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Abstract: Mammals exhibit ecology-related diversity in

long bone morphology, revealing an ample spectrum of

adaptations both within and between clades. Their occupa-

tion of unique ecological niches in postcranial morphology is

thought to have occurred at different chronological phases in

relation to abiotic factors such as climate and biotic interac-

tions amongst major clades. Mammalian morphologies

rapidly evolved throughout the Cenozoic, with several orders

following different paths in locomotory adaptations. We

assessed morphological variation in limb proportions for a

rich sample of extant and fossil large mammalian clades

(mainly carnivores and ungulates) to test associations with

ecological adaptations and to identify temporal patterns of

diversification. Phylogenetic relationships among species were

incorporated into the analysis of limb bone proportions,

showing significant morphological changes in relation to spe-

cies substrate preference. Major climatic events appeared to

have no temporal impact on patterns of morphological

diversification, expressed as morphological disparity, in either

clades or ecological groups. Linear stochastic differential

equations supported a double-wedge diversification model

for limb proportions of carnivorous clades (‘Creodonta’ and

Carnivora). The concomitant increase in morphological dis-

parity throughout the Cenozoic for the orders Carnivora and

Artiodactyla had a significative impact on the disparity of

Perissodactyla supporting biotic interaction as primary driver

of mammalian morphological diversification. Our findings

challenge the classic idea of abiotic factors as primary driving

forces in the evolution of postcranial morphologies for large

terrestrial mammals, and propose clade competition as a key

factor in temporal diversification.

Key words: disparity, limb ratio, mammal, ecological adap-

tation, clade interactions.

MAMMALS appeared during the Mesozoic era when dino-

saurs were the predominant terrestrial vertebrates. Meso-

zoic mammals were thought to be small fossorial and

arboreal species that occupied ecological niches similar to

small-sized (<1 kg) living taxa (Osborn 1902;

Kielan-Jaworowska et al. 2004; Archibald 2011). However,

it has recently been discovered that stem mammals were

ecologically diverse in size, diet and locomotion (Chen &

Wilson 2015; Benevento et al. 2019; Grossnickle et al. 2019;

Morales-Garcı́a et al. 2021). The fifth mass extinction at

the end of the Mesozoic (c. 66 Ma) impacted many spe-

cies, including non-avian dinosaurs, and opened new eco-

logical opportunities for mammals (Clemens 2002;

Archibald 2011).

Simpson (1944) described three different modes by

which organisms diversify to occupy new niches: (1) the

emergence of a key innovation; (2) the niches emptying

due to competitor extinction; and (3) the emergence of a

new niche. Starting from the Mesozoic, mammals diversi-

fied according to all of these models from primitive and

archaic morphotypes into more diverse and specialized

forms (Figueirido et al. 2019; Shelley et al. 2021). Such

diversification of mammalian body plans has been gener-

ally accompanied by shifts in rates of body size evolution

coupled by modification in body proportions, particularly

of the postcranial skeleton. Mesozoic taxa had more

robust limb morphologies than Cenozoic species (Shelley

et al. 2021) possibly because mammals were quite con-

strained in their realized ecological niche. A similar obser-

vation has been made for body size with a release in

mammalian body size evolution after the K–Pg extinction

(Slater 2013). Mammals with robust limbs survived until

the Paleocene–Eocene Thermal Maximum (66–33.9 Ma)

when there were global reductions in tropical forests and
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new and diverse habitats emerged (Shelley et al. 2021).

Studies on body size have found significant increases in

mammalian variation at this time (Slater 2013).

If mammalian morphologies were well established by

the beginning of the Cenozoic, the evolution of different

mammalian orders followed quite different paths, espe-

cially in relation to extreme locomotory adaptations. One

example was identified by Janis & Wilhelm (1993) who

examined the evolution of limb proportions in clades of

mammalian predators (i.e. the Carnivora and ‘Creo-

donta’) and their ungulate prey (including terrestrial

even-toed Artiodactyla, and odd-toed Perissodactyla).

During the Palaeogene, Hyaenodonta and Oxyaenida,

grouped in the possibly paraphyletic ‘Creodonta’

(Zack 2019), were the dominant predator groups, and

their extinction coincided with an increase in the Carni-

vora diversification. Even if Hyaenodonta, Oxyaenodonta

and Carnivora occupied similar trophic niches, it is

unclear whether competition was the cause of the former

extinction (Friscia & Van Valkenburgh 2010; Christison

et al. 2022). Nonetheless, modern ungulates appeared in

the Eocene, probably in Eurasia, and then migrated to

North America (Gingerich 2006; Gould 2017). Early

ungulates were small body-sized species adapted to foli-

vorous or frugivorous diets (Saarinen et al. 2020). Species

with larger body sizes and longer legs appeared following

the emergence of grassland (Garland & Janis 1993; Janis

& Wilhelm 1993), but the evolution of specialized grazers

occurred only after an extension of open habitats

(Janis 2008; Saarinen et al. 2020). In North American

Artiodactyla and Perissodactyla, Morales-Garcı́a

et al. (2020) observed an increase in morphological diver-

sity during the Middle Miocene Climatic Optimum fol-

lowed by a decline toward the present. Artiodactyla and

Perissodactyla have shared similar ecosystems since their

origins. Perissodactyla were more diverse throughout the

Palaeogene than Artiodactyla, which became the domi-

nant ungulates during the Neogene. Despite the biological

similarities between even and odd toed mammals, this

turnover was assumed to be influenced by climatic change

in the Cenozoic (Janis 1989).

Climate-related changes in mammalian limb bones

have also been the focus of several studies. Lovegrove &

Haines (2004) suggested that the emergence of grassland

triggered the evolution of cursorial mammals. When this

open habitat appeared, carnivores and ungulates shifted

from the plesiomorphic plantigrade foot to digitigrade

and unguligrade stances. The new cursorial morphotypes,

including long vertically oriented limbs with relatively

short stylopodia (humerus and femur) as compared to

zeugopodia (radius–ulna and tibia–fibula) and autopods

(metacarpal and metatarsal; Janis & Wilhelm 1993; Lever-

ing et al. 2017), allowed greater locomotor performance

(Lovegrove 2004).

The relative proportions of the zeugopodia and stylo-

podia can be used to estimate the maximum running

speed in fossil species (Christiansen 2002). Specifically,

the radius to humerus ratio (R/H), known also as the

brachial index, has been identified as the best proxy for

running speed in large mammals. While less effective, the

tibia to femur ratio (T/F), known as crural index, has also

been shown to significantly predict maximum running

speed (Christiansen 2002). In both cases, higher ratios

(i.e. longer zeugopodia than stylopodia) are associated

with increased speed. These strong associations with limb

ratios provide the basis for inferring changes in locomo-

tor performance of terrestrial mammals.

Recent analysis of North American ungulates has pro-

posed a link between climate change and the diversifica-

tion of limb bone proportions (Levering et al. 2017).

Similarly, Figueirido et al. (2015), found an association

between climate and limb evolution in North American

canids, associated with behavioural changes in hunting

mode, while analyses of extant Carnivora have revealed a

significant relationship between the brachial index and

average precipitation (Meachen et al. 2016). The evolution

of long limbs, first in ungulates and 20 million years later

in carnivores (Garland 1983; Janis & Wilhelm 1993), has

been suggested as the most important evolutionary ‘arms

race’ that occurred in mammals, possibly accompanied by

a streamlining of the torso for optimal maneuverability of

the respective trophic groups (Clauss et al. 2017). How-

ever, other authors have rejected the ‘arms race’ hypoth-

esis, instead proposing the optimization of the cost of

transport for finding food (Garland & Janis 1993; Pontzer

& Kamilar 2009; Levering et al. 2017) or the emergence of

grazing in ungulates (Lovegrove & Mowoe 2013) as driv-

ing factors for the evolution of mammalian long bones.

According to Lovegrove & Mowoe (2013), the grazing

diet drove the evolution of larger body size in unguli-

grade to optimize cellulose digestion, followed by limb

elongation due to body mass increase.

Other ecological factors could also potentially explain

the evolution of mammalian limb bone morphologies.

Substrate preference and habitat type have been found to

influence size and shape of long bones in several orders,

such as Xenarthra, Rodentia, Carnivora, ungulates and

Primates (Elton 2001, 2002, 2006; Carrizo et al. 2014;

Schellhorn & Pfretzschner 2015; Serio et al. 2020; Etienne

et al. 2021; Toledo et al. 2021) although no convergent

traits could be identified between disparate groups (i.e.

primates, bovids, suids and felids; Elton et al. 2016). This

suggests that each separate mammalian order may occupy

a distinct ecomorphological niche in limb proportions,

although this remains to be demonstrated.

We hypothesize that ecological variables such as diet,

substrate preferences or trophic level continue to play an

important role in the evolution of limb proportions
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especially in large mammalian clades, regardless of their

phylogenetic relationships. Additionally, we predict the

occupation by mammals of different ecological niches in

relation to different post-cranial morphologies to have

possibly occurred at different times due to climate change

or biotic interaction among the major clades. To test

these hypotheses, we assembled a database of brachial and

crural indices, covering the main groups of carnivores

and unguligrade mammals of the Cenozoic, and imple-

mented comparative analyses within a phylogenetic fra-

mework. The impact of biotic or abiotic factors on the

temporal diversification of mammalian limb proportions

was assessed by exploring patterns of morphological dis-

parity through time. Disparity is a metric commonly used

to quantify variation in morphological traits across clades

and temporal intervals (Foote 1997; Guillerme et al. 2020).

Previous research on different vertebrate clades showed

that morphological disparities vary drastically among

groups and across time (Brusatte et al. 2008; Prentice

et al. 2011; Ruta et al. 2013; Schaeffer et al. 2020; Reeves

et al. 2021; Stubbs et al. 2021; Cross et al. 2022).

