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ABSTRACT

Morphological patterns are modeled by the interaction of functional, phylogenetic, ecological, and/or devel-
opmental constraints. In addition, the evolution of life cycle complexity can favor phenotypic diversity; however,
the correlation between stages of development may constrain the evolution of some organs. Salamanders present
microhabitat and life cycle diversity, providing an excellent framework for testing how these factors constrain
phenotypic evolution. We reconstructed the morphological evolution of the terminal phalanx using a sample of
60 extinct and living species of salamanders. Using a geometric morphometric approach combined with
comparative analyses, we further investigated the impact of phylogenetic, ecological, and/or life cycle factors on
the shape of the terminal phalanx. We find that the phylogeny has some influence in determining the dorsal
shape of the phalanges; whereas a relationship between microhabitat or life cycle and the dorsal and lateral
shapes of the phalanx was not observed in the analyzed species. The allometric pattern found in the phalanx
shape implies that small phalanges are more curved and with more truncated end than bigger phalanges. The
evolutionary rate of phalanx shape was higher in the semiaquatic species, and the morphological disparity was
significantly higher on biphasic groups. These results contradict the hypothesis that a complex life cycle con-
strains body shape. Finally, the phalanx shape of the salamander remains quite conserved from the Mesozoic.
This configuration would allow them to occur in the different microhabitats occupied by the salamander
lineages.

1. Introduction

locomotor challenges imposed by different environments are solved
through different movement patterns. In water, they both swim and

The shape of an organism is a more or less integrated set of traits that
can result from phylogenetic, ecological, mechanical, and/or develop-
mental constraints (Blomberg et al., 2003; Losos, 2011; Edgington and
Taylor, 2019). To understand how the emergent traits of systems arise
from their interaction with other traits, it is important to infer how a
trait acquires its observed shape (Arnold, 1983). Amphibians exhibit a
diversity of shapes, habitats and developmental modes, offering a good
opportunity for testing how these factors foster phenotypic evolution.

Among amphibians, the Caudata clade display a great diversity with
a large geographic distribution (755 species — Frost, 2021; 765 species —
AmphibiaWeb, 2021), and provides an excellent framework to conduct
research from diverse perspectives, such as systematics and phyloge-
netics, morphology, development, and ecology (Wake, 2009). Sala-
manders may be terrestrial, aquatic, arboreal, and semiaquatic, and the
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walk along the bottom (O’ Reilly et al., 2000); their swimming is an
undulatory movement (Gray, 1968). On land, salamanders can move by
undulation (as in water), or can walk, trot, or even jump (O’ Reilly et al.,
2000). During the walk, at least three feet are in contact with the sub-
strate at all times (O’ Reilly et al., 2000).

Some locomotor features have been associated with the occupation
of specific habitats, such as caves, epiphytes (moss and liverwort mats
and clusters, bromeliads), leaf axils, soil, and streams (Wake and Lynch,
1976; Wake, 1987; Wake and Campbell, 2001). Some examples of
characteristic associations include limb elongation and reduced body
and tail size in cave-dwelling species of Eurycea (Edgington and Taylor,
2019). Reduced limbs and an increase in the number or length of
vertebrae are present in burrowing species of Plethodontidae of the
genera Batrachoseps, Oedipina and Pseudoeurycea (Wake, 1966;
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Jockusch, 1997). Expansion of the manus, pes, and interdigital webbing
has been associated with cave-dwelling habits in species of Chiroptero-
triton (Jaekel and Wake, 2007). Body miniaturization and limb reduc-
tion were related to crevice-dwelling habits in species of Thorius (Wake,
2009). Body miniaturization combined with specialized digits and pre-
hensile tails was associated with bromeliad-dwelling habits in species of
Chiropterotriton, Cryptotriton, Nototriton, and Dendrotriton (Wake and
Lynch, 1976; Wake, 1987). Undifferentiated pad was associated with
leaf-axil dwelling habits in species of Bolitoglossa (Jackel and Wake,
2007). Interdigital webbing coupled with development of hook on ter-
minal phalanges was related to arboreal habits in Bolitoglossa (Wake,
2009). Terminal phalanges distally flattened, expanded and recurved
with a proximal process for attachment of ligament was an adaptation in
climbers Aneides (Larson et al., 1981). In fact, some of these associations
are used to infer the behavior and paleohabitats of extinct forms of
salamanders (e.g. Estes, 1965; Wang and Gao, 2008; Gao and Shubin,
2012).

