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Abstract. Amphibian reproductive modes (RMs) have been extensively described and applied to amphibian biology studies. However, due to new behavioural observations and past system inconsistencies we found it necessary to review the
current classification and redefine the sets of characters which define amphibian RMs. We suggest the use of 11 characters
that include phases from egg to early development (including or not including larval stages) and we do not include behavioural aspects that are in general hard to identify, such as parental care, except those related to feeding and incubation.
Based on 2,171 amphibian species (roughly a fourth of the species known), we built a dichotomous tree with 74 different
possible RMs for amphibians – almost twice the number of the previous classification categories. This system could possibly be applied to other vertebrates as well and therefore facilitate comparisons across different taxa.
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Introduction
Terrestrial vertebrates or tetrapods currently include
more than 32,000 extant species that have diverged from
an ancestral tetrapod that abandoned an obligate aquatic
lifestyle and subsequently diversified in terrestrial environments (Inger 1957, Long & Gordon 2004). During
this evolutionary transition, tetrapods also diversified
their reproduction, specifically their reproductive modes
(RMs) (Long & Gordon 2004), making breeding biology one of the most studied aspects of vertebrates’ natural
history. Such research themes substantially expanded in
the 19th century (e.g., Cuvier 1802, Darwin 1859, Bou
lenger 1886, von Ihering 1886, Semon 1894, Mitsukuri 1891, Budgett 1899, Thilenius 1899), but the concept
of ‘reproductive mode’ only first appeared in a study of
the reproductive biology of fishes in the mid 20th century (Breder Jr. & Rosen 1966). Based on that, Salthe
& Duellman (1973) defined the RM as a combination
of traits that includes oviposition site, ovum and clutch
characteristics, rate and duration of development, stage
and size of hatchlings, and type of parental care, if any.
Hence, RM is not a single phenotype, but rather a set of
characters. One outcome of this set of characters is that

the application of the concept of RM varies between vertebrate clades, because researchers naturally focus on the
reproductive traits present within their clades of study
(Collias 1964, Shine 1983, Bronson 1989, Haddad &
Prado 2005a). Currently, there is no standard classification system that applies to all groups of tetrapods.
It is in fact only for amphibians that a standard classification system is commonly accepted and used, which
describes how and where eggs are fertilized and where
embryos and larvae live. If this amphibian classification
system were extended to other tetrapod groups, it would
advance in the comprehension of the diversity and evolution of RMs in a broader (phylogenetic or comparative)
sense. However, before extending this concept to other
vertebrates, a detailed re-evaluation of the current system
must take place.
RMs have been well characterized in amphibians, perhaps because of their diversity and complexity. Boulen
ger (1886) proposed a classification of RMs (without of
course using the term RM; see above) using the following
traits: size of the ovum, site of egg deposition and larval
hatching, and development, which could be direct or indirect. Based on these traits he established 10 amphibian
RMs. Subsequently, with the discovery of more reproduc-
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tive traits, the resolution of RM categories increased by including additional traits. Salthe (1969) classified and described three RMs for salamanders (Caudata). Just a few
years later, Salthe & Duellman (1973) added ovum and
clutch characteristics, rate and duration of larval development, stage at hatching, and presence/absence of parental
care. This review was pivotal because it promptly stimulated interest and resulted in a considerable increase in
studies of amphibian RMs and their specific components
(Salthe & Mecham 1974, Lamotte & Lescure 1977, McDiarmid 1978, Wake 1982) – a development that could
also happen with other tetrapods if a similar system were
available. Duellman & Trueb (1986) included this classification in their book ‘Biology of Amphibians’ and recognized 29 RMs for anurans, 7 for salamanders, and 2 for
caecilians. Haddad & Prado (2005a, 2005b) reviewed
anuran RMs and increased the list to include 39 RMs, including three rearrangements of known modes and seven
new modes described for anurans of the Brazilian Atlantic
forest. Subsequent studies have described additional RMs
based on these earlier classification criteria (Bogart et al.
2007, Langone et al. 2008, Gururaja 2010, Iskandar et
al. 2014, Malagoli et al. 2021).
These classifications are useful because they allow comparative and evolutionary studies. For example, Gururaja
et al. (2014) used the system to classify the reproductive
mode of mud-packing frogs as RM 25, which consists of
arboreal oviposition coupled with the parental care of covering eggs with mud. In addition, these classifications help
comparative evolutionary studies on the evolutionary sequence of RMs and the selective mechanisms that lead to
their diversification (Gomez-Mestre et al. 2012, Pereira
et al. 2015, Zamudio et al. 2016). Finally, they can also be
used to classify species into ecological guilds in conservation-orientated studies (e.g., Becker et al. 2007, Santoro
& Brandão 2014, Shabrani & Das 2015).
In spite of being useful to various fundamental research
topics, some quantitative parameters that were included in
the original definition of RM (Salthe & Duellman 1973),
like time of development of larvae, female body size, egg
size and clutch size, have almost never been used in later studies (for an exception see Gaitonde & Giri 2014).
In addition, there are some inconsistencies in the use of
RM characters. For example, in the list of RMs by Haddad
& Prado (2005a), which was an update of Duellman &
Trueb (1986), RMs 1 and 2 are similar, except that larvae
develop in lentic water bodies in one and lotic water bodies in the other. According to this rationale, RMs 4 and 5,
neither of which specify a lentic or lotic environment for
larval development, should also be divided into two RMs
each. Furthermore, the use of parental care to distinguish
between modes is impractical, as this information is lacking for many species, difficult to obtain, and in some cases facultative and variable between individuals (Martins
1993, Wells 2007, Vági et al. 2020). Therefore, based on
the current amphibian classification, we are proposing the
exclusion of female size, egg size, clutch size, and time of
larval development (as previously included by Salthe &
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Duellman 1973), avoiding the use of parental care, but
the inclusion of a trait that has only recently been applied
to anurans, i.e., the presence/absence of nest construction
(Zamudio et al. 2016), which is easily obtained information and clearly befits modern phylogenies (e.g., Faivo
vich et al. 2010a).
To improve and facilitate future ecological studies, the
possible consequences of such a new system has to be discussed. In addition, our proposed reclassification of RMs
can be remodelled (it is not static) and in future can be
extended to other animal groups, enabling broader, especially ecological, comparisons. Based on the proposed classification system, future studies will be able to test for phylogenetic signals in RMs. For example, most species of the
genus Scinax (Anura, treefrogs) lay their eggs in ponds. Alternatively, the species of the S. perpusillus clade (Faivo
vich et al. 2010b) lay their eggs in bromeliad phytothelmata, while individuals belonging to species in the S. cathari
nae clade may lay their eggs both in bromeliads and ponds
(Toledo et al. 2012).
Besides testing for phylogenetic signals in RMs, it is also
possible to reconstruct RMs’ ancestral states. This has been
done with increasing frequency in recent times, for example, considering the type of development (direct or indirect) in amphibians (Portik & Blackburn 2016, Campos et al. 2019), reproduction type (oviparity or viviparity) in squamates (Watson et al. 2014), or nest types in
birds (Fang et al. 2018). Most studies tend to analyze binary state characters, though, and few have tried to examine
the whole set of traits related to RMs in such reconstructions (e.g., Portik & Blackburn 2016). Deeper analyses of
groups with a large diversity of RMs would make for interesting cases in future evolutionary studies.
Thus, the aim of our natural history-based study is to
develop a simpler and more cohesive definition of the RMs
of amphibians and to provide a basis for a future classification of other vertebrate lineages.
Survey methodology
Set of characters of reproductive modes
After reviewing the literature on amphibian reproductive biology, we selected the most common set of characters traditionally used for the classification of amphibian RMs, incorporated newly assessed traits (such as nest
construction) to improve the classification, and defined
their categories and subcategories hierarchically from
eggs to offspring. We thereby redefine the concept of the
RM as a combination of 11 reproductive traits: (1) reproduction type, (2) oviposition macrohabitat, (3) spawning
type, (4) oviposition substrate, (5) egg-surrounding medium, (6) nest construction, (7) oviposition microhabitat, (8) embryonic development, (9) embryonic nutrition,
(10) larval and newborn nutrition, and (11) place of larval
development. These traits are mostly physical, and we did
not consider purely behavioural aspects, such as courtship, amplexus/copulation, and parental care, or temporal
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aspects, such as egg or embryo development time (as previously suggested). With these traits we built a (mostly)
dichotomous RM tree. The different traits and their states
are presented below and defined in greater detail in Supplementary document S1; we provided some representative examples to promptly relate a trait to a known species
or amphibian clade.
(1) Reproduction type
a. Oviparity – Embryos in the oviduct provided with yolk.
After oviposition, the embryonic development continues
outside the female body, within extra-embryonic membranes (egg) that may include gelatinous capsules.
b. Viviparity – No oviposition takes place. The female
gives birth to larvae, as in the anuran Limnonectes larvae
partus (Iskandar et al. 2014) or to a miniature edition of
the adults, with the omission of free-living larvae. These
offspring pre-develop in their mother’s body and are born
once their yolk reserves are exhausted, and there is no other form of nourishment from the mother (e.g., anurans of
the genus Nectophrynoides: Wake 2015). The term ovoviviparity is here included in the viviparity category, as was
suggested by Blackburn (1992, 1999, 2000), because the
terms lecithotrophy and matrotrophy, used in conjunction
with the reproduction mode viviparity, obstruct a sensible
use of the term ovoviviparity.
(2) Oviposition macrohabitat
a. Environment – Eggs are deposited in the environment,
as in species of the Brachycephaloidea clade, and sometimes nests, as in Micrixalus saxicola (Gururaja 2010).
b. Animal – Eggs develop in or on the body of one of
the parents, as in Gastrotheca spp. and Rheobatrachus silus
(Duellman 2015, Tyler & Carter 1981) (Fig. 1A).
(3) Spawning type
a. Froth (as defined by Altig & McDiarmid 2007) – Eggs
are deposited in one of two types of froth nest: foam and
bubble nests:
i. Foam nests in amphibians are produced by the parents
executing beating motions with their limbs on the mucus
excreted from the female’s oviducts, so that it is mixed with
air (e.g., in the families Leptodactylidae and Rhacophoridae). Foam nests can be built on the water surface, on the
ground, in burrows, on leaves, or on branches (Crump
2009) (Figs 1B–C).
ii. Bubble nests are produced by the female frog effecting
jumping motions in the process of spawning, trapping air
bubbles in the mucus excreted from the female’s oviducts
(e.g., Scinax rizibilis: Haddad et al. 1990). Alternatively,
both anuran parents may expel bubbles from their nares
under the aquatic spawn so that these become trapped in
the mucus (e.g., Chiasmocleis leucosticta: Haddad & Hödl
1997) (Figs 1D–E).
Froth nests are a specialized feature for amphibians that
could be considered constructed nests, but according to Simon and Pacheco (2005), they are not. See further explanations under “Nest construction”.