The link between climate and morphological disparity

is likely to vary within the interacting predatory carni-

vores and ungulates clades over evolutionary time (Cross

et al. 2022). Due to the different timing of cursorial adap-

tations recognized in large predatory carnivores and large

prey ungulates (Janis & Wilhelm 1993), the link between

climate and morphological disparity is likely to vary

across these clades (Cross et al. 2022). In that case, we

predict a variation in morphological disparity in associa-

tion with the Cenozoic climatic change events.

Alternatively, we hypothesized that biotic interactions

had a primary influence on the evolution of mammalian

limb proportions, so that morphological disparities

should be significantly correlated between clades (nega-

tively if clade replacement or competition occurred;

Benton 2009). We used the linear stochastic differential

equations (SDE; Oksendal 2013) as implemented by

Reitan & Liow (2019) to account for temporal autocorre-

lation in disparity and climate data. As illustrated by Lid-

gard et al. (2021), this method may be used to

successfully establish causation in palaeontological data by

analysing species diversity across time.

MATERIAL AND METHOD

Data collection

A total of 793 humeral, 805 radial, 668 femoral, and 663

tibial lengths were assembled from the literature and pub-

lished databases (Serio et al. 2024, data 1). These data

were combined into the two functional radius to humerus

(R/H; i.e. the brachial index) and tibia to femur (T/F; i.e.

the crural index) ratios. We also assembled a large data-

base including 1883 greatest skull length values (GSL;

Serio et al. 2024, data 1). This variable is strongly related

to general species size and can be successfully employed

to predict body mass in fossil mammals (Damuth &

MacFadden 1990). GSL was used to account for the

allometric effect on limb proportions in the statistical

analyses. On average, data for each species were

assembled by merging multiple individual references. The

final dataset included all values for 420 (173 fossils and

247 living) terrestrial mammals from the orders Acreodi

(1), Artiodactyla (179), Carnivora (168), Cimolesta (4),

Condylarthra (3), Hyaenodonta (5), Oxyaenodonta (4),

Dinocerata (1), Perissodactyla (53) and Procreodi (2) liv-

ing throughout the Cenozoic. Despite being classified as

distinct orders, the Hyaenodonta and Oxyaenodonta were

grouped into ‘Creodonta’ due to the small sample size

and their functional similarities in dental formula and

locomotory mode when compared to Carnivora.

Here, we will use the term ‘ungulates’ to refer to the

polyphyletic unranked group including terrestrial Artio-

dactyla, Perissodactyla, Condylarthra and Dinocerata, and

the term ‘carnivores’ to refer to the group including Car-

nivora, ‘Creodonta’, Cimolesta, Acreodi and Procreodi.

Data were checked for errors due to the merging of mul-

tiple sources (see Appendix S1). All data were log10 trans-

formed before the analyses.

Phylogenetic tree

To account for shared evolutionary history, we used four

different backbone topologies to assemble a large informal

phylogenetic tree which included 247 living and 173

fossil species (Cerdeño 1996; Nyakatura & Bininda-

Emonds 2012; Cantalapiedra et al. 2017; Zurano

et al. 2019; Álvarez-Carretero et al. 2021). Details about

the phylogenetic position of each species with the relative

scientific references are provided in Serio et al. (2024,

data 2). More specific details regarding phylogenetic tree

topology are discussed in Appendix S1.

To calibrate the informal supertree, species last occur-

rences (LDA) were compiled from the Fossilworks data-

base (http://www.fossilworks.org; Serio et al. 2024, data 2)

and data for internal node ages were collected from the

literature (Serio et al. 2024, data 3). Tip and node ages

(i.e. time distance of each tip and node from the recent)

were used to assign branch lengths for the entire phylo-

geny. Fossil species were designated to become extinct at

the age of their last occurrence in the fossil record,

whereas living species had an age of zero. We used tree.

merger to merge the backbone trees, add missing species

(or a whole clade), and calibrate the final supertree,

(R package RRPhylo; Castiglione et al. 2022).
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The resulting phylogeny was employed to apply phylo-

genetic comparative methods and to include the recon-

structed ancestral states in the computation of

morphological disparity through time (Brusatte

et al. 2011). This procedure has proved effective for

several vertebrate clades (archosaurs, crocodyliformes,

Carnivoramorpha, Eurypterida, Captorhinidae and

euarchontoglirans; Brusatte et al. 2011; Brocklehurst 2017;

Lamsdell & Selden 2017; Wilberg 2017).

Ecological categories

A database was constructed containing information about

trophic level, diet and substrate preferences, for both

extant and extinct species (Serio et al. 2024, data 2), to

help determine the selective pressures that were associated

with the limb ratios.

Trophic level categories were created to investigate

how the functional morphospace was partitioned, assum-

ing that the predator/prey relationship was a strong selec-

tive force with respect to relative limb proportions

(Table 1; Janis & Wilhelm 1993). The large predator

category was based on Carbone et al. (1999) and included

carnivorous species weighing more than 21.5 kg and cap-

able of killing ungulates larger than themselves, even

though we are aware that large and small prey feeders

may occur across the whole body mass range of carni-

vores (De Cuyper et al. 2019). Large carnivores are

thought to have the greatest impact on prey biomass and

ecosystem functioning (Hoeks et al. 2020). Amphicyonids,

nimravids, barbourofelids, machairodonts and arctocyo-

nids are examples of fossil taxa in this category. The

small predator category included carnivores <21.5 kg spe-

cialized on small vertebrates (i.e. small birds or lizards)

and invertebrates (Carbone et al. 1999; Carbone

et al. 2007). Examples of fossil taxa included in this cate-

gory are the canids Desmocyon, Cormocyon, Phlaocyon

and Archaeocyon as well as Eucyon, Limocyon, Thinocyon,

Lesmesodon, Palaeonictis, Buxolestes, Paleosinopa and

Chriacus. The large prey category included all ungulates

between 10 and 900 kg. Estes (1974) suggested that ungu-

lates weighing up to 450 kg were key prey in savannah

ecosystems and this also appears to be the case for

ancient ecosystems (Meloro et al. 2007; Meloro &

Clauss 2012). Analysis of food webs suggested that large

predators generally have an impact on the biomass of all

ungulates up to 900 kg as these can be easily preyed

upon (Sunquist & Sunquist 1989; Owen-Smith &

Mills 2008). Most of the species included in the large

prey category belong to Perissodactyla and Artiodactyla

including the fossil groups of phenacodontids, merycoi-

dodonts, agriochoerids and uintatherids. Following

Owen-Smith (1988), the megaherbivore category grouped

all taxa over 900 kg. Due to their large body mass, these

species were assumed to be virtually immune to preda-

tion, although they are critical for nutrient cycling within

the ecosystem. Fossil species included in the megaherbi-

vore category were Palaeosyops, Parvicornus, Coelodonta,

Stephanorhinus, Chilotherium, Teleoceras, Paraceratherium,

Juxia, Amynodon, Chalicotherium and Moropus. The small

prey category included ungulates smaller than 10 kg (Car-

bone et al. 1999; Carbone et al. 2007). Ursids were

merged into the non-specialized predator category

because these members of the Carnivora did not show

specific predatory behaviour (Martı́n-Serra et al. 2016).

With the exception of Ursus maritimus, living ursids only

hunt occasionally (Martı́n-Serra et al. 2016; Ferretti

et al. 2020) while U. maritimus preys preferentially on

seals (Iversen et al. 2013; Florko et al. 2021), a group not

considered for this study due to its highly derived post-

cranial morphology. Ungulate meat constitutes less than

10% of the diet of all the other living bears in our data-

set (Penteriani & Melletti 2020). Among fossil species,

the database includes the majority of Pleistocene omni-

vorous/herbivorous taxa representative of the cave bear

lineage with the only exception being Arctodus simus.

This latter species was unlikely to be a specialized preda-

tor, but instead the largest omnivore that ever lived

(Figueirido et al. 2010; Meloro 2011a). This approach

assumed that neither living nor prehistoric bears had a

significant impact on terrestrial large prey dynamics due

to their omnivorous nature. The red panda (Ailurus

fulgens) was also included in this category even though it

is not an ursid as it is well-adapted to a mostly folivor-

ous diet, similar to that of the unrelated giant panda

Ailuropoda melanoleuca (Roka et al. 2021).

Diet categories were insectivore, carnivorous, omnivore,

piscivore, frugivore, folivore, browser, grazer and mixed

feeder. The insectivore category included species such as

members of the Herpestidae family, the hyaena Proteles

cristatus and the canid Otocyon megalotis, while most of

the Carnivora, the extinct ‘Creodonta’ and Pachyaena

ossifraga, that primarily feed on vertebrate food, were

TABLE 1 . Ranges of body mass used to define the trophic

levels.

Category Number of

species

Definitions

Non-specialized

predator

13 –

Large prey 193 ≥10 kg to <900 kg

Small prey 16 <10 kg

Large predator 56 ≥21.5 kg
Small predator 114 <21.5 kg

Megaherbivore 28 ≥900 kg
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classified as carnivorous. The omnivore category included

species with a generalist diet such as extinct entelodonts

and Chriacus, extant suids and bears. The piscivore cat-

egory included the members of the Pantolestidae family

as well as otters. Species that feed mainly on fruits such

as the kinkajou, Potos flavus, were assigned to the frugi-

vore category. The non-ungulate herbivores Coryphodon

molestus, Ailurus fulgens, Ailuropoda melanoleuca and Tre-

marctos ornatus were classified as folivores. The browser

category included ungulates feeding on leaves such as

Uintatherium anceps, the basal perissodactyls Hyracother-

ium, most rhinoceroses, and camelids. Living ungulates,

such as horses, most cervids, and bovids that feed on

grass were classified as grazers while the mixed-feeders

category included species that forage on both leaves and

grass. The extinct Merycoidodontidae, which lived before

the Early Miocene, were classified as browsers, while spe-

cies that lived from the middle Miocene forward were

assigned to the grazer category (Mihlbachler &

Solounias 2006).

