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1.  INTRODUCTION 

Despite spending most of their life in the ocean, sea 
turtles require sandy beaches for nesting and egg 
incubation. These habitats facilitate gas exchange 

between eggs and the surrounding sand (Ackerman 
1997). After egg laying, there is no direct parental 
care, meaning that embryos have little protection 
from abrupt changes in the environment (Pike 2014). 
Therefore, embryos depend on appropriate heat 
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ABSTRACT: Hawksbill turtles are considered Critically Endangered. An understanding of how 
nest microenvironment (moisture and temperature) and maternal characteristics can influence 
 embryonic development, hatching success, phenotype, and hatchling performance is needed to 
 ensure effective conservation management. We undertook controlled egg incubations at different 
temperatures and relative humidities. Additionally, we sampled temperatures at natural nests with 
data loggers, and relative humidity of the sand at nest depth, to determine the conditions that eggs 
experienced naturally. We varied relative sand humidity (RSH) percentages (30, 50, 75, and 100%) 
at a constant incubation temperature of 29.5°C. We also assessed constant temperature incubations 
at 25, 29.5, and 34°C with 75% RSH. Incubation at 29.5°C resulted in successful hatching (73.3%), 
whereas temperatures of 25 and 34°C prevented hatching. However, hatching in natural nests 
 occurred even between 34 and 36°C, provided that eggs were exposed to these temperatures 
<20% of the entire period of incubation, and only towards the end of incubation. Controlled incu-
bation at 30% RSH prevented hatching. RSH linearly affected hatching success, phenotype, and 
performance of hatchlings: eggs incubated at 100% RSH had the greatest hatching success and 
produced the heaviest, largest, and fastest hatchlings. RSH correlated positively with sand depth on 
the beach, so that ≥75% RSH is ensured at the average depth of natural nests (~39.2 cm), resulting 
in successful hatching (74.3 ± 34.7%). The controlled incubation showed that temperature and hy-
dric conditions had the most significant impact on hatching success, hatchling phenotype (size and 
weight), and hatchling performance. Maternal characteristics, however, were slightly less impor-
tant. These results suggest that the impact of moisture should be taken into consideration in hawks-
bill turtle conservation projects. The thermal and hydric environments experienced by developing 
embryos should also be considered when evaluating how climate change affects marine turtles.  
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exchange and moisture in the nest (Ackerman 1997, 
Lolavar & Wyneken 2020, Tezak et al. 2020, Lalöe et 
al. 2021) to remain within thermal minima and max-
ima (Miller 1985, Howard et al. 2014), and avoid des-
iccation (Mortimer 1990, Packard 1999) or flooding 
(Foley et al. 2006, Pike & Stiner 2007, Caut et al. 
2010). It is important to define the impact of the ther-
mal and hydric conditions experienced by sea turtle 
embryos to better understand the future effects of cli-
mate change on sea turtles. 

Sea turtle embryos have limited thermoregulation 
capacity (Cordero et al. 2018) and their hatching suc-
cess is strongly dependent on environmental temper-
atures (Miller 1985). Based on experiments using 
constant temperature incubations, hatching success 
is generally diminished when the temperature 
remains below 25°C or above 34°C (Ackerman 1997) 
for an extended period, although intraspecific and 
interspecific variation exists (Miller 1985, Ackerman 
1997, Howard et al. 2014, Bladow & Milton 2019). 

As embryos develop, they generate metabolic heat 
(Mrosovsky 1994, Booth & Astill 2001), which is radi-
ated outward and retained in the nests, causing an 
increase in temperature towards the end of incuba-
tion (Wallace et al. 2004). This fluctuation in nest 
temperature may result in embryos being exposed to 
lethal temperatures during the last stages of develop-
ment (Maulany et al. 2012). However, embryos may 
develop greater thermal tolerance in late develop-
ment (Booth & Astill 2001, Maulany et al. 2012). In 
contrast to natural nests, where maximum tempera-
tures typically are not experienced at the beginning 
of incubation, embryos experiencing constant tem-
perature incubation in the laboratory may be more 
sensitive to high temperatures during their early 
development because they are exposed to stressful 
temperatures for a longer time (Bladow & Milton 
2019). Thus, the thermal tolerance of embryos during 
their development varies, depending on the extent of 
time during which they are subject to high tempera-
tures; this is reflected in their hatching success 
(Howard et al. 2014). 

In addition to temperature, the sand moisture in 
which eggs are laid is crucial for their development. 
Sea turtle eggshells are flexible and porous, and thus 
highly susceptible to environmental changes in 
water potential (Al-Bahry et al. 2009). This causes 
them to lose or gain moisture during incubation 
(Mortimer 1990, Packard 1999). Dry sand during 
incubation decreases hatching success (Miller et al. 
1987, Mortimer 1990, Packard 1999). However, 
excessive moisture causes the interstitial spaces 
between sand grains to fill or the nest to flood, result-

ing in a decrease in oxygen (Ackerman 1997), which 
in turn causes embryonic death (Foley et al. 2006, 
Pike & Stiner 2007, Caut et al. 2010). The sensitivity 
of eggs to sand moisture varies depending on the 
species (Packard 1999, Pike et al. 2015, Gatto & 
Reina 2020). 

Nest temperature influences the rate of growth and 
embryonic development, incubation duration, yolk 
utilization (Miller et al. 1987, Ackerman 1997), phe-
notype (Booth & Evans 2011, Booth et al. 2013, Wood 
et al. 2014), sex determination (Mrosovsky 1994), and 
locomotive performance of hatchlings (Booth & Evans 
2011). In addition, nest moisture modulates tempera-
ture, contributing to embryonic development (e.g. 
nutrient transport; Packard 1999), phenotype, sex, 
and performance of hatchlings (Packard 1999, Gatto 
& Reina 2020, Lolavar & Wyneken 2020). Genetic fac-
tors also influence hatchlings (Angilletta 2009, Tezak 
et al. 2020). Sea turtles generally present polyandrous 
mating behavior, resulting in the eggs in a clutch 
 potentially having a number of different fathers (Lee 
& Hays 2004). Also, maternal behavior influences 
nest environment (Kamel & Mrosovsky 2005) and the 
allocation of nutrients to their eggs (Wallace et al. 
2007); these factors influence the reproductive suc-
cess and life history of sea turtles (Booth et al. 2013). 

Environmental characteristics that influence sea 
turtle embryonic development are expected to be 
impacted by climate change, potentially severely 
affecting these protected species (Hawkes et al. 
2009, Hays et al. 2017, Patrício et al. 2021). Predicted 
climate change scenarios include less precipitation 
and higher temperatures (IPCC 2021), with potential 
negative effects on sea turtle embryos. These 
adverse impacts include a decrease in male hatch-
ling production, because sea turtles exhibit tempera-
ture-dependent sex determination, where eggs incu-
bated at high temperatures (>29°C) produce a larger 
proportion of females (Mrosovsky 1994). Similarly, 
less precipitation could dry out the sand of nests, 
affecting hatching success (Mortimer 1990) and 
potentially allowing sand temperatures to reach 
lethal temperatures (Hays et al. 2017, Laloë et al. 
2017). In contrast, heavy precipitation may cause 
lower temperatures, increasing the number of males 
(Staines et al. 2020, Lalöe et al. 2021), while extreme 
precipitation may decrease oxygen concentrations in 
incubating nests, resulting in reduced hatchling pro-
duction (Montero et al. 2018). Therefore, it is impor-
tant to better understand the synergy among the 
 predominant environmental characteristics of incu-
bation conditions and the consequences these may 
have on hatchling production. 
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Hawksbill turtles, Eretmochelys imbricata, are 
globally listed as Critically Endangered by the IUCN 
(Mortimer & Donnelly 2008), and Mexico hosts one of 
the largest nesting populations of hawksbill turtles 
(Meylan & Donnelly 1999, Mortimer & Donnelly 
2008). Currently, the thermal limits of embryonic 
development are unknown for the Mexican popula-
tion, and hydric limits have been understudied over-
all. Hawksbill eggs hatch at constant temperatures 
from  25.9 to 32.5°C for the populations of Antigua 
(Mrosovsky et al. 1992), Bahia, Brazil (Godfrey et al. 
1999), and Milman, Australia (Dobbs et al. 2010). 
Hatching success peaked (>80%) at 28 and 29.5°C, 
and decreased (from 80 to 30%) at 32.5°C (Dobbs et 
al. 2010). To date, relatively few studies have investi-
gated nest moisture and its effect on sea turtle egg 
incubation, although published results suggest it 
plays an important role (McGehee 1990, Wyneken & 
Lolavar 2015, Sifuentes-Romero et al. 2018, Gatto & 
Reina 2020, Lalöe et al. 2021). Because the persist-
ence of sea turtle populations will ultimately depend 
on their specific tolerances to local environmental 
changes (Maurer et al. 2021), the thermal and hydric 
limits to successful egg incubation should be estab-
lished for the specific regions of their distribution. 

