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Abstract

The ‘sprawling-parasagittal’ postural transition is a key part of mammalian evo-
lution, associated with sweeping reorganization of the postcranial skeleton in
mammals compared to their forebears, the non-mammalian synapsids. However,
disputes over forelimb function in fossil synapsids render the precise nature of the
‘sprawling-parasagittal’ transition controversial. We shed new light on the origins

of mammalian posture, using evolutionary adaptive landscapes to integrate 3D
humerus shape and functional performance data across a taxonomically compre-
hensive sample of fossil synapsids and extant comparators. We find that the earliest
pelycosaur-grade synapsids had a unique mode of sprawling, intermediate between
extant reptiles and monotremes. Subsequent evolution of synapsid humerus form
and functional traits showed little evidence of a direct progression from sprawling pel-
ycosaurs to parasagittal mammals. Instead, posture was evolutionarily labile, and the
ecological diversification of successive synapsid radiations was accompanied by vari-
ation in humerus morphofunctional traits. Further, synapsids frequently evolve toward
parasagittal postures, diverging from the reconstructed optimal evolutionary path; the
optimal path only aligns with becoming increasingly mammalian in derived cyno-
donts. We find the earliest support for habitual parasagittal postures in stem therians,
implying that synapsids evolved and radiated with distinct forelimb trait combinations
for most of their recorded history.

Introduction

The evolution of mammals is an iconic transition in the history of life that involved the
profound modification of key body systems—feeding [1], hearing [2], integument [3],

PLOS Biology | https://doi.org/10.137 1/journal.pbio.3003188  June 24, 2025 1127



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pbio.3003188&domain=pdf&date_stamp=2025-06-24
https://doi.org/10.1371/journal.pbio.3003188
https://doi.org/10.1371/journal.pbio.3003188
https://doi.org/10.1371/journal.pbio.3003188
https://doi.org/10.1371/journal.pbio.3003188
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3017-6838
https://orcid.org/0000-0003-0717-1841
mailto:rbrocklehurst@fas.harvard.edu
mailto:spierce@oeb.harvard.edu

PLON. Biology

and reproduction in any medium, provided the
original author and source are credited.

Data availability statement: All data needed
to replicate the analyses (landmark coordinates
and functional metrics for each specimen, as
well as time-dated supertrees) are available in
the Supplement. All code needed to analyze the
data is available in the supplemental .zip file

S1 Data and is based on existing R packages.
For replicating raw data collection, custom
code for placing landmarks based on the
existing R package Morphomap is available

as part of S1 Data. 3D models of fossil

humeri have been archived with the museum
collections which house the original specimens
and are available either from those muse-

ums (see S8 Table for contacts) or through
Morphosource (https://www.morphosource.
org/projects/000609110?locale=en).

Funding: Funding was provided by the

US National Science Foundation (grant
DEB1754459 to SEP and grant DEB1754502
to KDA), and by the Harvard Museum of
Comparative Zoology (Grant-In-Aid of
Undergraduate Research to MM). Funding for
publication costs provided by a grant from the
Wetmore Colles Fund. The funders had no role
in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have
declared that no competing interests exist.

Abbreviations: bgPCA, between-groups
principal components analysis; BM, Brownian
motion; NMS, non-mammalian synapsids; OU,
Ornstein—Uhlenbeck; PCA, principal com-
ponents analysis; RO, optimal ranking; RS,
suboptimal ranking.

and metabolic physiology [4]. The exceptionally rich fossil record of mammals and
their stem lineage, the non-mammalian synapsids (NMS), documents the assembly
of these traits in great detail over some 300 million years [5,6]. Of particular interest
is the dramatic reorganization of the ancestral synapsid postcranial musculoskele-
tal system, including regionalization of the backbone; simplification of the shoulder
girdle; evolution of novel joint types (e.g., ball-and-socket shoulder, trochlear elbow);
major restructuring of the limb musculature; and reorientation of the limbs from a
horizontal to vertical plane [7—11]. These broad-scale anatomical transformations
are intimately associated with a functional shift in limb posture and locomotion, from
sprawling pelycosaur-grade synapsids to parasagittal therian mammals.

Although the synapsid ‘sprawling-parasagittal’ transition was a key event in
mammalian evolution, its precise nature remains controversial [5,12—15]. Historical
studies portrayed synapsid evolution as a stepwise, linear progression toward the
therian condition, but often disagreed over when and how major anatomical changes
translated into functional or postural change [5,12,13]. These issues primarily arose
because previous authors focused on “exemplar” fossil taxa at different key nodes in
the synapsid phylogeny and were restricted to qualitative functional interpretations of
bony morphology. Recently, more taxonomically comprehensive morphometric work
on the synapsid forelimb suggests a pattern of successive evolutionary radiations,
with major synapsid groups exploring distinct morphologies and presumed functions
[14,16]. However, to date, few studies on synapsid postcrania have incorporated
explicit links between form and function into an analytical framework [17,18], a
crucial step in characterizing the origins of therian-like limb posture and parasagittal
locomation.

Here, we use the forelimb, particularly the humerus, as a lens to study postural
evolution in synapsids. Forelimb modifications were key to the evolutionary success
of synapsids, including mammails [7,8,14—16], and the humerus provides an import-
ant window into forelimb function and posture: it is the primary articulation point
between the forelimb and body, anchors the major muscle groups that drive loco-
motion, and its arc of motion directly impacts limb movements [10,19-21]. Further,
isolated humeri preserve well in the fossil record and so allow for more extensive
taxonomic sampling to produce a comprehensive evolutionary viewpoint on the
‘sprawling-parasagittal’ transition. We analyze humerus shape and functional traits
across >200 extant and extinct taxa using the integrative analytical framework of
evolutionary adaptive landscapes [18,19,22]. This framework links form to functional
performance across multiple traits, permitting inference between morphology and
higher-level functions such as limb posture or locomotion [19,23], and accurately
captures the evolution of functional tradeoffs [24]. We extend this synthesis with
Pareto optimality analyses [25] to examine how synapsids transitioned between
performance peaks and adaptive optima throughout their evolution and across the
‘sprawling-parasagittal’ postural shift.

Given the differing biomechanical requirements of sprawling versus parasagittal
locomotion [15,26,27] and the historical perception of a progression toward therian
parasagittal posture [5,12,13], we tested the following hypotheses: (1) Humeri from
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sprawling and parasagittal extant taxa occupy different adaptive optima, each maximizing traits most relevant to their spe-
cific limb posture and gait; (2) “Pelycosaurs”, the earliest-diverging NMS, share an adaptive optimum with extant sprawling
taxa; (3) Increasingly derived grades of NMS shift their adaptive landscapes toward extant therians as they achieve more
parasagittal postures; and (4) Evolutionary changes in NMS morphology, functional traits, and posture follow an optimal
pathway from sprawling to parasagittal. Our data reveal morphological and functional trait similarities between NMS and
extant comparative taxa, but also some key differences. We find that certain performance traits strongly correlate with
posture, whereas others relate to different aspects of forelimb function. Recovered patterns show that postural evolution
within Synapsida was complex, and the ‘sprawling-parasagittal’ transition was characterized by homoplasy and functional
variation within individual synapsid clades, indicative of multiple adaptive radiations of NMS. Morphofunctional traits
consistent with fully parasagittal posture evolved late in the evolutionary lineage of mammals, and so for the majority of
synapsid history, the forelimbs were characterized by patterns of variation in form, function, and posture that are distinct
from what we see in therians today.

Results
Humerus shape variation

To capture morphological evolution of the humerus throughout synapsid evolution, we measured humeri from 70 fossil
taxa and compared them to 141 extant quadrupedal tetrapods including amphibians, reptiles, and mammals (see S1 Table
and S1 Fig). Shape variation was quantified using a novel, homology-free pseudo-landmarking approach to generate

3D coordinates along the surface of each bone (see Methods and S2 Fig). Procrustes aligned landmarks were ordinated
using between-groups principal components analysis (bgPCA) to differentiate postural groups (sprawling versus parasag-
ittal versus unknown for fossils) and produce a morphospace (Fig 1). Regarding our first hypothesis, humeri of major
extant groups fall in distinct regions of morphospace (Procrustes ANOVA and pairwise comparisons, p<0.05, see S2
Table), but the main axis of shape variation (bgPC1) does not separate them based on posture. Instead, bgPC1 differ-
entiates the relatively gracile humeri of parasagittal therian mammals and sprawling “herptiles” (non-avian reptiles plus
amphibians), from the robust humeri of sprawling monotremes and moles (Fig 1A and 1B). Therians separate from herp-
tiles along the second axis of variation (bgPC2), which reflects differences in the offset between the proximal and distal
ends of the humerus, curvature of the humeral shaft and relative width of the proximal versus distal ends of the humeral
epiphyses (Fig 1A and 1B).

Pelycosaurs, the earliest grade of NMS, occupy the region of morphospace between herptiles and monotremes—con-
tra hypothesis 2—while overlapping neither, consistent with their “basal” phylogenetic position, and a unique sprawling
posture [13,28] (significant pairwise differences between means, pelycosaurs versus herptile p<0.05, pelycosaurs versus
monotremes p<0.05, see S2 Table). Other non-synapsid fossil taxa also plot in this part of morphospace (e.g., Eryops,
Orobates, Seymouria [20,22]), indicating pelycosaur humeri do not deviate strongly from a general early crown-tetrapod
condition. However, more derived grades of NMS—therapsids and cynodonts—diversify into much larger regions of mor-
phospace and exhibit greater variation in humerus shape (Figs 1A, 1C, and S3).

In therapsids, this variation is partitioned across different subclades. Anomodonts and dinocephalians generally plot
with pelycosaurs or closer to monotremes. The biarmosuchian Hipposaurus, our earliest-branching therapsid, plots within
herptiles, gorgonopsians plot on the outer edges of the therian and herptile spaces, and therocephalians plot close-to
or within the therian cluster (Fig 1C). Basal cynodonts generally occupy the central region of morphospace, as do the
two more derived eucynodont subclades, cynognathians and probainognathians, but in both subclades some species
independently move into the therian region of morphospace (see S3 Fig). Some mammaliaforms—Eozostrodon and
Megazostrodon [29]—fall within therian morphospace, but others—Borealestes [30]—do not (Figs 1C and S3). The two
stem therians included here fall well within the range of extant, crown-therian morphologies (Figs 1A and S3). While the
overall mean humerus shape of each successive NMS radiation—pelycosaurs, therapsids, and cynodonts—gets closer to
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Fig 1. Humerus morphological variation. (A) Humerus between-groups principal components analysis (PCA) morphospace showing major axes of
shape variation. (B) Warps illustrate representative humerus morphologies at each point in morphospace. (C) Subplots show positions of non-mammalian
synapsid subgroups, relative to the convex hulls of the three extant groups. Axes are labeled with the percentage of between-groups variance explained.
See S11 Fig for a comparison between PCA and bgPCA results. The data underlying this figure can be found in S1 Table and S1 Data.

https://doi.org/10.1371/journal.pbio.3003188.9001

the mean therian shape (see pairwise distances in S2 Table), as outlined by hypothesis 3, there is considerable variation
around these mean shape values.

Functional traits, performance surfaces, and trait optimization

Function was inferred by measuring seven osteological proxies—bone length, radius of gyration (an important inertial
property), torsion, bending strength, and muscle force and speed leverage—for each humerus in our sample (see Meth-
ods and S4 Fig). Muscle leverage was separated into two components; ‘swing’ refers to motion of the limb through a
horizontal or vertical arc during locomotion, and ‘spin’ refers to long-axis rotation of the limb [15]. We interpolated the
measured functional traits across the morphospace [31], to produce seven distinct performance surfaces that illustrate the
co-variation of humerus shape with each functional trait (Fig 2A). Performance surfaces were combined to produce adap-
tive landscapes for each species in the dataset using combinatorial optimization, weighting functional traits to maximize
each species’ height on their resulting landscape [18,19,22]. Combinations of trait weights that produced optimal land-
scapes were then compared across taxa and along the synapsid phylogeny using ancestral state reconstructions (Fig 2B
and 2C). Evolutionary shifts in functional trait weighting were identified using the SURFACE algorithm [32], and specific a
priori hypotheses based on previous studies of synapsid locomotor evolution [5,12,13] (see S5 Fig) were tested against
each other using mvMORPH [33] (see Methods).
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Fig 2. Functional trait variation. (A) Performance surfaces of seven measured functional traits. (B) Trait weightings of adaptive landscapes calculated
for individual species plotted onto the phylogeny. (C) Weightings of adaptive landscapes reconstructed at ancestral nodes plotted against a simplified
phylogeny of non-mammalian synapsids. The data underlying this figure can be found in S1 Table and S1 Data.

https://doi.org/10.1371/journal.pbio.3003188.g002

Species-level analysis of trait weights shows considerable variation across groups (RRPP MANOVA, p<0.05,
r?=0.39, see S3 Table), but also within major groups, especially within NMS (Figs 2B and S6). Centroid size also showed
a statistically significant, but smaller, effect on trait weightings (RRPP MANOVA, p<0.05, ’=0.11, see S3 Table), and
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is likely important in structuring within-group variation. Examining adaptive landscapes based on ancestral-state recon-
structions of humerus shape along the backbone of the synapsid phylogeny (Fig 2C) reveals the relative importance of
individual traits through synapsid evolution, semi-independent of clade- or taxon-specific patterns. The reconstructed
ancestral landscape for the Synapsida node heavily optimizes humeral torsion, as well as ‘spin’ muscle leverage, and
this combination remains stable throughout early synapsid evolution. The landscape changes at the base of Theriodon-
tia (gorgonopsians, therocephalians, and cynodonts), and throughout Cynodontia, with an increase in optimization for
humeral length, ‘swing’ force leverage and a decrease in weighting for torsion (Fig 2C). Notable changes to the recon-
structed landscapes occur prior to the origins of prozostrodontian cynodonts and Mammaliaformes: increased optimiza-
tion for humeral length, radius of gyration, and ‘swing’ force leverage, with less of an emphasis on humeral torsion and
‘spin’ leverage (Fig 2C).

