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Abstract
For reptiles, the incubation environment experienced by embryos during development plays a major role in many biological
processes. The unprecedented rate of climate change makes it critical to understand the eﬀects that the incubation environment has on developing embryos, particularly in imperiled species such as chelonians. Consequently, a number of studies have
focused on the eﬀects of diﬀerent environmental conditions on several developmental processes and hatchling phenotypic
traits. In addition to the incubation environment, it is also essential to understand how parental contributions can influence
hatchling quality. This is the first study that investigates the eﬀects of parental origin and incubation conditions on sea turtle
embryonic development and hatchling phenotype in nests incubating in the field (rather than under controlled laboratory
conditions). Here, we used the loggerhead sea turtle (Caretta caretta) to investigate the eﬀects of parental origin (clutch),
incubation temperature, and the nest hydric environment on embryonic growth, incubation durations, hatching success,
and hatchling phenotype. Our results show that nest moisture and temperature aﬀect embryo mass towards the last third of
development, with hatchling size positively correlated with nest moisture content, and maternal origin had a strong impact
on hatching success and hatchling size regardless of the incubation conditions. The results from this experiment identify
multiple factors that aﬀect turtle embryonic development under field incubation conditions, a fundamental consideration
when interpreting the potential impacts of climate change on reptilian development.
Keywords Parental eﬀects · Phenotypic plasticity · Nest moisture · Nest temperature · Caretta caretta

Introduction
Embryonic development is an intricate process that is heavily influenced by a number of factors ranging from the
embryo’s genetic makeup, to the incubation environment
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(Gilbert and Epel 2015). In turtles, nesting females bury
their eggs in terrestrial substrata and leave them to incubate and hatch without parental care or nest tending (Miller
1997). Due to the sensitivity of the developing turtle embryo
to external environmental conditions, many studies focus on
understanding the relationship between the incubation environment (e.g., temperature and moisture) and the hatchling’s
phenotype (Ackerman 1997; Packard and Packard 2001; Erb
et al. 2018).
Incubation temperature has a strong impact on a number
of developmental processes and phenotypic traits in most
turtles, including sex determination, hatching success, incubation duration, hatchling body size and mass, developmental anomalies, and even post-emergent hatchling locomotor
performance and behavior (Mrosovsky and Yntema 1980;
Elphick and Shine 1998; Booth et al. 2004; Siviter et al.
2017; Zimm et al. 2017; Erb et al. 2018). Although far less
studied than temperature, substrate moisture appears to
have an important impact on turtle embryonic development
(Packard et al. 1987, 1989; Wyneken and Lolavar 2015;
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Sifuentes-Romero et al. 2018). Higher water content in a
nest results in greater water uptake by the eggs, especially
in turtle species with porous, parchment-shelled eggs such
as marine turtles (Packard et al. 1989; Wyneken and Lolavar
2015; Tezak et al. 2018). This increase in water uptake by
the eggs has been associated with longer incubation durations as well as larger and heavier hatchlings (Janzen et al.
1995; Tucker et al. 1998; Delmas et al. 2008). These findings
highlight the importance of understanding how temperature
and moisture interact to aﬀect hatchling phenotypic traits, as
they play critical roles in the survival of individuals (aﬀecting body size, locomotor performance, etc.) and populations
as a whole (e.g., hatching success and sex ratios). However,
although we recognize that a thorough understanding of the
relationship between the environment and embryonic development is undeniably important, it is also critical to understand how eggs from diﬀerent maternal lines vary in their
response to incubation environments to produce phenotypic
diversity (Maloney et al. 1990).
Maternal effects are ubiquitous in nature and can be
defined by when the mother’s environment or phenotype
influences her oﬀspring’s phenotype independently of the
inherited genes (Bernardo 1996; Mitchell et al. 2013). There
are many possible mechanisms by which maternal influence
can occur, ranging from epigenetic alteration of gene expression in oﬀspring (Weaver et al. 2004; Mitchell et al. 2013) to
hormone levels made available to the oﬀspring during development (Sheriﬀ et al. 2010), to nest site selection (Mitchell
et al. 2015). Within the same species, nesting turtles can
display high phenotypic variation in reproductive traits and
investment strategies (Wallace et al. 2007). A number of
studies addressing this topic show that maternal influence
can aﬀect a wide range of traits including hatching success,
hatchling size, post-hatchling growth rates, and even the sex
of the hatchling (Brooks et al. 1991; Steyermark and Spotila
2001; Mitchell et al. 2015; Reneker and Kamel 2016). It is
noteworthy that paternal contributions may also have a role
in embryonic development; however, to our knowledge, nongenetic paternal eﬀects have not been investigated in turtles.
It is especially challenging to assess paternal influences as
many turtles’ clutches have multiple paternity (sperm from
more than one male can fertilize diﬀerent eggs in a single
clutch) and males rarely come ashore, making them diﬃcult
to access and sample (Lasala et al. 2018). Consequently,
understanding of the eﬀects of parental influence on sea turtle embryo development and hatchling phenotype are limited
to metrics such as nest site choice, egg size, yolk content,
and clutch size (Hewavisenthi and Parmenter 2002; Kamel
and Mrosovsky 2004).
Many studies have focused on how changing incubation conditions will impact embryonic development in the
context of climate change (Hays et al. 2003; Hawkes et al.
2007, 2009; Wyneken and Lolavar 2015; Laloë et al. 2017;
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Monsinjon et al. 2019). However, how other anthropogenic
influences (pollution, habitat destruction, microbial assemblage shifts, etc.) will aﬀect the health and conditions of the
reptilian parents, and how these could in turn aﬀect their
investment in their oﬀspring remains unknown. In the experimental field study described here, we used the loggerhead
sea turtle (Caretta caretta) to investigate the eﬀects of original maternal identity (clutch), incubation temperature, and
the nest’s hydric environment on embryonic growth rates,
incubation durations, hatching success, and hatchling size.
This is the first study that investigates the eﬀects of maternal
identity and incubation conditions on sea turtle embryonic
growth rate and hatchling phenotype in nests incubating
in the field (rather than under controlled laboratory conditions). We specifically addressed the following questions.
(1) Do the incubation temperature and moisture impact sea
turtle embryonic growth? (2) Do the incubation environment
(temperature and moisture) and parental source impact the
duration of development? (3) Do the incubation environment and parental source aﬀect the number of viable oﬀspring? (4) How do the incubation environment and parental
source influence hatchling phenotype? The results from this
experiment specifically identify background sources of variation in developmental responses to incubation conditions
in the field, a fundamental consideration when interpreting the potential impacts of climate change on sea turtle
development.

