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Abstract: The Guatemalan strategy for sea turtle conservation was defined by the National Council
of Protected Areas (CONAP) in 1989. Hatcheries lie at the core of this strategy: egg collectors are
allowed to deliver 20% of a nest to a hatchery in exchange for selling or eating the remaining eggs.
Consequently, nearly 100% of nests are collected, with no nests being left on the beaches. Hatchery
design promotes shading using roofs made from vegetation. The logic behind this recommendation
is that the natural incubation of eggs is supposedly impossible due to the overly high temperatures
on the beach. However, changing the incubation temperature of sea turtle eggs can profoundly alter
the sex ratio in sea turtles with temperature-dependent sex determination. It can also modify the
physiology or behavior of juvenile turtles. Here, we test whether incubation in natural conditions
is possible on Guatemalan beaches, and for the first time, we determine the thermal reaction norm
of embryo growth to ensure hatching success in sea turtles. We show that incubation in natural
conditions is possible since three out of the four monitored nests produced hatchlings. We urge the
Guatemala National Council of Protected Areas to reevaluate its strategy for sea turtle conservation
in Guatemala in light of these results.

Keywords: Guatemala; olive ridley; Lepidochelys olivacea; sea turtle; hatchery; natural incubation;
hatching success; beach

1. Introduction

The olive ridley sea turtle (Lepidochelys olivacea) is the most common species of sea turtle
worldwide, as well as locally along the Pacific coast of Guatemala and Mexico [1]. This
turtle exhibits polymorphic nesting behaviors: the arribada (synchronous mass nesting),
as well as solitary nesting, have made it a species of particular interest to scientists. Olive
ridleys are categorized as vulnerable on the IUCN Red List [2]; in the East Pacific, their
main threats are egg poaching, female consumption, coastal development, climate change
at their nesting sites, and the unintended capture of adult and sub-adult turtles by fisheries
operating within this species’ foraging habitats in marine areas [3]. Conservation efforts
should, therefore, focus on managing these threats.

Guatemala is of special interest because of its unique national conservation strategy.
In 1971, the General Directorate of Forests and Wildlife (DIGEBOS) of the Ministry of
Agriculture (MAGA) established the first turtle hatchery in the village of Hawaii in the
Santa Rosa Department, which marked the beginning of hatcheries as central elements
in the national strategy for the conservation of sea turtles in Guatemala. Approximately
5% of the total number of nests deposited in Guatemala occurred on this beach [4]. The
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National Council of Protected Areas (CONAP) was established in 1989 as the government’s
governing body for biodiversity issues, including the regulation of turtle hatcheries and
other sea turtle conservation activities. Over the years, the number of turtle hatcheries
operating in Guatemala has fluctuated between 16 and 30, depending on the available
resources and sponsors. The management and sponsorship of turtle hatcheries depend
on the different NGOs, educational institutions, and government agencies involved in
this process. Hatcheries lie at the core of this conservation strategy, with egg collectors
authorized to deliver 20% of a nest to a hatchery in exchange for selling or eating the
remaining eggs [5]. In this context, nearly 100% of nests are collected, with none being left
on the beaches [5].

The hatchery design promoted in Guatemala is of shaded hatcheries, with coconut
or saran leaves being used to adjust the percentage of shade (usually 50–80%), with the
objective (which is generally not tested) of obtaining a temperature of 29 ◦C for sea turtle
egg incubation [6,7]. The shade method used in Guatemalan hatcheries is promoted based
on a report written in 1988 for the Sea Turtle Conservation Program of the Center for
Marine and Aquaculture Studies of the University of San Carlos of Guatemala [8]. This
report includes very generalized information, without giving any precise experimental
design. For example, it is written: “We buried [the eggs] at various depths without a roof
and with ample irrigation, but no eggs hatch, and embryos usually do not form inside
the shell”; or “Eggs were deposited on the beach in the same place where the turtles lay
their eggs and at the same depth, an average of 45 cm, but they do not hatch” (translated
from Spanish) [8]. Furthermore, the report did not indicate the number of nests, clutches,
or females, or whether the low hatching success is due to sun exposure or overwatering.
Based on this 1988 report, it was concluded that “Unshaded hatcheries have disastrous
results due to the loss of many eggs” (translated from Spanish) [6]. It is not clear whether
these “disastrous results” can be generalized to all Guatemalan beaches, due to the effect of
temperature, or whether the results are simply the consequence of non-optimal hatchery
management. Nevertheless, it is evident that olive ridleys nested on these beaches long
before modern hatchery management practices were developed [9], and that such a design
prevents the occurrence of natural selection and adaptation processes.

