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1.  INTRODUCTION

Environmental factors, such as temperature, mois-
ture, oxygen concentration and salinity, influence
multiple traits and phenotypes in a variety of taxa
(Caut et al. 2010, Bower et al. 2013). These effects can
be long lasting (Elphick & Shine 1998, Freedberg et
al. 2004), and when environmental conditions affect
large enough areas of a species’ nesting habitat, these
environmental factors can significantly affect species
at the population level (Santidrián Tomillo et al. 2012,
Booth et al. 2020).

Research into the effects of nest conditions has been
extensive in reptiles, particularly sea turtles. Sea tur-
tles provide no parental care, and individuals lay mul-
tiple nests within several consecutive months, every
few years (Reina et al. 2002). Thus, developing em-
bryos experience considerable temporal variation in
incubation conditions, in addition to spatial variation
in the microclimate within the nest (Wallace et al.
2004). This variation has important implications for
hatchling survival (Burgess et al. 2006, Cavallo et al.
2015). Many studies have investigated temperature
effects, showing that warmer nests produce higher
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proportions of females (Godley et al. 2002, Godfrey &
Mrosovsky 2006) and smaller, weaker sea turtle
hatchlings (Fisher et al. 2014, Booth 2017). These
smaller hatchlings are less capable of escaping wave
zones and are at higher risk of predation; therefore,
they are likely to have higher rates of mortality than
larger, stronger hatchlings (Booth & Evans 2011, Cav-
allo et al. 2015), potentially leading to re duced sur-
vival of female hatchlings and more balanced popula-
tion sex ratios than previously thought. However,
persistent production of extremely female-biased pri-
mary sex ratios, eventually leading to adult popula-
tions with too few males to sustain a population, was
thought to be the greatest threat to sea turtle popula-
tion viability (Fuentes et al. 2010, Booth et al. 2020).

More recent research suggests that the largest
threat to sea turtle populations may be embryonic
mor tality as a result of increased nest temperatures
(Laloë et al. 2014, Santidrián Tomillo et al. 2014,
2015). Both laboratory and in situ studies have shown
that sea turtle embryonic mortality increases signifi-
cantly at temperatures above 34°C (Valverde et al.
2010, Howard et al. 2014), although some laboratory
studies have observed 0% hatching success at tem-
peratures as low as 32°C in leatherback Dermochelys
coriacea and loggerhead Caretta caretta turtles (Binck -
ley et al. 1998, Fisher et al. 2014). With sand tempera-
tures regularly exceeding 34°C on many nes ting
beaches globally (Matsuzawa et al. 2002, Val ver de et
al. 2010), reduced hatchling production is expected to
be a major cause of sea turtle population decline (San-
tidrián Tomillo et al. 2012). The impact of climate
change on hatchling recruitment may extend beyond
the nest, because high sand temperatures also in-
crease hatchling mortality when dispersing hatchlings
overheat as they crawl from nest to ocean. Tempera-
ture-driven hatchling mortality events observed in
Australia, the USA and Costa Rica are becoming in-
creasingly common and are likely to exacerbate the
effects of embryonic mortality within nests (Santidrián
Tomillo et al. 2012, Foley 2017, Lodge 2017).

While considerable effort is being made to max-
imise hatching success on nesting beaches by relo-
cating eggs and increasing shade (Fuentes et al.
2012, Hill et al. 2015), our understanding of how to
increase hatchling survival from nest to ocean is lim-
ited. This includes understanding which factors in -
fluence the thermal tolerance of dispersing hatch-
lings. Considering the importance of the incubation
environment for sea turtle hatchlings (Godfrey &
Mrosovsky 2006, Booth 2017), it is possible that
hatchlings incubated under different conditions may
have varying tolerances to extreme temperatures.

Here, we investigated the role of incubation mois-
ture concentrations in determining sea turtle hatch-
ling thermal tolerance. We also examined hatchling
hydration as a potential mechanism behind any re -
sponse of thermal tolerance to nest moisture. Hydra-
tion influences the thermal tolerance of reptiles
(Plummer et al. 2003), with more hydrated individu-
als being able to tolerate warmer temperatures. We
measured hatchling hydration at emergence using
packed cell volume and total protein as indicators
and then tested the critical thermal maximum
(CTmax) of the same hatchlings. The CTmax is the tem-
perature at which the hatchling cannot remove itself
from conditions that would lead to death due to loco-
motor impairment and is an indicator of the thermal
tolerance of an individual without negative long-
term effects (Lutterschmidt & Hutchison 1997, Drake
& Spotila 2002). Temperature-driven hatchling mor-
tality, like embryonic mortality, is becoming more
frequent and is an emerging threat to sea turtle pop-
ulation viability (Fuentes et al. 2010, Laloë et al.
2014). This study is an initial investigation into the
factors that determine hatchling thermal tolerance
and highlights potential management strategies to
minimise temperature-driven hatchling mortality
events on increasingly warming nesting beaches.