In addition to individual adaptive landscapes for each specimen, we calculated adaptive landscapes for major taxo-
nomic groups within our dataset; here, the group mean is maximized on the resulting landscape. Extant species optimize
different combinations of functional traits (Figs 2, 3, and S6), in support of hypothesis 1. Herptiles strongly emphasize
humerus length and humeral torsion (Fig 3), traits associated with increasing stride length in sprawling tetrapods [34,35],
as well as high-velocity advantage for humeral ‘swing’ (Fig 3), resulting in relatively fast limb movements and greater
muscle working range [15]. Monotremes show high weighting for humeral torsion, ‘spin’ muscle leverage, and bend-
ing strength (Fig 3), reflective of both their sprawling posture and semi-fossorial lifestyle [15,36—38]. Therians optimize
humerus length, radius of gyration, and ‘swing’ muscle force leverage for rotating the limb through an arc (Fig 3). Longer
length and a shorter radius of gyration are associated with more efficient locomotion [39,40], whereas increasing muscle
leverage for planar rotation would result in more powerful movements of the limb in the parasagittal plane [15,41].

Individual NMS vary substantially in how different functional traits are optimized on their landscapes (Figs 2B, 3,

S6, and S7). Pelycosaurs primarily emphasize humeral torsion, consistent with their reconstructed sprawling posture
[42,43]. Other traits—'spin’ leverage, ‘swing’ force, and humeral strength—also contribute to the pelycosaur landscape
with varying importance across taxa (Figs 3 and S7). Pelycosaurs differ significantly in terms of trait weighting from
herptiles, contra hypothesis 2, but not from monotremes (see S3 Table). Therapsids differ in functional trait optimization
across subclades (Figs 2B, 3, S6, and S7). The biarmosuchian Hipposaurus emphasizes torsion and humeral length,
similar to herptiles. Dinocephalians and anomodonts predominantly optimize strength and muscle force leverages.
Gorgonopsians and therocephalians optimize humeral length, but whereas gorgonopsians emphasize ‘swing’ torque
and strength, therocephalians put more importance on humeral torsion (Figs 3 and S7). Cynodonts show substantial
variability in trait optimization, but generally emphasize either humerus length, or a combination of strength and muscle
force leverages (Figs 2B, 3, S6, and S7). Most cynodonts do not optimize humeral torsion, but there are some excep-
tions including among derived prozostrodonts and mammaliaforms (S6 and S7 Figs). This contrasts with therian trait
optimization, as well as that reconstructed along the synapsid backbone—the importance of torsion in these taxa may
represent independent instances of trait diversification. As with humerus shape, the mean trait weightings of each suc-
cessively derived NMS grade become more similar to the therian condition, in support of hypothesis 3. However, within
each grade, there is substantial variation in trait optimization, which does not support the idea of a series of stepwise
shifts toward therians.

Searching for shifts in how functional trait weightings may have evolved using SURFACE matched those from the
ancestral state reconstruction for the backbone of the synapsid phylogeny (Figs 2 and S6). This analysis also recovered
additional shifts within synapsid sub-groups, or along individual branches (S6 Fig). Fitting of different evolutionary regimes
to the data using mvMORPH found historical hypotheses of morphofunctional shifts within synapsids [5,12,13] are signifi-
cantly outperformed by more complex models featuring additional optima for subgroups within the major synapsid grades
(see S4 Table for detailed model comparisons). These results are more consistent with the view of synapsid evolution as a
sequence of radiations, with functional differentiation within and between each major grade.
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Fig 3. Adaptive landscapes and underlying trait weights. (A) Trait weightings of adaptive landscapes calculated for major extant and fossil groups,
which maximize the performance of the group mean humerus shape. (B) The reconstructed adaptive landscapes for each group, showing performance
peaks and valleys across morphospace. Fossil taxa are indicated by the gray outline. The data underlying this figure can be found in S1 Table and S1°
Data.

https://doi.org/10.1371/journal.pbio.3003188.9003

Transitions from sprawling to parasagittal postures

To further investigate patterns of humeral transformation toward (or away from) the therian condition during the evolu-

tion of Synapsida, we created a transitional ‘sprawling-parasagittal’ landscape. We first created a composite “sprawling”
landscape by combining the independently calculated landscapes for different sprawling groups (Fig 4A and see Meth-
ods). Then, for each point in morphospace, we subtracted the height on the “sprawling” landscape from the height on the
therian (i.e., “parasagittal”’) landscape (Fig 4B) to create the transitional landscape (Fig 4C). Transitional landscape scores
indicate the relative performance of different humerus morphotypes for sprawling versus parasagittal limb functions, given
the many-to-one mapping that exists between humeral traits and posture [20,36,44]. We plotted our taxa on this new
‘sprawling-parasagittal’ landscape (Fig 4C and 4D), determined their adaptive score (height), mapped these scores onto
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a phylogeny and reconstructed ancestral states using maximum likelihood (Fig 5). As with our functional traits, we used
SURFACE and mvMORPH to test for evolutionary shifts both a posteriori and a priori in transitional landscape score within
Synapsida and compared models of postural evolution in this group (see Methods).

We find statistically significant differences in postural scores between taxonomic groups with no statistical effect of cen-
troid size (RRPP ANOVA, p<0.05, see S5 Table). As expected, therians had the highest scores, and monotremes had the
lowest, indicating trait combinations most and least associated with parasagittal postures respectively (Fig 4C and 4D).
Herptiles were intermediate between monotremes and therians, due to sharing morphofunctional traits with both groups
(humeral torsion with monotremes, and long humeri with therians), but still had negative scores indicating greater associ-
ation with sprawling locomotion (Fig 4D). These results are consistent with hypothesis 1. Thus, the transitional landscape
helps to conceptualize posture as a continuous variable; sprawling and parasagittal represent extremes, but we also show
the great variation present within sprawlers and multiple paths between different postural groups [20,44,45]. Ancestral
state reconstruction recovers the ancestor of crown-mammals as closer to therians than monotremes (Fig 5). Conse-
quently, extant sprawling monotremes do not retain a plesiomorphic state for Synapsida but have rather converged on
a suite of morphofunctional characters that resemble ancestral, sprawling synapsids. This convergence may have been
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https://doi.org/10.1371/journal.pbio.3003188.g004

PLOSY. Biology

Sprawling-Parasagittal

-075 -050 -025 000 025 050

Fig 5. Evolution of sprawling and parasagittal posture. Scores on the transitional ‘sprawling-parasagittal’ landscape are plotted on the phylogeny
of all specimens, illustrated with select humeri. Stars indicate shifts in evolutionary regime for Synapsida identified by SURFACE (see Methods). Nodes
labeled with letters; S, Synapsida, T, Therapsida; C, Cynodontia; M, Mammalia; Th, Theria. The data underlying this figure can be found in S1 Table and
S1 Data.

https://doi.org/10.1371/journal.pbio.3003188.9005

facilitated by the incomplete acquisition of therian characters in early mammals and their close relatives (e.g., retention of
humeral torsion in taxa such as Brasilodon, Morganucodon, and Gobiconodon).

Our analyses reconstruct ancestral humeri at the base of Synapsida with traits consistent with sprawling postures,
which persist throughout the pelycosaur and early therapsid parts of the tree (Figs 4D and 5). Pelycosaurs, dino-
cephalians, and most anomodonts have humeri with very negative scores on the transitional landscape, providing strong
evidence for sprawled postures (Figs 5 and S8). Although our analysis indicates a sprawled ancestor for Therapsida with
monotreme-like traits, several early therapsids show less negative scores (e.g., Hipposaurus, Tiarajudens), more in-line
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with modern reptile values, possibly indicative of differences in locomotion (e.g., faster limb movements and different
kinematics) (Figs 4D, 5, and S8). We also recovered a shift toward intermediate postural scores in theriodont therapsids:
the gorgonopsians and therocephalians (Figs 5 and S9). Although these groups have humeri with distinctly higher transi-
tional landscape scores than earlier synapsids, their scores are generally still negative, like modern reptiles. Another shift
on the transitional landscape occurs at the origin of Cynodontia, with most taxa possessing intermediate postural scores
(Figs 4D, 5, S8, and S9). However, there is considerable heterogeneity within cynodonts and later mammaliaforms, with
taxa evolving humeri with both more negative (e.g., Chiniquodon, Exaeretodon) and more positive scores (e.g., Massetog-
nathus, Probainognathus) (Figs 5 and S8). By contrast, within crown mammals, the two stem therians (Adalatherium and
Gobiconodon) both scored positively on the transitional landscape (Fig 5).

In line with the complex series of shifts recovered by SURFACE (Figs 5 and S9), we found the best fitting a priori
models were those with additional subgroup optima within the major synapsid grades. By contrast, models with only three
regimes—here corresponding to proposed sprawling, intermediate and parasagittal postural groups [5,12,13]—are poor
fits to the data (see S6 Table for detailed model comparisons). Once again, we interpret these results as evidence for syn-
apsid evolution as a sequence of radiations, with both functional and postural variation within and between groups.

Performance trade-offs and optimal evolutionary pathways

To determine whether synapsids followed “optimal” paths through morphospace over the course of their evolution as

they transitioned from one adaptive optimum to another, we calculated Pareto optimality landscapes [25,46]. Trade-offs
necessarily occur between high fitness on different landscapes due to differences in the underlying functional traits being
optimized. Pareto optimality finds points in morphospace whose height on one landscape is maximized, given their height
on another landscape [25,47]. By combining adaptive landscapes reconstructed for major nodes in the synapsid phylog-
eny, we determined if taxa evolve optimally through morphospace from an ancestral peak to that of the next more derived
taxonomic group (see Methods). Deviation from high Pareto optimality implies exploration of novel morphologies and func-
tions, and either the presence of new functional drivers distinct from those along the synapsid backbone or the weakening
of functional constraints and lowering of restrictions on limb evolution over time [25].

Contrary to expectations that synapsids would follow a consistently optimal path toward a more therian morphology, our
results based on reconstructed landscapes for major nodes show statistically significant fluctuations in optimality across
the major synapsid groups (with marginally non-significant effects of centroid size; RPPP ANOVA, p<0.05, see S7 Table).
This pattern is driven by individual subclades branching off to explore both more and less optimal regions of morphospace
(Figs 6 and S10). Pelycosaurs undergo a small radiation but are mostly restricted to regions of high optimality that con-
nect their adaptive peak with that for the reconstructed therapsid ancestor (Fig 6). Therapsids have lower optimality than
pelycosaurs, as several clades—biarmosuchians, gorgonopsians, and therocephalians—explore parts of morphospace
with lower optimality on the landscape connecting Therapsida with Cynodontia (Figs 6 and S10). Dinocephalians and
anomodonts both exhibit greater Pareto optimality on this landscape, clustering around the inferred Therapsida optimum
(Figs 6 and S10). Basal cynodonts and eucynodonts generally occupy regions of lower Pareto optimality, but certain taxa
evolve toward distinct peaks on the cynodont-prozostrodont landscape, with some species evolving toward the recon-
structed ancestral cynodont optimum, associated with more robust humeri, and others evolving toward the prozostrodont
optimum, associated with more gracile humeri (Fig 6). Finally, prozostrodont cynodonts and mammaliaforms also occupy
sub-optimal regions, although there does seem to be a shift in morphospace occupation toward the optimum recon-
structed for ancestral therians (Figs 6 and S10).

