
 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

21
 N

ov
em

be
r 

20
23

 

royalsocietypublishing.org/journal/rsbl
Opinion piece
Cite this article: Figueirido B, Serrano FJ,
Pérez-Ramos A, Esteban JM, Ferrón HG,

Martín-Serra A. 2022 Body-axis organization in

tetrapods: a model-system to disentangle the

developmental origins of convergent evolution

in deep time. Biol. Lett. 18: 20220047.
https://doi.org/10.1098/rsbl.2022.0047
Received: 28 January 2022

Accepted: 11 March 2022
Subject Areas:
evolution, developmental biology,

palaeontology

Keywords:
macroevolution, development, phenotypic

evolution, tetrapod axis
Author for correspondence:
Borja Figueirido

e-mail: borja.figueirido@uma.es
© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
Palaeontology

Body-axis organization in tetrapods: a
model-system to disentangle the
developmental origins of convergent
evolution in deep time

Borja Figueirido1, Francisco J. Serrano1,2, Alejandro Pérez-Ramos1, Juan
Miguel Esteban1, Humberto G. Ferrón3 and Alberto Martín-Serra1

1Departamento de Ecología y Geología, Facultad de Ciencias, Universidad de Málaga, 29071-Málaga, Spain
2Dinosaur Institute, Natural History Museum of Los Angeles County; Exposition Boulevard, Los Angeles, CA
90007, USA
3Instituto Cavanilles de Biodiversidad y Biologia Evolutiva, Universitat de Valencia, 46980-Paterna, Valencia, Spain

BF, 0000-0003-2542-3977; FJS, 0000-0003-2527-617X; HGF, 0000-0003-2254-8424;
AM-S, 0000-0003-0221-1103

Convergent evolution is a central concept in evolutionary theory but the
underlying mechanism has been largely debated sinceOn the Origin of Species.
Previous hypotheses predict that developmental constraints make some mor-
phologies more likely to arise than others and natural selection discards those
of the lowest fitness. However, the quantification of the role and strength of
natural selection and developmental constraint in shaping convergent pheno-
types onmacroevolutionary timescales is challenging because the information
regarding performance and development is not directly available. Accord-
ingly, current knowledge of how embryonic development and natural
selection drive phenotypic evolution in vertebrates has been extended from
studies performed at short temporal scales. We propose here the organization
of the tetrapod body-axis as a model system to investigate the developmental
origins of convergent evolution over hundreds ofmillions of years. The quanti-
fication of the primary developmental mechanisms driving body-axis
organization (i.e. somitogenesis, homeotic effects and differential growth)
can be inferred from vertebral counts, and recent techniques of three-dimen-
sional computational biomechanics have the necessary potential to reveal
organismal performance even in fossil forms. The combination of both
approaches offers a novel and robust methodological framework to test com-
peting hypotheses on the functional and developmental drivers of phenotypic
evolution and evolutionary convergence.
1. Introduction
Charles Darwin described the process of evolution as a source of endless forms [1],
but the skeletal resemblance among some biological designs (e.g. ichthyosaurs–
dolphins–sharks or pterosaurs–bats–birds) demonstrates that some forms are
more prone to evolve than others [2]. These morphologies evolve independently
in many groups, over and over again and such convergent designs suggest limits
on morphological diversity, but the factors responsible for those limits are not
fully understood. A key approach to address this issue is to reveal the origins
of convergent evolution.

Convergent evolution is a quasi-ubiquitous phenomenon but its origin has
been largely debated in evolutionary theory [3,4]. Most surveys distinguish two
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Figure 1. Body-axis macroevolution in marine tetrapods. (a) phylogenetic relationships of tetrapod lineages that include marine taxa, from [12]. (b) Primary devel-
opmental factors governing presacral axial organization [13]. (c) Changes in selective regimes from land-to-sea. Drag is minimized by streamlining the body (and
appendages). Thrust and efficiency are increased by swimming strategies that use a lift-based oscillating hydrofoil [14].
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different views for explaining convergence. The externalist view
claims that convergent evolution is the result of the unfettered
ability of natural selection to produce optimal solutions to
repeated environmental problems, and the internalist view
argues that convergence is the result of ‘constraints’ that
hamper the production of phenotypic variants, hence leading
to themore likely evolution of similar features [5–7]. The ‘adap-
tive’ view proposes that phenotypic variants of low fitness are
produced during development but eliminated by selection,
and the ‘constraint’ view proposes a limited number of variants
due to rare (or impossible) developmental outcomes. More
recent hypotheses predict that developmental constraints
cause some morphologies to arise more frequently than others
but natural selection discards those of the lowest fitness [8].