To understand if natural nest incubation is possible in natural conditions and to deter-
mine the influence of natural conditions on the embryonic development of the olive ridley
sea turtle (Lepidochelys olivacea), we assessed the variations in incubation temperatures,
hatching success, and embryonic development in natural nests of L. olivacea deposited on
an eastern Pacific beach in Guatemala. Temperature plays an important role in all phases
of the lifecycle of sea turtles [10]. Sand temperature during the incubation period plays a
vital role in embryonic development, hatching success [11], hatchling quality [12], and sex
ratio in the case of sea turtles with temperature-dependent sex determination [13,14]. For
L. olivacea in the East Pacific, the temperature that produces 50% of each sex is 30.46 ◦C
(95% credible interval; 30.26–30.66 ◦C) and the range of temperatures producing both sexes
is 2.24 ◦C (95% credible interval; 1.72–2.89 ◦C) [14]. Studying the incubation temperatures
in natural nests provides important information about the temperature range that sea turtle
embryos can withstand and at which they can successfully hatch [15]. Research to date has
not yet determined whether the temperature and stage of embryonic development interact,
such that the thermal tolerance of embryos changes during incubation. The aim of this work
was to provide a clear response to this issue. First, using new data obtained from nests
incubated in natural conditions on a Guatemalan beach, we have been able to establish the
thermal reaction norm of embryo growth for a wide range of temperatures. This thermal
reaction norm model has been applied to the timeseries of temperatures obtained from the
natural nests; this has allowed us to establish the stage progression of embryos for each of
these nests. Then, the observations of the number of embryos dead at each of these stages
have been established in relation to the mean temperature for the corresponding stage,
using a conditional generalized linear mixed model. These results are then considered in
the context of rising temperatures due to climate change [16].
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2. Materials and Methods
2.1. Natural Nests

Considering that egg collection is legal in Guatemala and is a common practice along
the Pacific coast, we solicited support and authorization to enter and use 2 km of private
beach along the Guatemalan Pacific Naval Command (CONAPAC, its acronym in Spanish)
coast, which is forbidden without a specific permit. In normal times, the eggs are collected
by CONAPAC employees and are brought to their own hatchery. As part of the experiment
conducted here, the nests were left on the beach in natural conditions, without the risk of
the eggs being taken by collectors.

The sand on the Pacific beaches of Central America has a volcanic origin, which means
that the beaches have black sand, with iron and other highly heat-conducting metals. The
Pacific coastal plain of Guatemala forms a prominent ledge of more than 200 km in length
along the North Pacific coast of Central America. This extensive alluvial plain encompasses
a series of overlapping sedimentary fans composed mainly of products from Quaternary
volcanic activity, such as volcanic sand, gravel, volcanic ash pumice, and lahar deposits [17].
These materials have been deposited along a network of subparallel fluvial channels that
descend from the highlands of the Pacific volcanic chain [18]. These beaches exhibit low
albedo, so they absorb more solar radiation and, therefore, have higher temperatures [19].

To assess the temperatures and conditions of the nests, a night patrol was carried
out for 6 nights in September and October to look for sea turtles that were nesting
or about to nest. Patrols were carried out depending on the tides, normally between
9:00 p.m. and 3:00 a.m., in conformity with the official authorization. Once a nesting turtle
was found, standard data were collected: time and date, the geographic location of the
nesting site, and female morphological parameters. While the female was nesting, a HOBO
Pendant® UA-004-64-G datalogger was placed inside the nest to measure the incubation
temperature every 3 h throughout embryonic development during the incubation period.
Nests 1 to 3 were equipped on 17 October 2022, while nest 4 was equipped on 18 October
2022. Each nest was marked with 4 PVC posts and was enclosed by a plastic warning band
(Supplementary Figure S1). At the end of the incubation period, the nest was exhumed,
and the dataloggers were retrieved. During the exhumation, the remains of the eggs were
characterized, and each egg was photographed. The embryonic stages were determined.
The characteristics of the nesting females and the position of the nests on the beach are
summarized in Supplementary Table S1.