Discussion

The evolution of parasagittal posture in mammals and their ancestors has been studied for over a century, but pre-
vious efforts to understand changes to the limbs and locomotion have historically lacked taxonomic scope and an
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Fig 6. Pareto optimality across synapsid evolution. (A) Functional adaptive landscapes reconstructed for major ancestral nodes within synapsid
evolution and (B) the Pareto landscapes created by combining these landscapes together. Pareto optimality for a group of taxa is defined based on their
ancestral peak, and the peak of the next major node. (C) Pareto optimality plotted on the non-mammalian synapsid phylogeny. The data underlying this
figure can be found in S1 Table and S1 Data.

https://doi.org/10.1371/journal.pbio.3003188.9006

appropriate analytical framework [5,12,13]. Here, we used evolutionary adaptive landscapes [18,22] to predict relation-
ships between humerus morphology, functional traits, and posture to develop a predictive framework to illuminate the
‘sprawling-parasagittal’ transition in synapsids. Based on differences in locomotor biomechanics, we expected the humeri
of extant taxa to group together in morphospace based on posture (Hypothesis 1). Although parasagittal therians group
separately from other taxa, sprawling reptiles and amphibians (“herptiles”) do not group with sprawling monotremes.
Together with therians, herptiles share relatively long, gracile humeri (Figs 1, 3, and S6), features that arose convergently
in these groups despite their contrasting habitual postures. Longer humeri are likely advantageous for general terrestrial
locomotion regardless of posture, although the precise selective advantages may differ (e.g., speed versus efficiency)
[34,39,40]. In contrast to therians, herptiles and monotremes both emphasize humeral torsion, supporting torsion as a
strong indicator of sprawling forelimb posture [35,48] (Figs 2—4). However, monotremes and herptiles optimize torsion to
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differing degrees and in distinct combinations with other functional traits, reflecting wide variation in sprawling locomotor
kinematics (e.g., powerful long-axis rotation versus faster limb retraction) [20,36,37]. Therians are unique in emphasizing
radius of gyration (Figs 2 and 3)—due to a combination of a more proximally located center of mass and reorganization
of the humeral head moving the center of rotation distally—potentially indicating this trait as a signal of more parasagittal
postures. These similarities and differences across diverse extant animals provide interpretive power when reconstructing
forelimb function and postural evolution in synapsids.

The earliest-diverging NMS, the pelycosaurs, are traditionally reconstructed with a sprawling posture [42], and thus
we hypothesized morphological and functional similarities with extant sprawlers (Hypothesis 2). Yet, our analysis shows
pelycosaurs are morphologically distinct from all extant sprawling groups, and instead overlap with extinct non-synapsid
tetrapods, indicating that pelycosaur humeri had not diverged from the plesiomorphic crown tetrapod condition (Fig 1).
Functionally, pelycosaurs show high optimization for torsion, indicative of sprawling posture, but they optimize this trait
to a more extreme degree than either reptiles or monotremes (Figs 3 and S6). Pelycosaurs also emphasize both ‘swing’
force and ‘spin’ muscle leverage, which aligns with previous work demonstrating coupled rotations at the screw-shaped
glenoid joint during a stride [13,28], as well as humeral strength. Taken together, the emphasis on torsion, strength, and
muscle leverage shows pelycosaurs used slow, forceful limb movements, combining humerus long-axis rotation and
retraction. This combination contrasts with reptiles, which are adapted for (relative) speed [15], and monotremes, which
use almost exclusively long-axis rotation [36,37]. Our analyses thus indicate pelycosaurs possessed distinct humerus
morphologies and combinations of functional traits not represented by modern taxa [18], and it was from this unique start-
ing point that mammalian posture ultimately evolved.

Based on historical interpretations of the synapsid fossil record [5,12,13], we expected a trend toward more therian-like
morphologies and functional traits in more derived NMS, reflecting more parasagittal postures (Hypothesis 3). Although
this general pattern was broadly supported, we also found significant variations on this theme (Figs 1-3). Our transitional
‘sprawling-parasagittal’ landscape strongly supports monotreme-like sprawling postures in dinocephalian and anomodont
therapsids (Figs 4 and 5), with these clades showing increased optimization for strength and muscle force leverages at
the expense of humerus length (Figs 2, 3, S6, and S7). This combination of functional traits is potentially related to the
acquisition of larger body sizes in both groups [49,50], and fossorial behaviors in smaller dicynodonts [51-53], as seen in
modern monotremes and talpid moles [36,37,54]. Similar ecomorphological convergence in the forelimb has been pre-
viously noted between fossorial and large-bodied mammals [14]. We argue that the co-occurrence of large body sizes
and strong humeri in dinocephalians and anomodonts is indicative of non-parasagittal postures in these groups. Modern
large-bodied therians can compensate for size-related bending stresses by changing limb posture, from more crouched
to more erect [26]. Sprawling taxa, on the other hand, must accommodate size-related stresses by increasing limb bone
robusticity, resulting in “overbuilt” limb bones [27,55].

Other therapsid groups had diverging scores on the ‘sprawling-parasagittal’ transitional landscape. Biarmosuchians,
the earliest branching therapsids and represented here by Hipposaurus, experienced a shift on the transitional landscape
away from monotremes and toward reptiles (Figs 4, 5, S8, and S9). Specifically, Hipposaurus overlaps with reptiles in
morphospace and optimizes humeral torsion, length and ‘swing’ speed (Figs 1 and 3), indicating a reptile-like sprawling
posture and kinematics [20]. Although this combination suggests adaptations for relatively fast limb movements, it may not
be reflective of the ancestral therapsid condition, due to a persistent ghost-lineage following their divergence from pelyco-
saurs [56,57]. Later theriodont therapsids, the gorgonopsians and therocephalians, experienced similar but less extreme
shifts on the transitional landscape, sitting on the outskirts of the reptile and therian regions of morphospace (Figs 4, 5,
S8, and S9). Therocephalians share similar functional traits to Hipposaurus, but gorgonopsians combine humerus length
with ‘swing’ force and strength. These morphofunctional traits are indicative of more active, predatory lifestyles in the
three clades [58-61], but further suggest that gorgonopsians may have engaged in unique behaviors with their forelimbs
(e.g., grappling large prey similar to more recent carnivores [62]). Therocephalians and gorgonopsians both have average
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clade-wise postural scores converging on reptiles, but several taxa (Gorgonops, Olivierosuchus) have higher scores
closer to therians (S8 Fig). This convergence may reflect more parasagittal postures in these taxa, but the range of fore-
limb poses would have been constrained by the therapsid shoulder girdle, with its caudolaterally facing glenoid [5].

Following theriodonts, further morphofunctional transformations to the forelimb associated with increasingly parasagittal
postures have been proposed for cynodonts [5,13]. Cynodonts do shift closer to therians on the transitional landscape,
but this movement is accompanied by considerable variation (Figs 1, 4 and S8) and evolutionary heterogeneity (Figs 5
and S9). Whereas postural trait variation in therapsids is phylogenetically structured by clade, in cynodonts it is more
widespread across the phylogeny, implying enhanced evolutionary lability in posture and forelimb use. For functional
traits, cynodonts generally optimize either humerus length, or a combination of strength and muscle force leverages (Figs
2, 3, S6, and S7), possibly reflecting adaptations to distinct, specialized ecologies (e.g., digging [63]). Most cynodonts
are not optimized for humeral torsion, but those that are (e.g., Lumkuiia, Riograndia, Brasilodon) have been previously
reconstructed with sprawling postures [64—66]. Likewise, lower torsion might indicate less sprawled postures in other taxa
[67]. Postural scores in cynodonts are mainly in-line with modern reptiles, but some taxa achieve higher, more therian
postural scores (Massetognathus, Probainognathus) (Figs 5 and S8). Given the disparity in cynodont forelimb functional
and postural traits, it is likely that different species employed different postures, but were still constrained by the shoulder
girdle to non-parasagittal (i.e., sprawling to semi-sprawling) limb poses [13,67—69]. Cynodont forelimb disparity is further
explored by mammaliaforms, which possess disparate postural scores and functional traits: humerus length in Megazos-
trodon; length and torsion in Morganucodon; and length, ‘spin’ leverage and strength in Borealestes (Figs 2 and S7). The
functional, and likely postural, diversity of mammaliaform humeri reflects the great ecomorphological disparity present in
this group [70].

Our comprehensive survey of NMS found evidence of therian traits evolving multiple times, but limited support for fully
parasagittal postures. Previous hypotheses place the origin of parasagittal posture in crown Mammalia [12] or even Theria
[13]. Our two stem therians (Adalatherium and Gobiconodon) both plot with crown therians in morphospace (Figs 1 and
S3) and on the transitional landscape (Figs 4 and 5). However, when we examine humerus traits, we find Gobiconodon
strongly optimizes humeral torsion, which would preclude it from adopting a habitually parasagittal posture [71] (Figs
2 and S7). Adalatherium, on the other hand, possesses a functionally therian humerus, optimizing length, ‘swing’ force
leverage and, to a lesser extent, inertial properties. Further support for therian parasagittal posture in Adalatherium comes
from other aspects of the forelimb skeleton: the scapula has a ventrally facing glenoid facet, the coracoid portion of the
glenoid fossa faces caudo-ventrally not laterally, and the ulna has a well-developed trochlear notch which likely restricted
elbow motion to a single plane [72]. A similar condition in multituberculates, in combination with low humeral torsion, has
been interpreted as evidence these taxa were also parasagittal [73,74]. Therefore, our results support the origins of fully
parasagittal posture within stem therians [13], making it a late innovation in the grand scheme of synapsid evolution.
Additionally, due to uncertainty in the phylogenetic arrangement of gondwanatherians (e.g., Adalatherium), eutriconodonts
(e.g., Gobiconodon) and multituberculates [75,76], it is possible that adaptations for more parasagittal postures arose
multiple times independently along the therian stem.

From evolutionary theory, we predicted that throughout their complex evolutionary journey, NMS were following an optimal
pathway through morphospace (Hypothesis 4). Following prior work on synapsid evolution [5,12,13], we assumed that this
optimal pathway would correspond to the acquisition of increasingly therian traits and postures. Instead, our Pareto optimal-
ity analyses clearly illustrate synapsid evolution as a series of successive adaptive radiations (Figs 6 and S10), with taxa
repeatedly evolving away from the reconstructed optimal pathway. Pelycosaurs represent the first radiation of synapsids, but
they do not diversify the forelimbs to the same extent as later synapsid grades [16]. The second radiation at the origin of The-
rapsida corresponds to a proposed morphofunctional shift in synapsid evolution based on important morphological transfor-
mations like the change in the scapular glenoid from a screw-shape to a more mobile hemi-sellar shape [5,12]. The removal
of morphofunctional constraints on the forelimb potentially facilitated therapsid diversification, as they explored novel regions
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of morphospace [16] and experimented with novel forelimb functions [52,61,77] (Figs 1-3 and S7). Some clades diversified
in areas of high Pareto optimality (e.g., anomodonts), but biarmosuchians and theriodont therapsids explored Pareto subopti-
mal regions of morphospace and combinations of functional traits closer to those seen in therians and reptiles. This variability
gives Therapsids a lower average Pareto optimality than pelycosaurs, providing strong supporting evidence for reduced evo-
lutionary constraints [25]. Recovering theriodont therapsids as Pareto suboptimal also demonstrates that becoming increas-
ingly therian was not the ‘optimal’ evolutionary pathway for synapsids until much later in their history.

Contrary to therapsids, cynodonts and mammaliaforms evolve on a multi-peak Pareto landscape, with optima cor-
responding to more robust and gracile humeri associated with the ancestral Cynodontia and derived Prozostrodontia
landscapes, respectively (Figs 6 and S10). However, only a few taxa occupy either of these optimal regions, with most
cynodonts and mammaliaforms occupying Pareto suboptimal regions between the peaks. We propose that the two peaks,
representing distinct humerus morphologies and functional traits, constitute two ends of an ecological spectrum (e.g.,
fossorial to scansorial [64,65]), with more generalist taxa falling in the center due to conflicting selective pressures [24].
The gracile peak on the prozostrodont Pareto landscape is closer to the therian optimum and forms a Pareto optimal
evolutionary pathway toward Theria. However, this is not the only optimal path on this landscape, as moving back toward
the ancestral cynodont peak is also Pareto optimal. These multiple optima may have facilitated the disparate evolution of
mammaliaforms [70], and the opposing evolutionary trajectories of monotremes and therians. Monotremes convergently
re-evolve toward the robust, ancestral cynodont optimum, and therians realize a new set of humerus morphologies and
functions. Accompanied by modifications to other aspects of the therian forelimb skeleton along the therian stem [72]—a
mobile scapula, ventrally facing glenoid, and hinge-like elbow joint—this new morphology presumably removed the final
barriers to achieving a habitually parasagittal forelimb posture [15].

Conclusions

The evolution of parasagittal posture in Synapsida involved a fundamental reorganization of the musculoskeletal sys-

tem and expansion of forelimb functional disparity, culminating in extant Theria. Our comprehensive examination of the
‘sprawling-parasagittal’ transition uses the framework of evolutionary adaptive landscapes to quantify differences in humerus
morphology and functional traits between sprawling and parasagittal taxa and reconstructs the evolution of form and

function in NMS. Our results indicate that although synapsids were ancestrally sprawling, they were both morphologically
and functionally distinct from extant sprawling taxa. From this unique sprawling ancestral condition, we find that synapsid
humerus morphofunctional evolution did not follow a single, optimum path to reach the parasagittal condition of modern
therians. Some synapsid taxa stayed close to reconstructed group optima, but others diversified through morphospace.

More gracile humeri with unique combinations of reptilian and therian traits evolved independently in biarmosuchian, gor-
gonopsian, and therocephalian therapsids, before an extended period of functional experimentation and variation throughout
non-mammalian cynodont evolution. We reject previous hypotheses on the synapsid ‘sprawling-parasagittal’ transition as a
series of discrete postural shifts, and instead support the view of synapsid evolution as a series of successive radiations, with
major clades exhibiting considerable functional (and postural) variation. Our data on humerus morphology and functional trait
evolution suggest that parasagittal posture evolved late, within stem therians. More sophisticated biomechanical modeling

is required to resolve whole limb posture in specific taxa, but the present study, with its large sample of both fossil synapsids
and extant comparators, provides a far more holistic picture of the ‘sprawling-parasagittal’ transition, and the assembly of the
therian forelimb, than previous works considering only small numbers of exemplar taxa.