Life cycle variation has been frequently involved in shaping patterns
of amphibian evolution (Shaffer, 1984; Hanken, 1992; Wake and
Hanken, 1996; Wiens and Hoverman, 2008; Bonett et al., 2014), and
specific phylogenetic tests have been conducted to explore how life cycle
complexity influences trait evolution (Bonett and Blair, 2017; Sherratt
et al., 2017; Liedtke et al., 2018; Wollenberg et al., 2017; Edgington and
Taylor, 2019; Ledbetter and Bonett, 2019; Bonett et al.,2020; Fabre
et al., 2020; Bardua et al., 2021). (The different life stages are likely to
undergo different selective pressures through ontogeny (e.g. Ebenman,
1992; Duellman and Trueb, 1994; Vucic et al., 2019). Complex life cy-
cles of salamanders offer compelling systems for testing how develop-
mental processes, such as metamorphosis and the associated changes of
habitat, can produce morphological diversity (e.g. Ebenman, 1992;
Duellman and Trueb, 1994; Bonett et al., 2021). A biphasic life cycle
typically involves a change of habitat after metamorphosis, which is
coupled with distinct physiological, morphological and functional
changes (e.g. Ebenman, 1992; Duellman and Trueb, 1994; Vuci¢ et al.,
2019; Fabre et al., 2020). The evolution of a complex life cycle promotes
phenotypic discontinuities across ontogeny; however, adaptations for
one stage may compromise evolution to the other (Wake and Roth,
1989; Ebenman, 1992; Bonett and Blair, 2017). This compromise can
depend on the studied structure. For example, overall head shape evo-
lution is not constrained by metamorphosis (Vucic et al., 2019). Limb
and body form, and vertebral column evolution showed accelerated
evolutionary rates in paedomorphic, aquatic and direct developer spe-
cies (Bonett and Blair, 2017). Hind limb length was found to evolve at a
higher rate in paedomorphic salamanders (Ledbetter and Bonett, 2019).
Cranial shape exhibits the slowest rates of evolution in direct developers,
and the highest in paedomorphic species (Fabre et al., 2020).

It has been suggested that some traits exhibiting heterochronic
developmental patterns would be linked to environmental factors
(Richarson et al., 2009). For example, larvae of pond-dwelling species
(e.g. Ambystoma mexicanum or Triturus dobrogicus) show great acceler-
ation of forelimb development compared to hind limb development
(Richarson et al., 2009). Stream-dwellers species (e.g. Desmognathus
quadramaculatus and Dicamptodon tenebrosus) and terrestrial direct de-
velopers (e.g. Desmognathus aeneus) show a lower degree of forelimb
acceleration (Wake and Shubin, 1998; Franssen et al., 2005). In addi-
tion, some traits showed an allometric pattern of growth that would
have favored the tendency towards arboreality. This is the case of
Bolitoglossa species with small body size, in which webbing and reduc-
tion of phalanges imply a paedomorphic trait (most likely the result of
developmental truncation) (Alberch, 1981).

Terminal phalanges in salamanders are characterized by an ample
diversity in morphology. The phenotypic spectrum includes large and
distally expanded terminal phalanges (even bifurcated distally in some
species) to small nubbin-shaped ones, with many transitional forms in
between (Wake, 1963; Wake and Brame, 1966, Alberch, 1981; Darda
and Wake, 2015). Although the digit in salamanders has been studied
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from a comparative morphology perspective, the relationship between
digit shape and microhabitat or life cycle complexity is almost unex-
plored (e.g. Larson et al., 1981; Diefenbacher, 2008).

The goal of this study was to reconstruct the shape evolution of the
salamander terminal phalanges in order to disentangle the drivers
—phylogenetic, ecological, and/or life cycle factors— of morphological
evolution. We first investigated whether the digit shape is related to
microhabitat use in Caudata. Taking into account the diversity of this
group, we hypothesize that the shape of the phalanges will be associated
with the locomotor challenges of displacement in arboreal, terrestrial,
aquatic, and semiaquatic environments (Adams and Nistri, 2010; Edg-
ington and Taylor, 2019). As an alternative hypothesis, phylogeny may
influence digit morphology, resulting in digit shape variability con-
strained by the phylogenetic relationships. We also investigated whether
life cycles influence digit shape diversity. In addition, we calculated the
evolutionary rate and disparity of adult digit phenotypes. We work
under the hypothesis that maintaining a complex life cycle constrains
body shape; therefore, the evolutionary rate of morphological characters
should be increased in simple life cycle forms (Bonett and Blair, 2017).
Thus, we expect lower evolutionary rates and disparity in complex
(biphasic) life cycle species than in lineages with simple, terrestrial
(direct-development) or aquatic-only (paedomorphic) life cycles.
Finally, we optimized the gathered morphometric data onto the phy-
logeny to identify evolutionary tendencies within the group and we
tested phylogenetic morphological covariation between dorsal and
lateral terminal phalanx configurations. If there were covariation, the
latter analysis might allow us to predict one configuration when only the
other is available. This may be a useful tool, for example, for the
interpretation of fossil habits, in which the available material often does
not allow us to analyze multiple views of a skeleton.

2. Materials and methods
2.1. Material and data collection

We examined skeletons of specimens from the herpetological
collection of the Field Museum of Natural History (FMNH), Chicago,
United States. Material from morphological database DigiMorph (dig-
imorph.org) was also reviewed. The scaled 3D images of these digital
repositories were transformed into 2D with a screenshot of the dorsal
and lateral views of the phalanges. We also considered scaled photos of
published osteological descriptions of 8 species of Caudata. We included
91 adult specimens representing the 9 families (following to Frost, 2021)
of Caudata (plus 3 incertae sedis), 28 genera and 56 extant and 4 fossil
salamander species (see Table 1 and Supporting information S1 for a
complete list). Cleared and stained specimens and dry skeletons were
examined under a Meiji EMZ-5 binocular microscope. Photographs of
the third digit of the right hand were taken with a Nikon Coolpix P6000
camera by the same person (M.L.P.). Photographs included dorsal and
lateral views (Fig. 1); phalanges were positioned in the same plane and
the same distance was used from the camera to the subject. We did not
collect data of sex from these specimens, since the skeletal preparations
did not have this information; this fact should be considered in the
interpretation of our results.