b. Non-froth – Eggs are not deposited in froth nests, and
spawning takes place without the production of foam or
bubbles (Fig. 1F).
(4) Oviposition substrate
a. Aquatic – Eggs are deposited in the water, as is observed
in most amphibians (e.g., Ambystoma gracile, Itapotihyla
langsdorffii, Scinax angrensis, Rhinella icterica, Procerat
ophrys appendiculata, Taricha tososa) (Petranka 1998,
Hartmann et al. 2010) (Fig. 2).
b. Non-aquatic – Eggs are deposited on the ground,
rocks, or bushes as reported, for example, from Eurycea
quadridigitata and Limnonectes palavanensis (Petranka
1998, Shabrani & Das 2015).
c. In/on animal – Eggs stay in different parts of the body
of the parents. In amphibians, the eggs may be incubated
in the oviduct, as in Nectophrynoides spp. and Mertensiella
spp., or in the dorsal tissue, as in Pipa spp., or in specialized
anatomical structures, as in the dorsal pouch of Gastro
theca spp. (Lutz 1947, Wells 2007, Duellman 2015).
(5) Medium surrounding the eggs
a. Lentic – Eggs are deposited in still water, such as lakes,
ponds, or swamps, as has been reported for many amphi
bians (Haddad & Prado 2005a).
b. Lotic – Eggs are deposited in flowing waters, such as
rivulets, creeks, streams, or rivers, as is observed in many
amphibians (e.g., all hylodid and many centrolenid and
ranid species: McDiarmid & Altig 1999, Haddad & Prado 2005a).
c. Terrestrial – Eggs are deposited in a terrestrial environment, as has been reported for several amphibians (e.g.,
Lima et al. 2013).
d. Non-oviductal – Eggs are embedded for development in the dorsum or dorsal pouches, such as in the family Hemiphractidae (McDiarmid & Altig 1999, Duellman 2015).
e. Oviductal/uterine – Eggs develop in a specialized
portion of the oviduct, being nourished by yolk, by tissue
of the oviduct, or other nutritious substances secreted by
the female, as has been reported from Dermophis mexica
nus and Nimbaphrynoides occidentalis (Wake & Dickie
1998, Wells 2007, Lodé 2012, Wake 2015).
(6) Nest construction
We hereby define a nest as any spatially delimited place selected by amphibians to deposit eggs, which may or may
not include the parents digging, cleaning, lining, or building.
a. Constructed nest – A nest created by all sorts of environmental modification, except froth nests (see above).
b. Adopted nest – A nest used but not constructed by
an amphibian.
c. No nest – Eggs are not deposited in a nest.
(7) Oviposition microhabitat
a. Floating – Eggs are deposited on the surface of lentic water, in froth, or in a non-froth nest, as has been observed
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Figure 1. Diversity of anuran oviposition: Fritziana goeldii with eggs on its back (A), Physalaemus olfersii foam nest on water,
whipped up with the legs by the male (B), Chiromantis xerampelina foam nest on a tree branch, produced by the parents moving
their legs in the mucus excreted by the female (C), Scinax rizibilis bubble nest, made by the female effecting jumps while spawning (D), Chiasmocleis leucosticta bubble nest made by releasing air bubbles from the parents’ nostrils (E), and a plant leaf nest of
Dendropsophus haddadi (F).
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Figure 2. The most general reproductive mode (RM) proposed in previous classifications of amphibians (eggs and exotrophic tadpoles in still water bodies) has been split up here into three new RMs: RM 1 represented by Boana crepitans (A) and Elachistocleis
cesarii (B), RM 2 represented by Rhinella icterica (C) and Boana marginata (D), RM 3 represented by Boana prasina (E), and Amby
stoma maculatum (F).
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in several amphibians (Boana crepitans, Dendropsophus
nanus, Leptodactylus labyrinthicus: Haddad et al. 2013,
Nascimento et al. 2015) (Figs 2A–B).
b. Ground – Eggs are deposited on soil, as has been reported for several amphibians (e.g., Platymantis spp. and
Stumpffia roseifemoralis: Wells 2007).
c. Subaquatic ground (SGD) – Eggs are deposited on the
bottom of lentic or lotic water bodies, as has been reported for some amphibians (e.g., Rhinella diptycha and Scinax
fuscomarginatus: Haddad et al. 2013) (Figs 2C–D).
d. Depression – Eggs are deposited in a depression in
the ground, excavated or otherwise, and covered or not.
This has occasionally been referred to as a “basin” in the
literature. This oviposition microhabitat is observed in
amphibians such as Amphiuma means and Boana faber
(Petranka 1998, Haddad & Prado 2005a).
e. Burrow – Eggs are deposited in a subterranean burrow dug or not by the parents, as is observed in Xeno
rhina spp. and Microcaecilia dermatophaga (Wells 2007,
Wilkinson et al. 2013).
f. Subaquatic chamber (SCH) – Eggs are deposited in a
submerged chamber in a water body, as has been observed
in some amphibians (Dicamptodon ensatus, Hylodes spp.:
Petranka 1998, Haddad & Prado 2005a).
g. Insect mound (IMO): Terrestrial or arboreal mounds
made by termites or ants – Eggs are usually deposited in
holes dug by the parental anurans, as has been reported for
Lithodytes lineatus (Schlüter & Regös 1981, Schlüter et
al. 2009).
h. Rock – Eggs are laid on or underneath rocks as has
been reported for some amphibians (e.g., Desmognathus
spp. and Cycloramphus spp.: Petranka 1998, Haddad &
Prado 2005a).
i. Wall – Eggs are laid on rock cliffs or in the sidewalls
of ravines, as is observed in a few anurans, such as Thoropa
spp. (Haddad & Prado 2005a).
j. Plant leaf – Eggs are deposited on the upper or lower
side of leaves of trees, shrubs, or blades of grass, with these
being either rolled up or folded together (constructed nest)
or not. This strategy is observed, for example, in anurans
such as Phyllomedusa spp. and Rhacophorus spp. (Haddad
& Prado 2005a, Meegaskumbura et al. 2015) (Fig. 1E).
k. Plant branch – Eggs are deposited on branches, twigs,
or the trunks of trees and stems of shrubs, as is observed in
Chiromantis xerampelina (Wells 2007).
l. Plant root – Eggs are deposited on or between tree
roots, as is observed in some amphibians (e.g., some species of the genus Cycloramphus: Wells 2007).
m. Subaquatic plant branch or root (SPBR) – Eggs are
deposited on or around subaquatic plant branches or roots,
as is observed in Melanophryniscus montevidensis (C. Bardier, unpubl. data), Boana prasina, and Sphaenorhynchus
caramaschii (Figs 2E–F).
n. Water-filled reservoir (WFR) – Eggs are deposited
in plant structures that accumulate water (phytotelmata),
such as bromeliads axils or rosettes, as has been noted in
Scinax perpusillus (Muscat et al. 2019), other plants such
as Paepalanthus spp. and Eriocaulon ligulatum by Melano
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phryniscus alipioi and M. biancae (Langone et al. 2008,
Nadaline et al. 2019), Crinum sp. used by Anodonthyla
spp., Cophyla spp., Platypelis spp., and Plethodontohyla spp.
(Glaw & Vences 2007, Andreone et al. 2010), Musa spp.
used by Leptopelis uluguruensis (Barbour & Loveridge
1928), Pandanus spp. used by Pelophryne brevipes (Malk
mus & Dehling 2008), pitcher plants like Nepenthes am
pularia and N. bicalcarata used by Microhyla spp. and Phi
lautus kerangae (Malkmus & Dehling 2008), and the
fruit husks of Bertholletia excelsa lying on the ground used
by Adelphobates castaneoticus and Rhinella castaneotica
(Caldwell 1993). WFR also includes holes in branches or
tree trunks that are used by Metaphrynella sundana (Malk
mus & Dehling 2008), and holes in logs used by Chaperina
fusca (Malkmus & Dehling 2008). Also included in this
category are snail shells (Gastropoda) containing water are
used by Phrynobatrachus guineensis and Stumpffia achillei
(Wells 2007, Rakotoarison et al. 2017, Fig. 3).
o. Reservoir without water (RWW): tree holes and bamboo internodes without water – Eggs are deposited in natural cavities in trees or logs or those constructed by birds
and other animals (Harrison 1998). This strategy is observed, for example, in Eleutherodactylus hedricki (Wells
2007), and in the case of using the dry internodes of bamboo, by Raorchestes chalazodes (Seshadri et al. 2015).
(8) Embryonic development
a. Indirect – The development with a larval stage, as is observed in most amphibians with eggs from which larvae
hatch.
b. Direct – The development without a larval stage, as is
observed in species in which embryos run the full course
of their development within eggs and hatch as fully formed
metamorphs, such as in the Brachycephaloidea clade (Padial et al. 2014).
(9) Embryonic nutrition
a. Lecithotrophic – Embryos obtain energy exclusively
from vitellogenic yolk reserves (Pough et al. 2009). We applied this category to direct-developing amphibians such
as Brachycephalus spp. (Pombal 1999).
b. Matrotrophic – Embryos that obtain energy not
only from vitellogenic yolk reserves, but supplementarily from nourishment derived from the mother (Pough et
al. 2009). We apply this category to some direct-developing amphibians, like Pipa pipa and Pipa carvalhoi (Wells
2007; Fernandes et al. 2011), Nimbaphrynoides occidenta
lis and Salamandra atra (Sandberger-Loua et al. 2017).
We also include in this category cases of oophagy and embryophagy (= adelphophagy; i.e., intra-oviductal cannibalism), as these sources of energy were also supplemented
by the mother, as is the case in Salamandra atra (besides
direct matrotrophy and lecithotrophy) (Wake 2015) and
Salamandra salamandra (Buckley et al. 2017).
(10) Larval and newborn nutrition
a. Endotrophic – Larvae obtain their developmental energy
from vitellogenic yolk (McDiarmid & Altig 1999). This
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Figure 3. Anuran eggs laid on water-filled reservoirs: Phrynobatrachus guineensis tadpoles hatched from eggs laid inside the water
accumulated in a snail shell (A), and eggs attached to a tree hole where tadpoles will develop (B), eggs of Scinax alcatraz in the water
accumulated in a bromeliad (C), Kalophrynus palmatissimus tadpoles hatched from eggs laid inside the water accumulated in a bamboo
internode (D), adult Microhyla borneensis perched on a tropical pitcher plant Nepenthes ampullaria, where it lays eggs (E), amplected
pair of Rhinella magnussoni on a fruit capsule of the Brazil nut Bertholletia excelsa, where eggs are laid (F).

