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Abstract
Understanding the thermal dynamics of nests is critical for crocodylians, as they rely on 
optimal environmental temperatures for physiological processes, developmental success, 
and sex determination. Each of these factors is critical for maintaining population dynam-
ics and the long-term persistence of species in the wild. In the present study, we assessed 
the thermal dynamics of the 17 wild gharial (Gavialis gangeticus) nests over three nest-
ing seasons (2017–2019). We observed a significant difference in incubation temperature 
between the monitored nests across the years. The lowest and the highest incubation tem-
peratures were (mean ± standard deviation) 30.3 ± 2.3 °C and the highest was 32.9 ± 2.8 °C, 
respectively. The predicted hatchling sex ratio based on constant temperature equivalent 
(CTE) suggests female dominanc (1:3.2) in the monitored gharial nests. Considering the 
skewed sex ratio and nest temperatures reaching viable upper thermal limit (33.5 °C), it 
is recommended to implement continuous monitoring of thermal dynamic of the gharial 
nests. Conservation efforts should therefore prioritize the protection and management of 
nesting habitats, establishing long-term monitoring of nest thermal dynamics and repro-
ductive success across multiple nesting sites to mitigate temperature-related impacts.

Keywords Optimum environment temperature · Incubation temperature · Nesting 
ecology · Thermal limits · Sex ratio · Nest protection
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Introduction

Ectothermic animals attempt to maintain thermal environments around an optimum to max-
imise physiological performance and development (Barham et al. 2024; Grigg and Kirshner 
2015). Deviations in temperature range can impair development, reduce hatching success, 
and negatively affect growth and survival (Buckley and Huey 2016; Deeming and Ferguson 
1989; Lang and Andrews 1994; Somero 2010; Walsh et al. 2019). In species with temper-
ature-dependent sex determination (TSD), elevated temperatures can also skew sex ratio 
impacting reproductive success and long-term population viability (Deeming and Ferguson 
1989; Fukuda et al. 2022; González et al. 2019; Lara et al. 2021). As elevated temperatures 
can skew sex ratios, and reduce embryonic survival and growth resulting in low repro-
ductive success, nest incubation temperature, therefore, plays a critical role in determining 
both hatching success and sex ratio (Bodensteiner et al. 2023; Boyle et al. 2014; Charruau 
2012). While species can optimize their physiological processes through thermoregulation, 
they cannot directly regulate the microclimatic environment of the nests (Charruau et al. 
2017). Instead, nest temperatures are primarily influenced by environmental factors such 
as ambient temperature, vegetation cover, and sun exposure (Gatto et al. 2023; Mazzotti et 
al. 2022). Moreover, species in response to altered environmental conditions, particularly 
temperature rise may display a range of adaptive mechanisms such as shifts in the timing 
of oviposition, alteration in nest depth and nesting site selection, that can help regulate sex 
ratio and improve reproductive success (Mainwaring et al. 2017; Radchuk et al. 2019; San-
tos et al. 2021).

The gharial (Gavialis gangeticus), is a ‘Critically Endangered’ freshwater crocodylian 
species, facing challenges due to persistent stressors such as habitat destruction, entangle-
ment in passive fishing, and rising environmental temperatures (Hussain et al. 1999; Katdare 
et al. 2011; Panda et al. 2023; Vashistha et al. 2021). Despite the concerted management 
interventions that have averted the extinction of gharial, the persistent threats continue to 
undermine conservation efforts and highlight the need for effective conservation strategies 
(Nair et al. 2012; Sharma et al 2021). Hence, understanding the thermal dynamics of nests 
is critical, particularly due to the species reliance on environmental temperature and inabil-
ity to regulate microclimatic conditions, which may lead to skewed sex ratios and reduced 
hatching success, ultimately impacting the long-term viability of gharial in the wild (Char-
ruau et al. 2017; Mainwaring et al. 2017). In such circumstances, adaptive management 
interventions become imperative to alleviate the negative effects of the rise in environmen-
tal temperature (Gatto et al. 2023; Vashistha et al. 2021). Nevertheless, the success of such 
interventions is dependent on understanding the thermal dynamics of the nests. Despite its 
importance, the thermal ecology of gharial nests remains relatively understudied in compar-
ison to other crocodylians (Charruau 2012; González et al. 2019; Lara et al. 2021; Murray et 
al. 2016; Viljoen et al. 2023). The present study aims to (a) investigate the thermal dynam-
ics of gharial nests and (b) predict sex ratio using constant temperature equivalents (CTE).
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Materials and methods

