13) .71 .45

South America 6995 0.61 0.94 0.76 (0.20) .67 .64

Note: For each geographic region, we are reporting the number of carnivoran communities (N) 
that include a minimum of three species traits, as well as the minimum (min), maximum (max), 
mean, and standard deviation (σ) of the RBL trait for each region and the R2 associated with the 
observed to expected climatic models for mean annual temperature (MAT) in Celsius (C) and annual 
precipitation (AP) in millimeters (mm).

TA B L E  1 Results of the ecometric 
models.
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with a high degree of within-community trait variation, including 
tropical regions, such as most of South and Central America as 
well as portions of southeast Asia (Figure 3b). Low trait variation 
was noted in desert regions of northern Africa and portions of 
western Asia (Figure 3b).

3.3  |  Modern carnivoran communities

Global patterns of observed precipitation were associated with our 
model estimates of expected precipitation (R2 = .49, p < .001) and 
temperature (R2 = .53, p < .001). The relationship associated with 

precipitation largely persisted across geographic regions, where the 
smallest amount of explained variance was in North America and 
Europe (R2 = .45, p < .001 and R2 = .46, p < .001, respectively) and the 
largest amount of explained variance was in Asia and South America 
(R2 = .66, p < .001 and .64, p < .001, respectively) (Table 1; Figure 4; 
Figures S1 and S2). The strength of the relationship associated with 
temperature varied greatly by geographic region, such that North 
America was associated with a relatively high amount of explained 
variance (R2 = .71, p < .001) and Africa was associated with a limited 
amount of explained variance (R2 = .10, p < .001) (Table 1; Figure 5). 
Randomization procedures demonstrate that these relationships are 
not spurious (Figures S3–S6).

F I G U R E  3 Geography of carnivoran 
community RBL traits. Maps were created 
by sampling carnivoran communities 
composed of a minimum of three species 
traits at 50-km point intervals. Areas 
in white indicate regions that have 
fewer than three carnivoran species 
per community. (a) Mean carnivoran 
community RBL. (b) Standard deviation in 
carnivoran community RBL.

F I G U R E  4 Ecometric model associated 
with global annual precipitation in 
millimeters natural log-transformation 
(AP). (a) Observed AP (Fick & 
Hijmans, 2017). (b) Estimated global AP 
based on carnivoran RBL. (c) Ecometric 
space associated with carnivoran 
community RBL mean (x-axis) and 
standard deviation (y-axis), color-coded 
based on the maximum likelihood estimate 
of AP in each grid cell. Each grid cell in the 
ecometric space indicates communities 
associated with a specific RBL mean 
and standard deviation. (d) Anomaly 
map representing geographic regions in 
which precipitation was overestimated 
or underestimated. An overestimate 
(blue) corresponds to a model-based 
estimate that is wetter than the observed 
precipitation, while an underestimate 
(red) corresponds to a model-based 
estimate that is drier than the observed 
precipitation.
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The highest community-wide RBL variation occurred in South 
America, Africa, and Asia (standard deviations of 0.20, 0.14, 0.14, 
respectively), where the greatest amount of explained variance 
between observed and expected precipitation occurred (R2 = .64, 
p < .001, R2 = .59, p < .001, R2 = .66, p < .001, respectively) (Table 1). 
In South America specifically, the RBL ratios ranged from 0.61 to 
0.94, which is similar to values of the global sample, where global 
RBL ratios range from 0.53 to 0.94. In Europe, the precipitation 
model was less predictive (R2 = .46, p < .001), and the RBL ratios 
ranged from 0.63 to 0.79 (Table 1).

The greatest amount of explained variance between observed and 
expected temperature occurred in North America, South America, and 
Asia (R2 = .71, p < .001, R2 = .67, p < .001, R2 = .52, p < .001, respectively) 
(Table 1), geographic regions that are associated with the greatest vari-
ation in temperature (standard deviations of 123, 63, and 135, respec-
tively). The lowest amount of overall explained variance occurred in 
Africa (R2 = .10, p < .001) (Table 1), a geographic region that is associ-
ated with the least variation in temperature (standard deviation of 36).

The ecometric trait space associated with both annual precipitation 
and mean annual temperature was most strongly differentiated by trait 
standard deviation (Figures 4c and 5c). In wetter and hotter conditions, 
we find greater RBL standard deviation, indicating a wider variety of 
diets exploited by the community; whereas, in drier and more temper-
ate conditions, we find less variation in the RBL trait, indicating a nar-
rower breadth of dietary function. Both low and high mean RBL trait 
values are associated with an array of precipitation and temperature 
regimes; however, only wet conditions are associated with the lowest 
mean RBL values. Given that wetter habitats are associated with a 
high standard deviation and relatively low mean RBL trait values, this 

indicates that high precipitation areas can support carnivoran commu-
nities that include species with relatively minimal carnivorous habits.

3.4  |  Fossil carnivoran communities

We estimated paleoclimate conditions for North American fossil 
sites associated with the Last Glacial Maximum (Table  2; Figure  6). 
McKittrick, Little Box Elder Cave, and Friesenhahn Cave were all pre-
dicted to have been wetter (by 211, 386, and 590 mm, respectively) 
and hotter (by 9.02, 21.03, and 3.31°C, respectively) than modern 
conditions (Table  2). Over this time, McKittrick and Little Box Elder 
Cave shifted from predominantly forested habitats (coniferous and de-
ciduous) to modern grasslands (Little Box Elder Cave Anderson, 1968; 
Long,  1971; McKay,  2008) or xeromorphic shrublands (McKittrick; 
Jefferson,  1991), while Friesenhahn Cave has primarily remained 
a grassland (Graham, 1976; Hall & Valastro Jr, 1995). The mean and 
standard deviation of the RBL trait also decreased at these sites as 
the habitats shifted to drier conditions. These changes were associ-
ated with a loss of hypercarnivorous species including saber-toothed 
cats (Smilodon fatalis) from Friesenhahn Cave and McKittrick, scimitar-
toothed cats (Homotherium serum) from Friesenhahn Cave, and 
American lions (Panthera atrox), mountain lions (Puma concolor), and 
gray wolves (Canis lupus) from Little Box Elder Cave.

New Trout, Brynjulfson, and January Caves were all pre-
dicted to have been drier (by 379, 165, and 355 mm, respectively) 
than modern conditions, with relatively stable temperatures, 
where modern conditions were predicted to have been margin-
ally warmer in New Trout and Brynjulfson Caves (by 1.11 and 

F I G U R E  5 Ecometric model associated 
with global mean annual temperature 
(MAT). (a) Observed MAT (Fick & 
Hijmans, 2017). (b) Ecometric space 
associated with carnivoran community 
RBL mean (x-axis) and standard deviation 
(y-axis), color-coded based on the 
maximum likelihood estimate of MAT 
in each grid cell. Each grid cell in the 
ecometric space indicates communities 
associated with a specific RBL mean 
and standard deviation. (c) Estimated 
global MAT based on carnivoran RBL. (d) 
Anomaly map representing geographic 
regions in which community RBL was 
overestimated or underestimated. An 
overestimate (blue) corresponds to a 
model-based estimate that is warmer 
than the observed temperature, while 
an underestimate (red) corresponds to a 
model-based estimate that is colder than 
the observed temperature.
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6.12°C, respectively) and marginally cooler at the January Cave 
site (by 5.17°C) (Table  2). These estimations align with expecta-
tions as New Trout and Brynjulfson Caves have likely shifted from 
boreal forests to cold deciduous forests (Mead & Grady,  1996; 
Overpeck et  al., 1992) and January Cave has likely shifted from 
coniferous tundra to a subpolar evergreen habitat (Burns, 1991). 
The community-wide mean RBL for these sites remained roughly 
constant over time, whereas the standard deviation increased 
as the conditions became wetter. Over time, the New Trout and 
Brynjulson Cave communities lost obligate carnivores (Table S1), 
including dire wolves (Canis dirus) and bobcats (Lynx rufus) but 
gained mid-sized mesocarnivores, such as gray foxes (Urocyon 
cinereoargenteus) and eastern spotted skunks (Spilogale putorius). 
Likewise, January Cave gained both obligate carnivores, such as 
bobcats (Lynx rufus) and Canada lynx (Lynx canadensis), as well as 
dietary generalists, including American black bears (Ursus ameri-
canus) and striped skunks (Mephitis mephitis).

