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Abstract: The adults of several anuran amphibian species deposit their eggs externally in mucus
secretions that are purposely aerated to produce a froth nest. This type of clutch structure has
evolved independently several times in this group and has been proposed to serve a variety and often
simultaneous adaptive functions associated with protecting offspring from sub-optimal conditions
during embryogenesis and later stages after hatching has occurred. These functions range from
buffering offspring from sub-optimal temperatures and desiccation, to defending against predation
and improving oxygenation. This versatility has likely helped facilitate the reduced reliance of egg
development on water and thus the penetration of anurans into environments where permanent
aquatic systems are not always available. In this paper, I review the hypothesised functions of the
anuran froth nest as a mucus-based solution to the environmental challenges offspring face during
development, with consideration of the functions of froth nest breakdown and communal froth
nesting, as well.

Keywords: anti-desiccation; anti-predation; bubble nest; clutch structure; communal nesting; egg
mass; foam nest; mucus; oxygenation; thermal environment

1. Introduction

An overwhelming majority of anuran amphibians are oviparous, laying their eggs
externally and often providing little or no parental care thereafter [1]. Upon oviposition,
these eggs are thus exposed to a variety of risk factors, the interaction of which has
driven the evolution of a diversity of clutch structures to improve the odds of survival
during embryogenesis [2]. One of these includes the purposeful incorporation of air
bubbles into mucus to produce a frothy spawn body into which the eggs are deposited
and complete development. These frothy masses, commonly referred to as foam nests,
have been recorded in species from at least 19 genera across seven families, including
hylidae, hyperoliidae, leiuperidae, leptodactylidae, microhylidae, myobatrachidae, and
rhacophoridae [3–8]. The procedure of aeration and final form of the nest differs widely
among families, suggesting that the behaviour has evolved independently several times
among the anuran amphibians as a mucus-based solution to the environmental challenges
that come with an oviparous life history [9–11].

As with other animal groups, mucus secretions produced by anuran amphibians
serve a range of functions at various life history stages, including capturing prey [12],
defence against pathogens [13], protecting the digestive system [14], lubrication [15], and
reproduction [2]. Encapsulating eggs in frothed mucus has been proposed to serve a variety
adaptive functions that improve the speed and/or probability of successful embryogenesis
and hatchling survival [16], by altering the conditions offspring are exposed to during
incubation. As more natural history data are obtained for froth nesting species, there is an
increasing need to consolidate this information to provide a foundation for future research
in this field. In this study, I explore froth nesting as a reproductive innovation among the
anurans. I review evidence gathered for each hypothesised function of the anuran froth
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nest, along with the function of froth nest breakdown and communal froth nesting. Finally,
I present experimental protocols that should be followed in order to streamline future
studies in this field.

2. Froth Nest Construction

There is a great diversity of environmental settings in which froth nests are built,
including aquatically on water surfaces or margins [5,9], terrestrially on moist forest floors
or in burrows [17,18], and arboreally attached to plant structures such as branches and
leaves [7,19]. The precursor fluid that constitutes the nest is mucus excreted from glands
located on the skin of amplectant adult pairs [20], or as cloacal fluid from the female [21] or
male [7], which is released prior to egg extrusions and then mixed with water obtained
from the surrounding environment in aquatic species [22], or expelled from the bladder
in terrestrial/arboreal species [23]. It has been suggested for several species that the froth
is actually a combination of both mucus secretions and the outer layer(s) of jelly that
surround each egg [24,25], and thus the eggs are released simultaneously with the mucus.
This mixture of mucus, water and possibly jelly is subsequently aerated, which involves
highly synchronised movements by the adult pairs while in inguinal or axillary amplexus,
though may include assistance from additional non-amplectant males in some species [26].
This results in the production of nests composed of either foam or bubbles (Figure 1) [1,2,8].
Throughout the current study, nest type has been classified as either foam or bubble based
for each species. However, both foam and bubble-based nest types have been collectively
defined as ‘froth nests’ as per Altig and McDiarmid [2].
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Figure 1. Vertical sections of bubble and foam nests produced by anurans. The left panel shows aquatic nests produced 
by; (A) Chiasmocleis leucosti—eggs laid within a thin bubble nest, (B) Limnodynastes tasmaniensis—eggs laid below a bubble 
raft, (C) Limnodynastes peronii—eggs laid throughout a bubble nest, and (D) Engystomops pustulosus—eggs laid within the 
core of a globular foam nest with an egg-free cortex. The middle panel shows terrestrial nests produced by; (E) Leptodac-
tylus labyrinthicusv—eggs dispersed throughout a globular foam nest except for the top surface, and deposited in an un-
capped burrow, and (F) Leptodactylus bufonius—eggs dispersed throughout a globular foam nest except for the top surface, 
and deposited in a capped burrow. The right panel shows arboreal nests produced by; (G) Chiromantis xerampelina—eggs 
laid in a globular foam nest with an egg-free cortex, and (H) Rhacophorus malabaricus—eggs dispersed throughout a glob-
ular foam nest. Eggs with pigment are shown in black while unpigmented eggs are shown in pale yellow. Colourless 
circles depict the relative size of air bubbles that form the nests of foam and bubble nesting species. 

Anuran froth nests must be environmentally resilient, often for extended periods 
even after embryos have hatched, as well as biologically compatible with the survival of 
the residing offspring that are in close physical contact with the frothed material. This is 
a biological challenge as detergent-like molecules with surface activity are generally re-
quired to overcome the high-surface tension of water to produce stable foams and bub-
bles, yet these compounds would be damaging to the unprotected cell membranes of 
sperm and eggs and subsequently embryos in external fertilisers such as frogs [22]. In the 
absence of these molecules, viscous materials can be whipped by vigorous mechanical 
agitation (e.g., egg whites), but such a strategy for froth nest construction would come at 
the cost of high energy expenditure, particularly as foam fluid is not as vicious to allow 
for effective entrapment of air [29], and with tendency for collapse without additional 
stabilising processes [30]. Instead, Flemming et al. [22] have reported on a set of proteins 
(referred to as ranaspumins) present in the froth nest of the South American species Engy-
stomops pustulosus (originally Physalaemus pustulosus), one of which exhibits strong surface 
activity without causing cell damage associated with conventional small molecule surfac-
tants that are able to penetrate cell membranes, which suggests a remarkable adaptation 
for froth production among the anurans. Froth nests produced by this species, and per-
haps others, have been suggested to be initially formed through the presence of this pro-
tein at the air–water interface near the surface of the nest and then further stabilised 
through the action of other protein components present within the mucus, thereby ensur-
ing the nest persists for sufficient time for embryos to complete development [29]. 

Figure 1. Vertical sections of bubble and foam nests produced by anurans. The left panel shows aquatic nests produced by;
(A) Chiasmocleis leucosti—eggs laid within a thin bubble nest, (B) Limnodynastes tasmaniensis—eggs laid below a bubble raft,
(C) Limnodynastes peronii—eggs laid throughout a bubble nest, and (D) Engystomops pustulosus—eggs laid within the core
of a globular foam nest with an egg-free cortex. The middle panel shows terrestrial nests produced by; (E) Leptodactylus
labyrinthicusv—eggs dispersed throughout a globular foam nest except for the top surface, and deposited in an uncapped
burrow, and (F) Leptodactylus bufonius—eggs dispersed throughout a globular foam nest except for the top surface, and
deposited in a capped burrow. The right panel shows arboreal nests produced by; (G) Chiromantis xerampelina—eggs laid in
a globular foam nest with an egg-free cortex, and (H) Rhacophorus malabaricus—eggs dispersed throughout a globular foam
nest. Eggs with pigment are shown in black while unpigmented eggs are shown in pale yellow. Colourless circles depict the
relative size of air bubbles that form the nests of foam and bubble nesting species.
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Foam-based nests are typically composed of small air bubbles, which are produced
primarily through the beating of the adult’s legs. In rhacophorids and leptodactylids it is
generally the male that uses his hind legs to physically whip the mucus into foam [6,7,24],
while in at least one species of hylid, foam is produced by the female jumping onto the
mucus after it has been excreted [9]. In contrast, bubble-based nests typically contain large
air bubbles that are transported into the mucus without whipping. In the myobactrachids,
females use specialised flanged fingers to scoop air bubbles into the nest as mucus is
released from the oviduct [5,27], while adult pairs in at least one microhylid dive below the
water to release air bubbles through their nostrils into the mucus above to form the bubble
nest [28]. The inclusion of air causes the froth nest of foam and bubble nesting species to
become inflated to a much greater size than what would be possible without aeration. This
results in the formation of a structured, spherical body, though the nests of some species
remain relatively flat due to the lack of incorporated air [28].