2.  MATERIALS AND METHODS

2.1.  Study sites, dates and species

This study was conducted at the Lang Tengah Turtle
Watch hatchery on Kuala Abang beach, Dungun, Te -
rengganu, Malaysia (4° 48’ 53.56“ N, 103° 25’ 25.97“ E).
The hatchery was located on the beach above the tide
line and was built with a thatched roof that was im-
permeable to rain and shaded the hatchery (Fig. 1).
Entire clutches of eggs (n = 40 clutches) were col lec -
ted from nesting green turtles Chelonia mydas on Ki-
jal beach, 42 km south of the hatchery, from 6 to
15 May 2018 (first collection, n = 20) and 1 to 9 June
2018 (second collection, n = 20). All hatchlings used in
this study were from the second collection (nests
S21−S40). The first collection was part of another
study, although we used nest moisture and tempera-
ture data from the first collection (nests S1−S20).

2.2.  Egg collection and transport

Each clutch was collected in a bucket during ovi -
position, covered in sand, transported to the shaded



hatchery and buried within 6 h. Sea turtle embryos
break developmental arrest approximately 12 h post-
oviposition, so reburying eggs within this time min-
imises movement-induced mortality (Williamson et
al. 2017). Nest chambers were dug in the centre of a
1 m2 plot within the hatchery, to a depth of 70 cm
(Fig. 1). Plots were arranged in a 3 × 8 m grid, with
wet nests on one side of the grid and dry nests on the
other. Wet and dry nests were separated by at least
1 empty plot (Fig. 1).

For each clutch, every third egg was weighed
before being placed in the egg chamber. We placed a
Thermochron ibutton (Temp-log Australia, DS1921 -
G# F50, accuracy ±1°C, resolution 0.5°C) in the cen-
tre of 5 wet nests and 5 dry nests to record nest tem-
perature every 3 h throughout incubation.

2.3.  Nest moisture content

Prior to collecting the first clutch of eggs, we ran a
pilot study to establish an appropriate watering re -

gime to maintain our wet nests at 8%
v/v moisture and our dry nests at 4% v/v
moisture. Moisture content (% v/v) was
determined using a soil moisture probe
(Pasco ECH2O EC-5, accuracy ±0.03 m3

m–3, resolution 0.001 m3 m–3) at depths
of 35, 50 and 70 cm. Using the probe, a
calibration curve was created with sand
from the hatchery of known moisture
content. To create sand of known mois-
ture content, we collected sand from the
hatchery and dried it until the mass of
the sand stopped decreasing (i.e. all
 water in the sample had evaporated).
We then measured a known volume of
the dry sand and added a known vol -
ume of water to produce sand of differ-
ent moisture concentrations.

Once nests were placed in the hatch-
ery, we measured the moisture content
of each plot and added the necessary
volume of water to maintain the prede-
termined moisture content daily. The
mean standard deviation in moisture
content among all 20 nests was 1.02%
v/v. Nest moisture content was meas-
ured by digging down in one corner of
each 1 m2 plot, and sampling volumet-
ric water content at depths of 40 and
60 cm. We rotated sampling around the
plot so that each corner was sampled

every fourth day. Once all plots were sampled, we
added the necessary amount of water required for
each individual plot. In dry nests, sand moisture con-
tent naturally stayed above 4% (range: 4.65− 5.5%),
so no water was added to these nests. Total monthly
rainfall during the incubation period was 62.66 mm
in May, 104.87 mm in June, 96.86 mm in July and
108.1 mm in August. We did not detect any spikes in
moisture content with rain events.

2.4.  Hatchling morphology

Upon emergence, we collected all hatchlings from
each nest before we selected 5 hatchlings from each
nest at random and measured their straight carapace
length (SCL) (±0.01 mm) and straight carapace width
(SCW) (±0.01 mm) using digital callipers (Economy
150 mm), as well as mass (±0.5 g) using electronic
scales (BM series H-3000). Hatchlings were collected
as soon as they emerged and were measured within
30 min of collection. On average, hatchling measure-
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Fig. 1. (A) Shaded Lang Tengah Turtle Watch hatchery, where the eggs in
this study were buried. (B) Layout of the hatchery. Each green turtle clutch
was buried in a 1 m2 plot, and wet and dry nests were separated by at least 

1 empty plot
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ments, hydration measurements and thermal toler-
ance testing were completed within 120 min of hatch-
ling collection. Any hatchlings not chosen for testing
were released immediately or after sunset for hatch-
lings that emerged during daylight.