Anderson Pit is predicted to have been drier (1015 mm) and 
colder (28.6°C) than modern conditions (Table 2). Limited informa-
tion is available about the paleohabitat associated with this site, 
although it may have been similar to the present deciduous for-
est associated with the modern location (Smith & Polly, 2013). The 
mean and standard deviation of the RBL trait increased at this site 

as this community gained obligate carnivores, such as bobcats (Lynx 
rufus), and mid-sized generalists, such as red foxes (Vulpes vulpes).

4  |  DISCUSSION

Carnivoran dietary morphology represented by lower carnassial rela-
tive blade length (RBL) at the community level is associated with the 
climates in which carnivoran communities occur; thus, RBL provides 
some information about the climate inhabited by carnivorans (Figures 4 
and 5). These ecometric models can be used to estimate paleoclimate, 
and the corresponding ecometric space provides a way to assess and 
visualize community-level functional trait shifts. Given the variety of 
habitats and geographic regions that carnivoran communities occupy, 
the variation in their dietary niches, and the extensive preservation of 
lower carnassial teeth in the fossil record, carnivoran dietary traits are 
good candidates to form the basis of ecometric models.

4.1  |  Carnivoran diets

Carnivoran dental traits are related to dietary diversity and the 
percent of vertebrate prey in the diet. In our preliminary analyses, 

F I G U R E  6 Fossil site paleo-precipitation reconstructions for seven paleocommunities including, (1) January Cave, (2) Little Box 
Elder Cave, (3) Brynjulfson Cave 1, (4) Anderson Pit, (5) New Trout Cave, (6) McKittrick, and (7) Friesenhahn Cave. (a) Observed annual 
precipitation millimeters natural log-transformation (AP). Fossil sites are numbered and indicated as black circles. (b) Trait turnover of RBL 
at each fossil site represented in ecometric space. (c) Observed mean annual temperature (MAT). Fossil sites are numbered and indicated as 
black circles. (d) Trait turnover of RBL at each fossil site represented in ecometric space. Ecometric space is based on the RBL and maximum 
likelihood estimate of AP, where each grid cell represents communities that display a given RBL mean and standard deviation and are color-
coded based on the maximum likelihood estimate of AP or MAT. Paleocommunities are represented in the ecometric space as numbered 
circles and arrows indicate the ecometric space inhabited by the modern communities located in the same geographic location.

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  11 of 17SICILIANO-­MARTINA et al.

species whose diets are more strongly associated with vertebrate 
prey, display higher RBL values and those with more diverse diets, 
display lower values (Figure  1), relationships that each explained 
roughly 14% of the variation in species-level RBL traits. This percent 
of explained variation is due, in part, to the flexibility in many car-
nivoran diets. Even species with limited dietary diversity may con-
sume items outside of their normal habits as opportunity or need 
arises (Cruz et al., 2022; Metz et al., 2024; Middleton et al., 2021). 
Diets may also shift in response to changes in resource availability 
or community composition. For example, the loss of apex predators 
may change the resource acquisition behaviors of the mesocarni-
vores in a community (Karlin, 2017; Prugh et al., 2009). Regardless 
of this dietary flexibility, the RBL trait provides a proxy for diet, even 
when dietary behavior is not observable (e.g., paleocommunities).

4.2  |  Variations of traits and climates

We found greater community-wide trait variation in areas with 
higher precipitation and temperature, where there is a greater va-
riety of dietary items. For example, a community located in the 
Amazonian rainforest had 46% more trait variation as one located in 
the Saharan desert (σ = 0.24 and 0.15, respectively, Figure 3b). The 
diet composition of these communities varied in association with our 
expectations, where the diets of the desert community were primar-
ily composed of vertebrate prey, with minimal deviations (x = 82% 
vertebrate prey; σ = 17) and the diet of the rainforest community 
was less closely tied to strictly carnivorous behaviors (x = 63% ver-
tebrate prey; σ = 41%). Notably, both communities were composed 
of eleven carnivoran species, suggesting that this increase in trait 
variation is not simply a function of increased species richness within 
the rainforest. In fact, although the highest levels of annual precipi-
tation are associated with South America, the greatest species rich-
ness is associated with Africa. However, Africa (x̄  = 14.41 species; 
σ = 6.56) and South America (x̄  = 13.06 species; σ = 4.07) have similar 
community species richness, suggesting that there is no systematic 
difference between the richness of these regions.

The ecometric relationship between dietary traits described here 
differs from the relationship associated with carnivoran locomotor 
traits. While Polly  (2010) found that carnivoran locomotor traits 
were related to temperature, but not precipitation, we found a rela-
tionship of observed and expected environments constructed using 
carnivoran dietary traits for both precipitation and temperature. 
Similarly, in an ecometric analysis focused on overall carnivoran cra-
nial shape, a trait which is also indicative of carnivoran diet, Meloro 
and Sansalone (2022) also found a relationship associated with both 
precipitation and mean annual temperature. Tseng & Flynn  (2018) 
showed that herbivorous carnivorans were more common in areas 
with high precipitation and suggested an ecomorphological rela-
tionship where these species were more arboreal. Carnivoran post-
cranial morphology has been linked with diet (Iwaniuk et al., 1999), 
where carnivoran species with more herbivorous diets have been 
associated with arboreal locomotor styles (Dumont et  al.,  2016; 

McNab,  1995). Given that carnivoran locomotor traits have been 
less effective at predicting patterns of precipitation than the di-
etary traits presented here, we suggest that the increased RBL trait 
variation in high precipitation areas is likely related to the greater 
biodiversity in these areas, allowing for wider dietary opportunity. 
Notably, Polly (2010) also identified vegetation cover as a major fac-
tor associated with carnivoran locomotor traits, a factor that is also 
likely to be tied to dietary opportunity. Future studies should inves-
tigate the relationship between carnivoran dietary traits and vegeta-
tion cover as well as the potential predictive power of an integrative 
model incorporating both carnivoran dietary and locomotor traits.

Interestingly, because of the relationship with precipitation 
trends, the carnivoran dietary ecometric relationship is similar to 
the dietary ecometric trends of small herbivorous mammals (ro-
dents and lagomorphs; Schap et al., 2021, Schap et al., 2024), hoofed 
mammals (artiodactyls and perissodactyls; Eronen, Puolamäki, 
et  al.,  2010; Fortelius et  al.,  2002; Fortelius et  al.,  2016; Short 
et  al.,  2021; Žliobaite et  al., 2018), and the combined communi-
ties of small and hoofed herbivorous mammals (Short et al., 2021). 
Dental traits of small herbivorous mammals (Schap et  al., 2021; 
Schap et  al.,  2024) as well as ungulates and primates (Oksanen 
et al., 2019) have also been linked to temperature in North America. 
In small mammals and hoofed mammals, tooth crown height (i.e., 
hypsodonty) was used as a climate proxy (Damuth & Janis, 2011; 
MacFadden, 1997; Stirton, 1947; Strömberg, 2002; Webb, 1977), 
where a higher crown is indicative of the airborne grit and dust that 
is consumed in an open, arid environment (Damuth & Janis, 2011; 
Damuth & Janis, 2014; Janis, 1988; Jardine et al., 2012; Jernvall & 
Fortelius, 2002; Semprebon et al., 2019; Williams & Kay, 2001), as 
well as the silica present in arid-adapted plants (Erickson, 2014; 
Merceron et  al.,  2016; Strömberg, 2002). While hypsodonty re-
flects the tooth's ability to withstand abrasive dietary materials 
(Damuth & Janis, 2011; Kaiser et al., 2013), the carnivoran tooth 
morphology examined here is instead related to the relative ability 
to either slice or grind dietary items (Friscia et al., 2007; Tarquini 
et al., 2020; Van Valkenburgh, 1989). A lower carnassial tooth with 
a well-developed trigonid blade allows for a scissor-like slicing mo-
tion, which is highly effective for hypercarnivorous diets, whereas 
a lower carnassial tooth with more grinding space associated with 
a larger talonid basin allows an animal to process a variety of di-
etary items more strongly associated with frugivory or herbivory 
(Davies et al., 2007; Friscia et al., 2007; Van Valkenburgh, 1989). 
Therefore, the carnivoran dental morphology measured here is 
reflective of the vast dietary breadth represented by the order, 
which provides a different type of information than the dietary 
traits of strictly herbivorous guilds. While an herbivorous diet is 
intricately tied to primary productivity, the diet of a carnivoran 
community is reflective of the dietary opportunity available in the 
ecosystem and therefore may indicate the biodiversity of the area. 
Carnivoran communities located in less biodiverse regions may 
have fewer dietary options (e.g., exclusively small vertebrate prey) 
and therefore display reduced dietary breadths, whereas com-
munities located in highly biodiverse regions may display wider 
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dietary breadths associated with the varied dietary options. The 
fact that dietary ecometrics are strongly or moderately related to 
precipitation for both herbivorous and carnivorous groups sug-
gests that this may be a useful relationship for other guilds in the 
future.

