
Article
iScience
Emergent network proper
ties link phenotypic
modules to ecomorphological divergence in
carnivoran mammals
Graphical abstract
Highlights
d Common modules related to development and function are

present in mammal skulls

d The modules form a topological network, where connectivity

is spatially organized

d Deviations from this general pattern are linked to evolutionary

convergence

d Macroevolutionarily recombined functional networks reflect

ecological adaptations
Tseng et al., 2025, iScience 28, 111828
February 21, 2025 ª 2025 The Author(s). Published by Elsevier In
https://doi.org/10.1016/j.isci.2025.111828
Authors

Z. Jack Tseng (曾志傑), Camille Grohé,
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SUMMARY

The skull is the skeletal core of a multicomponent, multifunctional system that controls organismal activities.
A common set of skeletal modules is known in mammal skulls and is correlated to developmental and func-
tional compartmentalization. However, it is unclear to what extent these modules further organize into, and
evolve as, higher-level networks. Here, we show that mammalian skull modules represent a topological
network, where inter-module connectivity correlates with spatial proximity. Deviations from this general
pattern are linked to evolutionary convergence. Terrestrial and aquatic species show accelerated sensory
and masticatory module evolution and reduced network linkages compared to above ground species.
Extreme feeding ecologies show accelerated sensory and masticatory module evolution yet dissimilar net-
works. Despite common topological network-like organization of skull elements, macroevolutionary recom-
bination can generate functional networks that link significantly to ecological adaptations. More generally,
mammal skull elements exhibit emergent network properties as multi-dimensional form-function linkages
on which evolution may act.

INTRODUCTION

The vertebrate head is a composite structure that represents the

integration of tissues from different developmental (dermal

versus neurocranial) and embryological (pharyngeal arch) ori-

gins. The ossified scaffolding of the head, the skull (cranium

andmandible), reflects these varied tissue origins in the arrange-

ment, shape, and size of its constituent bones.1 The skull in

mammals is a further specialized structure that represents the

only part of the skeleton that simultaneously contains an

arrangement of bones characterized by joints, sutures, and

both partial and total fusion of elements. On top of these salient

anatomical and developmental characteristics, skulls serve a vi-

tal role in housing and controlling sensory, masticatory, and

communicatory systems. Much research has assessed the ef-

fects of evolutionary specialization of one of more of these sys-

tems on the diversity of skull shapes and structures during the

Cenozoic radiation of mammals, but few studies have assessed

their interaction influences of skull morphology.2

A prevailing paradigm that has begun to unify research on the

evolutionary morphological consequences of heterochrony,3

developmental canalization,4 and functional specialization in

the mammalian skull is the establishment of major phenotypic

trait clusters that persist across mammal clades.5 The clustered

distribution of phenotypic covariation among skull regions, and

the degree to which the units of covarying structures (called

modules) vary relative to other modules, both influence the

tempo and mode of skull evolution in mammals. These research

efforts have revealed a set of six skull phenotypic units of mea-

sure on which natural selection likely operates: the anterior

oral-nasal, basicranium, molar/dentition, cranial vault, orbit,

and zygomatic-pterygoid regions.5,6

Despite advances in understanding these primary or first-or-

der mammalian skull modules, there have been few insights

into complexities that develop from higher-order interactions

among first-order modules. One possible consequence of such

interactions may be a further canalization of evolutionary path-

ways for skull morphology into higher-level networks of pheno-

typicmodules, or second-order networks (emerging sets or clus-

ters of primary modules composed of first-order modules that

are developmentally and functionally defined). Such emergent

patterns reflecting differential covariation of skull structures

iScience 28, 111828, February 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

mailto:zjt@berkeley.edu
https://doi.org/10.1016/j.isci.2025.111828
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111828&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


may in turn associate with different adaptive evolutionary path-

ways. Although modular pathways of change have been clearly

documented in the mammal skull,5,7 how the modules interact

to facilitate or constrain the development and variation of one

another cannot be easily studied by using the pairwise compar-

isons currently employed in the literature. An organism’s ecolog-

ical role in their biological communities also is where the ‘‘rubber

meets the road’’ in terms of how phenotype relates to life history

and ecological traits that determine fitness. Specifically, it is un-

known whether the interactions among known skull modules

across all of Mammalia constitute emergent properties sensitive

to ecological conditions (e.g., habitat, food resources, abiotic

factors, etc.) that may enhance or limit skull shape diversification

over macroevolutionary timescales.

Relevant to these questions of the nature and role of pheno-

typic module evolvability in ecological divergence and speciali-

zation, we know that there can be elevated covariation in

morphological structures in hypercarnivorous mammals

compared to generalists.8 Furthermore, topologically, articu-

lated structures such as the cranium and mandible can still

show decoupled modes of evolution.9 What we do not yet

know is whether currently identified first-order skull phenotypic

modules exhibit higher-order covariation patterns and evolu-

tionary rates that further reflect ecological adaptations.

We should reasonably expect that complex anatomical sys-

tems such as skulls vary not only in pairwise comparisons, as

in prior examinations of phenotypic modules, but also in emer-

gent properties such as connectivity and higher-level modularity.

As far as we are aware, no systems approach has been taken to

investigate the presence of such phenotypic complexity in the

skeleton. Here, we present a new quantitative framework, using

principles of network analysis, to assess the degree to which

mammalian skull phenotypic module networks could be ‘‘re-

wired’’ or recombined under different ecological specializations.

