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The vertebral column is critical to a vertebrate species’ flexibility and skeletal support, making vertebrae a clear target for selection.

Anurans (frogs and toads) have a unique, truncated vertebral column that appears constrained to provide axial rigidity for efficient

jumping. However, no study has examined how presacral vertebrae shape varies among anuran species at the macroevolutionary

scale nor how intrinsic (developmental and phylogenetic) and extrinsic (ecological) factors may have influenced vertebrae shape

evolution. We used microCT scans and phylogenetic comparative methods to examine the vertebrae of hundreds of anuran species

that vary in body size as well as adult and larval ecology. We found variation in shape and evolutionary rates among anuran

vertebrae, dispelling any notion that trunk vertebrae evolve uniformly. We discovered the highest evolutionary rates in the cervical

vertebrae and in the more caudal trunk vertebrae. We found little evidence for selection pressures related to adult or larval ecology

affecting vertebrae evolution, but we did find body size was highly associated with vertebrae shape and microhabitat (mainly

burrowing) affected those allometric relationships. Our results provide an interesting comparison to vertebrae evolution in other

clades and a jumping-off point for studies of anuran vertebrae evolution and development.

KEY WORDS: Allometry, evolutionary rate, microhabitat, modularity, presacral vertebrae.

The vertebral column strongly influences flexibility and skele-

tal support (Long et al. 1997; Schilling 2011; Rawls and Fisher

2018) and presacral vertebrae variation arose as tetrapod species

diversified in size and ecology (Müller et al. 2010). Some clades

vary drastically in presacral vertebrae number, for example, squa-

mates (lizards and snakes) range from 14 to over 300 trunk ver-

tebrae (Bergmann and Irschick 2012) and caudata (newts and

salamanders) range from 12 to 61 trunk vertebrae (Bonett and

Blair 2017). In contrast, mammals are conserved or constrained

in vertebrae number (most species have seven cervical and 19

trunk vertebrae [Narita and Kuratani 2005; Müller et al. 2010;

Asher et al. 2011]), but show substantial interspecific variation

in vertebrae size and shape related to body size and locomotion

type (Randau et al. 2016; Randau and Goswami 2017; Jones et al.

2018b). Like mammals, anurans are conserved in presacral ver-

tebrae number; however, it is unclear if anuran vertebral shape

varies in region-specific ways in relation to species ecology or

body size, as in mammals (Randau et al. 2016, 2017; Randau and

Goswami 2017; Jones et al. 2018b).

The anuran (frog and toad) presacral vertebral column ap-

pears uniquely constrained to provide axial rigidity for efficient

jumping (Emerson 1985; Handrigan and Wassersug 2007); how-

ever, the relative influence of intrinsic (developmental and phy-

logenetic) and extrinsic (ecological) factors on anuran vertebrae

evolution remains unexamined. More closely related species of-

ten share more similar genetic and developmental pathways that

could intrinsically influence the evolution of anuran posterior

presacral vertebrae in association with phylogeny. Alternatively,
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extrinsic factors such as selection pressures related to locomo-

tion could play a dominant role in the evolution of anuran ver-

tebrae. The majority of anuran species have only one cervical

vertebra and four to eight trunk vertebrae (Handrigan and Wasser-

sug 2007). Because the anuran vertebral column is so truncated,

it may lack the modularity that facilitates mammalian vertebrae

shape adaptation to ecological and locomotor selection pressures.

High modularity is indicated by more independent evolution (less

covariation) among vertebrae, such as the subdivision of mam-

malian trunk vertebrae into thoracic and lumbar regions, allow-

ing mammalian vertebrae sections to modularly (more indepen-

dently) evolve different functional roles related to ecology and lo-

comotion (Randau et al. 2016; Randau and Goswami 2017; Jones

et al. 2018a,b). Although phylogenetic variation in presacral ver-

tebrae form has been described (Nicholls 1916; Noble 1922;

Mookerjee and Das 1939; Ritland 1955; Zweifel et al. 1956;

Griffiths 1963; Emerson 1982; Cannatella and Trueb 1988a,b;

Maglia 1998; Baez et al. 2000; Blanco and Sanchiz 2000;

Pramuk 2002; Pugener 2002; Fabrezi 2006; Pramuk 2006), no

studies have examined tvertebrae shape at the macroevolutionary

scale, leaving little understanding of whether presacral vertebrae

evolution varies along the vertebral column or if particular verte-

brae are more influenced by intrinsic factors or extrinsic factors.

Although many aspects of the overall anuran skeleton shape

have diversified based on adult microhabitat, it remains unknown

if adult microhabitat has influenced vertebrae shape evolution.

Adult anurans live in a variety of microhabitats (e.g., aquatic,

arboreal, burrowing, and terrestrial; Moen and Wiens 2017)

that require different locomotor strategies (swimming, walking,

climbing, etc.; Buttimer et al. 2020) and likely different demands

on axial bending and rigidity. For example, salamanders with

aquatic-only life cycles have increased numbers of trunk verte-

brae and elongate bodies to assist with undulation through water

(Bonett and Blair 2017), aquatic and semi-aquatic crocodylo-

morph taxa have relatively broad transverse processes that in-

crease the leverage of lateral flexors (Molnar et al. 2015), and

sirenians (dugongs and manatees) have compressed cervical and

elongate thoracic vertebrae, shortened neural spines, and other

vertebrae modifications that aid in caudal aquatic propulsion

(Reidenberg 2007). Although aquatic anurans do not have par-

ticularly elongate bodies, selection pressure for increased swim-

ming performance (Moen 2019) may influence vertebrae shape

evolution. Burrowing may also influence vertebrae shape, as bur-

rowing imposes strong selection pressure on other anuran skele-

tal features thought to aid in moving underground, including

limbs (Moen et al. 2013; Vidal-García and Scott Keogh 2017;

Keeffe and Blackburn 2020; Stepanova and Womack 2020), dig-

its, (Moen et al. 2013), and skulls (Vidal-García and Scott Keogh

2017; Bardua et al. 2021). Specifically, burrower posterior pre-

sacral vertebrae may have decreased relative transverse processes

lengths, because pelvic sacral distal expansion is found in bur-

rowing and walking species (Emerson 1982; Buttimer et al. 2020)

and decreased relative lengths of posterior presacral vertebrae

transverse processes prevent interference with the anteroposterior

sliding of the ilia (Emerson 1982). Finally, anurans may mirror

felids and show changes in vertebrae shape associated with arbo-

reality or climbing when compared to terrestrial species (Randau

et al. 2016; Jones et al. 2018b).

