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For amphibians that oviposit in temporary aquatic systems, there is a high risk of desiccation-induced offspring
mortality when water evaporates prior to the completion of embryo or tadpole development. Such a strong selective
pressure has led to the evolution of a variety of traits in reproducing females and their offspring to improve the odds of
reproductive success when free-standing water is temporarily available. Herein, we describe an adaptive function of
froth nesting in the Sandpaper Frog, Lechriodus fletcheri, as a possible maternal strategy for protecting embryos from the
immediate risk of desiccating in highly ephemeral pools that frequently dry prior to hatching. Field observations
revealed that embryos located near the core of nests remained alive and continued to develop for several days after
becoming stranded out of water due to declining water levels, with embryo viability maintained long enough for
additional rainfall to recharge pools and support hatching of tadpoles into water in some cases. In laboratory trials, the
proportion of embryos surviving in nests exposed to desiccating conditions was positively correlated with nest volume,
while the rate of water loss relative to nest mass declined, both of which are likely a function of reduced surface area
relative to volume in larger nests. We suggest that the encapsulation of embryos within an aerated mucus shields them
from desiccation by trapping moisture around their external surfaces. As embryos of L. fletcheri complete development
rapidly, the ability for the froth nest to protect against desiccation for several days may allow embryogenesis to be
completed largely out of water despite the larval phase not being terrestrial. These results suggest froth nesting has
played an important role in facilitating this species’ use of ephemeral habitats that most other amphibians with aquatic
reproductive modes are incapable of exploiting.

L
AYING eggs into external environments poses a

challenge for oviparous animals as offspring may be

exposed to suboptimal conditions at any point during

development (Martin, 1993; Stewart, 1995; Lucas and

Brodeur, 1999; Touchon et al., 2006; Refsnider and Janzen,

2010; Niehaus et al., 2012). This has driven the evolution of

reproductive traits that reduce offspring exposure to external

stressors to improve the probability of their survival, such as

oviposition site selection, timing plasticity, and ovipositing

eggs into structures made by the reproducing adults such as

nests (Stamp, 1980; Schwarzkopf and Brooks, 1987; Resetarits

and Wilbur, 1989; Bernardo, 1996; Pöykkö, 2006; Mainwar-

ing et al., 2014; Buxton and Sperry, 2016).

There is a diverse array of ovipositional modes in

amphibians (Mamay et al., 1998; Stebbins, 2003; Altig and

McDiarmid, 2007). The most basic of these is solitary

deposition whereby eggs have little or no post-ovipositional

contact with one another. This offers little protection from

fluctuating environmental conditions (Heatwole, 1961;

Heatwole et al., 1969), but might benefit development

through higher levels of oxygenation (Seymour and Brad-

ford, 1995). More organized clutch structures, such as egg

clumping or embedment within a mucous matrix, reduces

exposure of egg surfaces and provides a buffer against

external stressors (Heyer, 1969; Ryan, 1985). However, it also

leads to increased oxygen competition among developing

embryos (Seymour and Roberts, 1991; Seymour and Brad-

ford, 1995), leading to a trade-off between egg protection and

oxygenation that may potentially restrict clutch size as the

level of egg aggregation increases.

A possible evolutionary ‘work around’ to this trade-off is
the placement of air bubbles between eggs in concentrated
clutch structures to improve oxygenation while maintaining
protection against external stressors. Many anuran amphib-
ians deposit their eggs within mucous secretions that are
beaten to form a froth nest (Frost, 1985). This has led to an
oxygen competition hypothesis in which froth nests reduce
oxygen competition among eggs as the air bubbles provide
an immediate source of oxygen while also allowing rapid
diffusion of oxygen from the environment (Seymour and
Roberts, 1991; Seymour, 1994; Seymour and Bradford, 1995;
Haddad and Hödl, 1997). However, other posited benefits of
froth nesting, including protecting eggs from thermal
damage, desiccation, or predation (Heyer, 1969; Gorzula,
1977; Ryan, 1985; Hödl, 1986; Downie, 1988), remain less
studied for many species despite potentially being critical for
improving offspring survival in challenging environments.