Materials and methods
Egg collection and incubation treatments
Eggs from clutches laid by six different female loggerhead turtles (clutch sizes = 123, 115, 120, 105, 75, and
70 eggs) were collected on the same night (08-21-2018)
as oviposition from Juno Beach, Florida, USA (26.8847,
− 80.0563). Individual eggs were labeled with maternal
origin using waterproof colored pencils. Eggs in 19 L
(5 gal) buckets covered with moist sand were immediately transported by vehicle 65 km south to nesting
beaches at Boca Raton, Florida, USA. Eggs were then
evenly distributed into six experimental nests (Fig. 1)
on the oceanic beach at Boca Raton, Florida, USA.
Experimental nests were designed to be at one of three
moisture conditions (wet, moderately wet, and dry) at
either the partially shaded nest site (Boca Beach Club;
26.340133, − 80.070635) or unshaded (Spanish River
Beach; 26.385274, − 80.067032) nest site (Fig. 1). Nests
were protected from predators and human interference by
placing wire cages (60 cm3) over the nest chambers. The
shaded nests were shaded with tan-colored UV blocking shade cloth above the wire cage. Nests designated as
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Fig. 1 Experimental design and incubation treatments. Eggs from
six clutches were evenly distributed into six experimental nests in
the field. Experimental nests were designed to be “wet” (diagrammed
as two water droplets), “mod” or moderately wet (diagrammed as
one water droplet), or “dry” which was ambient (no water droplet)
at either shaded (Boca Beach Club; designated by the umbrella) or

unshaded (Spanish River Park; no umbrella) nest sites. Eggs incubated in the field until initial signs of pipping (~ 45 days) and then
were excavated and grouped according to their original clutch (the
same maternal origin) and incubation treatment. Pipped eggs were
incubated at 30° ± 0.2 °C until hatchling emergence. Hatchlings were
identified by both parental source (original clutch) and by treatment