We use carnivoranmammals as a study system to test twomajor

sets of hypotheses.

(1) First, we assess whether morphological shape covaria-

tion and evolutionary tempo patterns can be explained

by functional systems: our null hypothesis is that patterns

of morphological shape covariation and evolutionary

tempo in different regions of the skull simply follow topo-

logical proximity or relationships. In other words, higher

degrees of correlation are expected for adjacent morpho-

logical modules than modules indirectly associated

through a topologically intervening morphological unit

(Figure 1A). In addition to this topological null model, we

also define and test two alternative models: a masticatory

function and a sensory function integration model,

respectively (Figures 1B and 1C). A sensory integration

model predicts higher correlation among skull modules

housing sensory organs; a masticatory integration model

predicts higher correlation among skull modules involved

in jaw-closing muscle attachment and/or housing the

dentition.

(2) Second, we ask whether morphological shape covaria-

tion and evolutionary tempo patterns can be explained

by ecology: our null hypothesis is that taxa exhibiting

different ecological characteristics in dietary breadth,

habitat breadth, and terrestriality do not differ in the

patterns of skull module covariation. This hypothesis

is evaluated both by (1) testing for significance of

morphological integration and evolutionary rate covari-

ation with no a priori modules defined, and (2) testing

for higher covariation of shape traits and evolutionary

rates in modules defined in the topological, sensory,

and masticatory models above, respectively, compared

to morphological regions not included in those three

models.

RESULTS

Patterns of phylogenetic integration
In the all-data partition analysis of phylogenetic integration

among first-order morphological modules, 18 of 36 (50%) com-

parisons (the number of pairwise comparisons for k partitions is

‘‘k(k-1)/2’’, which for k = 9 comes to 36 comparisons) returned

statistically significant integration values. Dietary breadth 1

(specialist) and 3 (mixed diet) partition categories each returned

2/36 comparisons with significant integration. Dietary breadth 6

(generalist) exhibited 16/36 significant integration pairings.

Habitat breadth 1 contained 17/36 significant integrations, and

habitat 2 showed 12/36. In terrestriality categories, terrestrial

taxa showed the highest number of integrated pairings (11/36),

followed by above ground dwelling taxa (8/36), then semi-

aquatic/aquatic taxa (6/36) (Table S1).

Phenotypic module network model fit
The covariation patterns among phenotypic modules in the full

dataset (the baseline carnivoran model; Figure 2) are most

consistent with a topological model of morphological integration

(Figure 3A; Tables 1 and 2). The full dataset best fits the topolog-

ical model, with a Jaccard index of 0.67 (Figure 4), but the simi-

larity is not statistically significant (p = 0.08) (Table 2). Among the

dietary breadth categories, dietary specialists best and signifi-

cantly fit a topological network model, with a Jaccard similarity

index of 0.17 (p = 0.05). Taxa with mixed dietary breadth best

fits a masticatory network model, but the similarity is not statis-

tically significant (J = 0.20, p = 0.11). Dietary generalists are best

characterized by a network model similar to the baseline all-

Carnivora model (J = 0.83, p = 0.0001) and secondarily a topo-

logical networkmodel (J = 0.67, p = 0.04); bothmodel similarities

are statistically significant.

In habitat breadth, those species living in a single habitat best

fit an all-Carnivora network model (J = 0.72, p = 0.01) whereas

species in mixed habitats best fit a topological model (J =

0.58, p = 0.0027). In the terrestriality trait, the terrestrial + wa-

ter-associated species best fit a baseline carnivoran model

(J = 0.78, p = 0.0004) and secondarily the topological network

model (J = 0.67, p = 0.04). Lastly, the above ground species

best fit the baseline carnivoran model (J = 0.44, p = 0.0013) (Ta-

ble 2; Figure 4). Each of thesemodel fits is statistically significant.

In sensitivity analyses where terrestrial and water-associated

taxa were separated into distinct categories, the terrestrial spe-

cies best fit a baseline carnivoran model (J = 0.55, p = 0.0001),
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whereas water-associated species fit a topological model (J =

0.42, p = 0.0034); both are significant fits based on a criterion

of p = 0.05.

Phenotypic module network evolutionary rates
Analysis of evolutionary rates by ecological trait categories indi-

cates that: (1) the rates of sensory module (p = 0.037) and masti-

catory module (p = 0.036) evolution in species with mixed dietary

breadth are significantly lower than evolutionary rates in dietary

specialist and dietary generalist groups, (2) All module evolu-

tionary rates are significantly slower in above ground taxa than

all other (non-above ground dwelling) taxa (p = 0.01 to 0.03),

and (3) the ear (p = 0.024) and dentition (p = 0.04) modules exhibit

similar significant evolutionary rate decreases in above ground

taxa (i.e., acceleration of evolutionary rate in terrestrial and

semi-aquatic/aquatic taxa) (Table 3).

Phenotypic module networks across ecological
partitions
There are no network connections common to all ecological

categories (dietary breadth, habitat breadth, and terrestriality).

Furthermore, there are no network connections in common

among dietary breadth categories. Although the habitat breadth

and terrestriality categories do not share a common set of best fit

network models, all four ecological groups (single habitat, mixed

habitat, non-above ground taxa, and above ground taxa) share a

core sub-network composed of the anterior oral-nasal, orbit,

palatine, zygomatic-pterygoid, and cranial vault modules (Fig-

ures 3E–3H).