The Sandpaper Frog, Lechriodus fletcheri, is an Australian
anuran that reproduces in highly ephemeral pools on the
forest floor of montane wet forests in southeast Australia.
This system is thought to confer benefits such as reduced
exposure to aquatic predators and congeneric competition
(Clulow and Swan, 2018), but it runs the risk of catastrophic
mortality should pools evaporate too quickly, which has
been shown to occur frequently for this species (Gould,
2020a). Like other limnodynastid frogs, L. fletcheri lays its
eggs within a froth nest (Clulow and Swan, 2018). This has
been hypothesized to protect eggs against the high risk of
desiccation in the highly ephemeral pools of which it is an
obligate breeder (Martin, 1967), but this remains to be
explored. We investigated the adaptive functions of froth
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nesting in L. fletcheri as a model for examining the capacity of
these reproductive structures to protect eggs from desiccation
during periods when free-standing water evaporates. We
hypothesized that froth nests reduce the immediate threat of
desiccation to residing embryos, particularity in the absence
of free-standing water, by limiting their exposure to the
external environment. We documented desiccation-limiting
properties of froth nests through a series of field observations
and laboratory experiments designed to determine whether
reduced embryo desiccation and loss was related to nest size,
given that a relative reduction in surface area as nest volume
increases (Galilei, 1954) is likely to reduce the proportion of
eggs exposed near the surface (Ryan, 1985).

MATERIALS AND METHODS

Field observations.—Field observations were carried out
during the 2015/16 and 2016/17 breeding seasons (the
austral Spring/Summer, approximately September to March)
within the Watagan Mountains, New South Wales, Australia
(33800030.6 00S, 151823015.7 00E). We surveyed 51 pools in the
2015/16 season and 32 pools in the 2016/17 season for the
presence of freshly oviposited froth nests. Nests are easily
observed white masses of frothed mucus floating on the
water surface, allowing close to census data to be collected
from each pool across each season. Nest age was estimated
based on the developmental stage of embryos (Gosner,
1960). Nests were observed over successive nights to assess
embryo survival, determined from continued developmental
progression and signs of movement at later developmental
stages prior to hatching. We also recorded whether nests
became stranded on land at any point during embryogenesis
if pools dried, defined as the point at which there was no
longer any free-standing water under or around nests. We
assessed whether embryos in stranded nests continued to
develop and survived in the absence of free-standing water
until embryos either died due to desiccation or rain refilled
the pools, thereby allowing development to continue.
Attention was paid to differences in the timing of desiccation
of individual embryos based on their location within the
nests (i.e., peripheral or central). Eggs were deemed to be
peripheral if they could be visualized at or close to the surface
of the nest (within a few mm of the surface). Status of eggs
within the nest’s core were recorded by gently prizing open
the nest body using forceps. In cases where rain resulted in
dried pools refilling, we determined whether embryos from
stranded nests hatched upon subsequent re-immersion.

Laboratory experiment.—We conducted a laboratory experi-
ment to further investigate the anti-desiccation properties of
froth nests of L. fletcheri following the methods of Zina
(2006). The experiment was conducted over two breeding
seasons, with three freshly laid nests collected from two
pools in 2016/17 and six collected from four pools in 2017/
18. All nine nests were determined to have been laid within
24 hours of collection based on the developmental stage of
embryos. Nests were transported to the laboratory in trays
filled with natal pool water to prevent desiccation during
transport. Upon arrival, they were gently removed from the
water and placed in individual dry trays to mimic pools that
had completely dried. Nests were transferred by hand, with
excess water allowed to drip for approximately 30 seconds
before they were placed onto dry trays to minimize the

amount of external water present. Nests were maintained at
room temperature (approximately 218C) and constant hu-
midity (40–50%) and were not exposed to wind or direct
sunlight to remove potential confounding effects.

The initial weight of each nest was measured to the nearest
gram using a Soehnlet Page Profi digital kitchen scale
(Harvey Norman, Homebush, NSW, Australia), before being
photographed alongside a rule for scale. The initial size of
each nest was calculated based on the volume of an ellipsoid
(4/3pabc) halved, given that each nest possessed a flat
bottom surface and a rounded top. The semi-axes a and b
were based on the width and length of the nest as measured
from photographs in the program ImageJ (Schneider et al.,
2012). The semi-axis c was based on average nest depth,
which was determined by measuring three points along the
vertical and horizontal axis of each nest using a metal pin, at
the center and at 3/4 distances from the edge. The total
number of peripheral eggs present near the surface of each
nest was counted from photographs. At this stage, it was not
possible to record the total number of eggs present within
each nest without comprising its integrity, given that central
eggs could not be clearly visualized unless sections of mucus
were removed.

