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The diversity of body shapes is one of the most prominent features of phenotypic variation in vertebrates. Biologists, however, still

lack a full understanding of the underlying morphological components that contribute to its diversity, particularly in endothermic

vertebrates such as mammals. In this study, hypotheses pertaining to the evolution of the cranial and axial components that

contribute to the diversity of carnivoran body shapes were tested. Three trends were found in the evolution of carnivoran body

shapes: (1) carnivorans exhibit diverse body shapes with intrafamilial variation predicted best by family clade age, (2) body shape is

driven by strong allometric effects of body size where species become more elongate with decreasing size, and (3) the thoracic and

lumbar regions and rib length contribute themost to body shape variation, albeit pathways differ between different families. These

results reveal the morphological patterns that led to increased diversity in carnivoran body shapes and elucidate the similarities

and dissimilarities that govern body shape diversity across vertebrates.
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vertebrae.

Understanding the major patterns of phenotypic variation is a

central goal of evolutionary biology. In vertebrates, body shape is

one of the most prominent features of morphology, with impor-

tant consequences to the physiology, performance, and ecology

of organisms. Researchers have quantified the major patterns of

body shape variation primarily in squamates and fishes, finding

that body elongation is often one of the primary axes of body

shape diversity and that elongate bodies have evolved repeat-

edly within many clades (Wiens and Slingluff 2001; Ward and

Mehta 2010; Bergmann and Irschick 2012; Claverie and Wain-

wright 2014; Price et al. 2019). Elongate body shapes further al-

low clades to generate morphological, functional, and ecological

innovations that can lead to increased diversification and niche

specialization (Gans 1975; Wiens et al. 2006; Claverie and Wain-

wright 2014; Sharpe et al. 2015; Collar et al. 2016).

Although the patterns of body shape diversity have been

documented across several major ectothermic vertebrate clades,

much work is still needed to quantify body shapes in endother-

mic vertebrates such as mammals. Scientists and public audi-

ences alike have qualitatively described the diversity of mam-

malian body shapes ranging from robust, tank-like elephants

and rhinoceros to elongate weasels and squirrels to streamlined

whales and dolphins. Unfortunately, the quantitative evidence to

go along with these qualitative descriptions of mammalian body

shapes is often absent. Recent work, however, demonstrated that

quantifying body shape variation can reveal patterns of diversifi-

cation in some mammalian clades. For example, mustelids were

found to exhibit significant evolutionary shifts towards smaller,

more elongate bodies with reduced limb lengths that in turn led

to their increased species richness (Law et al. 2018b; Law et al.

2019; Law 2019). Therefore, whether these evolutionary patterns

in body plans are unique to musteloids or occur in broader clades

of mammals is unknown because of the lack of mammalian body

shape datasets.

Similarly, the morphological components that contribute to

the diversity of mammalian body shapes also remain unknown.
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In ectothermic vertebrates, the evolutionary pathways underlying

converging body shapes vary. Ectothermic vertebrates can evolve

more elongate bodies through multiple pathways including the

reduction of body depth, elongation of the head, and lengthen-

ing of the body axis by increasing individual vertebral lengths

or adding additional vertebrae to the body (Parra-Olea and Wake

2001; Ward and Brainerd 2007; Ward and Mehta 2010; Collar

et al. 2013). Elongation of the body in ectothermic vertebrates

often arises through increases in the number of vertebrae in a

particular region of the axial skeleton (Richardson et al. 1998;

Polly et al. 2001; Ward and Brainerd 2007; Ward and Mehta

2010; Mehta et al. 2010) with some clades (e.g., snakes) reach-

ing over 100 vertebrae (Polly et al. 2001; Ward and Mehta 2014).

The majority of mammalian lineages, however, are constrained

to only 27−32 precaudal vertebrae (Narita and Kuratani 2005);

therefore, increased body elongation in mammals is usually not

attained by increasing the total number of vertebrae. Instead, evo-

lution toward more elongate bodies must occur through reduc-

tion of body depth, elongation of the head, and/or elongation of

the individual vertebrae. Previous work has shown that changes

in vertebral shape can generate diverse body shapes from long-

necked giraffes with elongate cervical vertebrae to fusiform dol-

phins with shortened and fused cervical vertebrae (Buchholtz

2001; Buchholtz and Schur 2004; Arnold et al. 2017; Vander Lin-

den et al. 2019). Furthermore, more recent work has investigated

the evolutionary processes that led to increase in the complexity

and regionalization of the mammalian vertebral column (Jones

et al. 2018a, b; Jones et al. 2019). Despite these advances, the

contribution of different regions of the axial skeleton to the di-

versity of mammalian body shapes remains largely unexamined

(Collar et al. 2013).