Although both views present evidence that the diversity
of Life is not endless, quantifying the strength of natural selec-
tion and developmental constraints in shaping convergent
phenotypes over hundreds of millions of years is challenging
because the information regarding performance and embryo-
nic development is not directly available. As a consequence,
although some studies have used an approach bridging
palaeontology and developmental biology [9–11], our current
knowledge of how developmental constraints and natural
selection drive phenotypic evolution at geological timescales
has been extrapolated from studies on laboratory organisms
or from studies performed over short temporal scales. Here,
we propose the organization of the tetrapod body-axis as
a model system to decipher the relative contributions of
developmental constraints and natural selection in shaping
convergent body-plan configurations using the fossil record.
We use the body-axis of tetrapods secondarily adapted to a
marine lifestyle as a study case (figure 1a).
2. Developmental mechanisms of body-axis
organization

The diversity of tetrapod body-axis proportions is enormous
even for taxa adapted to the same physical environment.
Surprisingly, this diversity results from the combination of
three variables that are easily quantifiable in both recent [15]
and fossil taxa [13,16], which are associated with the primary
developmental mechanisms governing body-axis organization
(figure 1b):

(i) The total number of vertebrae informs about the speed
of the budding of the presomitic mesoderm in the
formation of the new somites during the process of
somitogenesis [17]. As the speed of new somite differen-
tiation varies across lineages, somitogenesis is a
compelling source of variation in body proportions
across tetrapod phylogeny [18].

(ii) The relative numbers of vertebrae present in each region
inform about changes in the Hox gene expression
patterns [19–21] across species, which provide to
somites their regional identities (i.e. cervical, thoracic,
lumbar, sacral and caudal). The role forHox genes in pat-
terning axial skeletal regions has been demonstrated not
only in mammals but also in other tetrapods [22–27], as
well as in other vertebrates [28,29]. A major source of
body-axis diversity among vertebrate clades is due to
shifts in the expression boundaries of Hox genes (and
other patterning genes) leading to variation in the distri-
bution of vertebrae among morphological regions [18].

The axial skeletons of fishes are simply subdivided
into trunk and tail regions [28,29], and the association
of this regionalization with Hox-expression in Actinop-
terygii is well known [30]. Recent findings on the Hox-
code expression and regionalization in the cartilagi-
nous fish, Leucoraja erinacea [31] and in early ray-
finned fish [32] predict an origin of Hox-based ver-
tebral regionalization at the common ancestor of
jawed vertebrates.

(iii) Finally, vertebral lengths inform about differential
post-patterning growth of somites among axial regions,
which determines the relative lengths of vertebrae
within regions. Differential growth of somites among
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regions can result in evolutionary change in body
proportions in the absence of other changes [13].

Therefore, the vertebral formula (number of vertebrae per
region [33]) is a suitable proxy to investigate the main develop-
mental mechanisms governing the macroevolution of axial
column organization using fossils. During the evolution of
amniotes, development can potentially respond to the same
selective agent by at least three different pathways in the gener-
ation of adaptive body-plan configurations [13,33]. Marine
reptiles had higher presacral numbers than their terrestrial
close relatives, and this could be coupled with having long or
short necks [16].However, longnecks canbeacquiredbyaltering
somitogenesis (e.g. derived plesiosaurs), by homeotic changes
(e.g. thalattosaurian crocodiles) or by increasing somatic
growth (e.g. the archosauromorph reptile Tanystropheus) [16].

The response of the thoracic region of cetaceans and sire-
nians (all short-necked) to selective agents is similar to that
of short-necked reptiles; the number of presacrals increases
while retaining the ancestral cervical count. The axial system
of pinnipeds and close terrestrial taxa is similar, as in placo-
dont reptiles, suggesting that marine adaptations do not
need to be coupled with changes in vertebral number [16].