Substrate preference defined amphibious, arboreal, ter-

restrial, scansorial, and semi-fossorial categories. The

extinct Miacis gracilis, the extant viverrids and some pro-

cyonids and felids were included in the arboreal category

while most of the carnivores and the ungulates were in

the terrestrial category. Species that spend long periods

close to bodies of water were classified as amphibious,

such as the extant polar bear, otters, the hippopotamus,

some tapirids, and the extinct Teleoceras, Buxolestes,

Palaeosinopa and Metamynodon. Most felids, Mephitidae,

Mustelidae and Procyonidae, and the extinct Agriochoerus

antiquus and Chriacus, capable of climbing, were assigned

to the scansorial category. There were some exceptions

regarding Meles meles, Mellivora capensis and Taxidea

taxus, which were classified as semi-fossorial. Both diet

and substrate preferences categories were mainly collected

from http://www.fossilworks.org/ and https://paleobiodb.

org/ databases. The data were downloaded from the

Paleobiology Database (PBDB) on March 2022, using

the order names and the following parameters: time

intervals = Upper Cretaceous and Holocene. Taxonomic

occurrences of Carnivora, Artiodactyla, Perissodactyla,

‘Creodonta’, and Cimolesta were recorded in the PBDB

(https://paleobiodb.org/).

Habitat preferences of living species (open, closed,

mixed and wetland habitats) were collected from the

IUCN red list of threatened species (https://www.

iucnredlist.org/) and Animal Diversity Web (https://

animaldiversity.org/; Serio et al. 2024, data 2). Habitat

specialization in extinct taxa is generally predicted based

on limb proportions (Meloro 2011b; Levering et al. 2017),

and so was not used in tests of association to avoid circu-

lar reasoning. Ecological categories were employed in sta-

tistical models that aimed to test associations between

ecological role, diet, substrate preference or habitat type

and limb proportions.

Relationships between variables

The final dataset of phenotypic traits consisted of radius

to humerus and tibia to femur ratios and GSL. The rela-

tionships between these continuous variables were ana-

lysed using phylogenetic generalized least squares

regression (PGLS; Harris & Steudel 1997). The models

R/H�GSL and T/F�GSL (where long bones were the

dependent and GSL the independent variables) were

tested using pgls (R package caper; Orme et al. 2018). In

addition, we used PGLS also to test for the correlation of

ecological categories with GSL, R/H and T/F (Barr &

Scott 2014). All models were applied to living species

only, and then to the whole dataset, to test if the correla-

tion with allometric variation on limb proportions is con-

sistent across datasets (Christiansen 2002).

The PGLS method incorporates the phylogeny as an

error term by simultaneously estimating the lambda para-

meter (Pagel 1999) using maximum likelihood (ML).

Lambda represents a multiplier used for branch length

transformation to account for different degrees of phylo-

genetic signal: lambda = 1 equates to Brownian motion;

lambda = 0 for a star phylogeny across which traits

evolve independently (Revell 2010). PGLS lambda is less

sensitive to type 1 errors as compared to other methods

such as the phylogenetic independent contrast (PIC) and

so was preferred here (Revell 2010). Analyses were per-

formed both accounting for and omitting the phylo-

genetic effect. When accounting for the phylogeny, the

function pgls optimizes the branch length transformation

between bounds using maximum likelihood (ML) with

the parameter lambda equal to ML. When omitting the

phylogenetic effect, the function pgls performs an ordin-

ary least squares (OLS) regression model. In this case the

parameter lambda was set to 0.0001.

Size and phylogenetic corrected principal component

analysis

We computed a principal component analysis (PCA) to

obtain a functional morphospace including the largest

(Paraceratherium) and the smallest (Mustela) species in

our dataset (Carrano 1999). To account for both allo-

metric and phylogenetic effects in the PCA computa-

tion, a size and phylogenetic corrected PCA (Phy–PCA)
was computed (Revell 2009). Phy–PCA returns the first

PC which is mostly independent of phylogeny using

the correlation matrix (retrieved from the phylogenetic

tree) and reduces type 1 errors (Revell 2009). To follow
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Revell’s procedure, the function phyl.resid was employed

first (R package phytools v2.1-1; Revell 2012) using

GSL (proxy for species body size) as the independent

variable and both R/H and T/F as dependent variables.

This function computes residuals from the models:

R/H�GSL and T/F�GSL using a multiple generalized

least square regression. The lambda value was estimated

using maximum likelihood (Revell 2009). The function

phyl.pca (phytools; Revell 2012) was then used on the

computed residuals to perform the Phy–PCA and

obtain evolutionary independent principal component

vectors (PCs). Phy–PCA was computed for living spe-

cies and for the whole dataset in order to investigate

which ecological categories were associated with

morphospace occupation.

To analyse the effect of ecological categories on limb

proportions, we used the approach described by Adams &

Collyer (2018) and Collyer & Adams (2020). First, we

extracted the variance–covariance matrix from the phylo-

genetic tree using corPagel (R package ape; Paradis &

Schliep 2019) and the parameters determined from the

PCs best evolutionary models (see Ancestral character

estimation, below). The variance–covariance matrix was

then used as a covariate to account for the

non-independence of data (the function’s parameter ‘iter’

was set to 10 000 iterations) in the function lm.rrpp

(RRPP package v2.0.0; Adams & Collyer 2018). To evalu-

ate significant differences between pairs of group cate-

gories, we used the pairwise function (RRPP; Adams &

Collyer 2018). In addition, because permutation ANOVA

does not take the phylogeny into account, PGLS was

employed as analogous to the phylogenetic ANOVA. To

this aim, each PC axis was regressed against each category

variable (Barr & Scott 2014).

Ancestral character estimation

To phylogenetically correct the morphological disparity

computation and account for sample incompleteness

within Cenozoic time bins, we estimated ancestral charac-

ters at tree nodes. The new values were treated as real

taxa for computing morphological disparity (Brusatte

et al. 2011). Maximum likelihood was used to estimate

continuous ancestral traits within each node of the phylo-

geny, whereas the Monte Carlo Markov Chain (MCMC)

approach was used to estimate discrete ancestral charac-

ters (Felsenstein 2012).

To compute the ancestral character estimates (ACEs) of

continuous variables for correct calculation of morpholo-

gical disparity through time, the best mode of evolution

was first assessed for each PC vector computed for the

whole dataset using fitContinuous (R package geiger v2.1-

1; Pennell et al. 2014). This function allowed testing

evolutionary models alternative to Brownian motion such

as Ornstein–Uhlenbeck (OU), early burst, lambda, kappa

and delta. Brownian motion represents a ‘random walk’

model assuming the trait evolves randomly with constant

variance (Felsenstein 1973). The OU model assumes that

the trait evolves toward a phenotypic optimum (Butler &

King 2004). The early burst model (Harmon et al. 2010)

incorporates exponential increases or decreases in evolu-

tionary rates through time. Lambda, kappa and delta are

Pagel’s transformation models (Pagel 1999). Lambda was

described in the previous section. Kappa is a speciational

model (i.e. change in phenotype occurs at tree nodes).

When kappa = 1, rates of character changes follow Brow-

nian motion, reflecting gradualism. By contrast, character

changes only occur at speciation when kappa = 0. Delta

is a time-dependent model indicating rate variation in

traits evolution. Delta <1 means the rate of evolution

decreases through time, and delta >1 means the rate of

evolution increases through time. Delta equal to 1 means

the rate of evolution is constant as expected under Brow-

nian motion.

All the fitted models were compared using the Akaike

Information Criterion (AIC) computed following the for-

mula AIC = 2K�2ln(L) where K is the number of inde-

pendent variables and L is the likelihood which describes

how well the model reproduces the data. The fitContinu-

ous function returns, for each model tested, the AIC cor-

rected for the sample size (AICc). The models with the

lowest AICc and a ΔAIC of less than 2 were selected as

the best models. The parameters of the resulting best

model were used to rescale the phylogenetic tree by

means of the function rescale (geiger R package; Pennell

et al. 2014). The rescaled tree, used in the function fas-

tAnc (Revell 2012), allowed us to estimate ACEs. To com-

pute ACEs, fastAnc works by considering each internal

node as a tree root and follows the independent contrasts

algorithm (Felsenstein 1985) to reconstruct the node

phenotype.

The best model of evolution for the whole-sample cat-

egory variables was fitted using fitDiscrete (Yang 2006;

Pennell et al. 2014) which compares the Brownian motion

model with the early burst and Pagel’s models. The best

model for the ecological categories was selected by com-

paring the AICs and ΔAICs. Also in this case, the func-

tion rescale (geiger; Pennell et al. 2014) was employed to

rescale the phylogenetic tree according to the estimated

best model parameter. The tree was used to compute the

ACEs for discrete variable at the internal nodes using the

ancThresh function (phytools; Revell 2012). This function

estimates character states at nodes using a Bayesian

MCMC approach (Felsenstein 2012). It returns a matrix

with posterior probabilities computed for each group

category. For each node, we chose the category with the

highest posterior probability.
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Disparity analysis

Disparity through time is a metric that represents mor-

phological variance among species within a specific time

interval (Foote 1997; Guillerme et al. 2020). We com-

puted morphological disparity throughout the Cenozoic

stratigraphic time bins twice. First using only sampled

values, corresponding to the tips of the phylogeny, and

then including ACEs in the analyses.

In the analysis of tips, species were binned according to

22 Cenozoic stages spanning from 66Ma to the present

(Serio et al. 2024, data 4; Benevento et al. 2019; Reeves

et al. 2021; Shelley et al. 2021). Paleocene stages were col-

lapsed together because of a small number of sampled

species. Geological dates were collected from the Interna-

tional Chronostratigraphic Chart (v2021/07; Cohen et al.

2013). From http://www.fossilworks.org/, https://paleobio

db.org/#/, and https://nowdatabase.org/, we collected spe-

cies first (FAD) and last (LAD) appearance data (Serio

et al. 2024, data 2).

For the analysis that included the ACEs, species were

binned in 25 time intervals (Serio et al. 2024, data 5).

