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Abstract: We studied the relationship between shape, size, and developmental time
in the embryonic ontogeny of 15 species of the frog genus Physalaemus. As in other
anuran exotrophic embryos, shape changes are correlated with size increase and mainly
concern tail elongation, decrease in body height, and increase in fin height. Size ranges
and developmental times vary interspecifically. Embryos of the P signifer Clade and
the P gracilis Group are among the largest, are slightly peramorphic, and develop
fast regarding congeneric species. Embryos of P. cicada combine the smallest sizes
with fast development and the most peramorphic shapes. The paedomorphic shapes
of embryos of P. biligonigerus and P. henselii groups are correlated with fast vs. slow
developmental times respectively. Trajectories in the P. cuvieri Group are diverse and in
general differ in size and developmental time. The embryos of P. cristinae and from the
Argentinean lineage of P cuvieri stand out with the longest development. Sequences of
developmental events are overall conserved in the genus, and main differences concern
mouthpart ontogeny. This study constitutes the first attempt to evaluate morphological,
allometric, and heterochronic parameters of the early ontogeny of anurans and how
these can vary and contribute to diversification in taxonomic groups.
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morphological characters(e.g, Klingenberg2016).
Closely related species may differ in allometric

Comparative studies have emphasized the great
structural and temporal variation in the early
ontogeny of anurans (e.g, Richardson et al. 1997,
Chipman et al. 2000, Vera Candioti et al. 2016,
Grosso et al. 2019, Chuliver & Fabrezi 2019). These
studies highlighted the neglected potential
of embryonic phases in revealing significant
aspects of the anurans’ evolutionary history.
Asignificant partoforganisms morphological
variation is related to size changes during growth
and constitutes the field study of allometry
(e.g., Gould 1966). From a multivariate approach,
allometry is defined as the dependence of
shape on size and involves covariation between

patterns (e.g., Wilson & Sanchez-Villagra 2009),
and therefore, it is important to analyze and
compare their ontogenetic trajectories because
they may reflect the evolutionary change in
growth patterns (Klingenberg et al. 2010). In
anurans, the contribution of allometry to
morphological change has been investigated
for many taxa using traditional approaches (e.g,,
linear measurements; Lima & Pederassi 2012).
Geometric morphometric tools are helpful
in this type of investigation because they can
detect most subtle variations and allow the
interpretation of shape and size separately.
Accordingly, they have been applied in studies
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on anuran larval and postmetamorphic
development (e.g., Larson 2002, 2004, 2005,
Ponssa & Vera Candioti 2012, Duport-Bru et al.
2019). Studies on the role of allometric changes
inthe initial ontogeny are practically nonexistent
in frogs, being known only for treefrogs of the
genus Boana (Navarro Acosta & Vera Candioti
2017).

Allometry is directly linked to heterochrony,
a fundamental concept in evolutionary biology
that relates ontogeny and phylogeny (reviewed
in Klingenberg 1998). In its classical definition
(Gould 1977, Alberch et al. 1979), the concept
explicitly incorporates time as an independent
variable, although size is used as a time surrogate
in several approaches. In this context, patterns
of paedomorphosis and peramorphosis can
be explained by shape-size-time relationships.
An alternative approach to the study of
heterochrony was proposed by Smith (2001) and
termed “sequence heterochrony” as opposed
to “growth heterochrony” applied to the former
approach. Neither time, shape, or size are
explicitly considered, but heterochronic changes
are inferred from transformations in the order
of occurrence of developmental events.

In this work we studied embryos of 15
species of Neotropical foam frogs Physalaemus.
This genus is currently composed of 50 species
(Frost 2023), distributed in two major clades
(sensu Lourenco et al. 2015): the P signifer
Clade (19 spp.) that includes the P signifer and
P deimaticus phenetic groups, P. araxa and P,
nattereri; the P. cuvieri Clade with P. biligonigerus
Group (4 spp.), P. cuvieri Group (9 spp.), P.
henselii Group (2 spp.), P gracilis Group (6 spp.),
P. olfersii Group (7 spp.), P cicada, and P. aguirrei;
plus P. atim not assigned to clade. The initial
ontogeny of Physalaemus has been explored in
recent studies (Vera Candioti et al. 2011, Gdmez
et al. 2016, Chuliver & Fabrezi 2019, Oliveira et al.
2022). A complete approach framed in an explicit
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phylogenetic context was presented by Grosso
et al. (2019), who explored the evolutionary
transformations related to temporal changes
in developmental sequences of embryonic
characteristics of Leiuperinae, among them 11
species of the P. cuvieri Clade.