To test for the relationship of digit shapes with microhabitat and life
cycle, we recorded these attributes per species using information from
Amphibiaweb (accessed 2021), Brandon (1971), Baken and Adams
(2019), Blankers et al. (2012), Bonett and Blair (2017), Edgington and
Taylor (2019), Evelyn and Sweet (2018), Fabre et al. (2020), Freeman
and Bruce (2001), Jia and Gao (2016), Myers et al. (2022), Papenfuss
and Wake (1987), Rodriguez Reyes (2009), Rovito et al. (2010),
Uribe-Pena et al. (2000) (Supporting information S1). Categorizing the
types of microhabitats is a task that hardly escapes from the subjectivity
of the observer, and in the supporting information we reference some
impressions in categories assigned in the published literature (which
may depend on the populations observed, stages of development, etc.).
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Table 1

Species included in this study, microhabitats and life cycles. The microhabitat
categories include: Aq = aquatic (N = 11); T = terrestrial (N = 32); SAq =
semiaquatic (N = 8); A = arboreal (N = 5). The life cycles include: biphasic (bi)
(N = 25), direct development (dd) (N = 17), paedomorphic (pd) (N = 6), and
facultative biphasic (f-bi) (N = 7). Only species that are obligate paedomorphic
in nature were coded as paedomorphic.
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Table 1 (continued)

Family Species Abbreviations ~ Microhabitats  Life
cycle

Ambystomatidae Ambystoma A dlt T bi
altamirani

Ambystomatidae Ambystoma A ann T bi
annulatum

Ambystomatidae Ambystoma A gra T f-bi
gracile

Ambystomatidae Ambystoma A jeff T bi
Jjeffersonianum

Ambystomatidae Ambystoma A mac T bi
macrodactylum

Ambystomatidae Ambystoma A mex Aq pd
mexicanum

Ambystomatidae Ambystoma A opa T bi
opacum

Ambystomatidae Ambystoma A tex T bi
texanum

Ambystomatidae Ambystoma Atig T f-bi
tigrinum

Amphiumidae Amphiuma means A mea Aq pd

Cryptobranchidae Andrias japonicus A jap Aq pd

Cryptobranchidae Chunerpeton C tia - -
tianyiense

Hynobiidae Batrachuperus B yen Aq bi
yenyuanensis

Hynobiidae Paradactylodon P per Aq bi
persicus

Hynobiidae Onychodactylus O jap T bi
Jjaponicus

Plethodontidae Aneides lugubris A lug A dd

Plethodontidae Bolitoglossa B hel A dd
helmrichi

Plethodontidae Bolitoglossa B zac A dd
zacapensis

Plethodontidae Chiropterotriton C chi A dd
chiropterus

Plethodontidae Chiropterotriton C mag T dd
magnipes

Plethodontidae Desmognathus D fus SAq bi
fuscus

Plethodontidae Desmognathus D mon T bi
monticola

Plethodontidae Desmognathus D och T bi
ochrophaeus

Plethodontidae Desmognathus D oco T bi
ocoee

Plethodontidae Desmognathus D qua SAq bi
quadramaculatus

Plethodontidae Desmognathus D wri T dd
wrighti

Plethodontidae Eurycea bislineata  E bis T bi

Plethodontidae Eurycea cirrigera E cir T f-bi

Plethodontidae Eurycea E gut T bi
guttolineata

Plethodontidae Eurycea E lon T bi
longicauda

Plethodontidae Eurycea lucifuga E luc T bi

Plethodontidae Eurycea E pte Aq pd
pterophila

Plethodontidae Eurycea spelaea E spe T bi

Plethodontidae Eurycea wilderae E wil T bi

Plethodontidae Gyrinophilus G por SAq bi
porphyriticus

Plethodontidae Karsenia koreana K kor T dd

Plethodontidae Plethodon P cin T dd
cinereus

Plethodontidae Plethodon P glu T dd
glutinosus

Plethodontidae Plethodon jordani P jor T dd

Family Species Abbreviations ~ Microhabitats  Life
cycle

Plethodontidae Pseudoeurycea P gad T dd
gadovii

Plethodontidae Pseudoeurycea Plep T dd
leprosa

Plethodontidae Thorius adelos T ade A dd

Plethodontidae Thorius T lon T dd
longicaudus

Plethodontidae Thorius T nar T dd
narisovalis

Plethodontidae Thorius tlaxiacus T tla T dd

Plethodontidae Thorius pinicola T pin T dd

Proteidae Necturus N mac Aq pd
maculosus

Rhyacotritonidae Rhyacotriton Roly SAq bi
olympicus

Rhyacotritonidae Rhyacotriton R var SAq bi
variegatus

Salamandridae Cynops ensicauda  C ens SAq bi

Salamandridae Lissotriton Lvul SAq f-bi
vulgaris

Salamandridae Notophthalmus Nvir SAq f-bi
viridescens

Salamandridae Pachytriton P bre Aq bi
breviceps

Salamandridae Pleurodeles waltl P wal Aq f-bi

Salamandridae Taricha granulosa T gra T f-bi

Sirenidae Siren lacertina S lac Aq pd

Sirenidae Siren intermedia S int Aq pd

Insertae sedis Nuominerpeton N aqu T -

(hynobiid like) aquilonaris

Insertae sedis Pangerpeton P sin - -
sinensis

Insertae sedis Beiyanerpeton B jia - -
Jjianpingensis

3

Fig. 1. Landmarks and semilandmarks digitized in the Digit III of the right
hand of salamanders. Dorsal view of Ambystoma tigrinum (FMNH 53905) (A);
lateral view of Ambystoma macrodactylum (FMNH 11277) (B). Landmarks and
semilandmarks are represented in red and blue, respectively. Scale bar = 1 mm.