419

Carlos Henrique Luz Nunes-de-Almeida et al.
Table 1. Amphibian reproductive modes (RMs) summarised: Total number of known species based on Frost (2021), percentage of
species included in our study, percentage of represented families, number of RMs, maximum number of RMs for a single species,
and number of unique RMs for each group.

Taxon / group
Amphibia
Anura
Caudata
Gymnophiona

Number of
known species

Percentage of
represented
species

Percentage of
represented
families

Number of
species with
RM data

Number of
RMs

8295
7315
766
214

26%
28%
15%
23%

80%
80%
100%
60%

2171
2012
109
49

74
71
16
7

category applies only to indirectly developing amphibians,
such as Eupsophus emiliopugini and Allobates sumtuosus
(Nuñez & Úbeda 2009, Simões & Lima 2012). Exotrophic
larvae may also absorb energy from vitellogenic yolk in the
very beginning of their development, but endotrophic larvae do not benefit from subsequent parental feeding.
b. Exotrophic – Larvae or newborn amphibians obtain
energy by oral consumption of food after hatching, after
their vitellogenic yolk has run out (McDiarmid & Altig
1999). We apply this category only to indirectly developing
amphibians, such as Rhinella proboscidea and Nymphargus
lasgralarias (Menin et al. 2006, Guayasamin et al. 2014)
and directly developing amphibians that have specialized
feeding strategies just after birth, such as in the caecilians Microcaecilia dermatophaga and Siphonops annulatus
(Wilkinson et al. 2008). Exotrophic larvae and newborns
may or may not benefit from parental feeding.
i. With parental feeding (W/PF) – Applied to when tadpoles feed on trophic eggs, as in Leptodactylus labyrinthi
cus, Oophaga spp., and Pipa carvalhoi (Prado et al. 2005,
Grant et al. 2006, Wells 2007), or newborns that feed
on parents’ skin, as in the caecilians Microcaecilia dermato
phaga and Siphonops annulatus (Wilkinson et al. 2008).
ii. Without parental feeding (Wo/PF) – Larvae or newborns do not depend on their parents, or other adults, for
feeding.
(11) Place of larval development
a. Lentic – Larvae develop in still water, such as lakes,
ponds, or swamps, as has been reported for the many anurans, such as Heterixalus madagascariensis and Vandijko
phrynus amatolicus (Glaw & Vences 2007, Wells 2007),
including fossorial larvae that develop in the bottom sand,
gravel or mud, as is the case in Scaphiophryne gottlebei and
Staurois parvus (Mercurio & Andreone 2006, Preininger et al. 2012). The water in WFRs is also lentic and may
be the place of tadpole development of several other species, such as in Fritziana ohausi (Haddad et al. 2013).
b. Lotic – Larvae develop in flowing waters, such as
rivulets, streams or rivers, as has been reported for Anso
nia torrentis, and including larvae that develop in the bottom sand, gravel or mud, such as in Vitreorana eurygnatha,
Micrixalus herrei, and Staurois guttatus (Heyer 1985, Haas
& Das 2012, Senevirathne et al. 2016). Semi-terrestrial
larvae, like those of the genera Thoropa and Cycloramphus
420