Intending to explore the role of allometry
and heterochrony in the generation of variation
in embryonic phases of Physalaemus, our
main goals were: (1) to compare shape-size
relationships to interpret patterns of allometric
changes; (2) to compare shape-developmental
time relationshipsto interpret patterns of growth
heterochrony; and (3) to explore heterochronic
variationsinsequences ofdevelopmental events.
This integrative approach will serve as a basis to
explore the evolution of early ontogeny in these
frogs, complementing previous contributions to
embryonic morphological features in the genus.

MATERIALS AND METHODS
Specimens and embryonic series

We analyzed embryonic series of 15 species of
Physalaemus representing the two main clades
of Lourenco et al. (2015). The list of species
and pertinent information are given in Table |
and include: (1) P cuvieri Clade: P. albifrons, P.
albonotatus, P. cristinae, P. cuvieri, P erikae (from
P.cuvieri Group); P. biligonigerus, P.riograndensis,
P. santafecinus (from P. biligonigerus Group);
P. fernandezae, P. henselii (from P. henselii
Group); P. carrizorum, P. gracilis (from P. gracilis
Group); P. cicada (not assigned to Group); and
(2) P.signifer Clade: P camacan, P. signifer. As
outgroup, we included the ontogenetic trajectory
of a representative of the sister genus of
Physalaemus,the leiuperine Pleurodema borellii.
Most embryos were available from previous
studies (Grosso et al. 2019, Oliveira et al. 2022),
and new ontogenetic series were constructed for
P erikae and a lineage of P cuvieri from Brazil.
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Table I. Material examined, indicating collection data, number of specimens analyzed, and ranges of size increase
(in centroid size units CS) and developmental time (in hours after oviposition HO).

Physalaemus biligonigerus Group

P. biligonigerus (Cope, 1861) — Argentina, Chaco, General Giiemes: 27.5 kilometers southeast to Mision Nueva
Pompeya (LGE 11847). n =101, CS 0.71-0.85, HO 48-102.

P. riograndensis Milstead, 1960 — Argentina, Misiones, near to Profundidad (LGE 7200). n = 23, CS 0.68-0.88, HO
36-72.

P. santafecinus Barrio, 1965 — Argentina, Corrientes, Ituzaingd (LGE 7005). n = 64, CS 0.69-0.90, HO 60-108.
Physalaemus cuvieri Group

P albifrons (Spix, 1824) — Brazil, Bahia, Brotas de Macadbas (UFSB512); n = 59, CS 0.74-0.89, HO 36-80.

P.albonotatus (Steindachner, 1864) — Argentina, Jujuy, Calilegua (FML 29516); n = 10, CS 0.74-0.88, HO 48-84.

P. cristinae Cardozo, Tomatis, Duport-Bru, Kolenc, Borteiro, Pansonato, Confalonieri, Lourenco, Haddad & Baldo,
2023 - Argentina, Corrientes, ltuzaingd (LGE 7004); n = 62, CS 0.76-0.92, HO 84-178.

P cuvieri Fitzinger, 1826 — Argentina, Misiones, Eldorado, Santiago de Liniers, Reserva Natural La Emilia,
Establecimiento Don Guillermo (LGE 7074); n = 51, CS 0.81-0.96, HO 78-120. Brasil, Bahia, Barreiras (UFSB513); n = 49,
CS 0.76-0.89, HO 36-80.

P erikae Cruz & Pimenta, 2004 — Brazil, Bahia, Porto Seguro (UFSB514); n = 31, CS 0.70-0.90, HO 40-64.
Physalaemus gracilis Group

P. carrizorum Cardozo & Pereyra, 2018 — Argentina, Misiones, San Pedro, Parque Provincial El Pifalito (LGE 20430); n
=24, CS 0.79-0.97, HO 36-86.

P. gracilis (Boulenger, 1883) — Uruguay, Montevideo, Parque Vaz Ferreira (LGE 1797); n = 5, CS 0.87-0.96, HO not
available.

Physalaemus henselii Group

P. fernandezae (Miller, 1926) — Argentina, Buenos Aires, Ensenada, Punta Lara (LGE 1794); n = 7, CS 0.82-0.89, HO
108-144.

P henselii (Peters, 1872) — Uruguay, Rocha, Ruta N° 10, km 255 (LGE 1795); n = 22, CS 0.83-0.90, HO not available.
Not assigned to Group
P cicada Bokermann, 1966 - Brazil, Bahia, Brotas de Macaubas (UFSB511); n = 49, CS 0.69-0.85, HO 36-80.
Physalaemus signifer Clade

P.camacan Pimenta, Cruz & Silvano, 2005 - Brazil, Bahia, Itabuna, Campus da UESC (UFSB517); n = 45, CS 0.84-0.98,
HO 48-78.

