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Abstract

Freshwater turtles are one of the most threatened vertebrate groups. Climate
change is a major threat to these species, with impacts affecting all life-history
stages. There is currently a limited understanding of how changes in climate
may alter the environmental triggers for hatching and emergence from the nests
of freshwater turtle hatchlings. This precludes making predictions about how
climate change may impact freshwater turtle recruitment success. The south-
western snake-necked turtle (Chelodina oblonga) is endemic to south-western
Australia, a global biodiversity hotspot that has undergone severe climatic dry-
ing. Recruitment failure is thought to be occurring in many populations of the
species. However, there is little understanding as to how environmental change
may be influencing recruitment. This study aimed to: (1) determine the incu-
bation duration and hatching and hatchling emergence success of C. oblonga,
(2) determine if the species exhibits hatching or emergence synchrony and/or
delayed emergence and (3) quantify the effects of temperature and rainfall on
hatchling emergence. Using this information, the study assesses how climatic
drying and warming may be impacting C.oblonga's early life-history. Between
2018 and 2020 nest sites were monitored around a large urban wetland with
weekly assessments of egg and hatchling status. Incubation duration and hatch-
ing and hatchling emergence success were calculated, and generalized linear
models were built to determine how temperature and/or rainfall predicted emer-
gence. Hatchlings either emerged shortly after hatching or overwintered in the
nest, and both hatching and emergence were asynchronous. Both emergence
periods were positively associated with temperature and rainfall. This study re-
veals that incubation duration, hatching success, hatchling emergence and sur-
vival are all likely to be impacted by recent and projected climate change, and
especially drying. Warming and drying are predicted for many temperate regions
globally, and it is therefore important that their impacts on the early life history of
freshwater turtles be better understood.
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INTRODUCTION

Freshwater turtles are one of the most threatened vertebrate groups glob-
ally, with ~60% of species listed as threatened or worse (Lovich et al., 2018;
Stanford et al., 2020). The primary causes threatening freshwater turtles
include climate change, loss or modification of habitat, predation, pollution
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and overharvesting for the pet trade (Gibbons et al., 2000; Klemens, 2000;
Stanford et al., 2020). Due to these multifaceted threats, it is imperative to
develop comprehensive strategies to mitigate their impacts and ensure the
continued survival of freshwater turtles.

Understanding the early life history of freshwater turtles is pivotal for
their conservation. This critical phase encompasses crucial developmen-
tal milestones, from egg incubation to hatching and emergence from the
nest, and significantly influences their survival and population dynamics
(Valenzuela, 2001; Micheli-Campbell et al., 2011; Knoerr, Graeter, et al.,
2021; Knoerr, Tutterow, et al., 2021). Each stage is fraught with challenges,
and even small variations can have profound impacts on survival rates
(Chessman, 2018; Janzen et al., 2007; Zappalorti et al., 2017). By under-
standing the early life history phase of turtles, insights into their vulnerabili-
ties can be attained and targeted conservation measures developed.

Incubation

One of the fundamental aspects of freshwater turtle early life history is egg
incubation. The development of embryos during this phase ultimately deter-
mines the hatchling's condition and chances of survival (Booth et al., 2004;
Micheli-Campbell et al., 2011). The environmental conditions surrounding
the eggs, including temperature and humidity, play a pivotal role in shaping
embryonic development (Zhu et al., 2006). Higher temperatures tend to ac-
celerate development, while lower temperatures slow it down (Ewert, 1979,
1985). Longer incubation periods may result in higher vulnerability to pre-
dation (Riley & Litzgus, 2014), while shorter durations might hinder the de-
velopment of vital physiological and anatomical traits (Colbert et al., 2010).
The duration of incubation can vary widely among species, and under-
standing these differences is essential for assessing the vulnerability of
turtle populations to climate change and crafting effective conservation
strategies that promote the survival of these species.

Hatching and emergence of success

Hatching success (i.e., the proportion of eggs that successfully produce
hatchlings) and hatchling emergence success (i.e., the proportion of hatch-
lings that successfully emerge from the nest) are also pivotal aspects of
freshwater turtle early life history. Factors such as predation, disease and
environmental conditions can profoundly influence hatching and emer-
gence success rates (Carranco et al., 2022; Knoerr, Graeter, et al., 2021).
High hatching and emergence success contributes to a larger population of
juvenile turtles, contributing to the long-term viability of the overall popula-
tion (Carstairs et al., 2019; Knoerr, Graeter, et al., 2021; Knoerr, Tutterow,
et al., 2021). Conversely, low hatching and emergence success rates can
negatively impact the viability of populations. Therefore, studying hatching
and emergence success is essential for assessing the overall reproductive
potential and viability of freshwater turtle populations.