Maximum
Number of
number of RMs
exclusive RMs
for one species
4
4
3
1

74
56
1
1

(Wells 2007, Nunes-de-Almeida et al. 2016), were also
included here, as these tadpoles live in the interface zone
between lotic and terrestrial habitats.
c. Terrestrial – Larvae develop in a terrestrial environment, as is the case in Allobates tapajos and Zachaenus par
vulus (Lutz 1943, Simões et al. 2013).
d. Internal, in or on animal – This applies to anurans
whose eggs hatch and complete their development into
froglets inside the male’s hip pouch, as in Assa darling
toni (Wells 2007), those whose eggs are swallowed and
hatch and complete the development into froglets in their
mother’s stomach, as in Rheobatrachus silus (McDiarmid
& Altig 1999), and those whose eggs hatch and develop
inside the male’s vocal sac, as in Rhinoderma spp. (Mc
Diarmid & Altig 1999). Also, marsupial frogs fit this category. A marsupium is a body pouch in which offspring
develop (Pough et al. 2009) and has been reported for
hemiphractid anurans. In these frogs, females have a body
pouch on their back where eggs, tadpoles, or froglets are
kept (e.g., Gastrotheca spp., Fritziana spp., Hemiphractus
spp.: Duellman 2015). In species such as Fritziana spp.,
in spite of the eggs being kept in pouches, the tadpoles
develop in lentic waters of WFRs. Therefore, they are not
classified as belonging to this category. Finally, this strategy also applies to amphibians that give birth to tadpoles
or juveniles, as is known from Limnonectes larvaepartus
and Nectophrynoides spp. (Lee et al. 2006, Iskandar et al.
2014).
Results
Based on our review that covered 2,170 species, representing 26% of the total known extant amphibian species in the
world and including 80% of the families, we recognized 74
RMs for amphibians (Fig. 4, Supplementary Table S1, Supplementary document S2). Anurans (2,012 species sampled) exhibited 71 RMs (out of which 56 were exclusive),
salamanders (109 species sampled) exhibited 16 RMs, with
two exclusive RMs among amphibians (RM 9 and RM 35),
and caecilians (50 species sampled) exhibited 7 RMs, with
one exclusive to this order (Table 1). Some RMs were more
commonly reported, like RMs 16 (represented in 569 anuran, 5 salamander and 1 caecilian species), 27 (represented
in 384 anuran, 29 salamander and 11 caecilian species), and
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Figure 4. Dichotomous reproductive character and state key of Amphibia with 74 different reproductive modes. Letters indicate groups:
Anura (A), Caudata (B), and Gymnophiona (C). Numbers in a top row and on lower left indicate the 11 trait categories. IMO = Insect
mound, FLV = Floating vegetation, RWW = Reservoir without water, SGD = Subaquatic ground, SPBR = Subaquatic plant branch/
root, SCH = Subaquatic chamber, WFR = Water-filled reservoir.
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42 (represented in 122 anuran and 1 caecilian species). On
the other hand, the more traditionally known RMs, RMs 1,
2 and 3, were reported for less than 50 amphibian species
(Supplementary Table S1).
The treefrog Rhacophorus viridis exhibited four different
RMs, representing the maximum number of modes known
for one amphibian species. In the Caudata, four plethodontid species, Desmognathus carolinensis, D. ocoee, D. orestes,
and Hemidactylium scutatum, exhibited three different
RMs. Among the Gymnophiona, all species investigated
shared only one RM (Tables 1, S1). In the RM tree for Amphibia (Fig. S4) it is also possible to compare the current
74 RMs with previous classifications (Boulenger 1886,
Duellman & Trueb 1986, Haddad & Prado 2005a).
Discussion
Our review roughly doubles the number of RMs previously
reported for amphibians. With the newly proposed classification and redefinition of RMs, we will be able to better describe RM diversity for amphibians and effect more
standardized comparisons of RMs across amphibians. One
aspect that we have highlight here is that the current RMs 1,
2 and 3, previously considered RM 1 (Duellman & Trueb
1986, Haddad & Prado 2005a), are not the most common
RMs. The assumption that these modes were ancestral relative to the others was probably based on its supposed higher frequency in nature (Duellman & Trueb 1986, Had
dad & Prado 2005a), however they may in fact not be the
most common RMs among anurans on a global scale. An
expansion of our dataset would be interesting and would
possibly provide information to this assumption, and maybe the evolution of amphibian RMs was different from
what we thought it to be so far.
On top of our classification for amphibians, we propose
further that a single classification system covering all tetrapods be applied to an even broader range of taxa for comparisons, and to characterize assemblages and investigate
whether and how the community diversity of RMs is correlated with other traits such as size-fecundity and developmental relationships (Crump 1974). As amphibians are both
terrestrial and aquatic, which increases the possibilities for
oviposition and larval development sites, it is possible that
they are the vertebrate class with the greatest RM richness.
Therefore, it would be interesting to compare amphibian
RMs with those represented in fishes, which is a group with
exceptional species richness and is regarded as a group with
an outstanding number of RMs (Balon 1975, 1981), which
could about match the number of amphibian RMs (GomezMestre et al. 2012), but a standardized RM classification
system has never been applied to compare these two groups.
On the other hand, amniotes must avoid aquatic sites for
reproduction. This basic eco-physiological difference between amniotes and amphibians would limit their possible
number of RMs. Therefore, it is likely that amniotes have a
much-reduced number of RMs if the classification system
we are proposing here were applied to those taxa.
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Future experimental and modelling studies may help to
elucidate causes and consequences of RM diversification,
and our proposed system will facilitate this task. For example, the previous amphibian RM 1 (eggs deposited in lentic
waters) is now divided into three different RMs, depending
on whether the eggs incubate floating (RM 1), subaquatic on the ground (RM 2), or subaquatic attached to plant
structures (RM 3). This differentiation might prove useful
for future studies, as the proposed new classification system allows for specific comparisons between amphibians
and aquatic animals such as fishes or even invertebrates.
For example, fish RMs differ if they deposit their eggs on
subaquatic plants (RM 3) or if the eggs are left floating
(RM 1). This differentiation was not included in the previous RM 1, but has now been resolved. On the other hand,
this subdivision also revealed that we lack sufficient information for many amphibian species, hindering their classification, in part as a consequence of the simpler classification methods applied in the past. For example, for some
species that have been classified as making use of RM 1,
we were unable to assign a current RM as authors did not
specify their oviposition microhabitats. Therefore, based
on our proposed method we also expect greater resolution
in the description of RMs in future studies.
Anurans, especially those that produce froth nests, exhibit RM plasticity; specifically, these species vary in their
choices of oviposition site, probably as an evolutionary response to aquatic predation (Hödl 1990, Drewes & Altig 1996, Menin & Giaretta 2003, Altig & McDiarmid
2007), competition (Heyer 1969, Altig & McDiarmid
2007), and abiotic factors (Gorzula 1977, Heyer 1969,
Hödl 1986, Altig & McDiarmid 2007). For example,
Physalaemus signifer, which deposits its eggs in froth nests,
uses shallow pools, water accumulated in the axils of bromeliads, or even uses wet soil (Haddad & Pombal 1998,
Haddad & Prado 2005). Other species (of the same family – i.e., Leptodactylidae) also whip up their froth nests on
the ground or in terrestrial bromeliads, displaying similar
behavioural plasticity (Toledo et al. 2012). Additionally,
amphibians may even exhibit facultative exotrophy, such
as that observed in Fritziana goeldii (Weygoldt & Carvalho-e-Silva 1991). Such plasticity may be adaptive, providing advantages in cases of rapid environmental changes. For example, if one species is able to deposit its eggs
both in bromeliads and directly in ponds (e.g., Toledo et
al. 2012), and bromeliads are locally extinct, but ponds are
still present, the population will be able to resort to that
site. Therefore, we advocate that RM plasticity is adaptive
in, and of immense value to, amphibians, especially in the
current scenario of accelerated global climatic changes
(Loarie et al. 2009).
While several expressions of variation are observed
within the same clade and strong ecological constrains act
in the evolution of RMs, other groups appear to be quite
conservative. For example, almost all species within the
Brachycephaloidea (> 1,100 anuran species) have the same
RM (RM 27: eggs on ground, larvae with lecithotrophic
development). The few exceptions to this mode include
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eggs laid on vegetation (e.g., Ischnocnema nasuta and I. ve
nancioi; Lynn & Lutz 1947, Izecksohn & Albuquerque
1972), eggs possibly deposited in burrows (Eleutherodacty
lus aporostegus; Schwartz 1965, Hedges et al. 2008), and
viviparity (Eleutherodactylus jasperi; Wake 1978). This is
only one example of the clear influence of phylogeny on
RMs. On the other hand, other factors (besides evolutionary history) may influence RM diversity in other groups,
leading to the evolution of convergent RMs. For example, froth nests evolved independently and multiple times
within amphibian families. Therefore, those interested in
testing homology and convergence within amphibians (or
other animals) will have to delimit the characters or states
differently – not as we presented here. Despite that, our
study can serve as a baseline from which deeper evolutionary forays can be developed (e.g., Gomez-Mestre et al.
2012). For example, researchers could collect data from all
species with froth nests and then refine the traits and states
they want to test for their target species.
Based on our proposed classification system, we noted that some possibly alternative RMs have apparently not
yet been described. For example, froth nests have not been
observed on lotic water bodies. This could be explained by
the likelihood of nests being destroyed in such conditions.
In addition, the fact that there is no direct development of
eggs deposited in aquatic environments indicates that it is an
adaption to terrestrial environments; it probably indicates an
apomorphic condition to indirect development. On the other hand, other as yet undescribed RMs seem plausible; for
example, a froth nest on a rock wall, or eggs with direct development without a constructed nest in an insect mound. A
range of other options could be promptly envisaged. Therefore, we expect that future natural history observations will
increase the number of classifiable reproductive modes.
Conclusions
Our review updates the current amphibian reproductive
mode classification system and can support further advances in both amphibian and vertebrate breeding biology.
We do not propose this system to be static or applied solely
as is. Analyses of different taxa may benefit by the inclusion
or exclusion of additional traits or character states. For example, for mammals, if the inclusion of the diapause trait is
necessary, the system could be adapted, or, if dividing RMs
based on oviposition sites proves inappropriate, that trait
could be ignored. Hence, we hope this system will be well
used, tested, modified, amplified and, most importantly,
evolves and promotes the increase of information on animal breeding biology.
Acknowledgements
We thank Anat Belasen for reviewing the manuscript, and Min
Zhu, Christopher Rose, Kelly R. Zamudio, Cynthia P. A.
Prado, Emygdio Leite de Araujo Monteiro-Filho, Wesley
Rodrigues Silva, and Selma Maria de Almeida-Santos for