The four new nests were added to a previous database of 80 olive ridley nests that
were incubated in artificial conditions [20]. The temperature of these 80 nests ranged from
27.669 ◦C to 34.190 ◦C.

2.2. Table of Development

The development of Lepidochelys olivacea, Caretta caretta, and Chelonia mydas has pre-
viously been described in detail [21–23]. A total of 210 L. olivacea [21], 1169 C. mydas, and
1882 C. caretta [22,23] embryos were used. The repartition of the embryos among the differ-
ent stages is not available in the original publications for L. olivacea [21]. Table 2a in Ref. [22]
gives wrong information for C. mydas at stages 25 to 30 when compared to the original
data in Ref. [23]. Only data from the Ref. [23] have been used. The size of the L. olivacea
embryos was only available for two development stages [21]. Nevertheless, crown-rump
length (CRL) and straight carapace length (SCL) were available for embryos of C. caretta
and C. mydas for 24 stages. Given that L. olivacea, C. mydas, and C. caretta exhibit very
similar development [21–25], we used the quantitative information on embryo size in C.
caretta and C. mydas to generate a table of equivalent SCL for L. olivacea, using the following
cross products:

• The CRL/SCL ratio was determined for both C. caretta and C. mydas.
• When only CRL information was available, the equivalent SCL for the stages of

C. caretta and C. mydas development was estimated using the previous cross products.
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The equivalent SCL is the expected carapace size for an embryonic stage without a
carapace, while taking into account the allometry between CRL and SCL.

• The SCL of L. olivacea embryos was then determined using the average of the cross
product with the known size of SCL for this species and the equivalent SCL sizes of
C. caretta and C. mydas embryos.

2.3. Thermal Reaction Norm of Embryo Growth

The model of embryo growth integrates into a single framework using both the growth
rate, which is dependent on temperature, and embryo growth, which is based on the growth
rate [26]. The temperature-dependent growth rate and the embryo growth model were
fitted using maximum likelihood, and the distribution of parameters was evaluated using
the Bayesian Markov chain Monte Carlo method (MCMC). This method is summarized
below, with a few changes to the original method.

Biological temperature-dependent rate models, based on Arrhenius’ and Eyring’s
equations, were formulated by Sharpe and DeMichele [27]. The original formulation
created by Sharpe and DeMichele was modified by Schoolfield et al. [28] to remove the
very high correlations of parameter estimators (Equation (1)):

r(T) =
ρ(298 K)

T
298 exp

[
∆H 6=A

R

(
1

298 −
1
T

)]
1 + exp

[
∆HL

R

(
1

T1/2L
− 1

T

)]
+ exp

[
∆HH

R

(
1

T1/2H
− 1

T

)] (1)

where r(T) is the mean development rate at temperature T (time−1), T is the temperature
in K (298 K = 24.85 ◦C), and R is the universal gas constant (J K−1 mol−1). The original
model defined R in cal K−1 mol−1, although this has been converted to SI units.

ρ(298 K) is the development rate at 24.85 ◦C, assuming no enzyme inactivation (time−1),

∆H 6=A is the enthalpy of activation of the reaction catalyzed by the enzymes (J mol−1),
T1/2L is the temperature in K at which the enzymes are 1

2 active and 1
2 low-temperature

inactive, ∆HL is the change in enthalpy associated with the low-temperature inactivation
of the enzymes (J mol−1), T1/2H is the temperature in K at which the enzymes are 1

2 active
and 1

2 high-temperature inactive, and ∆HH is the change in enthalpy associated with the
high-temperature inactivation of the enzymes (J mol−1). To ensure that T1/2H ≥ T1/2L , a
new variable ∆T was set up, with T1/2H = T1/2L + |∆T|. Thus, the fitted variables were
T1/2L , ∆T, ∆HH , ∆HL, ∆H 6=A , and ρ(298 K).