Anuran froth nests must be environmentally resilient, often for extended periods even
after embryos have hatched, as well as biologically compatible with the survival of the
residing offspring that are in close physical contact with the frothed material. This is a
biological challenge as detergent-like molecules with surface activity are generally required
to overcome the high-surface tension of water to produce stable foams and bubbles, yet
these compounds would be damaging to the unprotected cell membranes of sperm and
eggs and subsequently embryos in external fertilisers such as frogs [22]. In the absence
of these molecules, viscous materials can be whipped by vigorous mechanical agitation
(e.g., egg whites), but such a strategy for froth nest construction would come at the cost of
high energy expenditure, particularly as foam fluid is not as vicious to allow for effective
entrapment of air [29], and with tendency for collapse without additional stabilising
processes [30]. Instead, Flemming et al. [22] have reported on a set of proteins (referred
to as ranaspumins) present in the froth nest of the South American species Engystomops
pustulosus (originally Physalaemus pustulosus), one of which exhibits strong surface activity
without causing cell damage associated with conventional small molecule surfactants that
are able to penetrate cell membranes, which suggests a remarkable adaptation for froth
production among the anurans. Froth nests produced by this species, and perhaps others,
have been suggested to be initially formed through the presence of this protein at the
air–water interface near the surface of the nest and then further stabilised through the
action of other protein components present within the mucus, thereby ensuring the nest
persists for sufficient time for embryos to complete development [29].

3. The Evolution of Froth Nesting

It is generally considered that the evolution of froth nesting has helped facilitate the
reduced dependence of offspring of some anurans on freestanding water by assisting in
the transition of breeding to temporary aquatic systems, as well as terrestrial and arboreal
settings [31]. This has thus allowed the penetration of anurans into open formation
habitats, as well as arid and seasonal environments, where freestanding water is less
available [10,11,16,32]. Evidence for this is based on the protection that froth production
has been suggested to offer against several threats encountered when egg deposition
occurs away from permanent water, including an increased risk of mortality via anoxia,
desiccation or thermal damage as a result of exposure to sub-optimal oxygen, moisture
and temperature levels [33,34]. It is thus a component of life history, along with other traits
such as site selection, parental care and both egg and clutch size, that has played a role in
the colonisation of challenging niches in this group [31], and one of several reproductive
modes that has allowed egg deposition to occur outside of water [35].

The various reproductive modes found among froth nesting species today show
the potential intermediary steps towards terrestrial egg deposition and this concomitant
reduction in the reliance on freestanding water [10,11]: (1) Eggs are laid aquatically but
have the capacity to remain viable in the absence of water for short periods of time
until subsequent rainfall replenishes water levels [16,36]. (2) Eggs are purposely laid
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out of water, with hatchlings flushed into waterbodies during rainfall from terrestrial
nests [10,17] or drop from arboreal nests to complete development [7,19]. (3) Eggs laid
out of water can continue development within the froth nest for an extended period
after hatching has occurred [26,37]. (4) Eggs are deposited terrestrially, often in burrows,
where they complete development completely independent of water [18,38,39]. While it
is apparent that most froth nesting species are still reliant on freestanding water for some
or all stages of offspring development, for those species that have made the complete
transition to terrestrial development, the froth nest has effectively replaced the need for
water by providing all necessary resources (e.g., moisture, oxygen, nutrients) for survival
and development.

Two key traits necessary for froth nest construction are common among anurans,
including the excretion of mucus alongside eggs and stabilising movements performed
during amplexus, the latter of which subsequently evolved into precise hand or legs move-
ments required for incorporating air bubbles into the egg mass [2]. Assuming that most
anurans secrete reproductive mucus, this suggests that few changes, mostly behavioural,
are required for the shift to this reproductive strategy [10], as evidenced by the presence of
both froth and non-froth nesting populations of the Australian bubble-nester, Limnodynastes
tasmaniensis [40]. Even so, relatively few species have come to produce froth nests [10],
despite most possessing these pre-adaptations needed for their construction, suggesting
that this evolutionary change has occurred in response to certain selective pressures that
are widespread across families but not across all species.

4. Benefits of Froth Nesting

Currently, five main adaptive functions of froth nesting have been proposed, including
increasing egg temperature, buffering eggs against sub-optimal temperatures, protection
against desiccation and predation, and improved oxygenation. These are addressed in
detail below, along with several other proposed functions that may be supplementary.

4.1. Increasing Egg Temperature

Environmental temperature influences a variety of processes in anuran offspring,
which has subsequently driven both behavioural and physiological adaptations key for
reproduction in thermally stressful environments [41]. Laying eggs in froth may alter the
thermal conditions they are exposed to prior to hatching (and following hatching if they
remain within the nest), creating an internal environment that accelerates growth.

Empirical evidence for the heating effect of froth nesting has been shown to be contra-
dictory among studies, even for those on the same species. For example, work conducted
by Dobkin and Gettinger [42] showed that the internal temperature of E. pustulosus froth
nests warmed more rapidly via solar radiation than the surrounding air, exceeding ambient
temperatures by as much as 4 ◦C during the day. However, Downie [16] found no thermal
effect of froth nesting in this species across all but later stages of development, alluding to
a possible flaw in Dobkin and Gettinger’s [42] study as they only measured temperatures
on late stage nests that had already begun to break down and when tadpoles had already
started to hatch. For eggs laid aquatically, the heating benefits of frothing are obtained
as the nest floats on the surface of the water where eggs can be exposed to direct solar
radiation, which likely increases internal temperatures more rapidly compared to eggs laid
below the surface [43]. Here, the low albedo of anuran eggs, which are commonly black,
may play a critical role in this process of heat absorption [44]. While the froth nest has
been suggested to provide a thermally advantageous environment that allows for rapid
development [42], experimental evidence of increased developmental rate as a result of the
presence of froth is currently lacking.

Countering this proposed heating benefit of froth nesting, it has also been suggested
that the high albedo of aerated secretions, which turn white as a result of the incorporation
of air bubbles and become reflective as their surfaces dry (Figure 2), protect eggs from
insolation, thereby keeping temperatures down [45,46]. Yet, Dobkin and Gettinger [42]
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showed that the frothed nests of E. pustulosus did not reflect significant amounts of solar
radiation, suggesting that the high albedo of the nest does not serve to protect against
overheating. Instead, the process of drying has been suggested to produce a partially water-
proof barrier that may remain flexible and resistant to cracking [23], thereby preventing
evaporative cooling [42,47].
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Mountains, NSW, Australia during the Austral summer of 2018. 
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to dry air at biologically relevant temperatures (below 40 °C) [53]. The increase in nest size 
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away from the surface, which likely buffers them more effectively from external temper-
ature fluctuations as heat changes take longer to be transferred to the nest’s core, similar 
to the insulating effect of placing egg clutches in communal masses [49]. 
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egg capsules, the latter of which has been shown to act as an insulator in egg masses of 

Figure 2. Freshly oviposited Lechriodus fletcheri froth nest next to the un-frothed egg mass of a
sympatric species. Note that the froth nest is floating at the surface of the water, with eggs surrounded
by aerated mucus with high albedo, while the un-frothed mass is below the water and surrounding
by translucent jelly layers. The nest was observed in the Watagan Mountains, NSW, Australia during
the Austral summer of 2018.