“wet” and “moderately wet” received ~ 50 L and ~ 25 L
of freshwater, respectively, twice per day (morning and
evening) throughout the duration of incubation at the
beach. Nests allocated to the ‘dry’ treatment received
no additional water beyond local rainfall. Temperatures within the nest were measured every 15 min using
HOBO U22-001 temperature data logger (Onset Computer Corp, accuracy ± 0.2° C, resolution 0.02° C), and
moisture within the nest was measured at the same time
interval with Decagon EC-5 soil moisture probes fitted
to HOBO Micro Station Data Loggers [Onset Computer
Corp. Model H21-002, resolution 0.0007 m3sand/m3water
(0.07%), and accuracy ± 0.031 m3/m3 (± 3.1%)].

Embryo and hatchling measurements
During incubation, six eggs per experimental nest (one per
original clutch) were harvested at five diﬀerent developmental stages (Fig. 2) to assess diﬀerences in embryonic growth
throughout development. The first harvest occurred 13 days
after oviposition and was followed by four more harvesting
events which occurred between four and six days apart from
each other (i.e., days 19, 25, 30, and 34). Original clutch,
egg mass (g), egg water content (g), yolk wet mass (g),
embryo wet mass (g), embryonic stage (Miller et al. 2017),
and embryo size [straight carapace length (SCL) and curved
carapace length (CCL)] were recorded at each harvesting
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Fig. 2 Embryo harvest timeline. Harvest 1 embryos were
at Miller stages 21.5–22.5,
Harvest 2 embryos were stages
23–24, Harvest 3 embryos were
stage 25, Harvest 4 embryos
were stages 26–27, and Harvest
5 embryos were stage 28–29.
This range spanned organogenesis and embryonic growth. No
hatchlings were harvested

event. After 40 days of incubation, all experimental nest
were checked daily for signs of ‘pipping’, defined as perforation of the egg shell by the embryo (Yntema 1978). Following the first signs of pipping (day 45), all of the eggs from
corresponding experimental nest were transported in nesting beach sand to the Florida Atlantic University laboratory
located 8 km (< 15 min) away from the beach, and placed
into Styrofoam boxes (20 cm × 15 cm × 23 cm) filled with
sterilized nesting beach sand from Boca Raton. The eggs
were grouped according to their original clutch and incubation treatment (Fig. 1) and allowed to complete hatching at
30° ± 0.2 °C. Following emergence, and after residual yolk
had been absorbed, hatchling size [straight carapace length
(SCL), straight carapace width (SCW), and head width
(HW)], mass (g), and incubation duration were recorded for
each individual. All hatchlings were then released that the
same day of emergence after sundown oﬀ of the beach at
Boca Raton, Florida, USA.

Statistical analyses
All statistical analyses were conducted using R (Team
2018). Prior to addressing our specific questions, we
assessed whether there was a significant diﬀerence in temperature and moisture between the experimental nests as a
result of the moisture treatments and sites. Nest temperature
and nest moisture content were compared using a Generalized Linear Mixed Model (GLMM) with time as a random
factor. Group means of significant terms were then analyzed
via pair-wise comparisons.
1