Despite the low meristic variation of mammals [33], their
vertebral formula may also vary. For example, while baleen
whales have an increased body size retaining low vertebral
counts, small oceanic dolphins possess a high number of
short vertebrae [34].
3. The developmental potential and the tetrapod
body-axis

The three variables that account for developmental changes
in axial organization of the tetrapod axis could be analysed
using theoretical morphology [35] to investigate the develop-
mental potential [4]. An empirical morphospace depicted
from actual combinations of the three developmental vari-
ables of body-axis organization (figure 2a) allows testing for
developmental triggers of body-plan diversity at large-tem-
poral scales. This can also manifest theoretical combinations
of developmental variables with the potential to answer
how much variation in the organization of the tetrapod
body-axis has been explored by organic evolution
(figure 2a). Different methods have been developed to
study and quantify patterns of morphospace occupation
[37–39] and phylomorphospaces [40] allowing to ascertain
the evolutionary path of target lineages, including morpho-
logical convergence [41].
4. Adaptive performance in the tetrapod axis of
living and extinct tetrapods

A direct consequence of body-axis organization is the shape
of the external body, which has profound implications for
locomotion [42]. Aquatic tetrapods have usually acquired
efficient morphologies and propulsive mechanics for swim-
ming, dictated by the need to increase speed, reduce drag,
improve thrust output, enhance efficiency and control man-
oeuvrability in a neutrally buoyant environment [14]
(figure 1c). Accordingly, they experienced profound morpho-
logical (and physiological) changes in their body plans,
including the acquisition of streamlined bodies with fusi-
form shape, characterized by a rounded front and a
tapered end [14]. This design effectively decreases the
adverse pressure of the water column and minimizes flow
separation, thereby reducing drag [43]. Streamlining of
bodies and flattening of limb cross-sections are character-
istics of the most specialized living aquatic tetrapods [14]
because these changes minimize the energetic demands of
swimming [44].

Computational fluid dynamics (CFD) is increasingly
being used to investigate the relationship between body
shape and locomotory performance in both living [45] and
extinct [36,46,47] taxa. The results derived from CFD simu-
lations allow the quantification of the forces exerted by the
fluid on the three-dimensional model such as drag—forces
opposing the relative motion of an object in fluid—or lift—
forces acting perpendicular to motion direction, caused by
flow deflection around the body or appendages. The deri-
vation of dimensionless coefficients allows the comparison
of the hydrodynamic efficiency among different models
(e.g. lift-to-drag ratio).

CFD has been applied to infer swimming performance in
extinct taxa such as in ichthyosaurs [36], plesiosaurs [42] and
stem-gnathostomes [46]. For example, CFD has allowed to
quantify the impact of body-plan evolution in ichthyosaurs
on the energy demands of swimming [36]. This has revealed
that ichthyosaurs produced low levels of drag for a given
volume and their large bodies, as well as their efficient
swimming modes, lowered the cost of steady swimming
[36]. Troelsen et al. [47] used CFD to investigate the hydro-
dynamics of neck length and thickness in plesiosaurs, a
group of Mesozoic marine reptiles with a unique body
plan characterized by two pairs of flippers and an elongated
neck. They [47] demonstrated that while neck elongation
does not affect to drag during forward-swimming in plesio-
saurs, thicker necks is a factor that substantially reduces
drag.

Alternatively, analyses of osteological maximum range of
motion (oROM) of virtually assembled vertebral columns in
a specific pose [48,49] can be performed to quantify the
degree of flexion and extension deployed by marine taxa
which can reveal the swimming strategy deployed by
extinct forms. Molnar et al. [48] investigated changes in
oROM and intervertebral joint stiffness of thoracic and
lumbar vertebrae with increasing aquatic adaptation
through the evolution of crocodylomorphs. They concluded
that joint stiffness in mediolateral flexion tended to decrease
with adaptation to aquatic locomotion in thalattosuchians,
but the trend seems to have reversed somewhat in other
aquatic specialists [48].
5. Disentangling the developmental origins of
convergent evolution in Deep Time

The combination of morphospaces obtained from the three
developmental parameters that account for the diversity of
the tetrapod axis (figure 2a) can be combined with those par-
ameters that account for (hydrodynamic) efficiency—e.g.
drag and lift obtained from CFD—(figure 2b) into perform-
ance landscapes [50] to quantify whether morphological
convergence have occurred towards the functional optimum
(figure 2c). Performance landscapes allow testing for
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functional drivers of morphological convergence quantifying
the functional optimality of both occupied and unoccupied
regions of the morphospace [51,52]. For example, Ferrón et al.
[41] investigated the functional component of morphological
convergence in the headshield of stem-gnathostomes using
performance landscapes derived from CFD. They revealed
similar hydrodynamic performances among species that
converged towards the same regions of the morphospace, sup-
porting that the evolution of similar morphologies in these
groups may relate to functional drivers and the acquisition of
similar ecologies.

