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Abstract

The role of evolutionary and ecological processes with regard to the bauplan of anuran larvae 
remains little understood. We studied tadpoles of 144 lentic or lotic taxa in 22 families from 
seven zoogeographic regions. Using stacked high-resolution images, standardized examination 
of 30 morphological characters of preserved tadpoles (of body, tail, oral disc) were scored and 
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compared to the impact of phylogenetic signal (multiple nuclear and mitochondrial markers) and 
macro-climate. Additionally, larvae were characterized as living in a lentic versus lotic environ-
ment and if nutrition specialist or not. Categorical Principal Component Analysis, distance matri-
ces and pairwise correlation analyses were performed. Our results suggest that phylogeny has a 
higher impact on the morphology than habitat (i.e. lentic, lotic), while no effect of macro-climate 
or food specialization was found. We emphasize the value of highly standardized morphological 
data when investigating the influence of different factors of phenotypic variation.
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Introduction

Most amphibian species have a bipha-
sic life cycle with commonly a free-living 
aquatic larval stage. They undergo meta-
morphosis when changing into a terres-
trial stage that, after a while, gains sexual 
maturity (Wassersug, 1975; Duellman & 
Trueb, 1986; Viertel, 2024). This is unique 
among tetrapods and leads to a battery 
of questions. The most diverse group of 
amphibians are the Anura (almost 7,800 
species; https://www.amphibiaweb.org, 
accessed 3 January 2025), frogs and toads, 
with their larvae also known as tadpoles. 
These can be found in many different 
aquatic environments, such as lentic and 
lotic water bodies, but exceptions exist, 
including terrestrial ‘direct’ developers 
(Altig & Johnston, 1989; Viertel, 2024). 
Tadpoles show a remarkable morpho-
logical diversity, and it is suggested that  
(i) phylogeny and (ii) environmental fac-
tors shape what they look like. Thereby, 
as far as we understand, the gain of new 
features is uncommon, as for example sug-
gested for the development of an abdomi-
nal belly sucker in tadpoles that live in fast 

running streams (e.g. Amolops, Atelopus; 
Altig & McDiarmid, 1999a). Most larvae 
rather show modifications of a conserva-
tive ancestral bauplan, restricted in struc-
tural change (Hall, 1992; Hanken, 1999; 
Haas et al., 2014).

However, much of our interpretation of 
tadpole diversity and biology is based on 
a ‘black box’. There is a significant knowl-
edge gap, as for more than half of all spe-
cies information on their embryonic or 
larval stages is lacking (Vera Candioti et al., 
2023). This shortfall is also one reason 
why with regard to phylogeny, the impact 
on bauplan modifications remains little 
understood. Roelants et al. (2011), using 
78 anurans, demonstrated that the larval 
morphology of the three early diverged 
anuran lineages did not show innovations 
in the basic bauplan, and homoplasy is 
assumed as key descriptor of morpho-
logical evolution. This was confirmed in 
a study of Australian anurans, also when 
comparing them with non-Australian taxa 
(Sherratt et al., 2017). According to this 
study, there is limited phylogenetic signal 
in tadpole body shape. Moreover, sup-
porting this view, extreme adjustments of 

https://www.amphibiaweb.org
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tadpole morphology are rather adaptive 
specializations (Haas et al., 2014).

Regarding environmental factors, both 
biotic and abiotic aspects play an impor-
tant role (Heyer et al., 1975). For instance, 
predation can cause adaptive response in 
tadpoles of the same species (i.e. plastic-
ity), but this phenotypic variation within 
the same genotype does not lead to sig-
nificant evolutionary bauplan changes 
(Relyea, 2001; 2004). Likewise, although 
tadpoles can be highly diverse in nutri-
tion and mouth part morphology, this is 
of minor relevance (Diaz-Paniagua, 1985; 
Heyer, 1976). However, this aspect has 
been little studied in the context of the 
entire anuran tree.

In contrast, abiotic aspects might have 
stronger effects on the tadpole bauplan. 
The macro-climate – considered a ‘sceno-
poetic’ determent in ecology  – shapes 
the landscapes and all kinds of biological 
responses (Soberón, 2007). Macro-climatic 
effects on the tadpole bauplan have been 
little studied so far. They were only indi-
rectly tested via the availability of water 
(Heyer et al., 1975). Next to the expected 
effects at the landscape scale, local abiotic 
aspects play a role in the tadpole bauplan.