4.3  |  Carnivoran range loss

The geographic ranges inhabited by carnivoran species have shifted 
dramatically over the past century, leading to range contractions in 
many carnivoran species and range expansions in certain mesocar-
nivores (Di Minin et al., 2016; Fernández-Sepúlveda & Martín, 2022; 
Ripple et al., 2014). In an evaluation of carnivoran locomotor eco-
metric models, Polly & Head (2015) noted the tremendous loss of 
functional trait diversity that has occurred across carnivoran com-
munities during the Anthropocene and the pronounced effects on 
the fit of these models related to carnivoran extirpations. Conversely, 
our model successfully recovers RBL as an ecometric even with dras-
tic recent losses and shifts within carnivoran ranges, indicating that 
partial disassembly of carnivoran communities has not completely 
removed the signal of this trait-environment relationship. These re-
sults follow the findings of Polly and Sarwar (2014), which indicate 
that species losses representing less than 25% of fauna may add 
uncertainty to ecometric models but do not influence the overall 
proportion of explained variance detected by those models. Future 
studies should evaluate carnivoran dietary ecometric models over 
the past several centuries, with a particular interest in whether the 
strength of these models improves when constructed using historic 
geographic range data.

4.4  |  Geographic and continental trends

We document a relationship between carnivoran dental traits and 
climatic variables, where global patterns of observed precipitation 
and temperature corresponded with our model estimates (R2 = .49 
and R2 = .53, respectively). These trends largely persisted across 
geographic regions; however, we did detect regional variations in 
the strength of these relationships (Table 1; Figures S1 and S2). This 
variation in model strength across geographic regions may suggest 
that future ecometric analyses may also benefit from this regional 
approach. This supports the recent recommendations of Wilson 
et al. (2023), which reported flaws in global ecometric models given 
the regional variations in traits and environments.

Europe had the weakest combined ecometric relationships for 
precipitation (R2 = .46) and temperature (R2 = .36) and also displayed 
the lowest mean RBL values (0.69) and the least amount of trait 
variation (σ = 0.11) as compared to the other continents. This may 
be related to the dramatic depletion of carnivorans across Europe, 
which has left the communities with predominantly generalist spe-
cies (Dalerum, 2013; Dalerum et  al., 2009; Wolf & Ripple, 2017). 
Although the model still functions within Europe, the fact that it 

is the least predictive geographic region may help to support the 
critical importance of carnivorans to their communities and it may 
portend poorly for the functionality of other communities in the 
face of future climate scenarios and the continued loss of other car-
nivores worldwide. This may also provide further support for the 
strength of this trait-environment relationship and the utility of this 
ecometric model as a potential predictor of geographic regions at 
risk of ecological disruption as indicated by mismatches of the trait-
environment relationship.

Overall, the weakest relationship between observed and 
expected environments was associated with mean annual tem-
perature in Africa. Notably, similar trends have been detected in 
ecometric models exploring the dietary traits of rodent communi-
ties (Schap et al., 2024). Africa is associated with a limited range 
of community-wide RBL trait values, the hottest temperatures, 
and the narrowest range in temperature values compared to other 
continents. The combination of limited variation in both trait and 
environment may limit the performance of the ecometric model 
in this region. Comparatively, North America is associated with 
a wider spread of community-wide RBL values and the greatest 
range in temperature and also showed the greatest amount of ex-
plained variance between observed and expected mean annual 
temperature (R2 = .71).

The models performed moderately well on a global scale, al-
though it under-  and over-predicted precipitation and tempera-
ture of certain geographic regions based on community-wide RBL 
values (Figure  4c,d). For example, the topographic complexity as-
sociated with the Himalayan Mountains in Asia is associated with 
precipitation anomalies north and south of the range. South of the 
Himalayas, the model under-predicts the precipitation of the re-
gion. Whereas, north of the Himalayas and into the Gobi Desert, 
the model has predicted higher than expected levels of annual pre-
cipitation. Likewise, the Himalayan Mountain region is associated 
with an under-prediction of temperature. Regions of the Saharan 
Desert in Africa were also largely under-predicted in the precipita-
tion model, although certain regions within the Sahara Desert are 
over-predicted. Precipitation was also under-estimated in wet re-
gions, like the southeastern United States. Such underestimations 
are consistent with those found in herbivore-based ecometric re-
search (Short et al., 2021; Short & Lawing, 2021) and are likely to 
be at least partially related to the maximum likelihood function used 
to estimate precipitation and temperature, which assigns the most 
likely data values within each trait bin and can therefore miss the 
most extreme values. These findings may also be related to the loss 
of omnivorous species like the eastern spotted skunk (Spilogale puto-
rius; Gompper & Hackett, 2005). Omnivorous species are dietary 
generalists (relative to other species like obligate carnivores), and 
they are therefore well-adapted to the wider variety of food items 
that are characteristic of higher-precipitation areas. Thus, the loss 
of omnivores in the southeastern United States would reduce the 
prevalence of functional traits that are adapted to the region's wet 
conditions, leading to the observed ecometric underestimations of 
precipitation.
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4.5  |  Paleoclimate predictions

Our model functioned as a paleoclimate indicator, although with-
out known temperature and precipitation values from the paleoen-
vironments, it is difficult to fully validate these predictions. We 
ascertained the climatic trends of these regions by assessing our 
predicted paleoclimates in comparison to reconstructions of domi-
nant vegetation communities for each of these sites. There are 
a variety of methods for reconstructing paleoclimates (e.g., iso-
tope analyses, phytoliths, and pollen and faunal records), however, 
these techniques are site-specific, and these data are not available 
for all fossil sites (Eiler, 2011; Rashid et al., 2019; Sun et al., 2020). 
Ecometric approaches to paleoenvironmental reconstruction can 
be robust given that these techniques can create global models 
that can be used to estimate a broad range of paleoenvironments 
given trait-environment relationships and known community assem-
blages (Vermillion et  al.,  2018). Determining carnivoran assembly 
within paleo-communities can provide a challenge given that many 
carnivoran species maintain small population sizes and may there-
fore be underrepresented in the fossil record. Carnivoran assembly 
may also be influenced by a variety of factors, including, but not 
limited to climate. For example, the loss of megaherbivores during 
the Late Pleistocene was likely to have had a direct influence on 
large apex carnivores (Galetti et al., 2018; Ripple et al., 2015). The 
paleoclimates predicted within our model largely conformed to our 
expectations given the vegetation communities supported in these 
regions. However, we encourage future studies to further validate 
these models by conducting site-specific comparisons between eco-
metric reconstructions and other paleoenvironmental reconstruc-
tion techniques and by further considering changes beyond climate 
that might influence carnivoran community assembly. The current 
models were designed to address the major components of climate 
(temperature and precipitation), although a variety of additional fac-
tors may also influence these relationships including seasonality, fire 
regimes, and megaherbivore extinctions.

Each of the paleo-sites included in our study was associated 
with the Last Glacial Maximum during the Pleistocene. This time 
period is notable given that it is associated with a massive loss of 
carnivoran species, particularly in Europe, South America, and North 
America, where all of our paleo-sites were located (Dalerum, 2013; 
Dalerum et al., 2009; Wolf & Ripple, 2017). Given the extreme RBL 
values associated with felids, the loss of several felid species (e.g., 
Smilodon fatalis and Homotherium serum) is reflected in the reduction 
of mean RBL values associated with McKittrick, Friesenhahn Cave, 
and Little Box Elder Cave, fossil sites that had previously displayed 
the highest mean RBL values. Correspondingly, each of these sites 
also displayed the greatest loss in trait variation over this time, again 
reflecting the loss of community members with high RBL values. Our 
model therefore predicted a reduction in precipitation and tempera-
ture at these specific locations compared with modern communi-
ties, given that warmer, wetter communities were associated with 
higher community-wide RBL mean and standard deviation. This 
appears to conform to expectations given that these habitats have 

likely either remained similar (Friesenhahn Cave; Graham,  1976; 
Hall & Valastro Jr, 1995) or have become more arid in modern times 
as these sites have shifted from forested habitats (Little Box Elder 
Cave and McKittrick; Anderson, 1968; Jefferson, 1991; Long, 1971; 
McKay, 2008) to modern grasslands (Little Box Elder Cave) and xe-
romorphic shrublands (McKittrick). This trait turnover from fossil 
sites to modern conditions may be informative as we look to future 
projections of species losses associated with carnivorans and the 
ways in which they may disrupt ecosystem functionality (Di Minin 
et al., 2016; Ripple et al., 2014; Wolf & Ripple, 2017).