Finally, in Table 1 we summarize the categories assigned for our ana-
lyzes, according to the material examined and the most precise de-
scriptions of the microhabitat of the species, following microhabitat
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categories: arboreal (A), terrestrial (T), aquatic (Aq), and semiaquatic
(SAq). The diversity of microhabitats is more complex than the cate-
gories defined in the ‘microhabitats’ column (Table 1); however, un-
fortunately, a more precise microhabitat categorization would result in a
low representation of some categories and in a strongly unbalanced
dataset. For this reason, we did not consider cave dwelling as a distinct
category in this study. The species previously classified as fossorial or
cave dwellers by other authors (Supporting information S1) were
considered aquatic or terrestrial according to their main microhabitat.
Since images in lateral view were available only for three arboreal
species (Chipterotriton chiropterus, Thorius adelos and Aneides lugubris),
this microhabitat category must be considered with caution in subse-
quent results of the lateral view.

2.2. Geometric morphometrics

The dorsal and lateral views of each phalanx were quantified using a
combination of three landmarks and nine sliding semilandmarks each
(Fig. 1). The two landmark configurations were digitized using Stereo-
Morph 1.6.3 (Olsen and Westneat, 2015). The three landmark datasets
included in this study -in dorsal view- correspond to the proximal left
angle (LM1), distal tip midpoint (LM2), and the lower right angle (LM3).
In lateral view, the landmarks correspond to the lower left angle on the
convex side of the digit (LM1), tip midpoint (LM2), and the lower right
angle, on the concave side (LM3) (Fig. 1). Landmarks were fixed on
homologous points on the phalanges and semilandmarks were allowed
to slide along predefined curves while the bending energy was mini-
mized (Bookstein, 1997). One person (M.L.P.) performed all of the
digital processing to avoid digitization errors among researchers.

For each configuration (dorsal and lateral), a generalized Procrustes
superimposition (Rohlf and Slice, 1990) was performed using geomorph
4.1 (Adams et al., 2021) in R 4.4.1 (R Core Team, 2020). During this
procedure, the semilandmarks were permitted to slide along their
tangent direction (Guns et al., 2005) in order to minimize Procrustes
distance between specimens. From the aligned specimens, a mean shape
was calculated for each species. The centroid size of each configuration
(dorsal and lateral) was also retained for analysis.

Before conducting the main analyses, a subsample of 20 individuals
was digitized twice to account for digitization error, which was not
significant (Supporting information S2). We also measured the object
asymmetry in the dorsal configuration, which was not significant, and
subsequent analyses were performed using the symmetric component
(Supporting information S2).

2.3. Phylogenetic framework

Because of shared phylogenetic history, data of species are not in-
dependent (Blomberg et al., 2003); therefore, a phylogenetic framework
was included for statistical analyses. For that purpose, we built a met-
atree based on the general topology of Bonett and Blair (2017). We
pruned the tree to match our dataset and included those species that
were not sampled by Bonett and Blair (2017) using the R library ape 5.5
(Paradis and Schliep, 2019). Ambystoma altamirani, Batrachuperus per-
sicus, Bolitoglossa zacapensis, Chiropterotriton chiropterus, Thorius adelos,
Th. longicaudus, Th. pinicola, and Th. tlaxiacus were included in our
metatree following the phylogenetic relationships proposed by Jetz and
Pyron (2018), with the same branch lengths as the most closely related
lineage. For the phylogenetic projection on the Principal Component
Analysis and Ancestral reconstruction of shape (see more details in the
following sections), we also included the phylogenetic relationships for
the fossil taxa included in our dataset (Beiyanerpeton jianpingensis, Chu-
nerpeton tianyiense, Nuominerpeton aquilonaris, and Pangerpeton sinensis)
based on Rong et al. (2021). In this case, we inferred branch lengths for
the whole tree with compute.brlen function of library ape 5.5 (Paradis
and Schliep, 2019) using Grafen’s (1989) method. The metatrees used
for our analysis are available in Supporting information S3.
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We estimated the degree of phylogenetic signal for both configura-
tions (dorsal and lateral) relative to the Brownian Motion model of
evolution using a multivariate K-value, K;,y;; (Adams, 2014). A K-value
greater than 1 suggests that there is more phylogenetic signal than ex-
pected under Brownian motion, whereas a K-value lower than 1 in-
dicates that a trait is less similar among close relatives and, therefore,
has less phylogenetic signal than expected (Blomberg et al., 2003).
Statistical significance of all the performed analysis was assessed by
permutation (1000 iterations).

2.4. Principal component analysis and phylogenetic generalized least
squares

A standard principal component analysis (PCA) with estimated
ancestral states and phylogenetic branches projected onto ordination
plots was performed to explore patterns of shape variation in dorsal and
lateral configurations, including fossils and extant species. We report the
principal components (PCs) that explained more than 70 % of shape
variation. The phylogeny was projected onto the morphospaces by
calculating ancestral states of the internal nodes through maximum
likelihood, as implemented in geomorph (Adams et al., 2021).
Thin-plate splines warp grids of the PC loadings were used to visualize
shape variation described by each PC axis of the phalanges in the
morphospaces.