2.5.  Hatchling hydration

To measure hatchling hydration, we took a 100 μl
sample of blood from the dorsal external jugular vein
at the back of the neck using a 25G needle (Neolus)
and 1 ml syringe (Terumo) within 60 min of emer-
gence from the nest. Blood samples were up to 0.3%
of hatchling total body mass, i.e. less than the 1%
that is considered the maximum safe threshold in
reptiles (Mader & Rudloff 2006). Samples were trans-
ferred to heparinised capillary tubes (Livingstone)
and centrifuged at 4400 × g for 4 min (LW Scientific
Zipocrit centrifuge). These samples were used to cal-
culate % packed cell volume (PCV) and total protein
(TP, ±2 g l−1), which was measured from the plasma
with a standard refractometer (RHCN-200ATC,
NISupply).

2.6.  Hatchling thermal tolerance

After blood sampling, we tested the CTmax of each
hatchling using a modification of the technique of
Drake & Spotila (2002). First, we measured initial
body temperature using a thin, fast-response temper-
ature probe (PASCO PS-2135) inserted a few mil-
limetres into the cloaca. We then placed the hatch-
ling into a bucket lined with a 2 cm layer of sand and
a second temperature probe taped to the bottom of
the bucket underneath the sand. Temperature pro -
bes were read using a PASCO PASport Xplorer (PS-
2000) and PASport Quad temperature sensor (Pasco
model PS-2143).

We then placed a heat lamp (Exo Terra, Infrared
150 W) 20 cm above the surface of the sand which
heated the sand at approximately 1°C min−1. During
this time, the hatchling was allowed to freely crawl
around the bucket. We continuously observed the
hatchling until it began to display ‘uncoordinated’
movements, at which point we recorded sand tem-
perature. Uncoordinated movements are characte -
rised by sporadic bouts of carapace rubbing with the
front flippers, wiggling from side to side and jerky
movements (Drake & Spotila 2002).

We further heated the hatchling until it began to
display ‘uncontrolled’ movements, which are charac-

terised by continuous flapping of the front flippers
and a general stiffening of the hatchling such that it
is unable to crawl (Lutterschmidt & Hutchison 1997,
Drake & Spotila 2002). When a hatchling displayed
these behaviours, we immediately removed it from
the bucket, measured its body temperature, desig-
nated as its CTmax, recorded sand temperature and
recorded the elapsed time.

Once we recorded the CTmax, we placed the hatch-
ling in a container of ambient seawater, where it was
monitored continuously until we observed normal
swimming behaviours (usually within 30−60 s). All
hatchlings recovered and swam normally.

We subsequently held the hatchlings in a bucket
lined with sand and covered with a damp cloth until
all trials were completed. We then released the
hatchlings at the edge of the ocean after sunset.

2.7.  Data analysis

We compared incubation duration and moisture
levels between wet and dry treatments using a Stu-
dent’s t-test.

The effect of incubation conditions on morphology,
hatchling hydration and thermal tolerance were
evaluated using linear mixed effects models with
nest moisture content (wet or dry) as the fixed effect
and nest ID as the random effect in order to account
for maternal effects such as egg mass and unknown
differences between nests during incubation. Any
remaining variation can be attributed to the incuba-
tion conditions.

Relationships between hatchling hydration, ther-
mal tolerance, morphological measurements and
incubation duration were also analysed using linear
mixed models using nest ID as the random effect. As
incubation temperatures increase, embryonic devel-
opment rates increase and incubation durations
decrease, not only in reptiles (Piña et al. 2003, Noble
et al. 2018), but also in fish (Murray & McPhail 1988)
and birds (French 1994). Thus, we used incubation
duration as a proxy for incubation temperature. For
nests where temperature data were collected, we
used linear models to investigate the relationship
between mean nest temperature and incubation
duration.

Models were run in R version 4.0.2 (R Core Team
2020) using the ‘lme4’ package (Bates 2015). Our
level of significance was 0.05 and p-values were gen-
erated using the ‘lmerTest’ package (Kuznetsova et
al. 2017). All models were tested for independence,
normality and homogeneity of variance.
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2.8.  Animal ethics and permits

All experimental procedures were approved the by
the Monash University Biological Sciences Animal
Ethics Committee (approval BSCI/2018/08) and Te -
rengganu State Fisheries Office (reference SEATRU/
RES/17/01).

3.  RESULTS

3.1.  Nest moisture content, incubation duration
and hatchling morphology

Mean values for all measurements are provided in
Table 1. Mean sand moisture content was signifi-
cantly lower in dry nests (range: 4.65−5.5% v/v)
than in wet nests (7.5−8.3%; t17.985 = 24.978, p <
0.001). In the 12 total nests (nwet = 6, ndry = 6) in
which we recorded temperature over the 2 collec-
tion rounds, wet nests were approximately 0.75°C
cooler than dry nests (Fig. 2; t9.99 = −3.37, p = 0.007).
Hatchlings incubated in wet conditions (55−64 d)
took approximately 6 d longer to hatch than hatch-
lings incubated in dry conditions (51−58 d; Fig. 2;
t17.998 = 6.414, p < 0.001). There was no difference in
mass (F1,17.735 = 1.187, p = 0.291), SCL (F1,18.184 =
0.364, p = 0.554) or SCW (F1,18.208 = 0.331, p = 0.572)
between hatchlings incubated in wet vs. dry condi-
tions. Nest ID (random effect) explained 84.52,
57.31 and 43.56% of the variation in mass, SCL and
SCW, respectively.