providing valuable comments on earlier versions of the same. We
thank Edélcio Muscat (Fig. 1A), Susan Christman (Fig. 1C),
Diego Santana (Fig. 1D), Isaias Santos (Fig. 1E), Daniel Loebmann (Figs 2B, D), Karoline Ceron (Fig. 2C), Mark-Oliver
Rödel (Fig. 3A), LeGrand (Fig. 3B), Victor Fávaro Augusto
(Fig. 3C), Jeet Sukumaran (Fig. 3D), Bjørn Olesen (Fig. 3E),
Luis Fernando Storti (Fig. 3F) for permission to use their
photos. This study was financed in part by the Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior – Brazil (CAPES)
– Finance Code 001, CHLNA. The São Paulo Research Foundation (FAPESP) provided grants to LFT (processes #2008/50325-5,
#2011/51694-7, #2014/23388-7, #2019/18335-5) and to CFBH (processes #2013/50741-7 and 2014/50342-8). The National Council of
Technological and Scientific Development (CNPq) provided research fellowships to LFT (#302589/2013-9 and #302834/2020-6)
and CFBH (#302518/2013-4).
References
Altig, R. & R. W. McDiarmid (2007): Morphological diversity and evolution of egg and clutch structure in amphibians. –
Herpetological Monographs, 21: 1–32.
Andreone, F., G. M. Rosa, J. Noël, A. Crottini, M. Vences
& C. J. Raxworthy (2010): Living within fallen palm leaves:
the discovery of an unknown Blommersia (Mantellidae: Anura) reveals a new reproductive strategy in the amphibians of
Madagascar. – Naturwissenschaften, 97: 525–543.
Balon, E. K. (1975): Reproductive guilds of fishes: a proposal and
definition. – Journal of the Fisheries Research Board of Canada, 32: 821–64.
Balon, E. K. (1981): Additions and amendments to the classification of reproductive styles of fishes. – Environmental Biology
of Fishes, 6: 377–89.
Barbour, T. & A. Loveridge (1928): A comparative study of the
herpetological faunae of the Uluguru and Usambara Mountains, Tanganyika Territory, with descriptions of new species.
– Memoirs of the Museum of Comparative Zoology, 50: 87–
265.
Becker, C. G., C. R. Fonseca, C. F. B. Haddad, R. F. Batista &
P. I. Prado (2007): Habitat split and the global decline of amphibians. – Science, 318: 1775–1777.
Blackburn, D. G. (1992): Convergent evolution of viviparity,
matrotrophy, and specializations for fetal nutrition in reptiles
and other vertebrates. – American Zoology, 32: 313–321.
Blackburn, D. G. (1999): Viviparity and oviparity: evolution and
reproductive strategies. – pp. 994–1003 in: Knobil, T. E. & J.
D. Neill (eds): Encyclopedia of Reproduction. – Academic
Press, London.
Blackburn, D. G. (2000): Classification of the reproductive patterns of amniotes. – Herpetological Monographs, 14: 371–377.
Bogart, J. P., K. Bi, J. Fu, D. W. Noble & J. Niedzwiecki (2007):
Unisexual salamanders (genus Ambystoma) present a new reproductive mode for eukaryotes. – Genome, 50: 119–136.
Boulenger, G. A. (1886): Remarks in connection with the preceding note. – The Annals and Magazine of Natural History,
17: 463–464.
Breder Jr., C. M. & D. E. Rosen (1966): Modes of reproduction
in ﬁshes. – Natural History Press, New York.
Bronson, F. H. (1989): Mammalian reproductive biology. – University of Chicago Press, Chicago.