This model can be simplified by taking into account only four parameters [28]:

r(T) =
ρ(298 K)

T
298 exp

[
∆H 6=A

R

(
1

298 −
1
T

)]
1 + exp

[
∆HH

R

(
1

T1/2H
− 1

T

)] (2)

For Equation (2), the fitted variables were T1/2H , ∆HH , ∆H 6=A , and ρ(298 K).

2.4. Modeling Embryo Growth

The growth of embryos was modeled using Laird’s proposed modification of the
Gompertz model [29]:

X(t) = K exp
(

ln
(

X(0)
K

)
exp(−r(T) t)

)
(3)

where X(0) is the size or mass at nesting time (time = 0), r(T) is the growth rate at the
beginning of the curve, and K is the carrying capacity, with lim

t→+∞
X(t) = K. Note that

hatching generally occurs before the embryo reaches a size or mass represented by K. The
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K parameter can be viewed here simply as a way to slow down growth at the end of
incubation [26].

r(T) can be calculated with the four or six parameters of the model developed by
Schoolfield et al. [28] and an incubation temperature of T. Knowing X(0), K, and a time-
series of r(T), the pattern for the change in the size of this nest was evaluated using
Equation (3). The mean SCL at hatching for the turtles in Guatemalan Lepidochelys olivacea
nests is 40.87 mm (SD 1.82 mm, n = 746) [30].

Parameters were initially estimated using the maximum likelihood, with a Gaussian
distribution of SCL and an identity link. Then, Bayesian MCMC using the Metropolis–
Hasting algorithm [31,32] was used to estimate the distribution of parameters. Priors were
all chosen from the uniform distribution, which was large enough so as not to constrain
the posteriors. The number of iterations, burn-ins, and thinning were chosen using the
diagnostic methods of Raftery and Lewis [33], after an initial run of 20,000 iterations
and 1000 burn-in iterations. The standard deviations used for the new proposals at each
timestep were chosen using adaptive MCMC, in order to maintain an acceptance rate that
was close to 0.234 [34].

2.5. Hatching Success, Stage, and Age at Death

The exhumation of each nest started with the excavation of each nest to recover the
shells, live or dead hatchlings, and unhatched eggs (Supplementary Figure S2). After
opening the nest, we counted the number of shells and evaluated the total number of eggs
initially laid by the nesting female in the nest. The hatching success was then estimated (the
proportion of live juveniles out of the total number of eggs). Then, each unhatched egg was
opened and photographed. The embryonic stage of these eggs was characterized as “no visi-
ble development” or “with visible development” (Supplementary Figures S3A and S3B, re-
spectively). Eggs with no visible development could include unfertilized or
infertile eggs [35,36]. For eggs with visible development, the embryonic stage of death
(Supplementary Figure S3C) was determined, based on a comparison with the stages de-
tailed in the tables presented elsewhere by Miller [24] and Crastz [21] (Table 1).

2.6. Dynamic Analysis of Hatching Success

The dynamics of the proportion of dead embryos at each stage can be misleading
if the overall dynamics are not considered. To illustrate this point, let us take a simple
example of a nest with a 100% death rate at stage 15 (the hatchling stage is 31). The number
of dead embryos recorded at any stage above stage 15 will be 0, leading to the erroneous
conclusion that no death occurs at later stages. Another point to consider is the change in
the number of eggs when estimating the confidence interval (CI). To illustrate this point,
let us take a simple example of a 100-egg nest with a 50% death rate at stage 15 and then
20 eggs dying at stage 16. The incorrect estimation of the death proportion at stage 16
is 20/100 = 0.2 (95% CI, using the Wilson method [37], 0.13–0.29), whereas the correct
estimation is 20/(100–50) = 0.4 (95% CI; 0.27–0.54). Note that the point estimate is different
(0.2 vs. 0.4), as is the CI width, due to the change in the size of the binomial distribution
(0.16 vs. 0.27).