Do the incubation temperature and moisture impact sea
turtle embryonic growth?
Generalized linear mixed models (GLMM; loglinked Gamma distribution) were also used to determine
whether there was a relationship between the environment an embryo experienced during incubation and its
growth, as measured by yolk-free mass. Maternal origin
was included in all models to account for the repeated-
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measures nature of sampling and variation due to genetic
factors, as each level of all factors had multiple individuals sourced from each mother (Fig. 1). Day of harvest
(continuous integer), treatment (categorical), and site
(random categorical) were also included in models as
predictor variables. Terms were sequentially dropped
and compared to the full model to determine which
eﬀects were influencing embryo mass over the duration
of sampling. All GLMMs were implemented using the
‘glmer’ function in the R package ‘lme4’ (Bates et al.
2015) with a random intercept. To determine if random
factors were significant, models with and without the
factor of interest were compared using log-likelihood
Chi-square tests. Type II Wald Chi-square tests were
implemented using the ‘Anova’ function of the ‘car’
package in R to determine the significance of fixed
eﬀects. Where fixed eﬀects were deemed significant,
the ‘glht’ function included in the ‘multcomp’ (Hothorn
et al. 2008) R package was used for multiple comparisons of means using Tukey contrasts for each level.
(2) Do incubation environment (temperature and moisture)
and parental source impact the duration of development?
The eﬀect of incubation environment on incubation
duration was explored using non-parametric analyses,
as residuals could not be transformed to a normal distribution. Diﬀerences between the two sites were tested
using a Wilcoxon rank sum test, while the eﬀects of
treatment and clutch were established using a Kruskal–
Wallis rank sums test. Pair-wise comparisons of the significant terms in the Kruskal–Wallis tests were established using the Dunn method of multiple comparisons
with Bonferroni corrections (Dinno 2015).
(3) Do incubation environment and parental source aﬀect
the number of viable oﬀspring?
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To determine the eﬀects of incubation environment
on hatching success (hatched vs. not hatched), a random-intercept GLMM with a binomial distribution was
employed with treatment included as a fixed factor, and
clutch and site included as random factors. The eﬀect of
random factors was again tested by comparing models
with and without the factor using log-likelihood Chisquare tests, and the eﬀect of fixed factors estimated
using Type II Wald Chi-square tests.
(4) How do the incubation environment and parental source
influence hatchling phenotype?
Given that all metrics were eﬀectively measuring the
same attribute (i.e., hatchling size), trends were similar
in all measures (see “Results”), and that residual yolk
reserves may convolute measures of mass, we focused
on the straight carapace length (SCL) for assessing the
impact of incubation environment and parental source
on hatchling phenotype. We applied a random-intercept
linear mixed model (LMM) with SCL as the dependent
variable, treatment as a fixed eﬀect, and site and clutch
included as random eﬀects. Models were applied with
the ‘lmer’ function of ‘lme4’ in R (Bates et al. 2015).
The eﬀects of random factors were assessed by comparing models with and without the term included. Fixed
factors were assessed using Wald Chi-square tests with
Tukey contrasts to test for pair-wise diﬀerences.

Results
Comparison of incubation conditions
among experimental nests
Incubation temperature and nest moisture content varied
based on site, treatment, and the interaction between site
and treatment (Tables S.1A and S.1B in supplement). Pairwise temperature comparisons between experimental nests
showed all nest temperatures were significantly diﬀerent
except; unshaded wet vs. shaded moderate (Table S.2 in

Table 1 Summary of nest
temperature and moisture
during incubation in the field

supplement). Pair-wise comparisons of nest moisture show
that all experimental nests were significantly diﬀerent from
each other (Table S.3 in supplement).
The mean temperature and moisture for the unshaded
nests was slightly higher than the shaded nests. Additionally,
“dry” nests were warmer than both “moderate” and “wet”
nests. It is important to note that even though the volume of
water added per treatment was the same in both shaded and
unshaded sites, the diﬀerence in moisture between the wet
nests and the moderate nest was much higher in the shaded
site than in the unshaded site (Table 1, Fig. 3).

Do incubation temperature and moisture influence
embryonic growth?
The model that best fits the embryo mass data measured
throughout development included the day of harvest and
treatment as fixed eﬀects, clutch as a random eﬀect and no
interaction terms (Table 2). Clutch was determined to have
a significant eﬀect on the mass of the embryo throughout
development, with a significant diﬀerence between models with and without the random eﬀect (χ2 = 4.4, df = 1,
p < 0.05). Wald Chi-square tests also showed a significant
eﬀect of treatment (χ2 = 15.7, df = 2, p < 0.01), and day of
harvest (χ2 = 4671.1, df = 1, p < 0.01) on the mass of the
embryo (Fig. 4). Pair-wise comparisons of treatments also
revealed that embryo mass varied between moderate and
dry treatments (Z = − 3.1, p < 0.01), and wet and dry treatments (Z = − 3.7, p < 0.01), but were not significantly different between the wet and moderate treatments (Z = − 0.7,
p = 0.78).