P signifer (Girard, 1853) — Brazil, Bahia, Porto Seguro (UFSB515); n = 68, CS 0.81-1.01, HO 36-84.
Outgroup

Pleurodema borellii (Peracca, 1895) — Argentina, Tucuman, Fundacion Miguel Lillo (LGE 6226); n = 6, CS 0.83-0.96, HO
58-80.

For the construction of these series, clutches gov.br/Sisbio; animal ethics committee, CEUA/
were collected in the field and from amplectant UFBA 43/2017). The specimen manipulation
pairs under permission of national and regional follows the recommendations of the CEUA-
authorities (collecting permit, ICMBio 60078-1,  MNHN protocol (Res. 1/2019). Species identity
authentication number 54917396, www.icmbio. was confirmed by identifying amplectant

An Acad Bras Cienc (2024) 96(Suppl. 1) 20231231 3|18



MARIANNA ISABELLA R.R. DE OLIVEIRA et al.

pairs, vocalization, and rearing tadpoles to
metamorphosis. The clutches were maintained
in containers with dechlorinated water
under seminatural conditions, with ambient
photoperiod and temperature; embryos were
periodically euthanized (ca. 5 at a time) in water
with lidocaine and preserved in 4% formalin
every 4 to 8 hs, following Vera Candioti et al.
(2016) and Grosso et al. (2017).

Allometric and heterochronic trajectories: sha-
pe, size and time

We applied landmark-based geometric
morphometrics to characterize shape changes
of embryos during early ontogeny. Ontogenetic
trajectories were defined between comparable
stages: the pigmentation of the eye (about Stage
21; Gosner 1960) was considered the beginning
of the trajectory (onset), and the concealing of
the right gill (Stage 24) as the end (offset). This
interval was selected because younger embryos
have a kyphotic or lateral curvature that affects
standardization of position, and later stages
show little or no significant shape change with
size increasing and/or developmental time. A
total of 676 embryos were processed for analysis.
Specimens were observed and photographed
in lateral view with an image analyzer coupled
to a LeicakZ4 stereomicroscope. We digitized 20
landmarksonthe bodysideandtailusing TpsDig2
2.3 version (Rohlf 2005). Landmark selection
followed Navarro Acosta & Vera Candioti (2017),
redefining some points if necessary (landmarks
with ambiguous location were not used and
additional points in the ventral body and fins
were defined; Fig. 1). Generalized Procrustes
Analysis (GPA) was performed to obtain a matrix
of shape (Procrustes) coordinates, where all
variations related to the position, orientation,
and absolute size are removed. To explore the
main patterns of shape variation within and
between species, we performed a principal
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component analysis on the covariance matrix of
shape coordinates and retained the first three
principal components for interpretation.

We followed the approach by Strelin et al.
(2016) and Esquerré et al. (2017) to investigate
the relationship between shape variation and
size and developmental time increase during
ontogeny. The centroid size (CS) was used as a
size descriptor (Rohlf & Bookstein 1990), and
its log-transformed value (logCS) was used in
subsequent steps. To study allometric variations
(i.e., shape-sizerelationships), we first performed
multivariate regressions of shape coordinates
on logCS. This procedure tests the existence of
allometric growth against the null hypothesis
of isometric development and provides a
percentage of the total variation in shape as a
function of size. For growth heterochrony studies
(i.e., shape-developmental time relationships),
developmental time was recorded for each
preserved embryo and expressed as “hours
after oviposition”. Unfortunately, developmental
time data were unavailable for P. gracilis and
P. henselii, so these two species had to be
excluded from these analyses. The variation
of shape on developmental time was explored
similarly to the analysis of shape on size
variation, using the hours after oviposition
as the independent variable in multivariate
regressions. Visualizations of shape-size and
shape-developmental time relationships were
provided by scatterplots of regression scores
(Mitteroecker et al. 2013) against logCS and
hours after oviposition. All analyses and plots
in this work were performed using the Morpho)
software (Klingenberg 2011).