Larval habitat could also influence the evolution of vertebrae

shape because vertebrae begin developing and ossifying prior to

metamorphosis (Analía Púgener and Maglia 1997; Haas 1999;

Wild 1999; Zhang et al. 2021). Although the vertebral column

has been characterized as relatively short and inflexible in most

anuran adults, it participates in left-right lateral bending in free-

swimming anuran larvae (tadpoles), which generates thrust dur-

ing undular movement (Azizi et al. 2007). Species that inhabit

lotic conditions, where the flow of water can act as a pressure

against forward movement, may exhibit differences in the shapes

of their vertebrae compared to species inhabiting lentic condi-

tions. Furthermore, if vertebrae shape is influenced by larval

swimming behavior, then species that develop directly to their

adult morphology within an egg would face less selection pres-

sure on vertebral shape related to the larval phase. Thus, verte-

brae may be subjected to unique pressures depending on the en-

vironment in which they develop (lentic habitat, lotic habitat, or

within-egg direct development).

Variation in developmental timing within the vertebral col-

umn may also influence anuran vertebrae evolutionary rates. In

anurans, earlier developing structures are often found to be more

evolutionarily constrained than later developing structures, as

seen in skulls (Bardua et al. 2021) and limbs (Stepanova and

Womack 2020). Anuran vertebral development begins with the

neural arches, which develop in an anterior to posterior direc-

tion (Wild 1999; Analía Púgener and Maglia 1997; Blanco and

Sanchiz 2000; María Gabriela Perotti 2001; Pugener and Maglia

2009). If developmental timing predictably affects the evolution-

ary rates of the anuran skeleton, anterior vertebrae should be

more evolutionarily constrained than posterior vertebrae. How-

ever, no studies to date have examined whether developmental

timing affects vertebrae shape evolution.

Here, we provide the first macroevolutionary examination of

anuran vertebrae shape to better understand the intrinsic and ex-

trinsic factors influencing anuran presacral vertebrae shape evo-

lution. We used microcomputed tomography (microCT) scans of

209 anuran species, three-dimensional geometric morphometrics,

and phylogenetic comparative methods to (1) test for variation

in phylogenetic modularity and evolutionary rates among ver-

tebrae, (2) test for vertebrae shape and evolutionary rate vari-

ation associated with adult body size, adult microhabitat, and

larval habitat, and (3) examine the relationship between relative
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vertebrae developmental timing and vertebrae evolutionary rates.

In examining the evolution of anuran vertebrae, we provide a

unique comparison to vertebral evolution in other tetrapods and a

jumping-off point for comparative evolutionary and developmen-

tal studies on anuran vertebrae.

Methods And Materials
DATA COLLECTION AND microCT SCANNING OF

MUSEUM SPECIMENS

Of the 209 specimens used in this study (each belonging to a

unique species), 203 specimens were microCT scanned for this

study and an additional six specimen scans were downloaded

from Morphosource (http://www.morphosource.org). Our sam-

pling includes at least one species from 47 of the extant 54 anuran

families. All specimens used in this study are museum specimens

from the National Museum of Natural History (n = 123), Mu-

seum of Vertebrate Zoology (n = 80), California Academy of

Sciences (n = 2), Centre for Ecological Sciences (n = 1), Mu-

seum of Comparative Zoology (n = 1), University of Kansas Bio-

diversity Institute (n = 1), and University of Florida (n = 1) her-

petology collections. We microCT scanned the 203 specimens

loaned from the National Museum of Natural History and the

Museum of Vertebrate Zoology using a Phoenix vjtomejx M (GE

Measurement & Control Solutions, Boston, MA), at the Univer-

sity of Florida’s Nanoscale Research Facility. We performed all

scans with a 180-kV X-ray tube containing a diamond-tungsten

target, with the voltage, current, and detector capture time ad-

justed for each scan to maximize absorption range. We recon-

structed all scans on GE’s datosjx software version 2.3 and

segmented all skeletons using VG StudioMax (Volume Graph-

ics, Heidelberg, Germany). All scans are available for download

on Morphosource (http://www.morphosource.org, project num-

ber P967) and information on all specimens used in this study (in-

cluding those downloaded from morphosource.org) can be found

in Table S1.