Do incubation environment (temperature
and moisture) and parental source impact
the duration of development?
Incubation duration varied between 47 and 56 days in
length (Fig. S.1 in supplement). Site did not influence
incubation duration between shaded and unshaded nests
(W = 13,755, p = 0.10; Fig. 5a). A Kruskal–Wallis test
showed that moisture treatment had a significant impact

Condition Treatment Mean ± SD
moisture (m3/
m3)

Mode ± range
moisture (m3/
m3)

Mean ± SD temp (°C) Mode ± range temp (°C)

Shaded

0.025 ± 0.061
0.032 ± 0.093
0.086 ± 0.151
0.036 ± 0.013
0.048 ± 0.117
0.053 ± 0.082

32.51 ± 1.27
31.65 ± 1.28
31.11 ± 1.27
32.46 ± 1.35
31.77 ± 1.38
31.63 ± 1.36

Dry
Moderate
Wet
Unshaded Dry
Moderate
Wet

0.025 ± 0.006
0.033 ± 0.020
0.090 ± 0.021
0.041 ± 0.012
0.056 ± 0.018
0.059 ± 0.014

31.28 ± 5.99
30.9 ± 5.59
31.57 ± 1.68
32.27 ± 7.04
32.30 ± 6.51
33.08 ± 6.10
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Fig. 3 Temperature and
moisture plots during field
incubation. Note that incubation temperature (upper graphs)
was warmer and less variable
throughout each day in “dry”
nests compared to “wet” and
“moderate” nests. Additionally, the diﬀerence in moisture
content (lower graphs) in the
“wet” nest vs. the “moderate”
and “dry” nests was greater in
the shaded site (c) than in the
unshaded site (d)

Table 2 Comparison of
GLM(M)s for predicting
embryo mass measured across
the first 35 days of development

Model terms

df

AIC

∆AIC

BIC

LogLik

Dev

Day of harvest + treatment + clutch
Day of harvest + treatment + clutch + site
Day of harvest + treatment
Day of harvest × treatment + clutch
Day of harvest + treatment + site
Day of harvest × treatment + site
Day of harvest + clutch
Day of harvest × clutch
Clutch
Treatment + clutch
Treatment × clutch

6
7
5
8
6
8
4
4
3
5
5

177.1
178.3
179.5
179.5
183.1
185.4
188.4
188.4
693.1
696.2
696.2

0.0
1.2
2.4
2.4
5.9
8.3
11.2
11.2
516.0
519.0
519.0

195.3
199.5
194.6
203.7
201.2
209.6
200.4
200.4
702.2
711.3
711.3

− 82.6
− 82.2
− 84.8
− 81.8
− 85.5
− 84.7
− 90.2
− 90.2
− 343.6
− 343.1
− 343.1

165.1
164.3
169.5
163.5
171.1
169.4
180.4
180.4
687.1
686.2
686.2

The model with the lowest AIC value was retained for further analysis of predictor variables

on incubation duration (χ2 = 121.91, df = 2, p < 0.01), and
Dunn tests for multiple comparisons show significant
pair-wise differences (Table S.3 in supplement), with an
increase in incubation time corresponding to an increase
in moisture (Fig. S.1 in supplement). Incubation duration
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also varied with the maternal origin of the embryo
(χ 2 = 39.19, df = 4, p < 0.01), with clutches one and six
hatching significantly later than clutches two, three and
four (Fig. S.1 in supplement; Table S.3 in supplement).
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included in the best fitting model, with site dropped from
subsequent models (Table 3). Comparing the models with
and without clutch included indicated that the parental
source of the egg had a significant impact on hatching success (χ2 = 6.7, df = 1, p < 0.01). Figure 5 shows the variation
in hatching success between clutches, with clutch 6 displaying the most variable hatching success with a mean overall
success of 76% and clutch 2 having relatively high hatching
success (> 90%). Treatment did not have a significant eﬀect
on the hatching success of the embryos (χ2 = 0.4, df = 2,
p = 0.83).

Fig. 4 Embryo mass (g) for the three treatment groups (dry, moderate, and wet sand) over the course of 34 days of development. Error
bars represent the standard deviation for each treatment at each day of
measurement

Do incubation environment and parental source
affect the number of viable offspring?
Hatching success was generally high in this experiment
with an overall success of 87% across all nests (Fig. 5).
The GLMMs showed that only treatment and clutch were

How do the incubation environment and parental
source influence hatchling phenotype?
All measurements of size followed similar trends across
sites, treatments, and clutches (Fig. 6). As such, straight
carapace length (SCL) was used as a proxy for hatchling size
in all models comparing size between factors. The LMM
that best fit the SCL data included treatment as a fixed eﬀect
and clutch as a random eﬀect, with site once again dropped
from subsequent analyses (Table 4). Interaction terms were
also not significant and were not included in the models.
Comparisons of LMMs with and without clutch showed a