Froth nests were kept under the desiccating conditions
described above for 48 hours and inspected every 12 hours
for signs of desiccation of the residing embryos. After 48
hours, each nest was reweighed to determine the amount of
evaporative water loss that had occurred. Nests were
subsequently immersed into aged tap water so that embryos
that had continued to develop could hatch. An accurate
count of the total eggs present within each nest was then
made retrospectively by gently prizing apart the nest using
metal forceps to count any eggs that did not hatch and
adding that to the number of hatchlings that now surround-
ed the nest. We then recorded the state of each egg and
whether they had i) desiccated, apparent as they became
hard and irregularly shaped; ii) remained un-desiccated but
did not develop; or iii) completed development and hatched.

Statistical analyses.—We used Pearson’s correlation coeffi-
cient to analyze the physical properties of the nests prior to
desiccation, including the relationship between i) nest
volume and surface area, ii) the surface area to volume ratio
relative to nest volume, iii) nest volume and weight, and iv)
nest volume and total egg number. The effect of nest volume
on the proportion of eggs present on the periphery compared
to those in the core of nests was analyzed using a generalized
linear mixed effects model in combination with a binomial
distribution and link function. In this model, the count of
peripheral versus core eggs per nest was included as a binary
response variable, while nest was included as a random effect
to account for differences in the total number of eggs
measured between nests.

The effects of nest size on desiccation after 48 hours out of
water were analyzed using Pearson’s correlation coefficient
based on the i) absolute weight change of the nest, and ii)
proportion of weight change compared to initial nest weight.
The effect of initial nest volume on the proportion of eggs
that desiccated was analyzed using generalized linear mixed
effects modeling in combination with a binomial distribu-
tion and link function. In this model, the count of dried
versus undried eggs per nest was included as a binary
response variable, while nest was included as a random
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effect to account for differences in the total number of eggs
measured between nests. Given that some eggs did not
desiccate but failed to hatch, we also re-ran the model
comparing the proportion of eggs that did not hatch to those
that did. All statistical analyses were performed using R
version 3.5.1 (R Core Team, 2018).

RESULTS

Field observations.—A total of 641 froth nests were recorded
in the field: 403 in 2015/16 and 238 in 2016/17. Of these, 95
nests (15%) became stranded on land at some point prior to
embryos hatching due to receding water or pools drying
completely. This included 36 nests (9%) in 2015/16 and 59
(25%) in 2016/17. Most nests did not show immediate signs
of desiccation within the first 24 hours of being exposed to
these conditions, particularly when surrounding soil and leaf
litter remained moist after water levels had just receded (Fig.
1). Nests began to show signs of progressive drying after 24
hours, which initially occurred at the top, exposed surface.
Desiccation was characterized by the transition of aerated
mucous secretions from soft and adhesive to hard, while
embryos became hard and irregularly shaped. Mucus below
the top surface continued to remain moist, with embryos in
these layers remaining viable and continuing to develop.
Deeper layers within the nests proceeded to desiccate in nests
stranded for longer periods, resulting in an increasingly thick
shell of dried mucus surrounding an increasingly smaller
section of internal mucus that remained moist. The majority
(97.9%) of these nests remained stranded for the remainder
of the embryo developmental period, with surviving embry-
os failing upon hatching due to the absence of any free-
standing water. Two nests (2.1% of all stranded nests),
however, contained embryos that survived until subsequent
rainfall caused their pools to refill, resulting in a small
number of embryos in each of those nests hatching
successfully.

Laboratory experiment.—None of the nests brought into the
laboratory showed signs of desiccation at the start of the
experiment; this was apparent by their soft, sticky feel when
handled. Eggs were present throughout the frothed mucus of
each nest, with many clearly visible near the top surface.
Each nest was similar in structure and appearance but varied

in size (Fig. 2), ranging from 14.03 to 65.40 cm3 initial
volume and 24 to 71 g initial weight. The exposed surface
area of nests ranged from 126.74 to 359.485 cm2. Nest
volume was positively correlated with exposed surface area (r
¼0.9487, T value¼7.943, P , 0.0001; Fig. 2A) and initial nest
weight (r ¼ 0.9246, T value ¼ 6.424, P ¼ 0.0004; Fig. 2C).
Surface-area-to-volume ratio declined with increasing nest
volume (r ¼ –0.7083, T value ¼ –2.655, P ¼ 0.0327; Fig. 2B).
The number of eggs present within each nest was weakly
correlated with nest volume (r¼ 0.6007, T value¼ 1.988, P¼
0.0872; Fig. 2D), while the number of eggs near the surface of
nests decreased with increasing nest volume (Z value ¼
–6.831, P , 0.0001; Fig. 2E).