Study site

The study was conducted between 2017 and 2019 in the Chambal River within the National 
Chambal Sanctuary (NCS), India. The National Chambal Sanctuary which is a tri-state 
sanctuary situated in the Chambal River (Fig. 1). The NCS is home to the largest breeding 
population of gharial and serves as key site for the gharial recovery program. Three gharial 
nesting sites– Baroli, Nadigaon, and Dangbasai were selected to study the thermal regime 
of gharial nests (Fig. 1). These sites are crucial for gharial conservation, as wild-laid gharial 
eggs are collected annually from these sites to support the ‘grow and release' program in the 
Sanctuary and other rivers across India.

Data collection

We deployed 72 iButton data loggers across 24 nests at three nesting sites viz. Baroli (BA), 
Nadigaon (NG) and Dangbasai (DG) to study the thermal regime of the gharial nest and one 
data logger for recording ambient air temperature. The search for suitable gharial nests to 
deploy the data loggers began following the trial nesting by females at the studied nesting 
sites at the end of February each year. Subsequently, these sites were monitored every day 
to ensure that all nests were located on the same day of oviposition. Upon locating nests 
key characteristics including nest depth, distance from the shoreline, vegetation cover, and 
clutch size were recorded. Dataloggers to record ambient environmental temperature were 

Fig. 1 Map of the nesting sites of the gharial (Gavialis gangeticus) within the National Chambal Sanctu-
ary along the Chambal and Parbati rivers
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deployed at two sites, Baroli and Dangbasai. Since both nesting sites, Baroli and Nadig-
aon, are located in close proximity (< 10 km apart), a single datalogger was used dur-
ing the study. The iButton temperature data loggers (Model: DS1921G#F5; Temperature 
range (°C):–40 to + 85; Accuracy (°C): ±1; Maxim Integrated Products Inc. USA) were then 
deployed within 24 h oviposition to minimize any disturbance to the eggs. In each nest, 
three data loggers were placed each nest at the top, middle and bottom of the nest (Fig. 2). 
The data loggers were programmed to record the temperature at 90-minute intervals. The 
90-minute interval was set to balance the number of data points each logger could record 
over the 60-day incubation period while ensuring adequate data points to accurately char-
acterize the thermal regime of gharial nests. Following the deployment of data loggers, the 
nesting sites were regularly monitored for the next 55–60 days until the eggs were relocated 
to the Deori Gharial Rearing Center (DGRC) facility for rearing. Each nest was labelled in 
a structured format, where: the first two letters represent the nesting site (BA for Baroli, NG 
for Nadigaon, and DG for Dangbasai). The next two digits indicate the year of observation 
and the final three characters specify the nest ID. For example, in BA17 N01, BA refers to 
Baroli, 17 denotes the year 2017, and N01 identifies Nest 01. The data loggers placed inside 
the nests were retrieved before the relocation of the eggs along with the outside nest data 
loggers were also retrieved. The hatching success of each nest was calculated by dividing 
the number of eggs that successfully hatched by the total number of eggs in the nest and then 
multiplying the result by 100 to express it as a percentage.

Data analysis

The temperature data obtained were trimmed to remove a few initial and final readings 
before the nest was opened to retrieve the data loggers to establish a common reference 
point. The mean, minimum and maximum incubation temperature for each layer (top, 
middle and bottom) and entire nest were calculated. The daily temperature variation was 
determined by subtracting the minimum from the maximum temperature for each day. We 
performed Welch’s ANOVA test to examine differences in mean nest temperature and ambi-
ent air temperature. Following a significant result, pairwise comparisons with Bonferroni 

Fig. 2 Illustration depicting the placement of iButton dataloggers within the gharial nests
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correction were conducted to identify differences between mean nest temperature across 
years and sites, as well as between ambient temperature and mean nest temperatures.

We estimated the CTE: the temperature above and below which half of embryonic devel-
opment is estimated to have occurred (Georges et al., 1994, 2004). The CTE was estimated 
for the thermosensitive period (TSP) i.e. 20–40 days (TSP: interval of time when the varia-
tion of temperature is shown to have significant effect on sex ratio). The TSP in crocodylians 
is known to be the middle third of the incubation period (Lang and Andrews 1994). For an 
incubation period of 60 days, the period between 20 and 40 days is the middle third of the 
incubation period (Lang and Andrews 1994 and Murray 2016). The CTE was estimated fol-
lowing the model developed by (Georges 1989) as described in Georges et al. (2004) and 
Murray et al. (2016). In the absence of gharial-specific developmental rates, we have used 
developmental rates derived for American alligator (Alligator mississippiensis) (Deeming 
and Ferguson 1989; Lang and Andrews 1994) assuming these rates to be conserved among 
the crocodylians.