Methods
Sample and phylogeny

Humeri from a range of fossil synapsids (9 pelycosaur, 32 therapsid, 22 cynodont, and 2 stem therian specimens,
representing at least 58 distinct taxa), were compared to a diverse array of extant taxa (5 salamanders, 56 reptiles, 3
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monotremes, and 77 therian mammals, S1 Table). With respect to understanding the evolution NMS, monotremes pos-
sess several functional and morphological similarities to fossil taxa [14,36,78], and extant sprawling reptiles have long
been used as analogues for NMS and other fossil amniotes [12,13,20]. Our extant sample covers a great diversity in
body size and ecology, but all engage in quadrupedal terrestrial locomotion; volant and fully aquatic taxa were excluded
because these derived specializations are not relevant to the ‘sprawling-parasagittal’ transition. We also included a small
sample of generalized early fossil amniotes and temnospondyls (n=5) to assist with establishing character polarity for the
earliest NMS taxa. All information regarding data provenance, acquisition method, and processing to derive a 3D surface
mesh is listed in S1 Table.

Relationships and branch lengths among extant species are based on consensus phylogenies downloaded from time-
tree.org [79], constructed based on comparison of all published phylogenies of the taxa of interest. Relationships of fossils
(including fossil crown-mammals) are based on a combination of two existing large-scale phylogenies of living and extinct
synapsids [80,81], which provide a backbone phylogeny of all non-mammalian synapsid fossils. Specimens missing from
these two phylogenies were assigned the position of their closest relative present in the trees. The fossil supertree was
time-calibrated with occurrence data downloaded from the Paleobiology Database (palaeobiodb.org), using the function
timePaleoPhy from the paleotree package in R. The final phylogeny was then constructed by grafting the phylogenies of
extant taxa onto the appropriate places in the fossil tree (e.g., salamanders as sister to Eryops, reptiles as sister to Capto-
rhinus, etc.), and pruning the tree to only include sampled fossil taxa.

Geometric morphometrics and morphospace

Humerus shape was quantified using a novel semi-automated approach for slice-based landmarking (S2 Fig).
Three-dimensional surface meshes of each humerus were manually aligned to a global coordinate system using a standard
protocol in Materialise 3-Matic (v14, Materialise, Leuven, Belgium). The long-axis of the humerus was aligned to the global
Z-axis, and the bone was then rotated about its long-axis until the distal medial-lateral epicondyles were horizontal, parallel
with the global X axis, and the extensor surface of the humerus (i.e., the face of the humerus to which the elbow extensor
muscles attach), faced upwards (S4 Fig). The final sample consisted of only left humeri; any right humeri were mirrored. Once
all humeri were consistently oriented, the 3D meshes were converted to ‘.ply’ format and imported into R for landmarking.

Meshes were landmarked with a slice-based approach, using custom code based on the Morphomap R package [82]
(S2 Fig). This slice-based landmarking produces a regular array of landmarks on the bone, describing the entire shape in
detail, analogous to other morphometric methods, e.g., eigensurface analysis [83]. It works best on topologically simple
structures with a well-defined long axis, such as limb bones. Each humerus was ‘sliced’ at 21 points evenly spaced along
its length, by drawing a plane normal to the long axis that intersected with the bone mesh. In each of the 21 slices, the
intersection between the plane and the mesh defined the bone’s outer contour, and equidistant landmarks (n=24) were
placed around the contour’s length. This produced a final set of 504 regularly spaced landmarks for each humerus, and
these final landmark sets were subjected to general Procrustes alignment in the R package geomorph [84]. Differences
in shape between groups, as well as potential allometric effects, were tested using a Procrustes ANOVA in the geomorph
package [85] (S2 Table).

Data were ordinated using standard principal components analysis (PCA), which produced generally good separation
between taxonomic and postural groups (S11 Fig). However, as we were specifically testing hypotheses of shape change
as it relates to postural and functional change, we chose to incorporate a priori information on posture and ordinated the
data using a bgPCA, in the R package Morpho [86]. This produced a morphospace that emphasized differences between
postural groups (sprawling versus parasagittal versus ‘unknown’ for fossil taxa), and the bgPC axes are highly correlated
with measured functional traits (Fig 2). Comparison with the traditional PCA shows a similar overall distribution of groups
in morphospace, and that our bgPCA did not create ‘false groups’ [87]. Therefore, we proceeded with the more structured
bgPCA morphospace in subsequent analyses.
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Measuring functional traits

Functional humerus length. Humerus length is an important component of locomotor performance (e.g., relative
speed), as it is a major contributor to overall limb length, and relative humerus length positively correlates with lengths
of other limb elements [88—92] (S12 Fig). Longer limbs produce longer strides and greater overall displacement
[34,40,93,94]. Although there is considerable ecological variability in humeral length [7], we predicted that humeral length
would increase throughout synapsid evolution. Functional humerus length—the length between the proximal and distal
articular surfaces—was measured in 3-Matic as the distance from the proximal-most part of the humeral head, and the
distal-most part of the radio-ulnar condyles (S4 Fig). After normalizing length to humeral centroid size, this differentiated
long, gracile humeri from shorter, more robust humeri.

Radius of gyration. Limb bone shape is an important determinant of limb segment dimensions and mass properties,
which determine the limb’s rotational inertia, or how much torque, and hence effort, is required to move the limb during
locomotion [95-98]. The inertial properties of the humerus directly affect those of the upper arm segment, which is
generally the most massive forelimb segment in extant animals and so has a significant impact on total forelimb inertia
[97-100] (S13 Fig). Rotational inertia of a limb segment is proportional to its mass (m) and to the square of the radius
of gyration, or the distance from the center of mass to the center of rotation (r). Whereas segment mass is determined
by size, radius of gyration is controlled by limb shape [96]; a shorter radius of gyration and more proximally positioned
center of mass results in lower inertia and less energy needed to swing the limb. Radius of gyration was measured for
each humerus model in 3-Matic (S4 Fig). Center of mass position for each humerus model was calculated automatically
in 3-Matic, assuming the bone is solid, and the center of rotation was determined by fitting primitives (spheres, cylinders,
or convex hulls) to the articular surface of the humeral head. To account for mass distribution along the proximodistal axis,
radius of gyration was divided by humeral length [99,100]. We then took the inverse so that lower values corresponded to
higher performance.

Humeral torsion. The presence of humeral torsion—an angular offset between the proximal and distal articulations—
has been hypothesized to increase effective stride length in sprawling taxa, by placing the manus further forward during
walking, proportional to the sine of the torsion angle [35]. Given its association with sprawling locomotion, we predicted
that humeral torsion would decrease throughout synapsid evolution [101]. We measured humeral torsion in 3-Matic by
fitting two planes along the humerus—one aligned with the humeral head passing through the greater and lesser tubercles
(or the homologous attachment points of the subscapularis and supracoracoideus muscles), and one aligned with the
ulnar and radial condyles (S4 Fig). The angle between these two planes was then taken as the metric of humeral torsion
and transformed by taking the sine of the angle.

Muscle leverage. The anatomical and geometric arrangement of forelimb muscles are important determinants
of functional performance. Muscle lever arms provide useful functional correlates for muscle action, as they directly
correlate with muscle force and torque produced [102,103]. Of the muscle attachment sites easily identifiable across
our humerus sample, the deltopectoral crest was the most reliable, and the deltoid and pectoral muscles that attach to
it are both large muscles with important locomotor functions [15,41,45,78]. Therefore, we focused on the deltopectoral
crest in our measurements of muscle leverage. Muscle in-levers were measured in 3-Matic from the most extreme point
of the deltopectoral crest to the center of rotation at the humeral head (see the definition of rotational inertia), and then
decomposed into separate components about different anatomical axes (S4 Fig).

For the X and Y axes, corresponding to humeral rotation in a vertical and horizontal plane, we calculated mechanical
force advantages by dividing the muscle in-levers by humeral length (the out-lever for both these axes). We also mea-
sured velocity advantage by taking the inverse of force mechanical advantage (see note below). In both force and velocity
advantages, the X and Y axis values were found to tightly correlate with one another, so these were averaged to produce
single force and velocity advantage values. As humeral length is not the out-lever for long-axis rotation, and so cannot be

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188 June 24, 2025 16 /27




PLON. Biology

used to derive mechanical advantage, in-levers for the corresponding Z axis were size normalized by dividing by humerus
centroid size. This left us with three size-normalized metrics of muscle leverage: ‘swing’ force leverage (combining the X
and Y axis force advantages) to move the limb through a vertical or horizontal arc with high torque; ‘swing’ speed leverage
(combining the X and Y axis velocity advantages) to move the limb through a vertical or horizontal arc with high speed;
and ‘spin’ leverage (Z axis) to rotate the humerus about its long axis with high torque.

Adaptive landscape analyses often include traits that trade-off strongly with one another [19,23-25], but rarely are they
exact inverses. While using separate surfaces for force and velocity may present methodological issues when only a few
traits are modeled, it is less of a concern when considering multiple traits as we do in the present study. Further, it makes
biological sense to include them both as individual traits that can be optimized as part of a combinatorial adaptive land-
scape, and we anticipated that some species would trade-off force for speed [15].

Bending strength. Limbs are subjected to varying loads during locomotion, and humeral strength determines
the maximum external load that the bones can withstand. Although strength of the humerus is affected by both
internal and external geometry, it has been shown that external geometry alone can provide a good approximation
of whole bone mechanical properties, especially across broad phylogenetic samples that vary widely in gross
morphology [104—106]. Additionally, limitations of how fossil specimens could be digitized (surface scanning and
photogrammetry rather than computed tomography) necessitated restricting the analysis to surface structures.
Therefore, our analysis of bending strength only relies on external geometry. When meshes were imported into
R, the modified Morphomap code calculated mechanically relevant cross-sectional properties of each landmarked
slice, effectively assuming that the interior of the bone was entirely solid. While this represents an imperfect
assumption, we are confident that our methods are sufficient to compare across our broad, disparate sample of
external humeral shapes.

For our strength metric, we chose the second moment of area about the x-axis, /,, using our common coordinate
system (S4 Fig). Second moments of area are commonly used metrics for bending resistance in bones [107,108] and are
influenced by cross-sectional shape and external dimensions more so than by cross-sectional thickness [104—106,109],
making them less sensitive to our assumptions about internal bone geometry. / is indicative of resistance to dorsoventral
bending, and at the specimen level correlated closely with other metrics such as resistance to anteroposterior bending (/)
and torsional resistance (J). | values were averaged across all landmarked slices for each specimen to incorporate infor-
mation from the whole bone, and avoid uncertainty in consistently identifying the mid-diaphysis in such a diverse sample.
Second moment of area has units in dimensions of length to the fourth power, so to normalize for humerus size we took
the fourth root of our specimen average / values before dividing by centroid size.

Functional traits and performance surfaces

Performance surfaces were created using the R package Morphoscape [22]. For each of the seven functional traits
measured, values were standardized by scaling them to range between 0 and 1, with 0 representing the lowest measured
performance, and 1 representing the highest measured performance. Functional traits measured on humerus models from
all specimens were mapped onto the morphospace using ordinary Kriging to interpolate trait values across the space. This
resulted in seven unique performance surfaces, which clearly show high-level performance gradients and form-function
relationships (Fig 2) but are more ‘rugose’ than those from other studies [18,19,22]. Kriging as an interpolation method
tends to produce more rugose surfaces than others (e.g., polynomial surface fitting), but it also makes no a priori assump-
tions about the number of performance peaks or the shape of the performance surface. It should also be noted that while
the landmarking protocol is free from biological homology, the functional measurements (e.g., torsion and muscle lever-
age) are not, which may cause some occasional disconnects between form and function visible as local hills and valleys
in the performance surface (see S14 Fig).
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Adaptive landscapes

Adaptive landscapes were created using the R package Morphoscape. For each major taxonomic group of interest and
for individual species, landscapes were calculated by iteratively summing the seven performance surfaces, where each
one had its contribution to overall performance weighted. All possible combinations of weights were tested, ranging from
0 to 1 in increments of 0.05, which for seven functional traits resulted in a total of 230,230 possible adaptive landscapes.
Combinations of weights were favored that maximized the height of the point of interest—a group mean, an individual
taxon or a reconstructed ancestral nod—on the resulting landscape. For some taxa (e.g., reptiles and therians), despite
clear functional differences between them, the very top landscapes tended to have similar combinations of weights;
therefore, all final landscapes presented here are based on the mean of the top 10% of weight combinations. Differences
in trait weighting combinations that produced optimal landscapes between taxonomic groups, and possible correlations of
trait weighting with size, were statistically tested using an RRPP MANOVA in R (S3 Table).