Here, the first bin was representative of the Late Cretac-

eous. The greatest number of time bins was achieved

because ACEs were treated as real taxa, and the earliest

intervals were filled with them. For the same reason, the

Paleocene, which was previously assumed to be a unique

time interval, was divided into separate stages. Each ACE

was binned in the same bin as its first sampled descen-

dant following the conservative approach described by

Brusatte et al. (2011).

Because of the unimodal distribution of PC scores, it

was possible to study disparity using the sum of variance

metric (Benevento et al. 2019). This metric captures the

spread of the clade under study in space measuring

dissimilarity among species morphologies relatively to

the sample mean (Guillerme et al. 2020; Hopkins &

Gerber 2021; Shelley et al. 2021). However, because this

metric is more sensitive to the number of samples in each

bin (Foote 1993), a partial rarefaction was used to over-

come potential sampling bias using boot.matrix (R pack-

age disparity; Guillerme 2018) with 500 bootstrap

replicates using the ‘full method’ (Guillerme 2018). Dur-

ing each replicate, the rarefaction number changes, and

intervals with the lowest number of samples were not rar-

efied. Disparity through time was computed in R using

the dispRity function (dispRity v1.8; Guillerme 2018).

Finally, to explore how ecological groups and orders

contributed to the change in morphological disparity, we

computed the partial disparity analysis (PDA) using MDA

function (MATLAB package MDA; Navarro 2003). In this

case, orders with fewer than three species (i.e. Dinocerata,

Acreodi, Procreodi and Condylarthra) were merged into

the ‘basal orders’ group. MDA uses the PC scores

matrices, the species presence–absence through time, and

species presence–absence by groups to identify groups

that were responsible for an increase (or decrease) in dis-

parity through time. The analyses were performed using

10 000 bootstrap replications and 95% bootstrap confi-

dence intervals were obtained as suggested in

Navarro (2003).

Effect of temperature, primary productivity, species

interaction & competition

To test the effect of temperature (i.e. δ18O) and primary

productivity (i.e. δ13C) on morphological disparity, we

collected climatic data covering the latest 83 myr from

Zachos et al. (2008). For each time bin, we computed var-

iance, mean and median of the stable isotopes δ18O and

δ13C and computed a PCA using the princomp function

(R package stats v4.3.1; R Core Team 2023) to summarize

and evaluate the fluctuations in temperature and primary

productivity across time. These isotopic values are

strongly correlated with each other and PCA allowed us

to summarize variation into single and mutually interpre-

table vectors.

Due to the temporal autocorrelation that occurs in

both isotopic and morphological disparity time series, we

applied the linear stochastic differential equation (SDE)

approach (Oksendal 2013), to test the hypothesis that

environmental changes and/or clade interactions affected

morphological variation in mammalian limb proportions

throughout the Cenozoic. This method does not require

equidistant time point sampling and it has recently been

used in a Granger causality framework to assess causal

links between two or more time series event data. The

Granger causality in statistics establishes whether one

temporal time series can be used to infer another. The

SDE model is based on the differential equation:

dX tð Þ=�α X tð Þ�μð Þ dtþ σdB tð Þ (1)

where X(t) is the dependent variable changing according

to the time (t; the independent variable); �α(X(t)� μ)
describes how X changes with time; and σdB(t) is the sto-
chastic component. α measures the strength ‘pushing’ the

dependent variable toward the μ, which is the average of

the dependent variable, and σ is the standard deviation.

When α, μ and σ are constant the equation represents an

OU model.

Because our study aimed to investigate the causal con-

nection or correlation between morphological disparity

and climatic changes, we can include the effects of climate

into the stochastic part of Equation 1, that is, incorporate

the morphological disparity (MD) association with cli-

mate (C):
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dMD tð Þ=�αMD MD tð Þ�μMD�β C tð Þ�μCÞ½ � dtð
þσMDdBMD tð Þ (2)

here β represents the strength of the causal connection

(Reitan & Liow 2019). This equation allows us to compare

different models for disparities and climate and choose

the best one based on the model likelihood and model

Bayesian posterior probabilities (Reitan & Liow 2019).

More specifically we compared two models: (1) no con-

nections between climate and disparities; and (2) causal

connection from climate to disparities. Both models were

fitted using the layer.analyzer function (layeranalyzer

v0.1.1; Reitan & Liow 2019) and compared using the

function compare.layered which returns both maximum

likelihood and the percentage of posterior probability for

each model (Reitan & Liow 2019). Here, we searched for

a causal connection between climate and total disparity,

substrate preference disparities and order disparities.

We also searched for a causal connection or correlation

in between the partial disparity values of the orders. In this

case, we used the function traverse.connections.layered (Rei-

tan & Liow 2019) which is built around compare.layered

and explores the connections between multiple time series.

More specifically, we explored causal connections or corre-

lations between Carnivora and Artiodactyla, Carnivora

and Perissodactyla, Artiodactyla and Perissodactyla, and

Carnivora and ‘Creodonta’ pairs. For each pair, traverse.

connections.layered allowed us to fit five models:

1. No connections between the morphological disparity

of two competing orders

2. Causal connection from Order 1 disparity to Order 2

disparity

3. Causal connection from Order 2 disparity to Order 1

disparity

4. Causal connections from Order 1 disparity to Order

2 disparity and from Order 2 disparity to Order 1

disparity (2-way feedback system)

5. Correlative connection between Order 1 disparity and

Order 2 disparity.

Again, models were compared using the compare.-

layered function. Model likelihood and model Bayesian

posterior probabilities were used to assess the likelihood

model (Reitan & Liow 2019). The PDA was computed in

MATLAB version R2019b, while all R analyses used R

v4.3.1; (R Core Team 2023). A significance level of 0.05

was used throughout.

Phylogenetic uncertainly

We used the swapOne function (RRphylo v2.8.0; Raia

et al. 2019) to validate our results in light of the

phylogenetic uncertainty. This function allows for a

change in the position of the tree tips at random, altering

the topology of the original phylogenetic tree, as well as

changing the branch lengths. We produced a collection of

50 ‘swapped trees’, each with a 25% change in tip topol-

ogy and a 25% change in node age. The function restricts

each tip to moving up to two nodes from its current

position. Then, for each swapped tree, we repeated all of

the phylogenetic studies to confirm our results, taking

into account the phylogenetic signal and calculated the

total disparity. This sensitivity analysis was performed on

the most comprehensive dataset including data for both

the living and fossil species.

RESULTS

Relationships between variables

All linear regressions used to study relationships among

continuous morphological variables of living species were

found to be significant (Table 2). Phylogenetic generalized

least square models returned positive and statistically sig-

nificant results fitting the model to predict bone ratios

from GSL. Specifically, PGLS returned significant and posi-

tive results for R/H (regression slope b = 0.065; Table 2).

By contrast, the same model used to predict T/F from GSL

was negative (b = �0.064; Table 2). The estimated lambda

parameters for both functional ratios were close to one

(Table 2). The same significant results were found using

ordinary least squares regression (OLS) (Table S1). Both

PGLS and OLS results were corroborated when fossil spe-

cies were included in the analyses although with significant

changes in the strength of the allometric effect and the

parameters such as the slope (it is shallower (from 0.065 to

0.038) for the brachial index but steeper (from �0.064 to

�0.103) for the crural index; Tables 2, S1).

In living mammals only, GSL showed significant asso-

ciations with trophic levels and substrate preferences,

while for the total sample of living plus fossil species,

trophic levels predicted GSL as well as brachial and crural

indices (Table 3). Substrate preference was associated only

with GSL, while diet was a significant predictor of T/F

ratio (Table 3).

Phylogenetic corrected principal component analysis

Phy–PCA returned two new vectors explaining 70.30% and

29.72% of the total variance (Fig. 1). PC1 was loaded by

both R/H and T/F ratios in the same direction

(loadingR/H = �0.88 and loadingT/F = �0.78). In contrast,

most of the variation along PC2 was explained by changes

in T/F, where the two indices contributed in opposite
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directions (R/H being positively associated (loadingR/H =
0.47) and T/F negatively (loadingT/F = �0.62)).

Mammals with a longer radius and tibia as compared

to humerus and femur showed negative PC1 scores

(Fig. 1). In contrast, mammals with humerus and femur

longer than the radius and tibia showed positive PC1

scores (Fig. 1). PC2 values distinguished between species

with longer humerus than radius and shorter femur than

tibia (extremely negative values) and those with shorter

humerus than radius and longer femur than tibia (extre-

mely positive values; Fig. 1). Terrestrial mammals show a

wide range of PC1 values, including extremely negative

values, while other categories have values clustered on the

more positive end of the distribution of scores (Fig. 1).

Artiodactyla, Perissodactyla and Carnivora were widely

distributed in the morphospace, while basal orders, ‘Creo-

donta’, and Cimolesta occupied the region around posi-

tive values of the first principal component (Fig. 1). Also,

the ecological role categories occupied all the morpho-

space quadrants except non-specialized predators, which

occupied the region close to the axis origin (Fig. 1).

When considering the diet category, all groups were

widely dispersed in the morphospace except the folivores,

piscivores and omnivores (Fig. 1).

Permutation ANOVA, performed to test which ecologi-

cal factors influenced the distribution of living species

within the functional morphospace, showed substrate pre-

ferences and diet associated with PC2, while the habitat

preference was significantly correlated with both PCs

(Table 4).

We found no significant differences across substrate

categories for extant species (Table 5A), while only pisci-

vores were shown to be distinct from the other diet groups

(Table 5B). For habitat, the open category differed from

the closed and mixed categories along the first PC axis,

whereas the wetland category differed from the open,

mixed and closed categories along the second axis

(Table 5C).

PGLS confirmed the permutation ANOVA results for

living species (Table 6). The estimated lambdas indicated

traits along the first PC more closely followed the Brow-

nian motion relative to the second PC (Table 6).

When analysing living plus fossil species, both permuta-

tion ANOVA and category PGLS showed that PC1

explained differences among the substrate categories,

while PC2 differences in diet (Tables 4–6). Using PGLS,

we found that PC2 also differentiated the trophic level

categories (Table 6). The estimated lambda was only close

to 1 for PC1.