If the froth nest is able to increase egg temperatures, this may be adaptive by facil-
itating rapid offspring development [48,49]. For species that exploit temporary aquatic
systems, this potential benefit of froth nesting is particularly advantageous, given the time
constraints on metamorphosis caused by the periodic drying of these systems. Relatively
smaller temperature increases have been reported in species that deposit their eggs in
un-frothed spawn (e.g., Rana sylvatica; [43]), while the eggs of temperate amphibians are
known to maintain higher than ambient temperatures irrespective of whether or not they
are encapsulated in froth [44]. Likewise, species may actively select oviposition sites that
are simply warmer [49], highlighting the need for further research to determine the extent
to which frothing provides additional heating benefits.

4.2. Insulation against Sub-Optimal Temperatures

Evidence has also been obtained to suggest that the froth nest acts to insulate eggs
from sub-optimal or variable environmental temperatures. For example, internal froth nest
temperatures have been shown to be lower than that of the nest surface and surrounding
air in several species [46,47,50]. Likewise, Méndez-Narváez et al. [33] found internal
temperatures of both aquatic and terrestrial froth nests of Leptodactylus species were lower
during hotter times of the day and higher at night when temperatures decreased, thereby
stabilising internal temperatures in thermally fluctuating environments. As a buffer to the
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external environment, the froth nests may thus increase the chances of offspring survival
by either protecting them from thermal extremes that would cause mortality or damage, or
by allowing for faster developmental rates.

This property of the froth nest has been attributed to the presence of trapped air inside
the bubbles of the nest that decreases the nest’s overall thermal conductivity, insulating the
eggs in a manner similar to air trapped between feathers or fur [51,52]. While the air inside
the froth nest is likely to be moist, moist air is not a poorer insulator compared to dry air at
biologically relevant temperatures (below 40 ◦C) [53]. The increase in nest size as a result
of the incorporation of air also causes many of the eggs to be located further away from the
surface, which likely buffers them more effectively from external temperature fluctuations
as heat changes take longer to be transferred to the nest’s core, similar to the insulating
effect of placing egg clutches in communal masses [49].

To date, there has been no experimental manipulation of froth nests to examine the
extent to which trapped air bubbles provides greater insulation than un-frothed mucus or
egg capsules, the latter of which has been shown to act as an insulator in egg masses of the
non-frothing species Rana temporaria temporaria [54]. There is currently also no experimental
evidence to suggest that egg survival rate is higher in frothed nests compared to un-frothed
nests. The role of froth production in protecting eggs from sub-optimal temperatures
is also dependent on their innate ability to thermally adjust and/or tolerate short term
exposure to such temperatures [55]. This is apparent in E. pustulosus, whose eggs have a
wide thermal tolerance that is likely correlated with the wide microhabitat temperatures
they have evolved under [56]. Even so, the froth nest may still be of critical value in species
that occupy environments with strong fluctuations in temperature, protecting eggs from
sub-optimal temperatures both within and beyond thermal tolerances.

4.3. Environmental Control of Froth Nest Temperature

Several of these proposed thermal benefits of froth nesting have opposing effects,
suggesting that they are dependent on the conditions of the oviposition site. Indeed, froth
nest temperatures are likely to be influenced by their placement in the environment, as this
determines the extent of their exposure to external factors such as air and substrate (water
or ground) temperatures and solar radiation.

The heating benefits of froth nesting in particular is likely restricted to egg laying
environments above ground and in open habitats where direct exposure to solar radiation
is possible. For example, increased internal temperatures of E. pustulosus nests were the
result of exposure to solar radiation during the day [42], which is in contrast to Lechriodus
fletcheri nests which did not show increased daytime temperatures, possibly due to dense
canopy cover overhead minimising sunlight exposure (J. Gould, unpubl. data). Nests
that are deposited above ground are also more likely to be exposed to greater fluctuations
in temperature that may negatively affect embryo development [47,57], particularly in
temperate regions where temperatures can decline severely overnight and in temporary
aquatic systems which are often poor thermal masses given their smaller size and shal-
lowness [42]. Indeed, the eggs of some Leptodactylus species appear to be more thermally
insulated in terrestrially compared to aquatically built nests, which may occur as microhab-
itat conditions in ground depressions or burrows provide partial or full protection from
air temperature changes [33,57]. Finally, the extent of temperature variations may also be
attributed to the extent of sunlight exposure. This was demonstrated in nests created by
Leptodactylus knudseni and Leptodactylus labyrinthicus, which although of comparative size
and placement within the environment, exhibited different temperature fluctuations as a
result of differences in oviposition habitat openness [47].

The positioning of eggs within the nest also determines the extent to which each is
protected from their thermal environment, with those on the periphery more likely to
be exposed to sub-optimal and/or fluctuating temperatures compared to those in the
centre [47]. If so, then aspects of the frothed nest, including the amount of mucus that
is secreted around the eggs, the amount of air incorporated and the nest’s final viscosity,
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are critical in determining the extent of exposure of each egg. Nests composed of more
mucus and inflated with a large number of air bubbles form larger, more substantive
dome-like structures that should provide for better insulation (Figure 2). Indeed, Shepard
& Caldwell [47] suggest that the lack of temperature differences seen in E. pustulosus froth
nests by Downie [16] is partly due to their small size. Nests composed of less mucus or
fewer bubbles form flatter, almost film-like structures where a majority of eggs remain close
to the surface (e.g., [28]). While this makes them more vulnerable to external temperature
fluctuations as they remain exposed, it could still be advantageous by allowing for more
rapid temperature increases via increased sunlight exposure. Most of these aspects of
anuran froth nests remain to be fully explored. If the apparent differences in froth nests
between species is dependent on the thermal requirements of the eggs under particular
environmental conditions, it is imperative for future studies to analyse the correlation
between spawn structure and size with factors such as ambient temperature and exposure
to solar radiation.

4.4. Anti-Desiccation

Amphibian eggs are highly vulnerable to desiccation if moisture levels begin to drop
given that they are surrounded by a highly permeable membrane and lack a protective,
non-permeable shell [58]. This is a physiological challenge for species that exploit arid or
seasonal environments, as well as temporary aquatic systems if rainfall is intermittent and
hydroperiods are frequently below the minimum threshold time required for offspring
to complete development [1,16,59]. Laying eggs within a froth nest has been suggested
by several authors to offer them protection from the immediate risk of desiccating in the
absence of moisture [4,10,42,60]. This may occur in three ways: (1) Drying of the spawn
surface via evaporative water loss results in the formation of a reflective and/or non-
permeable outer layer that reduces the rate of water loss from inner regions of the nest by
deflecting solar radiation and locking in moisture [1,26,42,47,61]. (2) The incorporation of
air bubbles results in a relatively larger and structured spawn body that has an insulating
effect, reducing the nest’s surface area relative to its volume and placing distance between
the residing eggs and external environment [25,51,52,62]. Adults of some species actively
insert eggs into the interior of the nest such that few are left near to the surface, adding to
this effect [63]. (3) The process of drying may also preserve this three-dimensional structure
of the nest, preventing it from expanding and thinning out, which would expose embryos
to the environment (Figure 3).

These potential benefits of producing froth maintain moisture around the eggs for a
longer period of time than what would be possible if eggs were laid solitarily [16], thereby
improving their probability of survival in environments of sub-optimal moisture. However,
it remains to be determined the extent to which frothing provides additional benefits
to eggs laid in un-frothed mucus. For example, the non-water mass of foam material
created by E. pustulosus is composed of a high proportion of carbohydrates [29], which
Flemming et al. [22] suggest would be effective in preventing dehydration, suggesting that
non-frothed nests would also possess at least this anti-desiccation property.