Emergence timing, strategies and triggers

Freshwater turtle hatchlings experience much higher natural mortal-
ity rates compared to older age classes (lverson, 1991; Wilbur, 1975).
Survival rates of hatchlings following emergence from the nest are affected
by several factors that vary temporally, including the availability of food
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resources (Gibbons & Nelson, 1978), the abundance of predators (Janzen
et al., 2000; Paterson et al., 2012, 2014), dispersal opportunities (Doody
et al,, 2001; Nagle et al.,, 2004) and the thermal environment (Moran
et al.,, 1999). Because of this, intraspecific and interspecific variations in
the timing of hatchling emergence are common (Gibbons & Nelson, 1978;
Riley et al., 2014), and there are three broad strategies:

1. Emerge in autumn and hibernate on land (then remain on land for
terrestrial turtles) (Burke & Capitano, 2011) or emerge in autumn and
hibernate on land until spring and then enter aquatic habitat (aquatic
species) (Draud et al., 2004; Muldoon & Burke, 2012; Paterson et
al., 2012)

2. Emerge in autumn, enter aquatic habitat and hibernate before subse-
quently increasing activity in spring (Carroll & Ultsch, 2007; Costanzo et
al., 1995)

3. Hibernate in or below the nest until spring, then emerge and enter aquatic
habitats (Baker et al., 2003; Costanzo et al., 1995; Nagle et al., 2004;
Pappas et al., 2000)

If environmental conditions are favourable upon hatching and food and
habitat are available, immediate emergence should be favoured (i.e. strat-
egies 1 and 2) (Gibbons & Nelson, 1978). On the other hand, overwintering
within the nest (i.e. strategy 3) may provide survival advantages via reduced
exposure to low temperatures, dry wetlands, seasonally low food availability
and/or above-ground predation risk. In contrast, spring is characterized by
increasing temperatures and food resources that are likely more favourable
for dispersal and growth (Gibbons, 2013; Gibbons & Nelson, 1978; Nagle
et al., 2004; Wilbur, 1975). However, factors such as desiccation, flooding,
freezing and predation can impact the survival rates of hatchlings overwinter-
ing in the nest (Breitenbach et al., 1984; Costanzo et al., 1995, 2008; Packard
et al.,, 1989; Storey et al., 1988). Studying emergence timing is crucial for
conservation, as it enables us to anticipate the presence of juvenile turtles
in terrestrial habitats, assess their vulnerability to predation and implement
management strategies to protect them during this vulnerable phase.

A range of interspecific differences in emergence strategies exist.
Hatchlings of some species emerge synchronously (Congdon et al., 1983;
Nagle et al., 2004; Tucker, 1999). This synchrony provides advantages in-
cluding reduced individual energy expenditure during digging from nest
chamber to surface (Carr & Hirth, 1961; Rusli et al., 2016), dilution of pred-
ator risk per capita via swamping (Spencer et al., 2001), reduced time a
predator can smell hatching eggs and predate a nest (Doody, 2011) and
preventing mortality due to enhanced environmental extremes of breached
nests (Baker et al., 2006; Nagle et al., 2004). This study hereafter defines
emergence synchrony as all hatchlings from a nest emerging within a 24-
hour period (Baker et al., 2013; Geller et al., 2020).

In contrast, hatchlings of many species emerge asynchronously (Glen
et al., 2005; Houghton & Hays, 2001; Lindeman, 1991; Nagle et al., 2004).
Asynchronous emergence has been attributed to variation in incubation rates
through differences in temperature and soil moisture throughout the nest mi-
croenvironment (Houghton & Hays, 2001). Asynchronous emergence has
been suggested to be a superior strategy to synchrony when predators are
prey-switching generalists (Ims, 1990). Identifying the emergence strategy
implemented by a species enables an understanding of the key environmen-
tal influences, including the drivers of mortality in its early life-history phase.

Emergence from the nest by hatchling turtles is usually triggered by
physical or biological factors. Physical factors often include rainfall and
temperature, with rainfall suggested to trigger some species by softening
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the soil above the nest chamber, thus facilitating excavation for emerg-
ing hatchings (DePari, 1996; Doody et al., 2001; Moll & Legler, 1971;
Nagle et al., 2004; Santidrian Tomillo et al., 2015). Temperature change
may also trigger emergence, often by a temperature increase (Gibbons
& Nelson, 1978; Tucker, 1999) or further increases or decreases in tem-
perature once a threshold has been reached (Moran et al., 1999; Nagle
et al., 2004). Increases in temperature following cold winters may in-
dicate more favourable foraging and growing conditions for hatchlings
and trigger their emergence (Gibbons & Nelson, 1978). Biological factors
can include hatchlings possessing an internal clock that triggers their
emergence (Lindeman, 1991; Moran et al., 1999) or the relative risk of
predation (Riley et al., 2014). While several aspects of the effects of cli-
mate change on chelonians have been researched (Butler, 2019), there
remains a paucity of studies that have assessed how changing tempera-
ture and rainfall patterns will impact the timing and success of hatchling
emergence in freshwater turtles (for marine turtles, see Hill et al., 2015;
Laloé et al., 2021).

Chelodina oblonga is one of two freshwater turtle species native to the
south-west of Western Australia. Its reproductive ecology remains largely
unstudied, and only two relevant natural history-based studies have been
conducted in the past 55years (Burbidge, 1967; Clay, 1981). Nesting oc-
curs in spring and summer (Burbidge, 1967; Clay, 1981). An average clutch
size of eight eggs was reported for the spring reproductive season and four
eggs for the summer season (Clay, 1981). The egg incubation period ranged
from 200 to 230days (Burbidge, 1967; Clay, 1981). There was some varia-
tion in the reported hatchling emergence timing. Burbidge (1967) reported
that hatchlings generally emerge in May, but that under certain conditions,
hatching may be delayed, or the hatchlings may remain in the nest, emerg-
ing as late as August. Clay (1981) reported that all hatchlings emerged in
mid-August, regardless of when they were laid. This suggests the duration
hatchlings remain within the nest is substantially greater for nests made
in spring than summer. After emergence, hatchlings are thought to head
straight to nearby wetlands.