Previous studies putting light on the 
influence of phylogeny and environment 
on the body shape are limited to particular 
taxonomic groups or regions. Richardson 
(2001), studying 14 Nearctic taxa in three 
families, showed that phenotypes could 
neither be explained by taxonomy nor 
habitat. Marques & Nomura (2015) focused 
on 101 Neotropical species from eight fami-
lies. They found that the way how morpho-
logical data were taken had an influence 
on how ecological variation could be 
explained by phylogeny. Our own study 

on morphological adaptations of 43 lentic  
and 80 lotic tadpoles of Madagascan 
anurans provides evidence for significantly 
different morphologies and suggests that 
the general (ancestral conservative) larval 
bauplan is primarily determined by (local) 
habitat, with only little influence from 
phylogeny (Laudor et al., 2021). However, 
as in other comparative tadpole studies 
using information from various sources, 
we might underlie a bias of undetermined 
dimension. The reason is that informa-
tion in various studies were not provided 
or recorded according to a standardized 
data and description protocol. Therefore, 
and with the goal to maximize the set of 
species, we had to interpret tadpole mor-
phology based on published descriptions 
and to re-measure morphology using pro-
vided illustrations (Laudor et al., 2021). 
Excluding this bias requires a higher level 
of standardization of data recording and 
description (cf. Marques & Nomura, 2015).

The goal of the present study is to 
extend our earlier approach on modifica-
tions of the general tadpole bauplan in 
lentic and lotic habitats by (i) applying 
the same analytical process and charac-
ter information considered in our earlier 
study and (ii) increasing the set of spe-
cies over larger taxonomic and geographic 
space supported by more robust phylo-
genetic information, while (iii) reducing 
potential biases by performing all exami-
nation on tadpoles by one single person 
and a standardized procedure of measure-
ment directly taken from the larvae.

In addition to testing the influence of 
habitat  – i.e. lentic versus lotic  – against 
phylogeny on the bauplan (cf. Laudor et al., 
2021), we also examine the influence of 
macro-climate and nutrition. In line with 
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our earlier results (Laudor et al., 2021), 
we expect that tadpoles’ morphologies 
are rather influenced by habitat than by 
shared evolutionary history (hypothesis 1). 
As biotic interactions are suggested to only 
have a weak influence on the evolution of 
larval bauplan (e.g. Diaz-Paniagua, 1985; 
Relyea, 2001), our expectation is that the 
climate at the landscape scale influences 
tadpole morphology significantly more 
than phylogeny (hypothesis 2). Finally, we 
hypothesize that (3) nutrition has no sig-
nificant influence on tadpole morphology.

Materials and methods

Study design
We examined bauplan characteristics (i.e. 
morphology, morphometrics) of lentic 
and lotic tadpoles stored in scientific col-
lections, nutrition information on them, 
their phylogenetic position in the anuran 
tree of life, and bioclimatic information 
at tadpole collection sites. To explain bau-
plan characteristics, data were analyzed 
using categorical Principal Component 
Analysis (catPCA), distance matrices and 
pairwise correlation analyses.

Tadpole body data
With the goal to account for (i) standard-
ized data recording and (ii) considering 
tadpoles of various taxa, well spaced of 
the anuran tree of life and belonging to dif-
ferent zoogeographic regions (sensu Holt 
et al., 2013) were studied. They belong to 
81 genera in 22 families from the following 
zoogeographic regions: Nearctic, Panama-
nian, Neotropical, Palearctic, Afrotropical, 
Madagascan, Oriental (appendix 1). Out 
of these, we examined 893 tadpoles of  

144 anuran species (1–40 tadpoles per spe-
cies), 83 of which lentic and 61 lotic. The 
material is deposited in the following sci-
entific collections: Naturkundemuseum 
Erfurt (NME); Senckenberg Forschungs-
institut und Naturmuseum, Frankfurt 
(SMF); Staatliches Museum für Natur-
kunde, Stuttgart (SMNS); Museum für 
Naturkunde, Berlin (ZMB); Zoologisches 
Museum Hamburg (ZMH); Zoologische 
Staatssammlung, München (ZSM). For a 
detailed list of taxa, sampling and all raw 
data see appendices 2 and 3. In 108 species, 
the specific allocation was via DNA bar-
coding. In 3 species, larvae were obtained 
from captive parents. In the remaining 33 
species, identifications were via morphol-
ogy. All data was collected and categorized 
by the same person (AS) to reduce poten-
tial biases due to different categorizations.

