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Abstract
Animals that reproduce in temporary aquatic systems expose their offspring to a heightened risk of desiccation, as they 
must race to complete development and escape before water levels recede. Adults must therefore synchronise reproduction 
with the changing availability of water, yet the conditions they experience to trigger such an event may not relate to those 
offspring face throughout development, potentially leading to clutch failure. The sandpaper frog (Lechriodus fletcheri) breeds 
in ephemeral pools that dry within days to weeks after rainfall has ceased. We examined whether spawning frequency and 
offspring survival differed across two consecutive breeding seasons based on (1) rainfall at the moment of oviposition and 
throughout offspring development, and (2) pool volume, given their combined effect on hydroperiod. Reproduction was 
triggered by rainfall, with more spawn laid during periods of greater rainfall and in larger pools. While pool size was a 
predictor of offspring survival, rainfall during oviposition was not. Rather, follow-up rain events were required to prevent 
pools drying prior to metamorphosis, with rainfall evenness during development the strongest predictor of reproductive 
success. High clutch failure rates recorded in both seasons suggest that adults do not have the capability to predict rainfall 
frequency post-oviposition. We thus conclude that unpredictable rainfall leading to premature desiccation of spawning sites 
is the primary source of pre-metamorphic mortality for this species. Understanding the influence of rainfall predictability 
on offspring survival could be critical in predicting the effects of altered hydroperiod regimes due to climate change for 
species that exploit temporary waters.
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Introduction

Many animals reproduce in temporary aquatic habitats, such 
as ephemeral pools and streams that only become available 
in the landscape periodically and often for short periods of 
time (Heyer et al. 1975; Wilbur 1980; Williams 2006; Col-
burn et al. 2008; Furness et al. 2015). This can confer an off-
spring survival advantage by reducing exposure to predators 

confined to more permanent systems (Duellman and Trueb 
1986; Skelly 1996; Wellborn et al. 1996), yet expose indi-
viduals to an increased risk of total clutch failure as the rate 
of system desiccation may exceed the minimal develop-
mental time required before offspring can escape (Denver 
et al. 1998; Saward-Arav et al. 2016). Adults must be able 
to perceive and rapidly respond to the recharging of tempo-
rary aquatic systems. Their decision making in terms of the 
timing and location of reproduction, thus, plays a critical 
role in determining the chances of their offspring surviving. 
Yet, the conditions that are triggers for reproduction may 
not necessarily correlate with the conditions offspring are 
subsequently exposed to throughout development.

In highly ephemeral water bodies, hydroperiod length is 
associated with rainfall quantity and evenness, as both dic-
tate how much water makes it into a system over time (New-
man 1989; Zacharias et al. 2007). A large rain event can fill 
a water body up to and beyond its maximum water holding 
capacity, though a single recharge may not be sufficient to 
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maintain water levels over the course of offspring devel-
opment once rainfall has ceased, particularly in small sys-
tems that have smaller water holding capacities and lack 
groundwater connections (Brunner et al. 2011). Instead, the 
intermittency of rainfall may play a stronger role in deter-
mining how regularly water levels are topped up and how 
often these systems revert back to their dry phase (Batzer 
and Boix 2016). The length of time over which temporary 
aquatic systems retain water and, thus, their rate of distur-
bance is also dependent on qualities such as volume, surface 
area, depth and sediment lining, which dictate their innate 
water retention capacity by influencing rates of water loss 
through seepage and evaporation (Chang et al. 1974; Black 
1976; Fredlund et al. 1994; Schneider and Frost 1996). At 
its most fundamental level, it is this interplay between water 
retention (waterbody structure) and water inundation (rain-
fall) that determines the level of both temporal and spatial 
variability in hydroperiod among potential oviposition sites.

While breeding by amphibians is commonly linked with 
rainfall (Duellman and Lizana 1994), it is particularly asso-
ciated with reproductive success for species that use ephem-
eral waters, given the habitat disturbance that arises when 
these systems begin to dry once rainfall has ceased (Werner 
and McPeek 1994; Skelly et al. 1999). If rainfall is vari-
able but predictable, phenotypic plasticity in the timing of 
reproduction improves the chances of reproduction being 
synchronised with the recharging of these systems (Blair 
1960; Nager and van Noordwijk 1995). This is typically 
observed in temperate amphibians, which restrict breeding 
to a particular season as an adaptation to annual variation in 
environmental conditions, including rainfall (Duellman and 
Trueb 1986; Feder and Burggren 1992). Though seasonal 
breeding may reduce the risk of offspring mortality due to 
desiccation, it is possible that rainfall intensity, duration, 
and frequency are still variable, causing conditions to vary 
between those that are optimal and sub-optimal for offspring 
survival across a season. If oscillations in rainfall patterns 
are unpredictable, there may be insufficient cues to synchro-
nise reproduction with the onset of sustained rainfall that is 
required to keep ephemeral systems from drying out prema-
turely. The difficulty in assessing when to oviposit is further 
confounded by the choice of where to oviposit if sites within 
the landscape dry at variable rates (Gómez-Rodríguez et al. 
2009), and adults are not able to predict likely hydroperiods 
based on immediate waterbody attributes (e.g. waterbody 
size) (Goldberg et al. 2006).