Optimal designs are usually constrained by the existence of
trade-offs between more than one task/function [53], imposs-
ible to infer from adaptive landscapes. To this regard, Pareto
efficiency theory (PET) can assess optimality between two
traits or more [54]. Tendler et al. [55] used PET to quantify
shape variation in ammonoid shells and concluded that they
fall within a square pyramidal region of the morphospace
whose vertices correspond to five putative tasks, including
hydrodynamic efficiency, shell economy, compactness and
rapid shell growth [55]. Moreover, the distance from each
species to each vertex, indicates the relative importance of
each task to the lifestyle of that species. The investigation of
how these patterns of morphospace occupation changed
across different mass extinctions led Tendler et al. [55] to
investigate ammonoids’ ecological responses to these
catastrophic events.

The combination of adaptive landscape evaluation and
PET (figure 2c) can be used to explicitly test whether evol-
ution has explored all functional optimal morphologies,
whether many species are functionally suboptimal, whether
unrealized morphologies are functionally poor and whether
some optimal morphologies have never been achieved in
evolutionary history.
6. Future directions
The developmental mechanisms governing the tetrapod axis
have been already studied in living and fossil taxa [13,16,34]
and three-dimensional functional analyses (e.g. CFD and
oROM) have been applied for inferring swimming
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performance in extinct marine vertebrates [36,46,47]. We
emphasize that the combination of both types of analyses
for the study of vertebrate body-axis using our proposed
approach (figure 2) could be a new avenue for future research
to disentangle the developmental origins of convergent evol-
ution in Deep Time.

Our proposed approach could be of potential application
to decipher the relative contributions of development and
adaptation in the generation of convergent body-axis in a
wide variety of taxa beyond marine tetrapods. For example,
this could be the case of putatively convergent tetrapods
towards an airborne locomotion such as birds, pterosaurs
and bats or secondarily adapted species of mammals and rep-
tiles towards specific locomotory demands (e.g. arboreality,
cursoriality, etc.). Beyond tetrapods, the investigation of
developmental changes in the body-axis of fish as a response
of different aquatic adaptations (sensu [28]) could be also a
potential avenue for future research.

Altogether, this approach offers a novel methodological
framework to test competing hypotheses about the functional
and developmental drivers of phenotypic evolution and
morphological convergence, using the body-axis as a model
system.
Data accessibility. This article has no additional data.

Authors’ contributions. B.F.: conceptualization, funding acquisition, investi-
gation, project administration, writing—original draft and writing—
review and editing; F.J.S.: conceptualization, writing—original draft
and writing—review and editing; J.M.E.: conceptualization and writ-
ing—original draft; A.P.: conceptualization and investigation; H.G.F.:
conceptualization, methodology and writing—review and editing;
A.M.: conceptualization and writing—original draft.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Competing interests. We declare we have no competing interests.

Funding. This study has been funded by the Spanish Ministry of
Science and Universities (grant no. PID2019-111185GB-I00) and
Junta de Andalucía (grant no. P18-FR-3193).

Acknowledgements. We acknowledge the constructive comments of three
anonymous reviewers and the comments of the Associate Editor. We
also thank CM Janis for checking the English.
7

References
1. Darwin 1809–1882 C. 1859 On the origin of species
by means of natural selection, or preservation of
favoured races in the struggle for life. London, UK:
John Murray, 1859. See https://search.library.wisc.
edu/catalog/9934839413602122.

2. McGhee GR. 2011 Convergent evolution: limited forms
most beautiful. Cambridge, MA: The MIT Press.

3. Losos JB. 2011 Convergence, adaptation, and
constraint. Evolution 65, 1827–1840. (doi:10.1111/j.
1558-5646.2011.01289.x)

4. Olson ME. 2012 The developmental renaissance in
adaptationism. Trends Ecol. Evol. 27, 278–287.
(doi:10.1016/J.TREE.2011.12.005)

5. Galis F, Metz JAJ, van Alphen JJM. 2018
Development and evolutionary constraints in
animals. Ann. Rev. Ecol. Evol. Syst. 49, 499–522.
(doi:10.1146/annurev-ecolsys-110617-062339)

6. Alberch P. 1982 Developmental constraints in
evolutionary processes. In Evolution and
development (ed. JT Bonner), pp. 313–332. Berlin/
Heidelburg, Germany: Springer-Verlag.