The importance of froth production in protecting eggs from desiccation should be
dependent on the environment in which oviposition occurs, including the degree of expo-
sure to direct solar radiation, humidity and wind. For species that oviposit in temporary
waterbodies, frothed mucus creates a protective cocoon that preserves water around the
eggs even if standing water has dried up. This sustains the viability of the eggs until
subsequent rainfall recharges the system, often breaking apart the nest at the same time
to allow for the hatching of tadpoles into water [10]. This has been recorded in L. fletcheri
(J. Gould, unpubl. data) and E. pustulosus [16,36], where the eggs of both species can
survive undamaged for several days after initially becoming stranded out of water after
oviposition, increasing their chances of being ‘rescued’ by follow up rainfall. Méndez-
Narváez et al. [33] also showed internal embryos of froth nests created by another aquatic
depositor, Physalaemus fischeri, also survived when translocated onto land. Similar benefits
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have also been recorded in terrestrial nesting species. For example, the formation of a
dried outer crust in terrestrial nests produced by L. labyrinthicus has the capacity to protect
offspring within a moist environment for days after hatching has occurred, which is evident
by the fact that disruption of the crust causes rapid desiccation [47]. This protection is,
however, not indefinite, and total egg clutch mortality will occur at some point once the
nest desiccates entirely.
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Figure 3. Desiccation of the Lechriodus fletcheri froth nest in the absence of freestanding water.
Embryos at the top surface have desiccated after several days out of water while those beneath
remain alive and developing. Drying of the surface has also preserved the three-dimensional
structure of the nest. The nest was obtained from the Watagan Mountains, NSW, Australia during
the Austral summer of 2018 and exposed to dry conditions under laboratory conditions.

For species that oviposit aquatically, the incorporation of air bubbles into the nest
causes it to float at the surface of the water where eggs are exposed to the air and seemingly
at greater risk of desiccating. While this seems like an evolutionary paradox, these eggs
are still less likely to desiccate than those laid in un-frothed spawn or solitarily once the
waterbody dries up, given that the froth nest can substitute for the absence of moisture and
insulate eggs for extended periods of time [16]. Further, the surfaces of floating froth nests
may not begin to dry until there is a lack of freestanding water beneath, which suggests
that there is little increased desiccation risk associated with the transition of development
to the water’s surface. This has been recorded for L. fletcheri nests in the field (J. Gould,
unpubl. data) which do not begin to dry until they become stranded out of water, which
may occur as water lost at the surface through evaporation is replenished by water making
contact with sections of nest below. While this hypothesis remains to be tested, dried froth
nests have been shown to rehydrate and be renewed when exposed to light rain [17].

Similar benefits are provided to species that lay terrestrially and arboreally as eggs
are vulnerable to evaporative water loss through wind exposure, though contact with wet
soil and/or deposition in excavated basins that are capped may partially reduce contact
with the air and protect the eggs from this threat [17,57]. It must be noted that terrestrial
oviposition presumably only evolves in regions where desiccation risk is not a limiting
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factor for offspring survival, namely the tropics [64] but also in dry environments so long as
moisture can be maintained around the eggs during incubation [65]. Indeed, the adults of
some terrestrial nesters, such as Rhacophorus malabaricus, cover their froth nests in leaf litter,
which has been shown to be an anti-desiccation behaviour that further conserves moisture
around the developing embryos by reducing their exposed surface area [7]. While likely
more advantageous in temporary environments with variable climatic conditions, egg
survival may also be improved when placed in froth in other situations where desiccation
is not generally considered a primary risk factor. In particular, nests laid on the periphery
of permanent waterbodies can still become stranded on dry land if water levels recede [16],
exposing them to sub-optimal moisture levels despite their proximity to freestanding
water. For species that lay in subterranean burrows, however, there may be little risk of
desiccation and, as such, little need for froth production to evolve specifically in response
to this threat [10,66].

Another factor that likely influences the selection for froth production for its anti-
desiccation properties is the length of time offspring remain within the nest. Silva et al. [17]
suggests that this may be of little importance for Physalaemus species whose offspring
hatch immediately from froth nests into freestanding water after only a few days [67,68],
compared to other froth nesting species (e.g., L. labyrinthicus) whose embryos hatch in
the nest and remain there as tadpoles for several weeks [17]. However, this is likely to be
context dependent, particularly being influenced by the speed and extent to which offspring
are exposed to desiccating conditions upon oviposition. This is clearly demonstrated in
species that exploit temporary aquatic systems, who have evolved rapid developmental
rates in response to short hydroperiods [44], but may still require the protective properties
of froth over the course of this period if freestanding water commonly dries up before egg
development is complete.

The capacity of froth to protect eggs from desiccation is also dependent on the location
of eggs within the nest itself. Initially, eggs on the periphery of the nest are the first to
desiccate given their proximity to the external environment, which has been recorded in
both Limnodynastes peronii [69] and L. fletcheri (J. Gould, unpubl. data, Figure 3). Gradually,
the desiccation ‘front’ moves inwards to deeper sections of the nest, killing off more eggs
until it reaches the centre. Given this disparity in desiccation risk, it would be highly advan-
tageous for adults to purposely bury eggs deeper within the nest [16]. Indeed, some species
(e.g., E. pustulosus and Chiromantis xerampelina) have evolved complex nesting sequences
whereby eggs are exclusively positioned in the centre where the risk of desiccation is much
smaller [23,63,70]. However, many froth producing species scatter eggs throughout the
nest, causing eggs to be distributed randomly, including near the surface where the risk
of desiccation is much greater [4,71]. It is possible that the benefits of producing complex
nest structures that move eggs away from the surface may not outweigh the associated
costs on the parents in all species, given that amplexus and nest production are already
energetically expensive activities and may increase the risk of predation [72], and especially
considering that a large proportion of eggs are still positioned away from the surface even
in less organised nest structures.

If egg location within the nest does have an effect on desiccation risk, there should
be strong selection for larger spawn structures, either through the production of greater
quantities of mucus by females or increased aeration activity by amplecting pairs during
nest construction. Indeed, larger L. fletcheri froth nests were found to have a slower rate of
evaporative water loss than smaller nests, with more eggs located away from the surface
and buffered by a thicker section of mucus (J. Gould, unpubl. data). However, constraints
on amplecting adults, such as the size of the female, restrict the size of the nest that can
be produced [23]. As such, smaller nests produced by some species, such as Physalaemus
riograndensis whose nests are between 3 to 4 cm in diameter [73], are likely to be less
effective at protecting against desiccation than those that produce larger nests, such as
those of C. xerampelina which may reach 20 cm in diameter [74].
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4.5. Predator Defence

Anuran eggs are vulnerable to predation as they are laid externally, immobile and
often are not provided parental care [75]. Covering eggs in froth may act as a ‘fixed predator
avoidance’ trait [64] that reduces predation risk in a variety of ways: (1) The surface of the
froth nest may dry [23,26], creating a hard, shell-like protective barrier that is difficult to
penetrate for predators to gain access to the eggs within. (2) If the outer layer of froth has
not dried, it may remain highly adhesive (Figure 4), causing predators that make contact
with it to become stuck and, therefore, incapacitated before they can reach the eggs [76].
(3) Aeration of the nest causes the eggs to become buried within a comparatively larger
and more structured body [63], reducing the number of eggs near the surface. (4) For
species that lay aquatically, the ability of froth nests to float causes a large portion of eggs
to sit out of the water column, isolating them from aquatic predators [10,16,25]. If the
spawn are free-floating and not attached to the edges of the waterbody, they may also form
‘island’ refuges that are difficult for terrestrial predators to reach. Of course, the probability
of successful hatching occurring from froth nests is still highly dependent on predation
pressure, which is influenced by the density of predators near the nest and the presence of
other nests nearby that may relieve this pressure.
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Figure 4. Adhesive property of freshly oviposited Lechriodus fletcheri froth nest. The nest was obtained
from the Watagan Mountains, NSW, Australia during the Austral summer of 2017 and examined
under laboratory conditions.