Sampling power
A Levene’s test between the empirical dataset and the simulated

dataset yielded a p value of 0.0043, indicating that the variance in

Figure 1. Network models proposed and datasets tested in this study

(A) Topological network model.

(B) Masticatory network model.

(C) Sensory network model.

(D) Bony labyrinth landmarks for the ear dataset.

(E) Mandibular landmarks for the mandible dataset.

(F) Dental topographic indices for the dentition dataset.

(G) Cranial landmarks and their all-mammal phenotypic module divisions analyzed. Abbreviations: BAS: basicranium, CRA: cranial vault, DEN: dentition, EAR:

bony labyrinth, ORB: orbit, MAN: mandible, AON: anterior oral-nasal, PAL: palatine, ZYG: zygomatic-pterygoid region.

iScience 28, 111828, February 21, 2025 3

iScience
Article

ll
OPEN ACCESS



Jaccard similarity distributions is significantly different between

the datasets. The empirical dataset contains two main clusters

of Jaccard similarity values: those with J � 0.7 and another

with J � 0.15 (Figure 6A). In contrast, the randomly resampled

simulated dataset exhibits a continuous distribution of second-

order networks that span the range of J values observed in the

empirical dataset.

DISCUSSION

A common set of skull phenotypic modules had been found

previously across mammal clades.5,6 The ancestral presence

of those mammalian modules imposes initial conditions on

how variation at the phenotypic level is generated and main-

tained on macroevolutionary timescales. We applied the first

network analytical approach to capture the complexity of

multi-level modularity patterns in the mammal skull and found

that dietary and locomotor ecologies significantly ‘‘rewire’’

the baseline network of phenotypic modules observed in carni-

vorans. The emergent higher-order modular properties of

phenotypic regions that were already individually modular

(first-order covariances) provide new scenarios in which selec-

tion could act differently on first-order modularity versus on

evolutionary patterns in second-order module networks

(Figure 5).

Figure 2. Phylogeny of Carnivora taxa

included in the analyses

Ecological traits and coded categories indicated

to the right of taxon names. Data for the phylogeny

extracted from timetree.org; data for the ecolog-

ical traits extracted from the PanTHERIA data-

base.

Contrary to the generally assumed

importance of sensory and feeding/

masticatory selective pressures in driving

mammalian skull evolution, we did not

observe a significant sensory or mastica-

tory modularity network component

(which we defined a priori) associated

with dietary breadth, habitat breadth, or

terrestriality measures of dietary and lo-

comotor ecology (Table 2). Instead, a

topological module network of closer as-

sociations among spatially adjacent

modules was a better fit. On the other

hand, rates of phenotypic evolution are

substantially and significantly correlated

with skull regions involved in sensory

and masticatory function, with mixed

diet and above ground dwelling species

exhibiting significantly lower evolutionary

rates than other ecologies (Table 3).

These findings outline dual pathways for

ecological specialization: one that can

occur via second-order reorganization

of first-order phenotypic modules, and

the other through varying the tempo of evolution of both first-or-

der and second-order phenotypic networks within the skull. It is

important to note that the broad ecological categorizations

adopted from the PanTHERIA database provide only a general

framework for mammals, but there might exist differential sec-

ond-order modularity networks within finer partitions of the cat-

egories (e.g., narrow dietary breadth may include vertebrate tis-

sue specialists and plant specialists, which likely have distinct

form-function relationships with cranial network elements) that

are masked by these broad, general categorizations. Future an-

alyses could benefit from further examination of finer partitions

within the ecological categories or incorporation of quantitative

ecological trait models.10

The quantity of second-order modules in the carnivoran skull

appears to vary independently from either rate-driven or

network-driven shifts in skull modularity associatedwith different

ecologies. Above ground dwelling species exhibit a phenotypic

network with low evolutionary rates across all first order traits

analyzed (Table 3) but evolved a high degree of second-order

integration (i.e., the network is characterized by a single module

wherein all first-order modules are connected to at least one

other module; Figures 3 and 4). In contrast, mixed feeders also

exhibit low evolutionary rates which are coupled with low degree

of second-order integration (the network is characterized by six

first-order modules; Figures 3 and 4). This decoupling of skull
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modularity network complexity and evolutionary rate magnitude

in Carnivora echoes previous findings in other vertebrates,11 and

similarly could have served as another source of a wide array of

possible combinatorial evolutionary outcomes in module

linkages and skull morphologies, and therefore is a possible

mechanism to overcome constraints derived from first-order

phenotypic canalization observed within the Mammalia-wide

modules.5

Several ecological categories that exemplify major transfor-

mations observed repeatedly in vertebrates show relatively

higher evolutionary rates of second-order networks. Terrestrial

and semi-aquatic/aquatic species exhibit less integrated sec-

Figure 3. Network graphs showing module

integration in full and ecological data parti-

tions

Network plots were generated from results of

phylogenetic integration tests separately for (A) full

dataset, (B) dietary specialist group, (C) mixed diet

group, (D) dietary generalist group, (E) single

habitat, (F) mixed habitat, (G) non-above ground

dwelling group, and (H) above ground dwelling

group. Color coding—black lines: network con-

nections expected from a priori network models;

red lines: network connections absent in pre-

dicted models; blue circle infill: phenotypic mod-

ules forming connected networks; yellow circle

infill: phenotypic modules that do not co-vary with

others. Black outlines encircling modules indicate

core subset-network modules found across the

habitat breadth and terrestriality groups (AON

[anterior oral-nasal], CRA [cranial vault], ORB

[orbit], PAL [palatine], ZYG [zygomatic-pterygoid

region). Network connection line thickness is

proportional to the strength of the phylogenetic

integration result.