Chelodina oblonga populations in urban wetlands appear to be declin-
ing, with recruitment hindered for at least a decade (Santoro et al., 2020).
Furthermore, the climate of southwestern Australia has dried dramat-
ically, with the onset coinciding with the period when the aforemen-
tioned pioneering natural history studies were conducted on C. oblonga
(McFarlane et al., 2020). A contemporary understanding of hatching and
emergence success is needed to provide an indication of recruitment
potential and identify whether interventions are required. By comparing
this information to historical studies, an insight as to whether the change
in climate that has occurred over the past ~50years may have caused
changes in the timing of hatching and hatchling emergence. Finally, a
current quantitative basis for understanding and predicting the key en-
vironmental cues for emergence is required to help understand how cli-
mate change may be impacting the recruitment rates of this prominent
wetland vertebrate.

This study aims to determine: (1) the number of days from laying to
hatching (incubation duration), (2) the percentage of eggs that hatch suc-
cessfully (hatching success), (3) the percentage of hatchlings that emerge
successfully (emergence success), (4) when hatchlings emerge from the
nest (emergence timing) and (5) whether hatchlings emerge due to envi-
ronmental (rainfall, temperature) or biological reasons (emergence trigger).

Using this information, the study aimed to compare how these factors
may have changed over time by comparing them to studies on the species
that were undertaken prior to the climate drying of the region.
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METHODS
Study site

The study was conducted in Bibra Lake, located within the Beeliar Regional
Park, Perth, Western Australia (Figure 1). Bibra Lake is a surface expres-
sion of the local unconfined aquifer, with water levels recharged by rain-
fall (Davis & Froend, 1999). Southwestern Australia is a global biodiversity
hotspot (Myers et al., 2000) and has a Mediterranean climate with hot,
dry summers and cool, wet winters (Sturman & Tapper, 1996). The aver-
age annual rainfall for the region has declined from ~900mm for the pe-
riod between 1920 and 1975 to ~711 mm between 2011 and 2020 (Water
Corporation, 2021). Historically, rain has fallen predominantly during the
winter months (June—August); however, it now occurs over a wider time-
period, with significantly decreased rainfall during winter and increased
rainfall during summer (McFarlane et al., 2020). Groundwater levels in
Perth have declined over the last few decades as a result of reduced rainfall
and groundwater extraction for human use (Dawes et al., 2012), resulting
in permanent wetlands becoming seasonal and seasonal wetlands being
dry for increasingly long periods (Sim et al., 2013). The average maximum
temperature in Perth has increased from 24.4°C between 1970 and 1979 to
25.6°C between 2010 and 2019 (Bureau of Meteorology, 2021).
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FIGURE 1 Map of southwestern Western Australia, highlighting the study location (Bibra Lake), within the Swan Coastal Plain (shaded
zone), and the limits of Chelodina oblonga's geographical range — the Hill and Fitzgerald Rivers.
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Nest location/identification

Nests were located opportunistically while radio-tracking was being con-
ducted as part of a parallel study on the ecology of adult turtles over a two-
year period and through the ‘Turtle Tracker’ program in 2019 (Santoro, 2022).
The ‘Turtle Tracker program involved trained volunteers searching the
terrestrial environment surrounding Bibra Lake during the spring nesting
season (September—November). Female turtles were observed from a dis-
tance until nesting was completed. Once nesting was completed, nests
were carefully excavated, eggs removed and numbered with pencils and
then placed back in the nest, and protected with a nest cage (19 nests).
Six nests were also created artificially using eggs extracted directly from
recently deceased female turtles (killed in wildlife—vehicle incidents or pre-
dation) in both nesting seasons.

Natural nests were laid between the 19th October and 3rd December
2018, and the 25th September and 11th October 2019 (Table 1). The meth-
ods used for nest location resulted in all but one nest (3rd December 2018)
being from the spring nesting period. Artificial nests were created with eggs
extracted from females injured or killed during nesting migrations between
the 18th October and 24th November 2018, and the 25th September and
18th November 2019 (Table 1).

Nest monitoring — Incubation duration, hatching success,
emergence timing and success

Eight and 17 nests were monitored in 2018/19 and 2019/20, respectively
(Table 2). No non-invasive methods for checking egg/hatchling chronology
in natural nests were found in the literature. Therefore, the following proto-
cols were used. In 2019, nests were carefully excavated to monitor egg and
hatchling progress approximately weekly between May and September. In
2020, 14 hatchlings from two natural nests emerged prior to the first nest
check on the 27th March, which is over a month earlier than previously re-
ported (Burbidge, 1967). Thus, in 2020, nests were checked approximately
weekly from the 27th of March to September. Whether these 14 hatchlings
emerged within the week prior to the 27th of March 2020 (Table 2) could not
be confirmed, so they were removed from emergence analysis.