2.5. Phylogenetic Generalized Linear Models (PGLS)

We investigated the impact of allometry in both datasets (dorsal and
lateral configurations) using multivariate regressions including phy-
logeny, in which centroid size calculated from the landmark configu-
rations were used as size parameter. In order to understand the impact of
microhabitat and life cycle on shape, we used a Procrustes multivariate
analysis of variance (MANOVA) including a phylogenetic framework
and using size as a covariate. Fossil taxa were not included in the former
analysis due to the lack of ecological information. These analyzes were
performed using geomorph 4.4.1 R library (Adams et al., 2021).

2.6. Evolutionary rates

Evolutionary rates were calculated for the dorsal and lateral phalanx
shape and compared across different microhabitat and life cycle stra-
tegies groups based on a Brownian motion model of evolution using the
function compare.evol.rates in the geomorph R package 4.4.1 (Adams
et al., 2021). For evolutionary rate, the inclusion of groups with four or
fewer species should be taken with caution because of possible problems
of morphological evolution rate estimation (Adams et al., 2009). In this
sense, our results on evolutionary rates of the lateral configuration
should be interpreted taking into account that our dataset includes three
arboreal species (Aneides lugubris, Chiropterotriton chiropterus, and
Thorius adelos).

2.7. Disparity differences

To assess and compare morphological disparities for each micro-
habitat (aquatic, semiaquatic, terrestrial, arboreal) and group life cycle
strategy (biphasic, paedomorphic, facultative biphasic and direct-
development), we used the function morpholdisparity in geomorph
4.4.1 (Adams et al., 2021). Disparity was calculated as the Procrustes
variance divided by the number of landmarks per bone for each life cycle
and microhabitat group using the residuals of a linear model fit con-
taining phylogeny. Differences among groups were identified using
pairwise comparisons.

2.8. Phylogenetic reconstruction

To explore the shifts of dorsal and lateral phalanx shape and size
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along the phylogeny, we used optimization methods to reconstruct
ancestral states via maximum parsimony algorithms in TNT 1.5 (Cata-
lano et al., 2010; Goloboff et al., 2003, 2008; Goloboff and Catalano,
2011, 2016). By default, TNT considers each configuration as roughly
equivalent to that of a discrete character (Catalano et al., 2010). The
shape reconstruction of ancestral states was performed without implied
weights, combining grids and observed state optimization, with six by
six grid cells. Since TNT permits the use of missing characters, all the
sampled taxa and were included in the optimization.
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2.9. Phylogenetic integration

To quantify the degree of phylogenetic morphological covariation
between dorsal and lateral phalanx configurations, we performed a
partial least squares analysis under a Brownian motion model of evo-
lution using function integration.test from geomorph (Adams and Felice,
2014; Adams and Collyer, 2016).
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3. Results
3.1. Dorsal configuration

The PCA showed a great contribution of the first two PCs (Fig. 2A,
Supporting information S4). PC1, which accounted for 65.88 % of the
total variance, represented shape changes from a narrower to a broader
distal end of the terminal phalanges. PC2 accounted for 16.9 % of the
total variance. Besides reflecting some of the shape change in the distal
end of the phalanges, PC2 also described the variation from a broader to
a narrower proximal end. There is a general overlap among species of
different ecological categories. The projection of the phylogeny shows
that closely related species substantially diverge in the morphospace.
The clade formed by Thorius, Chiropterotriton, Pseudoeurycea and Boli-
toglossa species tends to occupy the region of maximum variation of both
PCs (Fig. 2A). Other clades show no pattern in the phylomorphospace,
with a general crisscrossed distribution of terminal taxa, indicating that
species with different microhabitats and life cycles secondarily evolved
similar dorsal configuration of phalanges. Nevertheless, dorsal landmark
configuration showed a relatively low but significant phylogenetic
signal (K = 0.26; P = 0.02; Z = 1.8985).

Phylogenetic MANOVA indicated no significant evidence of an effect
of microhabitat (Z = 0.8001; P =0.22) or life cycle (Z=1.0954;
= 0.85) on phalanx shape. A significant evolutionary allometric effect
[R? = 17.5; P < 0.01; Z = 2.9856) showed a shift from an ‘hourglass
shape’ to a more ‘rhomboid’ phalanx shape (Fig. 3). This general ten-
dency had a homogeneous pattern among the different analyzed factors
(microhabitat and life cycle).

There was no difference in the evolutionary rates of the dorsal shape
evolution for microhabitat (P = 0.76; Z = — 0.7719) or life cycle groups
(P =0.14; Z =1.0337) (Fig. 4). The morphological disparity was not
significantly different for microhabitat, with similar values among cat-
egories (Fig. 5A). Regarding life cycles, biphasic taxa showed signifi-
cantly higher morphological disparity than facultative biphasic
(P < 0.01; absolute difference =0.098) and paedomorphic species
(P =0.038; absolute difference = 0.129), and no difference when
compared to direct developing species (P = 0.466; absolute differ-
ence = 0.058) (Fig. 5B).

3.2. Lateral configuration

The PCA of the lateral configuration also showed a great contribution
of the first two PCs (Fig. 2B, Supporting information S4). The PC1, which
accounted for 49.61 % of the total variance, represented shape changes
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from a sharper to a blunter distal end of the phalanges. PC1 showed a
gradual shift from a concave to a more convex shape of the proximal
end, from a concave to a flatter ventral surface, and from a more
dorsoventrally compressed to a tall shape of the phalanges. PC2
accounted for 21.51 % of the variance and reflected a shift from a flat to
a tall shape. A general overlap was observed among species of different
microhabitat, life cycle categories, and clades on the phylomorpho-
space. In lateral configuration, closely related species tended to diverge
greatly in shape, a pattern also shown in dorsal configuration. Lateral
landmark configuration showed a low and non-significant phylogenetic
signal (K = 0.067; P = 0.89; Z = — 1.3887).