ond-order networks overall, but more

intra-network connections than above

ground taxa. This marked difference in

network integration is associated with

elevated evolutionary rates of skull shape

in terrestrial and semi-aquatic/aquatic

taxa, suggesting that a less integrated

network can permit higher evolutionary

rates and possibly a greater number of

‘‘mix and match’’ phenotypic configura-

tions. These findings suggest second-or-

der phenotypic networks play a role in

morphological evolution during major

macroevolutionary transitions to open

environments or secondary aquatic

adaptations.12 Within dietary breadth

categories, specialists exhibit relatively

elevated evolutionary rates with a high

degree of second-order modularity. We

propose that this indicates an increase

in the number of possible evolutionary

configurations of individual first-order

skull modules can lead to unexpectedly

more rapid evolution in the covarying modules comprising the

second-order networks in specialists. Given recent findings

that high biting velocity in Carnivora can be associated with

diverse skull morphologies, whereas high bite force cannot,13

second-order modularity differences may serve more generally

as an important evolutionary mechanism underlying differential

form-function linkages in many distinct functional traits in carni-

voran and other mammals.

The finding that ecological specialists exhibit higher sec-

ond-order modularity rather than more integrated craniodental

systems is consistent with previous findings in carnivorans,14

shrews,15 and bats.16,17 Evidence in this study and others
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suggest that morphofunctional specialization appears as one

or more peaks in the context of a performance landscape

for phenotypic traits.18–20 Rather than integrating skull

regions into a specialized system that evolves faster but in

fewer directions, ecomorphological specialization to different

adaptive peaks may be associated with different functional

demands that are reflected in low overall second-order modu-

larity when specialists are considered as a group relative to

generalists. This raises a fascinating possibility that macro-

evolutionary shifts under second-order modularity network

controlled morphological variation may traverse the adaptive

landscape in a punctuated manner rather than a smooth

one. In other words, a continuum of adaptive peaks and val-

leys conceptualized in a microevolutionary framework may

not readily translate into macroevolutionary contexts. Pres-

ence of second-order modularity instead could facilitate

non-gradual shifts that appear as more punctuated bursts of

change in morphofunctional traits.21

From a developmental perspective, first-order morpholog-

ical modules that seldom participate in the second-order net-

works identified in this study seem to represent multiple

embryological origins. On the other hand, the core of the sec-

ond-order network modules represents bony elements that

largely are of a single developmental origin, the dermatocra-

nium. Of the eight second-order networks characterized in

this study (Figure 3), dental topographic traits participate in

the least number of networks and the dentition represents a

tissue restricted to the first pharyngeal arch in mammals.

The second least integrated structure, the inner ear (bony lab-

yrinth), forms as otic placodes originated in but distinct from

the ectoderm. The third least integrated partition, the basicra-

nial region, originates from the neurocranium. These broad

embryological associations suggest that an overlay in vari-

ability and evolvability of hard tissues with varying embryolog-

ical origins and secondary ossification centers may be re-

flected in, or even responsible for, the interplay between

first-order and second-order network properties observed in

this study. Koyabu et al.3 demonstrated the presence of

embryological modularity and control in mammalian cranial

ossification and encephalization, pointing to the possibility

that simultaneous selective demands from sensory, biome-

chanical, and other functions served by the skull are able to

modify developmental and ossification patterns to generate

the second-order network patterns studied herein.

Future research covering greater taxonomic breadth is

necessary to more fully test the outcomes of finer combinations

of ecological characteristics (e.g., how taxa with specific

habitat-diet combinations may exhibit unique second-order

module linkage networks different from those characterized

independently for the broad across-Carnivora analysis of

habitat versus diet) and the possibility that additional decou-

pling of tempo and mode of phenotypic network evolution

could be identified within those specific combinations. The

consideration of trait interactions across dietary, locomotor,

and other ecological traits would permit assessment of the

effect of simultaneous or competing functional demands

Table 1. A priori network models tested in the study

BAS CRA DEN EAR ORB MAN AON PAL

*Topological Model

CRA + � � � � � � �
DEN � � � � � � � �
EAR + + � � � � � �
ORB � + � � � � � �
MAN � � + � � � � �
AON � � � � + � � �
PAL � � � � � � + �
ZYG + + � � + + � +

*Masticatory Model

CRA � � � � � � � �
DEN � + � � � � � �
EAR � � � � � � � �
ORB � � � � � � � �
MAN � + + � � � � �
AON � � � � � � � �
PAL � + + � � + � �
ZYG � + + � � + � +

*Sensory Model

CRA + � � � � � � �
DEN � � � � � � � �
EAR + + � � � � � �
ORB + + � + � � � �
MAN � � � � � � � �
AON + + � + + � � �
PAL � � � � � � � �
ZYG � � � � � � � �
A plus sign indicates predicted network link presence. BAS: basicranium,

CRA: cranial vault, DEN: dentition, EAR: bony labyrinth, ORB: orbit, MAN:

mandible, AON: anterior oral-nasal, PAL: palatine, ZYG: zygomatic-pter-

ygoid region.