A setup of a SLR camera and magnifier 
lenses (Canon 100 mm 2.8L and Canon 
MP-E 65 mm) mounted on an electronic- 
driven macro rail was used for the digital 
images. A stack of 10–15 images was taken 
and merged using Helicon Pro software to 
achieve images with a high depth of focus. 
High resolution images and morphologi-
cal measurements of all species studied 
were made available via an online tad-
pole database related to ongoing research 
on anuran larvae (https://www.anuran 
larvae.de). We attached a scale bar to all 
photographs. Morphological descriptions 
and measurements were done based on 
digital and scaled images of preserved tad-
poles (figure 1A, B).

Terminology of morphological charac-
ters follows Altig & McDiarmid (1999b). 
To identify developmental stages, the 
classification system of Gosner (1960) 
was used. Structures of the oral apparatus 

https://www.anuranlarvae.de
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Figure 1	 Preserved and adjusted tadpole (left), and photo setup for digital image stacking 
of tadpoles and their morphological parameters

were described according to Altig (1970), 
except for the term ‘keratodont’, which is 
used for the keratinized structures on the 
labia of the oral disc (also known as labial 
teeth). Marginal papillae are considered 
separately for the region of the upper 
labium, the lateral region, and the region 
of the lower labium and the ‘marginal 
papillae row formula’ (MPRF) is provided 
according to Schulze et al. (2015). In total,  
30 characters were taken:

	� A ratios of: (a) body width to body 
length, (b) body width to body height, 
(c) body length to total length, (d) oral 
disc width to body width, (e) tail mus-
cle width to body width, (f) tail muscle 
height to body height, (g) tail muscle 
height to tail height, (h) height of fins 
to tail muscle height;

	� B position of oral disc: [1] anterior,  
[2] almost anterior, [5] anterodorsal, 
[6] anteroventral, [8] near ventral, [9] 
ventral;

	� C disc emarginated: [1] no, [2] posteri-
orly, [3] laterally and posteriorly, [4] lat-
erally, [5] anterolaterally, [6] anteriorly;

	� D numbers of (a) anterior and (b) pos-
terior keratinized rows: [−1] no data, [0] 
absent;

	� E (a) anterior and (b) posterior gaps 
in the keratinized rows: [−1] no data,  
[0] absent;

	� F anterior papillae: [0] absent, [1] one 
row of papillae, [10] one alternating row  
of papillae, [15] one to two rows of papil-
lae, [2] two rows of papillae, [20] two 
alternating rows of papillae, [25] two to 
three rows of papillae, [9] irregular;

	� G lateral papillae: [0] absent, [1] one 
row of papillae, [10] one alternating 
row of papillae, [15] one to two rows of 
papillae, [2] two rows of papillae, [20] 
two alternating rows of papillae, [25] 
two to three rows of papillae, [3] three 
rows of papillae, [35] three to four rows 
of papillae, [4] four rows of papillae, 
[45] four to five rows of papillae, [9] 
irregular;

	� H posterior papillae: [0] absent, [1] one 
row of papillae, [10] one alternating row 
of papillae, [15] one to two rows of papil-
lae, [2] two rows of papillae, [20] two 
alternating rows of papillae, [25] two  
to three rows of papillae, [3] three rows 
of papillae, [35] three to four rows 
of papillae, [4] four rows of papillae,  
[45] four to five rows of papillae, [55] five  
to six rows of papillae, [9] irregular;
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	� I upper jaw sheath shape: [−1] no data, 
[0] absent, [1] arched, [3] M-formed, 
[4] bar, [5] unarched and unbowed, [6] 
triangular;