All nests showed signs of extensive desiccation of periph-
eral eggs and mucus after 48 hours out of water, but deeper
sections remained moist. Eggs located nearer to the core
continued to develop and hatched once nests were re-
immersed in water (Fig. 3). The total evaporative water loss
from nests was positively correlated with nest volume (r ¼
0.8659, T value ¼ 4.579, P ¼ 0.0025; Fig. 4A) but negatively
correlated when measured as a proportion of initial nest
weight (r¼ –0.7252, T value¼ –2.787, P¼ 0.027; Fig. 4B). The
percentage of eggs that desiccated after 48 hours ranged from
6.56% to 37.56% (mean ¼ 21.18%, SD ¼ 11.34%) and
declined significantly with increasing nest volume (r ¼
–0.745, Z value ¼ –4.861, P , 0.0001; Fig. 4C).

DISCUSSION

We showed that eggs of L. fletcheri can remain alive and
continue developing for several days after froth nests no
longer have access to free-standing water, a capacity that has
only been reported in a small number of frog species
(Downie, 1988). Embryos located on the periphery of nests
of L. fletcheri desiccated more rapidly out of water than
deeper eggs towards the core, confirming that the frothed
mucous structure of the nest slows the rate of desiccation.
While embryos in most stranded nests perished, a small
number remained alive long enough for additional rainfall to
refill pools, allowing them to ultimately hatch into water as
tadpoles. The froth nest was thus a buffer against desiccation
to the point where it was the difference between total clutch
failure and survival on at least some occasions in the wild
under natural conditions. While the anuran froth nest has

Fig. 1. Froth nests of L. fletcheri stranded on land after their pools dried. The left photograph shows live embryos in moist leaf litter just prior to
hatching, within 24 hours of water levels receding. The right photograph shows two nests at the base of a completely dried pool more than 48 hours
after free-standing water had evaporated. The top, exposed surface of these two nests had dried with residing embryos in this layer desiccated, while
deeper mucous layers remained moist with embryos still alive.
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Fig. 2. Physical properties of froth
nests of L. fletcheri prior to desicca-
tion. Relationships shown include (A)
initial nest volume versus initial sur-
face area, (B) initial nest volume
versus initial surface area to volume
ratio, (C) initial nest volume versus
initial weight, (D) initial nest volume
versus total egg number, and (E)
initial nest volume versus the propor-
tion of eggs present on the periphery
compared to the core of nests.

Fig. 3. Differences in desiccation rate of embryos of L. fletcheri in two froth nests after 48 hours out of water. Note the desiccated eggs at the surface
of both nests, and the nearly fully developed embryos in the core and around the base of nests (marked by arrows).
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been hypothesized to serve an anti-desiccation function
(Heyer, 1969; Hödl, 1986), this is the first study to directly
measure this potential adaptive function among Australian
species.

Being surrounded by aerated mucus likely shields embryos
from desiccation by trapping moisture around them, while
simultaneously providing a supply of oxygen (Tyler, 1989;
Seymour and Roberts, 1991; Seymour and Bradford, 1995;
Haddad and Hödl, 1997). The protective quality of the nest
may be further enhanced by the development of a hard outer
casing as it dries, which may help to reduce water loss by
reflecting solar radiation and trapping moisture (Coe, 1974;
Romero-Carvajal et al., 2009). Considering that embryos of L.
fletcheri complete development and hatch as free-swimming
larvae in fewer than four days (Anstis, 2017), delaying the
onset of desiccation for even a small number of days could
allow development to be largely completed while nests are
out of water despite the eggs lacking anti-desiccation
adaptations commonly present in terrestrial eggs (Bogart,
1981; Roberts, 1981; Bradford and Seymour, 1988). Indeed,
large numbers of offspring hatched successfully in our
laboratory experiment where nests were purposely left out
of water for their entire developmental period. Embryos may
not, however, be provided the same level of protection in

nests that initially become stranded at later stages of
development, given that the froth nests of L. fletcheri
gradually disintegrate prior to hatching (Gould, 2020b).