Postural and transitional landscapes

To trace the evolution of the humerus as synapsids transitioned from sprawling to parasagittal limb postures, we first
calculated an extant ‘sprawling’ versus ‘parasagittal’ landscape. As therians were the only group in our analysis with
parasagittal posture, the parasagittal landscape is equivalent to the therian adaptive landscape. However, the sprawling
groups differed significantly from each other and were more broadly distributed across morphospace. Therefore, we cre-
ated a composite sprawling landscape by overlaying the adaptive landscapes of individual sprawling groups (‘herptiles’,
monotremes and non-synapsid fossils) and choosing the highest value in each grid cell as the value for the new land-
scape. High values on this new, composite landscape therefore indicated high functional performance for some form of
sprawling, whether that be sprawling like a monotreme, reptile, salamander, or other tetrapod [13,20,36,45]. To calculate
a transitional landscape and determine relative performance for sprawling or parasagittal postures in synapsids and other
tetrapods, the difference between these ‘sprawling’ and ‘parasagittal’ landscapes was calculated by subtracting the values
in each grid cell on the ‘sprawling’ landscape from the ‘parasagittal’ landscape. The resulting transitional landscape varies
around 0, with negative values indicating increased performance on a sprawling landscape, and positive values indicat-
ing increased performance on the parasagittal therian landscape. Statistical differences in transitional landscape scores
between groups and across body sizes were tested using an RRPP ANOVA in R (S5 Table).

Phylogenetic modeling

To formally evaluate possible evolutionary shifts in posture and limb function across the ‘sprawling-parasagittal’ transition, we
used the SURFACE package in R [32] to fit OU models for different evolutionary regimes for posture (scores on the transi-
tional landscape) and limb function (trait weightings for a species adaptive landscape). As SURFACE can be prone to favor-
ing overly complex models [110], we applied an AIC threshold of 4 during the model fitting process, so that more complex
models with additional regimes had to provide a substantial improvement in model fit to be accepted over simpler models
[111]. While SURFACE searches for shifts with no a priori assumptions, we also tested several explicit Brownian motion (BM)
and Ornstein—Uhlenbeck (OU) models of postural evolution using mvMORPH [33]. We compared single-rate BM, BM with
a trend, and single-peak OU models, as well as multi-rate BM and multi-peak OU models. For the multi-rate and multi-peak
models, groupings were defined based on proposed timings of shifts in synapsid posture from Jenkins (shifts at Cynodontia
and Theria) [13], Romer (shifts at Therapsida and Mammalia) [12] and Kemp (shifts at Therapsida and Mammaliaformes) [5].
We tested these against additional models where each synapsid grade was assigned a separate regime, or where further
regimes were added for specific subclades (S5 Fig). For a full list of models tested, see S4 and S6 Tables.

Phylogenetic comparative methods can be sensitive to phylogenetic uncertainty and estimated branch lengths. Although
there may be some uncertainty in the phylogenetic position of individual taxa or certain sub-clades [81], the higher-level
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relationships of Synapsida are well recognized and established in the literature [6,57,112,113], and our analyses mainly focus
on these high-level relationships, i.e., differences between grades. We assessed the effects of uncertainty in branch length
by generating a distribution of 50 trees with variations in time scaling (timepaleophy function in paleotree with date Treat-
ment="minMax”) and re-running the mvMORPH analyses to obtain a distribution of model support values. Analyzing posture
(scores on the transitional landscape) revealed overwhelming support across all sampled trees for the original preferred
model: an OU model with peaks for individual synapsid subclades (S4 Table) (S15 Fig). When analyzing limb function (trait
weightings for a species adaptive landscape), we found a similar result to the main analysis (S6 Table): high support for mod-
els with regimes for individual synapsid subclades (both multi-rate BM and multi-peak OU) (S15 Fig). This sensitivity testing
suggests that the major results of our comparative analyses are not strongly affected by uncertainties in branch length.

Pareto landscapes

To determine whether synapsids evolved along optimal evolutionary trajectories through morphospace, maintaining
maximum overall performance even if the performance traits themselves might change, we constructed a series of Pareto
landscapes [25,46,114]. The grid cells in morphospace, which represent humerus morphologies, can be considered as
solutions to an optimization problem, and they experience trade-offs between different performance metrics and fitness on
different adaptive landscapes. A subset of these solutions will be Pareto optimal, i.e., no other solution has better or equal
performance in all metrics [47]. This optimal subset of solutions is assigned rank 1, and then removed from the list of solu-
tions before a second optimal subset (assigned rank 2) is determined. This process continues until all solutions have been
ranked, thereby generating a Pareto ranking system.

Each Pareto landscape was calculated based on combining two adaptive landscapes reconstructed for major nodes
in the Synapsid phylogeny—Synapsida, Therapsida, Cynodontia, Prozostrodontia and Theria. We ranked all locations in
morphospace, based on their performance on the adaptive landscape reconstructed for a major synapsid node, and that
for the next more derived major node (e.g., Synapsida and Therapsida, Therapsida and Cynodontia, etc.) toward which
they might presumably be evolving. Optimality was ranked using a modified Goldberg ranking system [25,115], first calcu-
lating the optimal ranking (R,) and then ranking again with the optimality of each metric reversed (suboptimal ranking, R;),
using the R package Rpref[116]. We then used the following equation to calculate Pareto optimality:

RSi - 1

Ri= oS-
! Roi + Rsi—2

This equation produces a linear rank from 0 to 1, where 1 denotes Pareto optimal regions and 0 denotes the most sub-
optimal regions. We plotted the Pareto landscapes for four regions of the Synapsid phylogeny, based on differences in the
adaptive landscapes reconstructed along the synapsid backbone (Fig 2C). We also mapped Pareto optimality calculated
for each specific subset of non-mammalian synapsid taxa onto the phylogeny—tip values were taken from the Pareto
landscape, and ancestral states were calculated via maximum likelihood. Relationships of Pareto optimality with taxo-
nomic group and centroid size were statistically tested in R using an RRPP ANOVA (S7 Table).

Supporting information

S1 Table. Specimen Information, including measurements needed to replicate the analysis (functional traits, and
postural and taxonomic categories). Also includes provenance and institutional details of each specimen in the dataset.
(XLSX)

S2 Table. Procrustes ANOVA model testing the effects of centroid size and taxonomic group on humerus shape,
with additional pairwise comparisons between groups.
(XLSX)
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S3 Table. MANOVA model testing the effects of centroid size and taxonomic group on trait weighting optimiza-
tion, with additional pairwise comparisons between groups.
(XLSX)

S4 Table. AIC scores and likelihoods for all evolutionary models of functional trait weighting tested using
mvMORPH.
(XLSX)

S5 Table. ANOVA model testing the effects of centroid size and taxonomic group on transitional landscape
sprawling-parasagittal scores, with additional pairwise comparisons between groups.
(XLSX)

S6 Table. AIC scores and likelihoods for all evolutionary models of transitional landscape sprawling-parasagittal
scores tested using mvMORPH.
(XLSX)

S7 Table. ANOVA model testing the effects of centroid size and taxonomic group on Pareto optimality scores,
with additional pairwise comparisons between groups.
(XLSX)

S8 Table. Acknowledgments for curatorial and collections staff.
(XLSX)

S1 Fig. Time-scaled supertree of all taxa included in this analysis. Taxa are color-coded by group. The data underly-
ing this figure can be found in S1 Table and S1 Data.
(PDF)

S2 Fig. lllustration of the slice-based landmarking workflow on the humerus of a green iguana (Iguana iguana).
The top panels show a single plane slicing the mesh, and landmarks are placed around the contour resulting from the
mesh-plane intersection. This is then repeated at intervals along the length of the bone to place landmarks across the
entire surface.

(PDF)

S3 Fig. Labeled morphospace of all taxa included in this analysis. Taxa are listed and numbered in alphabetical
order. Taxa are color-coded by group. The data underlying this figure can be found in S1 Table and S1 Data.
(PDF)

S4 Fig. Functional measurements taken in 3-Matic, illustrated on the humerus of a tree monitor (Varanus prasi-
nus). Prior to measurement, all humeri were aligned to a common coordinate system. All linear measurements were taken
in mm, angular measurements were taken in degrees. Humerus length, distance from the center of mass to the center of
rotation, in-lever for the muscles attaching to the deltopectoral crest (broken down in x, y, and z components) and torsion
angle between the proximal and distal ends of the humerus.

(PDF)

S5 Fig. Evolutionary regimes mapped onto our phylogeny to illustrate the a priori evolutionary hypotheses
tested using mvMORPH. These are the hypotheses of synapsid forelimb transformation proposed by Jenkins, Romer,
and Kemp. We also tested each major synapsid grade as its own regime, as well as adding sub-regimes for specific
groups. The data underlying this figure can be found in S1 Table and S1 Data.

(PDF)
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S6 Fig. PCA (top) and SURFACE analysis (bottom) of optimal landscape trait weights calculated for individual
taxa. SURFACE analysis indicates shifts in the multi-variate evolutionary regime of adaptive landscape trait weights
across synapsid evolution. Some convergent regimes were detected, and are color-coded the same. The data underlying
this figure can be found in S1 Table and S1 Data.

(PDF)

S7 Fig. Trait weightings for landscapes calculated on individual fossil synapsid taxa. The data underlying this fig-
ure can be found in S1 Table and S1 Data.
(PDF)

S8 Fig. Ridgeline (top) and phenogram (bottom) showing calculated scores on the transitional
‘sprawling-parasagittal’ landscape for different non-mammalian synapsids. Colored lines on the phenogram
show the median, upper, and lower quartile values for extant therians, herptiles, and monotremes. Dashed line on the
phenogram indicates the synapsid phylogeny backbone. The data underlying this figure can be found in S1 Table and
S1 Data.

(PDF)

S9 Fig. SURFACE analysis indicating shifts in the univariate evolutionary regime of sprawling-parasagittal land-
scape scores. No convergent regimes were detected. The data underlying this figure can be found in S1 Table and S1
Data.

(PDF)

S$10 Fig. Ridgeline plot (top) and phenogram (bottom) showing calculated Pareto Optimality for different
non-mammalian synapsids. Dashed line on the phenogram shows the backbone of synapsid phylogeny. The data
underlying this figure can be found in S1 Table and S1 Data.

(PDF)

S$11 Fig. Standard principal components analysis (PCA) morphospace of all taxa, for comparison with the
between-groups principal component analysis (bgPCA) in Figs 1 and S3. The data underlying this figure can be
found in S1 Table and S1 Data.

(PDF)

S12 Fig. Relationships between relative humerus length and relative forearm (radius or ulna) length across
extant tetrapods. There is a consistent, significant positive relationship between longer humeri and longer forearm
elements, demonstrating that humerus morphology encodes useful information about the forelimb as a whole. The data
underlying this figure can be found in S1 Data.

(PDF)

S$13 Fig. Mass (top) and inertia (bottom) properties for forelimb segments taken from the literature, illustrating
the relatively higher mass and inertia of the upper arm—made up of the humerus and surrounding soft tissue—
relative to the forearm. Mammal data from Coatham and colleagues (2021), reptile data from Mcaulay and colleagues
(2023). The data underlying this figure can be found in S1 Data.

(PDF)

S$14 Fig. Raw data for the performance surfaces—functional trait data plotted onto the morphospace—before
interpolation through Kriging. Larger, more opaque points correspond to higher trait values. The data underlying this
figure can be found in S1 Data.

(PDF)
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S$15 Fig. Analyzing sensitivity of evolutionary model fits to branch length uncertainty. Phylogeny showing ranges
of nodal ages across 50 trees (A). AIC weights for each of the models of trait (B) and posture (C) evolution tested using
mvMORPH (S5 Fig), across a distribution of 50 trees. Favored models match the preferred models recovered by the main
analysis and discussed in the main text (see Results and S4 and S6 Tables). The data underlying this figure can be found
in S1 Table and S1 Data.

(PDF)

S1 Data. Landmark coordinates for all humerus specimens, supertree of all taxa in our dataset, and R code
which, in combination with the information in S1 Table, can be used to replicate the analysis and recreate the
main figures and results, and S1, S3, S5-S11 and S14 Figs. We also include the R code used for the slice-based
landmarking procedure, literature values for limb proportions and inertial properties needed to replicate S12 and
S13 Figs, as well as the sample of 50 trees for the branch-length sensitivity analysis in S15 Fig.

(72)

Acknowledgments

For assistance with specimen scanning and data acquisition, we thank Jacqueline Lungmus, Spencer Hellert, Mark
Wright, Peter Bishop, Blake Dickson, John Nyakatura, Tom Kemp, Roger Benson, and Elsa Panciroli. We thank Blake
Dickson for assistance with Morphoscape, and Daniel Rhoda for helpful discussions about adaptive landscape analyses.
We are grateful to collections managers and curators from institutions all over the world who facilitated access to speci-
mens—either physically or digitally—without whom this research would not have been possible (See S8 Table).

Author contributions

Conceptualization: Robert J. Brocklehurst, Stephanie E. Pierce.

Formal analysis: Robert J. Brocklehurst, Magdalen Mercado.

Funding acquisition: Kenneth D. Angielczyk, Stephanie E. Pierce.
Investigation: Robert J. Brocklehurst, Magdalen Mercado.

Methodology: Robert J. Brocklehurst, Magdalen Mercado.

Project administration: Kenneth D. Angielczyk, Stephanie E. Pierce.
Resources: Kenneth D. Angielczyk, Stephanie E. Pierce.

Software: Robert J. Brocklehurst.