Currently, the greatest evidence for the predator defence effect of froth nesting is
related to the removal of eggs from the water column. Aquatically deposited anuran eggs
are known to be eaten by a variety of aquatic predators, including hetero- and con-specific
tadpoles, fish and macro-invertebrates [64,77,78]. As the froth nest floats at the surface
of the water, aquatic predators are restricted to consuming eggs at the base and around
the perimeter of the structure (Figure 5), which has been observed in L. fletcheri [79] and
E. pustulosus [25]. This reduces the total number of eggs at any given time that can be
consumed, thereby increasing the likelihood that at least some can complete development.
Several species of froth nesters are known to have oophagous tadpoles that are cannibalistic,
which may be a strong selecting pressure for the evolution of froth nesting [18,64,79,80].
In contrast, hetero-specific predation is not likely to be a primary threat for those found
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in waterbodies exploited by few other species, which appears to be a hallmark of several
froth nesters that exploit highly temporary waterbodies (e.g., P. diplolistris; [80]).
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Figure 5. Lechriodus fletcheri tadpoles cannibalising eggs around the perimeter of a conspecific froth
nest. The nest was obtained from the Watagan Mountains, NSW, Australia during the Austral summer
of 2017 and exposed to previously hatched, conspecific tadpoles under laboratory conditions.

It is important to realise that the froth nest does not provide absolute protection
against any predator, a evidenced by observations of cannibalism in L. fletcheri where more
eggs gradually become exposed to the threat of being eaten as peripheral mucus material
and eggs are consumed [79]. Froth nesting may also be of little benefit for species such
as L. tasmaniensis that deposit their eggs below the froth and remain mostly exposed to
the water column throughout development [5]. For all other species, however, having
eggs buried within a thick layer of froth slows the rate at which egg consumption occurs,
suggesting that the combined effect of being buried within froth that is also free-floating is
an effective defensive strategy.

There is currently scarce evidence to suggest that drying of the froth nest surface has a
defence benefit. However, the outer layers of mucus produced by some terrestrial froth
nesters are known to dry around a moist, inner region where the eggs reside [23,26]. While
this may primarily serve to protect the eggs from desiccation, it may have supplementary
benefits that include protection against would-be predators, although this requires further
investigation. Lingnau and Di-Bernardo [76] suggests that the adhesive quality of froth
prior to drying presents an obstacle for some terrestrial predators, restricting them to eggs
on the periphery, while records of invertebrates and vertebrates becoming stuck to the
top surfaces of froth nests have been made for several species (Figure 6) [81]. However,
field observations indicate that some predator types do not get stuck within the froth
at all [81,82], while large predators such as snakes simply consume nests whole [76].
Even if the nest does provide some protection against predators, it is also possible that
the stark white colouration of the froth nest may actually increase their detectability
within the environment, even at great distances, at noted in images taken of nests in the
field (Figure 2).
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Figure 6. Potential reptile predator stuck to the top surface of a Lechriodus fletcheri froth nest. The
nest was observed in the Watagan Mountains, NSW, Australia during the Austral summer, 2016.

It is clear that froth nesting is not effective against all predator types, which is also
apparent in the special case when the predator is oviposited directly into the nest. High
offspring mortality rates have been recorded in terrestrial froth nests that have become
infested by larvae of ephydrid and phorid flies [67,83,84], and some Loxandrus beetles [85].
Eggs in infested nests can be entirely consumed without the consumption of surrounding
froth, indicating that the predatory larvae do not become stuck within the mucus and are
able to reach the inner most sections of the nest before hatching occurs. Aquatic froth
nests are also known to become infested by invertebrate larvae. For example, the diving
beetle Hydaticus parallelus has been recorded ovipositing eggs in L. fletcheri bubble nests,
and while the beetle larvae do not prey on the eggs, they hatch synchronously with the
tadpoles to prey upon them once they enter the water column [86]. It is possible that
such forms of nest parasitism are host species-specific and that the subsequent predation
of nests eggs is not simply opportunistic. Indeed, Menin and Giaretta [67] suggest that
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maggots of an ephydrid fly might be an obligatory predator of exposed foam nests created
by leptodactyline species, while Villa [87] more widely suggests there is evidence for close
associations between some organisms and amphibian eggs.

If so, it remains to be determined whether froth nesting species have evolved specific
physical or biochemical defences against infestation, or the degree to which froth produc-
tion itself impedes infestation by larvae when compared to un-frothed nests. Nests that are
exposed to the air are at higher risk of infestation by flies, and while depositing nests in
terrestrial chambers may putatively protect eggs from this particular threat [67], it does
not appear to be an effective strategy for protecting them against beetle larvae [88]. The
risk of infestation from these invertebrates may only be effectively reduced in species that
deposit their eggs in burrows that are subsequently ‘capped’ by mud [57], though predators
capable of penetrating such burrows will be able to exploit a considerable food resource in
seclusion [89]. Furthermore, infestation levels of nests by some frogflies are known to be
temporally variable across the breeding season for some froth nesting species [67], though
whether adults adaptively shift their reproduction to avoid periods of high infestation has
not been tested. The nests may be composed of proteins that protect against parasitism and
egg predation. For example, E. pustulosus nests contain lectin-like proteins (as mentioned
earlier), which in plant tissues have been shown to be damaging towards the gut tissue of
insects [90,91]. If infestation cannot be avoided, offspring might avoid predation by leaving
nests as quickly as possible [92], though at the cost of being exposed to predation threats
found outside of the nest.

As previously stated by Downie [16], it is clear that further work is needed to de-
termine whether froth production has multiple predator defence effects and whether it
has advantages over other strategies for egg protection, such as plasticity in the timing
of egg deposition and hatching or increased egg unpalatability [93–95]. However, these
alternative devices do not appear to curb egg predation in all species, particularly those
with cannibalistic tadpoles which are not easily avoidable [64]. Under these circumstances,
placing eggs in froth provides a suitable, alternative strategy that at least partially restricts
egg consumption to provide offspring a greater chance of surviving through to hatching
whereupon they become mobile and have a greater chance of evading predation.

4.6. Improved Oxygenation

Similar to all other oviparous species, the anuran egg obtains oxygen directly from the
surrounding environment [23]. The conundrum here is that each embryo is surrounded
by a jelly capsule that acts as a partial barrier to oxygen uptake, which is exacerbated
when eggs are deposited together in globular masses [96,97]. Froth nesting may improve
oxygen availability in several ways related to the incorporation of air bubbles: (1) For
species that oviposit aquatically, it causes the eggs to float at the surface of the water where
oxygen levels are generally higher and can approach the eggs from all directions [28], and
where they may become mechanically ventilated by rippling of the water’s surface [98].
(2) Each egg becomes encapsulated by a capacious oxygen store that can be exploited
throughout development [2,16,23]. (3) The frothed mucus may facilitate oxygen diffusion
within the nest structure, which occurs more rapidly in air than in jelly [23]. (4) The froth
evenly distributes the eggs and places distance between them, thereby reducing oxygen
competition in a manner similar to the function of thick egg capsules in non-froth nesting
species [23,97,98].

Given these properties of the froth nest, the incorporation of air bubbles allows for an
increase in physical size and number of eggs contained within the mass, allowing eggs to
remain viable even when positioned away from the surface and distant from the external
environment [23]. This is in contrast to un-frothed egg masses, which must remain thin
or contain few embryos given the limit of oxygen diffusion through the jelly, or in masses
where eggs are in close contact as the outermost siblings would otherwise intercept a
majority of the oxygen [98]. Of course, some froth nesting species deposit their eggs in
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surface films or below a frothed ‘raft’ [5,28], thereby entirely avoiding the issue of poor
oxygen diffusion from the surrounding environment.