The ability of this model to reconstruct paleotemperatures may 
have promising applications for the future given that previous dental 
ecometrics using herbivorous mammal taxa have had limited utility 
for temperature reconstructions (e.g., Fortelius et al., 2016; Oksanen 
et al., 2019). However, the fact that several of our sites are predicted 
to have been at least marginally warmer in the past (Friesenhahn 
Cave, Little Box Elder Cave, January Cave, McKittrick) may suggest 
that our precipitation predictions are robust.

4.6  |  Conclusions

In conclusion, we show that community-level carnivoran dietary 
traits are indicative of climatic conditions both worldwide and at 
a continental level and that the relationship between carnivoran 
dietary traits and environments can be used to hindcast paleocli-
mates. Ecometric techniques have previously been used to explore 
the dietary traits of ungulates, rodents, and lagomorphs (Eronen 
et  al.,  2010b; Fortelius et  al.,  2014; Schap et  al.,  2021; Žliobaite 
et  al.,  2018) as well as the locomotor traits of ungulates and car-
nivorans (Polly,  2010; Short et  al.,  2023; Short & Lawing,  2021), 
but this study represents the first attempt to explore carnivoran 
dietary traits in this framework. Developing an understanding of 
how functional traits relate to the environment can provide a pow-
erful window into our expectations of future change, which may 
be of particular importance when examining a taxonomic group 
that provides a pivotal contribution to ecosystem function and is 
also on the precipice of large-scale species losses (Dalerum, 2013; 
Prevosti & Pereira, 2014; Ripple et al., 2014; Roemer et al., 2009). 
Understanding the relationship between carnivoran communities 
and environmental conditions can provide a clearer understand-
ing of the factors that influence community assembly in this group. 
These findings can inform paleoenvironmental reconstructions as 
well as the impending responses of carnivorans to future projections 
of climate change to help devise more effective conservation strate-
gies moving forward.

AUTHOR CONTRIBUTIONS
Leila Siciliano-Martina: Conceptualization (equal); data curation 
(lead); formal analysis (lead); investigation (lead); project administra-
tion (lead); visualization (equal); writing – original draft (lead); writ-
ing – review and editing (lead). Jenny L. McGuire: Conceptualization 
(equal); funding acquisition (lead); methodology (equal); writing 

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 17  |     SICILIANO-­MARTINA et al.

– original draft (supporting); writing – review and editing (lead). 
Maria A. Hurtado-Materon: Data curation (supporting); formal 
analysis (supporting); visualization (equal); writing – review and 
editing (equal). Rachel A. Short: Data curation (supporting); formal 
analysis (supporting); funding acquisition (supporting); methodology 
(equal); writing – review and editing (supporting). Daniel A. Lauer: 
Investigation (supporting); writing – review and editing (support-
ing). Julia A. Schap: Investigation (supporting); writing – review and 
editing (supporting). Johannes Müller: Funding acquisition (support-
ing); writing – review and editing (supporting). Fredrick K. Manthi: 
Funding acquisition (supporting); writing – review and editing (sup-
porting). Jason J. Head: Funding acquisition (equal); writing – review 
and editing (equal). A. Michelle Lawing: Conceptualization (equal); 
funding acquisition (lead); methodology (equal); visualization (sup-
porting); writing – original draft (supporting); writing – review and 
editing (supporting).

ACKNOWLEDG EMENTS
We wish to thank the staff in the Department of Earth Sciences at 
the National Museums of Kenya including Dr. Emmanuel Ndiema, 
Samuel Muteti, Rose Nyaboke, Justus Paul, and all the curatorial 
staff in the Paleontology Section at the NMK. We also thank the 
undergraduate research assistants from Texas A&M University for 
conducting literature searches including Marina Salel, Triniti Clarke, 
Isaac Brown, and Duncan Vick. We would also like to express 
our gratitude to Ricardo Ely for sharing trait measurement data. 
Funding was provided by the National Science Foundation, grant 
2124836, and the Natural Environment Research Council, award 
NE/W007576/1.

CONFLIC T OF INTERE S T S TATEMENT
We have no competing interests to declare.

DATA AVAIL ABILIT Y S TATEMENT
Our complete RBL dataset (modern), RBL dataset (paleo), IUCN range 
maps, environmental data available at 50 km-equidistant points, 
continental shape files, and the applicable R code are available from 
the Dryad Digital Repository: https://datadryad.org/stash/share/L5
oHyuPlea9vh9ZegNiSxyDi6lauiZhY2y7RS-rKIW8.

ORCID
Leila Siciliano-Martina   https://orcid.org/0000-0002-0004-5407 

R E FE R E N C E S
Anderson, E. (1968). Fauna of the little box elder cave, Converse County, 

Wyoming. The Carnivora. University of Colorado Studies, Series in 
Earth Sciences, 6, 1–59.

Arias-Alzate, A., González-Maya, J. F., Arroyo-Cabrales, J., Medellín, R. 
A., & Martínez-Meyer, E. (2020). Environmental drivers and distri-
bution patterns of carnivoran assemblages (Mammalia: Carnivora) 
in the Americas: Past to present. Journal of Mammalian Evolution, 
27(4), 759–774. https://​doi.​org/​10.​1007/​s1091​4-​020-​09496​-​8

Balisi, M., Casey, C., & van Valkenburgh, B. (2018). Dietary specializa-
tion is linked to reduced species durations in north American fossil 

canids. Royal Society Open Science, 5(4), 171861. https://​doi.​org/​10.​
1098/​rsos.​171861

Barr, W. A. (2017). Bovid locomotor functional trait distributions re-
flect land cover and annual precipitation in sub-Saharan Africa. 
Evolutionary Ecology Research, 18(3), 253–269.

Bateman, P. W., & Fleming, P. A. (2012). Big city life: Carnivores in urban 
environments. Journal of Zoology, 287(1), 1–23. https://​doi.​org/​10.​
1111/j.​1469-​7998.​2011.​00887.​x

Brashares, J. S., Prugh, L. R., Stoner, C. J., & Epps, C. W. (2010). Ecological 
and conservation implications of mesopredator release. In J. 
Terborgh & J. A. Estes (Eds.), Trophic cascades: Predators, prey, and 
the changing dynamics of nature (1st ed., pp. 221–240). Island Press.

Burns, J. A. (1991). Mid-Wisconsinan vertebrates and their environ-
ment from January cave, Alberta, Canada. Quaternary Research, 35, 
130–143.

Christiansen, P., & Harris, J. M. (2009). Craniomandibular morphology 
and phylogenetic affinities of Panthera atrox: Implications for the 
evolution and paleobiology of the lion lineage. Journal of Vertebrate 
Paleontology, 29(3), 934–945.

Christiansen, P. E. R. (2009). Neotype of Neofelis diardi (Mammalia: 
Carnivora: Felidae). Zootaxa, 2110(1), 58–68.

Cruz, L. R., Muylaert, R. L., Galetti, M., & Pires, M. M. (2022). The geog-
raphy of diet variation in Neotropical Carnivora. Mammal Review, 
52(1), 112–128. https://​doi.​org/​10.​1111/​mam.​12266​

Dalerum, F. (2013). Phylogenetic and functional diversity in large car-
nivore assemblages. Proceedings of the Royal Society B: Biological 
Sciences, 280(1760), 20130049. https://​doi.​org/​10.​1098/​rspb.​
2013.​0049

Dalerum, F., Cameron, E. Z., Kunkel, K., & Somers, M. J. (2009). Diversity 
and depletions in continental carnivore guilds: Implications for pri-
oritizing global carnivore conservation. Biology Letters, 5(1), 35–38. 
https://​doi.​org/​10.​1098/​rsbl.​2008.​0520

Damuth, J., & Janis, C. M. (2011). On the relationship between hypsod-
onty and feeding ecology in ungulate mammals, and its utility in 
palaeoecology. Biological Reviews, 86(3), 733–758. https://​doi.​org/​
10.​1111/j.​1469-​185X.​2011.​00176.​x

Damuth, J., & Janis, C. M. (2014). A comparison of observed molar wear 
rates in extant herbivorous mammals. Annales Zoologici Fennici, 
51(1–2), 188–200.