Such unpredictability in hydroperiods can result in a 
level of uncertainty in reproductive success that should 
be evident in a population through a high rate of clutch 
failure. Although direct relationships between offspring 
survival and breeding site ephemerality have been estab-
lished in various species (Licht 1974; Shoop 1974; Rowe 
and Dunson 1995), these remain difficult to assess under 

natural conditions due to the difficulties in following off-
spring through development and the impracticality of 
assessing survival in water bodies that harbour multiple 
egg clutches from different parents. Instead of measuring 
the proportion of offspring from each clutch that survive, 
a more practical measure of survival is the proportion of 
clutches of a species in a region that are laid in water bod-
ies that have sufficient hydroperiods for successful meta-
morphosis to be achievable. Using this approach, repro-
ductive success is measured at the ‘clutch’ level based 
on the presence of offspring in waterbodies beyond the 
minimum development period required to reach metamor-
phosis, thereby providing an estimate of offspring survival 
rates within a population. This technique allows assess-
ment of the impact of rainfall variability over the breeding 
season on reproduction.

The sandpaper frog, Lechriodus fletcheri, is an Austral-
ian anuran that breeds during intermittent rainfall periods 
over an extended breeding season (September–February), 
and exclusively in small, highly ephemeral pools. These 
pools often dry within a matter of days or weeks after rain-
fall has ceased given their limited water holding capacity, 
often resulting in tadpoles failing to complete development 
(Pers. Obs.). We used data from two consecutive L. fletcheri 
breeding seasons to determine whether adults respond adap-
tively to rainfall, with the fitness benefits of this behaviour 
assessed in terms of offspring survival until metamorphosis. 
We examined whether spawning frequency and clutch suc-
cess differed across both seasons based on (1) rainfall at the 
moment of oviposition and then later throughout offspring 
development, and (2) pool size, given the effect of each on 
hydroperiod. We hypothesised that the amount and distri-
bution of follow-up rainfall that occurred over the period 
encompassing offspring development would influence sur-
vival more than rainfall at the moment spawning occurred. 
This is because run-off will occur once pools have reached 
water holding capacity and drying out events will occur if 
water levels are not regularly topped up by additional rainfall 
given the ephemerality of breeding sites. We expected clutch 
success to be generally low across the season due to the 
intermittency and unpredictability of rainfall, unless spawn-
ing was correlated non-randomly with periods of follow-
up rainfall post-spawning, which would be evidence of the 
capacity of the species to anticipate these future events. We 
also examined historical rainfall data over the past century 
to assess whether rainfall patterns within this species’ range 
are changing as a result of climate change. Understanding 
how species are impacted by rainfall variability is required 
to assist in predicting their sensitivity to future changes in 
rainfall patterns, as it is reasonable to expect the reproduc-
tive success of species restricted to breeding in temporary 
systems to be disproportionately impacted by climate change 
(Brooks 2009; Abney et al. 2019).



701Oecologia (2022) 198:699–710	

1 3

Materials and methods

Field site

The study was conducted in the Watagan Mountains, 
NSW, Australia (approximately 33° 00′ 30.6 S, 151° 23′ 
15.7 E) during the 2015/16 and 2016/17 breeding seasons. 
This is one of several key areas along Australia’s east 
coast where this species is found (Anstis 2017). Potential 
breeding pools within the study area were surveyed dur-
ing periods of rainfall for the presence of L. fletcheri egg 
clutches (spawns). We grouped consecutive days of rain-
fall into ‘rain events’, defined as all days of rainfall above 
0.2 mm separated by < 24 h. A rain event was deemed 
to be over if more than 24 h passed with rainfall below 
0.2 mm, at which point the next day of rainfall above 
0.2 mm signalled the start of a new rain event. We located 
84 pools in the 2015/16 breeding season and 71 pools in 
the 2016/17 breeding season, by driving or walking along 
fire trails and roads extending throughout the study site 
during initial rainfall in each season. Pools were located 
on the forest floor and generally lacked submerged or 
surrounding vegetation, except for fallen leaves (Fig. 1). 
These pools were rarely used by sympatric species, except 
for two pools that were also periodically used by Litoria 
chloris and Pseudophryne coriacea. It is likely that addi-
tional pools were available within the study site which 
were not surveyed, while three large, permanent ponds 
present within the site were never used and not included 
in our analyses given that L. fletcheri is an ephemeral 
pool breeder. Pools were surveyed over 52 and 59 nights 
across the span of the 2015/16 and 2016/17 breeding 
seasons, respectively. Nearly half of all surveys occurred 
on nights outside of rain events, with the mean interval 
between survey nights being 2.6 days (SD = 2.9).