Supervision: Robert J. Brocklehurst, Kenneth D. Angielczyk, Stephanie E. Pierce.
Visualization: Robert J. Brocklehurst.

Writing — original draft: Robert J. Brocklehurst, Stephanie E. Pierce.

Writing — review & editing: Robert J. Brocklehurst, Magdalen Mercado, Kenneth D. Angielczyk, Stephanie E. Pierce.

References

1. Lautenschlager S, Gill P, Luo Z-X, Fagan MJ, Rayfield EJ. Morphological evolution of the mammalian jaw adductor complex. Biol Rev Camb Philos
Soc. 2017;92(4):1910-40. https://doi.org/10.1111/brv.12314 PMID: 27878942

2. Luo Z-X, Manley GA. Origins and early evolution of mammalian ears and hearing function. 2020 [cited 3 Nov 2023]. Available from: https://oops.
uni-oldenburg.de/id/eprint/4988

3. Benoit J, Manger PR, Rubidge BS. Palaeoneurological clues to the evolution of defining mammalian soft tissue traits. Sci Rep. 2016;6:25604.
https://doi.org/10.1038/srep25604 PMID: 27157809

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188 June 24, 2025 22127



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003188.s023
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003188.s024
https://doi.org/10.1111/brv.12314
http://www.ncbi.nlm.nih.gov/pubmed/27878942
https://oops.uni-oldenburg.de/id/eprint/4988
https://oops.uni-oldenburg.de/id/eprint/4988
https://doi.org/10.1038/srep25604
http://www.ncbi.nlm.nih.gov/pubmed/27157809

PLON. Biology

10.

1.

12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Araujo R, David R, Benoit J, Lungmus JK, Stoessel A, Barrett PM, et al. Inner ear biomechanics reveals a Late Triassic origin for mammalian endo-
thermy. Nature. 2022;607(7920):726—-31. https://doi.org/10.1038/s41586-022-04963-z PMID: 35859179

Kemp TS. The origin and evolution of mammals. Oxford: Oxford University Press; 2005.

Angielczyk KD, Kammerer CF. 5. Non-mammalian synapsids: the deep roots of the mammalian family tree. In: Mammalian evolution, diversity and
systematics; 2018. p. 117-98.

Polly PD. Limbs in mammalian evolution. In: Hall BK, editor. Fins into limbs: evolution, development and transformation. Chicago: University of
Chicago Press; 2007. p. 245-68.

Luo X. Origin of the mammalian shoulder. In: Dial KP, Shubin NH, Brainerd EL, editors. Great transformations in vertebrate evolution. Chicago: Uni-
versity of Chicago Press; 2015. p. 167-87.

Jones KE, Angielczyk KD, Polly PD, Head JJ, Fernandez V, Lungmus JK, et al. Fossils reveal the complex evolutionary history of the mammalian
regionalized spine. Science. 2018;361(6408):1249-52. https://doi.org/10.1126/science.aar3126 PMID: 30237356

Bishop PJ, Pierce SE. The fossil record of appendicular muscle evolution in Synapsida on the line to mammals: part [—forelimb. Anat Rec (Hobo-
ken). 2024;307(5):1764-825. https://doi.org/10.1002/ar.25312 PMID: 37726984

Bishop PJ, Pierce SE. Late acquisition of erect hindlimb posture and function in the forerunners of therian mammals. Sci Adv.
2024;10(43):eadr2722. https://doi.org/10.1126/sciadv.adr2722 PMID: 39454012

Romer AS. The locomotor apparatus of certain primitive and mammal-like reptiles. Bull Am Mus Nat Hist. 1922;46:517-606.
Jenkins FA. The postcranial skeleton of African cynodonts. Bull Peabody Mus Nat Hist. 1971;36:1-216.

Lungmus JK, Angielczyk KD. Phylogeny, function and ecology in the deep evolutionary history of the mammalian forelimb. Proc Biol Sci.
2021;288(1949):20210494. https://doi.org/10.1098/rspb.2021.0494 PMID: 33878918

Brocklehurst RJ, Fahn-Lai P, Regnault S, Pierce SE. Musculoskeletal modeling of sprawling and parasagittal forelimbs provides insight into synap-
sid postural transition. iScience. 2021;25(1):103578. https://doi.org/10.1016/j.isci.2021.103578 PMID: 37609446

Lungmus JK, Angielczyk KD. Antiquity of forelimb ecomorphological diversity in the mammalian stem lineage (Synapsida). Proc Natl Acad Sci USA.
2019;116(14):6903-7. https://doi.org/10.1073/pnas.1802543116 PMID: 30886085

Blob RW. Evolution of hindlimb posture in nonmammalian therapsids: biomechanical tests of paleontological hypotheses. Paleobiology.
2001;27(1):14-38. https://doi.org/10.1666/0094-8373(2001)027<0014:eohpin>2.0.co;2

Jones KE, Dickson BV, Angielczyk KD, Pierce SE. Adaptive landscapes challenge the “lateral-to-sagittal” paradigm for mammalian vertebral evolu-
tion. Curr Biol. 2021;31(9):1883-1892.e7. https://doi.org/10.1016/j.cub.2021.02.009 PMID: 33657406

Dickson BV, Pierce SE. Functional performance of turtle humerus shape across an ecological adaptive landscape. Evolution. 2019;73(6):1265—77.
https://doi.org/10.1111/evo.13747 PMID: 31008517

Nyakatura JA, Melo K, Horvat T, Karakasiliotis K, Allen VR, Andikfar A, et al. Reverse-engineering the locomotion of a stem amniote. Nature.
2019;565(7739):351-5. https://doi.org/10.1038/s41586-018-0851-2 PMID: 30651613

Fahn-Lai P, Biewener AA, Pierce SE. Broad similarities in shoulder muscle architecture and organization across two amniotes: implications for
reconstructing non-mammalian synapsids. PeerJ. 2020;8:e8556. https://doi.org/10.7717/peer|.8556 PMID: 32117627

Dickson BV, Clack JA, Smithson TR, Pierce SE. Functional adaptive landscapes predict terrestrial capacity at the origin of limbs. Nature.
2021;589(7841):242-5. https://doi.org/10.1038/s41586-020-2974-5 PMID: 33239789

Polly PD, Stayton CT, Dumont ER, Pierce SE, Rayfield EJ, Angielczyk KD. Combining geometric morphometrics and finite element analysis with
evolutionary modeling: towards a synthesis. J Vertebr Paleontol. 2016;36(4):€1111225. https://doi.org/10.1080/02724634.2016.1111225

Polly PD. Functional tradeoffs carry phenotypes across the valley of the shadow of death. Integr Comp Biol. 2020;60(5):1268-82. https://doi.
org/10.1093/icb/icaa092 PMID: 32592482

Deakin WJ, Anderson PSL, den Boer W, Smith TJ, Hill JJ, Riicklin M, et al. Increasing morphological disparity and decreasing optimality for jaw speed
and strength during the radiation of jawed vertebrates. Sci Adv. 2022;8(11):eabl3644. https://doi.org/10.1126/sciadv.abl3644 PMID: 35302857

Biewener AA. Biomechanics of mammalian terrestrial locomotion. Science. 1990;250(4984):1097—-103. https://doi.org/10.1126/science.2251499
PMID: 2251499

Blob RW, Biewener AA. Mechanics of limb bone loading during terrestrial locomotion in the green iguana (/guana iguana) and American alligator
(Alligator mississippiensis). J Exp Biol. 2001;204(Pt 6):1099—122. https://doi.org/10.1242/jeb.204.6.1099 PMID: 11222128

Bishop PJ, Brocklehurst RJ, Pierce SE. Intelligent sampling of high-dimensional joint mobility space for analysis of articular function. Methods Ecol
Evol. 2022;14(2):569-82. https://doi.org/10.1111/2041-210x.14016

Jenkins FA Jr, Parrington FR. The postcranial skeletons of the Triassic mammals Eozostrodon, Megazostrodon and Erythrotherium. Philos Trans R
Soc Lond B Biol Sci. 1976;273(926):387—431. https://doi.org/10.1098/rstb.1976.0022 PMID: 3813

Panciroli E, Benson RBJ, Fernandez V, Humpage M, Martin-Serra A, Walsh S, et al. Postcrania of Borealestes (Mammaliformes, Docodonta) and
the emergence of ecomorphological diversity in early mammals. Palaeontology. 2021;65(1). https://doi.org/10.1111/pala.12577

Smith SM, Stayton CT, Angielczyk KD. How many trees to see the forest? Assessing the effects of morphospace coverage and sample size in
performance surface analysis. Methods Ecol Evol. 2021;12(8):1411-24. https://doi.org/10.1111/2041-210x.13624

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188  June 24, 2025 23127



https://doi.org/10.1038/s41586-022-04963-z
http://www.ncbi.nlm.nih.gov/pubmed/35859179
https://doi.org/10.1126/science.aar3126
http://www.ncbi.nlm.nih.gov/pubmed/30237356
https://doi.org/10.1002/ar.25312
http://www.ncbi.nlm.nih.gov/pubmed/37726984
https://doi.org/10.1126/sciadv.adr2722
http://www.ncbi.nlm.nih.gov/pubmed/39454012
https://doi.org/10.1098/rspb.2021.0494
http://www.ncbi.nlm.nih.gov/pubmed/33878918
https://doi.org/10.1016/j.isci.2021.103578
http://www.ncbi.nlm.nih.gov/pubmed/37609446
https://doi.org/10.1073/pnas.1802543116
http://www.ncbi.nlm.nih.gov/pubmed/30886085
https://doi.org/10.1666/0094-8373(2001)027<0014:eohpin>2.0.co;2
https://doi.org/10.1016/j.cub.2021.02.009
http://www.ncbi.nlm.nih.gov/pubmed/33657406
https://doi.org/10.1111/evo.13747
http://www.ncbi.nlm.nih.gov/pubmed/31008517
https://doi.org/10.1038/s41586-018-0851-2
http://www.ncbi.nlm.nih.gov/pubmed/30651613
https://doi.org/10.7717/peerj.8556
http://www.ncbi.nlm.nih.gov/pubmed/32117627
https://doi.org/10.1038/s41586-020-2974-5
http://www.ncbi.nlm.nih.gov/pubmed/33239789
https://doi.org/10.1080/02724634.2016.1111225
https://doi.org/10.1093/icb/icaa092
https://doi.org/10.1093/icb/icaa092
http://www.ncbi.nlm.nih.gov/pubmed/32592482
https://doi.org/10.1126/sciadv.abl3644
http://www.ncbi.nlm.nih.gov/pubmed/35302857
https://doi.org/10.1126/science.2251499
http://www.ncbi.nlm.nih.gov/pubmed/2251499
https://doi.org/10.1242/jeb.204.6.1099
http://www.ncbi.nlm.nih.gov/pubmed/11222128
https://doi.org/10.1111/2041-210x.14016
https://doi.org/10.1098/rstb.1976.0022
http://www.ncbi.nlm.nih.gov/pubmed/3813
https://doi.org/10.1111/pala.12577
https://doi.org/10.1111/2041-210x.13624

PLON. Biology

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.
54.

55.

56.

57.

58.
59.

Ingram T, Mahler DL. SURFACE: detecting convergent evolution from comparative data by fitting Ornstein-Uhlenbeck models with stepwise Akaike
Information Criterion. Methods Ecol Evol. 2013;4(5):416-25. https://doi.org/10.1111/2041-210x.12034

Clavel J, Escarguel G, Merceron G. mvmorph: an r package for fitting multivariate evolutionary models to morphometric data. Methods Ecol Evol.
2015;6(11):1311-9. https://doi.org/10.1111/2041-210x.12420

Zamora-Camacho FJ, Reguera S, Rubifio-Hispan MV, Moreno-Rueda G. Effects of limb length, body mass, gender, gravidity, and elevation on
escape speed in the lizard Psammodromus algirus. Evol Biol. 2014;41(4):509-17. https://doi.org/10.1007/s11692-014-9285-4

Smithson TR, Clack JA. A new tetrapod from Romer’s Gap reveals an early adaptation for walking. Earth Environ Sci Transa R Soc Edinburgh.
2017;108(1):89-97. https://doi.org/10.1017/s1755691018000075

Jenkins FA Jr. Limb movements in a monotreme (Tachyglossus aculeatus): a cineradiographic analysis. Science. 1970;168(3938):1473-5. https://
doi.org/10.1126/science.168.3938.1473 PMID: 5445940

Pridmore PA. Terrestrial locomotion in monotremes (Mammalia: Monotremata). J Zool. 1985;205(1):53—73. https://doi.
org/10.1111/j.1469-7998.1985.tb05613.x

Regnault S, Fahn-Lai P, Pierce SE. Validation of an echidna forelimb musculoskeletal model using XROMM and diceCT. Front Bioeng Biotechnol.
2021;9:973.

Christiansen P. Locomotion in terrestrial mammals: the influence of body mass, limb length and bone proportions on speed. Zool J Linn Soc.
2002;136(4):685—714. https://doi.org/10.1046/j.1096-3642.2002.00041.x

Pontzer H. Effective limb length and the scaling of locomotor cost in terrestrial animals. J Exp Biol. 2007;210(Pt 10):1752—61. https://doi.
org/10.1242/jeb.002246 PMID: 17488938

Jenkins PA, Weijs WA. The functional anatomy of the shoulder in the Virginia opossum (Didelphis virginiana). J Zool. 1979;188(3):379-410. https://
doi.org/10.1111/j.1469-7998.1979.tb03423.x

Romer AS, Price LI. Review of the pelycosauria. 1940.