Let N be the total number of eggs and Di be the number of dead embryos at stage i.
The distribution of the number of dead embryos at stage i is, thus, β(Di, N −∑ D1:i−1).
The number of dead embryos at each stage was modeled using a generalized linear mixed
model with a binomial distribution and a canonical logit link function. Fixed factors are
the maximum temperature at the stage, the equivalent SCL at the middle of the stage, and
their interactions, while the random factor is the nest identity. Model selection with various
combinations of fixed factors was based on the Akaike information criterion (AIC) [38].
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Table 1. Number of dead embryos at each stage recorded in the four nests that were incubated in
natural conditions on a Guatemalan beach. Only stages with at least one embryo are shown. The
hatching success is 1 − (∑Dead/∑Eggs). The number of total eggs was inferred from the number of
shells counted during excavation. The number of eggs dying at stages < 6 includes unfertilized or
infertile eggs [35,36].

Stage Nest 1 Nest 2 Nest 3 Nest 4

<6 4 5 8 4
6 1
11 1
12 2 2
13 1
15 1 1
16 1
17 1 2 6
18 2
19 29 1
20 12
21 5
22 10
23 1 2 2
24 1 4
25 1 3 1
26 3
27 1 5 2
28 1
29 5
30 1 93
31 42 17 2

Eggs 96 79 95 112

Hatchlings 44 44 0 8

Hatching success 0.458 0.557 0.000 0.071

3. Results
3.1. Table of Development for Lepidochelys olivacea

The quantitative description of olive ridley turtle development and its comparison
with Chelonia mydas and Caretta caretta development are shown in Table 2.

Table 2. Equivalent sizes of straight carapace length in mm in Chelonia mydas, Caretta caretta, and
Lepidochelys olivacea. Values in bold are direct measurements, while others are cross-product results.
The number of measured embryos is indicated in parentheses.

Stage Chelonia mydas Caretta caretta Lepidochelys olivacea

6 1.370 1.317 1.305
7 1.599 1.704 1.609
8 1.827 1.781 1.753
9 1.827 1.936 1.833
10 1.903 1.936 1.868
11 1.979 1.936 1.903
12 2.817 2.633 2.644
13 3.273 3.253 3.173
14 3.578 3.718 3.552
15 3.958 4.260 4.006
16 4.035 4.802 4.321
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Table 2. Cont.

Stage Chelonia mydas Caretta caretta Lepidochelys olivacea

17 5.176 4.879 4.880
18 5.785 6.041 5.759
19 5.938 6.041 5.828
20 7.232 7.358 7.098
21 8.750 (17) 8.400 (21) 8.329
22 9.970 (27) 9.430 (49) 9.417
23 11.260 (37) 13.610 (49) 12.167
24 16.090 (75) 13.810 (100) 14.468
25 20.010 (75) 18.900 (100) 18.886
26 24.320 (100) 23.450 (125) 23.202
27 35.330 (175) 32.230 (200) 32.755
28 37.840 (150) 35.180 (170) 35.424
29 39.990 (145) 35.460 (160) 36.547

30 42.510 (125) 38.460 (144) 39.246

3.2. Temperatures in Natural Nests

The temperatures recorded in the four natural nests are shown in Figure 1, along with
the amplitude of the recorded temperatures measured at the same time. The temperature
range of these four nests is from 30.154 ◦C to 37.935 ◦C. The amplitude ranges from
0.103 ◦C to 2.463 ◦C, with an average of 1 ◦C (SD 0.36 ◦C).
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Figure 1. Temperatures recorded in four natural nests on a Guatemalan beach in 2022. The tempera-
ture amplitude was only estimated for the time common to all four nests. Nests 1 to 4 are shown in
black, red, green, and blue, respectively. The top graph shows the tide height at the port of San José,
located 5 km away from the monitored nesting beach.