Pool surveys

At the beginning of each season, the maximum volume of 
each pool was calculated based on surface area and aver-
age depth measurements. Pool surface area was determined 
by measuring the surface length and width or diameter, 
depending on pool geometric form, while average depth was 
determined by measuring three points along the vertical and 
horizontal axis of each pool, including at the centre and at 
¾ distances from the edge. Maximum volume was used as a 
measure of pool size in all subsequent analyses.

Across each season, we recorded the total number of days 
each pool contained water. We also recorded the length of 
each hydroperiod, defined as the total number of consecutive 
days in which a pool contained freestanding water between 
filling and drying. These measures were calculated based on 
the known presence of water in pools during survey events. 
The presence of water on days between survey events was 
imputed based on data collected during surveys. In particu-
lar, if pools were wet on a survey event, they were deemed 
to have continued to remain wet until the next survey event. 
If pools were dry on a survey event, they were deemed to 
have remained dry until the next survey event in which water 
was found to be present, conditional on there being no rain 
events over this interval.

Spawn surveys

On each survey night, pools were inspected for the pres-
ence of L. fletcheri spawns. Individual spawns were aged 
to the day they were oviposited based on the develop-
mental stage of the residing embryos (Gosner 1960). 
In most cases, individual spawns were recorded within 
a day of being oviposited, though some were initially 
found up to 2–4 days post-oviposition depending on when 
survey events occurred. As multiple L. fletcheri spawns 
were often laid within pools over several days, they were 

Fig. 1   Lechriodus fletcheri breeding pools surveyed within the Watagan Mountains. Pools were photographed after rainfall and were full
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distinguished from each other by the placement of a thin 
strip of coloured paper on their top surface.

Pools were surveyed regularly to determine whether 
offspring from each spawn remained alive, which was 
apparent by the lack of disintegration of the embryos, 
their continued developmental progression and move-
ments at later development stages. All spawns were found 
to contain live embryos over the 3–4 days prior to hatching 
(Gould et al. 2021b), even when stranded in completely 
desiccated pools, due to the moist environment created 
by the frothed oviduct fluid making up the matrix of the 
spawn body. However, spawns that were not in water at the 
time of tadpole hatching were scored as giving rise to no 
surviving offspring (clutch failure), as there was no means 
by which tadpoles could survive in the absence of water. If 
hatching occurred while spawns were immersed in water, 
pools were repeatedly surveyed for the presence of the 
tadpoles by visual inspection of the water and dip-netting 
of the mid-section of the pool. The period of time living 
tadpoles continued to be observed was used to determine 
the maximum potential survival period of offspring from 
each spawn. Tadpoles were deemed to have perished if 
they were not seen in pools for two consecutive survey 
nights or if the pool in which they were developing dried 
completely. If clutch failure did occur, the cause of failure 
was recorded, including whether it was due to declining 
water levels or complete pool desiccation. Egg hatch-
ing in this species is considered to take place 3–4 days 
post-oviposition in the field, while a range of combined 
egg and tadpole developmental times to metamorphosis 
(23–32 days) have been suggested by Anstis (2017) for 
spawn raised under laboratory conditions. It is likely that 
some offspring in the field are able to complete develop-
ment more rapidly than expected under favourable condi-
tions, given that developmental plasticity in response to 
changing water levels, food resources and temperature is 
likely for tadpoles of this species. We considered spawns 
to have given rise to embryos that successfully reached 
metamorphosis if at least one tadpole was present after 
a critical time threshold where escape from pools would 
subsequently be possible. To account for the possibility of 
tadpole developmental plasticity, we compared survival 
rates using two different time thresholds:  an extreme 
scenario where tadpole development took only 2 weeks 
(total time between oviposition and metamorphosis being 
18 days), and a less extreme scenario where tadpole devel-
opment took 3 weeks (total time between oviposition and 
metamorphosis being 25 days). This allowed us to deter-
mine the minimum and maximum number of spawns laid 
each season that potentially gave rise to offspring that sur-
vived to a point where metamorphosis could theoretically 
be completed (beyond which their survival would not be 

dependent on pool hydroperiod), and to thus define the 
rate of reproductive success of adults in this population.

On some occasions, multiple spawns were oviposited 
in the same pool during a rain event, preventing hatched 
tadpoles from being traced back to a particular spawn of 
origin. Under these circumstances, all spawns were deemed 
to have tadpoles still present in the pool as long as at least 
one tadpole continued to be located in that system up to the 
threshold periods, potentially leading to an overestimation 
of clutch success. On some occasions, older tadpoles from 
spawns oviposited in a previous rain event were present in a 
pool alongside the newly hatched tadpoles of recently ovi-
posited spawns. This occurred when pools retained standing 
water between periods of rain. These two different cohorts 
could be easily distinguished as the rapid developmental rate 
of tadpoles in this species resulted in a clear delineation in 
size between individuals produced in different rain events.