Fig. 5 Hatching success
compared between (a) sites, (b)
treatments, and (c) clutches.
Generally, hatching success was
high at both sites and across
treatments. The outcomes by
parent identified that some
clutches do less well than others

Table 3 Model comparisons
(GLMMs) for predicting the
influence of treatment, site, and
clutch on hatching success

Model terms

df

AIC

∆AIC

BIC

LogLik

Dev

Treatment + clutch
Null
Treatment + clutch + site
Treatment
Treatment + site

4.0
1.0
5.0
3.0
4.0

276.6
277.7
278.6
281.3
283.3

0.0
1.1
2.0
4.7
6.7

292.1
281.6
298.0
293.0
298.9

− 134.3
− 137.8
− 134.3
− 137.7
− 137.7

268.6
275.7
268.6
275.3
275.3
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Fig. 6 Comparisons of four log-transformed morphometric traits
[mm straight carapace length (SCL), width (SCW); head width (HW)
mass (g)] for hatchlings pooled by site (left column), treatment (middle column), and clutch (right column). Letters above boxplots show
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pair-wise comparisons between factor levels within each plot, with
diﬀerent letters denoting significant diﬀerences. When “a” and “b”
are listed, data under “a” are diﬀerent from those under “b”; when
“c” is present “a”, “b”, and “c”, data diﬀer from one another
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Table 4 Comparison of LMMs
for assessing the impact of
treatment, site, and clutch on
hatchling size, with straight
carapace length (SCL) used as a
proxy for hatchling size

Model terms

df

AIC

∆AIC

BIC

LogLik

Dev

Treatment + clutch
Treatment + clutch + site
Site + clutch
Treatment
Treatment + site
Null

5.0
6.0
4.0
4.0
5.0
2.0

1066.1
1068.1
1122.5
1191.0
1193.0
1226.7

0.0
2.0
56.5
124.9
126.9
160.6

1084.9
1090.6
1137.6
1206.0
1211.8
1234.2

− 528.0
− 528.0
− 557.3
− 591.5
− 591.5
− 611.3

1056.1
1056.1
1114.5
1183.0
1183.0
1222.7

significant impact of the maternal origin on hatchling size
(χ2 = 126.9, df = 1, p < 0.01), with clutches 2 and 6 producing the largest hatchlings (Fig. 6). Treatment also had a significant impact on hatchling size (χ2 = 63.9, df = 2, p < 0.01),
with hatchling generally larger in the wet treatment than
the moderate (Z = 4.3, p < 0.01) and dry treatments (Z = 7.9,
p < 0.01), and also larger in the moderate treatment than the
dry (Z = 3.5, p < 0.01) (Fig. 6).

Discussion
The nest environment during incubation is known to influence embryonic development in sea turtles (Ackerman
1997). Most previous studies that investigate the eﬀects of
incubation temperature and moisture on development use
controlled, laboratory incubation approaches which do not
realistically represent the fluctuating and dynamic conditions that embryos experience in situ (Yntema and Mrosovsky 1982; Pieau and Mrosovsky 1991). In this study of
loggerhead turtles (Caretta caretta), we assessed the eﬀects
of substrate moisture and nest temperature on embryonic
growth, incubation duration, hatching success, and hatchling phenotype incubating in a field setting. By maintaining
the ability to determine maternal origin, we were also able
to assess clutch (maternal) eﬀects on incubation duration,
hatching success, and hatchling phenotypes.
The results presented here show a significant diﬀerence
in incubation temperature based on moisture treatment, site,
and the combination of both. However, it is important to
note that when comparing temperatures across incubation
between the shaded and unshaded clutches, the diﬀerence
in temperature was quite small ( x = 0.11 °C). This similarity
suggests that placing a small-shaded cage directly above of
the nest chamber may not be an eﬀective approach for cooling down sea turtle nest temperatures as a mitigation strategy
for increasing temperatures. One explanation for this observation is that the cage equipped with the shade cloth only
shades a small surface area of the sand and thermal inertia of
hot adjacent sand likely dampens any cooling eﬀects that the
small-shaded area provides. Shading the nests did, however,
have an eﬀect on the moisture levels of the nests. The “wet”
treatment at the shaded site had significantly higher moisture