Hopson JA. Fossils, trackways, and transitions in locomotion. In: Dial KP, Shubin NH, Brainerd EL, editors. Great transformations in vertebrate evo-
lution. Chicago, IL: University of Chicago Press; 2015.

Jenkins FA. Limb posture and locomotion in the Virginia opossum (Didelphis marsupialis) and in other non-cursorial mammals. J Zool.
1971;165(3):303—15. https://doi.org/10.1111/j.1469-7998.1971.tb02189.x

Jenkins FA Jr, Goslow GE Jr. The functional anatomy of the shoulder of the savannah monitor lizard (Varanus exanthematicus). J Morphol.
1983;175(2):195-216. https://doi.org/10.1002/jmor.1051750207 PMID: 30068057

Tendler A, Mayo A, Alon U. Evolutionary tradeoffs, Pareto optimality and the morphology of ammonite shells. BMC Syst Biol. 2015;9:12. https://doi.
org/10.1186/s12918-015-0149-z PMID: 25884468

Vincent JFV. The trade-off: a central concept for biomimetics. Bioinspired Biomimetic Nanobiomater. 2017;6(2):67—76. https://doi.org/10.1680/
jbibn.16.00005
Gambaryan PP, Kielan-Jaworowska Z. Sprawling versus parasagittal stance in multituberculate mammals. Acta Palaeontol Pol. 1997;42:13—44.

Romano M, Rubidge B. First 3D reconstruction and volumetric body mass estimate of the tapinocephalid dinocephalian Tapinocaninus pamelae
(Synapsida: Therapsida). Hist Biol. 2019;33(4):498-505. https://doi.org/10.1080/08912963.2019.1640219

Sulej T, Niedzwiedzki G. An elephant-sized Late Triassic synapsid with erect limbs. Science. 2019;363(6422):78-80. https://doi.org/10.1126/sci-
ence.aal4853 PMID: 30467179

Ray S. Functional and evolutionary aspects of the postcranial anatomy of dicynodonts (synapsida, Therapsida). Palaeontology. 2006;49(6):1263—
86. https://doi.org/10.1111/j.1475-4983.2006.00597.x

Nasterlack T, Canoville A, Chinsamy A. New insights into the biology of the Permian genus Cistecephalus(Therapsida, Dicynodontia). J Vertebr
Paleontol. 2012;32(6):1396—410. https://doi.org/10.1080/02724634.2012.697410

Kammerer CF. Elevated cranial sutural complexity in burrowing dicynodonts. Front Ecol Evol. 2021;9. https://doi.org/10.3389/fevo.2021.674151

Gambaryan PP, Gasc J-P, Renous S. Cinefluorographical study of the burrowing movements in the common mole, Talpa europaea (Lipotyphla,
Talpidae). Rus J Theriol. 2003;1(2):91-109. https://doi.org/10.15298/rusjtheriol.01.2.03

Romano M. Long bone scaling of caseid synapsids: a combined morphometric and cladistic approach. LET. 2017;50(4):511-26. https://doi.
org/10.1111/let.12207

Bishop PJ, Norton LA, Jirah S, Day MO, Rubidge BS, Pierce SE. Enigmatic humerus from the mid-Permian of South Africa bridges the anatomical
gap between “pelycosaurs” and therapsids. J Vertebr Paleontol. 2023. https://doi.org/e2170805

Matamales-Andreu R, Kammerer CF, Angielczyk KD, Simdes TR, Mujal E, Galobart A, et al. Early-middle Permian Mediterranean gorgon-
opsian suggests an equatorial origin of therapsids. Nat Commun. 2024;15(1):10346. https://doi.org/10.1038/s41467-024-54425-5 PMID:
39690157

Boonstra LD. The girdles and limbs of the Gorgonopsia of the Tapinocephalus zone. Ann South Afr Mus. 1965.

Van Valkenburgh B, Jenkins I. Evolutionary patterns in the history of Permo-Triassic and Cenozoic synapsid predators. Paleontol Soc Pap.
2002;8:267-88. https://doi.org/10.1017/s1089332600001121

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188  June 24, 2025 24127



https://doi.org/10.1111/2041-210x.12034
https://doi.org/10.1111/2041-210x.12420
https://doi.org/10.1007/s11692-014-9285-4
https://doi.org/10.1017/s1755691018000075
https://doi.org/10.1126/science.168.3938.1473
https://doi.org/10.1126/science.168.3938.1473
http://www.ncbi.nlm.nih.gov/pubmed/5445940
https://doi.org/10.1111/j.1469-7998.1985.tb05613.x
https://doi.org/10.1111/j.1469-7998.1985.tb05613.x
https://doi.org/10.1046/j.1096-3642.2002.00041.x
https://doi.org/10.1242/jeb.002246
https://doi.org/10.1242/jeb.002246
http://www.ncbi.nlm.nih.gov/pubmed/17488938
https://doi.org/10.1111/j.1469-7998.1979.tb03423.x
https://doi.org/10.1111/j.1469-7998.1979.tb03423.x
https://doi.org/10.1111/j.1469-7998.1971.tb02189.x
https://doi.org/10.1002/jmor.1051750207
http://www.ncbi.nlm.nih.gov/pubmed/30068057
https://doi.org/10.1186/s12918-015-0149-z
https://doi.org/10.1186/s12918-015-0149-z
http://www.ncbi.nlm.nih.gov/pubmed/25884468
https://doi.org/10.1680/jbibn.16.00005
https://doi.org/10.1680/jbibn.16.00005
https://doi.org/10.1080/08912963.2019.1640219
https://doi.org/10.1126/science.aal4853
https://doi.org/10.1126/science.aal4853
http://www.ncbi.nlm.nih.gov/pubmed/30467179
https://doi.org/10.1111/j.1475-4983.2006.00597.x
https://doi.org/10.1080/02724634.2012.697410
https://doi.org/10.3389/fevo.2021.674151
https://doi.org/10.15298/rusjtheriol.01.2.03
https://doi.org/10.1111/let.12207
https://doi.org/10.1111/let.12207
https://doi.org/e2170805
https://doi.org/10.1038/s41467-024-54425-5
http://www.ncbi.nlm.nih.gov/pubmed/39690157
https://doi.org/10.1017/s1089332600001121

PLON. Biology

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Brocklehurst N. Morphological evolution in therocephalians breaks the hypercarnivore ratchet. Proc Biol Sci. 2019;286(1900):20190590. https://doi.
org/10.1098/rspb.2019.0590 PMID: 30966993

Bendel E-M, Kammerer CF, Smith RMH, Frobisch J. The postcranial anatomy of Gorgonops torvus (Synapsida, Gorgonopsia) from the late perm-
ian of South Africa. Peerd. 2023;11:e15378. https://doi.org/10.7717/peer|. 15378 PMID: 37434869

Salesa MJ, Anton M, Turner A, Morales J. Functional anatomy of the forelimb in Promegantereon* ogygia (Felidae, Machairodontinae, Smilodon-
tini) from the late miocene of Spain and the origins of the sabre-toothed felid model. J Anat. 2010;216(3):381-96. https://doi.org/10.1111/].1469-
7580.2009.01178.x PMID: 20039979

Damiani R, Modesto S, Yates A, Neveling J. Earliest evidence of cynodont burrowing. Proc Biol Sci. 2003;270(1525):1747-51. https://doi.
0org/10.1098/rspb.2003.2427 PMID: 12965004

Guignard ML, Martinelli AG, Soares MB. Postcranial anatomy of Riograndia guaibensis (Cynodontia: Ictidosauria). Geobios. 2019;53:9-21. https://
doi.org/10.1016/j.geobios.2019.02.006

Guignard ML, Martinelli AG, Soares MB. The postcranial anatomy of Brasilodon quadrangularis and the acquisition of mammaliaform traits among
non-mammaliaform cynodonts. PLoS One. 2019;14(5):e0216672. https://doi.org/10.1371/journal.pone.0216672 PMID: 31075140

Benoit J, Nxumalo M, Norton LA, Fernandez V, Gaetano LC, Rubidge B, et al. Synchrotron scanning sheds new light on Lumkuia fuzzi (The-
rapsida, Cynodontia) from the Middle Triassic of South Africa and its phylogenetic placement. J Afr Earth Sci. 2022;196:104689. https://doi.
org/10.1016/j.jafrearsci.2022.104689

Oliveira T, Schultz C. Functional morphology and biomechanics of the cynodont Trucidocynodon riograndensis from the Triassic of southern Brazil.
Part I. Pectoral girdle and forelimb. APP. 2015. https://doi.org/10.4202/app.00171.2015

Lai PH, Biewener AA, Pierce SE. Three-dimensional mobility and muscle attachments in the pectoral limb of the Triassic cynodont Massetognathus
pascuali (Romer, 1967). J Anat. 2018;232(3):383—406. https://doi.org/10.1111/joa.12766 PMID: 29392730

Sues HD, Jenkins FA. The postcranial skeleton of Kayentatherium wellesi from the Lower Jurassic Kayenta Formation of Arizona and the phyloge-
netic significance of postcranial features in tritylodontid cynodonts. In: Carrano MT, Gaudin TJ, Blob RW, Wible JR, editors. Amniote paleobiology:
perspectives on the evolution of mammals, birds, and reptiles. University of Chicago Press; 2006. p. 114-52.

Grossnickle DM, Smith SM, Wilson GP. Untangling the multiple ecological radiations of early mammals. Trends Ecol Evol. 2019;34(10):936—49.
https://doi.org/10.1016/j.tree.2019.05.008 PMID: 31229335

Jenkins FA Jr, Schaff CR. The Early Cretaceous mammal Gobiconodon (Mammalia, Triconodonta) from the Cloverly Formation in Montana. J
Vertebr Paleontol. 1988;8(1):1-24. https://doi.org/10.1080/02724634.1988.10011681

Hoffmann S, Hu Y, Krause DW. Postcranial morphology of Adalatherium hui (Mammalia, Gondwanatheria) from the Late Cretaceous of Madagas-
car. J Vertebr Paleontol. 2020;40(sup1):133—212. https://doi.org/10.1080/02724634.2020.1799818

Sereno PC, McKenna MC. Cretaceous multituberculate skeleton and the early evolution of the mammalian shoulder girdle. Nature.
1995;377(6545):144—7. https://doi.org/10.1038/377144a0

Sereno PC. Shoulder girdle and forelimb in multituberculates: evolution of parasagittal forelimb posture in mammals. Amniote Paleobiology: per-
spectives on the evolution of mammals, birds, and reptiles. 2006:315-66.

Hoffmann S, Beck RMD, Wible JR, Rougier GW, Krause DW. Phylogenetic placement of Adalatherium hui (Mammalia, Gondwanatheria) from the
Late Cretaceous of Madagascar: implications for allotherian relationships. J Vertebr Paleontol. 2020;40(sup1):213-34. https://doi.org/10.1080/0272
4634.2020.1801706

King B, Beck RMD. Tip dating supports novel resolutions of controversial relationships among early mammals. Proc Biol Sci.
2020;287(1928):20200943. https://doi.org/10.1098/rspb.2020.0943 PMID: 32517606

Frobisch J, Reisz RR. The Late Permian herbivore Suminia and the early evolution of arboreality in terrestrial vertebrate ecosystems. Proc Biol Sci.
2009;276(1673):3611-8. https://doi.org/10.1098/rspb.2009.0911 PMID: 19640883

Regnault S, Pierce SE. Pectoral girdle and forelimb musculoskeletal function in the echidna (Tachyglossus aculeatus): insights into mammalian
locomotor evolution. R Soc Open Sci. 2018;5(11):181400. https://doi.org/10.1098/rs0s.181400 PMID: 30564424

Kumar S, Suleski M, Craig JM, Kasprowicz AE, Sanderford M, Li M, et al. TimeTree 5: an expanded resource for species divergence times. Mol
Biol Evol. 2022;39(8):msac174. https://doi.org/10.1093/molbev/msac174 PMID: 35932227

Jones KE, Angielczyk KD, Pierce SE. Stepwise shifts underlie evolutionary trends in morphological complexity of the mammalian vertebral column.
Nat Commun. 2019;10(1):5071. https://doi.org/10.1038/s41467-019-13026-3 PMID: 31699978

Hellert SM, Grossnickle DM, Lloyd GT, Kammerer CF, Angielczyk KD. Derived faunivores are the forerunners of major synapsid radiations. Nat
Ecol Evol. 2023:1-11.

Profico A, Bondioli L, Raia P, O’Higgins P, Marchi D. morphomap: an R package for long bone landmarking, cortical thickness, and cross-sectional
geometry mapping. Am J Phys Anthropol. 2021;174(1):129-39. https://doi.org/10.1002/ajpa.24140 PMID: 32865237

Polly PD, MacLeod N. Locomotion in fossil Carnivora: an application of eigensurface analysis for morphometric comparison of 3D surfaces. Palae-
ontologia Electronica. 2008;11:10-3.