3.3. Thermal Reaction Norm of Embryo Growth

An initial MCMC, run with 20,000 iterations, was analyzed using the diagnostic
method of Raftery and Lewis [33], showing that at least 418,293 iterations should be run
in order to obtain ± 0.005 accuracy. We chose to run 500,000 iterations. The acceptance
rates were 0.24, 0.27, 0.27, and 0.26 for ∆H 6=A , ∆HH , T1/2H , and ρ(298 K), respectively, which
figures are close to the 0.234 optimal acceptance rule [39].
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The thermal reaction norm, fitted using the 84 nests (80 from the hatchery, incubated in
2002, and four incubated under natural conditions in 2023), is shown in Figure 2. The tem-
peratures recorded in the four nests incubated under natural conditions are much higher
than the temperatures recorded in the hatchery (red vs. white histograms in Figure 2).
The development rate increases with temperature until the eggs reach a temperature of
33.45 ◦C (95% credible interval 33.44–33.46 ◦C); thereafter, it decreases. When the tempera-
ture reaches 37.5 ◦C, the fitted development rate is 19.4% of the maximum (95% credible
interval of 18.6–20.0%).
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Figure 2. Density of temperatures recorded in 80 nests incubated in the hatchery (white bars) and in
the four natural nests (red bars). The plain line curve shows the median modeled thermal reaction
norm of embryo growth, with the 95% credible interval shown in dotted lines. The interrupted
vertical line shows the optimal temperature for the rate of embryo growth (i.e., around 33.5 ◦C) [20].

3.4. Stages of Embryo Death

The four nests incubated in natural conditions show very different patterns regarding
the stage of death (Table 1). Nests 1 and 2 show a mortality peak in the last two stages
(30 and 31), nest 3 shows a peak at stage 19, and nest 4 shows a peak at stage 30. Overall,
mortality is high, and hatching success is only 0.458, 0.557, 0.000, and 0.071 for nests 1 to
4, respectively. The equivalent SCL size for each dead embryo was then determined from
Table 1 and 2, and the expected number of days to reach this SCL size was established,
based on the embryo growth dynamics (Figures 2 and 3).
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Figure 3. Modeled growth of embryos in four natural nests (plain line, with the 95% credible interval
shown in dashed lines) (left y-axis). The recorded temperature for each of these nests is superimposed
(right y-axis). The equivalent SCL size for the dead embryos is shown as points, with the size being
proportional to the log of the number of embryos found at the end of the incubation period (the scale
is shown in panel (D)). Panels (A–D) show nests 1 to 4, respectively.

3.5. Dynamic Analysis of Hatching Success

The hatching success for the four nests is shown in Table 1. It ranges from 0 (Nest 3)
to 0.557 (Nest 2). When the death rate of embryos at each stage is plotted against the
maximum incubation temperature at the corresponding stage, a clear pattern emerges
(Figure 4A): the death rate increases when the maximum temperature reaches 34 ◦C. Nest 3,
with no hatchling alive at the end of incubation, had an incubation temperature higher
than 34 ◦C during more than half of the incubation period (Figure 3).

The selected model used to link the number of dead embryos at the different stages,
the maximum temperature at the corresponding stage, and the equivalent SCL in the
middle of the stage, includes both the effects and their interaction (Table 3). This model
is strongly supported compared to the simpler models (Akaike weight = 0.93). The fitted
parameters show that the proportion of deaths among embryos increases with temperature
(Figure 4B,C). The proportion of deaths according to temperature is similar for embryos
from 5 to 20 mm but is higher at high temperatures for the late-stage embryos (40 mm).
This indicates that late-stage embryos are less resistant to high temperatures.
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Table 3. Generalized linear mixed model, linking the number of dead embryos at the different stages
with the mean temperature at the corresponding stage and the equivalent SCL in the middle of the
stage. The random factor is the identity of the nest. AICc is the Akaike information criterion corrected
for small samples, and the Akaike weight is the probability that the corresponding model is the best
among the tested models.

Model n Parameters AICc ∆AICc Akaike Weight

1 2 1492.43 627.00 0.00
meanT 3 1377.92 512.48 0.00

SCL 3 901.82 36.39 0.00
SCL + meanT 4 890.37 24.93 0.00

SCL + meanT + SCL:meanT 5 865.43 0.00 0.93
SCL + SCL:meanT 4 870.74 5.31 0.07

maxT + SCL:meanT 4 883.73 18.29 0.00
SCL:meanT 3 887.37 21.94 0.00

4. Discussion
4.1. Thermal Reaction Norm of Embryo Growth

The previous estimation of the thermal reaction norm of Lepidochelys olivacea only
showed an increasing relationship between temperature and the rate of development [20].
The inclusion of four nests incubated under natural conditions expanded the temperature
range to 38 ◦C. We were then able to show that the development rate showed a maximum of
around 33.4 ◦C, with a subsequent decrease. This pattern is similar to the pattern described
for Caretta caretta but with a higher temperature for the peak [40]. This indicates that olive
ridleys are more resistant than loggerheads to high incubation temperatures, which is
unsurprising, given that Caretta caretta nest at a higher latitude compared with Lepidochelys
olivacea [41].