It is estimated that between 2000 and 2100, envi-
ronmental temperatures in the region of Mexico and 
Central America will increase by 1.5 to 5°C (Chris-
tensen et al. 2007, IPCC 2021). Additionally, climate 
change will result in highly fluctuating and extreme 
precipitation cycles, with intense rainfall or droughts 
(IPCC 2021). Therefore, the objectives of this study 
were to (1) establish the hatching success of E. imbri-
cata, according to the thermal and hydric variation 
during incubation at our study site, (2) determine the 
impact of sand moisture on embryonic development, 
phenotype (size and weight), and performance (ter-
restrial locomotion) of the hatchlings, and (3) com-
pare temperature at controlled incubation conditions 
versus temperature in natural nests to establish the 
time span that embryos can tolerate suboptimal tem-
peratures and still hatch. These data will enhance 
our understanding of the viability of the species in 
the face of climate change projections. 

2.  MATERIALS AND METHODS 

2.1.  Egg collection for laboratory incubation 

This study was carried out on El Cuyo beach, 
Yucatán, México (21.5125° N, 87.6767° W), from June 
2019 (the peak month for nesting; Cuevas et al. 2008) 

to August 2019, when hatchlings were produced. 
Hawksbill turtle nests on the Yucatán Peninsula usu-
ally contain 100−120 eggs (Cuevas et al. 2008). Dur-
ing nesting beach patrols, we collected a sample of 
30 eggs from each of 10 nests (n = 300 eggs) as the 
females were laying eggs. All eggs were collected 
from 8 to 16 June 2019. During egg collection, we 
used latex gloves to minimize contamination. Then, 
we placed the 30 eggs together with sand in a cloth 
bag that was subsequently placed in a Styrofoam 
cooler for transport to the provisional laboratory. The 
transfer of eggs was carried out with precautions to 
minimize abrupt movements to diminish damage to 
the embryos (Limpus et al. 1979). 

In the provisional laboratory, we measured the 
hawksbill eggs using vernier calipers (±0.001 mm) 
and weighed them on a digital scale (±0.001 g, 
Modavela, BASC200), taking care to minimize egg 
rotation (Limpus et al. 1979, Miller 1985). Each sam-
ple of 30 eggs was split equally across 6 controlled 
laboratory incubation regimes (Fig. 1) to reduce the 
influence of maternal characteristics. Subsequently, 
groups of 5 eggs (from the same mother) were placed 
carefully into plastic trays, and labeled to indicate 
the nest from which they came. These trays were flat 
and without covers, ensuring that eggs always 
remained in contact with the sand and that gas 
exchange could occur. Subsequently, the trays with 
eggs in the incubators were covered with sand, cor-
responding to each predefined treatment. The total 
time of the transfer, handling the eggs during meas-
uring, and placing them into the trays was less than 
6 h from laying. Once the eggs were placed in the 
incubator trays, they were not moved again until 
hatching. 

2.2.  Experimental incubation conditions:  
temperature and relative sand humidity (RSH) 

Laboratory incubation was carried out near the 
nesting beach in the Comisión Nacional de Áreas 
Naturales Protegidas (CONANP) facility. We used 
electric thermostatic Styrofoam Hova Bator Incubators 
(model 1583, dimensions 45.72 × 45.72 × 22.86 cm). 
The thermostat of these incubators is manual. How-
ever, we improved their precision by incorporating 
an electrical-digital system that programmed incuba-
tors to turn on or off to maintain temperatures within 
0.5°C of the treatment level. Temperature accuracy 
was verified by monitoring and recording tempe -
ratures on a data logger (HOBO® pendant model 
UA-001-08, accuracy: ±0.53°C, resolution: 0.14°C). 
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All sand for the incubators was obtained at the same 
time and location from El Cuyo beach, removed from 
the upper 10 cm of sand, and was subsequently sifted 
(420 μm) to homogenize grain size and remove any 
seeds and other substances (e.g. plastics). This sand 
was dried by exposing to direct sunlight for 1 d, with-
out removing dissolvable salts, reaching tempera-
tures of up to 57.5°C (mean ± SD = 37.24 ± 4.48°C, 
measured using the data logger HOBO® pendant 
model UA-001-08). 

We incubated eggs at 2 constant temperatures 
near known extremes to define the temperature at 
which embryos could or could not hatch in our 
study area. One incubator was maintained at a tem-
perature of 34 ± 0.5°C based on established critical 
maxima from past studies on Caretta caretta (McGe-
hee 1979, Yntema & Mrosovsky 1982). A second 
incubator was maintained at a temperature of 25 ± 
0.5°C to reveal the minimum critical temperature. 
This temperature was chosen because at 25.9°C in 
Antigua, hawksbill turtles start hatching (Mrosovsky 
et al. 1992), and 25°C is the minimum critical tem-
perature reported for other species of sea turtles 

under constant temperature (Ackerman 1997). 
Another incubator was maintained at 29.5°C, repre-
senting the pivotal temperature for this population 
(Flores-Aguirre et al. 2020) that has also produced 
high hatching success in other hawksbill population 
(Dobbs et al. 2010). All eggs were incubated in sand 
maintained at a relative sand humidity (RSH) of 
75%. 

In addition to changes in temperature, changes in 
precipitation patterns are also expected to result 
from climate change (IPCC 2021). Thus, 4 incubators 
(set to 29.5 ± 0.5°C) were established with different 
percentages of RSH (30, 50, 75, and 100% RSH) to 
determine how this factor would affect hatching suc-
cess. The incubator at 29.5°C and 75% RSH provided 
the second intermediate temperature treatment, in 
addition to acting as a baseline for the results from 
the 25 and 34°C treatments at 75% RSH. RSH levels 
during incubation were monitored using a calibrated 
soil hygrometer (Kelway® model HB-2; relative 
humidity [Hr] range 0−100%, precision ±10% of rel-
ative saturation). For calibration, a sample of 100 g of 
dry, sifted sand was taken, and water (e-pura®, with-
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Fig. 1. Diagram of the sample collection for laboratory incubation of hawksbill turtle (Eretmochelys imbricata) eggs. From 
10 natural nests (in situ), 30 eggs were taken from each nest (n = 300 eggs) and the remaining eggs were kept in situ as a con-
trol. The 30 eggs taken per nest were divided into groups of 5 to be placed in each of the incubator treatments (2 at extreme 
constant temperatures and 4 at different relative sand humidities [RSH]). Each group of 5 eggs per nest was placed 2 cm apart 
to avoid confusion about which nest they came from. Note that the incubator at 29.5°C and 75% RSH is shown twice  

(red underline)
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out sodium) was added using a syringe until it 
became saturated but not flooded. The total amount 
of water added was 40 ml. This value was considered 
to represent 100% RSH, which was consistent with 
the 100% RSH of the hygrometer. We confirmed the 
calibration by adding 20 ml (half of the amount of 
water used to determine 100% RSH) to 100 g of dry, 
sifted sand, which the hygrometer registered as 50% 
RSH. We used the same procedure of this water:sand 
ratio to obtain the other treatments of 30% and 75% 
RSH. To monitor RSH during the experiment, a 
hygrometer was buried 8−10 cm in one corner of 
each incubator, and we maintained RSH by adding 
water e-pura®, without sodium, from spray bottles, 
as required. 