3.2.  Hatchling hydration

There was no difference in PCV (F1,17.556 = 2.257, p =
0.151, Table 1) or TP (F1,18.222 < 0.001, p = 0.976,
Table 1) between hatchlings incubated in wet or dry
conditions. Nest ID explained 30.48% of the variation
in PCV and 49.38% of the variation in TP. Hatchlings
with higher PCV also had higher TP (F1,85.359 = 8.012,
p = 0.006, R2 = 0.021), although the relationship was
weak. Nest ID explained 40.76% of the variance.

3.3.  Hatchling thermal tolerance

When analysing the effect of moisture on thermal
tolerance using the specific moisture concentrations

401

Measurement Dry incubation Wet incubation Comparison between wet and dry nests

Nest moisture content (% v/v) 4.98 ± 0.24 7.89 ± 0.23 t17.985 = 24.978, p < 0.001
Incubation duration (d) 54.86 ± 1.87 60.11 ± 1.63 t17.998 = 6.414, p < 0.001
SCL (mm) 46.45 ± 1.92 46.09 ± 1.75 F1,18.184 = 0.364, p = 0.554
SCW (mm) 36.05 ± 1.74 36.33 ± 1.30 F1,18.208 = 0.331, p = 0.572
Mass (g) 20.97 ± 2.27 22.17 ± 1.71 F1,17.735 = 1.187, p = 0.291
Packed cell volume (%) 32.57 ± 4.53 30.47 ± 4.72 F1,17.556 = 2.257, p = 0.151
Total protein (g l−1) 54.15 ± 5.09 53.91 ± 5.31 F1,18.222 < 0.001, p = 0.976
Initial body temperature (°C) 29.04 ± 1.32 28.73 ± 1.22 F1,17.951 = 0.160, p = 0.694
Critical thermal maximum (°C) 40.51 ± 1.09 39.84 ± 1.14 F1,17.812 = 4.371, p = 0.051
Initial sand temperature (°C) 29.40 ± 1.76 29.06 ± 1.39 F1,17.886 = 0.414, p = 0.528
Sand temperature at onset of 33.68 ± 1.82 32.38 ± 2.11 F1,16.4 = 2.050, p = 0.171

uncoordinated movements (°C)
Final sand temperature (°C) 37.09 ± 2.07 37.28 ± 1.74 F1,17.705 = 0.201, p = 0.660

Table 1. Effects of moisture treatment on nest environment, hatchling morphometrics, hydration and thermal tolerance. Val-
ues are reported as mean ± SD. Statistically significant differences between wet and dry incubated hatchlings are highlighted 

in bold. SCL: straight carapace length; SCW: straight carapace width 
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for each nest, there was a significant but marginal
negative relationship between incubation moisture
and CTmax (F1,17.64 = 4.67, p = 0.045, R2 = 0.078). Nest
ID explained 21.41% of the variation. There was no
difference in the initial body temperature (F1,17.951 =
0.16, p = 0.694, Table 1) or initial sand temperature
during thermal tolerance testing (F1,17.886 = 0.414, p =
0.528, Table 1) of hatchlings incubated in either wet
or dry conditions. Nest ID explained 79.99% of the
variation in initial body temperature. Additionally,
there was no difference in the final sand temperature
(i.e. the sand temperature at which CTmax was
reached) between wet and dry incubated hatchlings
(F1,17.705 = 0.201, p = 0.66, Table 1).

3.4.  Relationships between hatchling hydration,
initial body temperature and thermal tolerance

Irrespective of their incubation conditions, the ini-
tial body temperature of hatchlings did not influence
their CTmax (F1,79.95 = 0.566, p = 0.454, R2 = 0.033) or
the time required to reach their CTmax (F1,87.35 = 0.153,
p = 0.697, R2 = 0.105). PCV did not influence hatch-
ling CTmax (F1,85.978 = 0.028, p = 0.895, R2 = −0.006).
Hatchlings with higher TP values had lower CTmax

(F1,79.99 = 4.569, p = 0.036, R2 = 0.06), although this
relationship was weak. Nest ID explained 31.36 and
25.15% of the variation, respectively. There was no
relationship between CTmax and hatching success
(F1,32.11 = 0.83, p = 0.37, R2 = 0.02).