Table 2. Bootstrap test p values of computed Jaccard similarity indices

Full data Specialist Mixed Generalist Single habitat Mixed habitat Fossorial/Ground Above-ground

Full data/Baseline – 0.15 0.46 0.0001 0.01 0.06 0.0004 0.0013

Sensory model 0.33 0.53 0.87 0.70 0.69 0.90 0.70 0.67

Masticatory model 0.85 0.42 0.11 0.76 0.10 0.90 0.32 0.24

Topological model 0.08 0.05 0.94 0.04 0.63 0.0027 0.04 0.39

Results show goodness of fit between the four a priori network models and network models computed from phenotypic data by ecological categories

(dietary breadth, habitat breadth, and terrestriality). Model fits that are statistically significant at the p % 0.05 level indicated in bold font.
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acting in multiple ecological dimensions on evolvability and

clade longevity. Furthermore, our results highlight a novel

determination of the presence of different second-order net-

works in specialists versus generalists. We propose that it

also illuminates the important potential for a new network-

driven, multi-level module mechanism that drives evolution,

and which can be quantitatively evaluated using our new

approach. A fertile testing ground for this approach would be

to re-examine classic examples of the macroevolutionary

ratchet, whereby lineages with more specialized morphology

or ecology exhibit reduced ability to change evolutionary trajec-

tories, using this second-order modularity network framework.

Future efforts employing this new framework can continue to

unravel the role of intrinsically determined extinction pathways

and how they interact with broader environmental events on

geologic timescales.

Given the relatively small taxonomic sampling breadth (29

extant carnivoran species), we advise caution in interpreta-

tion of the network module results. We intentionally sampled

as broadly and evenly across the range of ecological traits

tested as possible within the 29 species, but in some cases

the small number of samples within ecological categories

(e.g., sampling only six species with mixed dietary breadth)

may limit the statistical support of the second-order

network modules identified using our proposed approach.

Although our simulation analyses indicate that the network

modules observed are significantly more variable and clus-

tered in their dissimilarity to each other than in simulated

datasets, the degree of network similarity (as measured by

the Jaccard index) does overlap between empirical and

simulated datasets (Figure 6). The higher variance and clus-

tering of empirical data both point to the presence of non-

random second-order module networks that may reflect

distinctive evolutionary histories associated with different

ecological morphologies. Future studies should expand

both the ecological and taxonomic breadth in order to fully

Figure 4. Phenotypic network model testing by ecological category

Heatmap colors in cells indicate level of network similarity (J, Jaccard index) or number of connections/modules in each of the four fitted network models (post

hoc full data module network—Figure 3A and a priori functional networks—Figures 1A–1C). Jaccard indices significant at the p = 0.05 level in bold font; those

significant at the p = 0.01 level also are underlined (p values reported in Table 2). Heatmap colors indicate data values along a spectrum from minimum (red) to

maximum (green) values for modules (from 1 to 7), connections (from 2 to 18), and Jaccard index (from 0 to 0.83).

Table 3. Evolutionary rate comparisons in a priori and post hoc phenotypic network modules

Phenotypic network module Dietary breadth Habitat breadth Terrestriality

Sensory p = 0.037; specialist and

generalist higher

n.s. p = 0.0125; terrestrial/aquatic higher

Non-sensory n.s. n.s. p = 0.032; terrestrial/aquatic higher

Masticatory p = 0.036; specialist and

generalist higher

n.s. p = 0.0105; terrestrial/aquatic higher

Non-masticatory n.s. n.s. p = 0.015; terrestrial/aquatic higher

Core habitat/terrestriality – n.s. p = 0.009; terrestrial/aquatic higher

Ears – n.s. p = 0.024; terrestrial/aquatic higher

Dentition – n.s. p = 0.04; terrestrial/aquatic higher

Mandible – n.s. n.s.

Statistically significant differences in evolutionary rates listed with p values from permutation tests. N.s., non-significant.
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understand the significance of the network modules identi-

fied in our study system.

In summary, our skull module network analyses demonstrate

that first-order skull phenotypic modules common to nearly all

mammals are ‘‘rewirable’’ as more complex, second-order

interaction networks of multiple covarying modules that corre-

spond with dietary and locomotory ecological specializations.

In a carnivoran model system we determined that terrestrial

Figure 6. Jaccard similarity distributions in

empirical versus randomly-generated

simulated datasets

(A) Boxplot.

(B) Density plot. p value calculated using Levene’s

test of homogeneity of variance.

Figure 5. Proposed framework for future

research agenda on multi-level modularity

patterns

The common phenotypic modules found in all

mammals5,6 represent first-order modularity data

that do not capture emergent properties of

network-like rewiring of trait covariation evident in

second-order module network analyses per-

formed in this study. Evolvability is hypothesized

to be related to the degree to which second-order

module networks are connected (i.e., the degrees

of phenotypic variational freedom and thus po-

tential for evolutionary change should be propor-

tional to the connectivity of second-order net-

works).

and water-associated lifestyles acceler-

ated bony labyrinth evolution, and more

generally also accelerated sensory mod-

ule evolutionary rates. In contrast, those

taxa with mixed dietary breadth relative

to specialist and generalist taxa resulted

in slower sensory module evolution, and

dietary specialization is more generally

associated with breakdown of the base-

line second-order phenotypic module

network common to carnivorans. Our

analyses document for the first time

that (1) second-order network reorgani-

zation can occur despite first-order

phenotypic modularity constraints, and (2) decoupling of

network connectivity and evolutionary rates together offer

promising new mechanisms to explain patterns of phenotypic

evolution and ecological adaptation. Both findings indicate

that, from a common or ancestral modularity blueprint in mam-

mals, new skull form-function relationships are discovered as

previously unexpected emergent properties when analyzed in

a network-based paradigm.