Hr can be related to water potential (Ψ, 1 kPa = 
1 J kg−1). Thus, according to Ackerman (2004), we 
estimated water potential based on the formula: Ψ = 
(RT/Mw)ln(Hr), where the gas constant (R) is 0.0831 l 
bar mol−1 K−1, the molar mass of water (Mw) is 
0.018 kg mol−1 and T  is the temperature (29.5°C = 
302.65K). Therefore, for the incubator at 100% 
RSH, the estimated water potential was 0 kPa; for 
the incubator at 75% RSH, the estimated water 
potential was −401.96 kPa; for the incubator at 
50% RSH, the estimated water potential was 
−968.49 kPa; and for the incubator at 30% RSH, it 
was −1682.23 kPa. 

All the incubators were set up and running 2 d 
before the eggs were collected from the beach. The 
incubators were located inside a room to keep them 
shaded and not exposed to wind, to minimize exter-
nal factors that might cause abrupt changes in tem-
perature or RSH, while maintaining daily tempera-
ture variation to within ±0.5°C and the percentage of 
RSH to within ±10% each day. For each day of egg 
incubation, the incubators were checked between 
12:00 and 14:00 h (when the local air temperature 
was highest). 

2.3.  Incubation under natural conditions:  
temperature and RSH 

For each nest from which we collected 30 eggs, we 
monitored the incubation of the remaining eggs at 
the beach to assess any potential maternal influence 
on natural hatching success and measure the tem-
peratures that they experienced naturally. For each 
nest, after collecting the 30 eggs, we waited for the 
female to oviposit enough eggs to fill half the egg 
chamber, after which we inserted a HOBO® pendant 
model UA-001-08 data logger, and subsequently the 

female continued to oviposit the remaining eggs. The 
data logger recorded nest temperature every 30 min 
throughout the incubation period. Nest 4 (N4) was 
relocated because its initial location was deemed too 
close to a house. Nevertheless, its incubation temper-
ature is included in our data, because the eggs were 
relocated immediately after the turtle finished ovi -
position. 

Additionally, we measured RSH by placing a soil 
hygrometer (Kelway® model HB-2) at the bottom of 
the egg chamber and on the sand surface beside the 
egg chamber when the turtles were nesting. We 
measured the depth of the nests at the moment tur-
tles began laying their eggs in addition to the level at 
which the last egg was deposited (just before the tur-
tle started to cover its eggs). When turtles had laid 
their eggs and finished their nesting process, we 
measured curved carapace length and width with a 
flexible tape measure (Bolten 1999). Using GPS 
(Garmin Etrex 10), the location of each nest was 
recorded, enabling us to excavate the nests when 
incubation ended to evaluate hatching success. 
Every week, we measured the RSH 1 m adjacent to 
nests, horizontal to the shoreline, using the soil 
hygrometer at depths of 0, 10, 20, 30, 40, and 50 cm 
just after digging the sand to those levels, minimizing 
evaporation. Also, the RSH close to the nests during 
incubation was measured by the hygrometer on days 
without precipitation and just after precipitation. Air 
temperature and local precipitation data were 
obtained from the Comisión Nacional del Agua 
(CONAGUA). 

2.4.  Hatching, phenotype, and performance  
of hawksbill hatchlings 

For laboratory incubated eggs, once hatchlings 
exited their egg shells, and the hatchling’s umbili-
cal membranes were abraded, the transverse plas-
tronal fold was no longer visible, and the residual 
yolk had been absorbed, we measured the length 
and width of the carapace with electronic vernier 
calipers (±0.001 mm), and the mass on an elec-
tronic scale (±0.001 g). We made daily patrols to 
check the status of the incubating nests on the 
beach (at approximately 05:00 h and 21:00 h). At 
the end of incubation of natural nests, we recorded 
the hatching success by examining the contents of 
each nest, according to Miller (1999). We also rec -
orded carapace length/width and mass of hatch-
lings found during patrols or nest excavations (n = 
24, from 4 nests). 
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Unhatched eggs were opened to determine at 
which embryonic stage development had ceased 
(Miller et al. 2017). The last hatchling to exit its 
eggshell in the lab was at day 60 of incubation (100% 
RSH treatment). After the last hatchling appeared on 
the surface, we waited 7 d before we began to open 
unhatched eggs. We started by opening eggs stag-
gered by a day from the 34°C treatment, followed by 
treatments with descending percentages of RSH, 
ending with the 25°C treatment because develop-
ment is slower at cooler temperatures (Miller 1985). If 
we opened an egg containing a live embryo, it was 
returned to the incubator gently and placed in the 
same position. 

Depending on the time of hatching and their activ-
ity, the hatchlings produced in the controlled incuba-
tions and in natural nests were released at night 
(20:00 − 23:00 h) or early morning (05:00 − 06:00 h) at 
a mean air temperature of 27.6 ± 1.5°C. For release, 
hatchlings were grouped according to the treatment 
in which they developed, and were placed 3 m from 
the water’s edge on a gently sloping beach, when the 
water was calm. We recorded the time interval for 
each hatchling to reach the water as a measure of 
their performance. 

2.5.  Statistical analysis 

All data were analyzed using R software (R Devel-
opment Core Team 2020, version 4.0.1), and descrip-
tive statistics were expressed as means ± SD. Statisti-
cal significance at p < 0.05 was applied to all cases. 
The normality and homoscedasticity of the data were 
verified by applying Shapiro-Wilk and Levene’s 
tests. Data that were not normally distributed (cara-
pace size of mothers and hatchlings, hatching suc-
cess, and performance of hatchlings) were log10 
transformed and checked again for normal distri -
bution and homoscedasticity. For those datasets 
remaining outside of normality, we applied non-
parametric tests. 

We formulated a linear regression of depth and 
sand moisture measured at a point close to each 
 natural nest. Two other linear regressions were 
im plemented to assess the relationship between 
the curved length and curved width of the female 
carapace and hatchling carapace. Once this rela-
tionship was established, the size index of the 
turtles was obtained by multiplying the curved 
carapace length and width, to represent the total 
area of the carapace (Booth & Evans 2011). Egg 
characteristics (length, weight) from the controlled 

incubators were compared among the 10 sampled 
nests by applying the Kruskal−Wallis test. Linear 
regression was implemented to assess the rela-
tionship between hatching success and RSH 
treatments. 