In this study, a quantitative dataset of body shapes across

207 carnivorans (∼74% of species) was generated to quantify the

evolutionary patterns of body shape variation and the underlying

morphological components that contribute to body shape vari-

ation between families of the mammalian order Carnivora. Car-

nivora is an ideal clade because of its high species richness (>280

species; fourth largest mammalian order), large range of body

sizes from the 200 g least weasel to the 4000 kg southern elephant

seal, and the qualitatively diverse range of body shapes from ro-

bust bears to streamlined seals and elongate weasels. Carnivoran

families serve as evolutionarily significant units (Humphreys and

Barraclough 2014), and disparate evolutionary processes drive

differences in morphological variation between individual car-

nivoran families (Slater and Friscia 2019), particularly in the

skull (Radinsky 1981; Christiansen and Wroe 2007; Finarelli

and Flynn 2009; Figueirido et al. 2011). Whether the postcra-

nial system similarly exhibits interfamilial differences remains

rarely investigated. Therefore, I tested three sets of predictions

pertaining to the evolutionary and morphological patterns that un-

derlie the variation of body shape for each individual carnivoran

family. First, the evolutionary patterns of body shape between

carnivoran families were examined by testing whether familial

body shape variation accumulates proportionally to time and in-

creased rate of body shape evolution as predicted under Brownian

motion (O’Meara et al. 2006) as well as with increased species

richness as often hypothesized (Wiens 2011; Rabosky and Adams

2012; Zelditch et al. 2015). Second, allometric effects of body

size were tested on body shape with the prediction that larger

species exhibit more robust bodies within each carnivoran fam-

ily. Several ecological, physiological, and morphological traits

scale with size including cranial and body shapes (Jones 2015a;

Klingenberg and Zimmermann 1992; Zelditch et al. 2017; Sher-

ratt et al. 2019), and in mammals, larger species are often hy-

pothesized to have more robust bodies to combat the effects of

gravity (Jones 2015a, b; McMahon 1975; Prothero and Sereno

1982; Biewener 1983). Third, which components of the cranial-

axial skeleton contributed the most to overall body shape vari-

ation across all carnivorans and within each carnivoran family

were determined. Because the thoracic and lumbar regions of the

vertebral column are the primary structures used to support the

body against gravity (Kardong 2014), it is predicted that evolu-

tionary changes in body shape will be primary driven through

thoracolumbar elongation or shortening.

Methods
QUANTIFYING BODY SHAPE AND BODY SIZE

I quantified body shape and body size using osteological speci-

mens held at 10 natural history museum collections. My dataset

consisted of 207 carnivoran species (∼74% of total species diver-

sity), sampling between one and ten individuals per species (N =
685 individuals; median = 3 individuals per species; dataset in

dryad). All specimens were fully mature, determined by the clo-

sure of exoccipital–basioccipital and basisphenoid–basioccipital

sutures on the cranium and ossification of all vertebrae and limb

bones. A combination of females, males, and sex unknown in-

dividuals was used because just one sex cannot be used with-

out compromising sample sizes both in terms of the number of

species and the number of individuals per species used.

Carnivoran body shape was quantified by calculating the

head-body elongation ratio (hbER) as the sum of head length

(LH) and body length (LB) divided by the body depth (LR): hbER

= LH +LB
LR

. Head length was measured as the condylobasal length

of the cranium. Body length was estimated by summing the cen-

trum lengths (measured along the ventral surface of the vertebral

centrum) of each cervical, thoracic, lumbar, and sacral vertebrae,

and body depth was estimated as the average length of the four

longest ribs. Each rib was measured as a curve from the end of
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the capitulum to the point of articulation with the costal cartilage.

The measurements of the caudal region were omitted in calcu-

lations of body length because the number of caudal vertebrae

in most species is unknown and there was no way to determine

whether the osteological specimens that were used contained all

caudal vertebrae.