7. Navalón G, Bright JA, Marugán-Lobón J, Rayfield EJ.
2019 The evolutionary relationship among beak
shape, mechanical advantage, and feeding ecology
in modern birds*. Evolution 73, 422–435. (doi:10.
1111/evo.13655)

8. Feiner N, Jackson ISC, Munch KL, Radersma R,
Uller T. 2020 Plasticity and evolutionary
convergence in the locomotor skeleton of greater
antillean anolis lizards. eLife 9, 1–47. (doi:10.7554/
ELIFE.57468)

9. Bhullar BS, Morris ZS, Sefton EM, Tok A, Tokita M,
Namkoong B, Camacho J, Burnham DA, Abzhanov
A. 2015 A molecular mechanism for the origin of a
key evolutionary innovation, the bird beak and
palate, revealed by an integrative approach to major
transitions in vertebrate history. Evolution 69,
1665–1677. (doi:10.1111/evo.12684)
10. Fabbri M et al. 2017 The skull roof tracks the brain
during the evolution and development of reptiles
including birds. Nat. Ecol. Evol. 1, 1543–1550.
(doi:10.1038/s41559-017-0288-2)

11. Navalón G, Nebreda SM, Bright JA, Fabbri M,
Benson RBJ, Bhullar BA, Marugán-Lobón J, Rayfield
EJ. 2021 Craniofacial development illuminates the
evolution of nightbirds (Strisores). Proc. R. Soc. B
288, 20210181. (doi:10.1098/rspb.2021.0181)

12. Kelley NP, Pyenson ND. 2015 Evolutionary
innovation and ecology in marine tetrapods from
the Triassic to the Anthropocene. Science 348,
aaa3716. (doi:10.1126/science.aaa3716)

13. Soul LC, Benson RBJ. 2017 Developmental
mechanisms of macroevolutionary change in
the tetrapod axis: a case study of Sauropterygia. Evol.
Int. J. Org. Evol. 71, 1164. (doi:10.1111/EVO.13217)

14. Gutarra S, Rahman IA. 2021 The locomotion of
extinct secondarily aquatic tetrapods. Biol. Rev. 97,
67–98. (doi:10.1111/brv.12790)

15. Buchholtz EA. 2007 Modular evolution of the
Cetacean vertebral column. Evol. Dev. 9, 278–289.
(doi:10.1111/j.1525-142X.2007.00160.x)

16. Müller J, Scheyer TM, Head JJ, Barrett PM,
Werneburg I, Ericson PGP, Pol D, Sánchez-Villagra
MR. 2010 Homeotic effects, somitogenesis and the
evolution of vertebral numbers in recent and fossil
amniotes. Proc. Natl Acad. Sci. USA 107, 2118.
(doi:10.1073/pnas.0912622107)

17. Bénazéraf B, Pourquié O. 2013 Formation and
segmentation of the vertebrate body axis. Annu.
Rev. Cell Dev. Biol. 29, 1–26. (doi:10.1146/annurev-
cellbio-101011-155703)

18. Mallo M, Buffetaut E, Diaz RE. 2021 Of necks, trunks
and tails: axial skeletal diversity among vertebrates.
Diversity 13, 289. (doi:10.3390/D13070289)

19. Casaca A, Santos AC, Mallo M. 2014 Controlling Hox
gene expression and activity to build the vertebrate
axial skeleton. Dev. Dyn. 243, 24–36. (doi:10.1002/
DVDY.24007)

20. Mallo M, Wellik DM, Deschamps J. 2010 Hox genes
and regional patterning of the vertebrate body plan.
Dev. Biol. 344, 7–15. (doi:10.1016/J.YDBIO.2010.04.
024)

21. Wellik DM. 2007 Hox patterning of the vertebrate
axial skeleton. Dev. Dyn. 236, 2454–2463. (doi:10.
1002/DVDY.21286)

22. Cohn MJ, Tickle C. 1999 Developmental basis of
limblessness and axial patterning in snakes. Nature
399, 474–479. (doi:10.1038/20944)

23. Ohya YK, Kuraku S, Kuratani S. 2005 Hox code
in embryos of Chinese soft-shelled turtle
Pelodiscus sinensis correlates with the
evolutionary innovation in the turtle. J. Exp.
Zool. Part B 304B, 107–118. (doi:10.1002/JEZ.B.
21027)

24. Woltering JM et al. 2009 Axial patterning in snakes
and caecilians: evidence for an alternative
interpretation of the Hox code. Dev. Biol. 332,
82–89. (doi:10.1016/J.YDBIO.2009.04.031)