423

Carlos Henrique Luz Nunes-de-Almeida et al.
Buckley, D., M. Alcobendas, M. García-París & M. H. Wake
(2007): Heterochrony, cannibalism, and the evolution of viviparity in Salamandra salamandra. – Evolution and Development, 9: 105–115.
Budgett, J. S. (1899): On the breeding habits of some West African fishes with an account of the external features in development of Protopterus annectens, and a description of the larvae
of Polypterus lapradei. – Transactions of the Zoological Society of London, 16: 115–136.
Caldwell, J. P. (1993): Brazil nut fruit capsules as phytotelmata: interactions among anuran and insect larvae. – Canadian
Journal of Zoology, 71: 1193–1201.
Campos, F. S., R. Lourenço-de-Moraes, A. Rudoy, D. Rödder, G. A. Llorente & M. Solé (2019): Ecological trait evolution in amphibian phylogenetic relationships. – Ethology
Ecology & Evolution, 31: 526–543.
Collias, N. E. (1964): The evolution of nests and nest building in
birds. – Canadian Journal of Zoology, 4: 175–190.
Crump, M. L. (1974): Reproductive strategies in a tropical anuran
community. – Museum of Natural History of the University of
Kansas, 61: 1–68.
Crump, M. L. (2009): Amphibian diversity and life history. – pp.
3–20 in: Dodd Jr., C. K. (ed.): Amphibian ecology and conservation: a handbook of techniques. – University Press, Oxford.
Cuvier, G. (1802): Lectures on comparative anatomy. – Longman
and Reese, London.
Darwin, C. (1859): On the origin of species by means of natural
selection. – Murray, London.
Drewes, R. C. & R. Altig (1996): Anuran egg predation and
hetero cannibalism in a breeding community of East African
frogs. – Tropical Zoology, 9: 333–347.
Duellman, W. E. & L. Trueb (1986): Biology of amphibians. –
The Johns Hopkins University Press, Maryland.
Duellman, W. E. (2015): Marsupial frogs: Gastrotheca & allied
genera. – The Johns Hopkins University Press, Maryland.
Faivovich, J., C. F. B. Haddad, D. Baêta, K. H. Jungfer, G. F.
R. Alvares, R. A. Brandão, C. Sheil, L. S. Barrientos, C.
L. Barrio-Amorós, C. A. G. Cruz & W. C. Wheeler (2010a):
The phylogenetic relationships of the charismatic poster frogs,
Phyllomedusinae (Anura, Hylidae). – Cladistics, 26: 227–261.
Faivovich, J., J. L. Gasparini & C. F. B. Haddad (2010b): A new
species of the Scinax perpusillus group (Anura: Hylidae) from
Espírito Santo, Brazil. – Copeia, 2010: 97–102.
Fernandes, T. L., Antoniazzi, M. M., Sasso-Cerri, E., Egami, M.
I., Lima, C., Rodrigues, M. T. & C. Jared (2011): Carrying progeny on the back: reproduction in the Brazilian aquatic frog Pipa
carvalhoi. – South American Journal of Herpetology, 6: 161–176.
Frost, D. R. (2021): Amphibian Species of the World: An Online Reference. Version 6.1. – Electronic Database accessible at
https://amphibiansoftheworld.amnh.org/index.php, accessed
19 February 2021. – American Museum of Natural History,
New York, USA. doi.org/10.5531/db.vz.0001
Gaitonde, N. & V. Giri (2014): Primitive breeding in an ancient
Indian frog genus Indirana. Current Science, 107: 109–112.
Glaw, F. & M. Vences (2007): A field guide to the amphibians
and reptiles of Madagascar. Vences & Glaw Verlags GbR.
Gomez-Mestre, I., R. A. Pyron & J. J. Wiens (2012): Phylogenetic analyses reveal unexpected patterns in the evolution of
reproductive modes in frogs. – Evolution, 66: 3687–3700.

424

Gorzula, S. (1977): Foam nesting in leptodactylids: a possible
function. – Journal of Herpetology, 5: 657–659.
Grant, T., D. R. Frost, J. P. Caldwell, R. Gagliardo, C. F.
B. Haddad, F. J. Kok, D. B. Means, B. P. Noonan, W. E.
Schargel & W. C. Wheeler (2006): Phylogenetic systematics
of dart-poison frogs and their relatives (Amphibia: Athesphat
anura: Dendrobatidae). – Bulletin of the American Museum
of Natural History, 299: 1–262.
Guayasamin, J. M., A. M. Mendoza, A. V. Longo, K. R. Zamudio & E. Bonaccorso (2014): High prevalence of Batracho
chytrium dendrobatidis in an Andean frog community (Reserva Las Gralarias, Ecuador). – Amphibian and Reptile Conservation, 8: 33–44.
Gururaja, K. V. (2010): Novel reproductive mode in a torrent
frog Micrixalus saxicola (Jerdon) from the Western Ghats, India. – Zootaxa, 2642: 45–52.
Gururaja, K. V., K. P. Dinesh, H. Priti & G. Ravikanth (2014):
Mud-packing frog: a novel breeding behaviour and parental
care in a stream dwelling new species of Nyctibatrachus. –
Zootaxa, 3796: 33–61.
Haddad, C. F. B. & W. Hödl (1997) New reproductive mode in
anurans: bubble nest in Chiasmocleis leucosticta (Microhylidae). – Copeia, 1997: 585–588.
Haddad, C. F. B. & J. P. Pombal Jr. (1998): Redescription of
Physalaemus signifer (Anura: Leptodactylidae) and description of two new reproductive modes. – Journal of Herpetology, 32: 557–65.
Haddad, C. F. B., J. P. Pombal Jr. & M. Gordo (1990): Foam
nesting in a hylid frog (Amphibia, Anura). – Journal of Herpetology, 24: 225–226.
Haddad, C. F. B. & C. P. A. Prado (2005a): Reproductive modes
in frogs and their unexpected diversity in the Atlantic forest of
Brazil. – BioScience, 55: 207–217.
Haddad, C. F. B. & C. P. A. Prado (2005b): Reproductive modes
in frogs and their unexpected diversity in the Atlantic forest of
Brazil: Correction. – BioScience, 55: 724.
Haddad, C. F. B., L. F. Toledo, C. P. A. Prado, D. Loebmann,
J. L. Gasparini & I. Sazima (2013): Guide to the amphibians
of the Atlantic Forest: diversity and biology. – Anolis Books,
São Paulo.
Hartmann, M. T., P. A. Hartmann & C. F. B. Haddad (2010):
Reproductive modes and fecundity of an assemblage of anuran amphibians in the Atlantic rainforest, Brazil. – Iheringia,
100: 207–215.
Harrison, H. H. (1998): A field guide to the birds’ nests: United States east of the Mississippi River. Boston, Massachusetts:
Houghton Mifflin Company.
Haas, A. & I. Das (2012): Frogs of Borneo – The frogs of East Malaysia and their larval forms. – Electronic Database accessible
at http://http://www.frogsofborneo.org.
Hedges, S. B., W. E. Duellman & M. P. Heinicke (2008): New
World direct-developing frogs (Anura: Terrarana): Molecular
phylogeny, classification, biogeography, and conservation. –
Zootaxa, 1737: 1–182.
Heyer, W. R. (1969): The adaptive ecology of the species groups
of the genus Leptodactylus (Amphibia, Leptodactylidae). –
Evolution, 23: 421–428.
Heyer, W. R. (1985): Taxonomic and natural history notes of
frogs of the genus Centrolenella (Amphibia: Centrolenidae)