While the air incorporated into the froth nest has been considered an additional oxygen
supply for embryos [16], it is more likely that the air bubbles act as a primary oxygen source
for many froth nesting species and little diffusion from the surrounding environment is
required until later embryonic stages or after hatching occurs [23]. This is not surprising,
given that anuran froth nests can be composed of up to 77% saturated air [23]. Direct
evidence for this has also been obtained by Bastos et al. [9] who showed development
to be slower in Scinax rizibilis eggs without froth compared to those surrounded by froth
as a result of the reduced oxygen supply. If so, this oxygen store may have facilitated
the transition of reproduction to poorly oxygenated environments, such as the capped
terrestrial burrows produced by some froth nesting species [57]. The froth nest’s ability
to improve oxygenation means that it is likely to be generally beneficial in any terrestrial
environment, given that oxygen is not available on the bottom surface of the nest that is
resting on substrate [23]. The froth also provides structure to the egg mass that would
otherwise collapse as a result of gravity and create anoxic conditions for eggs located away
from the surface [23]; a reason why terrestrial eggs masses are typically small and thinly
spread [31]. However, the froth nest may not be able to adequately provide for the oxygen
demands of hatchlings if they remain within the nest for extended periods. This could
explain the swimming behaviour of Leptodactylus bufonius tadpoles that periodically swim
to the surface of the nest, which may possibly serve in aeration by distributing oxygen into
deeper layers of the nest that become anoxic over time [57].

In aquatic environments, the froth nest also acts as a floating device that suspends
the eggs at the water’s surface. Irrespective of the oxygen stored within the nest itself,
this improves oxygen availability as surface waters are better oxygenated, particularly in
waterbodies that are muddy and/or lacking in significant aquatic vegetation (Seymour
1999). As insufficient oxygen is known to retard development, this is highly beneficial
for species that exploit temporary aquatic systems, improving the probability of offspring
completing metamorphosis before freestanding water dries up [96]. The displacement of
eggs to better oxygenated regions of the water column is likely to be far more crucial for
species whose eggs are partially separated from the incorporated air bubbles, as this reduces
the capacity of offspring to exploit this stored oxygen supply. For example, L. tasmaniensis,
suspend their eggs below a froth raft [5,98], where the eggs are mechanically ventilated
by wind agitating the water’s surface. In this species, Seymour and Roberts [98] showed
that eggs sank to the bottom of the water column when removed from this raft, causing
them to become starved of oxygen. While the benefit of the raft as an oxygen store has
not been considered, it could be that the production of froth in this species has evolved
only to cause the eggs to become suspended in open water without the need of supporting
vegetation and to prevent them from falling to lower levels of water where oxygen levels
are lower [98].

5. Additional Adaptive Benefits

Various other functions of froth nesting have been proposed. While they have been
given far less attention compared to those stated above, their consideration may provide
greater insight into the likely multi-adaptive and flexible role of froth nesting during egg
development and post hatching.

5.1. Post-Hatching Refuge

The froth nest creates a ‘safe harbour’ that offspring can exploit for some period after
hatching has occurred. This is seen in the terrestrial nester, L. bufonius, whose tadpoles
can remain viable within the nest for weeks until they are flushed into nearby water after
rainfall [57]. This is highly advantageous given that rainfall across this species’ range
can be highly uncertain and intermittent, affording them an opportunity to wait for ideal
conditions to arrive. Likewise, C. xerampelina eggs hatch within the centre of froth nests,
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with the release of perivitelline liquid softening the froth and producing a moist chamber
within a shell of dried foam [23]. Downie and Nokhbatolfoghahai [99] suggest that it may
be obligatory for the tadpoles of some froth nesting species to remain within the nest until
they have reached a stage capable of independent feeding. During this time, the nest
provides a protective environment that reduces their vulnerability to future predation by
allowing tadpoles to use their yolk reserves to develop until locomotory systems have
matured [23,68]. Further, staying within the nest may allow for simultaneous offspring
emergence by allowing slower developing siblings to catch up to faster developers, which
may be advantageous if mass movement out of the nest prevents desiccation that would
otherwise occur during the emergence of smaller, partial cohorts [23].

It is possible that delayed emergence comes with the potential cost of delayed growth
if nutrient sources cannot be exploited once yolk stores have been consumed. However,
Seymour and Loveridge [23] have shown that C. xerampelina tadpoles can survive without
feeding for days after delayed emergence from the froth nest, suggesting that falling yolk
reserves is not a limiting factor. If an extended stay within the nest is advantageous or
required, the tadpoles of some species are able to release their own mucus secretions to
maintain the froth nest around them [100] or aerate the nest to maintain oxygen levels [57],
although both activities are energetically expensive and reduce energy that can be invested
into growth.

5.2. Insolation

Froth production may shield eggs from sun damage by scattering light, effectively
compensating for their sensitivity to ultra-violet (UV) radiation due to a lack of a protective
shell [1,101]. This has been proposed by Haddad et al. [4] as a possible benefit of froth
nesting in S. rizibilis, and as a reason for the placement of eggs away from the froth nest
surface in E. pustulosus [63], which subsequently do not need to be pigmented given this
protection. While direct evidence for this property of the froth nest is still to be gathered,
other adaptations among anurans have also been suggested to have evolved in response to
this environmental sensitivity, such as the common occurrence of darkly pigmented eggs
among species that deposit in open habitats [31], adding weight to this hypothesis.

5.3. Inhibition of Development

It has been suggested that the froth functions to inhibit tadpole growth to allow them
to persist within the nest for extended periods. Evidence for this comes from the work of
Pisano and Del Rio [102] who showed that early elongation was inhibited in L. bufonius
and Leptodactylus latinasus tadpoles encased within froth compared to those artificially
transferred out of the nest into water. However, Downie [100] argues that this difference in
growth rates was not an effect of exposure to froth but simply due to tissue rehydration
in individuals exposed to water. Instead, development may be slowed by the tadpoles
themselves as a means of preserving yolk reserves if they are required to stay within the
nest for extended periods [100].

5.4. Nutrient Source

Laying eggs within froth may provide conditions under which offspring can obtain
nutrients rapidly upon hatching. For example, tadpoles that remain within the nest for
extended periods after hatching may be able to cannibalise conspecifics that have no means
of escape, including non-developing eggs. The tadpoles of several froth nesting species
are known to consume trophic eggs that are deliberately left unfertilised by parents to
provide nutrients to their offspring upon hatching [17,47,103], though failed eggs may
also be exploited with the added benefit of reducing the chance of disease transmission.
Downie [100] showed that other forms of cannibalism, such as tadpole-tadpole predation,
were a rare occurrence in Leptodactylus fuscus, indicating that it may not be a cost of an
extended stay within the froth nest. Hatchlings may also feed on the froth nest itself [104],
which is composed of various carbohydrates and proteins [22,105] that should provide for
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a presumably highly nutritious and easily obtainable meal. Indeed, froth has been shown
to be an effective food source in Rhacophorus arboreus [50], but does not appear to be utilised
by all froth nesting species, as indicated by the lack of disappearance of froth in some
species as tadpoles develop within the nest [57]. It is also been suggested by Downie [16]
that froth nests can provide a substrate for microorganisms that can be exploited as a food
resource, though the work of Flemming et al. [22] on the microbial resistance of froth nests
would dispute this. For other species, froth may simply not be available for consumption
if it breaks down and dissipates prior to the tadpoles hatching, which occurs in aquatic
species (e.g., [71]).

5.5. Competitive Head-Start

In variable environments, the protective properties of the froth nest allow egg de-
position to occur at times when conditions would be unsuitable for most other species.
The benefits of this are apparent in terrestrial froth nesting species whose tadpoles at still
reliant on freestanding water to complete development, as it allows eggs to be deposited
in advance of rainfall filling nearby waterbodies [10,47,106]. This gives offspring a tem-
poral advantage as it allows them to be the first to enter the water and at an advanced
developmental stage by the time tadpoles of other species, which are reliant on water to
deposit their eggs, have hatched. This may reduce competition for resources and size-
limited predation, allow for easy predation of eggs and larvae of hetero-specifics, or result
in early metamorphosis that reduces the risk of desiccation in waterbodies with short
hydroperiods [1,47,107]. However, this strategy is apparent in both froth and non-froth
nesting species that deposit their eggs terrestrially [108], suggesting that terrestrial froth
production is one of several routes for reducing reliance on temporary aquatic systems for
offspring development.