25. Di-Poï N, Montoya-Burgos JI, Miller H, Pourquié O,
Milinkovitch MC, Duboule D. 2010 Changes in Hox
genes’ structure and function during the evolution
of the squamate body plan. Nature 464, 99–103.
(doi:10.1038/nature08789)

26. Mansfield JH, Abzhanov A. 2010 Hox expression in
the American alligator and evolution of
archosaurian axial patterning. J. Exp. Zool. Part B
Mol. Dev. Evol. 314, 629–644. (doi:10.1002/JEZ.B.
21364)

27. Head JJ, Polly PD. 2015 Evolution of the snake body
form reveals homoplasy in amniote Hox gene
function. Nature 520, 86–89. (doi:10.1038/
nature14042)

28. Ward AB, Mehta RS. 2010 Axial elongation in fishes:
using morphological approaches to elucidate

https://search.library.wisc.edu/catalog/9934839413602122
https://search.library.wisc.edu/catalog/9934839413602122
https://search.library.wisc.edu/catalog/9934839413602122
http://dx.doi.org/10.1111/j.1558-5646.2011.01289.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01289.x
http://dx.doi.org/10.1016/J.TREE.2011.12.005
http://dx.doi.org/10.1146/annurev-ecolsys-110617-062339
http://dx.doi.org/10.1111/evo.13655
http://dx.doi.org/10.1111/evo.13655
http://dx.doi.org/10.7554/ELIFE.57468
http://dx.doi.org/10.7554/ELIFE.57468
http://dx.doi.org/10.1111/evo.12684
http://dx.doi.org/10.1038/s41559-017-0288-2
http://dx.doi.org/10.1098/rspb.2021.0181
http://dx.doi.org/10.1126/science.aaa3716
http://dx.doi.org/10.1111/EVO.13217
http://dx.doi.org/10.1111/brv.12790
http://dx.doi.org/10.1111/j.1525-142X.2007.00160.x
http://dx.doi.org/10.1073/pnas.0912622107
http://dx.doi.org/10.1146/annurev-cellbio-101011-155703
http://dx.doi.org/10.1146/annurev-cellbio-101011-155703
http://dx.doi.org/10.3390/D13070289
http://dx.doi.org/10.1002/DVDY.24007
http://dx.doi.org/10.1002/DVDY.24007
http://dx.doi.org/10.1016/J.YDBIO.2010.04.024
http://dx.doi.org/10.1016/J.YDBIO.2010.04.024
http://dx.doi.org/10.1002/DVDY.21286
http://dx.doi.org/10.1002/DVDY.21286
http://dx.doi.org/10.1038/20944
http://dx.doi.org/10.1002/JEZ.B.21027
http://dx.doi.org/10.1002/JEZ.B.21027
http://dx.doi.org/10.1016/J.YDBIO.2009.04.031
http://dx.doi.org/10.1038/nature08789
http://dx.doi.org/10.1002/JEZ.B.21364
http://dx.doi.org/10.1002/JEZ.B.21364
http://dx.doi.org/10.1038/nature14042
http://dx.doi.org/10.1038/nature14042


6

royalsocietypublishing.org/journal/rsbl
Biol.Lett.18:20220047

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

21
 N

ov
em

be
r 

20
23

 

developmental mechanisms in studying body shape.
Integr. Comp. Biol. 50, 1106–1119. (doi:10.1093/
ICB/ICQ029)

29. Ward AB, Brainerd EL. 2007 Evolution of axial
patterning in elongate fishes. Biol. J. Linn. Soc. 90,
97–116. (doi:10.1111/J.1095-8312.2007.00714.X)

30. Prince VE, Joly L, Ekker M, Ho RK. 1998 Zebrafish
hox genes: genomic organization and modified
colinear expression patterns in the trunk.
Development 125, 407–420. (doi:10.1242/DEV.125.
3.407)

31. Criswell KE, Roberts LE, Koo ET, Head JJ, Andrew
Gillis J. 2021 Hox gene expression predicts tetrapod-
like axial regionalization in the skate, Leucoraja
erinacea. Proc. Natl Acad. Sci. USA 118.
e2114563118. (doi:10.1073/PNAS.2114563118)

32. Sallan LC. 2012 Tetrapod-like axial regionalization in
an early ray-finned fish. Proc. R. Soc. B 279,
3264–3271. (doi:10.1098/RSPB.2012.0784)

33. Narita Y, Kuratani S. 2005 Evolution of the vertebral
formulae in mammals: a perspective on
developmental constraints. J. Exp. Zool. Part B
Mol. Dev. Evol. 304, 91–106. (doi:10.1002/JEZ.
B.21029)