We measured snout-vent length (SVL) of all loaned speci-

mens to the nearest 10th mm using a digital caliper (31-415-3,

Swiss Precision Instruments, Inc., Garden Grove, CA) and

measured SVL of all skeleton models downloaded from Mor-

phosource in Meshlab (Cignoni et al. 2008). We classified lar-

val habitat as direct developer, lotic tadpole, or lentic tad-

pole, for 176 species from 138 primary literature sources (see

Table S1) as well as secondary references and databases, Am-

phibiaWeb (amphibiaweb.org), IUCN (IUCN 2021), and the Am-

phiBio database (Oliveira et al. 2017). We classified adult micro-

habitat for 207 species using data previously collated (Buttimer

et al. 2020; Stepanova and Womack 2020) from primary

(Andreone and Luiselli 2003; McCranie and Castañeda 2005;

Brito et al. 2012; Matojo 2015) and secondary references (IUCN

2021; Moen et al. 2016; Moen and Wiens 2017; AmphibiaWeb

[amphibiaweb.org]). We used seven of the eight microhabitat cat-

egories defined by Moen and Wiens (Moen and Wiens 2017):

(1) aquatic—usually in water, (2) arboreal—typically on above-

ground vegetation, (3) burrowing—nonbreeding season spent un-

derground or in burrows they dug, (4) semi-aquatic—partially

aquatic and partially terrestrial, (5) semi-arboreal—partially ar-

boreal and partially terrestrial, (6) semi burrowing—partially

burrowing and partially terrestrial, (7) terrestrial—found on the

ground, under rocks, or in leaf litter, and (8) torrential—found

in high-gradient, fast-flowing streams. We did not include any

semi-burrowing species in this study. All associated data and ref-

erences are in Table S1.

LANDMARKING VERTEBRAE

After obtaining skeleton meshes of all scans, seven landmarks

were placed on each presacral vertebrae of each specimen using

the digit.fixed function in the R package geomorph version 4.0.0

(Adams et al. 2021; Baken et al. 2021). All downstream analy-

ses were likewise performed in R version 4.1.0 (R Core Team

2021). The seven landmarks corresponded to homologous and

repeatable points that defined the outer borders of the vertebrae

(Fig. 1). Six landmarks were in positions on the dorsal face of

the vertebral column. Two of these were placed on either the

right or left caudal tip. Another two landmarks were placed on

the transverse process tips (one on the left and one on the right).

When transverse processes widened toward their terminus rather

than coming to a point, landmarks were placed at the center of

the tip. Two additional landmarks were placed along each ver-

tebra’s central axis: one at the cervical edge between the trans-

verse processes and another at the caudal edge between the cau-

dal tips. The seventh landmark was also placed on the central axis

at the cervical edge but on the ventral face of the column rather

than the dorsal face. We assessed landmark placement reliability

by having at least two separate researchers landmark 80 of our

209 specimens. We performed a generalized Procrustes analysis

(GPA) on each vertebra that had multiple landmarkers, performed

a principal components analysis (PCA) on the aligned landmarks

for each vertebra, and compared within-specimen variation in the

PCA results. To quantify variation among landmarkers, we added

the standard errors of the first four PCA axes for each specimen

and compared the sum of these standard errors among specimens,

looking for outlier specimens with high standard errors. We also

visually inspected the proximity of landmarked vertebrae in the

first four principal components to verify inconsistencies among

landmarkers. This sum-of-standard-errors approach provided a

quality control step that caught large landmarking differences

among researchers, including landmarking errors. We found the

landmarks in this study were reliably placed across all anuran

families and provided novel information, because we could find
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Figure 1. Example landmarks on the first (cervical), third, and eighth presacral vertebrae of a representative micoCT scan. These same

seven landmarks were placed on all presacral vertebrae of each specimen and are described in the methods text.

no other study that analyzed vertebrae in three dimensions at the

macroevolutionary scale.

COMPARING SHAPE EVOLUTION AMONG

VERTEBRAE

To compare shape variation among vertebrae, we first performed

a GPA on each vertebra (209 species, 1650 total vertebrae) to

translate all vertebrae to the origin, scale them to unit-centroid

size, and rotate them (using a least-squares criterion) until the

landmarks were optimally aligned (Gower 1975; Rohlf and Slice

1990) using the gpagen function in the R package geomorph ver-

sion 4.0 (Collyer and Adams 2018, 2021; Adams et al. 2021;

Baken et al. 2021). We then ran PCA to visually compare shape

variation among vertebrae. To determine whether vertebrae shape

was associated with a vertebrae’s position along the vertebral

column, we ran a multivariate analysis of variance (MANOVA)

using the procD.lm function in the R package geomorph ver-

sion 4.0 (Collyer and Adams 2018, 2021; Adams et al. 2021;

Baken et al. 2021) with the all aligned vertebrae for each spec-

imen as the dependent variable and vertebral position (first

vertebrae, second vertebrae, etc.) as the independent variable.

However, we did not include the ninth presacral vertebrae be-

cause only three species (Ascaphus montanus, Dendrobates au-

ratus, and Leiopelma hamiltoni) had nine presacral vertebrae. We

then performed pairwise post hoc analyses to compare vertebrae

shape among individual vertebrae.

COMPARING PHYLOGENETIC MODULARITY AND

EVOLUTIONARY RATES AMONG VERTEBRAE

To determine which vertebrae were evolving at differing rates

or in coordinated ways, we determined the evolutionary rate

and degree of phylogenetic modularity among vertebrae. We

only included the first seven vertebrae for these analyses be-

cause not all 209 specimens had an eighth vertebrae. We also

excluded two species (Myobatrachus gouldii and Craugastor lat-

iceps) from our study that had only six presacral vertebrae. We

aligned the landmarks of each of the first seven vertebrae using

a GPA (as above) and then combined these seven vertebrae via

the combine.subsets function in the R package geomorph ver-

sion 4.0 (Collyer and Adams 2018, 2021; Adams et al. 2021;

Baken et al. 2021), which merges these separate vertebra land-

mark sets into a single morphological dataset. We did not per-

form a second GPA during implementation of combine.subset

function (option GPA = FALSE), so that vertebrae were equally

scaled in our analysis and to avoid introducing covariances

that can mislead modularity analyses when modules are sub-

sets of a common Procrustes superimposition (Cardini 2019). We

then pruned an already published amphibian phylogenetic tree

(Pyron 2014) to match the species in this study. We then

calculated and compared net rates of morphological evolu-

tion among vertebrae, under a Brownian motion model of

evolution (as in Denton and Adams 2015) using the com-

pare.multi.evol.rates function in the R package geomorph ver-

sion 4.0 (Collyer and Adams 2018, 2021; Adams et al. 2021;

Baken et al. 2021). Additionally, we used the phylo.modularity

function to quantify the degree of phylogenetic modularity in

each vertebra by the pairwise covariance ratio (CR: see Adams

2016), under a Brownian motion model of evolution. A sig-

nificant modular signal is found when the observed covariance

ratio coefficient between two vertebrae is small compared to

a distribution of values obtained by randomly assigning land-

marks into subsets. The pairwise matrix of vertebrae modu-

larity was plotted using the R package ggplot2 version 3.3.3

(Wickham 2016).