When fossil species were included in the analyses, the

pairwise test, computed using the substrate category,

revealed that only the amphibious and terrestrial groups

were significantly different (Table 5A), although the post

hoc test computed using the diet category confirmed the

results obtained for the living species sample (Table 5B).

Ancestral character estimation

To include ACEs in disparity computation, the best

model of evolution was fitted for both PCs extracted from

the whole sample. The preferred model, based on the

lowest AICc (Table 7) was lambda. Lambdas (0.94 and

0.80 for PC1 and PC2 respectively) were used to estimate

ACEs and compute permutation ANOVA.

Evolutionary models were also examined to compute

substrate preference for ACEs to be used in partial dispar-

ity computation (Fig. 2). Based on the lowest AICc, the

best model for substrate preference was the speciational

model (Table 7) with parameter kappa = 0.45.

According to the Artiodactyla substrate preferences,

most of the even-toed ACEs were in the terrestrial cat-

egory (Fig. 2). This was replicated for the equids lineage,

while some of the ancestors of both tapirids and rhino-

ceros were predicted to prefer amphibious lifestyle

(Fig. 2). The Cimolesta ACEs were amphibious, whereas

TABLE 2 . PGLS regression results for both living and living plus fossil species.

Model Parameter (P) P (95% CI) λ λ (95% CI)

Living R/H� a + b GSL a �0.208 (�0.314, �0.102) 0.933 (0.873, 0.972)

b 0.065 (0.027, 0.102)

T/F� a + b GSL a 0.109 (0.029, 0.188) 0.820 (0.702, 0.903)

b �0.064 (�0.093, �0.034)

Living + fossils R/H� a + b GSL a �0.207 (�0.279, �0.135) 0.939 (0.895, 0.970)

b 0.038 (0.011, 0.065)

T/F� a + b GSL a 0.173 (0.110, 0.237) 0.888 (0.805, 0.944)

b �0.103 (�0.127, �0.078)

On the left of the tilde are the dependent variables (y), and on the right are the independent variables (x). The variables are: log10-

transformed greatest skull length (GSL); log10-transformed radius to humerus ratio (R/H); log10-transformed tibia to femur ratio (T/

F). Parameters (P) are the intercept (a) and the slope (b); P(95% CI) is the 95% confidence interval computed for both a and b; λ is

the estimated phylogenetic signal; λ(95% CI) is the 95% confidence interval computed for λ. Parameters in bold are significant.
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‘Creodonta’ ACEs preferred both scansorial and terrestrial

habitat. Most of the Carnivora ACEs were predicted to

prefer a terrestrial substrate, while the ancestors of small

Caniformia and most felids were predicted to prefer a

scansorial lifestyle (Fig. 2). The oldest Carnivora nodes

were preferentially scansorial (Fig. 2).

Disparity analyses

Morphological disparity increased during the Paleocene

(66–56Ma) to Eocene (56–33.9 Ma) transition before

declining at the end of Eocene (33.9 Ma; Fig. 3A). Total

disparity remained relatively low for the entire Oligocene

(33.9–23.03Ma; Fig. 3A). About 20Ma, the disparity

curve rapidly rose reaching the maximum value during

the middle Miocene (15.97–11.63Ma; Fig. 3A). High dis-

parity levels were maintained towards more recent times

(5.333–2.58Ma; Fig. 3A).

Partial disparity, computed to explore the diversifica-

tion of different substrate preference groups, showed that

terrestrial species had the greatest impact on the total dis-

parity fluctuation, followed by the amphibious species.

Other groups contributed relatively little to the total mor-

phological disparity, particularly before the mid-Miocene

(Fig. 3B).

In the earliest time periods (upper Cretaceous and Pal-

eocene) terrestrial, scansorial and amphibious species

shared comparable zeugopodia and stylopodia lengths

(i.e. occupied positions close to the morphospace origin,

Fig. 4).

These species were mainly represented by the ancestors

of the early mammals (i.e. the ancestors of Cimolesta and

Condylarthra) and by basal orders (Fig. 5). It is during

the early Eocene (i.e. Ypresian stage) that terrestrial mam-

mals with longer stylopodia as compared to zeugopodia

evolved occupying the extremely positive values of PC1

(Fig. 4).

These species were represented by Uintatherium anceps

(Dinocerata, in the basal orders group) and the cimole-

stan Coryphodon molestus. During the middle–late Eocene

(i.e. Lutetian and Bartonian stages), Juxia sharamurenen-

sis occupied the morphospace region of species with

longer zeugopodia as compared to stylopodium (Figs 4,

5). During the entire Oligocene, the absence of species

occupying the extremely positive or negative values of

morphospace reflected the low morphological disparity of

the entire epoch (Figs 4, 5). In the early Miocene, the

extinct camelids such as Protolabis and merycoidodontids

occupied a morphospace region partially overlapping that

of modern African bovids, while the extremely positive

values of PC1 were filled by large Teleoceratini and Cha-

licotherinii (Figs 4, 5, S3). This morphospace filling

reflected the peak in morphological disparity observed

during the middle Miocene (Figs 4, 5) with spatial orga-

nization remaining almost constant except for the evolu-

tion of extremely cursorial bovids and otters during the

late Pliocene (Figs 4, 5).

Analyses of partial disparity showed that when disparity

increased during the Eocene, the most morphologically

variable group was the Perissodactyla, together with

‘Creodonta’, Cimolesta and basal orders (Figs 3, 5). How-

ever, the disparity of odd-toed ungulates slowly declined

throughout the Oligocene. During the middle Miocene,

Perissodactyla rapidly reached the highest disparity peak

in their evolutionary history. We found that equids and

non-equids contributed to both peaks (i.e. Eocene

and middle Miocene peaks; Fig. S1). By contrast, the dis-

parity of Artiodactyla increased slowly throughout the

TABLE 3 . PGLS regression results for both living and living

plus fossil species showing the relationships between continuous

and discrete variables.

Model p value λ λ (95% CI)

Living GSL� a+ b

trophic level

<0.001 0.883 (0.773, 0.950)

GSL� a+ b

substrate

0.004 0.961 (0.914, 0.989)

GSL� a+ b diet 0.061 0.964 (0.913, 0.994)

R/H� a+ b

trophic level

0.096 0.937 (0.879, 0.974)

R/H� a+ b

substrate

0.092 0.932 (0.872, 0.970)

R/H� a+ b diet 0.671 0.934 (0.871, 0.974)

T/F� a+ b

trophic level

0.081 0.847 (0.738, 0.921)

T/F� a+ b

substrate

0.060 0.879 (0.794, 0.938)

T/F� a+ b diet 0.093 0.861 (0.766, 0.927)

Living +
fossils

GSL� a+ b

trophic level

<0.001 0.935 (0.887, 0.966)

GSL� a+ b

substrate

0.028 0.980 (0.959, 0.994)

GSL� a+ b diet 0.411 0.982 (0.961, 0.996)

R/H� a+ b

trophic level

0.011 0.939 (0.895, 0.969)

R/H� a+ b

substrate

0.150 0.937 (0.891, 0.968)

R/H� a+ b diet 0.698 0.945 (0.901, 0.975)

T/F� a+ b

trophic level

0.002 0.944 (0.890, 0.978)

T/F� a+ b

substrate

0.076 0.964 (0.925, 0.989)

T/F� a+ b diet 0.023 0.956 (0.912, 0.985)

Results reported for living and living plus fossil species, show:

p-value for the significance of the slope; lambda parameter esti-

mated for the branch length transformation (λ); confidence

interval for lambda estimate (95% CI). Significant values

(p<0.05) shown in bold.
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Cenozoic and peaked at c. 15 Ma in the middle Miocene

(Fig. 3). Carnivores mirrored the even-toed ungulates and

they had a minor contribution to the overall disparity

with a small diversification event occurring by the end of

the Oligocene (Fig. 3C, F). They only contributed signifi-

cantly to total disparity during the last c. 15 Ma.

The inclusion of the ACEs to calculate disparity over

time did not change the overall trend observed with tip

F IG . 1 . Scatterplots of the first two principal component scores. Dots are coloured according to substrate preference, order, trophic

level, and diet categories. Giraffa camelopardalis shows negative PC1 values, Hippopotamus amphibius shows positive PC1 values. Capra

shows positive PC2 values and Pteronura brasiliensis shows negative PC2 values. PC plots were generated in R.
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species only (Fig. 3A, D). The larger temporal window

showed a very low disparity during the late Cretaceous

(Fig. 3D–F).

Effect of temperature and primary productivity

PCA, performed to summarize the mean, median and

variance of the stable isotopes δ18O and δ13C fluctuations,

returned six axes. PC1 and PC2 explained 92% and 8%

of the total variance, respectively. Oxygen fluctuation

strongly influenced change along PC1

(loadingmeanδ18O = 0.652; loadingmedianδ18O = 0.650).

Carbon was loaded negatively on the same axis

(loadingmeanδ13C = �0.275; loadingmedianδ13C = �0.276).

By contrast, PC2 mainly represented carbon fluctuation

(loadingmeanδ13C = 0.641, loadingmedianδ13C = 0.661).

Lower PC1 values described stages with extremely high

temperatures and low primary productivity such as Pal-

eocene and Eocene. The opposite values were associated

with extremely cold stages with high primary productivity

(Fig. 6).

SDE results suggested that there was no connection

between climatic changes and mammalian disparity with

(tips plus nodes case) and without (tips case) accounting

for the incompleteness of the fossil species (Table 8). In

all cases, the highest maximum likelihood and posterior

probability was returned for model 1 supporting no con-

nection between climate and mammalian disparity.

In both tips and tips + nodes cases, the highest likeli-

hood and percentage of posterior probability supported

model 4 for the relationships between Carnivora and

Artiodactyla disparity assuming that the disparities of

both orders were two-way favourably strongly connected

(Table 9). Model 3, assuming a casual connection, was

the favourite model describing the relationships between

Perissodactyla, with both Artiodactyla and Carnivora dis-

parities (Table 9). Equally, the highest likelihood and pos-

terior probability were returned for model 3 in the

relationships between ‘Creodonta’ disparity which was

found to be casually linked to Carnivora disparity

(Table 9).