The sex ratio of each nest was then predicted based on the available information on 
the thermal pattern of sex determination in gharial (Lang and Andrews 1994). The CTEs 
calculated for each nest layers were averaged to obtain an overall nest CTE, which was 
subsequently used to determine the sex ratio. For instance, if a nest has CTE values of 33 °C 
for the top layer, 32 °C for the middle layer, and 31 °C for the bottom layer, the overall CTE 
for the nest would be 32 °C. Based on information available on the thermal pattern of sex 
determination in gharial (Lang and Andrews 1994) the eggs incubated at 32 °C produced 
89% male and 11% female. Therefore, a nest containing 27 eggs would produce 24 males 
and 3 females. We performed a paired t-test to determine whether there was a significant 
difference between CTEs and mean nest temperature. Finally, we assessed the correlation 
between mean incubation temperature, CTEs and nest characteristics. All statistical analy-
ses and computations were carried out using Microsoft Excel and R Studio.

Results

Nest features

Between 2017 and 2019, a total of 250 gharial nests were located in three nesting sites, of 
which the thermal regime of 24 of nests was monitored (Table 1). The mean clutch size of 
the 24 monitored nests was 34.2 ± 7.0 eggs (mean ± standard deviation) and ranged from 
17 to 49 eggs (Table 2). The average nest depth among the monitored nests was 47.3 ± 10.3 
cm and ranged between 30.0 cm and 65.0 cm. The shallowest nest (BA18N02; 35 cm) 
was observed at the Baroli site, while the maximum depth (65 cm) was recorded for the 

Table 1 Number of nests observed in the study sites between 2017 and 2019. TN = Total number of nests 
detected; sn = number of successful nests; un = nummer of nests lost due to predation
Site Name 2017 2018 2019

TN SN UN TN SN UN TN SN UN
Baroli 11 11 0 18 18 0 32 32 0
Nadigaon 40 33 7 25 10 15 43 31 12
Dangbasai 31 31 0 20 16 4 30 23 7
Total 82 75 7 63 44 19 105 86 19
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NG19N03 nest at the Nadigaon site. The average nest distance from the shoreline was 5.4 
± 1.3 m and ranged between 3.0 and 8.0 m. The average incubation period of the nests at the 
studied sites was 62.3 ± 1.7 days and hatching success ranged between 92.6% and 100%.

Nest temperature regime

Of the 72 data loggers deployed across 24 nests, temperature data from 43 data loggers from 
17 nests were successfully retrieved, while the remaining data loggers (n = 29) were either 
lost due to predation or malfunctioned. Temperature data from all the data loggers placed 
outside the nest were successfully retrieved. We retrieved all three data loggers from 12 
nests (50.8%), two data loggers from 2 nests (8%), and only one datalogger from 3 nests 
(13%). All of the data loggers deployed at the Dangbasai were either lost or malfunctioned. 
Therefore, the data analysis includes only two sites, i.e., Baroli (BA) and Nadigaon (NG) 
and for ambient temperature the data logger deployed at the Baroli site was used.

The lowest mean incubation temperature was recorded in NG17 N01 (30.3 ± 2.3 °C) and 
the highest was recorded in the BA18 N03 (32.9 ± 3.0 °C) and BA17 N01 (32.9 ± 2.8 °C) 

Table 2 Summary of gharial nest characteristics at Baroli and Nadigaon nesting sites along the Chambal 
River. Parameters include number of eggs, distance to water, nest depth, hatching success and incubation 
period (Nest ID nomenclature: BA = baroli nest site, 17 = year 2017, N01 = nest 01)
Nest ID No. of 

eggs
Distance to 
water (m)

Nest 
depth 
(cm)

Hatching
Success 
(%)