Analysis of pool wetness

The effect of pool size on hydroperiod length was analysed 
using linear mixed effect modelling. We only analysed those 
pools which were used for spawning at least once in either 
breeding season. Season and pool were included as random 
effects. Rainfall data were not included in this analysis, 
given that all pools within the study area were exposed to 
the same rainfall conditions.

Analysis of spawning activity

It was clear from our field observations that spawning was 
triggered in response to rainfall, and that some pools sur-
veyed were never used for spawning. Thus, we were inter-
ested in determining the temporal and spatial distribution of 
spawning activity across the breeding season. We focused 
in on those pool nights where spawning occurred at least 
once in either season. The effect of rainfall on the temporal 
distribution of spawning (model 1), and pool size on the 
spatial distribution of spawning (model 2) were analysed 
using separate generalised linear mixed effects models with 
a Poisson distribution and log link function. In model 1, 
the predictor variable was the cumulative total amount of 
rainfall that fell 2 days prior, during and 2 days after the date 
of oviposition for each spawn. It was important to include 
rainfall on the day of spawning and the few days following, 
to account for the capacity for adults to rapidly respond to 
and anticipate the start of a rainfall event. In model 2, the 
predictor variable was the size of each pool measured in 
terms of log maximum volume. The response variable in 
both models was the count of total spawns oviposited per 
pool or per date, with season included as a random effect in 
both models. The effects of pool size and rainfall were ana-
lysed in separate models, as it was assumed that all pools and 
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days of rainfall were available for spawning for all adults in 
the population, and as we wanted to assess the overall effect 
across the entire season. Rainfall data were obtained from 
the Bureau of Meteorology (www.​bom.​gov.​au, 2018) for the 
closest weather station (Cooranbong ID: 061,412) located 
approximately 8–10 km from the study site.

Analysis of clutch success

The proportion of spawns with offspring that survived 
beyond the set time thresholds for metamorphosis (18 or 
25 days) were calculated for field data obtained from both 
seasons. However, we decided to perform subsequent analy-
ses on survival based on the less rapid tadpole developmen-
tal rate, as we expected most offspring to metamorphose 
after this period of time. As with spawning activity, we were 
interested in determining the temporal and spatial distribu-
tion of spawning success across the breeding season. The 
effect of (i) 5 days rainfall around the oviposition period 
and (ii) pool size on the chances of subsequent clutch suc-
cess were analysed using a generalised linear mixed effects 
model with a binomial distribution and link function. In this 
model, counts of the number of spawn that did/did not give 
rise to offspring surviving to metamorphosis were included 
as a binary response variable using the cbind function in R. 
Pool-date was included as a random effect to account for dif-
ferences in the total number of successful and failed spawn 
oviposited per pool per date; spawn laid on the periphery of 
pools occasionally dried and failed due to receding water 
levels while those laid in the centre survived.

Beyond simply the total amount of rain that fell at the start 
of oviposition, we hypothesised that the amount and consist-
ency of subsequent rainfall over the developmental period 
may have a greater influence on offspring survival, given 
the extreme ephemerality of breeding pools which would 
often dry repeatedly across the season. In light of this, we 
analysed the effect of rainfall over the developmental period 
on offspring survival using Cox proportional-hazard regres-
sion modelling (Cox 1972). Offspring survival was modelled 
from the day offspring were oviposited in spawns (t0) to the 
day of failure up until 25 days, after which tadpoles were 
classified as surviving to metamorphosis and recorded as 
censored data as we considered escape from pools possible 
after metamorphosis had occurred. We examined the effect 
of rainfall distribution in terms of rainfall evenness, as well 
as rainfall amount in terms of cumulative rainfall. Rainfall 
evenness was calculated using the Shannon diversity index 
in combination with Pielou’s formula (Pielou 1966) (note 
that on days with no rainfall, a small value must be added 
as this index does not take into consideration ‘0’ values). 
Pool size was also included as a predictor, while season and 
spawn identification was included as random effects.

As Cox models estimate a hazard function based on 
all subjects alive on a given day, both rainfall predictors 
were considered time dependent and assessed in terms of 
their cumulative values analysed from t0. Although multi-
ple spawns were often laid in pools on the same day, we 
only analysed each pool–date combination once based on 
the spawn with the longest survival length. Hazard ratios 
were subsequently calculated for each predictor to determine 
their relative effect on offspring survival in each season, with 
values > 1 indicative of variables that increase the risk of 
death and values < 1 indicative of variables with a protec-
tive effect.