The head elongation ratio (head ER) and axial elongation in-

dex (AEI) (Ward and Brainerd 2007; Law et al. 2019) of each pre-

caudal vertebral region (i.e. cervical, thoracic, lumbar, and sacral)

were also quantified to examine how the various regions of the

cranial and axial skeletons contribute to body shape variation.

The head elongation ratio (head ER) was quantified by dividing

cranial length (LH) by cranial height (HH). A modified version

of the axial elongation index (AEI) (Ward and Brainerd 2007;

Law et al. 2019) was then used to examine how each vertebral

region (i.e., cervical, thoracic, lumbar, and sacral) contributes to

elongation. For each region (V), AEIV was calculated as the total

sum of vertebral lengths (LV measured along the ventral surface

of the vertebral centrum) divided by the average vertebral height

(HV measured from the ventral surface of the centrum to the tip

of the neural spine): AEIV = �LV
mean(HV ) .

Body size was quantified as the geometric mean of linear

measurements taken from the cranium, vertebrae, and ribs (i.e.,

cranial length and height, curved rib length, and length and height

of each vertebrae). The geometric mean was derived from the Nth

root of the product of N (N = 11) linear measurements, a widely

used as a predictor of the size of an individual (Mosimann 1970;

Jungers et al. 1995). All measurements were taken to the near-

est 0.01 mm with digital calipers. Species means were calculated

prior to statistical analyses.

PHYLOGENETIC COMPARATIVE METHODS

Where applicable, analyses were performed under a phylogenetic

framework using the most recent phylogeny of mammals pruned

to include just carnivorans (Upham et al. 2019).

Linear regressions were performed to test if clade age, rate

of body shape evolution, and species richness influenced body

shape variation between carnivoran families. For each family, (1)

body shape variation as the variance of hbER, (2) clade age us-

ing the cladeage R function written by Sam Price (evovert.com),

(3) evolutionary rate (σ2) of body shape under a Brownian mo-

tion model using the fitContinuous function in the R package

geiger (Pennell et al. 2014), and (4) species richness as the total

number of species were calculated. Nandiniidae, Prionodontidae,

Odobenidae, and Ailuridae were excluded in the above analyses

because these are single species families.

The allometric effects of body size on body shape (hbER)

were tested across carnivorans and within each carnivoran family

using phylogenetic generalized least-squares (PGLS) regressions

using the R package phylolm (Tung Ho and Ané 2014). Whether

each body size-shape slopes significantly deviated from an iso-

metric slope of 0 using 95% bootstrap confidence intervals was

tested. Predicted slopes significantly greater or less than the 95%

confidence intervals of the observed regression slopes were in-

terpreted as positive or negative allometry, respectively. The iso-

metric slope was set as 0 because hbER is a dimensionless ratio.

I also examined the relationships of body shape variation with

mean body size and body size variation between families using

linear regressions.

Which skeletal components (head elongation, rib cage re-

duction, and/or elongation of individual vertebral regions) con-

tributed the most to overall body shape variation within each car-

nivoran family by performing a phylogenetic multiple regression

were determined. The statistical significance of the PGLS mod-

els was evaluated using the random residual permutation proce-

dure (RRPP) (Adams and Collyer 2018) with 1000 iterations in

the R package RRPP version 0.3.0 (Collyer and Adams 2018).

The effect sizes were also estimated by calculating the Z score

as the standard deviation of the observed F-value in the distribu-

tion of RRPP-generated values (Adams and Collyer 2016). The

same phylogenetic multiple regression models were run within

each family that contained at least eight species.

Results
BODY SHAPE EVOLUTION AND VARIATION

Carnivorans exhibit great variation in body shapes ranging from

robust bears (Ursidae, mean hbER = 3.45), hyaenas (Hyaenidae,

mean hbER = 3.64), and the walrus (Odobenidae, hbER = 3.68)

to elongate mustelids (mean hbER = 6.20), viverrids (mean

hbER = 6.17), and the linsang (Prionodontidae, hbER = 7.48).

Mustelids exhibited the greatest body shape variation (hbER

variation = 1.059) whereas ursids (hbER variation = 0.045)

and otariids (hbER variation = 0.057) exhibited the lowest body

shape variation. Linear regressions revealed that body shape

variation across carnivoran families exhibited significant positive

relationships with family clade age (R2 = 0.43; P = 0.022) as

predicted under Brownian motion but neither with body shape

evolutionary rates (R2 = 0.00; P = 0.312) nor species richness

(R2 = 0.22; P = 0.124; Fig. 1C–E).