	� J lower jaw sheath shape: [0] absent, [1] 
V-formed, [2] U-formed, [3] M-formed, 
[4] divided, [5] curved;

	� K submarginal papillae: [0] no, [1] yes;

	� L jaw sheath present: [0] no, [1] yes;

	� M nostrils present: [−1] no data, [0] no, 
[1] yes;

	� N position of nostrils: [0] absent, [1] 
anterior, [2] anterodorsally, [3] antero-
laterally, [4] dorsally, [6] dorsolaterally, 
[7] laterally;

	� O direction of nostrils: [0] absent, [1] 
anterior, [2] anterodorsally, [3] antero-
laterally, [4] dorsally, [5] lateroventrally, 
[6] dorsolaterally, [7] laterally;

	� P position of eyes: [2] anterodorsally, 
[3] anterolaterally, [4] dorsally, [6] dor-
solaterally, [7] laterally;

	� Q direction of eyes: [3] anterolater-
ally, [4] dorsally, [6] dorsolaterally, [7] 
laterally;

	� R relative height of fins: [−1] no data,  
[1] dorsal fin (d) equal to ventral fin (v), 
[2] d ≤ v, [3] v > d;

	� S lateral line visible: [0] no, [1] yes;

	� T dorsal fin reaches onto body: [0] no, 
[1] yes;

	� U tip of tail: [−1] destroyed (no data), [1] 
round, [2] triangular, [3] elongate flagel-
lum, [4] pointed, [5] finely acuminate.

Phylogenetic data (code P1)
Sequence data for multiple markers 
(nuclear: BDNF, BMP2, CMYC, CRYBA, 
CXCR4, H3A, MC1R, MYH, NCX1, NT3, 
POMC, RAG1, RAG2, RHO, SIA, SLC8A3, 
TNS3, TYR, ZFX; mitochondrial: 12S, 16S, 

CO1, CYTB, ND1, ND2, ND4) for the spe-
cies studied in this paper were adopted 
from the anuran phylogeny by Portik et 
al. (2023) using python libraries (https://
biopython.org; https://pandas.pydata.org).  
Information was available for 142 of the 
144 taxa, excluding Megastomatohyla pel-
lita and Occidozyga baluensis. Extracted 
data were processed with MEGA 11 (Kumar 
et al., 2018) (https://www.megasoftware 
.net/, accessed 25 November 2024) by 
combining and filtering data to a single 
*.fas file (MEGA 11). We used GTR+G+I as a 
substitution model, which is the most gen-
eral among those routinely used in DNA 
sequences studies. It is based on the Juke-
Cantor model, which introduced a correc-
tion of simple p-distances for saturation 
effects (Guindon et al., 2003). We calcu-
lated the GTR+G+I model using provided 
configuration of ‘jmodeltest2’ Darriba  
et al., 2012) (https://github.com/ddarriba 
/jmodeltest2, accessed 25 November 2024)  
and resulting distance matrix using PAUP* 
(Swofford, 2003). In this way, we cre-
ated the distance matrix [P1] based on 
GTR+G+I.

Macro-climate data (code C1)
We downloaded a global set of 19 grid- 
based bioclim variables (bio1-bio19; Booth 
et al., 2014) from the CHELSA website 
(https://chelsa-climate.org/, accessed 
15 May 2023) at resolution 1 arc sec for 
the period from 1979 to 2013 (Karger at 
al., 2017). We stacked original GeoTIFF 
files and extracted bioclimatic values 
with the ‘raster’ package for R. Data were 
extracted at 506,419 localities of the 
144 study species taken, after a critical 
check for geographic plausibility, from 

https://biopython.org
https://biopython.org
https://pandas.pydata.org
https://www.megasoftware.net/
https://www.megasoftware.net/
https://github.com/ddarriba/jmodeltest2
https://github.com/ddarriba/jmodeltest2
https://chelsa-climate.org/
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Global Biodiversity Information Facility 
(GBIF) (https://www.gbif.org, accessed 
14 June 2023). We finally calculated the 
arithmetic mean of each bio1 to bio19 
for each species based on all localities. 
Species-wise mean values of bioclim val-
ues are listed in appendix 4 while bio-
clim variable definitions can be found in 
appendix 5.