Historical seasonal rainfall

We examined historical rainfall data to determine whether 
rainfall patterns have changed over time. Rainfall patterns at 
the study site for the L. fletcheri breeding season (Septem-
ber to February) were examined from 1906 to 2020, with 
data obtained from the closest weather station (BOM ID: 
061,012) 8–10 km away from the study site. Missing data 
for the period 2011–2015 were obtained from a secondary 
weather station (BOM ID: 061,412) that was also 8–10 km 
away from the study site. Missing data (< 0.1% of days) prior 
to 2011 were given zero rainfall values, which was deemed 
to be a reasonable assumption given that approximately 68% 
of all days analysed had zero rainfall. Any season in which 
data were not available for all months within season were 
removed.

Rainfall measures, including total rainfall, number of 
rainfall days, and number of rain events were calculated for 
each season. The distribution of rainfall within each season 
was calculated in terms of rainfall evenness using Pielou’s 
formula (Pielou 1966) (note that on days with no rainfall, a 
small value must be added as this index does not take into 
consideration ‘0’ values). We determined whether there was 
any associated trend in each of these values over time using 
simple linear regression. All statistical analyses were per-
formed using R version 3.5.1 (R Team 2018).

Results

Rainfall, pool size and hydroperiod

The duration of rain events was highly variable across both 
seasons, ranging from as short as 1 day to as long as 8 days 
(mean = 2.39, SD = 1.72). The interval between rain events 
was also variable, ranging from 1 to 15 days (mean = 3.58, 
SD = 2.86). Total rainfall per rain event ranged from 0.4 
to 250.60 mm (mean = 22.63, SD = 40.08). Pools used for 
spawning ranged from 540 to 3,000,000 cm3 in volume, and 
1.8–16.3 cm in depth.

http://www.bom.gov.au
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Pools used for spawning contained water for 49–99% of 
all days in season 1 and for 43–98% of all days in season 2. 
However, mean hydroperiods were short because most pools 
dried repeatedly within each season. Mean hydroperiods in 
season one ranged from 12 to 126 days, with half of all 
pools used for spawning possessing mean hydroperiods of 
less than 28 days. Likewise, mean hydroperiods in season 
2 ranged between 6 and 89 days, with more than 90% of 
pools used for spawning possessing mean hydroperiods of 
less than 28 days. Hydroperiod length was positively cor-
related with pool size (T = 3.749, P = 0.0007) for pools used 
for spawning.

Spawning activity

A combined total of 635 spawns were recorded across the 
2015/16 (n = 403) and 2016/17 (n = 232) breeding seasons 
(Fig. 2). Spawning occurred in 21 rain events over these 
two seasons, with the number of spawns laid per event 
ranging from 1 to 111. When considered across the entire 
length of the breeding season, a majority of spawning activ-
ity was concentrated around periods of rainfall. A majority 
of spawns were laid during rain events (83%), particularly 
within the first 3 days from the start of rainfall. The remain-
ing spawns were laid outside of rain events (17%), but within 
1–2 days of rainfall. More spawns were laid during periods 

of higher rainfall (model 1; Z = 2.969, P = 0.003), with a 
1 mm increase in rainfall amount around the oviposition date 
associated with a 0.24% increase in spawn number. In terms 
of pool use, spawns were recorded in 34 out of 84 (40%) and 
17 out of 71 (24%) pools surveyed in the first and second 
seasons, respectively. The smaller ephemeral pools surveyed 
in the study site tended to be avoided, with a 1% increase 
in size associated with a 33% increase in the mean number 
of spawns present across the season (model 2; Z = 10.381, 
P < 0.0001).

Clutch success

Intense monitoring of spawning events showed that repro-
ductive failure was much more common than success in the 
ephemeral breeding pools used by L. fletcheri under any 
scenario of tadpole development. Only 32% of spawns gave 
rise to offspring that survived if the minimum time period 
to metamorphosis was 17 days; this dropped to 19% if the 
minimum time period was 25 days (Fig. 3). In the majority 
of cases, clutch failure was a direct result of pool desicca-
tion prior to the completion of tadpole development (96% 
in season one, 75% in season two). On many occasions, 
tadpoles were found in pools that were close to completely 
drying out, with only small puddles of muddy water remain-
ing (Fig. 4). Tadpoles in this state would quickly succumb 
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Fig. 2   The association between rainfall and spawning activity across 
two consecutive Lechriodus fletcheri breeding seasons in the Watagan 
Mountains. Total daily rainfall (blue area) has been presented along-

side total number of daily oviposited spawn for the a 2015/16 and b 
2016/17 seasons
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to the effects of total pool desiccation, as evidenced by the 
presence of dried carcasses, often just hours later (Fig. 4).