3.5.  Effect of body size on hatchling
thermal tolerance and hydration

Longer hatchlings had a higher
CTmax (F1,80.151 = 9.0284, p = 0.004, R2 =
0.057), although the relationship was
weak. Hatchling mass (F1,35.952 =
3.7258, p = 0.061, R2 = 0.015) and SCW
(F1,89.487 = 0.437, p = 0.51, R2 = −0.006)
did not influence CTmax. Nest ID ex -
plained 31.38, 31.26 and 27.18% of
the variation in CTmax with SCL, mass
and SCW, respectively.

Although SCL (F1,87.727 = 3.17, p =
0.078, R2 = 0.244) and SCW (F1,82.842 =
0.005, p = 0.943, R2 = 0.037) did not
influence hatchling initial body tem-
perature, mass did, with heavier
hatchlings having lower initial body
temperatures (F1,82.623 = 5.931, p =

0.017, R2 = 0.31). Nest ID explained 76.3% (SCL),
79.13% (SCW) and 72.36% (mass) of the variation.

3.6.  Nest temperature, incubation duration 
and thermal tolerance

The relationship between incubation temperature
and duration is non-linear, and the magnitude of the
temperature effect on incubation duration becomes
greater as the range of temperatures increases
(Noble et al. 2018). However, a non-linear model did
not explain any additional variation in incubation
duration and thus, we evaluated the relationship
between incubation temperature and duration in this
study linearly. Hatchlings that had shorter incubation
durations, and therefore would have incubated at
higher temperatures (Matsuzawa et al. 2002), had
sig nificantly higher CTmax compared to hatchlings
with longer incubation durations (i.e. lower incuba-
tion temperatures) (F1,19.564 = 6.372, p = 0.02, R2 =
0.105) (Fig. 3). Nest ID explained 18.04% of the
 variance.

To estimate the incubation temperatures experi-
enced by the hatchlings that we tested, we plotted
the relationship between incubation duration and
incubation temperature using all of the nests (in both
collection rounds) for which we were able to record
incubation temperatures (12 nests, Table 2). There
was a significant negative linear relationship be -
tween incubation duration and mean incubation
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Fig. 3. Relationship between incubation duration and green turtle hatchling
critical thermal maximum (CTmax). The dashed blue lines represent the 95%
confidence intervals, black squares represent wet nests, and open circles rep-
resent dry nests. The relationship between incubation duration and hatchling
critical thermal maximum is described by the equation CTmax (°C) = 47.3 − 0.12 

× d, where d = incubation duration (days)
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temperature (t10 = −2.409, p = 0.037, R2 = 0.304)
(Fig. 4). Extrapolating from this model using the
incubation durations of all hatchlings that were
tested for thermal tolerance, we predict that nest
temperatures would have ranged from 28 to 31°C. Of
the 2 nests in the second collection for which we did
record incubation temperatures, nest S21 (wet condi-
tions) had a mean incubation temperature of 28.5°C
and an incubation duration of 59 d. Nest S26 (dry
conditions) had a mean incubation temperature of
30.45°C and an incubation duration of 53 d.

It is likely that incubation duration was influ-
enced indirectly by the cooling effects of our water
treatments, as shown by the effect of moisture
treatment (wet or dry) on nest temperature and on
incubation duration (Fig. 2). As expected, there
was a positive relationship between mean incuba-
tion moisture and incubation duration (t28 = 6.56,
p < 0.0001, R2 = 0.59). Additionally, mean moisture
concentration explained 40.4% of the variation
in incubation temperature (t10 = −2.91, p = 0.015,
R2 = 0.4).

4.  DISCUSSION

The aim of this study was to meas-
ure the response of sea turtle hatch-
ling hydration and thermal tolerance
to moisture concentrations during
incubation. Moisture concentrations
during incubation did not influence
hatchling hydration levels. The struc-
ture, thickness and water permeabil-
ity of reptile eggs vary considerably,
and sea turtles lay ‘pliable’ eggshells
with intermediate water permeability
compared to other reptiles (Kusuda et
al. 2013). It is possible that in our stu -
dy, we observed no response of hatch-
ling hydration and thermal tolerance
to moisture treatment because our

403

Collection Moisture Nest ID Moisture concentration Mean nest Incubation 
round level (% v/v) temperature (°C) duration (d)

First Wet S3 7.96 ± 1.35 29.57 ± 0.78 59
S7 7.24 ± 1.25 28.84 ± 0.72 56

S11 8.16 ± 1.10 28.90 ± 0.74 61
S15 8.28 ± 1.11 29.33 ± 0.85 55
S19 7.72 ± 1.45 29.31 ± 0.61 60

Mean 7.87 ± 0.41 29.19 ± 0.31 58.2 ± 2.6
Dry S4 4.74 ± 1.06 29.99 ± 0.80 53

S8 4.81 ± 0.88 29.41 ± 0.55 55
S12 4.70 ± 0.87 29.75 ± 0.92 54
S16 4.85 ± 0.65 29.92 ± 0.68 57
S20 4.61 ± 0.68 29.47 ± 0.84 53