Ecological information (code G1)
Altig & Johnston (1989) defined ecomor-
phological guilds for tadpoles. However, 
these are complex constructs combin-
ing various characters, here potentially 
leading to errors when considered in full. 
To complement our observations on col-
lected material, for each species we sim-
ply followed the authors’ general division 
into lentic and lotic [G1a]. In addition, we 
adopted from Altig & Johnston (1989) if 
tadpoles are nutrition ‘specialists’ yes (i.e. 
carnivorous, macrophagous, oophagous) 
or not [G1b]. For details on species see 
appendix 2.

Data analysis
The combination of numerical and cat-
egorical morphological characters led us 
to perform a categorical Principal Com
ponent Analysis (catPCA) using SPSS (cf. 
Laudor et al., 2021). The resulting dimen-
sional values are ratio scaled and allow 
the calculation of pairwise Euclidean dis-
tances (coded as [A]).

In a subsequent step, we calculated 
pairwise Gower-distances (Gower, 1971) 
using the daisy-function provided in the 
‘cluster’ package for R for the following 
datasets: generated arithmetic means of 
the bioclim variables (coded as [C2]); the 

raw data containing numerical and cat-
egorical characters (coded as [B]).

Applying the described procedure on 
the guild information dataset [G1a, G1b], 
the following datasets were created: pair-
wise distance of species classified as lentic 
or lotic (coded as [G2a]); pairwise distance 
classified by the mode of nutrition (coded 
as [G2b]).

Correlations between the generated 
datasets were examined with Mantel tests 
between the responsive variables [A], [B] 
and the predictor variables each of the 
respective distance matrices, i.e. [P1], [C2], 
[G2a] and [G2b]. In a first approach we 
performed Mantel tests for [A] + [P1] and 
so on as shown in figure 2. We also took 
the possible influence among the predic-
tor variables into account by performing 
partial Mantel tests following the scheme 
[A] + [P1] but eliminating the influence of 
[C2] (= [A] + [P1] − [C2]); see figure 2.

All correlations were computed 
employing the ‘vegan’ package for R, using 
Spearman’s rank correlation with 9,999 
permutations. As we performed up to five 
Mantel tests on the same dataset, we took 
into account the risk of randomly signifi-
cant results by increasing the initial sig-
nificance threshold alpha  =  0.05 to 0.01 
using Bonferroni-correction. Eventually, 
we calculated a Generalized Linear Model 
(GLM), using the standard stats package 
(version 3.6.2) in R (https://rdocumenta-
tion.org/packages/stats/versions/3.6.2, 
accessed 12 July 2023).

Given the many knowledge gaps in 
anuran larvae (Vera Candioti et al., 2023), 
similar to our earlier study (Laudor 
et al., 2021), we here tried to use a robust 
approach that is less dependent on data 

https://www.gbif.org
https://rdocumentation.org/packages/stats/versions/3.6.2
https://rdocumentation.org/packages/stats/versions/3.6.2
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Figure 2	 Flow chart from left to right of Mantel tests (grey) and partial Mantel tests performed with 
results from catPCA [A], Gower-distance [B], phylogeny [P1], bioclimatic variables [C2] and 
guild information, i.e. lentic versus lotic [G2a] and nutrition [G2b], as described in Materials 
and methods

A
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P1

C2

G2a or G2b

C2

P1

G2a or G2b

G2a

P1

C2

G2b

G2b

P1

C2

G2a

+

-

-

-

-

completeness, i.e. distances matrices com-
pared with Mantel tests.

Results

Principal Component (PC) 1 of the catPCA 
explains 18% of the variance, marking a 
gradient from solely lotic to lentic tad-
poles, with a large overlap among the two 

groups (figure 3). As visible in table 1, PC 
1 is determined by aspects of tail muscles 
and fins, oral structures (oral disc, jaw 
sheaths) and nostrils.

Comparing table 1 with the categori-
cal quantification in appendix 6 reveals 
that species correlating positively to PC1 
mostly share the following characteristics: 
TMH/BH  >  0.63; TMH/TH  >  0.59; height 
of fins/TMH  >  1.42; position of oral disc: 
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anteroventral or near ventral; upper jaw 
sheaths M-formed or like a bar; lower 
jaw sheaths U- or V-formed; position and 
direction of nostrils: anterodorsally or 
anterolaterally or laterally.