The hatching success and embryonic phase at 
mortality (divided into 3 categories: stages 21−24, 
stages 25−27, and stages 28−30) from natural nests 
were used as controls to compare with the results 
from controlled incubations. The generalized linear 
mixed model (GLMM) test is able to combine con-
tinuous and categorical factors, and allows the use 
of data with unequal sample sizes. Also, in the 
GLMM, the error distribution of the response vari-
able does not require a normal distribution. There-
fore, it is as sumed that these errors follow an 
exponential distribution. Several GLMM models 
were implemented to establish which one best 
explained the dependent variables. These models 
included all explanatory variables and then 
reduced and combined until the best model was 
derived depending on the AICc  values (Table S1 
in the Supplement at www.int-res.com/articles/
suppl/n050p217_supp.pdf). The results from the con -
trolled incubators were grouped with those from 
the beach. Five GLMMs included hatching success, 
no visible em bryonic development, and stages 
21−24, 25−27 and 28−30 of embryonic development 
as dependent factors, and using the treatments of 
RSH from controlled incubators and the natural 
nests as independent factors. Also, we used the 
days of incubation as random factor. Pairwise con-
trasts were made using the Dunn test. 

Three regression analyses were performed using 
the GLMM test to establish any relationship be -
tween RSH treatment and size, weight, and per-
formance (time taken to reach the sea at a distance 
of 3 m) of hatchlings incubated at controlled RSH, 
setting nest origin and days of incubation as ran-
dom factors (Table S2). Additionally, another re -
gression analysis using the GLMM tested for rela-
tionships between the size index of mothers and 
the average size index of hatchlings from their 
respective nest of origin (n = 10), setting the incu-
bation treatment and days of incubation as random 
factors (Table S3). 

The phenotype (weight, size) and performance of 
hatchlings from natural nests were compared with 
the results of hatchlings from controlled incubations 
using GLMM tests. Three GLMMs included weight, 
size, and performance of hatchlings as dependent 
factors, using the treatments of RSH from controlled 
incubators and the natural nests as independent fac-
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tors. Nest origin and days of incubation were  
included as random factors. Pairwise contrasts were 
made by applying the Dunn test. 

The observed incubation periods were divided into 
3 equal segments: beginning, middle, and end. The 
temperatures recorded in the nests (consisting of 
measurements every 30 min) were categorized at 
0.5°C intervals and were counted for each segment 
of incubation to define the time and moment at which 
embryos in natural nests were at a certain tempera-
ture. The incubation temperatures by segment were 
compared for each of the nests by applying the 
Kruskal-Wallis test. 

3.  RESULTS 

3.1.  Maternal and egg characteristics 

The curved carapace width (80.4 ± 6.5 cm) and 
curved carapace length (87.2 ± 5.6 cm) of nesting 
females were positively correlated (r2 = 0.68, p < 
0.001), so the carapace size index was used in 
other analyses. Egg diameter (38.4 ± 2.3 mm) was 
also positively correlated with egg weight (33.5 ± 
3.3 g; r2 = 0.46, p < 0.001) and maternal size (r2 = 
0.24, p < 0.001). The Kruskal-Wallis test suggested 
that egg diameter and weight were significantly 
different among the 10 nests (H9 = 78.44, p < 
0.001). Thus, dividing up the eggs from each nest 
among the different treatments minimized bias 
resulting from maternal origin. The eggs from 
female N8 had 0% hatching success, both within 

treatments and natural nests, and therefore we 
excluded them from the hatching and embryonic 
development analyses, re sulting in a total of 45 
eggs per treatment. 

3.2.  Hatching under experimental incubation 
conditions: temperature treatments 

Constant temperatures of 25 and 34°C prevented 
hatching entirely. Among the eggs incubated at 
34°C, 98% (n = 44) failed to exhibit visible embryonic 
development, and the remaining egg contained a 
dead embryo that reached developmental stage 21. 
At a constant temperature of 25°C, 5 eggs contained 
dead embryos that had reached stages 21−24, 7 eggs 
had reached stages 25−27, and 14 eggs had reached 
stages 28−30. The 19 remaining eggs did not show 
visible embryonic development. In contrast, at a con-
stant temperature of 29.5°C, the percent hatching 
success was 73.3% (n = 33 eggs) and only 3 eggs did 
not present visible embryonic development (Table 1, 
Fig. 2). 

3.3.  Hatching under experimental incubation 
conditions: RSH treatments 

At 30% RSH, hatching was prevented entirely. 
Eggs incubated at 50% RSH produced viable 
hatchlings, with hatching success of 53% (n = 24). 
This treatment recorded a single malformed hatch-
ling (with a round-shaped carapace and lacking a 
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Treatment              Hatching              Without visible                                   With visible development (%) 
                             success (%)           development (%)                Stages 21−24          Stages 25−27           Stages 28−30 
 
Temperature (°C)                                                                                                                                                        
25                                   0                        42.2 (n = 19)                      11.1 (n = 5)              15.6 (n = 7)              31.1 (n = 14) 
29.5                      73.3 (n = 33)                6.7 (n = 3)                         4.4 (n = 2)                 4.4 (n = 2)              11.1 (n = 5) 
34                                   0                        98.0 (n = 44)                       2.0 (n = 1)                       0                               0 

RSH (%) 
30                                   0                        46.7 (n = 21)                     31.1 (n = 14)             20.0 (n = 9)               2.2 (n = 1) 
50                         53.3 (n = 24)              33.3 (n = 15)                       4.4 (n = 2)                 8.9 (n = 4)                       0 
75                         73.3 (n = 33)                6.7 (n = 3)                         4.4 (n = 2)                 4.4 (n = 2)              11.1 (n = 5) 
100                       93.3 (n = 42)                        0                                2.2 (n = 1)                 2.2 (n = 1)                2.2 (n = 1) 

Natural nest          85.0 ± 18.7                   6.1 ± 5.8                           0.4 ± 0.5                  2.1 ± 2.3                  6.6 ± 10.2 

Table 1. Treatment outcomes for Eretmochelys imbricata eggs incubated under constant and natural conditions. Percentage 
and number (in parentheses) of hatchlings or embryos found at each stage (defined according to Miller et al. 2017) by treat-
ment (n = 45 eggs per treatment; details in Section 2.2). Averages from natural nests took into account only the nests that 
hatched, from which 30 eggs were removed from each nest at oviposition for incubation in the laboratory. Average tempera-
ture of the entire incubation in natural nests was 31.0 ± 1.2°C, with an average RSH of 90 ± 11.4% prior to oviposition and after  

egg incubation
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tail). For the 75% RSH treatment, 73.3% of eggs 
hatched (n = 33). RSH of 100% was most favorable 
for hatching, with 93.3% of eggs producing viable 
hatchlings (n = 42; Table 1, Fig. 2). Thus, the RSH 
at which the embryos were incubated correlated 
positively with hatching success (r2 = 0.68, p < 
0.001; Fig. 3). 

3.4.  Incubation under natural conditions:  
temperature and RSH versus hatching  

and nest characteristics 

Mean hatching success in natural nests was 74.4 ± 
34.7%. Four clutches had <50% hatching success: 
one was totally predated (N2), one was destroyed by 
a turtle at the time of nesting (N3), another was relo-

cated because initial laying occurred too close to a 
house (N4), and eggs from nest N8 had zero hatching 
success both in the natural nest and in the experi-
mental treatments (Table 2). These results show that 
embryonic death was mainly due to the treatments to 
which the eggs were exposed under constant condi-
tions. The total time of the transfer, handling the eggs 
during measuring, and placing them into controlled 
incubations did not significantly affect hatching suc-
cess. Thus, the combination of 5 eggs originating 
from 10 different nests in the 100% RSH treatment 
all had high hatching success (99.3%), except for 
eggs from N8, which did not hatch under natural 
conditions either (Table 3). 

Hatching success did not differ significantly among 
natural nests and treatments of 75% and 100% RSH, 
which had the highest hatching success. In contrast, 
the 50% and 30% RSH treatments had low and no 
hatching success, respectively (GLMM: χ2

6 = 226.24, 
p < 0.001). 