Davies, T. J., Meiri, S., Barraclough, T. G., & Gittleman, J. L. (2007). 
Species co-existence and character divergence across carnivores. 
Ecology Letters, 10(2), 146–152. https://​doi.​org/​10.​1111/j.​1461-​
0248.​2006.​01005.​x

Di Minin, E., Slotow, R., Hunter, L. T. B., Montesino Pouzols, F., Toivonen, 
T., Verburg, P. H., Leader-Williams, N., Petracca, L., & Moilanen, A. 
(2016). Global priorities for national carnivore conservation under 
land use change. Scientific Reports, 6, 23814. https://​doi.​org/​10.​
1038/​srep2​3814

Dumont, M., Wall, C. E., Botton-Divet, L., Goswami, A., Peigné, S., & 
Fabre, A. C. (2016). Do functional demands associated with loco-
motor habitat, diet, and activity pattern drive skull shape evolution 
in musteloid carnivorans? Biological Journal of the Linnean Society, 
117(4), 858–878. https://​doi.​org/​10.​1111/​bij.​12719​

Eiler, J. M. (2011). Paleoclimate reconstruction using carbonate clumped 
isotope thermometry. Quaternary Science Reviews, 30(25–26), 
3575–3588.

Erickson, K. L. (2014). Prairie grass phytolith hardness and the evolution 
of ungulate hypsodonty. Historical Biology, 26(6), 737–744.

Eronen, J. T., Polly, P. D., Fred, M., Damuth, J., Frank, D. C., Mosbrugger, 
V., Scheidegger, C., Stenseth, N. C., & Fortelius, M. (2010). 
Ecometrics: The traits that bind the past and present together. 
Integrative Zoology, 5(2), 88–101. https://​doi.​org/​10.​1111/j.​1749-​
4877.​2010.​00192.​x

Eronen, J. T., Puolamäki, K., Liu, L., Lintulaakso, K., Damuth, J., Janis, C., & 
Fortelius, M. (2010). Precipitation and large herbivorous mammals 

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdatadryad.org%2Fstash%2Fshare%2FL5oHyuPlea9vh9ZegNiSxyDi6IauiZhY2y7RS-rKIW8&data=05%7C02%7Csicilia77%40txstate.edu%7Cb6056ffef4554314d2bf08dc6637e178%7Cb19c134a14c94d4caf65c420f94c8cbb%7C0%7C0%7C638497637390436808%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=98hZCfDyTmucx0VN6Nap%2BIqOoD4Xbi6PYwJYs7a6yXI%3D&reserved=0
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdatadryad.org%2Fstash%2Fshare%2FL5oHyuPlea9vh9ZegNiSxyDi6IauiZhY2y7RS-rKIW8&data=05%7C02%7Csicilia77%40txstate.edu%7Cb6056ffef4554314d2bf08dc6637e178%7Cb19c134a14c94d4caf65c420f94c8cbb%7C0%7C0%7C638497637390436808%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=98hZCfDyTmucx0VN6Nap%2BIqOoD4Xbi6PYwJYs7a6yXI%3D&reserved=0
https://orcid.org/0000-0002-0004-5407
https://orcid.org/0000-0002-0004-5407
https://doi.org/10.1007/s10914-020-09496-8
https://doi.org/10.1098/rsos.171861
https://doi.org/10.1098/rsos.171861
https://doi.org/10.1111/j.1469-7998.2011.00887.x
https://doi.org/10.1111/j.1469-7998.2011.00887.x
https://doi.org/10.1111/mam.12266
https://doi.org/10.1098/rspb.2013.0049
https://doi.org/10.1098/rspb.2013.0049
https://doi.org/10.1098/rsbl.2008.0520
https://doi.org/10.1111/j.1469-185X.2011.00176.x
https://doi.org/10.1111/j.1469-185X.2011.00176.x
https://doi.org/10.1111/j.1461-0248.2006.01005.x
https://doi.org/10.1111/j.1461-0248.2006.01005.x
https://doi.org/10.1038/srep23814
https://doi.org/10.1038/srep23814
https://doi.org/10.1111/bij.12719
https://doi.org/10.1111/j.1749-4877.2010.00192.x
https://doi.org/10.1111/j.1749-4877.2010.00192.x


    |  15 of 17SICILIANO-­MARTINA et al.

I: Estimates from present-day communities. Evolutionary Ecology 
Research, 12, 217–233.

Fernández-Sepúlveda, J., & Martín, C. A. (2022). Conservation status of 
the world's carnivorous mammals (order Carnivora). Mammalian 
Biology, 102(5–6), 1911–1925. https://​doi.​org/​10.​1007/​s4299​1-​
022-​00305​-​8

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1 km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37(12), 4302–4315.

Fortelius, M., Eronen, J., Jernvall, J., Liu, L., Pushkina, D., Rinne, J., 
Tesakov, A., Vislobokova, I., Zhang, Z., & Zhou, L. (2002). Fossil 
mammals resolve regional patterns of Eurasian climate change 
over 20 million years. Evolutionary Ecology Research, 4(7), 
1005–1016.

Fortelius, M., Eronen, J. T., Kaya, F., Tang, H., Raia, P., & Puolamäki, K. 
(2014). Evolution of neogene mammals in Eurasia: Environmental 
forcing and biotic interactions. Annual Review of Earth and Planetary 
Sciences, 42, 579–604. https://​doi.​org/​10.​1146/​annur​ev-​earth​-​
05021​2-​124030

Fortelius, M., Žliobaitė, I., Kaya, F., Bibi, F., Bobe, R., Leakey, L., Leakey, 
M., Patterson, D., Rannikko, J., & Werdelin, L. (2016). An ecom-
etric analysis of the fossil mammal record of the Turkana Basin. 
Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 371(1698), 20150232.

Friscia, A. R., Van Valkenburgh, B., & Biknevicius, A. R. (2007). An eco-
morphological analysis of extant small carnivorans. Journal of 
Zoology, 272(1), 82–100. https://​doi.​org/​10.​1111/j.​1469-​7998.​
2006.​00246.​x

Galetti, M., Moleón, M., Jordano, P., Pires, M. M., Guimaraes, P. R., 
Jr., Pape, T., Nichols, E., Hansen, D., Olesen, J. M., Munk, M., de 
Mattos, J. S., Schweiger, A. H., Owen-Smith, N., Johnson, C. N., 
Marquis, R. J., & Svenning, J. C. (2018). Ecological and evolution-
ary legacy of megafauna extinctions. Biological Reviews, 93(2), 
845–862.

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405, 
220–227.

Gehrt, S. D., Riley, S. P., & Cypher, B. L. (2010). Urban carnivores: Ecology, 
conflict, and conservation. Johns Hopkins University Press.

Gompper, M. E., & Hackett, H. M. (2005). The long-term, range-wide 
decline of a once common carnivore: The eastern spotted skunk 
(Spilogale putorius). Animal Conservation Forum, 8(2), 195–201.

Gittleman, J. L., & Gompper, M. E. (2005). Plight of predators: Importance 
of carnivores for understanding patterns of biodiversity and extinc-
tion risk. In P. Barbosa & I. Castellanos (Eds.), Ecology of predator-
prey interactions (pp. 370–388). Oxford University Press.

Grady, F. (1986). Pleistocene fauna from new trout cave. Capital Area 
Cavers Bulletin, 1, 62–67.

Graham, R. W. (1976). Pleistocene and Holocene mammals, tapho-
nomy, and paleoecology of the Friesenhahn cave local fauna, 
Bexar County, Texas. PhD dissertation, Department of Geological 
Sciences, University of Texas at Austin.

Gruwier, B. J., & Kovarovic, K. (2022). Ecomorphology of the cervid 
calcaneus as a proxy for paleoenvironmental reconstruction. The 
Anatomical Record, 305(9), 2207–2226.

Hall, S. A., & Valastro, S., Jr. (1995). Grassland vegetation in the southern 
Great Plains during the last glacial maximum. Quaternary Research, 
44(2), 237–245.