Generalised linear modelling indicated that the probabil-
ity of clutch success was not related to pool size (Z = 0.348, 
P = 0.728) or to rainfall quantity during the oviposition 
period (Z =  − 0.709, P = 0.479). Cox modelling showed that 
the risk of offspring mortality declined by 89% with a one 
unit increase in the evenness of rainfall during the devel-
opment period after oviposition (Z =  − 5.16, P < 0.0001), 
with no significant effect of cumulative total rainfall over 
development (Z = 0.44, P = 0.15). In contrast to the gener-
alised linear model, the cox model also showed that clutch 
success was related to pool size, with the risk of offspring 
mortality declining by 23% with a one unit increase in the 
log of pool volume (Z =  − 4.14, P < 0.0001). We are cautious 
about the contradictory results for the effect of pool size 
between the two models. We propose that the true effect of 
pool size on clutch success can only be accounted for when 
also considering the effect of rainfall over the entirety of 

the developmental period, as both have an effect on how 
long pools remain full of water. This combined effect is not 
accounted for in the generalised linear model, which does 
not consider the temporal change in rainfall over time and, 
thus, could be masking the true effect of pool size on sur-
vival (Fig. 5).

In general, adults were frequently unsuccessful at select-
ing appropriate locations and times for oviposition that 
would lead to successful metamorphosis. Successful meta-
morphosis only resulted from eggs oviposited in 11 out of 34 
pools (32%) and in 8 out of 11 rain events (73%) surveyed in 
the first season, and in 5 out of 17 pools (29%) and in 6 out 
of 10 rain events (60%) surveyed in the subsequent season. 
Taken together, these data indicate that adult L. fletcheri did 
not have the capacity to select pools or times with a high 
probability of successful breeding outcomes, nor to learn 
from repeated failures of breeding in pools with a history 
of non-viability.

Historical seasonal rainfall patterns

Over the past nearly 120 years, rainfall has remained highly 
intermittent within each season, with rain event lengths, 
dates and intervals remaining highly variable. Taken 
together, the data indicate that the 2015/16 and 2016/17 
breeding seasons were not unusual rainfall years when con-
sidered against a period covering most of the last century. 
Consequently, breeding success and survival outcomes in 
these seasons are not likely to reflect unusual patterns for 
reproduction and recruitment.

Total seasonal rainfall has not trended with time 
(T = 1.049, P = 0.297; Fig. 6A). However, we found a slight 
increases over time in the number of rain events (T = 2.196, 
P = 0.0305; Fig. 6B), number of days of rainfall (T = 4.262, 
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Fig. 3   Survival curves depicting the estimated percentage of Lechrio-
dus fletcheri spawn with offspring surviving up to 25 days post-ovi-
position. Spawns were recorded in pools in the Watagan Mountains 
during the 2015/16 (solid line; n = 403) and 2016/17 (dotted line, 
n = 232) breeding seasons

Fig. 4   Breeding pools in the 
Watagan Mountains showing 
Lechriodus fletcheri tadpoles 
surviving within a small 
residual volume of water of 
high turbidity that is close to 
complete evaporation (left), and 
decaying tadpole carcass on the 
surface of a leaf in the sediment 
of a nearly dry pool (right)
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P < 0.0001; Fig. 6C), and evenness of rainfall within the 
breeding season (T = 3.488, P = 0.0007; Fig. 6D).

Discussion

Offspring survival was low in both breeding seasons, with 
only a third of L. fletcheri spawns giving rise to offspring 
that reached metamorphosis even when considering the most 
rapid rate of tadpole development, with total clutch mortal-
ity occurring in 100% of spawns laid in several rain events. 
Clutch failure was primarily due to desiccation as a result 
of the extremely short hydroperiods of pools, which dried 
repeatedly and thus often did not contain water for suffi-
cient time for offspring to complete development. Increased 

probability of clutch success was associated with an increase 
in the evenness of rainfall during tadpole development, but 
not with increased rainfall amount, highlighting the limited 
water holding capacity of pools which require continuous 
recharging to prevent them from shifting into a dry phase 
prematurely. Our findings indicate that rainfall unpredict-
ability and intermittency are primary factors generating a 
landscape that is frequently inhospitable for reproduction 
in ephemeral pools. Yet, historical data show that both have 
been constant features of the breeding environment for this 
species, which has persisted despite offspring survival likely 
being low each year as a result.