The number of dead embryos and embryonic 
stage of arrested development differed significantly 
among treatments. The 34°C treatment contained 
the most eggs without visible embryonic develop-
ment (GLMM: χ2

6 = 63.86, p < 0.001), while the 75% 
and 100% RSH treatments and natural nests con-
tained the least eggs without visible embryonic 
development. The 30% RSH treatment contained the 
greatest number of dead embryos at development 
stages 21−24, in contrast to the 75% and 100% RSH 
treatments, and natural nests, which contained the 
lowest number of embryos developed at those stages 
(GLMM: χ2

6 = 4.95, p = 0.026; χ2
6 = 4.92, p = 0.0003). 

The 25°C treatment and natural nests contained the 
greatest number of dead embryos at development 
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Fig. 2. Photographs of Eretmochelys imbricata embryos at different stages of development (stages defined according to Miller  
et al. 2017)

Fig. 3. Positive correlation between percentage of relative 
sand humidity and hatching success in incubation treat- 

ments
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stages 28−30 compared to the other treatments 
(GLMM: χ2

6 = 4.92, p = 0.03; Table 1). 
Natural nests recorded temperatures most fre-

quently between 29 and 31°C. The maximum temper-
ature recorded was 35.8°C and the minimum was 
26.5°C. Temperatures between 34 and 36°C were re -
corded only for 3 nests that were exposed to the sun 
(N4, N9, and N10). The highest frequency of tempera-
tures ≥34°C was recorded in N4 (the relocated nest), 
equivalent to 10.25 d (246 h = 492 re cords) or 19.4% of 
the incubation period. This nest exhibited 47.4% 
hatching success, and most of the dead embryos 
reached developmental stages 29−30 or hatched and 
died (n = 28). In comparison, N9 was exposed to tem-
peratures ≥34°C for a period of 8.06 d (193.5 h = 387 

records), or 16.7% of its incubation period, but 
achieved 98.8% hatching success. Lastly, N10 had 
temperatures ≥34°C during 6.8 d (164.5 h = 329 
records), or 13.8% of the incubation period, achieving 
94.1% hatching success (Fig. 4, Table 2). In all nests, 
incubation temperatures varied in terms of the begin-
ning (30.0 ± 0.3°C), middle (thermo-sensitive period 
[TSP], 30.8 ± 0.5°C), and end (32.7 ± 1.4°C) of incuba-
tion (Kruskal−Wallis: H20 = 12948, p < 0.001), with 
temperatures increasing through time. The highest 
temperatures (34 to 36°C) were reached only at the 
end of the incubation period (Fig. 4A, Table 2). 

All nests monitored during the middle period of 
incubation, which is assumed to constitute the TSP of 
development, exceeded the pivotal temperature for 

this hawksbill population (29.45°C) 
(Flores-Aguirre et al. 2020), suggest-
ing that a female-biased sex ratio was 
likely. Sex ratios ≥90% female are 
possible because a mean of 30.2°C 
during TSP for natural nests of this 
population produced mainly females 
in a previous study (Flores-Aguirre et 
al. 2020). 

The average depth of natural nests 
was 39.2 ± 4.8 cm, with 90 ± 10.4% 
RSH in the nesting chamber, prior to 
oviposition. Similarly, when nests 
were excavated after incubation, the 
average RSH at the depth of nests was 
90 ± 12.4%. Daily precipitation on this 
beach during the entire study period 
(65 d) averaged 1.7 ± 4.7 mm. Of the 
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Nest     Shells        Live            Dead          Eggs             Eggs              %                         Incubation temperature (°C) 
                         hatchlings  hatchlings    without           with        Hatching       Beginning    Middle         End         Overall 
                             inside         inside     visible de-    visible de-                                                 (TSP)                       incubation 
                              nest             nest       velopment    velopment                                                                                temperature 

 
N1           66             0                  0                 9                   15               73.3            30.1 (0.5)    30.6 (0.7)   31.5 (0.9)   30.8 (0.9) 
N4           72             2                 28               18                   7                47.4            30.1 (0.5)    31.0 (0.9)   33.6 (0.4)   31.5 (1.6) 
N5a          71             0                  0                 3                    1                94.7                   –                  –                 –                 – 
N6           87             0                  0                 2                    0                97.8            30.1 (0.4)    30.4 (0.6)   32.5 (0.4)   31.0 (1.2) 
N7           64             5                  6                 5                    2                88.7            29.5 (0.5)    30.3 (0.7)   32.8 (0.4)   30.8 (1.5) 
N8b          0              0                  0                62                  30                 0               30.4 (0.3)    30.9 (0.1)   30.5 (0.3)   30.6 (0.3) 
N9           81             2                  0                 2                    1                98.8            29.9 (0.6)    30.6 (0.9)   34.4 (0.9)   30.5 (1.1) 
N10         97             0                  1                 4                    1                94.1            30.1 (0.5)    31.7 (0.9)   33.8 (0.8)   31.3 (1.4) 
 

aThe data logger in this nest was damaged so no temperature data were available. 
bNone of the eggs from N8 hatched. 

Table 2. Hatching success of eggs that incubated in natural nests of Eretmochelys  imbricata (30 eggs were removed from each 
nest at oviposition for incubation in the laboratory). Average incubation temperature for the incubation period is shown, as 
well as averages for the beginning, middle (thermo-sensitive period; TSP), and end of the incubation period. Values in  

parentheses represent SD

Nest                        Hatching success (%)                         Time from oviposi- 
origin   25°C    34°C     30%    50%  75% RSH   100%    tion to placement  
                                     RSH     RSH      (29°C)       RSH              (h:mm) 
                 
1              0          0          0           0            20           100                  6:00 
2              0          0          0           0            40           100                  5:30 
3              0          0          0          40           60           100                  2:15 
4              0          0          0          60           60           100                  1:00 
5              0          0          0          60           40           100                  5:30 
6              0          0          0          60           60           100                  2:20 
7              0          0          0          60           60            60                   3:00 
8              0          0          0           0             0              0                    1:30 
9              0          0          0           0            40            80                   1.45 
10            0          0          0           0            40           100                  1.50 

Table 3. Eretmochelys imbricata hatching success at controlled incubations 
according to nest origin and time from oviposition to placement of the eggs in  

the incubator. RSH: relative sand humidity
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65 d that the study period lasted, 49 d (75.38%) were 
without precipitation, and total precipitation during 
the period was 112.4 mm. On 5 occasions, rainfall 
exceeded 10 mm (Table 4, Fig. 4). On days without 
precipitation and just after precipitation, RSH 
remained at 100% at depths of 40 and 50 cm. How-
ever, at depths of less than 30 cm on days without 
precipitation (n = 8), RSH diminished with decreas-
ing depth, whereas on days with precipitation 
(>10 mm; n = 4), RSH increased (Table 5). On days 
without precipitation, RSH and depth were found to 
correlate positively (r2 = 0.85, p < 0.001; Fig. 5). The 
depth of the last egg deposited inside the incubation 
chamber was 23.8 ± 5.2 cm (with a mean clutch size 
in the control nests of 75 ± 18 eggs). Thus, most eggs 
were at ≥75% RSH. 

3.5.  Influence of RSH treatments and 
maternal origin on hatchling pheno-

type 

Hatchlings presented a positive 
 correlation (r2 = 0.67, p < 0.001) be -
tween curved carapace length (42.3 ± 
3.1 mm) and curved carapace width 
(29.9 ± 2.8 mm), thus a size index was 
used in subsequent statistical analyses. 
Hatchling size also correlated posi-

tively with weight (15.9 ± 2.5 g; r2 = 0.62, 
p < 0.001). The average hatchling size by 
maternal origin (n = 123) and female size 
(n = 10) were positively cor related (r2 = 
0.78, p < 0.001). Female N3, which was the 
smallest turtle (length × width: 80.0 × 
71.0 cm), produced the smallest hatch-
lings (average carapace length = 38.1 ± 
2.2 mm), and female N10, which was the 
largest turtle (96.8 × 83.6 cm), produced 
the largest hatchlings (average carapace 
length = 46.8 ± 2.8 mm). 