Each week, each egg/hatchling was assessed and placed into one of
the following status categories: intact, cracked, hatchling or emerged. In
October of both years, any unhatched eggs were cut open for assessment
and placed into one of the following categories: infertile (egg did not contain
an undeveloped embryo) or undeveloped hatchling (egg contained an em-
bryo/hatchling that did not complete development). Twelve (4%) hatchlings
became highly active during the nest monitoring process and these hatch-
lings were released rather than reburied (Table 2). Hatchlings that were
released were not included in the emergence analysis.

Triggers of hatchling emergence
Environmental parameters

Temperature and rainfall are key environmental parameters that are
known to influence hatchling emergence in other freshwater turtle spe-
cies (DePari, 1996; Doody et al., 2001; Gibbons & Nelson, 1978; Moll &
Legler, 1971; Moran et al., 1999; Nagle et al., 2004; Santidrian Tomillo
et al., 2015; Tucker, 1999). These data were sourced from the Australian
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FRESHWATER TURTLE HATCHLINGS

Bureau of Meteorology Jandakot station (~5km from the study site).
Specifically, daily temperature (minimum, maximum and readings at 900
and 1500h) and total rainfall data were obtained. As nests were monitored
weekly, the daily readings were then used to calculate the average weekly
temperature (i.e. the average of all of the minimum, maximum, 0900 and
1500 readings) and total rainfall.

Statistical analyses

As hatchling emergence occurred in both autumn and spring, the data
were split into two groups: autumn (earliest emergence—July 15th) and
spring (July 16th—latest emergence). This allowed us to assess if the hatch-
lings were responding to different weather variables during the different
emergence periods. Possible collinearity between the total rainfall and
average temperature within each emergence period was initially checked
by undertaking pairwise correlation analyses (Tables S1, S2). Maximum
pairwise correlations were <0.45 (autumn) and<0.12 (spring) (Tables S1,
S2). All analyses were performed in R (Studio Version 1.4.1106) (RStudio
Team, 2022).

To assess whether hatchling emergence from the nest was triggered by
temperature or rainfall, a global generalized linear mixed model (GLMM)
was built with a beta-binomial distribution for each of the autumn and
spring emergence periods using the ‘gimmTMB’ package (v 1.1.3) (Brooks
et al., 2022). The response variable was the proportion of total hatchlings
emerging from each nest, each week of the monitoring period. Possible
temporal autocorrelation of the response variable was assessed using the
Autocorrelation Function in R, and most values were <0.2 (Figures S1,
S2). To account for variation in the number of hatchlings in each nest, the
number of hatchlings present within each nest, each week was used as a
weighting term in the model (i.e. this number declined each time hatchlings
emerged from each nest). This positively weighted emergence proportions
of nests with higher numbers of hatchlings present each week. Nest was
included as a random effect. Each model included average temperature
and total rainfall as predictor variables.

For the selection of the most parsimonious GLMM for each emer-
gence period, models containing all possible combinations of predictors
were ranked based on the Akaike Information Criterion corrected for small
sample size (AICc) using the MuMIn package (Barton, 2023) (Table S3).
The best-fitting model for the autumn emergence period included average
temperature and total rainfall as predictors, while the best model for the
spring emergence period included only average temperature as a predictor
(Table S3). To visualize the fixed effects of the best model for each emer-
gence period, predictors were plotted using the “effects” package in R.
Model assumptions were checked using the diagnostic plots in the “perfor-
mance” package in R (Figures S3, S4).

RESULTS

A total of 278 eggs were monitored over the 2years of the study (Table 2).
Clutch size ranged from 9 to 14 eggs (10+1 Mean =+ SE) in 2018/2019 and
from 7 to 17 eggs (11 +1 Mean + SE) in 2019/2020 (Table 2). In 2018/2019,
one nest was found in a semi-predated state and two eggs remained in-
tact (Table 2). In each year, one artificial nest included clutches from two
females (10 and 12 eggs in 2018/2019, and four and 12 eggs in 2019/2020)
(Table 2).
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Incubation duration

Hatching of eggs within the 2018 nests began prior to the 8th of May
2019, when the nests were first checked, and all eggs were hatched by
the 18th of June 2019 (Table 1). In comparison, the 2019 nests were first
checked on the 27th of March 2020, and hatching had already occurred for
14 (7%) eggs, with hatching complete by the 8th of June 2020 (Table 1).
Incubation duration ranged from 162 to 257 days for 2018/2019 nests and
168—251 days for 2019/2020 nests (Table 1).The mean incubation duration
was slightly longer in 2018/2019 (200+3days) compared to 2019/2020
(195 +2days) (Table 1), but the difference was not significant (t=0.506,
p=0.629). However, in both years, the incubation time for some eggs was
shorter than recorded due to hatching occurring before the first nest check.

Hatching and emergence of success

Eighty-eight eggs (32% overall and 31% +5 Nest Mean + SE) hatched, and
hatchlings emerged successfully, with an additional 12 eggs (4% overall
and 4% +2 Nest Mean + SE) hatching and the hatchlings subsequently re-
leased into the wetland by the researcher (Table 2). Twenty-five eggs (9%
overall and 9% +2 Nest Mean+ SE) hatched, and the hatchlings subse-
quently died before emerging (Table 2). Twenty-six eggs (9% overall and
8% +2 Nest Mean + SE) contained undeveloped hatchlings, while 104 eggs
(37% overall and 39% +6 Nest Mean + SE) were infertile/failed to develop
(Table 2). Fourteen eggs (5% overall and 2% +1 Nest Mean + SE) were pre-
dated during hatching, and the fate of the remaining nine eggs (3% overall
and 3% =+1 Nest Mean+SE) is unknown (Table 2). Three natural nests
(15%) failed completely, while two artificial nests (33%) failed completely
(Table 2).