34. Gillet A, Frédérich B, Parmentier E. 2019 Divergent
evolutionary morphology of the axial skeleton as a
potential key innovation in modern cetaceans.
Proc. R. Soc. B 286, 20191771. (doi:10.1098/rspb.
2019.1771)

35. Raup DM, Michelson A. 1965 Theoretical
morphology of the coiled shell. Science 147,
1294–1295. (doi:10.1126/science.147.3663.1294)

36. Gutarra S, Moon BC, Rahman IA, Palmer C,
Lautenschlager S, Brimacombe AJ, Benton MJ. 2019
Effects of body plan evolution on the hydrodynamic
drag and energy requirements of swimming in
ichthyosaurs. Proc. R. Soc. B 286, 20182786.
(doi:10.1098/rspb.2018.2786)

37. Ciampaglio CM, Kemp M, McShea DW. 2001
Detecting changes in morphospace occupation
patterns in the fossil record: characterization and
analysis of measures of disparity. Paleobiol 27,
695–715. (doi:10.1666/0094-8373(2001)027<0695:
DCIMOP>2.0.CO;2)

38. Ferron HG, Greenwood JM, Deline B, Mart C, Erez IP,
Ector Botella H, Sansom RS, Ruta M, Donoghue PCJ.
2020 Categorical versus geometric morphometric
approaches to characterizing the evolution of
morphological disparity in Osteostraci (Vertebrata,
stem Gnathostomata). Wiley Online Library 63,
717–732. (doi:10.1111/pala.12482)

39. Figueirido B, Martín-Serra A, Pérez-Ramos A,
Velasco D, Pastor FJ, Benson RJ. 2021 Serial
disparity in the carnivoran backbone unveils a
complex adaptive role in metameric evolution.
Commun. Biol. 4, 1–5. (doi:10.1038/s42003-021-
02346-0)

40. Figueirido B, Tseng ZJ, Martín-Serra A. 2013 Skull
shape evolution in Durophagous Carnivorans.
Evolution 67, 1975–1993. (doi:10.1111/EVO.12059)

41. Ferrón HG, Martínez-Pérez C, Rahman IA, Selles de
Lucas V, Botella H, Donoghue PCJ. 2021 Functional
assessment of morphological homoplasy in stem-
gnathostomes. Proc. R. Soc. B 288, 20202719.
(doi:10.1098/rspb.2020.2719)

42. Fish FE. 1996 Transitions from drag-based to
lift-based propulsion in mammalian swimming.
Integr. Comp. Biol. 36, 628–641. (doi:10.1093/ICB/
36.6.628)

43. Hoerner SF. 1965 Fluid-dynamic drag. Practical
information on aerodynamic drag and hydrodynamic
resisitance. Bakersfield, CA: Hoerner Fluid Dynamics.

44. Nesteruk I, Passoni G, Redaelli A. 2014 Shape of
aquatic animals and their swimming efficiency.
J. Mar. Biol. 2014, 470715. (doi:10.1155/2014/
470715)

45. Segre PS, Cade DE, Fish FE, Potvin J, Allen AN,
Calambokidis J, Friedlaender AS, Goldbogen JA.
2016 Hydrodynamic properties of fin whale flippers
predict maximum rolling performance. J. Exp. Biol.
219, 3315–3320. (doi:10.1242/jeb.137091)

46. Ferrón HG, Martínez-Pérez C, Rahman IA, Selles de
Lucas V, Botella H, Donoghue PCJ. 2020
Computational fluid dynamics suggests ecological
diversification among stem-gnathostomes. Curr.
Biol. 30, 4808–4813.e3. (doi:10.1016/j.cub.2020.09.
031)

47. Troelsen PV, Wilkinson DM, Seddighi M, Allanson
DR, Falkingham PL. 2019 Functional morphology
and hydrodynamics of plesiosaur necks: does size
matter? J. Vertebr. Paleontol. 39, e1594850. (doi:10.
1080/02724634.2019.1594850)

48. Molnar JL, Pierce SE, Bhullar BAS, Turner AH,
Hutchinson JR. 2022 Morphological and
functional changes in the vertebral column with
increasing aquatic adaptation in crocodylomorphs.
R. Soc. Open Sci. 2, 150439. (doi:10.1098/
rsos.150439)

49. Jones KE, Brocklehurst RJ, Pierce SE. 2021
AutoBend: an automated approach for estimating
intervertebral joint function from bone-only digital
models. Integr. Org. Biol. 3, 1–21. (doi:10.1093/
IOB/OBAB026)

50. McGhee GR. 2006 The geometry of evolution:
adaptive landscapes and theoretical morphospaces.
Cambridge, UK: Cambridge University Press.