TESTING THE ASSOCIATION BETWEEN INDIVIDUAL

VERTEBRA SHAPE AND PHYLOGENY, BODY SIZE,

ADULT MICROHABITAT, AND LARVAL HABITAT

We first examined vertebrae individually to see whether certain

vertebrae (e.g., the cervical vertebrae) show stronger associations

between vertebrae shape and body size, adult microhabitat, or lar-

val habitat than other vertebrae. To test whether individual ver-

tebra shape was associated with body size, adult microhabitat,

or larval habitat, we performed MANOVAs that accounted for

phylogenetic relationships among species using the procD.pgls

function in the R package geomorph version 4.0 (Collyer and

Adams 2018, 2021; Adams et al. 2021; Baken et al. 2021). As

above, we first performed a GPA on each vertebral position.
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We then estimated the phylogenetic signal of vertebrae shape

evolution at each vertebral position to understand if phylogeny

influences variation in vertebrae shape and if the strength of phy-

logenetic influence varies among individual vertebrae. We es-

timated phylogenetic signal with the physignal function in the

R package geomorph version 4.0.0 (Adams et al. 2021; Baken

et al. 2021), which estimates the multivariate version of the K-

statistic (Kmult [Adams 2014]). For each vertebral position, we

then ran three separate MANOVAs. All MANOVAs had verte-

brae shape data from a single vertebral position as the depen-

dent variable and the log of the specimen’s SVL as a covariate.

Additionally, one MANOVA had species’ adult microhabitat

as the independent variable to test whether adult microhabitat

affected vertebrae shape. The second MANOVA included the

interaction between adult microhabitat and the log of the spec-

imen’s SVL to test whether adult microhabitat affected the rela-

tionship between body size and vertebrae shape (allometry). The

third MANOVA had larval habitat (instead of adult microhabitat)

as an independent variable to test whether larval habitat affected

vertebrae shape. We subsequently performed post hoc pairwise

comparisons among adult microhabitat and larval habitat for each

vertebral position.

Results of the first MANOVA that had species’ adult mi-

crohabitat as the dependent variable and SVL as a covariate

were plotted using the R package ggplot2 version 3.3.3 (Wick-

ham 2016). Results of the second MANOVA that included the

interaction between adult microhabitat and the log of the spec-

imen’s SVL were plotted using the function plot.allometry in

the R package geomorph version 4.0 (Collyer and Adams 2018,

2021; Adams et al. 2021; Baken et al. 2021). Pairwise post hoc

comparisons for both MANOVAs were plotted using ggplot2 ver-

sion 3.3.3 (Wickham 2016).

TESTING THE ASSOCIATION BETWEEN THE

COMBINED SHAPE OF THE FIRST SEVEN PRESACRAL

VERTEBRAE AND BODY SIZE, ADULT MICROHABITAT,

AND LARVAL HABITAT

To test whether the combined shape of the first seven presacral

vertebrae, which contains more shape variation among species

than an individual vertebra, was associated with body size, adult

microhabitat, or larval habitat, we performed MANOVAs that ac-

counted for phylogenetic relationships among species. As with

our evolutionary rates and phylogenetic modularity analyses,

we only included the first seven vertebrae for these analyses.

But unlike our evolutionary rates and phylogenetic modular-

ity analyses, we combined these seven vertebrae via the com-

bine.subsets during which we performed a second GPA (using

option GPA = TRUE), which scaled bones to their unit-centroid

size and resulted in correct vertebrae proportions. We then used

the procD.pgls function to run the same three MANOVAs and

post hoc pairwise comparisons that we ran with each individual

vertebrae, but we used the combined first seven vertebrae shape

data as the dependent variable.

Results
SHAPE VARIATION AND MODULARITY ALONG THE

ANURAN VERTEBRAL COLUMN

When the shapes of all the vertebrae of each specimen are an-

alyzed, we found a significant association of vertebrae shape

with its position along the vertebral column (F7,1642 = 462.78,

R2 = 0.66, P < 0.001). Post hoc pairwise comparisons among

vertebrae showed that each vertebrae had a distinct average shape

from every other vertebra in the column. A PCA revealed that

vertebrae 1, 2, and 3 are especially distinct and more like one an-

other than to vertebrae 4 through 8, which clustered more closely

together along the first principal component (Fig. 2a). In addi-

tion, we found phylogenetic modularity varies among vertebrae

(CR = 0.67, effect size = –5.00, P < 0.001). We saw an over-

all pattern of increased phylogenetic modularity (increased shape

correlation within vertebrae compared to between vertebrae) as

we moved posteriorly, with lower modularity in the first (cervi-

cal) vertebrae and second presacral vertebrae and very high mod-

ularity among the fifth, sixth, and seventh vertebrae (Fig. 2b).