8 iScience 28, 111828, February 21, 2025

iScience
Article

ll
OPEN ACCESS



Limitations of the study
The emergent network properties identified in this study are

based on a carnivoran study system; additional analyses of other

mammalian species data are necessary to confirm any Mamma-

lia-wide skull module network configurations. Additionally, only

male specimens were used in order to standardize the sex of

specimens in the analyses; different degrees of sexual dimor-

phism among the carnivoran species studied may influence the

generalizability of the patterns identified herein based on male

specimens.
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Skull specimens of 29 carnivoran species were included in this study. All specimens came from the Mammalogy (prefix M) or Verte-

brate Paleontology (prefix VP) collections of the AmericanMuseum of Natural History. Adult male specimens were selected based on

full eruption of the permanent dentition and sex information recorded in the collections database. The specimens used were: Acino-

nyx jubatus (VP CA2502), Ailuropoda melanoleuca (M89079), Arctonyx collaris (M57373),Bassariscus astutus (M135964),Callorhinus

ursinus (M71169), Cryptoprocta ferox (M100463), Eira Barbara (M32065), Enhydra lutris (M24186), Erignathus barbatus (M98), Fossa

fossa (M188210), Hydrurga leptonyx (M34920), Lutra lutra (M206592), Lycaon pictus (VP24218), Mellivora capensis (M89011),

Mephitis mephitis (M172133), Mustela frenata (M60508), Mydaus javanensis (M106635), Nandinia binotata (M51452), Odobenus

rosmarus (M19270), Panthera pardus (M113745), Phoca vitulina (M100), Potos flavus (M239990), Procyon lotor (M24815), Spilogale

putorius (M35207), Taxidea taxus (M120577), Tremarctos ornatus (M99308),Ursus arctos (M34408), Vulpes vulpes (M88713), and Za-

lophus californianus (M63946).

METHOD DETAILS

We collected or compiled geometric morphometric shape data and dental topographic data from the cranium, mandible, and denti-

tion of 29 extant carnivoranmammal species. The cranial shape data come from,22 the dental topographic data come from,23 and the

mandibular and inner ear bony labyrinth shape data were collected from digital models built using CT scan data.

Cranial shape data (Figure 1G)—74 fixed landmarks and 116 semi-landmarks from22were extracted for those of the 29 species that

also are sampled for the three other data partitions.We aligned the landmark dataset and removed effects of rotation, translation, and

isometric size using the generalized Procrustes superimposition method, implemented in the Geomorph package in the R program-

ming environment.26

Dental topographic data (Figure 1F)—The postcanine dental topographic data from23 were trimmed to mirror the 29 taxa

matching carnivoran mammal species in the other comparative studies herein. We used three topographic characteristics sum-

marizing the lower left postcanine tooth crown surface to characterize dental topography: (1) Dirichlet normal energy (DNE), (2)

orientation patch count rotated (OPCR), and (3) relief index (RFI). Dental surface area was compared across samples to stan-

dardize resolution of micro-computed tomography (mCT) voxel size. The postcanine dentition was cropped according to the

methods in Berthaume et al.27 to compare the entire enamel cap (EEC) cropping method among the analyzed species. Mea-

surements of DNE, OPCR, and RFI were calculated in MorphoTester 1.0.1 software.24 Mesh sensitivity of postcanine dental

topographic surfaces among species were standardized for both highest and lowest resolution scans, using established

methods in prior studies.28,29

Mandibular shape data (Figure 1E)—We collected 57 three-dimensional fixed landmarks and semilandmarks on 3-D polygon

meshes of carnivoran hemimandibles. We used the dentition as a reference for placing some of the landmarks, but no shape data

were collected directly from tooth crowns. Therefore, this dataset represents mandibular body shape only. We aligned the landmark

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Cranial shape data Tseng and Flynn22 https://doi.org/10.1126/sciadv.aao5441

Dental topographic data Waldman et al., 23 https://doi.org/10.1111/joa.13806

Software and algorithms

Geomorph R Package https://cran.r-project.org/web/packages/

geomorph/index.html

Version 4.0.9.

Jaccard R Package https://cran.r-project.org/web/packages/

jaccard/index.html

Version 0.1.0.

Morphotester Winchester24 https://doi.org/10.1371/journal.pone.

0147649 Version 1.0.1

Phylogenetic tree timetree.org Accessed December 2023.

PanTHERIA trait database Jones et al.25 https://esapubs.org/archive/ecol/

E090/184/

R script This study (as supplemental information) Data S1
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dataset and removed effects of rotation, translation, and isometric size using the generalized Procrustes superimposition method,

implemented in the Geomorph package in the R programming environment, as for the cranial landmark dataset.