EFFECTS OF BODY SIZE ON BODY SHAPE DIVERSITY

PGLS regressions indicated that the majority of carnivoran fami-

lies as well as the overall order exhibited a significant relationship

between body shape and body size, where smaller species exhibit

more elongate bodies (P < 0.001; Fig. 2A; Table 1). However,

phocid seals exhibited an opposite relationship between body

shape and size where larger phocids exhibited more elongate bod-

ies. In contrast, euplerids, ursids, and otariids did not exhibit a

EVOLUTION FEBRUARY 2021 367



CHRIS J. LAW

A B

C D E

Figure 1. (A) Phylogenetic relationship between all 16 carnivoran families. Numbers represent number of species sampled out of total

number of species within each family. (B) Violin plots of body shape as defined by head-body elongation ratio (hbER). Higher hbER values

indicate more elongate species. Linear regressions of body shape variation with (C) clade age, (D) hbER evolutionary rates, and (E) species

richness.
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Figure 2. (A) PGLS regression of body size versus body shape and linear regression of (B) body size versus body shape variation and (C)

body size variation versus body shape variation. hbER = head-body elongation ratio. The bold black line indicates significant relationship

across all carnivorans. Dashed black lines indicate non-significant relationships. Colored lines indicate significant relationships within

specific carnivoran family; colors and symbols are the same as in Figure 1.

significant body shape-size relationship (Fig. 2A; Table 1). Allo-

metric tests reveal that most families exhibited significantly neg-

ative allometric relationships (slopes = −0.105 to −0.598) with

the exception of isometry in Canidae, Otariidae, and Ursidae, and

positive allometry in Phocidae (Table 1). Body shape variation

did not exhibit a significant relationship with either mean body

size (P = 0.195) or body size variation (P = 0.137) across the

carnivoran families (Fig. 2).

PREDICTORS OF BODY SHAPE VARIATION

Phylogenetic multiple regression revealed that elonga-

tion/shortening of the lumbar region (R2 = 0.41; Z = 3.92;

P = 0.001), relative shortening/lengthening of the ribs (R2 =
0.21; Z = 4.17; P = 0.001), and elongation/shortening of the

thoracic region (R2 = 0.14; Z = 3.46; P = 0.001) contributed

the most to overall body shape variation across carnivorans

(Table 2; Fig. 3). Although the remaining skeletal components

also exhibited significant relationships with body shape, only

3−9% of body shape variation can be explained by any one of

these components (R2 = 0.03−0.09; Z = 2.90−3.37; Table 2).

Only 6% of the variance in body shape was unexplained by

skeletal components. However, relationships between skeletal

components and body shape are not consistent within each

carnivoran families (Table S1). The best predictor of body

shape varied between families including elongation of the

head (Mustelidae [R2 = 0.59; Z = 3.69; P = 0.001]), elonga-

tion of the cervical region (Phocidae [R2 = 0.34; Z = 2.126;

P = 0.001], Mephitidae [R2 = 0.66; Z = 3.77; P = 0.001], and

Procyonidae [R2 = 0.87; Z = 2.81; P = 0.001]), elongation of

the lumbar region (Viverridae [R2 = 0.40; Z = 2.48; P = 0.001]

and Herpestidae [R2 = 0.42; Z = 1.56; P = 0.008]), and relative

shortening of rib length (Felidae [R2 = 0.37; Z = 3.06; P =
0.001], Canidae [R2 = 0.45; Z = 3.97; P = 0.001], Otariidae

[R2 = 0.86; Z = 2.54; P = 0.001]). None of the skeletal

components were significant predictors of hbER in ursids.

Discussion
BODY SHAPE EVOLUTION AND VARIATION

Body shape is one of the most prominent features of trait varia-

tion in vertebrates and has been well documented in several ec-

tothermic vertebrate clades but not in endothermic vertebrates. In

this study, a quantitative dataset of carnivoran body shapes was

created and previously undocumented variation of body shapes

between families was found. Clade age, but not rates of body

shape evolution or species richness, predicted the variation of

body shapes across carnivoran families (Fig. 1), indicating that

older families simply had more evolutionary time to accumulate

more disparate body shapes than younger families. Although my

results somewhat follow predictions of a Brownian motion model

(O’Meara et al. 2006), previous empirical studies have found

inconsistent relationships between phenotypic variation, clade

age, phenotypic evolutionary rates, and species richness (e.g.,

Rabosky and Adams 2012; Sherratt et al. 2014; Zelditch et al.