EVOLUTION RATES AND PHYLOGENETIC SIGNAL

ALONG THE ANURAN VERTEBRAL COLUMN

We found variation among vertebrae in the evolutionary rate and

phylogenetic signal of vertebra shape. Evolutionary rates varied

among vertebrae (effect size = 9.42, P < 0.001), with the cervical

vertebrae having the highest evolutionary rate and the second ver-

tebrae having the lowest evolutionary rate (Fig. 3a). A stepwise

increase in evolutionary rates was found in vertebrae 2–7, except

for no difference in evolutionary rate between vertebrae 3 and

4 (Fig. 3a). Meanwhile, phylogenetic signal was similar among

vertebrae 1 through four (K = 0.33–0.42) and then sharply in-

creased for vertebrae 5–7 (K = 0.78–0.85; Fig. 3b; Table 1).

We found a slight decrease in phylogenetic signal in vertebrae

8 (K = 0.64, Fig. 3b) where sample size is lower, due to fewer

species having eight vertebrae (Table 1).

EVOLUTION OF INDIVIDUAL VERTEBRAE IN

RELATION TO BODY SIZE, ADULT MICROHABITAT,

AND LARVAL HABITAT

We found variation among vertebrae in their associations with

body size, adult microhabitat, and larval habitat (Fig. 3c). Each

vertebra shape had a significant relationship with SVL and adult

microhabitat (Table 1). SVL explained the largest amount of in-

dividual vertebrae shape variation, with vertebra one, two, and

eight having lower associations with SVL (8%–10% R-squared;
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Figure 2. A principal component analysis (a) and correlation plot of pairwise modularity estimates (b) for presacral vertebrae shape.

Colors indicate the position of the vertebrae along the column, with the first (cervical) presacral vertebrae in purple and the eighth

presacral vertebrae in yellow. Panel (b) grayscale shows modularity as a pairwise covariance ratio coefficient, in which a more modular

signal (darker) indicates the observed covariance ratio coefficient between two vertebrae is small compared to a distribution of values

obtained by randomly assigning landmarks into subsets.
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Figure 3. Bar graphs showing variation among individual vertebrae in evolutionary rates of vertebrae shape (a), phylogenetic signal

of vertebrae shape (b), and the relationship between vertebrae shape and snout-vent length, adult microhabitat, and larval habitat (c).

Colors indicate the position of the vertebrae along the column, with the first (cervical) presacral vertebrae in purple and the eighth

presacral vertebrae in yellow.

Table 1; Fig. 3c) and vertebrae 3–7 having higher associations

with SVL (13%–16% R-squared; Table 1; Fig. 3c). Adult mi-

crohabitat was significantly associated with individual vertebrae

shape and explained a consistent amount of variation in all ver-

tebrae (5%–8% R-squared; Table 1; Fig. 3c). We found a signif-

icant association between individual vertebrae shape and larval

habitat (lotic tadpoles, lentic tadpoles, or direct development) for

all vertebrae except vertebrae 4–6. However, the shape variation

explained by larval habitat was less than 4% (Table 1; Fig. 3c) in

all cases.

6 EVOLUTION 2022



ANURAN PRESACRAL VERTEBRAE EVOLUTION

Table 1. Estimates of phylogenetic signal and results from phylogenetic MANOVAs that test for associations between vertebrae shape

and body size, adult microhabitat, and larval ecology.

Phylogenetic Signal Body Size Log(SVL) Adult Microhabitat Larval Habitat

First vertebrae K = 0.37 F1,199 = 22.19, Z = 6.74 F6,199 = 3.01, Z = 3.46 F2,172 = 2.70, Z = 2.76
P < 0.001∗∗∗ R2 = 0.09 R2 = 0.08 R2 = 0.03
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P = 0.005∗∗

Second vertebrae K = 0.37 F1,199 = 19.87, Z = 5.94 F6,199 = 2.71, Z = 3.58 F2,172 = 3.30, Z = 2.90
P < 0.001∗∗∗ R2 = 0.08 R2 = 0.07 R2 = 0.03
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P < 0.003∗∗∗

Third vertebrae K = 0.33 F1,199 = 31.34, Z = 8.12 F6,199 = 3.31, Z = 4.15 F2,172 = 2.83, Z = 2.83
P < 0.001∗∗∗ R2 = 0.13 R2 = 0.08 R2 = 0.03
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P < 0.003∗∗∗

Fourth vertebrae K = 0.42 F1,199 = 36.63, Z = 7.13 F6,199 = 3.13, Z = 4.39 F2,172 = 1.80, Z = 1.63
P < 0.001∗∗∗ R2 = 0.14 R2 = 0.07 R2 = 0.02
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P = 0.05

Fifth vertebrae K = 0.78 F1,199 = 40.61, Z = 6.45 F6,199 = 2.40, Z = 3.41 F2,172 = 1.24, Z = 0.72
P < 0.001∗∗∗ R2 = 0.16 R2 = 0.06 R2 = 0.01
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P = 0.240

Sixth vertebrae K = 0.84 F1,199 = 39.46, Z = 5.70 F6,199 = 2.67, Z = 3.53 F2,172 = 1.36, Z = 0.90
P < 0.001∗∗∗ R2 = 0.16 R2 = 0.06 R2 = 0.01
N = 206 P < 0.001∗∗∗ P < 0.001∗∗∗ P = 0.187

Seventh vertebrae K = 0.79 F1,198 = 33.84, Z = 5.47 F6,198 = 2.53, Z = 3.16 F2,171 = 2.33, Z = 1.94
P < 0.001∗∗∗ R2 = 0.14 R2 = 0.06 R2 = 0.02
N = 205 P < 0.001∗∗∗ P < 0.001∗∗∗ P = 0.027∗

Eighth vertebrae K = 0.64 F1,178 = 21.19 F6,178 = 1.87, Z = 2.24 F2,152 = 3.54, Z = 2.83
P < 0.001∗∗∗ Z = 5.02 R2 = 0.05 R2 = 0.04
N = 184 R2 = 0.10 P = 0.012∗∗ P = 0.002∗∗