Phylogenetic MANOVA results showed no significant impact of
microhabitat (Z = 0.8896; P =0.2) or life cycle (Z=— 1.1605;
P =0.866) on lateral phalanx shape. A significant evolutionary allo-
metric effect (R% = 58.49; P < 0.01; Z = 2.6007) was observed, showing
a tendency of bigger species to have a slightly blunter phalanx (Fig. 6).
As in the dorsal configuration, this general tendency in lateral view was
also a homogeneous pattern between the different analyzed factors
(microhabitat and life cycle).

There was a significant difference in the evolutionary rates of lateral
shape evolution for species microhabitat (P = 0.02; Z = 1.7651), but not
for life cycle groups (P = 0.61; Z = — 0.1782). Semiaquatic taxa showed
a higher evolutionary rate than the species with other types of micro-
habitats (Fig. 4A). Morphological disparity was not significantly
different among microhabitat or life cycle categories (Fig. 5).
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3.3. Ancestral shape estimation (Fig. 7)

Optimization of phalanx centroid size on the phylogenetic hypoth-
esis revealed an estimated ancestral average size, with independent
cases of increase (Andrias japonicus, Amphiuma means, Cynops ensicauda,
Plethodon  cinereus, =~ Ambystoma  opacum, and the clade
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A. tigrinum + A. mexicanum) and decrease in size (Pleurodeles walltl,
Paradactylodon persicus, Thorius clade and Eurycea pterophila) (Fig. 7).

The reconstruction of the dorsal shape indicated generalized trian-
gular ancestral shapes. A shift to a slightly narrower distal end was
recorded in the ancestor of Ambystoma and Eurycea. Within Salaman-
dridae, the ancestral shape of the clade composed of all sister clades of
Pleurodeles waltl also showed a narrower distal end, but with a truncated
tip. A shift to a broader distal end was evident in the ancestor of the
clade Thorius + Chiropterotriton + Pseudoeurycea + Bolitoglossa, and was
accentuated in Bolitoglossa species. A broader distal end of the phalanx
was also independently acquired in the aquatic species Andrias japonicus
and Pachytriton breviceps, in the terrestrial species Desmognathus mon-
ticola and Thorius tlaxiacus, and in the arboreal Aneides lugubris.

Reconstruction of lateral shape showed a mildly curved pattern as
the predominant ancestral shape, with changes occurring mostly at the
species level. A shift to a slightly narrower phalanx was detected in the
ancestors of Eurycea and Rhyacotriton.

3.4. Relationship between dorsal and lateral configurations

The phylogenetic morphological covariation between dorsal and
lateral configurations was significant (r-PLS = 0.584; P < 0.01;
7 = 2.7714; Fig. 8). Phalanges with a narrower distal end in dorsal view
correlated with a sharper and curved shape in lateral view, whereas
phalanges with a broader distal end in dorsal view also showed a blunter
distal end shape in lateral view.

4. Discussion

A major goal in evolutionary biology is to explain the morphological
diversity of species, which often arises from many different mechanisms,
including environmental influences, structural or functional constraints,
or shared evolutionary history (Wainwright and Reilly, 1994; Gould,
2002; Blomberg et al., 2003; Losos, 2011). Our results show evidence
that phylogeny has a significant -although low- effect in the dorsal shape
of the phalanges in salamanders, whereas the other factors analyzed
(habitat and life cycle) have no significant effect. We also found that
phalanx shape responds to an allometric effect. The evolutionary rate
differed according to microhabitat groups in the lateral shape, being
higher in the semiaquatic species; and the disparity was significantly
different only in the dorsal shape of the groups with different life cycle.
Ancestral phalanx in salamanders would present an intermediate size
and a fairly conserved triangle-like shape in dorsal view. The shape
evolved to a distally expanded shape, which is particularly evident in the
arboreal Aneides lugubris and Bolitoglossa, dorsally; and to a slenderer
phalanx in some species of the clade Eurycea and Rhyacotriton, laterally.

The dorsal shape of the terminal phalanges in salamanders is partly
explained by common ancestry, since the phylogenetic signal was sig-
nificant but low (according to the Brownian Motion model). The
phylogenetic structure in shape could be driven by the clade formed by
Thorius, Chiropterotriton, Pseudoeurycea and Bolitoglossa which occupies
a particular region of the morphospace defined by a broader distal end of
terminal phalanges (Fig. 2A). During locomotion, digits play a primary
mechanical role, since they resist the compression force given by a large
part of the body weight that acts upon them (Abdala et al., 2022). In
tetrapods (except amphibians), the phalanx phenotype has been asso-
ciated with different habitat uses (Russell and Bauer, 1989; Tulli et al.,
2009; Maiolino et al., 2011). Our results do not reveal that the me-
chanical characteristics of the microhabitats where salamanders move
impose restrictions on the shape variability of the terminal phalanx. This
can be due to possible uncertainties in assigning species to microhabi-
tats, or it could be microhabitat features that are not represented in our
coding. For example, we do not consider categories as saxicolous and
fossorial. Similarly, Blankers et al. (2012) and Baken and Adams (2019)
found no significant relationship between variation in external charac-
ters and microhabitat in plethodontid salamanders. Actually,



M.L. Ponssa et al.