2015; Friedman et al. 2019). Together, these findings contribute

to the continual discovery of the discrepancy between the vari-

ation of phenotypic traits and diversity of species (Martin and

Richards 2019).

Mustelidae exhibits the highest variation of body shapes,

which may be unsurprising considering they are the most ecomor-

phologically disparate carnivoran family; members range from

insectivorous, fossorial badgers to hypercarnivorous, cursorial

weasels to piscivorous, aquatic otters (Law et al. 2018a; Fabre

et al. 2015; Kitchener et al. 2018; Parsi-Pour and Kilbourne

2020). Mustelidae also includes the most elongate carnivorans,

weasels, and polecats (Law et al. 2019; Law 2019). Interestingly,
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Table 1. Results of the PGLS regressions of body size versus body shape across Carnivora and within carnivoran clades. 95% bootstrap

confidence intervals were used to determine if body size-shape relationships were allometric.

All Carnivora Estimate [95% bootstrap CI] Allometry t Value P value

Intercept 2.394 [2.145, 2.606] – 17.748 <0.001
Slope −0.161 [−0.204, −0.110] negative −6.868 <0.001
Felidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.230 [1.988, 2.493] – 17.820 <0.001
Slope −0.105 [−0.157, −0.053] negative −3.998 <0.001
Viverridae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 3.823 [3.268, 4.493] – 10.878 <0.001
Slope −0.450 [−0.598, −0.326] negative −5.724 <0.001
Hyaenidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.882 [2.353, 3.395] – 8.297 0.014
Slope −0.312 [−0.412, −0.208] negative −4.582 0.044
Eupleridae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.572 [2.156, 2.873] – 8.958 <0.001
Slope −0.187 [−0.258, −0.089] negative −2.715 0.073
Herpestidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.773 [2.317, 3.200] – 11.223 <0.001
Slope −0.239 [−0.342, −0.131] negative −3.972 0.001
Canidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.210 [1.596, 2.884] – 7.674 <0.001
Slope −0.133 [−0.278, 0.001] isometry −2.114 0.044
Ursidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 0.697 [−0.395, 1.733] – 1.084 0.320
Slope 0.097 [−0.091, 0.290] isometry 0.840 0.433
Otariidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 1.146 [0.418, 1.820] – 2.806 0.021
Slope 0.065 [−0.059, 0.195] isometry 0.873 0.405
Phocidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 0.224 [−0.609, 1.035] – 0.524 0.608
Slope 0.264 [0.116, 0.412] positive 3.467 0.003
Mephitidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 4.106 [3.832, 4.459] – 21.653 <0.001
Slope −0.593 [−0.680, −0.523] negative −12.465 <0.001
Procyonidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 4.229 [3.629, 4.786] – 12.712 <0.001
Slope −0.598 [−0.728, −0.460] negative −7.663 <0.001
Mustelidae Estimate [95% bootstrap CI] Allometry t Value P value
Intercept 2.988 [2.715, 3.278] – 19.310 <0.001
Slope −0.282 [−0.353, −0.218] negative −7.662 <0.001

other qualitatively elongate groups such as civets (Viverridae) and

mongooses (Herpestidae) do not appear to exhibit as elongate of

bodies as usually perceived. Further analyses are required to de-

termine if there is true convergence in body elongation between

these groups of carnivorans. Bears are on the other side of the

spectrum of body shape variation; the low variation of ursid body

shapes indicates that the classic “bear-shape” remains consis-

tent across all ursids despite the ecomorphological diversity from

the herbivorous panda to hypercarnivorous polar bear (Wilson

and Mittermeier 2009). Although ursids exhibit craniomandibu-

lar adaptations to these various ecologies (Sacco and Van Valken-

burgh 1999; Figueirido et al. 2009), the extent to which ursid

body shapes are similarly adapted to different ecologies has yet

to be tested.