5.6. Temperature Acclimation

The froth nest may protect eggs from thermal damage while they are adapting to
ambient temperatures that are initially above their thermal limit [46]. This may occur as
the insulating properties of the nest decline as it begins to break down, thereby gradually
exposing the eggs to ambient temperatures and at later embryonic stages that are less
susceptible to high temperatures [109,110]. Currently, there have been no studies on the
influence of froth production on critical thermal maximum of anuran eggs.

5.7. Microbial Defence

The froth nest may contain specialised proteins that protect against pathogenic mi-
croorganisms. For example, many anurans possess skin secretions with bioactive com-
pounds, some of which are antimicrobial and play an important role in innate immune
defence [111,112]. These may be transferred onto eggs that are encapsulated in froth pro-
duced from skin secretions, which has been recorded in at least one froth nesting species,
Polypedates leucomystax [20]. Proteins with anti-microbial activity have also been detected
in froth nests produced from oviduct secretions [22]. The transmission of innate defences is
highly advantageous for anuran eggs if they are generalised and fast acting against many
types of pathogens, creating a protective environment before the tadpole immune system
develops [113]. For aquatic species, it may be particularly beneficial for preventing micro-
bial colonisation, considering that the bulk of the nest is formed from surrounding water
that contains substantial microbe quantities [22], as well as for species whose offspring
remain with the nest for an extended period.

6. The Function of Froth Nest Breakdown

Anuran froth nests are initially stable structures that are mostly resilient to dissociation
in water and at high temperatures [10,114], which is due to the activity of various proteins
present within the mucus [22,29,115]. However, they do eventually break down at some
point prior to or following tadpole hatching. In aquatic nesting species, this is often a
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gradual process that occurs from the moment oviposition occurs, resulting in the loss of
incorporated air bubbles and flattening of the nest over the surface of the water within
hours or days before hatching occurs (Figure 7) [71,80,116]. In terrestrial and arboreal
nesting species, inner portions of froth may soften but full nest breakdown may not occur
until many days or weeks after tadpoles have already hatched into the nest itself [23,117].
While there has been limited investigation into the biochemical processes that catalyse froth
breakdown, it is known to occur in terrestrial nests almost immediately upon exposure
to a rainfall/flooding event [57], though such environmental degradation due to water
exposure does not account for the longevity of aquatic nests. There is some evidence to
suggest that the developing embryos play a role in initiating froth breakdown via the
release of waste products or deliquescent agents [23,26]. Direct evidence for this comes
from records of E. pustulosus and L. fletcheri nests in the field that are resistant to breakdown
when eggs are not present [22,71]. Anuran embryos are known to secrete proteolytic
enzymes that facilitate hatching via the breakdown of the vitelline membrane [118–120],
while tadpoles of some froth nesting species produce their own froth to extend the longevity
of nesting conditions [100], demonstrating that offspring are capable and often change the
conditions of their immediate environment for their advantage.
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Figure 7. Lechriodus fletcheri froth nests at various stages of break down. Freshly oviposited nests
gradually loose aerated bubbles, spread across the water’s surface and become increasingly translu-
cent prior to embryos hatching. Nests were observed in the Watagan Mountains, NSW, Australia
during the Austral summer of 2018.

The breakdown of the froth nest is likely to negatively affect its ability to protect
offspring from environmental threats. For aquatic species in particular whose nests break
down soon after oviposition, its protective values may only be present during early devel-
opmental stages [80]. This was highlighted by Shepard and Caldwell [47] who reported
L. labyrinthicus tadpoles desiccating due to the froth disintegrating prior to rainfall and
flushing of the nest into nearby water. For aquatic nesting species, the expansion of the nest
during breakdown results in an increase in surface area relative to volume that causes eggs,
which remain associated with the nest, to come closer to the nest surface-air/water interface
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where they are more vulnerable to fluctuating conditions and predators [71,121]. This may
not be an issue for arboreal nests that maintain a dry outer surface or terrestrial nests that
are contained within a burrow where they are not able to dissipate into water [23].

Despite these limitations, froth nest breakdown may be a necessary transformation
for two main reasons: (1) Although air bubbles incorporated into the froth nest are a
valuable source of oxygen, nest expansion allows for greater diffusion of oxygen from
the external environment, thereby compensating for the increased demands by later stage
embryos [23,98]. (2) Froth breakdown facilitates easy escape of hatchlings when required,
as they would otherwise become trapped within the nest. Additional functions of nest
breakdown have also been proposed. Downie [16] reports that collapse of the E. pustulosus
froth nest results in the release of water, thereby providing a short-lived source of standing
water for tadpoles upon hatching even under dry conditions. Froth breakdown has also
been proposed to produce a gliding substrate and path for hatchlings in stranded nests
to move to a water source over land [105,122], with direct evidence of this in Physalaemus
nattereri tadpoles that suffer increased mortality rates when such mucus trails end short
of nearby water [123]. As suggested by Gould [79], a shift in froth nest structure thereby
accommodates for the changing needs of the offspring in various ways. It does not appear
that females of any froth nesting species supply eggs with additional frothed mucus to
compensate for nest breakdown, though C. xerampelina females are known to return to their
nests following the night of construction to add an additional layer of foam that enlarges
the nest and likely improves its protective properties [70]. However, for most froth nesting
species, it remains to be determined whether similar behaviours or forms of parental care
are provided to offspring during development while in the nest.

7. Communal Froth Nesting

Communal nesting is a cooperative behavioural strategy in which the eggs or egg
clutches of multiple mating partners are placed together in the same vicinity or together
in direct physical contact. This is in contrast to grouped spawning, where multiple males
may join a mating pair to fertilise a single egg clutch [124,125]. Communal nesting is
exhibited by anurans that produce frothed [36,80,126] or un-frothed nests [126], whereby
nests are laid relatively synchronously and in physical association to form communal
masses. While the formation of these masses has been suggested to be an unintentional
result of limited space or mass aggregation of reproducing adults [123], this does not
account for their occurrence at sites where space is not a limiting factor or when adult
densities are low. Observations have also been made in both L. fletcheri (J. Gould, unpubl.
data) and C. xerampelina [70] showing that females do not always choose to lay communally,
suggesting that aggregating nests is a deliberate behaviour in at least some froth nesting
species (Figure 8).

The communal deposition of froth nests may represent a behavioural strategy for
overcoming energy and time constraints related to froth production. If so, it may have two
benefits: (1) Mating pairs are unlikely to deliver mucus to nests after initial bouts of nest
formation. Joining onto a communal mass allows adult pairs to exploit pre-existing froth
to save nest material and energy expenditure, while also ensuring that eggs are adequately
deposited into froth even if mating pairs are deficient in mucus production and/or disturb
their own froth during nest formation [63,80]. (2) The protective properties of the froth are
extended given a reduction in the surface area relative to volume of each nest included
within the mass, without compromising oxygen availability to the eggs (Figure 9).
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Currently, no evidence has been obtained to suggest that there is a decrease in nesting
investment in later adult pairs that utilise communal masses. In contrast, direct evidence
has been obtained to suggest communal nesting does indeed provide additional protection
to offspring. In particular, Zina [36] showed that communal nesting extended survival
times of E. pustulosus eggs when exposed to the absence of freestanding water by increasing
the resistance of each froth nest to desiccation. This has also been proposed for communal
masses produced by Physalaemus gracilis [127]. Communal nesting could also have thermal
benefits similar to those recorded in communal masses of un-frothed nests [126], increasing
or maintaining optimal temperatures for eggs in the centre and thereby allowing for
faster developmental rates [42]. While communal nesting may simply reduce the risk of
predation for each offspring by generating a selfish herd effect [128], such an effect would
be generated at localised sites where multiple solitary nests were oviposited. Instead, it
has been proposed by Gould et al. [79] that communal nesting may provide additional
protection from predation by acting as a larger physical barrier (Figure 9). Currently, direct
evidence for the thermal and defence properties of communal nesting are lacking.