Artiodactyla and Carnivora were probably casually

linked with a bi-directional model; in the tips case β
Artiodactyla to Carnivora is 0.067 (�1.055, 0.904;

Table 10) suggesting that a high disparity of Artiodactyla

were related to the high disparity of Carnivora and vice

versa. These results were supported also when node values

were included in the analyses (Table 10). β Carnivora to

Artiodactyla was higher than β Artiodactyla to Carnivora

in both tips (0.550) and tips plus nodes (0.485) cases,

suggesting the effect of Carnivora was the strongest. The

parameters estimated for the relationships between Peri-

ssodactyla and both Artiodactyla and Carnivora returned

positive and negative β values, respectively. The β values

suggested that high disparity values in the odd-toed clade

were linked to low disparity levels in Carnivora and high

in Artiodactyla (Table 10). The same pattern linking Peri-

ssodactyla to Carnivora was observed Carnivora and

‘Creodonta’ with the latter group being negatively influ-

enced by Carnivora (Table 10).

Phylogenetic uncertainty

On average, the set of ‘swapped trees’ was 65.14% com-

parable to the original tree (CI: 64.05–68.36%), and the

phylogenetic analyses calculated using these trees mir-

rored the results of the original analyses. PGLS regressions

computed to evaluate the relationship between collected

variables (i.e. R/H�GSL and T/F�GSL) were significant

in 100% of random trees. Both PC1 and PC2, which were

created from 50 Phy–PCA based on swapped trees,

were found to evolve according to lambda in 100% cases.

Regarding the permutation ANOVA, we found significant

variation in substrate preferences along the PC1 60% of

the time, but only 34% of the time along the PC2. As

regards to the trophic level category, ANOVA results

resembled the real one 100% of cases for PC1 and 60%

of cases for PC2, while the PGLS 100% for PC1 and 68%

for PC2. Category PGLS supported 100% of the real

results for the diet category. Finally, the disparity results

also resembled the real disparity computed for tips 100%

of cases (Serio et al. 2024, data 6).

DISCUSSION

In this work, we investigated the morphological disparity

of the two long bones functional ratios, the brachial and

crural indices, throughout the Cenozoic. Our findings

revealed that variations in stable isotopes δ18O and δ13C,
which were used as proxies for palaeotemperature and

primary productivity, did not affect morphological diver-

sification of ecological groups or clades. On the other

hand, it was shown that clade interaction and/or

TABLE 4 . Permutation ANOVA p-values.

Taxa Trait Trophic

level

Substrate Diet Habitat

Living

species

PC1 0.696 0.116 0.608 0.012

PC2 0.430 0.009 0.006 9.99× 10�5

Living +
fossil

species

PC1 0.573 0.041 0.323 –
PC2 0.087 0.084 0.011 –

Significant values (p<0.05) shown in bold.
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competition were likely to have impacted changes in the

morphological disparity of mammals.

Even though the relationships were not particularly

strong, we discovered that both the radius/humerus and

the tibia/femur ratios were significantly associated with the

greatest skull length. These regressions produced different

slope values when living and living plus fossil species were

considered (Table 2), indicating that fossils are a significant

addition to this type of study. Christiansen’s (2002) study,

for example, proposes a universal equation to determine

the long bone ratio, which does not appear to be valid

when including fossil taxa. Many extinct species had

morphologies with no extant equivalent, especially in the

proportion of the hind limbs, where we noted greater

changes in slope and intercept parameters.

The functional morphospace (Fig. 1) was informative

mainly about substrate preference and may help our

understanding of limb bone evolution. Mammals with

shorter legs were opposed to extant cursorial ungulates

such as giraffids, camelids, pecorans, ruminants and

equids. The cursorial ungulates share the same region

with canids and most pantherines which, even though

TABLE 5 . TukeyHSD post-hoc computed on substrate prefer-

ence (A), diet (B), and habitat (C).

A Substrate

Living Living + fossil

TukeyHSD PC2 TukeyHSD PC1

Z p value Z p value

Amphibious–arboreal �0.339 0.632 �1.149 0.860

Amphibious–scansorial 1.400 0.079 0.627 0.285

Amphibious–semifossorial 1.497 0.067 �0.872 0.795

Amphibious–terrestrial 1.183 0.121 1.646 0.044

Arboreal–scansorial 0.700 0.253 0.560 0.309

Arboreal–semifossorial 1.194 0.116 �1.335 0.899

Arboreal–terrestrial 0.353 0.382 1.334 0.091

Scansorial–semifossorial 0.657 0.261 0.165 0.447

Scansorial–terrestrial 0.108 0.476 1.033 0.160

Semifossorial–terrestrial 0.929 0.176 0.674 0.264

B Diet

Pairs Living Living + fossil

TukeyHSD PC2 TukeyHSD PC2

Z p value Z p value

Browser–carnivore �0.095 0.547 0.555 0.307

Browser–folivore �0.229 0.596 0.129 0.458

Browser–frugivore �0.498 0.699 �0.183 0.579

Browser–grazer �0.514 0.692 �0.745 0.766

Browser–insectivore �0.558 0.706 �0.692 0.748

Browser–mixed 0.893 0.195 1.166 0.128

Browser–omnivore �0.650 0.735 1.141 0.131

Browser–piscivore 3.082 <0.001 2.700 0.001

Carnivore–folivore 0.251 0.412 0.550 0.304

Carnivore–frugivore �0.962 0.835 �0.862 0.795

Carnivore–grazer 0.611 0.296 0.708 0.260

Carnivore–insectivore �2.051 0.981 �1.098 0.849

Carnivore–mixed 0.542 0.319 �0.006 0.519

Carnivore–omnivore �1.313 0.891 0.379 0.376

Carnivore–piscivore 3.020 <0.001 2.487 0.003

Folivore–frugivore �0.088 0.545 0.381 0.372

Folivore–grazer �0.690 0.752 �0.106 0.553

Folivore–insectivore 0.090 0.476 0.257 0.410

Folivore–mixed 0.623 0.273 0.750 0.237

Folivore–omnivore 0.072 0.486 0.896 0.195

Folivore–piscivore 2.616 0.002 2.141 0.012

Frugivore–grazer �0.205 0.587 �0.004 0.510

Frugivore–insectivore �0.959 0.835 �0.706 0.753

Frugivore–mixed �2.889 0.998 �1.599 0.939

Frugivore–omnivore �0.831 0.802 �1.416 0.912

Frugivore–piscivore 1.412 0.072 1.282 0.096

Grazer–insectivore 0.106 0.476 �0.278 0.613

Grazer–mixed 1.376 0.084 1.180 0.124

Grazer–omnivore 0.097 0.477 1.218 0.115

(continued)

TABLE 5 . (Continued)

B Diet

Pairs Living Living + fossil

TukeyHSD PC2 TukeyHSD PC2

Z p value Z p value

Grazer–piscivore 3.205 <0.001 2.690 0.001

Insectivore–mixed �0.172 0.571 �0.297 0.622

Insectivore–omnivore �1.608 0.936 0.103 0.475

Insectivore–piscivore 2.840 0.001 2.179 0.009

Mixed–omnivore 0.180 0.447 �0.407 0.657

Mixed–piscivore 2.866 0.001 2.290 0.006

Omnivore–piscivore 2.949 0.001 1.971 0.018

C Habitat

Pairs Living

TukeyHSD PC1 TukeyHSD PC2

Z p value Z p value

Closed–mixed 0.908 0.198 �2.169 0.988

Closed–open 2.952 0.000 1.195 0.118

Closed–wetland �0.081 0.540 2.876 0.001

Mixed–open 2.326 0.005 1.425 0.073

Mixed–wetland �1.105 0.850 2.924 0.001

Open–wetland �0.016 0.518 3.196 0.000

Results were reported for living (A, B, C) and living + fossil spe-

cies (A, B). Significant values (p<0.05) shown in bold.
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they occupy positions close to zero (i.e. the origin of the

axes), overlap with ungulate morphospace, suggesting

convergence in the evolution of cursorial adaptation

between large predators and prey (Figs S2–S5). Ungulates

evolved extreme ‘cursorial adaptations’ such as fused

radius and ulna, and the reduced fibula (Janis &

Wilhelm 1993; Polly 2007), and shared the longer radii

and tibia relative to the humerii and femora found in

carnivores.

The differences in bone proportions, which defined the

distribution of species into the functional morphospace,

are not explained by phylogeny alone. Ungulates, which

are more variable than Carnivora, include different mor-

photypes ranging from the terrestrial equids, bovids and

cervids to the robust amphibious hippopotamus and Tele-

oceras. Amphibious, arboreal and semi-fossorial species

are found in the same morphospace region while terres-

trial and scansorial species are more widely dispersed

(Fig. 1).

The morphological disparity of long bone ratios was

found to be especially high in two epochs: the Eocene

and Miocene. This pattern was not mirrored by sample

size, which increased throughout the Paleocene and Pleis-

tocene, or species diversity calculated using data from the

PBDB. In the case of species diversity, the larger increase

in diversity during the Miocene happened slightly earlier

than the morphological disparity (Fig. S6).

Our analysis of morphological disparity suggests that

major diversification events in carnivores and ungulate

limb bones were probably due to clade interaction and

were independent of environmental conditions. During

the late Cretaceous, mammalian disparity was low

amongst the ancestors of Cenozoic mammals, which were

mainly arboreal, occupying the region of the morpho-

space close to the axis origin (Fig. 3). However, the K–Pg
extinction caused a reduction in arboreal habitat and ter-

restrial species were able to diversify, occupying vacated

niches. The analysis of morphological tarsal disparity in

early mammals returned similar results, suggesting terres-

triality was the key innovation to support diversification

in early mammals during the Paleocene–Eocene interval

(66–33Ma; Shelley et al. 2021). In addition, as Carnivora

shared a plesiomorphic scansorial habit (Flynn et al. 2010)

our results showed that it was mainly ungulates such as

the perissodactyls Hyracotherium, Hyrachyus and

TABLE 7 . Values of the Akaike information criterion corrected for sample size (AICc) for the different evolutionary models for the

five different analyses of continuous and discrete data.