EFFECTS OF BODY SIZE ON BODY SHAPE DIVERSITY

Body size often contributes to the evolution of cranial and body

shapes in various taxa (Jones 2015a; Klingenberg and Zimmer-

mann 1992; Zelditch et al. 2017; Sherratt et al. 2019) by ei-

ther driving or constraining it (Gould 1966; Cheverud 1982) as
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Table 2. Results of the phylogenetic multiple regression with the random residual permutation procedure (RRPP) to determine which

skeletal components contributed to most to body shape variation.

Skeletal components DF SS MS R2 F Z P

ln head elongation ratio 1 0.336 0.336 0.05 168.11 2.8989 0.001
ln AEI cervical 1 0.649 0.648 0.09 324.16 3.1654 0.001
ln AEI thoracic 1 1.024 1.024 0.14 511.91 3.4604 0.001
ln AEI lumbar 1 2.937 2.937 0.41 1468 3.9264 0.001
ln AEI sacral 1 0.224 0.224 0.03 112.16 3.3722 0.001
ln size-corrected rib length 1 1.515 1.515 0.21 757.09 4.1698 0.001
Residuals 200 0.4 0.002 0.06
Total 206 7.085

Figure 3. Scatterplots of head-body elongation ratio (hbER) versus skeletal components underlying body shape diversity. R2 and Z scores

were obtained from phylogenetic multiple regression with the random residual permutation procedure (RRPP). See Table 2 for full results.

Colors and symbols are the same as in Figure 1.

a result of multiple selective pressures including interactions be-

tween biomechanical constraints, ecological factors, physiolog-

ical, and phylogenetic effects. Consistent with these trends, it

was found that body size influenced overall body shape across

Carnivora (R2 = 0.42) as well as within most terrestrial families

(R2 = 0.34−0.96), where smaller species exhibit more elongate

bodies and larger species exhibit more robust bodies (Fig. 2A).

This trend follows previous findings that thoracolumbar centra

become more robust with increasing body size (Jones 2015a, b).

The mechanical demands of terrestrial locomotion may con-

tribute to the allometric trend on body shape. Smaller, more

elongate and flexible bodies enable carnivorans such as weasels

to exploit prey in crevices, burrows, and other small constricted

spaces (Horner and Biknevicius 2010; Horner et al. 2016). Fur-

thermore, arguments can be made that elongation of the body

may compensate for body size reduction, which would limit

problems associated with smaller body sizes such as overpow-

ering and killing larger prey (King and Powell 2006). However,
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increased body elongation constrains these carnivorans during

above ground locomotion by requiring them to use a half-bound

or bound gait for rapid locomotion (Williams 1983). Therefore,

less elongate bodies of mid-sized carnivorans such as most canids

and felids may facilitate more efficient cursorial gaits while

still maintaining dorsomobile flexibility for locomotion (Jones

2015a). In contrast, large animals require robust body shapes to

support their heavier bodies (Kardong 2014) and favor more dor-

sostability of the vertebral column (Jones 2015a; Halpert et al.

1987); thus, the largest terrestrial carnivorans (i.e., bears) exhibit

stout, robust bodies. As the clade with the least disparate body

sizes and shapes, ursids do not exhibit a significant relationship

between body size and shape. Whether they are constrained due

to their larger body sizes and have remained unchanged through-

out their evolutionary history requires additional investigation

with the ursid fossil record.

Ecological factors can also influence body shape allometry.

For example, euplerids, small to mid-sized carnivorans of Mada-

gascar, do not exhibit a significant relationship between body

size and shape. Few morphological characteristics can be used

to define this eight-species clade, as members of this group oc-

cupy niches normally divided up by several families around the

world and therefore exhibit extraordinary morphological conver-

gence to felids, civets, and mongoose (Wilson and Mittermeier

2009). Although these convergences have yet to be quantified,

the disparate body shapes suggest that ecological factors rather

than body size may be more important in influencing the evolu-

tion of body shapes across Eupleridae.