Head, J. J., Bloch, J. I., Hastings, A. K., Bourque, J. R., Cadena, E. A., 
Herrera, F. A., Polly, P. D., & Jaramillo, C. A. (2009). Giant boid snake 
from the Palaeocene neotropics reveals hotter past equatorial tem-
peratures. Nature, 457(7230), 715–717.

Hoeks, S., Huijbregts, M. A. J., Busana, M., Harfoot, M. B. J., Svenning, 
J. C., & Santini, L. (2020). Mechanistic insights into the role of large 
carnivores for ecosystem structure and functioning. Ecography, 
43(12), 1752–1763. https://​doi.​org/​10.​1111/​ecog.​05191​

Holliday, J. A., & Steppan, S. J. (2004). Evolution of hypercarnivory: The 
effect of specialization on morphological and taxonomic diversity. 
Paleobiology, 30, 108–128.

ITIS. (2023). The Integrated Taxonomic Information System on-line data-
base. http://​www.​itis.​gov. Accessed 1 September 2023.

IUCN. (2020). The IUCN red list of threatened species. Version 2020. 
https://​www.​iucnr​edlist.​org. Accessed 21 September 2020.

Iwaniuk, A. N., Pellis, S. M., & Whishaw, I. Q. (1999). The relationship be-
tween forelimb morphology and behaviour in north American car-
nivores (Carnivora). Canadian Journal of Zoology, 77(7), 1064–1074. 
https://​doi.​org/​10.​1139/​cjz-​77-​7-​1064

Janis, C. M. (1988). An estimation of tooth volume and hypsodonty in-
dices in ungulate mammals, and the correlation of these factors 
with dietary preferences. Mémoires du Museum National d'Histoire 
Naturelle, 53, 367–387.

Jardine, P. E., Janis, C. M., Sahney, S., & Benton, M. J. (2012). Grit not 
grass: Concordant patterns of early origin of hypsodonty in Great 
Plains ungulates and Glires. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 365, 1–10.

Jefferson, G. T. (1991). A catalogue of late quaternary vertebrates from 
California: Part two, mammals. Natural History Museum of LA County 
Technical Report, 7, 1–129.

Jernvall, J., & Fortelius, M. (2002). Common mammals drive the evolu-
tionary increase of hypsodonty in the Neogene. Nature, 417(6888), 
538–540.

Kaiser, T. M., Müller, D. W. H., Fortelius, M., Schulz, E., Codron, D., & 
Clauss, M. (2013). Hypsodonty and tooth facet development in re-
lation to diet and habitat in herbivorous ungulates: Implications for 
understanding tooth wear. Mammal Review, 43(1), 34–46.

Karlin, M. L. (2017). Mesopredator release theory: Comparing 
Mesocarnivore abundance and prey choices in an urban land-
scape and impacts on prey populations. International Journal of 
Environmental Sciences & Natural Resources, 2(5), 155–161.

Larivière, S. (2001). Aonyx congicus. Mammalian Species, 650, 1–3. 
https://​doi.​org/​10.​2307/0.​650.​1

Lawing, A. M., & Polly, P. D. (2012). The ecology of morphology: The 
ecometrics of locomotion and macroenvironment in North 
American snakes. In J. Louys (Ed.), Paleontology in ecology and con-
servation (1st ed., pp. 117–146). Springer. https://​doi.​org/​10.​1007/​
978-3-​642-​25038-​5

Long, C. A. (1971). Significance of the late Pleistocene fauna from the 
little box elder cave, Wyoming to studies of zoogeography of recent 
mammals. Great Basin Naturalist, 31, 93–105.

MacFadden, B. J. (1997). Origin and evolution of the grazing guild in New 
World terrestrial mammals. Trends in Ecology & Evolution, 12(5), 
182–187.

Mammal Diversity Database. (2023). Mammal Diversity Database 
(Version 1.11). Zenodo. https://​doi.​org/​10.​5281/​zenodo.​7830771

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding 
community ecology from functional traits. Trends in Ecology & 
Evolution, 21(4), 178–185. https://​doi.​org/​10.​1016/j.​tree.​2006.​02.​
002

McGuire, J. L., Michelle Lawing, A., Díaz, S., & Stenseth, N. C. (2023). 
The past as a lens for biodiversity conservation on a dynamically 
changing planet. Proceedings of the National Academy of Sciences of 
the United States of America, 120(7), e2201950120. https://​doi.​org/​
10.​1073/​pnas.​22019​50120​

McKay, M. E. P. (2008). Paleoecologies of the mammalian fossil faunas of 
natural trap cave and little box elder cave, Wyoming. University of 
South Carolina.

McNab, B. K. (1995). Energy expenditure and conservation in frugivorous 
and mixed-diet carnivorans. Journal of Mammalogy, 76(1), 206–222.

Mead, J. I., & Grady, F. (1996). Ochotona (Lagomorpha) from late quater-
nary cave deposits in eastern North America. Quaternary Research, 
45(1), 93–101.

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s42991-022-00305-8
https://doi.org/10.1007/s42991-022-00305-8
https://doi.org/10.1146/annurev-earth-050212-124030
https://doi.org/10.1146/annurev-earth-050212-124030
https://doi.org/10.1111/j.1469-7998.2006.00246.x
https://doi.org/10.1111/j.1469-7998.2006.00246.x
https://doi.org/10.1111/ecog.05191
http://www.itis.gov
https://www.iucnredlist.org
https://doi.org/10.1139/cjz-77-7-1064
https://doi.org/10.2307/0.650.1
https://doi.org/10.1007/978-3-642-25038-5
https://doi.org/10.1007/978-3-642-25038-5
https://doi.org/10.5281/zenodo.7830771
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1073/pnas.2201950120
https://doi.org/10.1073/pnas.2201950120


16 of 17  |     SICILIANO-­MARTINA et al.

Meloro, C. (2022). Ecomorphological disparity of small carnivore guilds. 
In Small carnivores: Evolution, ecology, behaviour, and conservation 
(pp. 93–106). John Wiley & Sons Ltd. https://​doi.​org/​10.​1002/​
97811​18943​274.​ch5

Meloro, C., & Sansalone, G. (2022). Palaeoecological significance of the 
“wolf event” as revealed by skull ecometrics of the canid guilds. 
Quaternary Science Reviews, 281, 107419.

Merceron, G., Ramdarshan, A., Blondel, C., Boisserie, J. R., Brunetiere, N., 
Francisco, A., Gautier, D., Milhet, X., Novello, D., & Pret, D. (2016). 
Untangling the environmental from the dietary: Dust does not mat-
ter. Proceedings of the Royal Society of London, Series B: Biological 
Sciences, 283(1838), 20161032.

Metz, L., Monteiro-Filho, E. L. D. A., Fusco-Costa, R., D'Bastiani, E., & 
Padial, A. A. (2024). Unravelling the trophic guild structure of 
Neotropical Carnivora: Diet specialisations, spatial variation and 
phylogenetic drivers. Mammal Review, 54(1), 13–29.

Middleton, O., Svensson, H., Scharlemann, J. P. W., Faurby, S., & Sandom, 
C. (2021). CarniDIET 1.0: A database of terrestrial carnivorous 
mammal diets. Global Ecology and Biogeography, 30(6), 1175–1182. 
https://​doi.​org/​10.​1111/​geb.​13296​

Mittelbach, G. G., & Schemske, D. W. (2015). Ecological and evolutionary 
perspectives on community assembly. Trends in Ecology & Evolution, 
30(5), 241–247. https://​doi.​org/​10.​1016/j.​tree.​2015.​02.​008

Morales, M. M., & Giannini, N. P. (2010). Morphofunctional patterns in 
Neotropical felids: Species co-existence and historical assembly. 
Biological Journal of the Linnean Society, 100(3), 711–724.

Myers, P., Espinosa, R., Parr, C. S., Jones, T., Hammond, G. S., & Dewey, 
T. A. (2024). The Animal Diversity Web (online). https://​anima​ldive​
rsity.​org

Nellis, D. W. (1989). Herpestes auropunctatus. Mammalian Species, 342, 
1–6.

Nyakatura, K., & Bininda-Emonds, O. R. (2012). Updating the evolution-
ary history of Carnivora (Mammalia): A new species-level supertree 
complete with divergence time estimates. BMC Biology, 10, 12.

Oksanen, O., Žliobaitė, I., Saarinen, J., Lawing, A. M., & Fortelius, M. 
(2019). A Humboldtian approach to life and climate of the geologi-
cal past: Estimating palaeotemperature from dental traits of mam-
malian communities. Journal of Biogeography, 46(8), 1760–1776.