Sequence heterochrony: developmental events

To complement the former approach, we
applied sequence heterochrony analysis
(Smith 2001) to our full set of species. This
includes species already covered in Grosso et
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Figure 1. Landmark configurations for geometric morphometric analysis of embryos of Physalaemus, shown on
examples of onset and offset shapes. 1 maximum curvature of the snout, 2 anterior margin of the eye, 3 posterior
margin of the eye, 4 maximum body height, 5 adhesive gland tip, 6 dorsal junction of the caudal musculature and
body, 7 extreme of the caudal musculature, 8 ventral junction of the caudal musculature and body, 9 origin of
the dorsal fin, 12 tail fin tip, 15 distal margin of the vent tube, 16 proximal margin of the vent tube, 19 base of the
adhesive gland, 20 most anterior point of the axis separating caudal myotomes. Points 10 and 11 are equidistant
between landmarks 9 and 12, 13 and 14 equidistant between 12 and 15, and 17 and 18 equidistant between 16 and

19.

al. (2019), and we added the developmental
sequences of Physalaemus camacan, P. erikae,
P signifer, and the lineage of P. cuvieri from
Brazil (Supplementary Material - Table SI). We
analyzed a segment of the trajectory from the
tailbud stage to the appearance of the hind
limbs, and we considered 24 events related to
the ontogeny of embryonic and larval structures
(Supplementary Material - Figure S1): adhesive
glands: AG adhesive gland first visible, AGA
adhesive glands absent; gills: 1G first gill pair
bud, 1GB first gill pair branched, 2G second gill
pair bud, 2GB second gill pair branched, GFD
gills at full development, OB operculum at gill

base, OM operculum medially fused, RGC right
gill covered by operculum, LGC left gill covered
by operculum, ES spiracle developed; hind
limbs: HLB hindlimb buds, HL26 hind limbs
at Gosner Stage 26; tail: TB tail bud, TL=BL tail
length/body length = 1; oral disc and digestive
tract: A1 labial tooth ridge A1, A2 labial tooth
ridge A2, P1 labial tooth ridge P1, P2 labial tooth
ridge P2, FP first marginal papillae, MP marginal
papillae complete, LOD oral disc fully formed, IC
first coil in digestive tract. The developmental
sequences were converted into ordered ranks
and compared using a two-axis graph, in which
events ordered as they occur in a reference
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trajectory (Pleurodema borellii) are plotted in
relation to their rank number.

RESULTS

Shape variation

The shape variation is illustrated in the space
defined by the principal components (PC) that
represented the largest amount of variation,
PC1 (54%), PC2 (15%), and PC3 (8%), which

*e s' st '"""

et 1."

. ..r\

PC3 (8%)

A

PC2 (15%)
5
'-.’%
‘e
‘..o
% ,a,—"
e

ALLOMETRY AND HETEROCHRONY IN Physalaemus

together explain 78% of the total variation (Fig.
2 and Table II). PC1 summarizes ontogenetic
shape change, with young, less developed
embryos at lower scores and more developed,
larval-like embryos at higher scores. Shape
transformations (transformation grids) imply
mainly tail lengthening, an increase in fin height,
and a reduction in body height due to the
reabsorption of the vitelline mass. The PC2 and
PC3 recover some interspecific variation, with
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Figure 2. Shape variation in embryos of Physalaemus, Gosner Stages 21-24. Ordination plots of three first principal
components, PC1-PC2 (a, ¢) and PC2-PC3 (b, d) are shown. Colors indicate individual taxa (a, b) and species groups
(c, d). Line drawings show shape changes along the axes, as deformed grids compared to a rectangular grid

corresponding to the consensus shape.

Table II. Results of the principal component analysis (PCA). Eigenvalues, variances, and cumulative variances are
detailed for the first three principal components and summarized for the remaining axes.

Principal Component Eigenvalue
1 0.0024
2 0.0007
3 0.0003
4-36 0.0002 - 0.0000

Variance (%) Cumulative variance (%)

54.829 54.829
15.3 70.22
8122 78.349

16.719 100
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the main changes along PC2 explained by a shift
in dorsal fin origin and along PC3 by differences
in body and fin height.

The ordination generally shows a wide
overlap among species in shape trajectories
(Fig. 2a, b), highlighting that ontogenetic shape
changes are similar in the genus. Main variations
concern the species groups (Fig. 2¢, d): embryos
of the P signifer Clade and P gracilis Group
have, in general, lower bodies and dorsal fins
higher and more posterior, whereas P. henselil,
P cicada, and species of P. biligonigerus and
P. cuvieri Groups have highest bodies, more
anterior dorsal fin, and higher ventral fin.
Embryos of the outgroup species Pleurodema
borellii combine a wide variation in dorsal fin
origin with intermediate values in body and fin
heights.