Bony labyrinth shape data (Figure 1D)—We collected 126 fixed and semilandmarks on 3-D models of the bony labyrinth (inner ear

cochlea + semicircular canals) in the 29 taxa using the methodology in.30 We aligned the landmark dataset and removed effects of

rotation, translation, and isometric size using the generalized Procrustes superimposition method, implemented in the Geomorph

package in the R programming environment, as for the cranial landmark dataset.

Morphological modules—We categorized the datasets described above into 9 different morphological modules. First, we

coded all cranial landmarks and semilandmarks into one of six morphological modules previously identified in mammal skulls

by Goswami and Polly.6 These modules included: (1) anterior oral & nasal, (2) orbit, (3) cranial vault, (4) palate, (5) zygomatic-

pterygoid, and (6) basicranium regions. The remaining, new data partitions were kept as individual modules for their unique

developmental origins and osteological distinctiveness: (7) mandibular body (‘‘mandible’’), (8) dental topography (‘‘dentition’’),

and (9) bony labyrinth (‘‘ear’’).

Phylogeny—We used a phylogeny pruned to the 29 taxa present across all data partitions from timetree.org,31 to incorporate

phylogenetic information in our comparative analyses. Branch lengths of the phylogeny are based on molecular divergence times

(Figure 2).

Ecological categories—We analyzed three ecological traits against the network models: 1) dietary breadth, 2) habitat breadth,

and 3) terrestriality (Figure 2). These traits were chosen for their relevance to masticatory (dietary breadth) and sensory (habitat

breadth/complexity, and dimensionality/terrestriality of the environment each taxon lives in) functions performed by the skull.

Trait values for each sample taxon were extracted from the PanTHERIA database,25 with the following definitions from that

database:

1) Dietary breadth: ‘‘Number of dietary categories eaten by each species measured using any qualitative or quantitative dietary

measure, over any period of time, using any assessment method, for non-captive or non-provisioned populations; adult or age

unspecified individuals, male, female, or sex unspecified individuals; primary, secondary, or extrapolated sources; all mea-

sures of central tendency; in all localities. Categories were defined as vertebrate, invertebrate, fruit, flowers/nectar/pollen,

leaves/branches/bark, seeds, grass and roots/tubers.’’25

2) Habitat breadth: ‘‘Number of habitat layers used by each species measured using any qualitative or quantitative timemeasure,

for non-captive or non-provisioned populations; adult or age unspecified individuals, male, female, or sex unspecified individ-

uals; primary, secondary, or extrapolated sources; all measures of central tendency; in all localities. Categories were defined as

above ground dwelling, aquatic, fossorial and ground dwelling.’’25

3) Terrestriality: ‘‘Degree of terrestriality of each species measured using any qualitative or quantitative time measure, for

non-captive or non-provisioned populations; adult or age unspecified individuals, male, female, or sex unspecified indi-

viduals; primary, secondary, or extrapolated sources; all measures of central tendency; in all localities. Species were

defined as (1) fossorial and/or ground dwelling only and (2) above ground dwelling’’.25 In addition to analyses using

this two-category scheme, sensitivity analyses were conducted by splitting the first category (fossorial and/or ground

dwelling only) into non-aquatic terrestrial (terra1) versus semi-aquatic/aquatic (terra3) taxa, in addition to the above

ground dwelling taxa (terra2).

Because the PanTHERIA database trait variable definitions were based on trait distributions across all mammals, and the current

study examines only carnivorans, several modifications were made to simplify the categories of each ecological trait to enable

more samples within each category. Mixed dietary breadth with intermediate scores of 2 to 5 were all coded as 3, so a given taxon

had either 1 (specialists), 3 (a broad range of mixed dietary breadth), or 6 (generalists) as their dietary breadth score. Habitat

breadth score 2 and 3 (occupying two or three habitats out of the four habitat categories: above ground dwelling, aquatic, fossorial

and ground dwelling) were binned because only one sampled carnivoran exhibited a score of 3. Lastly, the sea otter was coded

with a terrestriality score of 1 (not above ground dwelling) to be included in the core analyses and coded as terra3 in the sensitivity

analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Integration tests andmodel testing—Weassessed the presence of potential second-order phenotypicmodule networks linking some

of the nine first-order modules by using both 1) phylogenetic integration tests under a Brownian motion model with no a priori inte-

grated module definition (referred to as the baseline carnivoran model) and 2) a network-similarity based test with three predefined

second-order network models (topological, masticatory, and sensory models; Figures 1A–1C). We quantified pairwise covariation

between the nine morphological modules using partial least squares (PLS) correlation that takes phylogeny into account, applying

a Brownian motion model. We then tested for statistical significance of the covariations using permutation tests, implemented in

the phylo.integration function of the Geomorph package.32 This phylogenetic integration test was performed on the entire dataset

of the 9 data partitions.
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In addition to phylogenetic integration tests, we defined and tested support for three different a priori models of expected

higher-level organization of the common mammal skull modules. These three models respectively represent module covariation

patterns that follow a (1) topology-driven module proximity regime, (2) masticatory function-driven regime, or (3) sensory func-

tion-driven regime (Table 1; Figures 1A–1C). The topological network model is one where adjacent/contiguous morphological

modules covary, but non-adjacent morphological modules do not covary. The definition of this model is similar to the concept

of anatomical network analysis proposed by Esteve-Altava et al.33 The masticatory network model is one where the cranial