Amphibian reproductive modes
from southeastern Brazil and adjacent Argentina. – Papéis
Avulsos de Zoologia, 36: 1−21.
Hödl, W. (1986): Foam nest construction in South American
leptodactylid frogs. – pp. 565–569 in: Roček, Z. (ed.): Studies
in Herpetology. – Charles University, Prague.
Hödl, W. (1990): An analysis of foam nest construction in the
Neotropical frog Physalaemus ephippifer (Leptodactylidae). –
Copeia, 1990: 547–554.
Inger, R. F. (1957): Ecological aspects of the origins of the tetra
pods. – Evolution, 11: 373–376.
Iskandar, D. T., B. J. Evans & J. A. McGuire (2014): A novel reproductive mode in frogs: a new species of fanged frog with
internal fertilization and birth of tadpoles. – PLoS ONE, 9:
e115884.
Izecksohn, E. & S. T. Albuquerque (1972): Algumas observações sobre o desenvolvimento de Eleutherodactylus ve
nancioi B. Lutz (Amphibia, Anura). – Arquivos da Universidade Federal Rural do Rio de Janeiro, 2: 13–15.
Lamotte, M. & J. Lescure (1977): Tendances adaptatives a
l’affranchissement du milieu aquatique chez les amphibiens
anoures. – Terre et Vie, 31: 225–311.
Langone, J. A., M. V. Segalla, M. Bornschein, R. O. de Sá
(2008): A new reproductive mode in the genus Melano
phryniscus Gallardo, 1961 (Anura: Bufonidae) with description of a new species from the state of Paraná, Brazil. – South
American Journal of Herpetology, 3: 1–9.
Lee, S., K. Zippel, L. Ramos & J. Searle (2006): Captive‐breeding programme for the Kihansi spray toad Nectophrynoides
asperginis at the Wildlife Conservation Society, Bronx, New
York. – International Zoo Yearbook, 40: 241–253.
Lima, M. S. C. S., J. Pederassi & C. A. S. Souza (2013): Habitat
use by the pumpkin toadlet, Brachycephalus ephippium (Anura, Brachycephalidae) in the Atlantic Rain Forest of Brazil.
– Boletín de la Asociación Herpetológica Española, 24: 11–14.
Loarie, S., P. Duffy, H. Hamilton, G. P. Asner, C. B. Field & D.
D. Ackerly (2009): The velocity of climate change. – Nature,
462: 1052–1055.
Lodé, T. (2012): Oviparity or viviparity? That is the question… –
Reproductive Biology, 12: 259–264.
Long, J. A. & M. S. Gordon (2004): The greatest step in vertebrate history: a Paleobiological review of the fish-tetrapod
transition. – Physiological and Biochemical Zoology, 77: 700–
719.
Lutz, B. (1943): Observations on the life history of the Brazilian
frog Oocormus microps. – Copeia, 1943: 225–231.
Lutz, B. (1947): Trends towards non-aquatic and direct development in frogs. – Copeia, 1947: 242–252.
Lynn, W. G. & B. Lutz (1947): The development of Eleuthero
dactylus nasutus Lutz (Salientia). – Boletim do Museu Nacional, 79: 1–30.
Malagoli, L. R., T. L. Pezzuti, D. L. Bang, J. Faivovich, M. L.
Lyra, J. G. R. Giovanelli, P. C. A. Garcia, R. J. Sawaya & C.
F. B. Haddad (2021): A new reproductive mode in anurans:
Natural history of Bokermannohyla astartea (Anura: Hylidae)
with the description of its tadpole and vocal repertoire. – PLoS
ONE, 16: e0246401.
Malkmus, R. & J. M. Dehling (2008): Anuran amphibians of
Borneo as phytotelm-breeders – a synopsis. – Herpetozoa, 20:
165–172.

Martins, M. (1993): Observations on the reproductive behaviour of the smith frog, Hyla faber. – Herpetological Journal,
3: 31–34.
McDiarmid, R. W. (1978): Evolution of parental care in frogs. –
pp. 127–147 in: Burghardt, G. M. & M. Bekoff (eds): The development of behavior: comparative and evolutionary aspects.
– Garland STPM Press, New York.
McDiarmid, R. W. & R. Altig (1999): Tadpoles: the biology of
anuran larvae. – University of Chicago Press, Chicago.
Meegaskumbura, M., G. Senevirathne, S. D. Biju, S. Garg,
S. Meegaskumbura, R. Pethiyagoda, J. Hanken & C. J.
Schneider (2015): Patterns of reproductive‐mode evolution
in Old World tree frogs (Anura, Rhacophoridae). – Zoologica
Scripta, 44: 509–522.
Menin, M. & A. A. Giaretta (2003): Predation on foam nests
of leptodactyline frogs (Anura: Leptodactylidae) by larvae of
Beckeriella niger (Diptera: Ephydridae). – Journal of Zoology,
261: 239–243.
Menin, M., D. J. Rodrigues & A. P. Lima (2006): The tadpole of
Rhinella proboscidea (Anura: Bufonidae) with notes on adult
reproductive behavior. – Zootaxa, 1258: 47–56.
Mercurio, V. & F. Andreone (2006): The tadpoles of Scaphio
phryne gottlebei (Microhylidae, Scaphiophryninae) and Man
tella expectata (Mantellidae, Mantellinae) from Isalo Massif,
central-southern Madagascar. – Alytes, 23: 81–95.
Mitsukuri, K. (1891): On the fetal membranes of Chelonia. –
Journal of Colloid Science, 4: 1–58.
Muscat, E., G. Augusto-Alves, L. F. Toledo, R. M. Tanaka
& D. R. Stuginski (2019): Multimale amplexus, amplectant
and advertisement calls, and tadpole development in Ololy
gon perpulilla (Lutz and Lutz, 1939). – Herpetology Notes, 12:
1067–1072.
Nadaline, J., L. F. Ribeiro, L. Teixeira, F. S. Vannuchi & M.
R. Bornschein (2019): New record of Melanophryniscus bian
cae Bornschein, Baldo, Pie, Firkowski, Ribeiro & Corrêa, 2015
(Anura, Bufonidae) from Paraná, Brazil, with comments on its
phytotelm-breeding ecology. – Check List, 15: 821–826.
Nascimento, A. P. B., A. Almeida, A. S. F. Lantyer-Silva & J.
Zina (2015): Biologia reprodutiva de Hypsiboas crepitans (Anura, Hylidae). – Boletim do Museu de Biologia Mello Leitão,
37: 271–291.
Nunes-de-Almeida, C. H. L., K. R. Zamudio & L. F. Toledo
(2016): The semiterrestrial tadpole of Cycloramphus rhya
konastes Heyer, 1983 (Anura, Cycloramphidae). – Journal of
Herpetology, 50: 289–294.
Nuñez, J. J. & C. A. Úbeda (2009): The tadpole of Eupsophus
nahuelbutensis (Anura: Neobatrachia): external morphology, chondrocranium, and comments on its natural history. –
Zootaxa, 2126: 58–68.
Padial, J. M., T. Grant & D. R. Frost (2014): Molecular systematics of Terraranas (Anura: Brachycephaloidea) with an
assessment of the effects of alignment and optimality criteria.
– Zootaxa, 3825: 1–132.
Pereira, E. B., R. G. Collevatti, M. N. C. Kokubum, N. E. O
Miranda & N. M. Maciel (2015): Ancestral reconstruction
of reproductive traits shows no tendency toward terrestriality
in leptodactyline frogs. – BMC Evolutionary Biology, 15: 1–12.
Petranka, J. W. (1998): Salamanders of the United States and
Canada. – Smithsonian Institution Press, Washington.