In addition, the linear regressions be -
tween RSH treatments and hatchling size 
and weight suggested that both weight (r2 = 
0.69, p < 0.001) and size (r2 = 0.78, p < 0.001) 
increased with RSH. Comparing hatchling 
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Fig. 4. (A) Sand temperature time series in natural nests throughout 
incubation (excluding those that experienced predation, destruction, 
or had a damaged data logger; n = 7). The highest temperatures were 
recorded at the end of incubation. (B) Frequency of sand temperatures  

(binned by 0.5°C intervals) recorded in natural nests

Month        Air temperature (°C)                 Precipitation (mm)                       Relative air humidity (%) 
                     Mean ± SD     Max.       Min.              Mean ± SD       Max.         Min.          Mean ± SD      Max.        Min. 
 
June              30.5 ± 3.9       40.5        24.0                 0.8 ± 2.8           2.5             0               81.6 ± 16.8       99.8          24.8 
July               29.1 ± 2.6       38.5        19.5                 0.6 ± 2.1          11.4            0               87.8 ± 9.9        100.0         33.5 
August          29.2 ± 3.0       36.0        24.0                 3.4 ± 6.5          22.9            0               85.5 ± 15.1      100.0         36.5

Table 4. Environmental characteristics (average temperature, precipitation, and relative air humidity) of El Cuyo, Yucatán,  
Mexico, during the incubation of Eretmochelys imbricata eggs

Depth (cm)            RSH (%)                       RSH (%) 
                    without precipitation      with precipitation 
 
10                          24.4 ± 11.7                    97.3 ± 4.7 
20                         38.9 ± 16.4                     88.9 ± 6.0 
30                          73.3 ± 25.4                    74.9 ± 7.8 
40                          96.2 ± 5.2                      97.5 ± 4.6 
50                          98.8 ± 3.5                      98.8 ± 3.5

Table 5. Relative sand humidity (RSH) at different depths on 
days without precipitation (n = 8) and days with continuous 
precipitation events (≥2.5 mm, n = 4), defined as time  

periods that exceed 1 h of continuous rain
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size and weight in terms of relative RSH and natural 
nests, hatchlings incubated at 100% RSH developed 
to become the largest and heaviest (GLMM: χ2

3 = 
12.89, p < 0.001; χ2

3 = 16.54, p < 0.001; Fig. 6). 

3.6. Influence of RSH treatments on hatchling 
performance 

The time it took hatchlings to crawl 3 m to reach 
the sea was negatively correlated with the RSH treat-
ments (r2 = −0.41, p < 0.001). Hatchlings incubated at 

50% RSH were the slowest, whereas 
those incubated at 100% RSH were the 
fastest. Comparing crawling time of 
hatchlings incubated in laboratory with 
hatchlings incubated in natural nests, the 
slowest hatchlings were also those incu-
bated at 50% RSH (9.99 ± 3.53 min; 
GLMM: χ2

3 = 12.64, p = 0.0003). The 
crawling times of hatchlings from natural 
nests were not significantly different from 
those incubated in the laboratory at 75% 
and 100% RSH (Fig. 7). 

4.  DISCUSSION 

Reduced hatching success has been 
reported across different species and 

populations of sea turtles worldwide in response to 
high sand temperatures on nesting beaches (Mat-
suzawa et al. 2002, Valverde et al. 2010, Maulany et 
al. 2012, Santidrián Tomillo et al. 2012, Santidrián 
Tomillo et al. 2014). As a result, warming caused by 
climate change is predicted to be detrimental to sea 
turtle populations (Hays et al. 2017, Laloë et al. 
2017). In addition, changes in precipitation caused 
by climate change could cause nests to flood or dry 
out (Mortimer 1990, Montero et al. 2018), negatively 
affecting the viability of sea turtle eggs. Therefore, 
the present study focused on exploring the effects of 
temperature and moisture on the hatching success, 
phenotype, and performance of hawksbill turtles. 
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Fig. 5. Positive relationship between the percentage of relative sand  
humidity (on days without precipitation) and sand depth (cm)

Fig. 6. Comparison of Eretmochelys imbricata hatchling 
weights, incubated under different relative sand humidity 
(RSH) treatments, and in natural nests. Boxplots indicate the 
maximum and minimum (whiskers), the middle line of the 
box shows the median, the upper side of the box the third 
quartile, and the lower side of the box the first quartile of 
data analyzed using a GLMM (p < 0.05). Asterisk symbolizes 
a significant difference among treatments, where c = hatch-
lings incubated at 100% RSH (n = 42), which were the heav-
iest, compared to a = 50% RSH (n = 24), b = 75% RSH (n= 
33), and d = natural nests (n = 24). Hatchlings incubated at 
50% RSH weighed the least of any treatments, except for  

some individuals incubated at 75% RSH

Fig. 7. Performance, measured as the time (min) taken for 
Eretmochelys imbricata hatchlings to crawl 3 m to reach the 
sea, depending on the relative sand humidity (RSH) treat-
ment at which they were incubated. Boxplots as in Fig. 6. 
Asterisks symbolize significant differences among treat-
ments, where a = hatchlings incubated at 50% RSH (n = 24), 
which were the slowest compared to b = hatchlings incu-
bated at 75% RSH (n = 33), c = 100% RSH (n = 42), and d = 
natural nests (n = 24). The hatchlings incubated at 100% 
RSH were the fastest of the eggs incubated in the laboratory
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4.1.  Temperature influence on hatching success 

Constant incubation temperatures of 25 and 34°C 
prevented hatching success of hawksbill turtle eggs. 
However, there were evident differences in terms of 
impacts on embryos incubated in each treatment. 
Constant incubation at 34°C completely prevented 
late embryonic development, with only one egg that 
exhibited visible embryonic development up to stage 
21. Other eggs may have manifested some embry-
onic development, but early stage embryos are diffi-
cult to observe because of their small size (Miller et 
al. 2017). In contrast, constant temperatures of 25°C 
resulted in 31.1% (n = 14) embryonic development 
up to stages 28−29. Moreover, constant incubation at 
29.5°C resulted in high hatching success (73.3%). 

The minimum critical temperatures that a species 
can tolerate can vary across populations (Muñoz et 
al. 2014, Gunderson & Stillman 2015, Domínguez-
Guerrero et al. 2019). Thus, differences in thermal 
tolerance among sea turtle species may depend on 
their latitudinal distribution (Pike 2013, Howard et al. 
2014). The eggs of hawksbill turtles nesting at Cuyo 
Beach cannot develop at or below sand temperatures 
of 25°C. However, as this beach is tropical, it is 
unlikely that naturally incubating hawksbill eggs 
would experience such cool temperatures; no natu-
rally incubating nests monitored in this study fell 
below 27°C. 

In natural nests, the average temperature through -
out incubation was 31.1 ± 0.4°C, with high hatching 
success (85.0%), close to the hatching success of our 
constant incubation at 29.5°C (73.3%). Therefore, it 
could be intuited that the temperature range of 
29.5 to 31°C is optimal for production of hawksbill 
turtle hatchlings. In addition, the temperature of 
29.5°C is close to the pivotal temperature for this 
hawksbill population (29.45°C; Flores-Aguirre et al. 
2020), and is similar to the pivotal temperature of 
the populations from Australia (29.2°C; Dobbs et al. 
2010) and Brazil (29.65°C; Godfrey et al. 1999), 
which also show high hatching success despite the 
geographic distance. This result corroborates the 
premise that high hatching success occurs when the 
temperature is close to the pivotal temperature 
(Howard et al. 2014). Consequently, only 3 eggs 
incubated at this constant temperature did not show 
visible development, and most of those that did not 
hatch managed to reach developmental stages 
28−30 (n = 5; Table 1). 