P < 0.001∗∗∗

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Although the amount of variation explained by adult mi-

crohabitat was similar among vertebrae, the pairwise differences

between microhabitats varied by vertebrae (Fig. 4). Arboreal

species consistently differed in vertebrae 1 shape compared to

burrowing, aquatic, and terrestrial species (Fig. 4i), with rel-

atively wide and less rostrocaudally lengthened cervical ver-

tebrae (Fig. 4a). Additionally, arboreal and burrowing species

consistently differed in vertebrae 2–7 shape (Fig. 4i) with bur-

rowing species having shorter relative transverse processes (de-

picted by differences along PC1 in Fig. 4b–g). Arboreal species

also consistently differed from semi-aquatic species in vertebrae

2–6 (Fig. 4b–f,i). For particular vertebrae, burrowing and arboreal

species both showed differences in vertebrae shape compared to

terrestrial and semi-arboreal species and arboreal species showed

some additional individual vertebrae shape differences compared

to aquatic species (Fig. 4i).

The relationship between SVL and vertebrae shape

(allometry) differed among adult microhabitats for vertebrae 2–

8 (Fig. 5a–h); however pairwise differences between microhabi-

tats varied by vertebrae (Fig. 5i). Burrowing and aquatic species

had consistently different allometries than arboreal, semi-aquatic,

semi-arboreal, and terrestrial species in at least one vertebra. Bur-

rowing species were most differentiated in allometry in verte-

brae 3–8, seemingly due to shorter and more posteriorly oriented

transverse processes, especially when compared to arboreal and

semi-aquatic species (Fig. 5c–i). Contrastingly, aquatic species

were most allometrically different in vertebra 2, and occasion-

ally vertebrae 3 or 4, seemingly due to lengthened transverse pro-

cesses (Fig. 5b,c,i).

EVOLUTION OF VERTEBRAL COLUMN IN RELATION

TO PHYLOGENY, SVL, ADULT MICROHABITAT, AND

LARVAL HABITAT

When the first seven presacral vertebrae were analyzed in com-

bination, we found similar results as those for individual ver-

tebra shape. We found vertebral column shape had significant

phylogenetic signal (K = 0.58, P < 0.001) and that SVL ex-

plained the largest amount of vertebral column shape varia-

tion (F1,198 = 31.25, R2 = 0.13, P < 0.001), followed by

adult microhabitat (F6,198 = 2.78, R2 = 0.07, P < 0.001), and
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Figure 4. Principal component analysis and post hoc pairwise comparisons of individual presacral vertebrae shape variation among

species that occupy different microhabitats. (a–h) Each PCA plot shows the centroids for each microhabitat with 95% confidence intervals

representedwith error bars. In each plot, wire frame outlines, generatedwith the shape.predictor function, display the predicted vertebra

shape change between the minimum (gray) and maximum (black) PC1 (bottom right) and PC2 (top left) with a 0.5 magnification. (i) Post

hoc pairwise comparisons of vertebrae shape between adult microhabitats from MANOVAs accounting for body size and phylogenetic

relationships. Only microhabitat comparisons with at least one significant difference are shown. The Z-score of each pairwise comparison

is indicated by the size of the circle (smaller = closer to zero) and filled circles indicate statistically significant differences. Scale colors

used from the Wes Anderson color palette “Isle of Dogs 1” (Ram and Wickham 2018).
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Figure 5. Relationship between individual vertebrae shape and body size (allometry) post hoc pairwise comparisons of individual ver-

tebrae allometry among adult microhabitats. (a–h) Each scatterplot shows the relationship between log snout-vent length and the first

principal component of the “predicted” values versus size from a procD.lm fit for each microhabitat. In each plot, wire frame outlines,

generated with the shape.predictor function, display the predicted vertebra shape change between the minimum (gray) and maximum

(black) snout vent lengths with a 1.0 magnification. F-statistics and P values are given for the interaction between snout-vent length

and adult microhabitat from phylogenetic MANOVAs. (i) Post hoc pairwise comparisons of the relationship (slope) between snout-vent

length and vertebrae shape between adult microhabitats from phylogenetic MANOVAs accounting for phylogenetic relationships. Only

microhabitat comparisons with at least one significant difference are shown. The Z-score of each pairwise comparison is indicated by the

size of the circle (smaller = closer to zero) and filled circles indicate statistically significant differences. Scale colors used from the Wes

Anderson color palette “Isle of Dogs 1” (Ram and Wickham 2018).

EVOLUTION 2022 9



K. A. ADLER ET AL.

Figure 6. Principal component analyses of the combined shape of the first seven presacral vertebrae displaying the relationship between

vertebral column shape and adult microhabitat (a), larval habitat (b), snout-vent length (c), and phylogeny (d). (a) Adult microhabitat is

indicated by color and centroids for each microhabitat are connected to the individual species shape data. (b) Larval habitat is indicated

by color and centroids for each larval habitat are connected to the individual species shape data. (c) Snout-vent length of each specimen

is indicated by the size of the dot. (d) Family is indicated by color and centroids for each family are connected to the individual species

shape data. Only the five families with 10 or more species in our dataset are shown. Family colors are from the Wes Anderson color

palette “Isle of Dogs 2” (Ram and Wickham 2018). (e–h) Example vertebrae from four species highlighted with dotted circles in panel (a)

larval habitat explained very little vertebral column shape varia-

tion (F2,171 = 2.19, R2 = 0.02, P = 0.004). Burrowing, aquatic,

and semi-aquatic species all had a significantly different aver-

age vertebral column shape from arboreal species (Figs. 4i, 6a).