Artificial nests had more eggs that did not hatch, undeveloped hatch-
lings and hatchlings that died before emerging in 2018/2019 compared to
2019/2020 (Table 2). Two nests were predated during the hatching and
emergence time periods of 2019/2020 resulting in 36% and 88% of eggs
being lost from those nests (Table 2). One 2018/2019 nest cage was dam-
aged by an unauthorized vehicle, and two hatchlings were unaccounted
for (Table 2). It is assumed they emerged in the time between the nest
cage being damaged and the next time the nest was checked. The fate
of a total of seven eggs from nests in 2019/2020 could not be determined
(Table 2). Presumably, these eggs hatched, hatchlings emerged between
nest checks and the remains of the shells were misidentified as belonging
to other eggs.

Emergence timing

Hatchling emergence from nests began earlier in 2020 compared to 2019
(before 27th March and on the 21st of May, respectively) (Table 1, Figure 2).
The final hatchling to emerge from a nest occurred at a similar time in
each year (early September) (Table 1). The mean emergence period per
nest was briefer in 2019 than 2020 (41+6 and 54 +9days, respectively
(Table 1)), though the difference was not significant (W =568.5, p =0.420).
The range of emergence period was less in 2019 than 2020 (0—-118days
and 0-140days, respectively) (Table 1). However, mean percentage emer-
gence was higher in 2018/2019 compared to 2019/2020 (Table 2). In both
years, the percentage emergence was generally greater from natural nests
(50%—100%) than from artificial nests (33%—91%) (Table 2).
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FRESHWATER TURTLE HATCHLINGS

The timing of hatchling emergence from nests varied between the
years. In both years, larger proportions of hatchlings emerged in the au-
tumn period than the spring period (i.e. they did not overwinter in the nest)
(Figure 2). In 2019, larger proportions of hatchlings emerged during the
winter months than in 2020 (Figure 2). However, in 2019, all but two hatch-
lings (5%) emerged either before or on the 7th of June and on or after
the 11th of August. In 2020, 84% of hatchlings emerged outside the winter
months (70% before winter and 14% after winter) (Figure 2).

Environmental predictors of emergence

The best fitting GLMM explaining the probability of turtle hatchlings
emerging from the nest in the autumn emergence period included aver-
age temperature as a significant predictor, while total rainfall was almost
significant (Table 3). Average temperature was a significant predictor
in the best-fitting GLMM, explaining the probability of turtle hatchlings
emerging from the nest in the spring emergence period (Table 3). The
probability of hatchling emergence from nests increased as the average
temperature and total rainfall increased in the week of emergence for the
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FIGURE 2 Percentage of Chelodina oblonga hatchlings emerging from nests each month in 2019 and 2020. n=41 (2019) and 44
(2020).

TABLE 3 Results for the best generalized linear mixed model for the effects of temperature and rainfall on Chelodina oblonga hatchling
emergence from nests in autumn and spring. * = significant effect (<0.05) and *** = highly significant effect (<0.001).

Emergence period Effect Estimate Std.Error z P

Autumn Intercept -5.49 1.45 -3.78 <0.001***
Average Temperature 0.15 0.07 2.06 0.040*
Total Rainfall 0.02 0.01 1.91 0.056

Spring Intercept -9.73 4.02 -2.42 0.015*
Average Temperature 0.60 0.29 2.1 0.035*
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autumn emergence period and as the average temperature increased in
the week of emergence for the spring emergence period (Figures 3, 4,
Table 3).

DISCUSSION

This study assessed the early life-history of C.oblonga and found that
hatchling emergence is associated with temperature and rainfall. It has
also revealed a shorter duration of incubation and earlier hatchling emer-
gence compared with historic observations (Burbidge, 1967; Clay, 1981)
that were made at a time that approximated the beginning of an ongoing
period of considerable rainfall decline and increased rate of warming in
this region (Hope et al., 2015). While additional studies are needed, the
findings suggest that past and future projected increases in temperatures
may cause shortened incubation periods for the species. Similarly, the on-
going reductions in rainfall in the region are likely to alter the timing of
hatchling emergence from nests. The study thus provides some insight into
how freshwater turtle hatching and emergence may be impacted by climate
change in warming and drying regions.

Incubation duration
Chelodina oblonga incubation duration ranged from 162 to 257 days, with an

average of ~200days. This is a much wider range than reported by Clay (1981)
and Burbidge (1967) (210—222days and 200-230days, respectively).
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FIGURE 3 The predicted effects of temperature and rainfall on the proportion of Chelodina oblonga hatchlings emerging from nests in
autumn from the best AlCc-ranked generalized linear mixed model. The effect of temperature was significant (p=0.040), while rainfall was
almost significant (p =0.056).
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FIGURE 4 The predicted effect of temperature on the proportion of Chelodina oblonga hatchlings emerging from nests in spring from

the best AlCc ranked generalized linear mixed model. The effect was significant (p=0.035).