Overpeck, J. T., Webb, R. S., & Webb, T., III. (1992). Mapping eastern 
north American vegetative changes in the past 18 Ka: Non-analogs 
and the future. Geology, 20, 1071–1074.

Parmalee, P. W., & Oesch, R. D. (1972). Pleistocene and recent faunas 
from the Brynjulfson caves, Missouri. Illinois State Museum Report, 
25, 1–52.

Polly, P. D. (2010). Tiptoeing through the trophics: Geographic variation 
in carnivoran locomotor ecomorphology in relation to environment. 
In A. Goswami & A. Friscia (Eds.), Carnivoran evolution: New views 
on phylogeny, form, and function (1st ed., pp. 374–401). Cambridge 
University.

Polly, P. D. (2020). Ecometrics and Neogene faunal turnover: The roles of 
cats and hindlimb morphology in the assembly of carnivoran com-
munities in the New World. Geodiversitas, 42(17), 257–304.

Polly, P. D., Eronen, J. T., Fred, M., Dietl, G. P., Mosbrugger, V., Scheidegger, 
C., Frank, D. C., Damuth, J., Stenseth, N. C., & Fortelius, M. (2011). 
History matters: Ecometrics and integrative climate change biology. 
Proceedings of the Royal Society B: Biological Sciences, 278(1709), 
1131–1140. https://​doi.​org/​10.​1098/​rspb.​2010.​2233

Polly, P. D., Fuentes-Gonzalez, J., Lawing, A. M., Bormet, A. K., & Dundas, 
R. G. (2017). Clade sorting has a greater effect than local adaptation 
on ecometric patterns in Carnivora. Evolutionary Ecology Research, 
18(2), 61–95.

Polly, P. D., & Head, J. J. (2015). Measuring Earth-life transitions: 
Ecometric analysis of functional traits from late Cenozoic verte-
brates. The Paleontological Society Papers, 21, 21–46.

Polly, P. D., & Sarwar, S. (2014). Extinction, extirpation, and exotics: 
Effects on the correlation between traits and environment at 

the continental level. Annales Zoologici Fennici, 51(1–2), 209–226. 
https://​doi.​org/​10.​5735/​086.​051.​0221

Prevosti, F. J., & Pereira, J. A. (2014). Community structure of south 
American carnivores in the past and present. Journal of Mammalian 
Evolution, 21(4), 363–368.

Prugh, L. R., Stoner, C. J., Epps, C. W., Bean, W. T., Ripple, W. J., Laliberte, 
A. S., & Brashares, J. S. (2009). The rise of the mesopredator. 
Bioscience, 59(9), 779–791.

R Core Team. (2023). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://​www.​R-​proje​
ct.​org/​

Rashid, I., Mir, S. H., Zurro, D., Dar, R. A., & Reshi, Z. A. (2019). Phytoliths 
as proxies of the past. Earth-Science Reviews, 194, 234–250.

Ray, J. C., & Sunquist, M. E. (2001). Trophic relations in a community of 
African rainforest carnivores. Oecologia, 127(3), 395–408. https://​
doi.​org/​10.​1007/​s0044​20000604

Reynolds, A. R., Lowi-Merri, T. M., Brannick, A. L., Seymour, K. L., 
Churcher, C. S., & Evans, D. C. (2023). Dire wolf (Canis dirus) from 
the late Pleistocene of southern Canada (Medicine Hat, Alberta). 
Journal of Quaternary Science, 38(6), 938–946.

Richards, R. L. (1972). The woodrat in Indiana: Recent fossils. Proceedings 
of the Indiana Academy of Sciences, 81, 370–475.

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., 
Hebblewhite, M., Berger, J., Elmhagen, B., Letnic, M., Nelson, M. P., 
Schmitz, O. J., Smith, D. W., Wallach, A. D., & Wirsing, A. J. (2014). 
Status and ecological effects of the world's largest carnivores. Science, 
343(6167), 1241484. https://​doi.​org/​10.​1126/​scien​ce.​1241484

Ripple, W. J., Newsome, T. M., Wolf, C., Dirzo, R., Everatt, K. T., Galetti, M., 
Hayward, M. W., Kerley, G. I. H., Levi, T., Lindsey, P. A., Macdonald, 
D. W., Malhi, Y., Painter, L. E., Sandom, C. J., Terborgh, J., & Van 
Valkenburgh, B. (2015). Collapse of the world's largest herbivores. 
Science Advances, 1(4), e1400103.

Roemer, G. W., Gompper, M. E., & Van Valkenburgh, B. (2009). The eco-
logical role of the mammalian mesocarnivore. Bioscience, 59(2), 
165–173. https://​doi.​org/​10.​1525/​bio.​2009.​59.2.​9

Schap, J. A., McGuire, J. L., Lawing, A. M., Manthi, F. K., & Short, R. A. 
(2024). Ecometric models of small mammal hypsodonty can esti-
mate paleoprecipitation across eastern Africa. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 643, 112181. https://​doi.​org/​10.​
1016/j.​palaeo.​2024.​112181

Schap, J. A., Samuels, J. X., & Joyner, T. A. (2021). Ecometric estimation 
of present and past climate of North America using crown heights 
of rodents and lagomorphs. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 562, 110144. https://​doi.​org/​10.​1016/j.​palaeo.​
2020.​110144

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., 
Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., 
Tinevez, J.-Y., White, D. J., Hartenstein, V., Eliceiri, K., Tomancak, P., 
& Cardona, A. (2012). Fiji: An open-source platform for biological-
image analysis. Nature Methods, 9(7), 676–682.

Semprebon, G. M., Rivals, F., & Janis, C. M. (2019). The role of grass vs. ex-
ogenous abrasives in the paleodietary patterns of north American 
ungulates. Frontiers in Ecology and Evolution, 7, 65.

Short, R. A., & Lawing, A. M. (2021). Geography of artiodactyl loco-
motor morphology as an environmental predictor. Diversity and 
Distributions, 27(9), 1818–1831. https://​doi.​org/​10.​1111/​ddi.​
13371​

Short, R. A., McGuire, J. L., Polly, P. D., & Lawing, A. M. (2023). Trophically 
integrated ecometric models as tools for demonstrating spatial and 
temporal functional changes in mammal communities. Proceedings 
of the National Academy of Sciences of the United States of America, 
120(7), e2201947120. https://​doi.​org/​10.​1073/​pnas

Short, R. A., Pinson, K., & Lawing, A. M. (2021). Comparison of envi-
ronmental inference approaches for ecometric analyses: Using 
hypsodonty to estimate precipitation. Ecology and Evolution, 11(1), 
587–598. https://​doi.​org/​10.​1002/​ece3.​7081

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/9781118943274.ch5
https://doi.org/10.1002/9781118943274.ch5
https://doi.org/10.1111/geb.13296
https://doi.org/10.1016/j.tree.2015.02.008
https://animaldiversity.org
https://animaldiversity.org
https://doi.org/10.1098/rspb.2010.2233
https://doi.org/10.5735/086.051.0221
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1007/s004420000604
https://doi.org/10.1007/s004420000604
https://doi.org/10.1126/science.1241484
https://doi.org/10.1525/bio.2009.59.2.9
https://doi.org/10.1016/j.palaeo.2024.112181
https://doi.org/10.1016/j.palaeo.2024.112181
https://doi.org/10.1016/j.palaeo.2020.110144
https://doi.org/10.1016/j.palaeo.2020.110144
https://doi.org/10.1111/ddi.13371
https://doi.org/10.1111/ddi.13371
https://doi.org/10.1073/pnas
https://doi.org/10.1002/ece3.7081


    |  17 of 17SICILIANO-­MARTINA et al.

Sih, A., Englund, G., & Wooster, D. (1998). Emergent impacts of multiple 
predators on prey. Trends in Ecology & Evolution, 13(9), 350–355. 
https://​doi.​org/​10.​1016/​S0169​-​5347(98)​01437​-​2

Smith, M. R., & Polly, P. D. (2013). A reevaluation of the Harrodsburg 
crevice fauna (late Pleistocene of Indiana, U.S.A.) and the climatic 
implications of its mammals. Journal of Vertebrate Paleontology, 
33(2), 410–420. https://​doi.​org/​10.​1080/​02724​634.​2013.​725440

Sorkin, B. (2006). Ecomorphology of the giant short-faced bears 
Agriotherium and Arctodus. Historical Biology, 18(1), 1–20.