Allometry: variations in shape-size rela-
tionship
Ranges of size increase per species are indicated
in Table I. The shape change is significantly
related to size increase in all Physalaemus
species herein analyzed (p < 0.01), while
marginally significant in Pleurodema borellii;
percentages of variation explained by size
increase are in general high (37-71%; Table 111).
Specific trajectories in the shape-size space
are generally similar and widely overlapped in
relative size range. Overall, size increase implies
tail lengthening, a decrease in body height
associated with yolk mass resorption, and an
increase in fin height (Fig. 3a). Most species in
the P cuvieri Clade are smaller throughout the
trajectory than those of the P. signifer Clade
(Fig. 3b). The trajectory of P. borellii is similar
to that of the largest Physalaemus species but
the offset shape is less developed than those of
most other species (Fig. 3a).

Embryos of the Physalaemus signifer Clade
are the largest in our sample. The ontogenetic

ALLOMETRY AND HETEROCHRONY IN Physalaemus

trajectories of P. camacan and P. signifer are
mostly overlapped, although embryos of P.
signifer tend to reach larger sizes towards the
end of the trajectory (Fig. 3c). On the other hand,
in the P cuvieri Clade, the species groups tend
to discriminate in size range, from P cicada with
the smallest size to species of the P gracilis
Group with the largest (Fig. 3d). The ontogenetic
trajectories of the species from the P. cuvieri
Group generally have intermediate sizes and
shapes. The embryos of the P. biligonigerus and
P henselii Groups reach less developed offset
shapesthanthe others; embryos of the P henselii
Group also show the shortest trajectories, with
an overall more advanced onset shape and size
(Fig. 3d).

In the clade joining Physalaemus cicada and
P gracilisand P.biligonigerus Groups, the species
of the P, biligonigerus Group differ mainly in the
onset shape, with embryos of P. riograndensis
comparatively more developed; in addition,
the ontogenetic trajectories of P santafecinus
and P biligonigerus differ slightly in offset size,
whereas embryos of P. riograndensis tend to
reach a slightly less developed offset shape (Fig.
3e). The trajectory of P gracilis is shorter than
that of P. carrizorum, which in general shows
less developed onset shape and size.

Finally, in the Physalaemus cuvieri species
Group, the ontogenetic trajectories are ordered
from P albonotatus, with the smallest sizes, to
Argentinean populations of P. cuvieri with the
largest embryos; the remaining species overlap
along intermediate sizes. In addition, the
onsets and offsets of trajectories vary slightly
in shape. Embryos of P. albonotatus generally
have overdeveloped onset shapes. Embryos of
P albifrons, and to a lesser extent, the Brazilian
population of P. cuvieri, have the most advanced
offset shapes (Fig. 3f). Interestingly, sister taxa
in the P cuvieri Group differ substantially from
each other in the onset shape (P albonotatus
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Table Ill. Statistical parameters and sample size from the test of allometry (H: Isometry) for each species.

n
Physalaemus cuvieri Clade
Physalaemus biligonigerus Group
P biligonigerus 101
P riograndensis 23
P santafecinus 64
Physalaemus cuvieri Group
P albifrons 59
P. albonotatus 10
P. cristinae 62
P cuvieri ARG 51
P cuvieri BR 49
P erikae 31
P gracilis Group
P. carrizorum 24
P gracilis 5
Physalaemus henselii Group
P fernandezae 7
P. henselii 22
Not assigned to Group
P. cicada 49
Physalaemus signifer Clade
P camacan 45
P signifer 68
Outgroup
Pleurodema borellii 6

and P. cristinae), offset shape (e.g,, P. erikae and
P.albifrons), and embryo size (Argentinean and
Brazilian lineages of P. cuvieri).

Growth heterochrony: variations in shape-time
relationship

Developmental time values per species are
indicated in Table I. Development in Pleurodema
borellii is shorter than in most species of
Physalaemus. Within Physalaemus, species differ

% predicted p
371 < 0.0001
52.7 < 0.0001
64.4 < 0.0001
61.3 < 0.0001
455 0.0021
65.7 < 0.0001
71.5 < 0.0001
66.6 < 0.0001
51.6 < 0.0001
679 < 0.0001
487 < 0.0001
514 0.0083
55.2 < 0.0001
544 < 0.0001
54.6 < 0.0001
681 < 0.0001
57.7 0.0188