Distance matrix network based on all 
dimensions of table 1, explaining 77.7% of 
the total variance, is shown in figure 4. We 
here compare lotic and lentic species, the 
first of which mentioned showing higher 
morphological distances to each other and 
(when described visually) mainly appear 
in the peripheral region, with lentic spe-
cies mainly present in the central region. 
The distance matrix network considering 

nutrition-specialization (appendix 7) 
shows little clustering tendencies of the 
specialists in the upper part of the net-
work, with outliers scattered elsewhere.

Results of the Mantel tests are shown 
in table 2, starting with comparison of 
catPCA-distance [A] and Gower-distance 
[B], computed as significantly similar. Fur-
ther results were computed as described 
in the method section, with all significant 
p-values being smaller than the Bonferroni 
threshold of 0.01. Consequently, all phylo-
genetic and guild-related variables are sig-
nificantly correlated with body features, 
while bioclim variables are not. Using 

Figure 3	 Scatterplot of catPCA scores along the first two principal components (PC1, 
PC2) with species grouped by occurrence in lentic versus lotic habitats. For PC 
loadings see appendix 10.
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Table 1	 Scores of catPCA for 30 characters based on tadpoles of 144 anuran species

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

A ratio of: body 
width to body length

0.038 −0.085 −0.171 −0.106 −0.144 0.304 0.664 −0.141

A ratio of: body 
width to body height

−0.352 −0.605 −0.241 0.227 −0.119 0.144 0.235 −0.252

A ratio of: body 
length to total length

0.353 −0.188 −0.265 0.083 −0.298 0.007 −0.105 −0.194

A ratio of: oral disc 
width to body width

−0.288 −0.474 0.173 0.217 −0.237 0.224 0.159 0.082

A ratio of: tail muscle 
width to body width

−0.386 −0.155 0.578 0.234 0.358 −0.037 −0.012 0.276

A ratio of: tail muscle 
height to body height

−0.589 −0.404 0.364 0.314 0.327 −0.022 0.068 0.110

A ratio of: tail muscle 
height to tail height

−0.599 −0.523 0.280 0.218 0.151 −0.135 0.221 0.005

A ratio of: height of 
fins to tail muscle 
height

0.595 0.500 −0.250 −0.114 −0.136 0.205 −0.048 −0.036

B position of oral 
disc

0.639 −0.332 −0.227 −0.241 −0.112 −0.068 −0.219 0.142

C disc emarginated −0.027 0.408 0.090 0.343 0.533 0.114 −0.242 −0.146
D numbers of ante-
rior keratinized rows

0.251 −0.659 0.145 −0.413 0.138 −0.166 0.145 −0.191

D numbers of poste-
rior keratinized rows

0.445 −0.518 −0.052 −0.271 −0.021 −0.059 0.326 0.105

E anterior gaps in the 
keratinized rows

0.298 −0.536 0.131 −0.473 0.153 −0.256 0.035 −0.108

E posterior gaps in 
the keratinized rows

0.379 −0.124 0.038 −0.321 0.076 −0.478 −0.043 0.261

F anterior papillae −0.065 −0.114 0.547 −0.395 −0.005 0.363 −0.200 −0.057
G lateral papillae 0.101 −0.119 0.497 −0.460 0.120 0.432 −0.123 −0.213
H posterior papillae 0.176 −0.237 0.465 −0.347 0.173 0.545 −0.153 −0.158
I upper jaw sheath 
shape

0.749 −0.301 −0.190 0.299 0.372 0.160 0.063 0.142

J lower jaw sheath 
shape

0.737 −0.324 −0.208 0.285 0.387 0.150 0.072 0.118

K submarginal 
papillae

0.074 −0.006 0.154 0.028 −0.296 0.351 0.032 0.659

L jaw sheath present 0.738 −0.314 −0.200 0.281 0.391 0.140 0.064 0.123
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PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

M nostrils present 0.572 −0.087 0.531 0.477 −0.320 −0.076 −0.050 −0.140
N position of nostrils 0.562 −0.081 0.538 0.479 −0.325 −0.081 −0.050 −0.143
O direction of 
nostrils