vault, palate, zygomatic-pterygoid, dental topography, and mandible shape modules exhibit significant covariation with each

other because of their participation in the origination and attachment of jaw-closing musculature and/or mastication.34 The sen-

sory network model is one where the basicranium, cranial vault, bony labyrinth, orbit, and anterior oral and nasal regions exhibit

significant covariation with each other because of their participation in housing portions of the central nervous system and/or

special sensory organs (e.g., olfactory, auditory, visual, taste). Given that the sensory system is principally soft tissue-based, we

do not necessarily expect its surrounding bone tissue to reflect nuanced functional differences in those senses. Nevertheless,

shape changes in the basicranium, which broadly captures nerve entrances for several of the special senses (e.g.,35); the cranial

vault, which has been used as a proxy for encephalization and brain processing capability across carnivorans36; the bony lab-

yrinth, which correlates with locomotor modes through the control of balance30; the orbit, which may indicate visual field depth

and breadth,37 and the rostral region, whose external shape may correlate with the volume and size of turbinate bones involved

in respiration and olfaction,38 all may still retain general information about sensory adaptation trends across the order-level car-

nivoran dataset we chose as our study system.

Finally, for data partitions of ecological categories, a fourth network model represented by the linkage relationships of the full

dataset was tested against network linkages generated by each data partition. Goodness of fit of the four network models to

the carnivoran skull dataset was assessed using the Jaccard similarity index, which is calculated as the ratio between the inter-

secting network nodes between two networks and the total number of unique nodes in the network. Statistical significance of the

calculated Jaccard similarity index was assessed using both a bootstrap and an exact method, both implemented in the Jaccard

package in R.39

Evolutionary rate comparisons—in addition to testing the mode of skull phenotypic network connectivity among skull regions, we

also compared patterns of covariation in evolutionary rates among the first-order morphological modules. The predefined topolog-

ical, sensory, and masticatory network models were used to subset the carnivoran phenotypic dataset, and evolutionary rates then

were calculated and compared across the categories within each ecological trait based on a Brownian motion model of evolution.

Permutation tests were then used to assess the statistical significance of rate differences between ecological categories. The rate

comparisons and tests were run using the compare.evol.rates function from the Geomorph R package.26 To maximize the contribu-

tion ofmodule-specificmorphological change to evolutionary rate estimation (and tominimize the potential effect of correlated shape

changes among first order modules), Procrustes superimpositions of the trait data used for rate estimation were performed sepa-

rately for each morphological module rather than as a single shape configuration. The calculation of evolutionary rates is accordingly

adjusted in the rate equation based on.11

Our preliminary analyses of evolutionary rates based on superimposed (landmark-based) and raw (dental topographic indices) trait

data indicated the presence of several orders of magnitude difference in estimated rates. The evolutionary rates of dental topo-

graphic traits are alwaysmuch higher than those of landmark-basedmorphological traits. To correct for the influence of different units

of measurement between landmark and dental data, and also between landmark-based data partitions that contain different quan-

tities of landmark coordinates, we scaled all traits by their pooled within-family standard deviation values.40,41 Family-level standard

deviation values were used rather than lower level within-taxon values, because only a single individual of each taxon was sampled

for all first-order module trait data for this study. All subsequent estimates of evolutionary rates were performed using the scaled trait

deviate values.

Sampling power—Given the relatively small number of taxa sampled (29 species), we replicated a series of network mod-

ule analyses using simulated data to estimate the statistical probability that the observed ecological groupings

represent only a random sample of network relationships rather than ones with a biological or evolutionary basis. For these

analyses ,we generated and analyzed a simulated trait dataset that contained the same number of taxa (n = 29) as our

empirical dataset. First, trait data for all of the first-order morphological modules were resampled by randomly selecting trait

data from each data partition to generate a new simulated ‘‘taxon’’ with a random combination of morphological traits. This

process was repeated without replacement so that the final, 29-taxon simulated dataset represented a randomized combi-

nation of the original empirical trait datasets. The simulated dataset was then subjected to the same phylogenetic integra-

tion tests as described above for the empirical dataset. Network edge lists and graphs were similarly generated from the

phylogenetic integration results. To evaluate whether the resulting second-order network modules from randomly-generated

simulated data were significantly different in their Jaccard similarity index from those determined for the empirical dataset,

we calculated pairwise Jaccard similarity indices within the empirical and simulated datasets, respectively. The network

modules included in these pairwise calculations were sampled from the three dietary breadth categories, two habitat

breadth categories, two terrestriality categories, and the overall phylogenetic integration network. A Levene’s test of homo-

geneity of variance was implemented to assess the statistical significance of the difference between the empirical and simu-

lated Jaccard indices. Lastly, the resulting distributions of pairwise Jaccard similarities were plotted as boxplots and density
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plots (Figure 6). If the empirical dataset differed significantly from the simulated dataset in the distribution of Jaccard sim-

ilarity indices, then the empirical dataset values were unlikely to have been sampled from the same population as the ran-

domized simulated dataset. On the other hand, if the two datasets did not differ significantly in the distribution of Jaccard

indices, then we could not exclude the possibility that any differences in the empirically sampled second-order networks

may have arisen by chance, as if they were sampled from a random population.

Functions and scripts for the analyses described in this section are included as a supplemental file (Data S1).
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