content ( x = 0.09 m3/m3) than the “wet” treatment in the
unshaded site ( x = 0.06 m3/m3). It is probable that shading
the surface of the nest resulted in slowing the evaporation
rate when compared to that at the exposed nests, therefore,
maintaining a higher moisture content in the shaded nest
for a longer period of time. We cannot rule out that diﬀerences in moisture retention may be due to local variation in
sand particle size or composition among experimental nests,
which may alone or in combination with the shading conditions, cause diﬀerences in the rate that water exits the nest.
The relationship between substrate moisture and incubation temperature is complex. Temperature diﬀerences in wet
substrates produce water movement as vapor; as the vapor
lowers the vapor pressure diﬀerence (air vs. substrate), the
substrate cools (Ackerman et al. 1985); this process is commonly referred to as evaporative cooling. Therefore, there
is an inherent association of moisture treatment with temperature that cannot be ignored when comparing diﬀerent
embryo and hatchling measurements based on incubation
treatments (“wet”, “moderate”, “dry”). In this study, for
example, wet nests were more than 1 °C cooler than dry
nests, ranging from an average of 31.4 °C in the wet nests to
32.5 °C in the dry nests. It is also worth noting that temperatures in “wet” and “moderate” nests fluctuated more than in
the dry nests; these temperature fluctuations were associated
with each time the water treatment was added.
Other studies show that incubation temperature has an
eﬀect on embryonic developmental rate in a wide range of
taxa (Gillooly and Dodson 2000; Gillooly et al. 2002). In
reptiles, the thermal environment aﬀects embryonic growth
rate (Packard et al. 1977; Georges et al. 2005) and, therefore,
incubation duration (Yntema 1978; Lolavar and Wyneken
2015). It is not surprising that the speed of development is
positively correlated with temperature until a critical point
where it decreases rapidly or fails (Howard et al. 2014),
because physiological and biochemical activity generally
increases with temperature. In this study, eggs from the
dry treatments incubated for significantly shorter time than
those from the moderate and wet treatments. Additionally,
moisture treatment had an eﬀect on embryo mass at 25
and 30 days of incubation. Embryos (minus the yolk) from
“dry” nests were significantly heavier than embryos from
both “moderate” and “wet” nests at day 30 of incubation.
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However, it is important to note that the hatchlings from the
“moderate” and “wet” nests eventually ended up being heavier than those from the dry nests. Altogether, this leads to the
hypothesis that the observed diﬀerences in embryo mass and
incubation duration are a result of the warmer temperature
associated with dry nests, speeding up the developmental
rate, causing the embryos to get heavier faster, and incubate
for a shorter period of time.
In this study, incubation temperatures stayed within the
previously reported thermal range necessary for successful
development [~ 27 °C to 35 °C; (Howard et al. 2014)], and
neither the range of temperatures nor diﬀerences in incubation conditions among treatments aﬀected hatching success.
Hatching success for the experimental nests averaged 87%;
mean hatching success rate for loggerhead turtles in Boca
Raton, Florida, USA is ~ 78 to 81% (K. Rusenko, personal
communication, May 2019). The hatching success from our
experiment indicates that egg manipulations did not experience movement-induced mortality (Limpus et al. 1979).
However, we found a significant diﬀerence in hatching success based on parental source (Fig. 5), ranging from 76% in
clutch six up to 91% in clutch two. These results reinforce
the importance of taking into account parental source when
studying turtle development.
Interestingly, analyses on the eﬀects of incubation conditions on hatchling morphometrics reveal that size was positively correlated with moisture treatment. Even though the
embryos from the “dry” nests were heavier at the fourth and
fifth harvest dates, the resulting hatchlings from the remaining eggs in those nests were significantly smaller than hatchlings from either “moderate” or “wet nests”. These results
align with a previous study (Sifuentes-Romero et al. 2018)
which suggests that the embryo’s sensitivity to the surrounding environment changes with the developmental stage or
its ongoing processes. During the early embryonic stages,
while vital developmental processes such as histogenesis
and organogenesis are occurring, turtle embryos appear to
be more vulnerable to changes in temperature, which can
produce permanent eﬀects in the phenotype of the hatchling
(e.g., sex). Once organogenesis is completed, the embryo
commits to increase its body size before hatching; it is at this
stage that we suggest moisture (water availability) has the