Incubation 
period

Data logger position
Top Middle Bottom

BA17 N01 37 3 35 94.6 62 + + +
BA17 N02 35 6 35 100.0 61 + + +
BA17 N03 40 6 40 100.0 60 + + +
BA18 N01 31 7 35 100.0 64 – – +
BA18 N02 37 6 38 – – – – –
BA18 N03 27 4.2 40 92.6 64 + – –
BA19 N01 27 8 40 100.0 65 + + +
BA19 N02 31 7 35 100.0 62 + + +
BA19 N03 31 4 38 100.0 63 + + +
NG17 N01 17 4 55 100.0 64 + + +
NG17 N02 32 5 60 96.9 60 + + +
NG17 N03 32 5.3 60 100.0 63 + + +
NG18 N01 34 4 46 94.1 62 + +
NG18 N02 41 5 52 100.0 62 + – –
NG18 N03 39 5.3 55 97.4 65 + – +
NG19 N01 43 5.3 63 100.0 60 + + +
NG19 N02 39 4.5 55 100.0 60 + + +
NG19 N03 49 5 65 95.9 62 + + +
DG18 N01 32 8 47 – – – – –
DG18 N02 30 7 55 – – – – –
DG18 N03 38 3 45 – – – – –
DG19 N01 22 4 38 – – – – –
DG19 N02 41 8 53 – – – – –
DG19 N03 35 5 50 – – – – –
 Mean 34.2 5.4 47.3 98.3 62.3
 SD 7.0 1.5 9.8 2.5 1.7
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(Fig. 3 and Table S1). The bottom of the nest consistently recorded the lowest temperature 
and variability compared to other layers in the majority of the nests (Fig. 4 and Table S1). 
Similarly, the top layer was consistently the warmest and most variable. Interestingly, we 
observed exceptions to the general temperature pattern at two nests BA17 N02 and NG17 
N01. The BA17 N02 showed no temperature difference between the bottom and middle lay-
ers, while NG17 N01 exhibited warmer temperatures at the bottom than in the middle (Table 
S1). The mean ambient air temperature and mean incubation temperatures showed a gradual 
increase as the incubation period advanced, punctuated by brief instances of temperature 
drop (Fig. 4). In 2017, we observed two instances of temperature drops, the first occurring 
15–20 days post oviposition and the second at 30–35 days (Fig. 4). Similarly in 2018, three 
instances but at different periods, first at 25–30 days, second at 35–40 days and finally at 
50–55 days of oviposition. While, in 2019, two instances of drop, first at 25–30 days and 

Fig. 3 Box-plot of the mean incubation temperature of the gharial nest and ambient air temperature re-
corded at Baroli and Nadigaon nesting sites during three nesting seasons (2017–2019). Grey shaded areas 
indicate temperatures range between 29 °C and 33.5 °C, which is optimum for the growth of crocodylian 
embryos. The alphabet above the whiskers indicates significant differences (p ≤ 0.05)
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second at 40–45 days (Fig. 4). The mean daily mean variation in temperature within the 
nests ranged between 8 and 15.5 °C (Fig. 5).

The comparison of mean incubation temperature and mean variation among the moni-
tored nests showed varied results (Figure S1). We observed a significant difference in the 
mean nest temperature F (19, 387) = 10.05, p < 0.001) across nests. Further, out of the 190 
pairwise comparisons made between nests across the nesting sites and nest temperature and 
ambient air temperature, 51 (26.8%) of these pairwise comparisons showed significant dif-
ferences in mean incubation temperature.

Constant temperature equivalent and predicted sex ratio

The constant temperature equivalent (CTE) calculated for the thermosensitive period ranged 
between 30.5 °C and 34.0 °C (Table 3). Consistent with the average nest temperature the 
lowest and the highest CTEs were observed in the bottom and top layers of the nests, respec-
tively (Table 3). The t-test indicated a significant difference between the mean incubation 
temperature and CTEs (t (42) =–12.58, p < 0.001). Using CTEs to predict nest sex ratio, we 
found a strong female bias, with a global sex ratio of 1 male per 3.2 females (1:3.2). Over 
35% of the nests exhibited higher female-producing temperatures, and in 30% of the nests, 
all offspring were female. In addition, using the average nest temperature we obtained a 
global sex ratio of 1:2 (Table S2). We observed a negative correlation between nest depth 
and CTE (r =–0.41, p < 0.001). However, no significant correlation was found between other 
nest characteristics and CTEs.