We found no overall difference in vertebral column shape evo-

lutionary rates among species with differing adult microhabitats

(effect size = –0.12, P = 0.542) or larval habitat (effect size =
–0.06, P = 0.518). However, we found differences in ver-

tebral column shape allometry among adult microhabitats

(F6,192 = 1.92, R2 = 0.05, P < 0.001). Burrowing species had
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distinct vertebral column allometries from semi-aquatic and ar-

boreal species (Fig. 5i). Semi-aquatic species also differed in ver-

tebral column allometry from aquatic species (Fig. 5i).

Discussion
In this first three-dimensional macroevolutionary analysis of frog

presacral vertebrae shape, we identified distinct evolutionary pat-

terns between the cervical vertebra and the trunk vertebrae, as

well as variation in evolutionary patterns among trunk vertebrae.

We also found that vertebrae shape is more associated with dif-

ferences in body size than differences in adult microhabitat or

larval habitat among species. Although we found no differences

in evolutionary rates of vertebrae shape among adult or larval

ecologies, we did find variation in evolutionary rates of vertebrae

shape related to developmental timing, reinforcing the hypothesis

that later developing traits are more evolutionarily variable.

VARIATION IN SHAPE AMONG PRESACRAL ANURAN

VERTEBRAE

Our data reveal region-specific patterns of trunk vertebrae evo-

lution within Anura’s shortened vertebral column. We show that,

like many other tetrapod clades, anuran presacral vertebrae have

differing evolutionary rates and phylogenetic modularity along

the vertebral column. We found the cervical vertebra (the most

rostral presacral vertebra) had a distinct shape and high evolu-

tionary rate when compared with other presacral vertebrae. The

high evolutionary rate of the cervical vertebrae in Anura counters

the conserved shape of cervical vertebrae in other tetrapods, such

as carnivorans (Randau and Goswami 2017, 2018). Although we

found no differences in evolutionary rates among microhabitats,

the increased evolutionary rate of the cervical vertebrae could be

related to selection pressures for cranial stabilization during more

specific locomotor modes, such as head-first burrowing, that

we did not examine in this study. Furthermore, the similarity in

shape of the fourth through eighth presacral vertebrae combined

with the higher modularity among these vertebrae suggests these

posterior presacral vertebrae may be evolving as a distinct mod-

ule from second and third presacral vertebrae. Unlike the lumbar

vertebrae of felids that seem to form a functional module (Randau

et al. 2016; Randau and Goswami 2017; Jones et al. 2018b), we

lack evidence that ecological selection pressures had a substan-

tial influence on the shape evolution of anuran posterior presacral

vertebrae. Instead, we found anuran posterior presacral verte-

brae have high phylogenetic signals, indicating they are evolving

closer to the expectations of Brownian motion than the cervical

vertebrae and the first two trunk vertebrae. Thus, we hypothesize

that shared genetic, developmental, or functional interactions as-

sociated with phylogeny are influencing the evolution of anuran

posterior presacral vertebrae.

Serial homologous structures (like vertebrae) are initially

formed by duplicated developmental programs (Hall 1995). De-

spite this initial integration from shared development, serially

homologous structures often become more modular over evolu-

tionary time, leading to modification, or even loss, of individual

components (reviewed in Sadier et al. 2022). Anuran presacral

vertebrae provide another example of serially homologous struc-

tures that have differentiated over millions of years, although the

exact reasons for anuran presacral vertebrae differentiation re-

main unclear. By identifying large differences in presacral ver-

tebrae evolution among individual vertebrae, as well as among

anuran clades, our data provide a starting point for compara-

tive research into the genetic and developmental underpinnings

of anuran presacral vertebrae differentiation.

LIMITED EVIDENCE FOR SELECTION PRESSURES

RELATED TO LARVAL AND ADULT ECOLOGY ON

PRESACRAL VERTEBRAE SHAPE EVOLUTION

Adult microhabitat explains very little variation in presacral ver-

tebrae shape and larval habitat explains even less, indicating that

adult and larval ecologies do not impose strong selection pres-

sures on presacral vertebrae shape. The low associations be-

tween presacral vertebrae shape and adult microhabitat are con-

sistent with low association between anuran pelvic features and

adult microhabitat, including the sacral vertebrae and urostyle

(Buttimer et al. 2020). Furthermore, the consistently low asso-

ciation between vertebrae shape and adult and larval ecology in-

dicates that, although presacral vertebrae show modularity, they

lack evidence for functional regionalization. This contrasts the

evidence for function-based modules in other tetrapod groups,

such as mammals (Randau et al. 2016; Randau and Goswami

2017; Jones et al. 2018b) and ray-finned fishes (Maxwell et al.

2021). Our findings also contrast evidence for function-based

evolution of other skeletal features, such as anuran limb bone

shapes, in which adult microhabitat explains up to 17% of in-

terspecific limb bone shape variation in the distal limb bones

(Stepanova and Womack 2020).

However, the differentiation in vertebrae shape between bur-

rowing and arboreal anurans, specifically differences in trans-

verse processes, supports descriptive findings from previous

comparative studies that showed burrowing, walking, and hop-

ping anurans had distinct presacral vertebrae characteristics

(Emerson 1982). Although Moen (2019) found no difference in

jump velocity evolutionary optima among anuran microhabitats,

burrowing species are more often classified as hoppers or walk-

ers than jumpers (Buttimer et al. 2020). Thus, selection pres-

sures related to shorter jump distance or stabilization of the

trunk against forces generated during digging may explain the

distinct evolution of vertebrae shape in burrowing species. Fur-

thermore, the shorter transverse processes of burrowing anurans
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mirror the shorter transverse processes that characterize burrow-

ing mammals (Jones et al. 2018b); however, scansorial/climbing

and burrowing mammals show similar vertebrae shapes (Jones

et al. 2018b), which contrasts the vertebrae shape differentiation

we found between arboreal and burrowing anurans.