425

Carlos Henrique Luz Nunes-de-Almeida et al.
Pombal, J. P. Jr. (1999): Oviposition and development of pumpkin toadlet, Brachycephalus ephippium (Spix) (Anura, Brachy
cephalidae). – Revista Brasileira de Zoologia, 16: 967–976.
Pough, F. H., C. M. Janis & J. B. Heiser (2009): Vertebrate life. –
Pearson Benjamin Cummings, San Francisco.
Portik, D. M. & D. C. Blackburn (2016): The evolution of reproductive diversity in Afrobatrachia: A phylogenetic comparative analysis of an extensive radiation of African frogs. –
Evolution, 70: 2017–2032.
Prado, C. P. A., L. F. Toledo, J. Zina & C. F. B. Haddad (2005):
Trophic eggs in the foam nests of Leptodactylus labyrinthicus
(Anura, Leptodactylidae): an experimental approach. – Herpetological Journal, 15: 279–284.
Preininger, D., A. Weissenbacher, T. Wampula & W. Hödl
(2012): The conservation breeding of two foot-flagging frog
species from Borneo, Staurois parvus and Staurois guttatus. –
Amphibian & Reptile Conservation, 5: 45–56.
Rakotoarison, A., M. D. Scherz, F. Glaw, J. Köhler, F. Andreone, M. Franzen, J. Glos, O. Hawlitschek, T. Jono, A.
Mori, S. H. Ndriantsoa, N. R. Raminosoa, J. C. Riemann,
M. O. Rödel, G. M. Rosa, D. R. Vieites, A. Crottini & M.
Vences (2017): Describing the smaller majority: integrative
taxonomy reveals twenty-six new species of tiny microhylid
frogs (genus Stumpffia) from Madagascar. – Vertebrate Zoo
logy, 67: 271–398.
Salthe, S. N. (1969): Reproductive modes and the number and
sizes of ova in the urodeles. – The American Midland Naturalist Journal, 81: 467–490.
Salthe, S. N. & W. E. Duellman (1973): Quantitative constraints
associated with reproductive mode in anurans. – pp. 229–249
in: Vial, J. L. (ed.): Evolutionary biology of the anurans. –
University of Missouri Press, Columbia.
Salthe, S. N. & J. S. Mecham (1974): Reproductive and courtship
patterns. – pp. 309–521 in: Lofts, B. (ed.): Physiology of the
Amphibia. – Academic Press, New York.
Sandberger-Loua, L., H. Müller & M.-O. Rödel. (2017): A review of the reproductive biology of the only known matro
trophic viviparous anuran, the West African Nimba toad,
Nimbaphrynoides occidentalis. – Zoosystematics and Evolution, 93: 105–133.
Santoro, G. R. C. C. & R. A. Brandão (2014): Reproductive
modes, habitat use, and richness of anurans from Chapada
dos Veadeiros, central Brazil. – North-Western Journal of
Zoology, 10: 365–373.
Schlüter, A., P. Löttker & K. Mebert (2009): Use of an active nest of the leaf cutter ant Atta cephalotes (Hymenoptera:
Formicidae) as a breeding site of Lithodytes lineatus (Anura:
Leptodactylidae). – Herpetology Notes, 2: 101–105.
Schlüter, A. & J. Regös (1981): Lithodytes lineatus (Schneider,
1799) (Amphibia: Leptodactylidae) as a dweller in nests of the
leaf cutting ant Atta cephalotes (Linnaeus, 1758) (Hymeno
ptera: Attini). – Amphibia-Reptilia, 2: 117–121.
Schwartz, A. (1965): Geographic variation in two species of Hispaniolan Eleutherodactylus, with notes on Cuban members of
the ricordi group. – Studies on the Fauna of Curaçao and Other Caribbean Islands, 22: 98–123.
Senevirathne, G., S. Garg, R. Kerney, M. Meegaskumbura
& S. D. Biju (2016): Unearthing the fossorial tadpoles of the
Indian dancing frog family Micrixalidae. – PLoS ONE, 11:
e0151781.

426

Seshadri, K. S., K. V. Gururaja & D. P. Bickford (2015): Breeding in bamboo: a novel anuran reproductive strategy discovered in rhacophorid frogs of the Western Ghats, India. – Biological Journal of the Linnean Society, 114: 1–11.
Shabrani, A. & I. Das (2015): Effect of habitat disturbance on
amphibian reproductive mode in Sarawak (Borneo). – Proceedings of the Regional Taxonomy and Ecology Conference,
1: 210–220.
Shine, R. (1983): Reptilian reproductive modes: the oviparityviviparity continuum. – Herpetologica, 39: 1–8.
Semon, R. (1894): Die Embryonalhüllen der Monotremen und
Marsupialier. – Denkschriften der Medizinisch-Naturwissenschaftlichen Gesellschaft zu Jena, 5: 19–58.
Simões, P. I. & A. P. Lima (2012): The tadpole of Allobates sum
tuosus (Morales, ‘2000’ 2002) (Anura: Aromobatidae) from its
type locality at Reserva Biológica do Rio Trombetas, Pará, Brazil. – Zootaxa, 3499: 86–88.
Simões, P. I., M. J. Sturaro, P. L. V. Peloso & A. P. Lima (2013):
A new diminutive species of Allobates Zimmermann and
Zimmermann, 1988 (Anura, Aromobatidae) from the northwestern Rio Madeira/Rio Tapajós interfluve, Amazonas, Brazil. – Zootaxa, 3609: 251–273.
Simon, J. E. & S. Pacheco (2005): On the standardization of nest
descriptions of Neotropical birds. – Brazilian Journal of Ornithology, 13: 143–154.
Thilenius, G. (1899): Vorläufiger Bericht über Eiablage und erste Entwicklung der Hatteria punctata. – Sitzungsberichte der
Königlich Preussischen Akademie der Wissenschaften zu Berlin, 1: 247–256.
Toledo, L. F., M. V. Garey, T. R. N. Costa, R. Lourenço-deMoraes, M. T. Hartmann & C. F. B. Haddad (2012): Alternative reproductive modes of Atlantic forest frogs. – Journal of
Ethology, 30: 331–336.
Tyler, M. J. & D. B. Carter (1981): Oral birth of the young of the
gastric brooding frog Rheobatrachus silus. – Animal Behavior,
29: 280–282.
Vági, B., Z. Végvári, A. Liker, R. P. Freckleton & T. Székely
(2020): Climate and mating systems as drivers of global diversity of parental care in frogs. – Global Ecology and Biogeography, 29: 1373–1386.
von Ihering, H. (1886): XLIII. On the oviposition in Phyllo
medusa iheringii. – Journal of Natural History, 17: 461–464.
Wake, M. H. (1978): The reproductive biology of Eleutherodacty
lus jasperi (Amphibia, Anura, Leptodactylidae), with comments on the evolution of live-bearing systems. – Journal of
Herpetolology, 12: 121–133.
Wake, M. H. (1982): Diversity within a framework of constraints.
Amphibian reproductive modes. – pp. 87–106 in: Mossakowski, D. & G. Roth (eds): Environmental adaptation and
evolution. – Gustav Fischer, New York.
Wake, M. H. (2015): Fetal adaptations for viviparity in amphi
bians. – Journal of Morphology, 276: 941–960.
Wake, M. H. & R. Dickie (1998): Oviduct structure and function
and reproductive modes in amphibians. – Journal of Experimental Zoology, Part A, 282: 477–506.
Wells, K. D. (2007): The ecology and behavior of amphibians. –
University of Chicago Press, Chicago.
Weygoldt, P. & S. P. Carvalho-e-Silva (1991): Observations on
mating, oviposition, egg sac formation and development in

Amphibian reproductive modes
the egg-brooding frog, Fritziana goeldii. – Amphibia-Reptilia,
12: 67–80.
Wilkinson, M., E. Sherratt, F. Starace & D. J. Gower (2013):
A new species of skin-feeding caecilian and the first report of
reproductive mode in Microcaecilia (Amphibia: Gymnophiona: Siphonopidae). – PLoS ONE, 8: e57756.
Wilkinson, M., A. Kupfer, R. Marques-Porto, H. Jeffkins,
M. M. Antoniazzi & C. Jared (2008): One hundred million
years of skin feeding? Extended parental care in a Neotropical caecilian (Amphibia: Gymnophiona). – Biology Letters, 4:
358–61.
Zamudio, K. R., R. C. Bell, R. C. Nali, C. F. B. Haddad & C.
P. A. Prado (2016): Polyandry, predation, and the evolution
of frog reproductive modes. – The American Naturalist, 188S:
41–61.

Supplementary data
The following data are available online:
Supplementary Table S1. Amphibian species classified with the
new reproductive modes.
Supplementary document S1. Definitions of applied character or
its states.
Supplementary document S2. Description of reproductive modes
of amphibians.
Supplementary document S3. References for Supplementary Table S1.

427