Given the low chances of reproductive success, there 
should be strong selective pressure for adults to synchronise 
their spawning with periods that provide suitable conditions 
for their offspring (Duellman and Trueb 1986). Adaptations 
that support this include (i) a long, but defined reproductive 
season over the summer–spring months of the year where 
climatic conditions of rainfall (but also temperature) are 
more likely to be favourable (Clulow and Swan 2018), and 
(ii) a capacity to respond rapidly during the season to adjust 
the timing of spawning to discrete but unpredictable rain 
events. Given the rapid rate of pool desiccation, adults are 
restricted to breeding during rainfall, as most pools are dry 
and so unavailable for spawning at any other time. Spawn-
ing at the start of rain events is thus likely to confer a fitness 
advantage to offspring by maximising the length of time off-
spring are in pools before water levels begin to recede after 
rainfall in that rain event ceases. It is also likely to be a safer 
time for adults to move towards breeding sites by reduc-
ing their own risk of desiccation (Rittenhouse et al. 2009). 
Further to this, spawning activity was often concentrated 
around periods of greater rainfall, suggesting that adults are 
responding to rainfall amounts, not simply the presence or 
absence of rain, as yet another form of behavioural plasticity 
in the timing of reproduction. A positive correlation between 
spawning activity and rainfall has also been found in other 
amphibian species (Marsh 2000; Goldberg et al. 2006), and 
is clearly an adaptive response to a variable breeding envi-
ronment that reduces the risk of offspring mortality due to 
desiccation. Yet, the response of L. fletcheri adults to rainfall 
amount as a trigger for spawning was not a strong predictor 
of their offspring’s success.

Pool drying prior to the completion of metamorphosis 
has been recorded in several species that exploit temporary 
systems, even in wet years (Newman 1987; Pechmann et al. 
1989; Rowe and Dunson 1995; Loman and Claesson 2003), 
reinforcing that desiccation-induced mortality as a result 
of short hydroperiods is a critical limiting factor for many 
amphibians. Given the intermittency of rainfall during the 
L. fletcheri breeding season and consequent unpredictability 
of the occurrence of follow-up rainfall within the window 
needed to reach metamorphosis, there is no means by which 

Fig. 5   Pools surveyed within the Watagan Mountains across the 
2015/16 and 2016/17 Lechriodus fletcheri breeding seasons. Each cir-
cle represents a single pool, with the size of the circle representing 
the relative number of spawns that were laid within each across both 
seasons. The colour of each circle represents the status of the pool 
including: no spawning occurred (grey), used for spawning and suc-
cessful metamorphosis occurred at least once (green), and used for 
spawning but successful metamorphosis was not recorded (red)
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adults can predict future rainfall based on current condi-
tions encountered at the time of spawning. As such, although 
spawn may be oviposited under seemingly optimal condi-
tions (e.g. within a particular period of high rainfall), this 
provides little to no information regarding whether future 
rainfall will be sufficient to maintain pool hydroperiod. This 
is in contrast to other amphibians that may better assess des-
iccation risk in waterbodies that are less ephemeral or reli-
ant on continuous rainfall (Spieler and Linsenmair 1997). 
Rates of drying of spawning sites used by amphibians gen-
erally tend to increase towards the end of the breeding sea-
son (Rowe and Dunson 1995), and survival rates as low as 
1% have been recorded in species such as Rana pretisoa 
over particularly dry periods (Licht 1974). In contrast, sites 
used by L. fletcheri for spawning oscillate between dry and 
wet states continuously over the breeding season in a pat-
tern determined by rainfall. As such, survival of progeny in 
this species may be more closely associated with rainfall 
intermittency than has previously been recognised for other 
amphibians.

The long breeding season coupled with the short tad-
pole phase of L. fletcheri are both likely to increase the 
probability of at least one successful breeding event per 
year in their highly variable environment. Indeed, there 

were multiple rain events in both seasons surveyed that 
gave rise to successful spawning outcomes. An extended 
season also allows for an increased capacity for adults 
to participate in multiple reproductive events, which has 
been shown in both L. fletcheri males and females (Gould 
2020). This improves adult fitness by allowing them to 
spread their reproductive potential across multiple rain 
events within season: a highly advantageous trait in an 
environment with unreliable rainfall cues.

The rate at which each pool dries after rainfall has 
ceased is partially dictated by attributes of the pool itself, 
with those that dry more gradually requiring less follow-up 
rain after spawning has occurred to replenish water levels 
as offspring complete development. This could explain 
the greater spawning activity that occurred in larger pools 
which possessed longer hydroperiods. Indeed, cox model-
ling indicated that pool size had a positive effect on sur-
vival probability when considered over the length of the 
developmental period. This suggests that adults can, to 
some extent, predict hydroperiod by observing pool size. 
However, even the largest of pools used for spawning 
dried over the season, with clutch failure detected across 
all spawning sites irrespective of their size.
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Fig. 6   Changes in rainfall patterns across the Lechriodus fletcheri 
breeding season (September–March) from 1906 to 2020. Variables 
considered include a total rainfall (mm), b number of rain events, c 
number of days with rainfall above 0.2 mm, and d evenness of rainfall 