The capacity for communal nesting to further buffer eggs from sub-optimal condi-
tions is dependent on the number of nests that are included and their configuration, as
this influences the proportion of each nest that remains exposed. For example, aquatic
communal masses created by L. fletcheri often contain between two and four nests yet
masses of more than 20 nests have been recorded (J. Gould, unpubl. data). Irrespective of
the size of the mass, these nests are interconnected side-by-side to form a floating ‘raft’,
similar to that produced by Pleurodema diplolistris [80]. This configuration may offer few
thermal or desiccation benefits given that much of the top and bottom surfaces of each
nest remains exposed, but likely provides greater protection for inner nests from predators
such as tadpoles that often feed around the outer edge (Figure 5). Likewise, the arboreal
communal masses created by C. xerampelina are built from two or three gravid females,
yet masses constructed by more than 40 females has been recorded [70]. These nests are
also placed side-by-side, but as the nests are placed out of water, it results in the formation
of a much more globular communal mass which may offer greater thermal and moisture
benefits. For all communal froth nesting species, there may be an advantage for mating
pairs to be the first to oviposit at sites so that their offspring are within the centre of com-
munal masses. However, this may come with associated risks, as there is no guarantee
that subsequent mating pairs oviposit at the same site to establish such masses. There
may also be associated costs of laying communally, such as making nests easier to locate
by predators given their exaggerated size [63] and increased risk of disease transmission,
which could explain the presence of plasticity in nesting behaviour in some populations
that produce both solitary and communal nests.

8. Testing the Properties of the Froth Nest

It is surprising that more evidence of the adaptive functions of froth nesting has not
been obtained, given that it is a reproductive strategy exhibited by species across several
continents. Furthermore, froth production has been shown to occur under laboratory con-
ditions [71], thereby making laboratory based studies of the properties of froth production
possible for at least some species. Perhaps it is an aspect of anuran reproduction that
remains overlooked, and certainly an area of study that continues to be lacking in robust
datasets and replication. To ensure future studies do not suffer from the limitations and po-
tential flaws in study design that have met past contributions in this field, I have provided
protocols that should be considered when investigating some hypothesised functions of
the froth nest.

8.1. Temperature

For studies conducted in the field under natural conditions, nest temperatures should
be measured near the top surface, at points around the perimeter, at the base and near the
core. Ambient temperatures must also be obtained at various distances from the surface of
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the nest, including substrate or water temperature below and air temperature above the
nest [33]. The influence of solar radiation on nest temperature must also be considered for
species that oviposit above ground, which may be done by deliberately and continuously
shielding a portion of nests during the day. Temperatures should ideally be repeatedly
made for each nest across several points during both day and night, as well as across the
developmental period to account for likely changes in the thermal profile of the froth as
it ages and breaks down [16]. By closely following and comparing surface and core nest
temperatures with ambient temperatures and solar exposure, the capacity for the nest to
insulate eggs from external fluctuations in thermal conditions or to heat eggs to an optimal
thermal regime can be evaluated. Of course, the effect of other environmental variables
such as humidity and exposure to wind should be taken into consideration. For species
that oviposit aquatically, the thermal effect of nests becoming stranded on land should also
be investigated.

8.2. Moisture

Feld observations of embryos surviving in froth nests under sub-optimal moisture
conditions, such as aquatic nests that have become stranded out of water, as well as the
successful hatching of tadpoles when moisture levels are restored, are valuable pieces of
evidence for the capacity of the froth nest to protect against desiccation-induced mortality.
An initial step in testing the anti-desiccation property of the froth nest might include
exposing nests to sub-optimal moisture (e.g., out of water) under laboratory conditions that
have been controlled for temperature, humidity, wind and solar radiation, and weighing the
nests to calculate rates of evaporative water loss over time [36]. Important considerations
during this process will be the effect of nest size, volume relative to surface area and
possible expansion of the nest over time. Over this period, the proportion of eggs within
each nest that have desiccated should be recorded, along with the time it takes for total egg
clutch mortality to occur. In order to obtain valid counts, sections of the nest can be excised
to compare survival rates between eggs located on the periphery and near the core, with
sections subsequently repositioned to preserve the integrity of the nest between measures.

8.3. Predation

The inability for predators to reach eggs in certain regions of the froth nest should be
noted as direct evidence of its defence benefit. For species that oviposit aquatically, egg
consumption is likely to be restricted to the bottom half of the nest as this is the only region
accessible to aquatic predators, though terrestrial and flying predators can access the top
surface of the nest floating above the water. Terrestrial nests are more likely to be attacked
from the top half, as the bottom half is pressed against the substrate. Across all types of
froth nests, it is likely that peripheral eggs are at immediate risk of predation compared to
those near the core, as they are exposed and easily accessible. The rate and location of egg
consumption should therefore be monitored over time for each nest, as well as whether
both egg and nest material are being consumed. The proportion of eggs that successfully
make it to the hatching stage should be then recorded, taking note of the effect of predator
density on survival.

8.4. Oxygen

For nests that are laid aquatically, oxygen levels at the water’s surface should be
compared to those throughout the water column. Fluctuations in oxygen levels through-
out the day should also be compared at and below the water’s surface. Higher oxygen
levels at the surface would suggest that floating egg clutches would be at an advantage
to those laid below the surface in un-frothed nest or solitarily. If this was apparent, froth
nests could be collected from the field and exposed to water at varying degrees of oxy-
genation to test whether environmental oxygen levels influenced development. To test
whether the oxygen stored within the froth nest can sustain eggs without diffusion from
the surrounding environment, oxygen levels within the nests should be measured [23].
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Nests could also be collected from the field and placed under anoxic conditions to monitor
embryo development.

8.5. Comparing Frothed and Un-Frothed Nests

What appears to be lacking from most studies is evidence of the relative fitness
consequence of being surrounded by froth. Development times and survival rate of eggs in
froth nests must be compared to that of eggs in the absence of froth. This may be achieved
by physically removing eggs from the froth nest. However, it must be appreciated that
such a comparison would not take into consideration the ability of un-frothed mucus to
also provide protection against exposure to sub-optimal conditions and, as such, would
not indicate the true effect of mucus aeration. This may only be achieved in species that
produce both frothed and un-frothed nests, such as L. tasmaniensis [40], as most froth
nesting species aerate the mucus at the same time it is being excreted, which would
make ascertaining un-frothed mucus relatively difficult. If this cannot be achieved, then
differences in developmental times and survival rates of eggs from froth nesting species can
be compared to that of eggs of non-frothing species under various environmental conditions.
If possible, intraspecific variations in froth nests should also be examined, including the
possibility for plasticity in the size and structure of froth nests within populations to
accommodate for environmental conditions faced during egg deposition, particularly for
species that occupy variable environments.

9. Conclusions

The widespread occurrence of froth nesting among the anuran amphibians and its
adaptability to many ecological situations suggests that it is an effective solution to the
challenge of depositing eggs into an external environment, offering a degree of protection
from an array of suboptimal conditions that may arise at any point during development.
By aerating mucus secretions, parents are performing a relatively simple behavioural task
but one that leads to the protection of their offspring for an extended period of time after
oviposition occurs, even after they have moved away. To this effect, froth nesting should
be considered a form of ‘remote’ parental care, which may be more advantageous than
other forms of care in which the parents must remain present to impart that protection
(e.g., parental brooding; [129]). While further experimental evidence of the benefits of
froth nesting are required, it is clear that its functions are many, with strong evidence of its
thermal and anti-desiccation and oxygenation benefits in particular. It is also apparent that
froth nesting can also be multi-adaptive, serving to protect offspring from various threats at
the same time. This versatility means that froth nesting may have been a key reproductive
innovation that helped facilitate the partial or complete withdrawal of egg development
from water in several lineages, thereby providing an opportunity for previously unused
oviposition sites to be exploited.
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