Fig. 4 Line graph of mean incubation temperature and ambient temperature recorded at Baroli and Na-
digaon nesting sites between 2017 and 2019
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Discussion

Environmental temperature plays a crucial role in influencing behavioural and morphologi-
cal traits (Charruau 2012; González et al. 2019), sex determination (Lang and Andrews 1994) 
and reproductive success in ectotherms (Murray et al. 2016). For temperature-dependent 
sex determination (TSD) climate-induced alterations in thermal regimes during incubation 
can have profound consequences (Hulin et al. 2009). The combined effects of develop-
mental stress and sex ratio distortion pose significant threats to the long-term viability of 
populations (Charruau 2012; Lockley and Eizaguirre 2021). Rising environmental tempera-
tures may influence the timing of egg-laying, incubation duration, and hatchling emergence, 
potentially reducing reproductive success. While some populations may temporarily buffer 
the impact of climate-induced temperature rise through behavioural adaptations, such as 
nest site selection and altered incubation behaviours (Doody et al. 2006; González et al. 
2019; Roosenburg 1996), long-term monitoring of thermal dynamics in gharial nests is 
essential to assess the extent of these impacts and inform conservation strategies (Du et al. 
2023; González et al. 2019).

In the present study, we found that the average incubation temperatures of gharial nests 
ranged between 30.3 and 32.9 °C, consistent with that observed in other crocodylians, such 
as Crocodylus acutus: 30.1 to 34.7 °C (Lara et al. 2021), 29.6 to 34.2 °C (González-Desales 
et al. 2016), 29.8 to 33.1 °C (Charruau 2012), and Alligator mississippiensis: 29.1 to 33.8 
°C (Lang and Andrews 1994; Rhodes and Lang 1996). Previous studies on gharial have 
reported successful embryo development at incubation temperatures between 29 and 33.5 
°C (Lang and Andrews 1994). We also found that the daily mean incubation temperature 
was well within the suggested viable thermal limits (29–33.5 °C) reported for the success-
ful development of embryo in gharial. This was further supported by high hatching suc-

Fig. 5 Line graph of the variation in daily mean variation within the nest and ambient air temperature 
recorded at Baroli and Nadigaon sites between 2017 and 2019
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cess (> 90%), indicating that the observed thermal conditions were conducive to embryo 
development and hatchling survival. In contrast to the previous studies that have reported 
low hatching success in warmer nests exceeding incubation temperature of > 33.5 °C, we 
observed high hatching success in the monitored nests. The high hatching success could be 
attributed to multiple factors such as substrate quality, moisture and thermoregulation abil-
ity of embryos inside the eggs (Du and Shine 2022; Du et al. 2023; Packard et al. 1987; Zhao 
et al. 2013). The embryos of oviparous reptiles can actively reposition themselves within the 
egg by subtle movements, allowing them to seek optimal thermal conditions. This enables 
embryos to adjust physiologically and behaviorally in response to environmental changes, 
enhancing their survival (Liu et al. 2023; Zhao et al. 2013).

We also observed a distinct thermal gradient within the nests, with the top layer being the 
warmest and exhibiting the highest temperature variability, while the bottom layer remained 
the coolest with the most stable temperature conditions. The warmer temperatures at the top 
layer can be attributed to its closer proximity to the external environment, where it receives 
greater solar radiation exposure (Lara et al. 2021). This thermal stratification within the 
nest may have important implications for embryonic development, influencing factors such 
as sex determination and hatching success. Crocodylian nests typically experience a daily 
cycle of temperature variations ranging from 1 to 5 °C, largely driven by fluctuations in 
environmental temperature (Murray et al. 2016). During the day, increased solar radiation 
leads to greater heat absorption by the nest, while at night, radiative cooling causes sig-
nificant heat loss to the surrounding air (Murray et al. 2016). Additionally, the gradual rise 
in the mean nest temperature from oviposition to hatching corresponds with the seasonal 
increase in ambient temperatures as the summer progresses.