in their trajectories in shape-time space, and
shape changes associated with developmental
time mainly include tail lengthening, a decrease
in body height, and an increase in fin height (Fig.
4a). Embryos of the P. signifer Clade have very
short trajectories and an early onset of shape
change (Fig. 4b, ). Species in the P. cuvieri Clade
differ widely, with embryos with early onset and
rapid development and embryos with late onset
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Figure 3. Allometric trajectories in embryos of Physalaemus (Gosner Stages 21-24). Multivariate regression of
shape (summarized as regression scores) on size (LogCS); species groups and species are highlighted in separate
plots to facilitate interpretation. (a) Species of Physalaemus and Pleurodema borellii in comparison, (b) P. cuvieri
and P. signifer Clades, (c) species of the P. signifer Clade, (d) species groups of the P. cuvieri Clade, (e) P. cicada plus
P. biligonigerus and P. gracilis Groups, (f) P. cuvieri Group. Line drawings show shape changes in the smallest and
largest embryos of the sample from a consensus shape (a rectangular grid).

and slow development (Fig. 4d). Regarding the
P biligonigerus Group, P. riograndensis has the
shortest development, with an earlier onset
and offset. Physalaemus biligonigerus and P.
santafecinus differ in the rates of shape change,
with P biligonigerus starting shape change
early and at a slower rate than P santafecinus.
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Developmentin P carrizorum takes intermediate
time (Fig. 4e). In the P. cuvieri Group, three distinct
patterns are revealed: most species develop
fast and early (P albifrons, Brazilian P. cuvieri, P
erikae, and P albonotatus), embryos of P. cuvieri
from Argentina also develop fast but starting at
a later onset, and embryos of P. cristinae begin
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Figure 4. Growth heterochrony in embryos of Physalaemus (Gosner Stages 21-24). Multivariate regression of shape
(summarized as regression scores) on time (hours after oviposition); species groups and species are highlighted
in separate plots to facilitate interpretation. (a) Species of Physalaemus and Pleurodema borellii in comparison,
(b) P. cuvieri and P. signifer Clades, (c) species of the P. signifer Clade, (d) species groups of the P. cuvieri Clade, (e)
P. cicada plus P. biligonigerus and P. gracilis Groups, and (f) P. cuvieri Group. Line drawings show shape changes in
the youngest and oldest embryos of the sample from a consensus shape (a rectangular grid).

shape change at approximately the same time
as the latter, but the shape change rate is lower,
and offset shape is acquired almost twice later
(Fig. 4f).

Sequence heterochrony

The sequences of developmental events in the
ontogeny of Physalaemus species are depicted
in Figure 5. The four species we included
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in the analysis closely follow the pattern
found by Grosso et al. (2019), with few minor
differences in the developmental timing of
differentiation of the operculum and spiracle
and the formation of marginal papillae in the
oral disc. The trajectories of P camacan and P,
signifer are similar to each other and, except
for a late differentiation of the operculum,
closely resemble sequences of the P. gracilis
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Figure 5. Sequence heterochronies in developmental trajectories of Physalaemus. (a) Event trajectories of P.
camacan and P. signifer, as compared with species of the P. gracilis Group (P. carrizorum and P. gracilis) and the
remaining species of the genus studied by Grosso et al. (2019; in gray), (b) trajectories of P. erikae and P. cuvieri
from Brazil, as compared with species of the P. cuvieri Group and the remaining studied Physalaemus species.
Developmental events: AG adhesive gland first visible, TB tail bud, 1G first gill pair bud, 2G second gill pair bud,
1GB first gill pair branched, 2GB second-gill pair branched, TL=BL tail length/body length = 1, A1 labial tooth ridge
A1, P2 labial tooth ridge P2, OB operculum at gill base, P1 labial tooth ridge P1, FP first marginal papillae, A2 labial
tooth ridge A2, IC first coil in digestive tract, GFD gills at full development, OM operculum medially fused, RGC right
gill covered by operculum, LGC left gill covered by operculum, MP marginal papillae complete, LOD oral disc fully
formed, ES spiracle developed, HLB hindlimb buds, HL26 hind limbs at Gosner Stage, AGA adhesive glands absent.

Group (Fig. 5a). Between both species, the main the spiracle in P camacan. Physalaemus erikae
differences are the comparatively late medial and the Brazilian population of P. cuvieri differ
fusion of the operculum and the formation of  in some aspects regarding other species in the
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P. cuvieri Group (Fig. 5b). Both species show a
delayed differentiation of the operculum and
the earliest formation of marginal papillae and
the whole larval oral disc. Embryos of Brazilian
P cuvieri are distinct in their early opercular
medial fusion. Embryos of P. erikae stand out
with the latest full development and regression
of gills.