The highest temperatures recorded in natural nests 
(35.8°C) were above the treatment of constant 34°C. 
Nevertheless, they had a high hatching success. This 

is likely because the highest temperatures occurred 
only at the end of incubation, probably caused by the 
metabolic heating generated by embryonic develop-
ment (Mrosovsky 1994, Booth & Astill 2001). Temper-
ature intensity and duration of exposure to hot tem-
peratures affect hatching success; as incubation 
temperature increases, the tolerance of developing 
embryos is reduced, resulting in increased mortality 
(Valverde et al. 2010, Bladow & Milton, 2019). 

The developmental stage at which embryos are 
exposed to high temperatures is also important for 
successful hatching (Valverde et al. 2010, Bladow & 
Milton 2019). At the beginning of embryonic devel-
opment (first third of development), embryos may be 
more sensitive to high temperatures because ana -
tomical systems are being formed (morphogenesis; 
Valverde et al. 2010, Sanger et al. 2018). This may 
explain why no advanced developmental stages 
were recorded for the constant incubation treatment 
at 34°C. In natural nests, the average temperature 
during the first third of the incubation period was 
30.0°C (Table 2), well below the detrimental thresh-
old. This enabled embryos to develop and many to 
hatch. During the middle incubation period, temper-
ature affects the direction of gonadal differentiation 
of all sea turtles (Pieau & Mrosovsky 1991). Both the 
natural nests (TSP = 30.8 ± 1.6°C) and the 29.5°C 
treatment had high hatching success, but the sex 
ratio will have been different since as little as 1°C can 
cause bias towards one sex (Janzen 1994). Towards 
the end of incubation, the energy necessary for the 
development of embryonic tissue increases, and thus 
nest temperatures also increase (Miller 1985). In our 
study, embryos in natural nests experienced higher 
temperatures towards the end of incubation than 
embryos under constant 34°C, yet almost all natural 
nests had high hatching success rates. This possibly 
reflects the greater tolerance of embryos to high tem-
peratures during their last stages of development 
and/or reduced impact of lethal incubation tempera-
tures because the exposure window was short (less 
than 20% of the entire incubation or <10 d). Mortal-
ity increases if late-stage embryos are exposed to 
temperatures above 34°C for longer periods (approx-
imately 12 d or more), as recorded for Caretta caret -
ta in Japan (Matsuzawa et al. 2002) and Florida 
(Bladow & Milton 2019), and as occurred in the case 
of N4 in the present study. Additionally, higher incu-
bation temperatures accelerate embryonic heart rate 
and production of CO2, so that O2 decreases in the 
nest cavity in the last few days before hatching (Ack-
erman 1997), creating an imbalance between O2 
demand and availability, contributing to embryonic 
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death (Hall & Warner 2021). Thus, the duration of 
exposure, combined with temperature intensity, may 
increase mortality more than absolute temperature 
alone (Howard et al. 2014). 

Nest temperatures during incubation may be medi-
ated by environmental factors that help promote suc-
cessful hatching. For example, at our study site, pre-
cipitation increased at the end of incubation (Fig. 4), 
a factor that may have tempered incubation temper-
atures. Apart from the rain, sandy beaches in the 
Yucatán Peninsula are mainly composed of whitish 
calcareous material (Treece 1980), causing high 
albedo and concurrent lower sand temperatures than 
beaches with darker sands and/or lower albedo 
(Hays et al. 2001). Thus, the different characteristics 
of beaches can strongly influence the temperature 
found in the nests of sea turtles, with consequent 
effects on hatchling production. 

4.2.  RSH influence on hatching success 

RSH was decisive in the hatching success of 
E. imbricata. The experimental treatment at 100% 
RSH featured the highest hatching rate and 
decreased as moisture did (75% and 50% RSH), 
while 30% RSH was lethal for embryos. Because sea 
turtle eggshells are flexible and porous, they are sus-
ceptible to drying out (Packard 1999). When eggs are 
laid, they contain a water supply stored in the albu-
men, and also absorb water from the substrate during 
the first 48 h (Miller 1985, Ackerman 1997, Packard 
1999), which is then supplemented by water gained 
from the transformation of yolk during incubation 
(Ackerman 1997). If early incubation takes place in a 
dry environment, there may be insufficient water 
uptake for successful embryonic development. Ac -
cordingly, we found that most of the eggs incubated 
at 30% RSH did not exhibit visible embryonic devel-
opment, and the majority of those that did only 
reached stages 21−24 (Table 1). This positive rela-
tionship between the hatching of hawksbill turtles 
and RSH may explain why for different hawksbill 
populations around the world, most nests are laid in 
months with warmer temperatures and greater pre-
cipitation (Witzell 1983). 

The natural nests in our study had high RSH of at 
least 75% at oviposition and nest excavation, sug-
gesting that RSH remained high throughout incuba-
tion. Moisture level stability increases with sand 
depth (Ackerman 2004). Usually, nesting beaches 
experience a relatively stable water potential of 
~10 kPa (~100% RSH) at 1 m below the surface (Ack-

erman 1997, 2004). When it rains, water drains to the 
groundwater table, whereas when sand moisture is 
low at the surface, the water from the groundwater 
table is drawn up through capillary action, replenish-
ing moisture levels and leaving only a thin layer of 
dry sand at the surface (Ackerman 1997). Therefore, 
despite the low precipitation on this beach (average 
throughout the study period of 65 d = 1.7 ± 4.7 mm; 
Table 4), the RSH remained constant at 100% at 
depths greater than 30 cm. 

Additionally, El Cuyo beach has fine-grained sand, 
with most sand particles measuring between 0.25 
mm and 63 μm (Treece 1980). According to Mortimer 
(1990), fine-grained sand maintains moisture for a 
long time, helping to prevent desiccation. In contrast, 
on beaches with coarse-grained sand, there is 
greater water drainage and less moisture retention, 
thus desiccation is more likely, which may affect 
hatching success. 

4.3.  RSH influence on phenotype  
and performance of hatchlings 

Optimal embryonic development occurs in a moist 
environment, where the eggs can take up water 
vapor through osmosis and gain mass during incuba-
tion (Ackerman 1997). Water in the egg during incu-
bation facilitates the metabolism of the yolk that will 
be converted into tissue, whereas a decrease in mois-
ture makes the blood of the embryos viscous, limiting 
the mobilization of nutrients and reducing hatchling 
size (Packard 2004). Accordingly, we found that 
hatchlings from eggs incubated at 100% RSH were 
larger and heavier than those incubated under other 
treatments. Likewise, larger embryonic growth re -
quires higher metabolic rates, causing the depletion 
of water availability before embryos can complete 
full development, so eggs incubated in dry environ-
ments may fail to hatch. Therefore, when faced with 
dry incubation conditions, a survival strategy would 
be to reduce metabolic and growth rates to diminish 
demand for water, causing hatchlings in dry environ-
ments to be smaller in size (Packard 2004). We docu-
mented that smaller hatchlings were produced when 
eggs were exposed to 50% RSH. At the periphery of 
a nest, eggs are in contact with both other eggs and 
sand, which means either absorption or loss of mois-
ture, depending on the water content in the substrate 
(Packard 1999). Given these expected variations in 
RSH, the weight and size of the hatchlings from the 
natural nests was more varied than in the controlled 
treatments. 
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The RSH in which embryos developed was also 
related to hatchling performance (crawling speed). 
Hatchlings incubated at 100% RSH exhibited the 
fastest crawling speed. Similarly, Gatto & Reina 
(2020) found that Lepidochelys olivacea and Natator 
depressus incubated at higher moisture were better 
at self-righting and faster in their terrestrial locomo-
tion. In addition, size correlates positively with speed 
displacement, so the largest hatchlings (including 
those incubated at 100% RSH) are the fastest (Miller 
et al. 1987, Packard 1999, Booth & Evans 2011, Cav-
allo et al. 2015). 