Incubation duration was less than the minimum observed by Clay (1981)
for 80% of eggs and over Clay's maximum for 11% of eggs that hatched.
Comparison with Burbidge (1967) was not feasible as the incubation range
reported was based on general months of laying and hatching, rather than
dates for specific eggs as in the current study. In general, incubation duration
appeared to decline, concurrent with an increase in average maximum tem-
perature in Perth by >1°C over this time period (Bureau of Meteorology, 2021).
Natural temperature variance among study sites is likely to be minimal between
the current study and Clay (1981) and Burbidge (1967), as they are within 5
and 15km of each other, respectively. As freshwater turtle nests are generally
relatively shallow, they provide minimal thermal buffering against temperature
variations at the surface (Refsnider et al., 2013), making nests highly sensitive
to ambient temperature changes of this magnitude. Restoration or creation of
nesting areas with increased canopy cover may be needed to prevent further
declines in incubation duration.

Furthermore, urbanization is altering the availability of nesting habitat,
leading to some C.oblonga females choosing nest-sites in anthropogenic
environments (Santoro, 2022) that potentially have warmer thermal regimes
than natural environments (Francis et al., 2019). Warmer nest tempera-
tures have been shown to reduce the duration of incubation (Deeming &
Ferguson, 1991; Ewert, 1979, 1985). Briefer incubation durations may lead
to hatchlings either emerging earlier or spending increased time overwinter-
ing in the nest, the implications of which are discussed below.

Hatching success

Hatching success varied among nests and is known to vary both within and
among species of freshwater turtle, with hatching rates between 28% and
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95% commonly reported, as well as complete success or failure of individual
nests (Baker et al., 2013; Burger, 1976; Christens & Bider, 1987; Congdon
etal., 1983, 1987; Escalona et al., 2009; Geller et al., 2020; Knoerr, Graeter,
et al., 2021; Tryon, 2009; Whitlock, 2002; Zappalorti et al., 2017). Egg infer-
tility, insufficient nest temperatures to complete incubation, heat stress and/
or death of embryos are common reasons for egg failure in freshwater tur-
tles (Christens & Bider, 1987; Congdon et al., 1983, 1987; Escalona, 2003;
Knoerr, Graeter, et al., 2021; Warner et al., 2010; Zappalorti et al., 2017).
Egg failure in the current study was a combination of egg infertility and the
death of embryos. However, as the cause of death was not assessed, it is
possible that heat stress from increased ambient temperatures contributed
to the egg failure. Further research into in-situ incubation conditions may
shed light on reasons for failure, and ex-situ trials could be used to identify
ideal incubation conditions for C. oblonga.

Hatching strategy

Hatching synchrony was not exhibited by C.oblonga. While hatch-
ing synchrony has been observed in several species of freshwater tur-
tles (Burger, 1976; Doody et al., 2001; Lacroix et al., 2022; McGlashan
et al., 2012; Spencer et al., 2001), reports of asynchronous hatching
were found in only one other species (Riley et al., 2020). Synchronous
hatching is suggested to facilitate synchronous emergence from the nest
(Spencer et al., 2001; Tucker et al., 2008) and likely occurs when an envi-
ronmental cue signals favourable conditions for hatching and emergence
(Doody, 2011; Doody et al., 2012). However, synchronous hatching comes
with the cost of reducing some individuals' incubation time, which can
lead to diminished fitness (Andrews, 2004; Colbert et al., 2010; Peterson
& Kruegl, 2005). Riley et al. (2020) proposed that the lack of synchro-
nous hatching in Graptemys geographica may be because the hatchlings
overwinter before emergence, reducing the need to hatch synchronously.
Chelodina oblonga did not exhibit synchronous emergence, further reduc-
ing the need for hatching synchrony.

Emergence success

Emergence success following hatching varied in natural nests. High rates
of hatchling mortality and variance in emergence success among nests
are common among freshwater turtles (Burger, 1976; Congdon et al., 1983;
Escalona et al., 2009; Gibbons, 1968; Wilbur, 1975). Common causes
of hatchling mortality include dehydration, energy depletion and cold/
heat stress (Baker et al., 2006; Finkler, 1999; Finkler et al., 2002; Nagle
et al., 2004). While the cause of hatchling mortality prior to emergence was
not assessed in the current study, elevated temperature and low moisture
may have contributed through heat stress and dehydration. Determining
the cause of emergence failure would aid in assessing whether conserva-
tion management is necessary to improve recruitment in stressed popula-
tions and should be a focus of future research.

Emergence strategy

Hatchling emergence synchrony was not exhibited by C.oblonga. Both
synchronous and asynchronous emergence has been observed in fresh-
water turtles, with some species exhibiting both (Baker et al., 2010, 2013;
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Burger, 1976; Congdon et al., 1983, 1987; Geller et al., 2020). However,
asynchronous emergence is reported to occur over a briefer time period
than was observed in the current study (2018: 41 + 6 and 2019: 54 + 9days),
often ranging from 2 to 11days (Burger, 1976; Castellano et al., 2008;
Congdon et al., 1983, 1987).