DISCUSSION

Our study evaluates different morphological
parameters involved in the early ontogeny of
frogs and how relationships among them can
vary and evolve in closely related species.
Although some results and interpretations
should be taken with caution (e.g., we still
lack a comprehensive sampling in the genus,
some species have very small samples, and
intraspecific variation is not considered), our
data provide a basis to discuss the contribution
of embryonic aspects to diversification in foam-
nesting frogs.

Generally, the early ontogeny in most
exotrophic frogs implies similar shape changes.
Main transformations involve tail lengthening,
a decrease in body height after yolk resorption,
and an increase in fin height (e.g., Anstis 2010,
Salica et al. 2011, Vera Candioti et al. 2016, Grosso
et al. 2017, Chuliver & Fabrezi 2019). Within
Physalaemus, changes along ontogeny allow us
to interpret patterns of paedomorphosis and
peramorphosis, by which some species end
their embryonic trajectories with comparatively
underdeveloped or overdeveloped shapes.
In addition, some differences unrelated to
ontogenetic changes allow to distinguish
embryos from the P signifer Clade and the P.
gracilis Group, which generally have bodies more
depressed and caudal fins lower than other
species. Interspecific changes in embryo body
size are noticeable, with the largest embryos of

ALLOMETRY AND HETEROCHRONY IN Physalaemus

the P. signifer Clade being 1.5 larger than the
smallest P. cicada. In all species, somatic growth
is accompanied by rapid shape changes until
gills start to regress, and after that, size growth
take place without significant changes in body
shape. Main transformations are later registered
in punctual characters, such as regression of
gills and development of the oral disc and hind
limbs. A similar pattern was also reported for
embryos of the treefrogs Boana (Navarro Acosta
& Vera Candioti 2017). Developmental times also
may vary widely among studied species, with an
almost fourfold difference between those with
faster (ca. 1 day in PL borellii and P. erikae) vs.
slower (ca. 4 days in P cristinae) development.
Changes at the beginning of ontogenetic
trajectories in some species imply that the
initial shape changes are comparatively delayed,
so that embryos spend the first hours after
oviposition without experiencing fundamental
transformations in shape.

As reviewed by S. J. Gould in his classical
work Ontogeny and Phylogeny (1977), the
relationship among shape, size, and time has
long intrigued developmental and evolutionary
biologists. In this contribution, Gould proposed a
methodological frameto evaluate the correlation
among those parameters between species,
ideally in ancestor-descendant relationships
but also between sister groups. The author also
named some of the possible developmental
outcomes according to which parameter (shape,
size, and time) and in which direction (paedo/
peramorphic, small/large, and fast/slow) the
“target” species changes regarding the standard.
Following this approach, we summarize our
results for species of Physalaemus, employing
the “clock model” to represent how shape
change, size increase, and developmental time
during the embryonic ontogeny are modified
compared to the ontogenetic trajectory of
Pleurodema borellji (Fig. 6).
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Figure 6. Shape, size, and developmental time relationships in embryos of Physalaemus, as compared with
Pleurodema borellii. The “clock model” by Gould (1977) highlights changes at the offset of the trajectories
(embryos at Gosner Stage 24). Species are separated into clades and groups (a-f) to facilitate visualization. The
position of arrows and the length of the segment representing developmental time are estimated from regression
scores (shape), LogCS (size), and hours after oviposition (time) available from analyses of allometric and
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Embryos of the Physalaemus signifer
Clade are among the largest and have a faster

development regarding other species we studied
(Fig. 6a). In comparison with Pleurodema borellii,

theyalso have slightly peramorphic offset shapes
acquired after high shape-time variation rates,
corresponding to a heterochronic change type
of hypermorphosis (Gould 1977). The large sizes
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of eggs and embryos, typical of several species
in this clade, have already been interpreted as
related to the divergent reproductive modes
they may exhibit (Haddad & Pombal 1998,
Haddad & Prado 2005). In this view, large size
and yolk provision would be essential for eggs
and embryos in terrestrial foam nests that
depend on being flooded or washed away to
water bodies rich in food resources (Salthe &
Duellman 1973, Pupin et al. 2010, 2018, Oliveira et
al. 2022). Apparently, this trend is accompanied
by subsequent arrestment in body growth since
tadpoles and adult frogs of this group are, on the
contrary,amongthe smallestin the genus (Weber
& Carvalho-e-Silva 2001, Pimenta et al. 2005,
Ruggeri & Weber 2012). The fast development of
these embryos can also be related to terrestrial
oviposition and, like their large size, becomes
an advantage in unpredictable circumstances.
Species of the P. gracilis Group share several
features with those of the P signifer Clade
(Fig. 6b). Like them, they have, in general,
large embryos, overdeveloped offset shapes
(as compared with those of Pleurodema), and
as hinted by P carrizorum, fast development.
In this case, possible interpretations related
to ecological variables are subject to further
investigation.