Taxa Trait BrM OU EB Lambda Kappa Delta

Living species PC1 �800.657 �808.617 �798.607 �824.839 �815.107 �807.083

PC2 �975.613 �1006.409 �973.563 �1021.340 �987.488 �995.130

Living + fossil species PC1 �1265.775 �1275.379 �1263.746 �1288.101 �1287.412 �1264.112

PC2 �1587.884 �1639.432 �1585.854 �1651.249 �1619.827 �1594.910

Substrate 409.612 – 410.112 407.197 402.578 411.160

The models are: Brownian motion (BrM); Ornstein–Uhlenbeck (OU); early burst (EB); lambda, kappa, delta. The best models are

shown in bold.

TABLE 6 . Category PGLS results.

Model p value λ 95% CI

Living

species

Trophic

level� a+ b

PC1

0.706 0.924 (0.863, 0.965)

Trophic

level� a+ b

PC2

0.475 0.715 (0.522, 0.852)

Substrate� a+ b

PC1

0.120 0.919 (0.856, 0.961)

Substrate� a+ b

PC2

0.005 0.763 (0.616, 0.870)

Diet� a+ b PC1 0.639 0.921 (0.856, 0.964)

Diet� a+ b PC2 0.003 0.702 (0.529, 0.834)

Habitat� a + b

PC1

0.011 0.911 (0.842, 0.958)

Habitat� a + b

PC2

<0.001 0.717 (0.555, 0.839)

Living +
fossil

species

Trophic

level� a+ b

PC1

0.508 0.947 (0.905, 0.975)

Trophic

level� a+ b

PC2

0.058 0.762 (0.622, 0.862)

Substrate� a+ b

PC1

0.317 0.950 (0.907, 0.979)

Substrate� a+ b

PC2

0.001 0.749 (0.607, 0.852)

Diet� a+ b PC1 0.306 0.951 (0.908, 0.979)

Diet� a+ b PC2 0.001 0.751 (0.610, 0.853)

Results reported for living and living + fossil species groups

show: p-value for the significance of the slope; lambda parameter

estimated for the branch length transformation (λ); confidence
interval for lambda estimate (95% CI); the fraction of variance

of the dependent variable explained by the independent variable

(R2). Significant values (p<0.05) shown in bold.
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F IG . 2 . Phylogenetic tree of 420 mammalian species. Tip dots are coloured according to the substrate. Pie charts are coloured accord-

ing to the substrate posterior probabilities of ACE estimated for each node. (Silhouettes from https://www.phylopic.org/; copyright

information provided in Appendix S2.)
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Parvicornus, both the basal orders Dinocerata and Condy-

larthra, and ‘Creodonta’, with longer zeugopodia com-

pared to stylopodia, that contributed to the first adaptive

radiation of terrestrial species. This idea is supported

by the high disparity values of the Perissodactyla,

‘Creodonta’, and basal orders during the Palaeogene

(Figs 3–5).
During the Eocene, many Carnivora families such as

Canidae, Mustelidae, Ursidae, Amphicyonidae and Nim-

ravidae originated all at once (Flynn et al. 2010). Hence,

we supposed the emergence of new taxa resulted in the

second adaptive radiation among terrestrial and amphi-

bious species. At this time, we found also amphibious

species were represented by Coryphodon, Pantolestidae,

and Metamynodon sharing longer humerii and femurs as

opposed to short radii and tibiae.

During the Eocene–Oligocene interval (56–23Ma)

long-legged ungulates evolved in North America (Garland

& Janis 1993; Janis & Wilhelm 1993; Levering et al. 2017).

Our results showed that by the end of the Oligocene, spe-

cies such as Michenia or Miohippus demonstrated the first

cursorial features, such as longer radius and tibia, and

occupied the morphospace region of living camelids and

horses. During the Miocene (23–5Ma), we found that the

morphospace of living cursorial ruminants and cervids

became filled by their ancestors and long-legged carni-

vores, such as the ancestors of the living canids, evolved.

These findings support those of Janis & Wilhelm (1993)

F IG . 3 . A, morphological disparity through time computed for carnivores and ungulates throughout the Cenozoic in 22 time period

bins based on the sum of variance metric (from 2 PC axes and rarefied to the median sample size for all 22 bins, n = 31). B, partial

disparity computed according to the substrate categories. C, partial disparity computed for orders. D, disparity through time (com-

puted taking into account ACEs) throughout the Cenozoic; 25 bins based on the sum of variance metric (from 2 PC axes and rarefied

to the median sample size for all 21 bins, n = 49). E, partial disparity computed for the substrate categories and taking into account

the ACE values. F, partial disparity computed for orders and taking into account the ACE values. Grey areas in A and D represent

confidence intervals which were obtained from the 500 bootstrap replicates.
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and Flynn et al. (2010). All of these changes are reflected

in the scansorial disparity peak we found at about 15Ma.

It is noteworthy that early Miocene scansorial carnivores

occupied morphospace regions similar to those of Recent

ones. The same observation was made by Goswami &

Friscia (2010) who suggested that the Carnivora diversi-

fied early in their locomotor preferences and remained

almost constant throughout the Cenozoic. This pattern is

supported by similar findings for the feeding apparatus.

Wesley-Hunt (2005), Meloro & Raia (2010), and

Meloro (2011b) suggested that this evolutionary stasis

resulted from resource partitioning to reduce competi-

tion, occupying different locomotor and feeding habits in

living carnivores. Studies of the well-preserved fossil

record suggest the same partitioning in the past. Consid-

ering that the history of carnivores was characterized by

iterative evolution, our results showed that the morpho-

space occupation remained constant for long bones

because of the repeated evolution of specific morpholo-

gies at different points in time (Van Valkenburgh 2007).

The iterative evolution of similar ecomorphologies sug-

gests that other factors besides changes in limb morphol-

ogy, such as reproductive physiology, may have driven

evolution at this stage (Clauss et al. 2019).

We found that morphospace occupation has remained

almost unchanged since the Pliocene. The partial

disparity analysis revealed a significant turnover between

‘Creodonta’ and Carnivora during the Palaeogene,

supporting a double-wedge model (Benton 1987; Van

Valkenburgh 1999). ‘Creodonta’ were the Eocene’s

dominant predators. Compared to Carnivora predators,

most ‘Creodonta’ showed morphotypes with stylopodia

longer than zeugopodia and filled a small morphospace

region (Fig. 5). ‘Creodonta’ had a significant degree of

morphological differentiation up to the middle of the

Eocene, at which point Carnivora’s disparity began to

rise, reaching the first peak during the middle of the

Oligocene. Our findings indicate that Carnivora dispar-

ity probably had a negative impact on ‘Creodonta’ dis-

parity, supporting the findings of Flynn et al. (1998)

and Van Valkenburgh (1999) that pointed towards clade

competition as the reason for the turnover between

these two predatory groups. ‘Creodonta’ were large

body-size species that reached sizes never reached by

Carnivora, and Janis & Wilhelm (1993) demonstrated

that Hyaenodonta had a hunting style that was different

from modern predators and probably less effective in

prey capture. A double-wedge pattern has already been

proven to occur among other clades such as the Hath-

liacynidae (Sparassodonta) and some Didelphoidea

(Zimicz 2014), as well as brachiopods and bivalves

(Sepkoski 1996).

F IG . 4 . Morphospace occupation of the substrate preference category throughout the Cenozoic. Stages were collapsed according to

the Epoch to which they belong. Grey points represent the entire database. (Silhouettes from https://www.phylopic.org/; see

Appendix S2 for copyright information.)
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The partial disparity analysis throughout the Cenozoic

showed Perissodactyla had a greater morphological dis-

parity than Artiodactyla during the Eocene. The

extinction of amphibious morphotypes during the Oligo-

cene indicates a decline in Perissodactyla disparity, but

the emergence of early camelids, hypertragulids and

F IG . 6 . Scatterplot of PC axis returned for climatic variables.

F IG . 5 . Morphospace occupation of the orders throughout the Cenozoic. Stages were collapsed according to the Epoch to which they

belong. Grey points represent the entire database. (Silhouettes from https://www.phylopic.org/; see Appendix S2 for copyright

information.)
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merycoidodonts reflects a rise in Artiodactyla disparity.

Our results showed that during the Miocene, Perissodac-

tyla disparity rebounded and Artiodactyla disparity

peaked. However, Artiodactyla disparity remained nearly

constant after the Miocene while Perissodactyla disparity

declined significantly. Perissodactyla was broadly spread

in the morphospace, with both terrestrial and amphibious

morphotypes, whereas Artiodactyla was restricted to pri-

mitive morphotypes (Fig. 5).

Even if our SDE findings indicated that Artiodactyla

disparity positively influenced the Perissodactyla dispar-

ity, the β value, indicating the strength of the causal

TABLE 9 . The causal connection among mammalian disparities; maximum likelihood and Bayesian posterior probabilities for differ-

ent models.

Cause Effect Tips

Model 1 Model 2 Model 3 Model 4 Model 5

ML PP (%) ML PP (%) ML PP (%) ML PP (%) ML PP (%)

Car Art 217.675 16.512 218.208 28.149 217.915 21.008 218.407 34.331 85.159 0.000

Car Per 204.009 19.851 204.016 19.987 204.295 26.412 204.216 24.420 203.254 9.330

Art Per 200.018 23.377 199.851 19.775 200.118 25.824 199.951 21.871 199.081 9.154

Car Cre 232.727 24.187 232.604 21.388 232.728 24.222 232.581 20.910 231.770 9.292

Cause Effect Tips + nodes

Model 1 Model 2 Model 3 Model 4 Model 5

ML PP (%) ML PP (%) ML PP (%) ML PP (%) ML PP (%)

Car Art 252.988 8.208 253.837 19.181 253.883 20.094 254.201 27.625 254.097 24.892

Car Per 246.546 19.348 246.407 16.833 246.943 28.783 246.720 23.038 246.068 11.998

Art Per 237.850 28.001 237.647 22.867 237.910 29.746 82.284 0.000 237.482 19.386

Car Cre 276.043 29.297 275.689 20.576 276.043 29.319 275.700 20.808 90.181 0.000

Art, Artiodactyla; Car, Carnivora; Cre, ‘Creodonta’; ML, maximum likelihood; Per, Perissodactyla; PP, Bayesian posterior probability.