largest impact on development. Previous work with freshwater turtles showed that embryos with access to relatively
large amounts of water are able to sustain higher rates of
metabolism and growth (Packard and Packard 2001) and
eggs that absorbed larger amounts of water tended to have
smaller residual yolk mass and larger hatchlings, suggesting
that the amount of yolk converted to tissue during embryonic
development is influenced by the amount of water absorbed
by eggs during incubation (Morris et al. 1983; Booth 2002).
The significant diﬀerence in hatchling sizes observed in
this study due to the combination of moisture treatment and
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site can be explained by the diﬀerence in moisture content
between the shaded and unshaded sites, especially between
the shaded “wet” and unshaded “wet” nests (Table 1, Fig. 3).
In sum, the observed diﬀerences in hatchling size associated with moisture (wetter substrates, larger embryos) are
consistent with the findings from the previous work (Morris et al. 1983; Janzen et al. 1995; Bodensteiner et al. 2015;
Mitchell et al. 2015) and provide further evidence that nest
moisture is a critical factor that influences turtle embryonic development, especially in the later stages when the
embryo is growing in preparation for hatching. Together,
these results highlight the importance of including moisture
conditions when developing proxies of embryonic development (Lolavar and Wyneken 2015, 2017; Sifuentes-Romero
et al. 2018; Tezak et al. 2018).
Previous studies on a number of turtle species highlight
the importance of hatchling size on survivorship. The “bigger is better” hypothesis suggests that larger hatchlings
exhibit greater survivorship during their initial life stage
mainly by improving their dispersal, growth trajectory, and
predator avoidance (Janzen 1993; Janzen et al. 2000; Salmon
and Scholl 2014; Santos et al. 2016; Salmon et al. 2016).
The results presented here also show that maternal origin
(clutch) is important in hatchling size (Fig. 6). Hatchlings
from Clutch 2, for example, were on average 3 cm longer
(SCL) than hatchlings from Clutch 3, even though they experienced the same nest conditions.
The diﬀerences in hatching success and hatchling phenotype between clutches observed in this study could be
explained by various environmental stressors aﬀecting the
mother, such as nutrient availability (energy available for
reproduction), overall maternal health, and/ or exposure to
environmental pollutants (Wallace et al. 2007; van de Merve
et al. 2010). The highly migratory nature of nesting female
turtles makes them vulnerable to exposure to a variety of
environmental toxicants that can then be transferred to the
egg (Guirlet et al. 2010). Previous studies provide evidence
that the maternal transfer of these pollutants can aﬀect sea
turtle hatching and emergence success and even hatchling
phenotype (van de Merve et al. 2010; Perrault et al. 2011).
For example, Van de Merve et al., (2010) found a significant correlation between increasing persistent organic pollutants (POP’s) concentration in eggs and decreasing hatchling mass:length ratio in green sea turtle turtles (Chelonia
mydas). Additionally, maternal age or size may aﬀect the
size of the hatchlings (van Buskirk and Crowder 1994). Our
results provide further evidence that parental origin can have
a strong impact on hatching success and hatchling phenotype regardless of the incubation conditions (Booth et al.
2013). However, we believe that this is an area of study that
requires further investigation and would greatly benefit from
a more robust study that combines information from both the
incubation conditions experienced by the embryos and the
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genetic makeup and/or health status of the parents contributing to the clutch.
Currently, over half of all extent chelonian species are
considered imperiled (Rhodin et al. 2018), as a result, there
is a serious concern regarding how anthropogenic-induced
climate change will adversely impact this group of animals.
A thorough understanding of sea turtle reproductive biology
is critical to design eﬀective plans to prevent species losses
and aid population recovery. To date, most studies have
focused their attention on how diﬀerences in the incubation
environment (particularly temperature) will influence hatchling phenotypes such as sex, size, shape, color, behavior,
and even locomotor performance (Mrosovsky and Yntema
1980; Elphick and Shine 1998; Booth et al. 2004; Siviter
et al. 2017; Erb et al. 2018). However, in this experimental
field study, we show that nest moisture and parental origin
are important sources of variation in the embryo’s developmental responses to incubation conditions, ultimately having
a strong impact on hatchling phenotype and even hatching
success. This is a fundamental consideration when interpreting the potential impacts of climate change on sea turtle
development.
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