Group emergence has been suggested to have evolved as a
method of predator avoidance, through either swamping predators or
reducing exposure to generalist predators that prey switch (Arnold &
Wassersug, 1978; Bradbury et al., 2004; Dehn, 1990; Martins et al., 2021;
Santos et al., 2016; Tucker et al., 2008). However, asynchronous emer-
gence may be favoured when high densities and large groups of hatch-
lings attract predators (Glen et al., 2005). It is possible that C. oblonga did
not evolve synchronous emergence as historic nesting habitats provided
enough vegetative cover and/or natural predators were sparsely distrib-
uted. With European settlement has come the introduction of novel pred-
ators (fox), subsidized native predators such as ravens (Boarman, 2003;
Kristan & Boarman, 2003; Segura et al., 2020) and landscape change
(e.g., vegetation clearing) that has almost certainly shifted predator—prey
dynamics involving turtle hatchling success. Chelodina oblonga may
have shifted to a greater reliance on asynchronous emergence following
this shift in the predator—prey dynamic.

Emergence timing

Chelodina oblonga hatchlings emerged from nests up to 2months ear-
lier than historic observations (Burbidge, 1967; Clay, 1981). Early emer-
gence in the current study could be due to early hatching caused by the
increased ambient temperatures of the current climate. As highlighted by
Gibbons (2013), the timing of emergence has significant implications with
regard to the hospitability of the environment. For example, ambient tem-
peratures in Australia are warmer in March than May, increasing the risk
of desiccation (Paterson et al., 2012), and wetlands will be drier and thus
smaller, increasing the distance between nest and water. Thus, the survival
of hatchlings emerging months earlier than usual may be severely dimin-
ished and should be a focus of future research.

Proportionately, more hatchlings emerged shortly after hatching com-
pared to overwintering in the nest. Similar observations were made by
Burbidge (1967); however, this contrasts with Clay's (1981) observa-
tions that all hatchlings emerged in August (i.e. late winter, early spring).
This also contrasts with the suggestion by Gibbons (2013) that delayed
emergence is the default for freshwater turtle hatchlings, as emergence
will then coordinate with favourable environmental conditions such as in-
creasing spring temperatures, wet-season rains and productive wetlands.
Chelodina oblonga hatchlings may now prefer autumn emergence, as
emerging soon after hatching provides hatchlings with the benefit of energy
reserves that have not depleted while overwintering (Tucker et al., 1998;
Tucker & Paukstis, 1999), which can limit locomotor performance while
migrating from nest to wetland (Willette et al., 2005). Reduced locomotor
performance may increase the predation and dehydration of hatchling tur-
tles when migrating overland to water due to their reduced ability to ‘right
themselves’ when tipped upside down (Burger, 1976; Finkler, 1999; Kolbe
& Janzen, 2002).

Some hatchlings also overwintered in the nest, delaying emergence
until spring. Given the Mediterranean climate of Perth, winter tempera-
tures rarely reach 0°C (Bureau of Meteorology, 2022), thus hatchlings
may not need to overwinter within the nest to avoid thermal minima.
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Delayed emergence in C.oblonga's case may be a strategy to avoid the
potential of wetlands being dry prior to refilling by winter and spring rains
(Jackson, 1994). Tracking C. oblonga individuals after emergence from the
nest in autumn and spring presents an interesting next step in research that
could highlight variation in hatchling behaviours and survival in different
seasons in a shifting climate.

To some extent, the range in emergence period observed in the cur-
rent study of C. oblonga is comparable to that from studies of the eastern
Australian snake-necked turtle (Chelodina longicollis). However, variation
in C.longicollis emergence has only been observed at the among-nest
level (Chessman, 2018; Ferronato et al., 2015). In comparison, while both
autumn and spring emergence have been observed collectively across
northern hemisphere turtles, many species appear only to emerge in one
season of the year [autumn: (Burger, 1976; Congdon et al., 1983, 1987;
Diaz-Paniagua et al., 1997; Lovich et al., 2014); spring: (Lovich et al., 2014;
Tinkle et al., 1981)]. However, there are a few species that have been ob-
served exhibiting both autumn and spring emergence (Baker et al., 2013;
Carroll & Ultsch, 2007; Nagle et al., 2004; Riley et al., 2014), typically in
populations situated in warm climates (Aresco, 2004; Jackson, 1994). The
expression of autumn and spring emergence in C. oblonga, both within and
between nests, demonstrates a dynamic strategy operating at the level of
the individual hatchling, which may provide some resilience against the
unpredictable and variable environmental conditions of climate change.
Future research could assess the basis for this behaviour, including indi-
vidual characteristics such as position in the nest, body size or personality
(boldness).

Comparable studies on freshwater turtle hatchling emergence patterns
encompassing climate alterations over a>40-year period were not found
in the literature. As aligns with observations of others, long-term data
are invaluable in ecology for following trends (Edge et al., 2017; Hughes
et al., 2017; Lindenmayer et al., 2012). The capacity to compare and con-
trast findings with historical studies has been shown in this study to be
imperative to identifying the likely impacts of climate change and presents
an important aspect of future research in the conservation of freshwater
turtles globally.