0.572 −0.084 0.542 0.466 −0.325 −0.081 −0.046 −0.136

P position of eyes 0.221 0.494 0.514 −0.215 0.043 −0.301 0.301 −0.004
Q direction of eyes 0.266 0.482 0.517 −0.158 0.015 −0.293 0.345 0.006
R relative height of 
fins

−0.027 −0.459 −0.025 −0.008 0.244 −0.415 −0.334 −0.182

S lateral line visible 0.099 −0.021 0.311 −0.266 −0.091 −0.003 −0.089 0.452
T dorsal fin reaches 
onto body

0.318 0.514 0.073 −0.148 0.296 0.092 0.171 −0.154

U tip of tail 0.179 0.631 0.074 0.180 0.411 0.039 0.224 −0.032
Explained variance 
[%]

17.9 14.6 11.0 9.0 6.7 5.8 4.4 4.2

For definitions of characters see Materials and methods. For raw data see appendices 2 and 6.
Significant factor loadings at ≥ |0.5| are indicated in bold.

Table 1	 Scores of catPCA for 30 characters based on tadpoles of 144 anuran species (cont.)

Table 2	 Results of the Mantel tests

Normalized Mantel test statistics r P value

[A] + [B] 0.6556 < 0.001
[A] + [P1] 0.2511 < 0.001
[A] + [C2] −0.0128 > 0.05
[A] + [G2a] 0.1344 < 0.001
[A] + [G2b] 0.1508 < 0.01
[B] + [P1] 0.134 < 0.001
[B] + [C2] 0.0596 > 0.05
[B] + [G2a] 0.1648 < 0.001
[B] + [G2b] 0.1222 < 0.01

Combination of abbreviations in first column described in Materials and methods.
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partial Mantel tests to exclude factors from 
each other does not produce significantly 
different results (appendix 8).

The GLM results (appendix 9) support 
the results of the Mantel tests. Most resid-
uals are nearly zero and the AIC is low, 
which indicates a good model adaptation. 
All coefficients are significantly different 
from zero, except C2, and have little influ-
ence on the response-variable [B]. The 

highest values are visible for [P1] (estimate 
0.22), the lowest for [C2] (estimate 0.01).

Discussion

Based on the results, other than expected 
(hypothesis 1) and different to previous 
studies (e.g. Richardson, 2001; Laudor 
et al., 2021), phylogeny had a higher impact 

Figure 4	 Distance matrix network, colored by lentic versus lotic habitat – morphological 
difference between tadpoles (i.e. each circle representing a distinct species) is 
expressed by the strengths of the network lines connecting the circles (i.e. the 
thicker a line the more similar two species are). The algorithm aims to keep 
minimum possible distances between the most similar species; ID numbers of 
species in nodes are according to appendix 2.
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on tadpole morphology than life in lentic 
versus lotic conditions, while the effect 
of habitat is still significant (table 2). We 
suggest two possible explanations. First, 
is the effect of the increased and more 
broad phylogenetic and zoogeographic 
sampling in our study. Richardson (2001) 
studied anurans from the Nearctic region 
and Laudor et al. (2021) of Madagascan 
species. These taxa are each more closely 
related (cf. Portik et al., 2023) than the 142 
species from 22 families from seven zoo-
geographic regions studied in this paper. 
Second, we agree with Marques & Nomura 
(2015) who demonstrated that how eco-
logical variation is explained by phylogeny 
strongly depends on how morphological 
data are taken. In contrast for instance to 
Laudor et al. (2021), all data processed in 
our analysis were taken in a standardized 
way by the same worker (see Materials and 
methods).

Our results are perhaps more in line 
with those of Sherratt et al. (2018), who 
found no significant difference in body 
shape among guilds in a phylogenetic  
comparative context. However, again 
comparability with our study is limited. 
Sherratt et al. (2018) used a geometric 
approach to measure body shape. This is 
well quantifiable and perhaps also less 
vulnerable to the observer bias. However, 
landmarks hardly accounts for variation 
of particular features, e.g. ‘keratodont’ 
(Laudor et al., 2021).