Stirton, R. A. (1947). Observations on evolutionary rates in hypsodonty. 
Evolution, 1(1/2), 32–41.

Strömberg, C. A. (2002). The origin and spread of grass-dominated 
ecosystems in the late tertiary of North America: Preliminary re-
sults concerning the evolution of hypsodonty. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 177(1–2), 59–75.

Sun, Y., Xu, Q., Zhang, S., Li, Y., Li, M., Li, Y., Wang, T., Zhang, X., Wang, Y., 
Huang, R., Hao, J., Zheng, Z., & Zhou, Z. (2020). A novel procedure 
for quantitative regional paleoclimatic reconstruction using surface 
pollen assemblages. Quaternary Science Reviews, 240, 106385.

Tarquini, S. D., Chemisquy, M. A., & Prevosti, F. J. (2020). Evolution 
of the carnassial in living mammalian carnivores (Carnivora, 
Didelphimorphia, Dasyuromorphia): Diet, phylogeny, and allome-
try. Journal of Mammalian Evolution, 27(1), 95–109. https://​doi.​org/​
10.​1007/​s1091​4-​018-​9448-​7

Tellaeche, C. G., Reppucci, J. I., Morales, M. M., Luengos Vidal, E. M., & 
Lucherini, M. (2018). External and skull morphology of the Andean 
cat and pampas cat: New data from the high Andes of Argentina. 
Journal of Mammalogy, 99(4), 906–914.

Tseng, Z. J., & Flynn, J. J. (2018). Structure-function covariation with non-
feeding ecological variables influences evolution of feeding special-
ization in Carnivora. Science Advances, 4(2), eaao5441.

Van Rompaey, H. (1988). Osbornictis piscivora. Mammalian Species, 309, 
1–4.

Van Rompaey, H., & Colyn, M. (1992). Crossarchus ansorgei. Mammalian 
Species, 402, 1–3.

Van Valkenburgh, B. (1989). Carnivore dental adaptations and diet: 
A study of trophic diversity within guilds. In J. L. Gittleman (Ed.), 
Carnivore behavior, ecology, and evolution (pp. 410–436). Springer 
Science & Business Media. https://​doi.​org/​10.​2307/​5953

Van Valkenburgh, B. (2007). Déjà vu: The evolution of feeding morphol-
ogies in the Carnivora. Integrative and Comparative Biology, 47(1), 
147–163. https://​doi.​org/​10.​1093/​icb/​icm016

Vermillion, W. A., Polly, P. D., Head, J. J., Eronen, J. T., & Lawing, A. M. 
(2018). Ecometrics: A trait-based approach to paleoclimate and 
paleoenvironmental reconstruction. In Methods in paleoecology: 
Reconstructing Cenozoic terrestrial environments and ecological com-
munities (pp. 373–394). Springer International Publishing. https://​
doi.​org/​10.​1007/​978-​3-​319-​94265​-​0

Violle, C., Reich, P. B., Pacala, S. W., Enquist, B. J., & Kattge, J. (2014). The 
emergence and promise of functional biogeography. Proceedings 
of the National Academy of Sciences of the United States of America, 
111(38), 13690–13696. https://​doi.​org/​10.​1073/​pnas.​14154​42111​

Webb, S. D. (1977). A history of savanna vertebrates in the New World. 
Part I: North America. Annual Review of Ecology and Systematics, 
8(1), 355–380.

Weiher, E., Freund, D., Bunton, T., Stefanski, A., Lee, T., & Bentivenga, 
S. (2011). Advances, challenges and a developing synthesis of 

ecological community assembly theory. Philosophical Transactions 
of the Royal Society of London. Series B, Biological Sciences, 366(1576), 
2403–2413. https://​doi.​org/​10.​1098/​rstb.​2011.​0056

Wiens, J. J. (2011). The niche, biogeography and species interactions. 
Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences, 366(1576), 2336–2350. https://​doi.​org/​10.​
1098/​rstb.​2011.​0059

Williams, S. H., & Kay, R. F. (2001). A comparative test of adaptive ex-
planations for hypsodonty in ungulates and rodents. Journal of 
Mammalian Evolution, 8, 207–229.

Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M. M., 
& Jetz, W. (2014). EltonTraits 1.0: Species-level foraging attributes 
of the world's birds and mammals: Ecological archives E095-178. 
Ecology, 95(7), 2027.

Wilson, D. E., & Mittermeier, R. A. (2009). Handbook of the mammals of 
the world (Vol. 1). Carnivores. Lynx Edicions.

Wilson, O. E., Fortelius, M., & Saarinen, J. (2023). Species discovery and 
dental ecometrics: Good news, bad news and recommendations for 
the future. Historical Biology, 35(5), 678–692. https://​doi.​org/​10.​
1080/​08912​963.​2022.​2060102

Wolf, C., & Ripple, W. J. (2017). Range contractions of the world's large 
carnivores. Royal Society Open Science, 4, 170052. https://​doi.​org/​
10.​1098/​rsos.​170052

Zhou, Y. B., Newman, C., Xu, W. T., Buesching, C. D., Zalewski, A., 
Kaneko, Y., … Xie, Z. Q. (2011). Biogeographical variation in the 
diet of Holarctic martens (genus Martes, Mammalia: Carnivora: 
Mustelidae): Adaptive foraging in generalists. Journal of 
Biogeography, 38(1), 137–147. https://​doi.​org/​10.​1111/j.​1365-​2699.​
2010.​02396.​x

Žliobaite, I., Tang, H., Saarinen, J., Fortelius, M., Rinne, J., & Rannikko, 
J. (2018). Dental ecometrics of tropical Africa: Linking vegetation 
types and communities of large plant-eating mammals. Evolutionary 
Ecology Research, 19(3), 127–147.

Zuercher, G. L., Owen, R. D., Torres, J., & Gipson, P. S. (2022). Mechanisms 
of coexistence in a diverse Neotropical mammalian carnivore com-
munity. Journal of Mammalogy, 103(3), 618–638. https://​doi.​org/​10.​
1093/​jmamm​al/​gyac003

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Siciliano-Martina, L., McGuire, J. L., 
Hurtado-Materon, M. A., Short, R. A., Lauer, D. A., Schap, J. A., 
Müller, J., Manthi, F. K., Head, J. J., & Lawing, A. M. (2024). 
Ecometrics demonstrates that the functional dental traits of 
carnivoran communities are filtered by climate. Ecology and 
Evolution, 14, e70214. https://doi.org/10.1002/ece3.70214

 20457758, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70214 by T

exas State U
niversity, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0169-5347(98)01437-2
https://doi.org/10.1080/02724634.2013.725440
https://doi.org/10.1007/s10914-018-9448-7
https://doi.org/10.1007/s10914-018-9448-7
https://doi.org/10.2307/5953
https://doi.org/10.1093/icb/icm016
https://doi.org/10.1007/978-3-319-94265-0
https://doi.org/10.1007/978-3-319-94265-0
https://doi.org/10.1073/pnas.1415442111
https://doi.org/10.1098/rstb.2011.0056
https://doi.org/10.1098/rstb.2011.0059
https://doi.org/10.1098/rstb.2011.0059
https://doi.org/10.1080/08912963.2022.2060102
https://doi.org/10.1080/08912963.2022.2060102
https://doi.org/10.1098/rsos.170052
https://doi.org/10.1098/rsos.170052
https://doi.org/10.1111/j.1365-2699.2010.02396.x
https://doi.org/10.1111/j.1365-2699.2010.02396.x
https://doi.org/10.1093/jmammal/gyac003
https://doi.org/10.1093/jmammal/gyac003
https://doi.org/10.1002/ece3.70214

	Ecometrics demonstrates that the functional dental traits of carnivoran communities are filtered by climate
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Study system and functional trait
	2.2  |  Ecomorphological analyses
	2.3  |  Community-­level data
	2.4  |  Ecometric analyses
	2.5  |  Paleoenvironmental reconstruction

	3  |  RESULTS
	3.1  |  Relative blade length
	3.2  |  Geographic trait variation
	3.3  |  Modern carnivoran communities
	3.4  |  Fossil carnivoran communities

	4  |  DISCUSSION
	4.1  |  Carnivoran diets
	4.2  |  Variations of traits and climates
	4.3  |  Carnivoran range loss
	4.4  |  Geographic and continental trends
	4.5  |  Paleoclimate predictions
	4.6  |  Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