An even smaller amount of presacral vertebrae shape varia-

tion is associated with larval habitat, suggesting that the presacral

vertebrae do not play a significant role in selective pressures as-

sociated with microhabitat at this stage in anuran development.

This supports previous work that suggested the tail is the structure

most responsible for variation in tadpole locomotion (Hoff and

Wassersug 2000; Azizi et al. 2007). An alternative explanation

is that the categories of lentic and lotic lack the specificity nec-

essary to characterize the variation that is present. For example,

some species of tadpoles exhibit burrowing that has been noted to

lead to morphological differences such as the presence of caudal

vertebrae (Handrigan and Wassersug 2007). This type of behav-

ior might lead to significant variation in the shape of presacral

vertebrae too but could not have been captured by our catego-

rizations. Finally, there is the possibility that metamorphosis ob-

scures the variation that is present during this stage by acting as a

distinct boundary between larval and adult morphologies. Even if

variation did exist in vertebral shape among larval anurans based

on the selective pressures of this stage, metamorphosis (and as-

sociated cartilage remodeling) might act as a filter that reshapes

differences in response to new selective pressures, conserving a

distinct adult form (Moran 1994).

THE RELATIONSHIP BETWEEN BODY SIZE AND

VERTEBRAE SHAPE

Anuran body size has the largest association with each individual

vertebra’s shape as well as overall vertebral column shape. Sig-

nificant vertebrae allometry (the relationship between size and

shape) has also been found in studies of mammals (Jones 2015;

Randau et al. 2016; Jones et al. 2018b; Marchesi et al. 2021)

and crocodilians (Iijima and Kubo 2019). However, the specific

changes in vertebrae shape associated with larger body size dif-

fer from patterns found in mammals, which have craniocaudally

shorter and dorsoventrally taller vertebrae in larger species (Jones

2015). In contrast, anuran species with larger body sizes have

either minimal change in craniocaudal length or craniocaudally

lengthened vertebrae (especially vertebrae 1, 4m and 5) and a

general trend of more anteriorly positioned transverse process

tips. Furthermore, in mammals, studies have found allometric

differences between aquatic and terrestrial species (Jones and

Pierce 2016) as well as between terrestrial and scansorial species

(Randau et al. 2017). However, in anurans we mainly found

differences in vertebrae allometric scaling in burrowing species

when compared to semi-aquatic and arboreal species in ver-

tebrae 3–8. Notably, aquatic species were most allometrically

differentiated from other microhabitats in vertebra 2, and occa-

sionally vertebrae 3 of four, further distinguishing the evolution-

ary patterns of anterior trunk vertebrae from more posterior trunk

vertebrae.

EVIDENCE THAT DEVELOPMENTAL TIMING AFFECTS

PRESACRAL VERTEBRAE SHAPE EVOLUTION

We found an increase in vertebra evolutionary rate along the ver-

tebral axis, apart from the high cervical vertebrae evolutionary

rate (discussed above). In the trunk vertebrae, we see a corre-

lation between evolutionary rate of vertebra shape and timing

of ossification, except for the third and fourth presacral verte-

brae. The similar evolutionary rates of presacral vertebrae 3 and

4 are likely linked with their similar expansions and contractions

of transverse process lengths, which are exaggerated in pipid

frogs and show distinct evolutionary patterns from more poste-

rior presacral vertebrae (as displayed in Fig. 6e). This increase

in the evolutionary rate of trunk vertebrae shape along the verte-

bral column also correlates with the initial clock and wavefront

process that lays down the axial skeleton from anterior to pos-

terior during somitogenesis (Pourquié 2003; Gomez et al. 2008;

Pourquié 2011). Our finding mirrors a study in mammals that

found an increase in evolutionary rate as you move posteriorly

in the vertebral column (Jones et al. 2018b). And the combina-

tion of higher evolutionary rates and more phylogenetic modular-

ity of later-developing anuran presacral vertebrae adds interest-

ing evidence toward speculation made by Randau and Goswami

(2017), which showed strong covariation between the most ante-

rior and most posterior presacral vertebrae that ossified later than

other vertebrae. Furthermore, correlations between developmen-

tal timing and evolutionary rate have been found for other anu-

ran skeletal traits, suggesting that those skeletal features are less

developmentally constrained than earlier developing bones. Anu-

ran limb bones (Stepanova and Womack 2020) and skull bones

(Bardua et al. 2021) that develop and ossify later in ontogeny

show more evolutionary lability and late-forming bones, such as

digits (Alberch and Gale 1985) and middle ear bones (Pereyra

et al. 2016), show more frequent evolutionary losses.

Conclusions
Many studies have analyzed the Bauplan of anurans; however,

until now Anura’s unique vertebral column remained unexamined

at the macroevolutionary scale. Using phylogenetic comparative

methods to look across hundreds of species, we found variation in

shape and evolutionary rates among anuran vertebrae, dispelling

any notion that trunk vertebrae evolve uniformly. In general, we

found little evidence for selection pressures related to adult or

larval ecology affecting presacral vertebrae evolution, but we did
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find body size was most highly associated with vertebrae shape

across all presacral vertebrae. Finally, this study contributes to

rapidly growing evidence that increased evolutionary rates in

later developing structures may be a theme in the anuran skele-

ton. Follow-up studies examining ontogenetic changes in gene

expression as vertebrae develop could determine whether later

developing vertebrae show higher evolutionary rates because of

increased variation in gene expression. And species with extreme

vertebrae morphologies, such as Pipa pipa or Nasikabatrachus

sahyadrensis, provide excellent candidates for understanding the

genetic underpinnings of presacral vertebrae shape evolution.
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