Zoology 154 (2022) 126040

Chunerpeton tianyiense"

Nuominerpeton aquilonaris®

— Pangerpeton sinensis"
>

”

"

A

:

”"

Andrias japonicus
Onychodactylus japonicus
Paradactylodon persicus
Batrachuperus yenyuanensis
Beiyanerpeton jianpingensis"
Siren lacertina

Siren intermedia
Ambystoma gracile
Ambystoma opacum
Ambystoma macrodactylum
Ambystoma jeffersonianum complex
Ambystoma jeffersonianum
Ambystoma altamirani
Ambystoma annulatum
Ambystoma texanum
Ambystoma tigrinum
Ambystoma mexicanum
=== Pleurodeles walt!
Notophthalmus viridescens
Taricha granulosa

Lissotriton vulgaris

Cynops ensicauda
Pachytriton brevipes

Criptobranchidae

Hynobiidae

Sirenidae

Ambystomatidae

Salamandridae

Necturus maculosus

Rhyacotriton variegatus Rhyacotritonidae

Rhyacotriton olympicus
Amphiumidae

1Al

”"w

7"

A "
"
”"
"
n

\AJ

1d

"w
"
A
" I | ‘

\A

log(centroid size)
2,058 1.924

length = 0.5

Amphiuma means
Karsenia koreana
Aneides lugubris
Desmognathus wrighti
Desmognathus quadramaculatus
Desmognathus fuscus
Desmognathus ochrophaeus
Desmognathus ocoee
Desmognathus monticola
Plethodon cinereus
Plethodon jordani
Plethodon glutinosus
Gyrinophilus porphyriticus
Eurycea spelaea
Eurycea lucifuga
Eurycea guttolineata
Eurycea longicauda
Eurycea bislineata
Eurycea wilderae
Eurycea cirrigera
Eurycea pterophila
Thorius pinicola

Thorius tlaxiacus

Thorius adelos

Thorius longicaudus
Chiropterotriton chiropterus
Chiropterotriton magnipes
Pseudoeurycea gadovii
Pseudoeurycea leprosa
Bolitoglossa helmrichi
Bolitoglossa zacapensis

Plethodontidae

A AR R AR R R AR R AR RN RRRARRERARERRRARAARARRARARARE A RE NRRAIA

> 000000000000000000000000000000000000000000000000000000000000
N 00000 OOOORNPIPPPEPAOOOOPPEPOAPOOOPEPARAPAIAIAANRANPEEEE®O®E ARROE@®E®A®000

R SRR R A AAARARAARAALAAARAAAALRALRRAAARAAAARAARARARAADAAA

&

. %, )
Y ox %,
<%,

@ aquatic

@ arboreal

O semiaquatic
@ terrestrial

biphasic

©® direct development
® facultative biphasic
® paedomorphic

Fig. 7. Ancestral reconstruction of phalanx shape in dorsal and lateral views. The tree branches are colored according to the optimization of the centroid size of the
dorsal configuration. Centroid size is represented by the chromatic scale (warm to cold colors representing from small to big sizes) (see scale bar). Microhabitat and

life cycle are optimized with a color scheme and letters, respectively (see legend). Empty drawings and gray branches indicate non-available data.

specialization for arboreality would appear only within the relatively
recent tropical clade Bolitoglossa (Green and Alberch, 1981; Blankers
et al.,, 2012). Blankers et al. (2012) proposed that the strong relation-
ships between morphology and microhabitat use in other tetrapods are
not replicated in salamanders because of major differences in behavior
and/or physiology between these and salamanders. For example, lizards
escape from predators by running speedily (Irschick and Jayne, 1998;
Irschick and Losos, 1998; Irschick, 2002). In contrast, the plethodontid
salamanders, which have low metabolic rates relative to other am-
phibians and reptiles (Vitt and Caldwel, 2009), remain immobile as a
strategy against predators (e.g. Dodd, 1990). This can advise that the
salamanders may be more uniform in their locomotor performance in
different microhabitats (Blankers et al., 2012). Alternatively, salaman-
ders may differ significantly in their performance in different

microhabitats due to differences in behavior and physiology, but
without corresponding variation in morphology (Blankers et al., 2012).

Both dorsal and lateral configuration of the digits of the salamanders
would be explained by an evolutionary allometric pattern, which con-
sists of small phalanges more curved and with more truncated end than
bigger phalanges. Changes in the pattern of allometric growth between
foot surface and body weight -the lighter species show greater adhe-
siveness- were postulated as an adaptation to optimize the arboreal
habits in Bolitoglossa species (Alberch, 1981). In the small-sized species
of Bolitoglossa, webbing would be acquired by developmental trunca-
tion, and their small size would be in these cases the main adaptation to
arboreality (Green and Alberch, 1981). We can infer the same rela-
tionship proposed by the cited authors, since the included arboreal
species of Bolitoglossa are of moderate to small size (Bolitoglossa
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Fig. 8. Phylogenetic morphological covariation plot between the dorsal and lateral phalanx configurations. Species are colored according to their microhabitat and
life cycle. Deformation grids depict the predicted shape of the maximal and minimum partial least squares (PLS) score for each component.