Mean 4.74 ± 0.09 29.71 ± 0.26 54.4 ± 1.7
Second Wet S21 7.77 ± 0.92 28.50 ± 0.78 59

Dry S26 4.93 ± 0.80 30.45 ± 0.96 53
Total Mean Wet nests 7.86 ± 0.37 29.08 ± 0.40 58.3 ± 2.3

Dry nests 4.77 ± 0.11 29.83 ± 0.38 54.2 ± 1.6

Table 2. Mean ± SD nest temperatures and incubation durations for all nests that contained temperature probes. We recorded
temperature in 10 nests from the first collection (concurrent study which manipulated moisture levels) and 2 nests from the 

second collection (this study)

Fig. 4. Relationship between incubation duration and incubation temperature
for green turtle nests in this study. The dashed blue lines represent 95% confi-
dence intervals, black squares represent wet nests, and open circles represent
dry nests. The equation for the relationship is mean incubation tempera-

ture (°C) = 35.8 − 0.11 × d, where d = incubation duration (days)
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treatments did not induce a large enough change in
egg water content. This may result from the egg -
shells altering their permeability to water depending
on their hydration state (Lutz et al. 1980, Lillywhite &
Ackerman 1984) or potentially be cause our eggs con-
tained enough water to survive our chosen treat-
ments (Hewavisenthi et al. 2001). Additionally, mean
moisture concentration only had a small influence on
hatchling thermal tolerance. Instead, we found that
moisture levels altered incubation temperatures,
which in turn modified hatchling thermal tolerance.
We conclude that considering multiple environmen-
tal factors when assessing the role of incubation con-
ditions in determining hatchlings traits is vital.

As a result of some of our temperature probes mal-
functioning, we used incubation duration as a proxy
for incubation temperature because of the strong and
reliable relationship between them (Matsuzawa et al.
2002, Piña et al. 2003, Noble et al. 2018). For exam-
ple, loggerhead turtle incubation duration decreased
from 80 d at 26°C to approximately 50 d at 32°C, with
temperature explaining 95.7% of the variation in
incubation duration (Matsuzawa et al. 2002). Previ-
ous studies that controlled both incubation tempera-
ture and moisture generally measured air rather than
egg temperature. However, egg temperature can be
up to 2°C lower than air temperatures, and varies in
a moisture-dependent manner (Tezak et al. 2018).
Thus, studies that measure air temperatures rather
than sand temperature near the egg (e.g. Delmas et
al. 2008) may not have detected differences in egg
temperature that result from differences in moisture
concentrations. Lolavar & Wyneken (2017) measured
both air and sand temperatures when assessing the
effect of incubation moisture on sea turtle primary
sex ratios. They observed that incubation duration
varied among treatments that differed in the amount
of evaporative cooling allowed and the temperature
of the water applied to eggs during incubation. Thus,
Lolavar & Wyneken (2017) hypothesised that varia-
tion in evaporative and direct cooling of the eggs
altered embryonic development rate, rather than
moisture directly influencing incubation duration.
Additionally, when controlling sand temperature,
Gatto & Reina (2020) found no relationship between
incubation duration and moisture concentration in
green, flatback and olive ridley turtles. Despite mois-
ture explaining more variation in incubation duration
than temperature, it is likely that the variation in
incubation duration and CTmax observed in this study
resulted from the indirect effects of moisture treat-
ment on nest temperature, rather than from the
effects of moisture treatment directly.

The effects of moisture and temperature in our
study were interconnected and thus we were unable
to completely isolate the individual effects of mois-
ture and temperature on thermal tolerance. How-
ever, moisture had little to no effect on any of the
hatchling traits that we measured. Incubation dura-
tion explained more of the variation in hatchling
thermal tolerance than moisture, and temperature
had a stronger influence on incubation duration than
moisture did. Thus, it is likely that temperature
played a larger role in determining hatchling traits
than moisture. We suggest that our watering regime
altered nest temperatures and that both direct and
indirect cooling in wet nests extended incubation
duration and lowered hatchling thermal tolerance.
Future studies attempting to isolate the effects of
moisture and temperature would benefit from exam-
ining effects in a laboratory setting where both envi-
ronmental factors can be controlled. However, our
study identifies the important role that moisture
plays in determining temperature regimes and influ-
encing hatchling traits, both directly and indirectly in
the natural setting.