Pinnipeds exhibited the opposite trend of terrestrial carnivo-

rans, in which larger species were more elongate compared to

smaller species (significant relationship for phocids but not otari-

ids). A possible explanation for this positive trend is the balance

between drag reduction and thermoregulation that pinnipeds must

manage within the aquatic environment. The optimal fineness ra-

tio (body length to thickness ratio) that reduces total body drag

ranges between 3.3 and 7.0 (Fish 1993; 1996). Body shapes of

phocids, as quantified by hbER, range from 4.4 to 6.6 within the

optimal fineness ratio limits, albeit relationships between hbER

and fineness ratio requires further examination. However, body

shapes must also be optimized to prevent heat loss in the water,

particularly in smaller species. Having a more rotund body (lower

hbER) would reduce heat loss by reducing surface area in smaller

species with only a small drag decrease (Ahlborn 2004). In con-

trast, larger phocids retain relatively greater amounts of heat due

to their relatively lower surface area to volume ratio and there-

fore may have the luxury of exhibiting a more elongate body

that is closer to the optimal fineness ratio without compensat-

ing thermoregulatory needs or drag reduction (Ahlborn 2004). It

is important to note that hbER and fineness ratio are very crude

proxies for streamlining; interactions between locomotion, habi-

tat, flipper morphology, and a variety of ecomorphological fac-

tors may provide better insight into the evolution of body shapes

within phocids. Further evidence that aquatic lifestyles can in-

fluence the allometric patterns of body shape is exemplified in

fishes. Although larger fish tend to have more elongate bodies,

body size only explained 2.9% of body shape variation in Indo-

Pacific shore fishes (Friedman et al. 2019). Fishes are free of the

constraints of gravity and can take advantage of the buoyancy of

water. Therefore, the primary function of fish body shapes may

not necessarily be to support the body as needed in terrestrial

animals against the force of gravity (Kardong 2014). Instead, di-

etary, locomotor, and other ecological factors are able to over-

come biomechanical constraints reflected in allometry on body

shapes and may be the primary drivers in the evolution of differ-

ent fish body shapes (Friedman et al. 2019).

PREDICTORS OF BODY SHAPE VARIATION

Across all carnivorans, it was found that the lumbar region (R2 =
0.41) followed by relative rib length (R2 = 0.21) and the thoracic

region (R2 = 0.14) contributed the most to body shape variation.

This indicates that evolutionary changes in body shapes in car-

nivorans were primarily achieved through elongation/shortening

of the thoracolumbar regions. The thoracic and lumbar re-

gions of the vertebral column and ribcage are the primary

structures used to support the body against gravity and trans-

mit and receive propulsive forces to/from the limbs to gener-

ate locomotion (Kardong 2014). Therefore, changes in the tho-

racic and lumbar regions and ribcage can directly facilitate the

locomotory efficiency: elongation of these vertebral regions fa-

cilitates increased dorsoventral flexibility and maneuverability

during locomotion whereas shortening facilitates dorsostability

(Jones 2015a, b; Boszczyk et al. 2001).

However, changes in the thoracic and lumbar regions were

not the greatest contributors to body shape variation within each

carnivoran family. Instead, the best contributors to body shape

variation include elongation/shortening of the head, cervical,

and/or lumbar regions as well as relative shortening/lengthening

of the ribs, indicating that multiple pathways can lead to the evo-

lution of different body shapes between and within carnivoran

families. It is important to note that this present study examined

relationships between skeletal components and body shape based

on taxonomic rank (i.e., families) when in fact locomotion, habi-

tat use, or other biomechanical interactions with the environment

may be more important forces that drive these relationships. Pre-

vious work has demonstrated that ecology and locomotory mode

influences the evolution of various aspects of the axial skele-

ton (Jones et al. 2018b; Boszczyk et al. 2001; Galis et al. 2014;

Randau et al. 2017; Williams et al. 2019). For example, the

variability in the number of presacral vertebrae significantly

differs between fast and slow running carnivorans, where fast,
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agile carnivorans exhibit no variation in presacral vertebral

counts whereas slow carnivorans exhibit ∼25% abnormal counts

(Galis et al. 2014 but see Williams et al. 2019). Whether eco-

logical, biomechanical, and locomotory interactions similarly in-

fluence the relationship between body shape and its underlying

skeletal components requires further investigation.

Conclusions
In this study, the diversity of body shapes was quantified both be-

tween and within carnivoran clades. It was found that older car-

nivoran clades exhibited higher body shape variation. Body size

has strong allometric effects on body shape, in which carnivorans

become more robust with increasing size. Lastly, it was found that

evolutionary changes in body shape was primarily driven through

changes of the thoracic and lumbar regions. Altogether, these re-

sults fill a critical gap in our understanding of the evolution of

vertebrate body shapes and provide a strong morphological foun-

dation for future research investigating the evo-devo and evolu-

tionary ecology of mammalian body shapes.
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