51. Dickson BA, Pierce SE. 2019 Functional performance
of turtle humerus shape across an ecological
adaptive landscape. Evolution 73, 1265–1277.
(doi:10.1111/EVO.13747)

52. Waldrop LD, He Y, Hedrick TL, Rader JA. 2020
Functional morphology of gliding flight I: modeling
reveals distinct performance landscapes based on
soaring strategies. Integr. Comp. Biol. 60,
1283–1296. (doi:10.1093/ICB/ICAA114)

53. Garland T. 2014 Trade-offs. Curr. Biol. 24, R60–R61.
(doi:10.1016/J.CUB.2013.11.036)

54. Shoval O, Sheftel H, Shinar G, Hart Y, Ramote O,
Mayo A, Dekel E, Kavanagh K, Alon U. 2012
Evolutionary trade-offs, Pareto optimality, and the
geometry of phenotype space. Science 336,
1157–1160. (doi:10.1126/SCIENCE.1217405)

55. Tendler A, Mayo A, Alon U. 2015 Evolutionary
tradeoffs, Pareto optimality and the morphology of
ammonite shells. BMC Syst. Biol. 9, 1–12. (doi:10.
1186/S12918-015-0149-Z/FIGURES/7)

http://dx.doi.org/10.1093/ICB/ICQ029
http://dx.doi.org/10.1093/ICB/ICQ029
http://dx.doi.org/10.1111/J.1095-8312.2007.00714.X
http://dx.doi.org/10.1242/DEV.125.3.407
http://dx.doi.org/10.1242/DEV.125.3.407
http://dx.doi.org/10.1073/PNAS.2114563118
http://dx.doi.org/10.1098/RSPB.2012.0784
http://dx.doi.org/10.1002/JEZ.B.21029
http://dx.doi.org/10.1002/JEZ.B.21029
http://dx.doi.org/10.1098/rspb.2019.1771
http://dx.doi.org/10.1098/rspb.2019.1771
http://dx.doi.org/10.1126/science.147.3663.1294
http://dx.doi.org/10.1098/rspb.2018.2786
https://doi.org/10.1666/0094-8373(2001)027%3C0695:DCIMOP%3E2.0.CO;2
https://doi.org/10.1666/0094-8373(2001)027%3C0695:DCIMOP%3E2.0.CO;2
http://dx.doi.org/10.1111/pala.12482
http://dx.doi.org/10.1038/s42003-021-02346-0
http://dx.doi.org/10.1038/s42003-021-02346-0
http://dx.doi.org/10.1111/EVO.12059
http://dx.doi.org/10.1098/rspb.2020.2719
http://dx.doi.org/10.1093/ICB/36.6.628
http://dx.doi.org/10.1093/ICB/36.6.628
http://dx.doi.org/10.1155/2014/470715
http://dx.doi.org/10.1155/2014/470715
http://dx.doi.org/10.1242/jeb.137091
http://dx.doi.org/10.1016/j.cub.2020.09.031
http://dx.doi.org/10.1016/j.cub.2020.09.031
http://dx.doi.org/10.1080/02724634.2019.1594850
http://dx.doi.org/10.1080/02724634.2019.1594850
http://dx.doi.org/10.1098/rsos.150439
http://dx.doi.org/10.1098/rsos.150439
http://dx.doi.org/10.1093/IOB/OBAB026
http://dx.doi.org/10.1093/IOB/OBAB026
http://dx.doi.org/10.1111/EVO.13747
http://dx.doi.org/10.1093/ICB/ICAA114
http://dx.doi.org/10.1016/J.CUB.2013.11.036
http://dx.doi.org/10.1126/SCIENCE.1217405
http://dx.doi.org/10.1186/S12918-015-0149-Z/FIGURES/7
http://dx.doi.org/10.1186/S12918-015-0149-Z/FIGURES/7

	Body-axis organization in tetrapods: a model-system to disentangle the developmental origins of convergent evolution in deep time
	Introduction
	Developmental mechanisms of body-axis organization
	The developmental potential and the tetrapod body-axis
	Adaptive performance in the tetrapod axis of living and extinct tetrapods
	Disentangling the developmental origins of convergent evolution in Deep Time
	Future directions
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