The sex ratio predicted using the CTE indicated female dominance 1:3.2 (male: female) 
in the monitored gharial nests. However, we were unable to validate the predicted sex ratio 
against the actual sex of the hatchlings, necessitating cautious interpretation of the results. 
Notably, the dominance of female hatchlings is supported by previous studies on crocodyl-
ians that have reported female dominance in the population (González et al. 2019). In spe-
cies exhibiting a female-male-female (FMF) pattern of sex determination, the temperature 
range that produces females is generally broader than that for males. Consequently, a higher 
proportion of female offspring is expected (Katselidis et al., 2012). Further, rising environ-
mental temperatures are predicted to exacerbate sex ratio imbalances and reduce survival 
rates, potentially altering population dynamics (Hays et al. 2017). In sea turtles, it has been 
observed that even when the sex ratios are female-biased, the impact on the population via-
bility was less severe than previously anticipated due to the ability of males to maintain the 
operational sex ratio by mating with multiple females (Hays et al. 2017). A similar scenario 
may be occurring in the gharial population of the Chambal River, where despite a female 
bias, the population appears to be thriving, as suggested by increasing trends (Sharma et 
al. 2024, In review). While a female-skewed sex ratio may initially seem beneficial due to 
the higher potential for reproductive output, a disproportionately low number of males can 
reduce the effective population size (Ne), potentially leading to inbreeding and reduced 
genetic diversity over time (Mitchell et al. 2010). However, similar female-biased ratios 
have been reported in other crocodilian species with temperature-dependent sex determina-
tion (TSD), such as the American alligator and some caiman species (González et al. 2019). 
These populations have persisted, possibly due to behavioural or life-history trait modifica-
tions such as multiple mating by males that help maintain a functional operational sex ratio 
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(Hays et al., 2017). Whether such mechanisms are sufficient to buffer against demographic 
or genetic risks in gharial remains unclear. Furthermore, in the absence of gharial-specific 
developmental rates, the use of cross-species developmental rates as a reference may not 
fully account for potential differences, and the estimated sex ratio might differ from the 
actual demographic composition.

Multiple factors influence the thermal environment of crocodylian nest, including the 
substrate, nest depth, distance from the shoreline, and solar radiation (González et al. 2019). 
Empirical studies indicate that these factors are largely dependent on individual choice, with 
female individuals attempting to select the most suitable nest sites based on availability 
(Bodensteiner et al. 2023; Du et al. 2023). Nest-site selection is critical for reproductive 
success, and female crocodiles evaluate various environmental parameters before choosing 
a nesting location, including substrate texture, shadiing, accessibility, distance to water, and 
slope. This process is commonly referred to as ‘trial nesting’. Studies have suggested that 
species can mitigate the negative effects of climate change through phenotypic plasticity 
(Santos et al. 2021). Species in responce adapt to natural changes that occur over time, such 
as turtles avoiding areas prone to tidal inundation, and early or delayed oviposition due to 
temperature rise (Du et al. 2023).

The change in precipitation patterns may also influence nesting site selection and nest 
construction, affecting nest success (Charruau et al. 2017). Increased frequency and inten-
sity of extreme weather events may disrupt nesting behaviours and nesting success, leading 
to population decline. Therefore, it is foreseeable that management interventions will be 
necessary to mitigate the impacts of rising environmental temperatures. Among the most 
common interventions is the relocation of eggs to safer locations, either in in-situ hatcher-
ies or specialized facilities (Gatto et al. 2023). The success of these interventions is directly 
linked with the available information on the thermal dynamics of the wild gharial nests, 
which can inform efforts to replicate these temperatures in managed settings. Notwithstand-
ing that TSD taxa have survived climate warming and cooling over evolutionary timeframes 
(Mitchell and Janzen 2010), it remains unclear if TSD reptiles can respond quickly enough 
to the contemporary human-induced climate warming through evolutionary compensatory 
mechanisms or if they have scope to respond through phenotypic plasticity.

The gharial exhibits two pivotal temperatures and follows a female–male–female (FMF) 
pattern of temperature-dependent sex determination, where females are produced at both 
lower and higher temperatures, while males emerge at intermediate temperatures (Lang 
and Andrews 1994). This pattern makes it challenging to predict the consequences of ris-
ing temperatures, as the relationship between temperature and sex ratio is non-linear. With 
observed nest temperatures approaching the upper viable thermal limits, and female-biased 
sex ratios, there is an urgent need for comprehensive monitoring of the thermal dynamics 
within gharial nests to assess the implications of rising environmental temperature. Fur-
thermore, the extent to which gharial can adapt their nesting strategies in response to these 
changes remains poorly understood, highlighting the necessity for further research into their 
behavioural plasticity and potential for adaptive responses.

In conclusion, our findings highlight the importance of monitoring the thermal environ-
ment of gharial nests and its influence on hatchling sex ratio and reproductive success. The 
observed female-biased sex ratio underscore the potential demographic and genetic risks 
posed by rising environmental temperatures. Conservation efforts should therefore focus on 
the protection of nesting sites, establishing long-term monitoring of nest thermal dynamics 
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and reproductive success across multiple nesting sites to better understand spatiotemporal 
variation in nest temperatures. This information is essential for developing effective, site-
specific conservation strategies aimed at mitigating the impacts of rising environmental 
temperatures on gharial reproduction and population viability.
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