Embryos located near the surface of the nest were the first
to desiccate under both field and laboratory conditions,
while those deeper within the nest survived for several days.
This is likely due to the amount of mucus physically
distancing eggs from the external environment, with deeper
embryos provided a longer reprieve from the true effects of
being stranded out of water. This arguably generates a
selection pressure to adapt complex nest structures to
deliberately position eggs away from the surface of nests
(i.e., axial heterogeneity), a trait which has been reported in
some non-limnodynastid froth nesting species (Jennions,
1992; Seymour and Loveridge, 1994; Dalgetty and Kennedy,
2010), although we observed no evidence of this in L.
fletcheri.

A larger proportion of embryos survived dry conditions in
nests with larger volumes in our laboratory experiment. This
is likely associated with a reduction in nest surface area to
volume ratio which slows rates of relative evaporative water
loss for deeper embryos (Ryan, 1985; Einum et al., 2002). It is
therefore possible that selection has driven the production of
larger nest size, either by the production of larger mucous

Fig. 4. The effects of nest size of L. fletcheri on desiccation after 48 hours in the absence of free-standing water. Relationships shown include (A)
initial nest weight versus nest weight change, (B) initial nest weight versus the proportion of nest weight change, and (C) initial nest volume versus
the proportion of eggs that desiccated.
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volumes from the female reproductive tract and/or increased
frothing behavior during nest formation. This may compen-
sate for an inability to pursue an alternative evolutionary
strategy of producing larger eggs with smaller surface-area-to-
volume ratios, as this can slow development (Bayne, 1968;
Waller and Donald, 1970; Brown, 1989; Mitchell, 2002), thus
likely forming a significant negative selection pressure for
ephemeral breeding species whose offspring must race to
complete metamorphosis before free-standing water evapo-
rates.

Two nests observed in the field study that became stranded
on dry land survived long enough to be rescued by
subsequent rainfall, allowing at least some embryos to hatch
into water. This provides clear evidence of the benefit of froth
nests delaying embryo desiccation for days after a pool
drying event. However, most nests subjected to pool drying
still suffered catastrophic embryo mortality, either as a result
of the complete desiccation of the nest prior to hatching or
the initiation of hatching while the nest was still stranded
out of water. Given the intermittency of rainfall over the
breeding season (Gould, 2020a), coupled with the ephemer-
ality of breeding sites that repeatedly dry, there is a high
chance that subsequent rainfall is too distant to revive
stranded nests. There is also only a small window of time
over which subsequent rainfall must occur in order to refill
dried pools before hatching commences, given how quickly
embryos complete development, which itself is a likely
adaptation to the ephemerality of breeding pools (Griffiths,
1997). Nevertheless, with such a high chance of complete
clutch failure, there are clear fitness benefits in extending the
length of time embryos can survive out of water until
subsequent rainfall occurs (Breder, 1946), even if this only
occurs in limited cases. This would be especially true if
females only get one chance to reproduce each season. We
thus suggest it is likely to be a strong selection pressure in
amphibians that exploit temporary waterbodies.

Creating a froth nest is a behavior that clearly has the
potential to buffer embryos against the threat of desiccation,
adding to a list of known strategies in L. fletcheri for
overcoming the challenge of pools drying before metamor-
phosis is complete, including accelerated embryo develop-
ment and adaptive tadpole plasticity (Martin, 1967; Clulow
and Mahony, 2008; Clulow and Swan, 2018). While we
showed in the current study that froth nests preserve
moisture around the eggs, it is also possible that this structure
serves multiple adaptive functions. Indeed, a recent study
provided evidence to suggest the froth nests of L. fletcheri
may also protect embryos from cannibalism by conspecific
tadpoles (Gould et al., 2020). Both of these potential benefits
of froth nesting are dependent on the volume of aerated
mucus present and support the need to consider physical
properties of foam nests in understanding the evolution of
amphibian reproductive modes.
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Haddad, C. F. B., and W. Hödl. 1997. New reproductive

mode in anurans: bubble nest in Chiasmocleis leucosticta
(Microhylidae). Copeia 1997:585–588.

Jennions, M. D. 1992. Breeding behaviour of the foam nest

frog, Chiromantis xerampelina: sperm competition and

polyandry. Unpubl. M.S. thesis, University of the Witwa-

tersrand, Johannesburg.
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