zacapensis: mean SVL 4.21 cm in males, and 4.57 cm in females; Par-
ra-Olea et al., 2004; Bolitoglossa helmrichi, SVL mean 4.7 cm in males,
and 5.6 cm in females; amphibiaweb2021.0rg), and show the moderate
distal expansion described in the smallest arboreal species (Alberch,
1981). This allometric relationship as an adaptation to arboreal living
has been proposed at an intrageneric level. In an intergeneric phyloge-
netic level, this hypothesis would not be supported, since the closest
relative of Bolitoglossa, the terrestrial Pseudoeurycea which has unex-
panded fingertips, shows a similar size to that of the Bolitoglossa species
studied herein (Pseudoeurycea gadovii, SVL: 6.3 cm -amphibiaweb2021.
org; Pseudoeurycea helmrichi, SVL: 5.43 + 0.65 cm; Gliizado-Rodriguez
and Garcia-Vazquez, 2010). Unlike in Bolitoglossa, in the Thorius clade
there is no evidence of an allometric pattern. The distal expansion is
similar in terrestrial and arboreal species of the minute Thorius (Hanken,
1982; Hanken and Wake, 1994; this study), which are all minute in size
(Hanken, 1984; this study). It would be interesting to investigate the
factors that have driven invasion of the arboreal habitat in some species
of this genus.

The evolution of life cycle simplification stimulates phenotypic di-
versity (Bonett and Blair, 2017). A complex life cycle, like the biphasic
one, would produce phenotypic discontinuities across ontogeny; how-
ever, at the same time, specific adaptations for one stage might condi-
tion the evolution of a trait to another stage (Hanken, 1992; Moran,
1994; Bonett and Blair, 2017). We found no evidence that life cycle
significantly influences phalanx shape rate evolution. Regarding the
microhabitat influences on the evolutionary rate, the highest rate values
of lateral digit shape evolution in the semiaquatic group associated with
a low disparity could be explained by a major morphological change
occurring early in the taxa history, leading to very similar morphologies
for the group (Michaud et al., 2018). In other morphological characters
linked to locomotion, the differences in evolutionary rates would be
influenced by microhabitat or the life cycle. For example, Bonett and
Blair (2017) showed that body shape and vertebral column evolve faster
in species with simpler life cycles (i.e. paedomorphic, aquatic species
and direct developers, terrestrial species). Ledbetter and Bonett (2019)
found accelerated rates of limb evolution in aquatic species (mostly
paedomorphic) in comparison with terrestrial species (mostly direct
developers). All these results confirm that the constraints are
trait-dependent (Bonett and Blair, 2017; Fabre et al., 2020).

Regarding the disparity of shape, in dorsal view, biphasic life cycle
differed significantly from facultative biphasic and paedomorphic life
cycles, with disparity being greater in the biphasic species. The digits

appear in the aquatic stage in the biphasic species (Frobisch and Shubin,
2011), but the larval stages might not be a constraint to the morpho-
logical diversification of the digits in the terrestrial postmetamorphic
stages. An interesting question to be addressed is whether or not the
distal phalanges undergo substantial remodeling after metamorphosis;
but so far we have no information on this subject.

The phylogenetic covariation between dorsal and lateral configura-
tions allows us to infer, although speculatively, the lateral shape of the
distal phalanx of the fossil Chunerpeton tianyiensis, Pangerpeton sinensis,
and the hynobiid-like Nuominerpeton aquilonaris. These extinct species
show a narrow distal end, which is correlated with a sharper and curved
lateral shape. This correlation would support the interpretation that
Nuominerpeton was not arboreal - Jia and Gao (2016) infer a
near-pond-mountain-brook environment for this salamander-, since,
unlike the arboreal Bolitoglossa, Chiropterotriton chiropterus, Thorius
adelos or Aneides lugubris, it does not present an expanded fingertip.

If the ancestor of the salamander had a biphasic life cycle (Bonett and
Blair, 2017; Fabre et al., 2020), then, it would have required a functional
morphology for effective locomotion in aquatic and terrestrial envi-
ronments (Bonett and Blair, 2017). Our estimation of ancestral state and
the three fossil species (Nuominerpeton aquilonaris from Lower Creta-
ceous, Chunerpeton tianyiense and Pangerpeton sinensis from Jurassic)
shows that ancestral salamanders had digit shape (dorsal shape with a
wide base and sharp extreme) and size comparable to that of most of the
modern biphasic species (except for Cynops ensicauda and Ambystoma
opacum, which evolved to a larger size). These data suggest that, since
then, adult shape in biphasic species would have remained similar. The
same pattern was observed in the length and the number of vertebrae
(Bonett and Blair, 2017). Both general branch overlap and ancestral
shape reconstruction indicate a high level of homoplasy in phalanx
shape.

5. Conclusion

Our study adds new evidence to the idea that the constraints of
complex life cycles on the evolution of morphology can depend on the
studied traits. According to our analyzes, neither the microhabitat nor
the life cycle show a relationship with the morphological variability of
terminal phalanges in the studied species. The phylogenetic signal in the
dorsal shape of the phalanx was significant but low (according to the
Brownian Motion model used here). Our prediction that maintaining a
complex life cycle constrains body shape does not hold, as shape
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disparity was significantly higher in biphasic species. Throughout phy-
logeny, the morphology of the salamander fingers remains fairly
conserved from the Mesozoic ancestors of modern salamanders. This
conserved morphology would be optimal enough for the salamander
lineage to occupy different habitats.
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