Hatchlings from warmer nests that had shorter
incubation durations had significantly higher CTmax

than hatchlings from cooler nests with longer incuba-
tion durations. However, we cannot yet say whether
this effect is short-term, i.e. hours or days, or whether
hatchlings incubated in warm nests retain a higher
CTmax long-term, i.e. months or years. Additionally,
without incubation temperature data, we cannot
determine whether hatchling thermal tolerance is
the result of acclimation to temperatures at the end of
incubation or whether thermal tolerance is the result
of developmental changes that occur throughout the
entirety of incubation. Studies on adult lizards (Yang
et al. 2008, Llewelyn et al. 2017) have shown that
CTmax is generally determined by the recent thermal
conditions experienced by individuals. Further stud-
ies have shown that incubation temperatures did not
have a significant effect on the thermal tolerance of
adult lizards raised at a single temperature (Llewelyn
et al. 2018, Gunderson et al. 2020), and studies that
observed negative relationships between thermal
tolerance and incubation temperatures tended to
acclimate individuals before testing (Dayananda et
al. 2017, Llewelyn et al. 2017). Therefore, it is likely
that hatchlings in our study acclimated to nest tem-
peratures during incubation and that a period of
acclimation, likely days or weeks, to cooler or war -
mer temperatures post-emergence would override
the effects of incubation temperature (Yang et al.
2008, Abayarathna et al. 2019).
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We also considered the possibility that thermally
tolerant hatchlings survive incubation, while less
tolerant hatchlings do not. This would result in
warm conditions producing fewer hatchlings that
are more thermally tolerant and cool conditions
producing more hatchlings, but the additional
hatchlings from the cool nests would be less resil-
ient to extreme temperatures. However, we did
not observe a relation ship between hatching suc-
cess and thermal tole rance, suggesting that incu-
bation temperatures do not select for thermally
tolerant hatchlings. Expression of heat shock pro-
teins (HSP; detailed below) increases embryonic
thermal tolerance but decreases hatchling thermal
tolerance, suggesting that thermally tolerant
embryos may have reduced survival post-emer-
gence rather than higher survival (Gao et al.
2014).

The role of acclimation may also explain the differ-
ences in CTmax between our study and that of Drake
& Spotila (2002), who measured the CTmax of green
sea turtle hatchlings from Playa Grande, Costa Rica.
In our study, hatchling CTmax was 40.19°C compared
to 41.3°C for hatchlings from Costa Rica. Costa Rican
hatchlings had a mean initial body temperature of
29.7°C compared to 29.04°C (dry hatchlings) and
28.73°C (wet hatchlings) in our study. Malaysian
hatchlings in our study are likely to have been accli-
mated to lower temperatures, as shown by the differ-
ences in initial body temperature and because our
hatchery was shaded. This potentially explains the
reduced ability of hatchlings from our study to toler-
ate extreme temperatures as shown by their lower
CTmax. Beach characteristics are vitally important,
with the differences in nest temperature between
studies possibly resulting from differences in nest
depth, sand type and colour, shading, nest location
and differences in climate between the 2 nesting
beaches (Hays et al. 2001, Hill et al. 2015). Alterna-
tively, the fact that one study tested CTmax in air and
the other in water may have also led to differences in
thermal tolerance, since hatchlings may be more tol-
erant of elevated temperatures in water than in air. It
is possible that sampling hatchlings for blood in our
study may have also influenced the thermal toler-
ance of hatchlings compared to those reported by
Drake & Spotila (2002), possibly through altering the
state of hydration of the animals. Lastly, the observed
variation in thermal tolerance between this study
and that of Drake & Spotila (2002) may reflect ge -
netic differences between these 2 geographically
separate populations. Costa Rican nesting beaches
may be hotter than Malaysian beaches leading to

Costa Rican green sea turtle hatchlings naturally
exhibiting greater thermal tolerance.

Current research attributes differences in thermal
tolerance to varying expression of HSP, both within
and among species (Basu et al. 2002, Carmel et al.
2011). Higher temperatures and longer exposures to
these temperatures result in increased expression of
HSP genes (Tedeschi et al. 2015), with species from
warmer regions producing more HSPs at any given
temperature than species from cooler regions
(Ulmasov et al. 1992). HSP levels can remain ele-
vated for days after heat shock (Lund et al. 2003),
potentially in preparation for further heat stress
events. While moderate HSP production leads to
increased thermal tolerance, excessive production
can reduce tolerance (Krebs & Feder 1998) poten-
tially by interfering with cell function (Feder & Hof-
mann 1999). Overexpression of HSP genes during
embryonic development can lead to increased
embryonic thermal tolerance but also to decreased
hatchling thermal tolerance post-emergence (Gao et
al. 2014). The warmer incubation temperatures of dry
nests in our study may have led to hatchlings from
those nests experiencing increased HSP production.
Considering that the relationship between TP and
CTmax was weak, our findings suggest that hatchling
hydration plays a limited role in determining thermal
tolerance, while HSP production or efficacy may be
limited in individuals with higher TP concentrations
(Dill et al. 2011). However, previous studies have
found that extreme levels of dehydration can alter
thermal tolerance in reptiles (Plummer et al. 2003).
Thus, hydration may influence sea turtle hatchling
thermal tolerance, although not at the levels we
measured.