Model 1: No connections between the morphological disparity of two competing orders; Model 2: Causal connection from Order 1

disparity to Order 2 disparity; Model 3: Causal connection from Order 2 disparity to Order 1 disparity; Model 4: Causal connections

from Order 1 disparity to Order 2 disparity and from Order 2 disparity to Order 1 disparity (2-way feedback system); Model 5: Corre-

lative connection between Order 1 disparity and Order 2 disparity. The best models are shown in bold.

TABLE 8 . Causal connection between climate and mammalian disparity; maximum likelihood and Bayesian posterior probabilities

for different models.

Cause Effect Tips Tips + nodes

Model 1 Model 2 Model 1 Model 2

ML PP (%) ML PP (%) ML PP (%) ML PP (%)

Climate Total disparity 63.092 82.437 61.546 17.563 71.162 88.966 69.075 11.034

Climate Terrestrial 66.542 86.576 64.678 13.424 76.032 91.748 73.624 8.252

Climate Scansorial 95.702 91.674 93.304 8.327 103.330 98.739 98.969 1.261

Climate Arboreal 116.669 99.999 104.993 0.001 131.976 100.000 118.277 0.000

Climate Semifossorial 112.089 95.868 108.945 4.132 125.296 99.996 115.130 0.004

Climate Amphibious 81.102 98.043 77.188 1.957 94.663 98.575 90.426 1.425

Climate Carnivora 87.011 88.488 84.972 11.512 97.175 83.042 95.586 16.958

Climate Artiodactyla 83.048 82.087 81.526 17.913 88.536 90.214 86.315 9.786

Climate Perissodactyla 69.386 90.990 67.074 9.010 82.016 95.833 78.881 4.167

Climate ‘Creodonta’ 98.130 96.526 94.805 3.474 111.546 98.098 107.603 1.902

Climate Basal orders 92.224 98.490 88.046 1.510 109.430 98.941 104.892 1.059

ML, maximum likelihood; PP, Bayesian posterior probability. Model 1: no connections between climate and disparities; Model 2: cau-

sal connection from climate to disparities. The best models are shown in bold.
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TABLE 10 . Parameter estimates from the best models.

Relationship between Artiodactyla & Carnivora disparity model 4

Tips Tips + nodes

Mean Median Lower

bound

(95%)

Upper

bound

(95%)

Mean Median Lower

bound

(95%)

Upper

bound

(95%)

α Artiodactyla 1264.317 64.830 5.932 9628.882 626.903 76.457 3.826 4248.293

μ Artiodactyla 0.002 0.002 �0.018 0.028 0.003 0.003 �0.008 0.015

σ Artiodactyla 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001

α Carnivora 1549.807 156.572 4.948 11 922.130 460.467 70.873 2.791 2957.692

μ Carnivora 0.003 0.001 �0.013 0.033 0.002 0.002 �0.005 0.009

σ Carnivora 2.95 × 10�4 2.85 × 10�4 1.87 × 10�4 4.64 × 10�4 2.73 × 10�4 2.59 × 10�4 1.68 × 10�4 4.75 × 10�4

β Artiodactyla to

Carnivora

0.067 0.145 �1.055 0.904 0.145 0.284 �0.912 0.814

β Carnivora to

Artiodactyla

0.550 0.583 �0.745 1.627 0.485 0.485 �0.717 1.464

Relationship between Perissodactyla & Carnivora disparity model 3

Tips Tips + nodes

α Perissodactyla 670.787 27.538 3.364 4032.547 425.963 28.121 4.147 2146.304

μ Perissodactyla 0.004 0.002 �0.011 0.044 0.000 0.001 �0.018 0.006

σ Perissodactyla 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.001

α Carnivora 1849.291 138.017 16.877 14 677.140 1031.000 129.218 18.816 7649.220

μ Carnivora 0.003 0.002 �0.012 0.028 0.001 0.001 �0.020 0.011

σ Carnivora 0.000 0.000 0.000 0.000 2.51 × 10�4 2.48 × 10�4 1.47 × 10�4 3.68 × 10�4

β Perissodactyla to Carnivora �0.138 �0.187 �1.098 0.915 �0.145 �0.149 �1.110 1.003

Relationship between Perissodactyla & Artiodactyla disparity model 3

Tips Tips + nodes

α Perissodactyla 412.783 18.887 2.700 2893.361 258.766 19.064 3.840 2254.768

μ Perissodactyla 0.003 0.002 �0.011 0.022 0.002 0.001 �0.008 0.018

σ Perissodactyla 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.001

α Artiodactyla 3871.074 179.635 22.893 12 125.700 1959.769 180.984 22.824 8943.113

μ Artiodactyla 0.002 0.003 �0.018 0.023 0.002 0.002 �0.016 0.020

σ Artiodactyla 0.000 0.000 0.000 0.001 3.9 × 10�4 3.8 × 10�4 2.3 × 10�4 5.9 × 10�4

β Perissodactyla to Artiodactyla 0.052 0.068 �1.021 1.058 0.037 0.030 �0.977 1.060

Relationship between ‘Creodonta’ & Carnivora disparity model 3

Tips Tips + nodes

α ‘Creodonta’ 360.429 62.592 10.243 2440.358 746.790 56.809 10.508 4650.180

μ ‘Creodonta’ 3 × 10�4 2.9 × 10�4 �0.003 0.003 0.000 2 × 10�4 �0.003 0.003

σ ‘Creodonta’ 1.5 × 10�4 1.5 × 10�4 1.1 × 10�4 2.2 × 10�4 1.3 × 10�4 1.2 × 10�4 9.2 × 10�5 1.8 × 10�4

α Carnivora 1801.261 143.812 15.541 14 008.070 2886.285 202.828 17.701 18 210.280

μ Carnivora 0.002 0.002 �0.012 0.017 0.001 0.001 �0.014 0.016

σ Carnivora 3 × 10�4 2.9 × 10�4 1.9 × 10�4 4.5 × 10�4 2.6 × 10�4 2.6 × 10�4 1.7 × 10�4 3.8 × 10�4

β ‘Creodonta’ to Carnivora �0.048 �0.055 �1.039 1.009 �0.038 �0.040 �1.008 0.942

α: strength; μ: mean value; σ: standard deviation; β: strengths of the Granger causal link between two time series. Estimated values are

presented for the mean, median and lower and upper bounds of the best models shown in Table 9.
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connection, is close to zero suggesting that other factors

may have played a major role in the decline of Perisso-

dactyla disparity. By the end of the Oligocene, Perisso-

dactyla disparity rapidly declined while Artiodactyla

disparity increased (Fig. 3). The turnover between Peri-

ssodactyla and Artiodactyla has already been reported,

with morphological changes in teeth, limbs and digestive

systems, including the use of the gastrointestinal

microbes not only as symbiotic digestive service providers

but as farmed prey, potentially providing advantages for

Ruminantia in competition for similar niches (Ben-

ton 1983; Clauss et al. 2023), but differing reproductive

physiology may also have played a role (Clauss

et al. 2019). Janis (1989) argued that this trend was pri-

marily driven by climate and vegetation change, although

our findings support the hypotheses of Benton (1983)

and Clauss et al. (2019). However, in this scenario, we

need to keep in mind that our environmental proxies do

not include plant type, which changed throughout the

Cenozoic and was most likely the principal cause of

ungulate morphological diversity. In terms of tooth

shape, feeding strategy, and cursorial adaption, the more

specialized artiodactyls may have superseded the less spe-

cialized perissodactyls until equid diversification occurred

during the middle Miocene (Janis 1989; Cantalapiedra

et al. 2017). To corroborate this theory, Levering

et al. (2017) demonstrated that among North American

ungulates, Artiodactyla developed towards a more cursor-

ial morphotype, improving locomotory capabilities, while

Perissodactyla limb length remained constant throughout

the Cenozoic.

Our findings also revealed that Perissodactyla dispar-

ity negatively influenced Carnivora disparity. We suggest

that the odd-toed clade had a negative impact on the

predator clade since the majority of Perissodactyla were

megaherbivores, whereas Carnivora variability was possi-

bly mainly influenced by equid diversity. Interestingly β
appears not to be extremely high suggesting that more

factors could be at play to explain the observed

pattern.

Another interesting outcome of our disparity analysis

was the support for a positive effect of Artiodactyla dis-

parity on Carnivora disparity and vice versa. Figure 3

indicates that both orders followed the same patterns

throughout the Cenozoic, even though the Artiodactyla

disparity always remained relatively higher. This suggests

a link between the clades including the mainly large pre-

dators and their prey. However, caution is required to

interpret this pattern in the light of predator–prey
interaction because the Carnivora also includes

non-specialized predators while the Artiodactyla includes

several taxa immune to predation such as the amphibious

hippopotamus. The two clades might have simultaneously

benefited from the extinction of short-legged morpholo-

gies in their more closely related competitors such as

creodonts and perissodactyls, leading to peaks in morpho-

logical diversity during periods of open habitat spreading

(Middle Miocene and Pliocene).

CONCLUSION

We have tested the effects of four different ecological

categories on the evolution of long bones in a large sam-

ple of terrestrial mammals. Substrate preference was the

best predictor of occupation of functional morphospace

and distinguished between stocky amphibious and terres-

trial mammals. Terrestrial mammals appear to be the

principal responsible of increased disparity during

the Cenozoic, while clade interaction and competition

were found to be the main drivers for temporal fluctua-

tions in morphological disparity.
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