per season using Pielou’s formula (Pielou 1966). Rainfall data were 
collected from the closest weather station (Cooranbong ID: 061,412) 
located 8–10 km from the study site within the Watagan Mountains
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Despite the low chances of offspring survival within 
ephemeral pools, there is apparently strong selection against 
the use of permanent water bodies by L. fletcheri adults, 
even though permanent ponds were close by and available 
for use throughout the breeding season within the study site. 
There are likely to be two selective pressures driving this 
behaviour: (i) given that sympatric frog species rarely used 
the ephemeral pools for reproduction, L. fletcheri has made 
the transition to these systems of extreme ephemerality to 
reduce the exposure of their offspring to competition aris-
ing from the greater species richness that generally forms in 
more permanent systems with longer hydroperiods (Wilbur 
1987; Babbitt et al. 2003; Semlitsch et al. 2015), and (ii) 
it would be expected that exploiting ephemeral systems 
reduces predation threat as regular drying regimes prevent 
predator species, particularly fish, from colonising (Skelly 
1996; Wellborn et al. 1996). By breeding as soon as pools 
fill with water, L. fletcheri offspring also gain an advantage 
over those predators that do exploit these systems, which 
must develop to reach competency to catch and consume 
prey (however, see Gould et al. 2019). The use of ephemeral 
pools thus minimises these threats during offspring devel-
opment, but at the expense of more variable reproductive 
success and the increased risk of total clutch failure due to 
desiccation.

In a sister study, we found that reproductively active L. 
fletcheri males often exploit the same pool site between cap-
ture events, suggesting that they are remaining at or return-
ing to the same pool for additional bouts of breeding (Gould 
2020). This behaviour is paradoxical, as site fidelity should 
be selected against when site persistence (hydroperiod) is 
highly variable across the season (Ronce 2007), and it is 
recognised that dispersal between sites occurs frequently in 
other amphibian species (Marsh et al. 1999). We found that 
this behaviour in L. fletcheri even occurred in individuals 
occupying pools that never lasted for sufficient time for off-
spring to complete development, suggesting that adults are 
unaware of the failure of any of their previous offspring and 
their repeated poor choice of breeding location. In a breed-
ing environment where hydroperiod is mainly dictated by 
rainfall, which is intermittent over the season, and where 
the duration of breeding sites thus changes unpredictably, 
it may be more advantageous to remain at the same site 
and reproduce opportunistically in every possible period of 
rainfall, rather than several different sites, as a form of tem-
poral rather than spatial bet hedging (Stearns 1977). Other 
variables are likely to influence pool selection and usage 
and must be considered, such as the presence/absence of 
conspecifics within the landscape. Indeed, we have recently 
shown that L. fletcheri avoid spawning in pools with previ-
ously hatched conspecific tadpoles already present (Gould 
et al. 2021a), which we hypothesise is to protect offspring 
from cannibalism (Gould et al. 2020).

Our findings highlight how species that exploit temporary 
aquatic sites are faced with the constant threat of total repro-
ductive failure as their offspring race to complete develop-
ment prior to system dry up. Yet, this dilemma appears to 
be extreme for L. fletcheri offspring, where there are clearly 
only a very small number of windows of opportunity over 
the breeding season in which rainfall patterns result in suf-
ficiently long hydroperiods. In a system with unreliable rain-
fall cues, adults must seek alternative avenues to maximise 
fitness. This could include the spreading of reproductive 
potential across multiple breeding sites via clutch-parti-
tioning, or rain events via multiple reproductive episodes, 
both of which need further investigation for ephemeral pool 
breeding species. In addition to these adult-derived traits, 
offspring survival can also be improved by selecting for a 
rapid developmental rate and developmental plasticity (Roff 
et al. 2002). Indeed, amphibian species that exploit tempo-
rary systems have fast life histories with offspring that can 
alter the timing of the onset of metamorphosis (e.g. New-
man 1989); the limit of which needs to be determined for L. 
fletcheri. While pool drying appears to be the primary driver 
of reproductive failure in L. fletcheri, there are likely to be 
several causes of offspring mortality, such as predation (e.g. 
cannibalism; Gould et al. 2020) that must also be considered.

It is likely that L. fletcheri requires large networks of 
potential breeding sites and possibly metapopulations for 
long-term persistence, as indicated for other amphibians 
(Gómez-Rodríguez et al. 2009), given the high chance that 
many, if not all, sites will become sub-optimal for offspring 
survival at various times over the breeding season. The 
suitability of breeding sites may be impacted by changes in 
hydroperiods as a result of climate change-related shifts in 
weather patterns and increases in rainfall variability (Mac-
Cracken et al. 2003; Thomas et al. 2004). However, histori-
cal rainfall data indicate that regional conditions are appar-
ently becoming more suitable for offspring survival over 
time, with the potential benefits of climate change recorded 
in other amphibians (McCaffery and Maxell 2010). None-
theless, it will be important to continue monitoring rates of 
clutch success for species that exclusively use temporary 
aquatic sites for reproduction, as they may be less resilient 
to environmental change than expected.
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