With regard to a stronger phylogenetic 
signal than suggested by previous stud-
ies, we above suggest that an increased 
and broader sampling as well as stan-
dardization are important aspects to be 
taken into account. However, although we 

studied representatives of about 50% of all 
anuran families (cf. https://www.amphibi 
aweb.org, accessed 3 January 2025) and 
our dataset is the so far largest studied at a 
high degree of standardization, still our set 
of species only covers less than 5% of the 
extant anuran species with free living tad-
poles (Vera Candioti et al., 2023). This also 
related to a methodical problem. In gen-
eral, phylogenetic comparative methods 
heavily depend on the completeness of the 
data in terms of traits and taxon sampling. 
Given the many knowledge gaps in anuran 
larvae, we chose to use a more robust 
approach here using distances matrices 
compared with Mantel tests, similar to our 
earlier study (Laudor et al., 2021).

While life in lentic versus lotic condi-
tions still has an influence on the bauplan, 
it is noteworthy that macro-climate had 
almost no influence in our study, which 
leads us to reject hypothesis 2. While macro- 
climate is often correlated with biological 
responses (Soberón, 2007), it may be con-
sidered that this approach is too general 
for aquatic tadpole habitats. These can 
have microclimates quite distinct from the 
general landscape, such as a hot ephem-
eral savanna pond or a cold fast-flowing 
mountain stream (e.g. Altig & Johnston, 
1989; Viertel, 2024). Moreover, taking into 
account the higher influence of phylo-
genetic constraints, climatic conditions 
can change relatively quickly, while phy-
logenetic changes (in amphibians) usu-
ally take much longer (e.g. Whybrow & 
Andrews, 2000). Hence, the time to mor-
phologically adapt to new climatic condi-
tions perhaps is simply too short.

Our attempt to address ‘scenopoetic’ (i.e.  
abiotic) aspects of the landscape was less 

https://www.amphibiaweb.org
https://www.amphibiaweb.org
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conclusive when regarding macro-climate. 
It may be worth addressing other macro-
ecological aspects, such as surface energy 
(slope) or soil type. Likewise, a micro- 
climatic approach may be more conclu-
sive (cf. Eterovick et al., 2010). However, 
such data is largely absent for species.

Our results further demonstrate, that 
specialized versus non-specialized feed-
ing significantly influences a tadpole’s 
morphology (table 2), thus leading us to 
reject hypothesis 3. Perhaps this simply 
reflects that tadpole mouth part diversity 
in its entire variation (Altig & Johnston, 
1989; Viertel, 2024), despite that our spe-
cies sampling is taxonomically and zoo-
geographically broader than in previous 
studies, is not represented in our sampling 
(appendix 2).

Tadpoles in our study are significantly 
different in morphology when living in 
lentic or lotic environments. As shown in 
figures 3 and 4, some lotic species strongly 
differ from the lentic ones, but not from 
each other, while others are a more like 
lentic ones. Likewise, lentic species differ 
less from each other than they do from 
lotic ones. On a more global scale, the 
general impact of the type of aquatic habi-
tat is smaller than in the geographically 
and phylogenetically restricted subset of 
Madagascan species (Laudor et al., 2021). 
However, trends are similar, as evident in 
the catPCA results of this and our earlier 
paper. Features of tail muscles and fins are 
as important as oral structures and nostril 
positions for the different morphologies 
resulting from different aquatic habitats 
(PC1, table 1). Species that are positively 
correlated with PC1 are primarily lentic 
(figure 3). In line with other studies (e.g. 
Altig & McDiarmid, 1999a; Duellman & 
Trueb, 1986; Viertel, 2024), lentic species 

are characterized by weaker tail muscles, 
stronger fins and have more similar oral 
structures than lotic ones. This supports 
the assumption of stronger tail muscula-
ture and lower fins being responsive to the 
lotic environment.

Conclusion

Understanding the diversity of anuran 
larval stages is challenging, as remarkable 
knowledge gaps exist. This includes the 
ongoing debate on the role of phylogeny 
and the environment on the tadpole bau-
plan. The analysis of standardized mor-
phological data  – here of lentic and lotic 
larvae  – using multivariate statistics in a 
phylogenetic frame suggests that phylog-
eny has a higher impact.
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