Emergence trigger
Effects of temperature

In the current study, the proportion of hatchlings emerging increased with
the average temperature during the week of emergence in both the rele-
vant autumn and spring periods. This contrasts with the other southwest
Australian turtle (P.umbrina) and six American species whose trigger
for autumn emergence is reported to be decreasing temperature (Baker
et al., 2013; Burbidge, 1981). It is likely that while temperatures were
generally decreasing during autumn in the current study, the hatchlings
may have been responding to the warmer weeks that increased their
metabolism when making the migration from nest to water. Increasing
spring temperatures have been found to trigger the emergence of some
species of freshwater turtle hatchlings after overwintering in the nest
(Christens & Bider, 1987; Tucker, 1999). The emergence of hatchlings
being associated with increasing temperatures in spring may also be
due to metabolism or an environmental signal that aquatic environments
are entering a highly productive state suitable for growth and survival
(Gibbons, 2013).
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Effects of rainfall

The emergence of C.oblonga hatchlings was enhanced by rainfall (in the week
of emergence) during the autumn period, though this was not quite a signifi-
cant relationship. Similarly, the autumn emergence of other Australian fresh-
water turtles' hatchlings (Pumbrina and Carettochelys insculpta) has been
found to be triggered by rainfall, with the authors contending that the onset
of the wet season increases feeding opportunities (Burbidge, 1981; Doody
etal., 2001). A relationship between autumn emergence and rainfall could have
negative ramifications for C.oblonga recruitment given the projected contin-
ued decline of rainfall in the southwestern Australian region (Hope et al., 2015;
Intergovernmental Panel on Climate Change, 2023; Silberstein et al., 2012).
Furthermore, the reduction in total rainfall combined with increased ground-
water extraction from urbanization (McFarlane et al., 2012) means hatchlings
emerging in autumn would be less likely to find an inundated wetland, diminish-
ing prospects for survival and growth (Gibbons & Nelson, 1978).

Rainfall was not a significant predictor of C.oblonga hatchling emer-
gence during the spring period. Similarly, the spring emergence of three
species of American freshwater turtles was not correlated with rainfall
(Baker et al., 2013). Surface waters of wetlands are more abundant in spring
than autumn, and the soil above the nest has been softened throughout
winter, potentially explaining the reduced influence of rainfall as a spring
emergence trigger during the current study.

A considerable proportion of C.oblonga hatchlings emerged from nests
in September, a month later than historic observations (Burbidge, 1967;
Clay, 1981). This delayed emergence may have been caused by the shift
in the timing of rainfall in southwest WA, winter rainfall has significantly re-
duced while summer rainfall has increased (McFarlane et al., 2020). While
rainfall is not triggering spring emergence, the hatchlings emerging may be
reliant on spring rainfall, as winter rainfall may no longer adequately soften
substrates and/or indicate inundated wetlands. This may be reducing emer-
gence success as hatchlings may be trapped in nests due to hardened soils
(Chessman, 2018). Furthermore, late emergence could increase hatch-
ling mortality through desiccation due to warmer temperatures (Paterson
et al., 2012). All these factors would likely lead to reduced recruitment.

Continued drying in southwestern Australia may also reduce recruit-
ment through impacts related to drought. For example, low rainfall in 2010
(504 mm (Bureau of Meteorology, 2011)) resulted in some Beeliar wetlands
not reflooding in winter and remaining dry throughout the consecutive year
(authors pers. observation). Chessman (2011) found that the presence of
juvenile Chelodina longicollis and Emydura macquarii significantly declined
after a decade of drought in Eastern Australia, with the declines attributed to
reduced success of recruitment. Drought has adverse effects on incubation
and hatchlings, with one study finding that drier nests resulted in shorter in-
cubation, reduced hatching success and produced smaller hatchlings than
moister nests (Cagle et al., 1993). Moist nests are cooler than dry nests, and
thus, the impacts of drought may incorporate those of warmer temperatures
(Bodensteiner et al., 2015) (detailed above). Furthermore, as rainfall reduc-
tions are projected for Mediterranean climates globally (Cramer et al., 2018;
Garcia-Ruiz et al., 2011; Giorgi & Lionello, 2008; Seager et al., 2019), fresh-
water turtles in these regions may experience similar effects.

Caveats

Nests were excavated to check on eggs and hatchlings on a weekly basis.
Any less invasive means than this established method (Nagle et al., 2004;
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Pignati et al., 2013) were not found in the literature. While the greatest care
was taken when excavating nests and handling eggs and hatchlings, it is
possible that this method led to some observer effects, including embryo
mortality, alterations to the length of incubation, time from hatching to emer-
gence and hatchling survival. Developing a novel, less invasive method of
monitoring underground egg and hatchling ecology is encouraged, as it
has far-reaching potential to improve the study of all freshwater turtles and
many other terrestrial and semi-aquatic taxa.

CONCLUSIONS

Temperature and rainfall were found to be important triggers for freshwa-
ter turtle hatchling emergence from the nest. The climate in southwestern
Australia is both drying and warming on an interdecadal scale, and this is
the first study to provide some evidence that severely reduced rainfall is
likely to impact a temperate freshwater turtle's reproductive cycle through al-
tered and potentially reduced emergence in the hatchling phase. Increased
average temperatures will likely continue to shorten incubation time, altering
the timing of emergence and potentially impacting hatchling survival. As the
southwest of Western Australia is recognized as a climate change hotspot
with extremely pronounced warming and drying (Intergovernmental Panel
on Climate Change, 2023), the findings of the current study also serve as
an indication for what is to come in other warming and drying regions and
thus have implications for freshwater turtles globally.
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