Sequences of developmental events in
species of the P signifer Clade generally agree
with heterochronic patterns discussed in Grosso
et al. (2019) for Physalaemus, including the
early differentiation of row P1 that constitutes
the main difference relative to the mouthpart
ontogeny in Pleurodema. Disregarding a similar
larval configuration, the developmental pattern
of the oral disc in species of the P. signifer Clade
and P. gracilis Group differs in the formation of
the marginal papillae (Oliveira et al. 2022); in
this context, it is interesting that the final events
of oral disc formation occur slightly earlier than
in most other embryos of Physalaemus.

ALLOMETRY AND HETEROCHRONY IN Physalaemus

On the other extreme, the embryos of
Physalaemus cicada are the smallest in our
sample and develop very fast, reaching the
most peramorphic shapes (Fig. 6¢). This species
inhabits xeric environments, like the Brazilian
Caatinga biome, and they are among the
first species to be found in pounds when the
reproductive season begins (Vieira & Arzabe
2008). This ecosystem has high temperatures,
with daily variations even more pronounced
than annual fluctuations (Bucher 1982), and
temporary pounds dry up quickly. Therefore, a
short development with a high shape change
rate could be adaptive in these conditions.

In relation to congeneric species,
embryos of the Physalaemus biligonigerus
and P henselii Groups are comparatively
paedomorphic and have small to mid sizes
(Fig. 6d, e). Developmental time is very short
in P.riograndensis, whereas in P. fernandezae,
the onset of shape change is delayed almost
three times. Paedomorphosis in these species
(P riograndensis regarding other species of the
P biligonigerus Group, and P. henselii Group as
compared with other members of the P cuvieri
Clade) is then explained by different processes.
Whereas in P. riograndensis it is associated
with a very fast and early development and
relatively small size, in species of P henselii
Group paedomorphosis co-occurs with midsized
embryos and seemingly a long and low-rated
development at initial ontogeny previous to eye
development. Paedomorphosis in body shape
can be accompanied by reductions in other
characters, such as the differentiation of only
two lower labial ridges in the oral disc of P.
riograndensis and only two gill pairs in species
of P. henselii Group (Vera Candioti et al. 2011,
Grosso et al. 2019). In this latter, paedomorphic
features have been interpreted as related to
development at low temperatures (during the
winter in southern regions of South America;
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Maneyro et al. 2008, Lourenco et al. 2015, Grosso
et al. 2019).

Finally, the Physalaemus cuvieri Group shows
a wide diversity of embryonic development
(Fig. 6f), with ontogenetic trajectories mainly
transposed in size and time values. A group of
species, including P. albonotatus, P. erikae, P.
albifrons, and Brazilian populations of P. cuvier,
develop fast and reach intermediate sizes.
Instead, shape changes in P. cristinae and the
Argentinean lineage of P cuvieri initiate later,
and development of P cristinae proceeds at a
lower rate. Embryos of the Argentinean lineage
of P.cuvieriare also the largest ones in the group.
The diversity of allometric and heterochronic
trajectories herein observed for P. cuvieri
supports previous studies that considered this
taxon a potential species complex (Barreto &
Andrade 1995, Quinderé et al. 2009, Nascimento
et al. 2019).

This study constitutes the first attempt
to investigate in an integrative way different
aspects of embryonic ontogeny in frogs. The
morphological descriptions from previous
contributions is complemented by studying
dynamic trajectories that consider the size
and the developmental time in correlation
with shape changes. A possible drawback is
the integration of different approaches for
heterochrony analysis. Specifically, the need
to define onset and offset shapes defined by
some developmental event (e.g., in our case, eye
pigmentation and concealment of the right gill)
may confront the fact that developmental events
can show heterochronic shifts themselves
(as revealed for the second example). How
this impacts the analysis and interpretation
of interspecific variation in developmental
patterns still needs further theoretical and
methodological work and is currently subject to
investigation in our research group. Furthermore,
a recently developed approach that considers

ALLOMETRY AND HETEROCHRONY IN Physalaemus

allometric and heterochronic changes in an
explicitly phylogenetic context (i.e., Catalano et
al. 2019, 2021, M.L.R.R. Oliveira et al. unpublished
data) will allow reinterpreting the evolution of
developmental patterns in leiuperine embryos.
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