The average time for arrival in the sea did not dif-
fer significantly among hatchlings from natural nests 
and hatchlings from 75% and 100% RSH treatments, 
probably because natural nests maintained at least 
75% RSH throughout incubation. Also, hatchlings 
incubated in natural nests varied more in size than 
hatchlings incubated under controlled conditions, 
which may explain why there was greater variation 
in the time it took for hatchlings from natural nests to 
enter the sea. Differences in hydration may affect 
locomotion (Packard 2004), and hatchlings incubated 
in the treatment of 50% RSH were the slowest. Addi-
tionally, hatchlings incubated under low sand mois-
ture tend to have a greater yolk reserve (Hewavisen-
thi & Parmenter 2001), which would weigh more and 
thus require greater effort in locomotion (Miller et al. 
1987). 

Sea turtle hatchlings that take longer to enter the 
sea are more exposed to land-based predators, and 
they are also more vulnerable to desiccation (Kamel 
& Mrosovsky 2005, Ischer et al. 2009). Therefore, 
faster transit from the nest to the sea may improve 
survival (Booth & Evans 2011). 

4.4.  Maternal effects on hatching  
and hatchling phenotype 

In addition to the nest microenvironment (temper-
ature and humidity), genetic factors (maternal and 
paternal) may also influence hatchling characteris-
tics. This study only assessed the effect of maternal 
characteristics (size of mother, and weight and size of 
eggs), as fathers were unavailable for measurement. 

Maternal input to hatchlings includes the energy 
provided during embryogenesis, as well as the 
energy invested in terms of parental care (Congdon 
1989). Because sea turtles do not practice parental 
care, maternal investment is determined by factors 
such as diet (Wallace et al. 2007), health (Muñoz & 
Vermeiren 2018), nesting experience, length of inter-

clutch interval (Rafferty et al. 2011), and maternal 
age. 

In the present study, only eggs from N8 (Table 2) 
failed to produce any viable hatchlings. Most of the 
eggs did not contain visible embryonic development, 
and consistent temperatures in the natural nest 
throughout incubation indicated the absence of 
metabolic heating. This suggests that embryonic 
death occurred early in development, possibly dur-
ing gastrulation or during the arrest of embryonic 
development that occurs at stage 6 (Miller 1985, 
Phillott & Godfrey 2020). An alternative explanation 
is that most of the eggs in N8 were not fertilized 
(Phillott & Godfrey 2020). However, assessing egg 
fertility was beyond the scope of our project. Because 
hatching success was high for the other naturally 
incubating nests, it was impossible to elucidate 
whether maternal identity affected embryonic death. 

Females can influence embryonic development 
through the amount and quality of yolk and albumin 
generated for eggs (Wallace et al. 2007). These 
inputs determine hatchling size, because eggs with 
more yolk produce larger hatchlings (Miller 1985, 
Booth & Evans 2011, Warner & Lovern 2014). In our 
study, hatchling size correlated positively with both 
egg size and maternal size. Thus, the phenotype of 
hawksbill hatchlings is influenced by maternal char-
acteristics. A positive relationship between female 
size and their hatchlings has also been reported in 
other turtle species (Brooks et al. 1991, van Buskirk & 
Crowder 1994, Packard 2004, Wallace et al. 2006). 
However, maternal characteristics of our turtles did 
not correlate with the performance of the hatchlings, 
similar to Booth et al. (2013), who reported that the 
incubation environment had a greater influence than 
maternal origin on the locomotion of Chelonia mydas 
hatchlings. 

4.5.  Climate change implications 

Hawksbill nesting areas may become less suitable 
as a result of increased temperatures, changes in 
precipitation, or rising sea levels (IPCC 2021, Patrício 
et al. 2021). Currently, a female bias in hatchling pro-
duction has been documented in the west of the 
Yucatán Peninsula (Flores-Aguirre et al. 2020). The 
natural nests monitored in this study (northeast of the 
Yucatán Peninsula) also experienced temperatures 
above the estimated pivotal temperature for this pop-
ulation (29.45°C; Flores-Aguirre et al. 2020), likely 
resulting in more female hatchlings produced. Pre-
dicted decreases in precipitation will increase the 
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likelihood of longer exposure of embryos to lethal 
incubation temperatures (Hays et al. 2017, Laloë 
et al. 2017). According to our method for measuring 
RSH, under incubation conditions of around 50% 
RSH hatching success is less than at 75% and 100% 
RSH, whereas under drought-like conditions of 30% 
RSH, outright failure of eggs will likely result. Lower 
RSH will also result in smaller and slower hatchlings, 
rendering them more susceptible to predation and 
less able to reach key habitats for early development 
(Gatto & Reina 2020). Contrarily, even though the 
100% RSH causes higher hatching success and 
greater size and performance in hatchlings, hatching 
success will decrease if climatic conditions result in 
extreme precipitation. This is because extreme pre-
cipitation can overly saturate sand and/or increase 
the groundwater table level, causing nest flooding 
and decreasing available oxygen, which contributes 
to embryonic death (Montero et al. 2018). 

Similar to temperature, the intensity and duration 
of exposure to different levels of RSH will affect 
embryonic development. During extreme weather 
events (tropical storms, hurricanes, or seasonal 
drought conditions), sea turtle embryos will be at 
even greater risk of mortality (Hewavisenthi & Par-
menter 2001, Pike & Stiner 2007, Caut et al. 2010, 
Santidrián Tomillo et al. 2012). Therefore, it is neces-
sary to incorporate physiological data related to fit-
ness and survival at various life stages of sea turtles, 
in order to create more accurate models for long-
term conservation efforts (Sanger et al. 2018, Kear-
ney & Enriquez-Urzelai 2023). It may be necessary to 
identify priority areas for conservation that include 
appropriate temperature and moisture for successful 
embryonic development and hatchling production, 
as climate change may reduce the availability of such 
habitats in the future. 

5.  CONCLUSIONS 

This study tested embryonic tolerance to variable 
incubation temperatures and relative humidity levels 
in E. imbricata. We found that RSH is a determining 
factor in the hatching success of hawksbill turtles. 
Higher RSH during incubation produced larger, 
heavier, and faster hatchlings, suggesting that 
embryos that develop in adequately moist nests will 
contribute to the long-term survival of this species. 
We found that the depth of natural nests ensured 
high RSH conditions (≥75%), facilitating success -
ful hatching. A constant incubation temperature of 
29.5°C resulted in high hatching success (73.3%), 

whereas constant incubation temperatures of 25 and 
34°C were lethal. However, in natural nests, hatch-
ing still occurred in nests that reached temperatures 
as high as 35.8°C, if these temperatures occurred 
toward the end of incubation and for less than ~20% 
of the incubation period. Both sand temperature and 
RSH influenced hatching success, depending on the 
intensity and length of time during which embryos 
were exposed to adverse conditions. Although 
maternal characteristics were related to the pheno-
type of the hatchlings, the microenvironment of the 
nest had a greater impact, suggesting that females 
require an optimal place to lay their eggs. These data 
can be used to establish conservation programs for E. 
imbricata, focused on protecting nesting areas that 
provide both thermal and moist sand conditions that 
facilitate successful embryonic development. 
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