Maternal effects can also have considerable influ-
ence on hatchling traits (Wallace et al. 2006, An -
drews 2018). While the influence of maternal effects
on hatchling morphology is well established in rep-
tiles and birds (Finkler 1999, Wallace et al. 2006), its
role in determining other hatchling traits, such as
sex, is less certain (Radder 2007). Maternal identity
may influence thermal tolerance genetically (Urban
et al. 2014) or by altering yolk quantity and quality
(Warner & Lovern 2014). In our study, nest ID ex -
plained considerable variation in thermal tolerance
(21.7%), PCV (31.4%) and TP (25.2%) with moisture
treatment. While this suggests that maternal iden-
tity is playing an important role in determining
hatchling thermal tolerance, the mechanisms behind
this effect require further investigation. In particular,
future studies should investigate the potential effects
of yolk and albumin composition (i.e. relative protein
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and lipid concentrations) and genetics on TP, speci -
fically HSPs.

Currently, shading and watering nests are popular
management techniques for decreasing nest temper-
atures and minimising embryonic mortality on nest-
ing beaches (Hill et al. 2015). While this practice may
decrease nest temperatures and maximise hatching
success, it could have negative repercussions for
hatchlings during emergence and dispersal. The de -
creased nest temperatures caused by higher mois-
ture levels or increased shade could lead to the pro-
duction of hatchlings with lower thermal tolerance
that may have to crawl across hot sand to reach the
ocean. This could shift mortality events from inside
the nest during development to the beach surface
during emergence and dispersal, instead of increas-
ing hatchling recruitment. Additionally, hot surface
temperatures can limit the ability of hatchlings to
escape the nest during emergence (Moran et al.
1999, Drake & Spotila 2002), and reduced hatchling
thermal tolerance may result in decreased emer-
gence success. However, the upper thermal limit of
developing embryos (35°C) is considerably less than
the CTmax of hatchlings (40.19°C in our study), sug-
gesting that embryonic mortality is likely to become
problematic before hatchling mortality. Additionally,
hatchlings generally emerge during the night when
sand temperatures are cooler, although some nests
do emerge during the day or early evening when sur-
face sand is still hot (Witherington et al. 1990). Future
management interventions involving watering or
shading nests may therefore require reduced nest
temperatures to maximise hatching success, yet may
also result in increased mortality of hatchlings during
dispersal, particularly in nests that emerge during
the day. The negative effects of this trade-off will be
minimal in projects that guard hatchlings after they
are released from hatcheries but may reduce hatch-
ling survival when these management interventions
are made on natural beaches and nests. Additionally,
the negative effects of reduced thermal tolerance on
hatchling survival will be minimal in nests that
emerge at night or only disperse a short distance
from nest to ocean.

Current projections suggest that embryonic mor-
tality is the largest threat to sea turtle populations
globally (Laloë & Hays 2017, Monsinjon et al. 2019).
These projections do not generally consider hatch-
ling mortality on the nesting beach, and therefore,
the number of hatchlings projected to survive incu-
bation may be much higher than the number of
hatchlings that actually reach the ocean. As sand
temperatures continue to warm, the number of

hatchlings surviving dispersal from the nest to the
ocean may decrease. However, if hatchling thermal
tolerance increases with warmer sand temperatures,
the discrepancy between the number of hatchlings
that successfully hatch and that enter the ocean may
not increase as rapidly as previously thought. Al -
though hatching success is a key indicator of popula-
tion viability, the number of hatchlings that success-
fully hatch becomes irrelevant if few or none of those
hatchlings are physiologically capable of surviving
post-emergence. Future projections should consider
not only embryonic thermal tolerance under future
sand and nest temperatures but also hatchling ther-
mal tolerance, to refine current estimates of hatch-
ling recruitment and survival.

In conclusion, our study showed that moisture con-
centrations during incubation did not directly influ-
ence hatchling hydration or thermal tolerance.
Rather, moisture levels altered nest temperatures,
and it was nest temperature that determined hatch-
ling thermal tolerance. Hatchlings acclimated to nest
temperatures, with warmer nests producing hatch-
lings with higher CTmax. Hatchling hydration and
body size also influenced thermal tolerance, al -
though both relationships were weak and require
further investigation. Future studies will need to con-
sider how a wider range of temperatures influences
thermal tolerance, particularly at temperatures near
the 35°C upper thermal limit for embryos. Further-
more, future studies should investigate whether
maternal identity influences thermal tolerance, at
what stage during incubation temperature influences
thermal tolerance, and whether temperature effects
can be overridden by acclimating hatchlings post-
emergence or acclimating embryos during the final
days of incubation.
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