Adams DC, Otarola-Castillo E. geomorph: an R package for the collection and analysis of geometric morphometric shape data. Methods Ecol Evol.
2013;4(4):393-9. https://doi.org/10.1111/2041-210x.12035

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188  June 24, 2025 25127



https://doi.org/10.1098/rspb.2019.0590
https://doi.org/10.1098/rspb.2019.0590
http://www.ncbi.nlm.nih.gov/pubmed/30966993
https://doi.org/10.7717/peerj.15378
http://www.ncbi.nlm.nih.gov/pubmed/37434869
https://doi.org/10.1111/j.1469-7580.2009.01178.x
https://doi.org/10.1111/j.1469-7580.2009.01178.x
http://www.ncbi.nlm.nih.gov/pubmed/20039979
https://doi.org/10.1098/rspb.2003.2427
https://doi.org/10.1098/rspb.2003.2427
http://www.ncbi.nlm.nih.gov/pubmed/12965004
https://doi.org/10.1016/j.geobios.2019.02.006
https://doi.org/10.1016/j.geobios.2019.02.006
https://doi.org/10.1371/journal.pone.0216672
http://www.ncbi.nlm.nih.gov/pubmed/31075140
https://doi.org/10.1016/j.jafrearsci.2022.104689
https://doi.org/10.1016/j.jafrearsci.2022.104689
https://doi.org/10.4202/app.00171.2015
https://doi.org/10.1111/joa.12766
http://www.ncbi.nlm.nih.gov/pubmed/29392730
https://doi.org/10.1016/j.tree.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31229335
https://doi.org/10.1080/02724634.1988.10011681
https://doi.org/10.1080/02724634.2020.1799818
https://doi.org/10.1038/377144a0
https://doi.org/10.1080/02724634.2020.1801706
https://doi.org/10.1080/02724634.2020.1801706
https://doi.org/10.1098/rspb.2020.0943
http://www.ncbi.nlm.nih.gov/pubmed/32517606
https://doi.org/10.1098/rspb.2009.0911
http://www.ncbi.nlm.nih.gov/pubmed/19640883
https://doi.org/10.1098/rsos.181400
http://www.ncbi.nlm.nih.gov/pubmed/30564424
https://doi.org/10.1093/molbev/msac174
http://www.ncbi.nlm.nih.gov/pubmed/35932227
https://doi.org/10.1038/s41467-019-13026-3
http://www.ncbi.nlm.nih.gov/pubmed/31699978
https://doi.org/10.1002/ajpa.24140
http://www.ncbi.nlm.nih.gov/pubmed/32865237
https://doi.org/10.1111/2041-210x.12035

PLON. Biology

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.
110.

1.
112.

Adams DC, Collyer ML. Phylogenetic ANOVA: group-clade aggregation, biological challenges, and a refined permutation procedure. Evolution.
2018;72(6):1204—15. https://doi.org/10.1111/evo.13492 PMID: 29682730

Schlager S. Morpho and Rvcg—shape analysis in R: R-packages for geometric morphometrics, shape analysis and surface manipulations. In:
Statistical shape and deformation analysis. Elsevier; 2017. p. 217-56.

Cardini A, O’Higgins P, Rohlf FJ. Seeing distinct groups where there are none: spurious patterns from between-group PCA. Evol Biol.
2019;46(4):303—16. https://doi.org/10.1007/s11692-019-09487-5

Christian A, Garland T Jr. Scaling of limb proportions in monitor lizards (Squamata: Varanidae). J Herpetol. 1996;30(2):219. https://doi.
0rg/10.2307/1565513

Zaaf A, Van Damme R. Limb proportions in climbing and ground-dwelling geckos (Lepidosauria, Gekkonidae): a phylogenetically informed analy-
sis. Zoomorphology. 2001;121(1):45-53. https://doi.org/10.1007/s004350100044

lijima M, Kubo T, Kobayashi Y. Comparative limb proportions reveal differential locomotor morphofunctions of alligatoroids and crocodyloids. R
Soc Open Sci. 2018;5(3):171774. https://doi.org/10.1098/rso0s.171774 PMID: 29657781

Rothier PS, Fabre A-C, Clavel J, Benson RBJ, Herrel A. Mammalian forelimb evolution is driven by uneven proximal-to-distal morphological diver-
sity. Elife. 2023;12:81492. https://doi.org/10.7554/eLife.81492 PMID: 36700542

Rothier PS, Fabre A-C, Benson RBJ, Martinez Q, Fabre P-H, Hedrick BP, et al. Of flippers and wings: the locomotor environment as a driver of
the evolution of forelimb morphological diversity in mammals. Funct Ecol. 2024;38: 2231-46. https://doi.org/10.1111/1365-2435.14632

Bauwens D, Garland T JR, Castilla AM, Damme RV. Evolution of sprint speed in lacertid lizards: morphological, physiological and behavioral
covariation. Evolution. 1995;49(5):848. https://doi.org/10.2307/2410408

Russell AP, Bels V. Biomechanics and kinematics of limb-based locomotion in lizards: review, synthesis and prospectus. Comp Biochem Physiol A
Mol Integr Physiol. 2001;131(1):89—112. https://doi.org/10.1016/s1095-6433(01)00469-x PMID: 11733169

Allen V, Bates KT, Li Z, Hutchinson JR. Linking the evolution of body shape and locomotor biomechanics in bird-line archosaurs. Nature.
2013;497(7447):104—7. https://doi.org/10.1038/nature12059 PMID: 23615616

Kilbourne BM, Hoffman LC. Energetic benefits and adaptations in mammalian limbs: scale effects and selective pressures. Evolution.
2015;69(6):1546-59. https://doi.org/10.1111/evo.12675 PMID: 25929545

Coatham SJ, Sellers WI, Puschel TA. Convex hull estimation of mammalian body segment parameters. R Soc Open Sci. 2021;8(6):210836.
https://doi.org/10.1098/rso0s.210836 PMID: 34234959

Macaulay S, Hoehfurtner T, Cross SRR, Marek RD, Hutchinson JR, Schachner ER, et al. Decoupling body shape and mass distribution in birds
and their dinosaurian ancestors. Nat Commun. 2023;14(1):1575. https://doi.org/10.1038/s41467-023-37317-y PMID: 36949094

Isler K, Payne RC, Glinther MM, Thorpe SKS, Li Y, Savage R, et al. Inertial properties of hominoid limb segments. J Anat. 2006;209(2):201-18.
https://doi.org/10.1111/j.1469-7580.2006.00588.x

Druelle F, Aerts P, D’AoUt K, Moulin V, Berillon G. Segmental morphometrics of the olive baboon (Papio anubis): a longitudinal study from birth to
adulthood. J Anat. 2017;230(6):805—19. https://doi.org/10.1111/joa.12602 PMID: 28294323

Kielan-Jaworowska Z, Hurum JH. Limb posture in early mammals: sprawling or parasagittal. Acta Palaeontol Pol. 2006;14.

Sherman MA, Seth A, Delp SL. What is a moment arm? Calculating muscle effectiveness in biomechanical models using generalized coordi-
nates. Proc ASME Des Eng Tech Conf. 2013;2013:V07BT10A052. https://doi.org/10.1115/DETC2013-13633 PMID: 25905111

Brassey CA, Maidment SCR, Barrett PM. Muscle moment arm analyses applied to vertebrate paleontology: a case study using Stegosaurus
stenops Marsh, 1887. J Vertebr Paleontol. 2017;37(5):e1361432. https://doi.org/10.1080/02724634.2017.1361432

Therrien F, Quinney A, Tanaka K, Zelenitsky DK. Accuracy of mandibular force profiles for bite force estimation and feeding behavior reconstruc-
tion in extant and extinct carnivorans. J Exp Biol. 2016;219(Pt 23):3738—49. https://doi.org/10.1242/jeb.143339 PMID: 27634400

Davies TG, Shaw CN, Stock JT. A test of a new method and software for the rapid estimation of cross-sectional geometric properties of long bone
diaphyses from 3D laser surface scans. Archaeol Anthropol Sci. 2012;4(4):277-90. https://doi.org/10.1007/s12520-012-0101-8

Macintosh AA, Davies TG, Ryan TM, Shaw CN, Stock JT. Periosteal versus true cross-sectional geometry: a comparison along humeral, femoral,
and tibial diaphyses. Am J Phys Anthropol. 2013;150(3):442-52. https://doi.org/10.1002/ajpa.22218 PMID: 23359138

Doube M, Wiktorowicz-Conroy A, Christiansen P, Hutchinson JR, Shefelbine S. Three-dimensional geometric analysis of felid limb bone allometry.
PLoS One. 2009;4(3):e4742. https://doi.org/10.1371/journal.pone.0004742 PMID: 19270749

Kilbourne BM, Hutchinson JR. Morphological diversification of biomechanical traits: mustelid locomotor specializations and the macroevolution of
long bone cross-sectional morphology. BMC Evol Biol. 2019;19(1):37. https://doi.org/10.1186/s12862-019-1349-8 PMID: 30700269

Pearson OM. Activity, climate, and postcranial robusticity. Curr Anthropol. 2000;41(4):569-607. https://doi.org/10.1086/317382

Khabbazian M, Kriebel R, Rohe K, Ané C. Fast and accurate detection of evolutionary shifts in Ornstein—Uhlenbeck models. Methods Ecol Evol.
2016;7(7):811-24. https://doi.org/10.1111/2041-210x.12534

Anderson D, Burnham K. Model selection and multi-model inference. 2nd ed. New York, NY: Springer; 2002.

Sidor CA, Hopson JA. Ghost lineages and “mammalness”: assessing the temporal pattern of character acquisition in the Synapsida. Paleobiol-
ogy. 1998;24(2):254—73. https://doi.org/10.1666/0094-8373(1998)024[0254:glaatt]2.3.co;2

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188  June 24, 2025 26127



https://doi.org/10.1111/evo.13492
http://www.ncbi.nlm.nih.gov/pubmed/29682730
https://doi.org/10.1007/s11692-019-09487-5
https://doi.org/10.2307/1565513
https://doi.org/10.2307/1565513
https://doi.org/10.1007/s004350100044
https://doi.org/10.1098/rsos.171774
http://www.ncbi.nlm.nih.gov/pubmed/29657781
https://doi.org/10.7554/eLife.81492
http://www.ncbi.nlm.nih.gov/pubmed/36700542
https://doi.org/10.1111/1365-2435.14632
https://doi.org/10.2307/2410408
https://doi.org/10.1016/s1095-6433(01)00469-x
http://www.ncbi.nlm.nih.gov/pubmed/11733169
https://doi.org/10.1038/nature12059
http://www.ncbi.nlm.nih.gov/pubmed/23615616
https://doi.org/10.1111/evo.12675
http://www.ncbi.nlm.nih.gov/pubmed/25929545
https://doi.org/10.1098/rsos.210836
http://www.ncbi.nlm.nih.gov/pubmed/34234959
https://doi.org/10.1038/s41467-023-37317-y
http://www.ncbi.nlm.nih.gov/pubmed/36949094
https://doi.org/10.1111/j.1469-7580.2006.00588.x
https://doi.org/10.1111/joa.12602
http://www.ncbi.nlm.nih.gov/pubmed/28294323
https://doi.org/10.1115/DETC2013-13633
http://www.ncbi.nlm.nih.gov/pubmed/25905111
https://doi.org/10.1080/02724634.2017.1361432
https://doi.org/10.1242/jeb.143339
http://www.ncbi.nlm.nih.gov/pubmed/27634400
https://doi.org/10.1007/s12520-012-0101-8
https://doi.org/10.1002/ajpa.22218
http://www.ncbi.nlm.nih.gov/pubmed/23359138
https://doi.org/10.1371/journal.pone.0004742
http://www.ncbi.nlm.nih.gov/pubmed/19270749
https://doi.org/10.1186/s12862-019-1349-8
http://www.ncbi.nlm.nih.gov/pubmed/30700269
https://doi.org/10.1086/317382
https://doi.org/10.1111/2041-210x.12534
https://doi.org/10.1666/0094-8373(1998)024[0254:glaatt]2.3.co;2

PLON. Biology

113.

114.

115.
116.

Brocklehurst N, Reisz RR, Fernandez V, Frobisch J. A re-description of “Mycterosaurus” smithae, an early Permian Eothyridid, and its impact

on the phylogeny of Pelycosaurian-grade synapsids. PLoS One. 2016;11(6):e0156810. https://doi.org/10.1371/journal.pone.0156810 PMID:
27333277

Shoval O, Sheftel H, Shinar G, Hart Y, Ramote O, Mayo A, et al. Evolutionary trade-offs, Pareto optimality, and the geometry of phenotype space.
Science. 2012;336(6085):1157—60. https://doi.org/10.1126/science.1217405 PMID: 22539553

Golberg DE. Genetic algorithms in search, optimization, and machine learning. Addison Wesley; 1989.

Roocks P. Computing Pareto frontiers and database preferences with the rPref package. 2016.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003188  June 24, 2025 27127



https://doi.org/10.1371/journal.pone.0156810
http://www.ncbi.nlm.nih.gov/pubmed/27333277
https://doi.org/10.1126/science.1217405
http://www.ncbi.nlm.nih.gov/pubmed/22539553
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