4.2. Thermal Reaction Norm for Hatching Success

The thermal limit of egg incubation for sea turtles is described using the concept of
maximal lethal temperature [14]. The upper maximal limit for successful incubation is not
well defined. Estimates of both 33 ◦C [42] and 35 ◦C [43] are frequently cited, although
these estimates are based on early studies of natural nest temperatures in the field or
artificial incubation experiments at constant temperatures in the laboratory, respectively.
More recently, lethal thermal limits of 34 ◦C or 35 ◦C were proposed for Lepidochelys olivacea
in Java (Indonesia) and Costa Rica [44]. Mean incubation temperatures above 35 ◦C on
Ostional Beach, Costa Rica, did not produce olive ridley hatchlings [44]. However, some
olive ridley embryos were reported to survive temperatures exceeding 37 ◦C for short
periods if the mean incubation temperature was below 35 ◦C [15]. Species differences
in terms of the thermal limit have already been observed. For example, incubation at
temperatures of up to 35 ◦C did not reduce hatching success in flatback turtles (Natator
depressus) nesting in the Gulf of Carpentaria, Australia, although it did accelerate embryonic
development [45].

To further complicate matters, developing embryos may change their thermal tolerance
as they grow [15] (see also Figure 4C). Indeed, we are only beginning to understand how
exposure to high temperatures in the field influences embryonic development and hatchling
production [15].

For the first time, the interplay between incubation temperature and developmental
stage is deciphered herein. We show that embryo sensitivity to high temperatures, and
its relation to hatching success, are similar for all embryonic stages, except for the late
embryonic stages, when the embryos are close to pipping. Indeed, late-stage embryos are
more sensitive to high temperatures. This observation is important because incubation
temperatures often increase during development due to metabolic heating [46,47].

We agree with Howard, Bell, and Pike [15] that “the exact lethal limit of sea turtles will
most likely never be known.” A solution may be found by recognizing that hatching success
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is the outcome of various factors. In this context, hatching success is not an all-or-nothing
phenomenon but rather a continuous effect, meaning that the unique species-specific
“thermal limit” does not exist. The thermal limit is rather the consequence of reaction
norms involving many physiological and environmental components.

The statistical tools that we used here should be tested with more nests and other
species to test for the possibility of generalizing these conclusions.

4.3. Implications for the Conservation Strategy in Guatemala

The conservation strategy in Guatemala is based on the premise that the natural
incubation of sea turtle eggs is impossible. However, the presence of nesting females on
Guatemalan beaches and natal philopatry indicate that at least some natural incubations
must have produced live hatchlings. The authorized collection of sea turtle eggs for
human consumption along with the delivery of 20% of nests to shaded hatcheries has
been promoted for several decades. However, the consequences of this management
approach on the viability of turtle populations are not well understood. For example,
the consequences for population dynamics of the current value of 20% of nests collected
for hatcheries should be tested using a population dynamic model. Bioethical principles
regarding the procedures for moving eggs from their natural position to hatcheries and the
use of unnatural shade have never been considered. In addition, how might the control of
these conditions affect the sexual ratio of the species in the medium and long term, due to
the manipulation of the eggs and their natural incubation conditions? For example, the
impact on sex determination, which is influenced by the incubation temperature of the
eggs [14], has not been studied in Guatemala, except for specific cases [30].

Several alternative proposals have been discussed, such as a total ban on sea turtle
egg collection, a partial ban (1 day or 1 week per year), or the establishment of 200-meter
protection zones around each turtle farm to promote natural nesting beaches, which is
viewed as an optimal conservation mechanism [5]. As shown here, the natural incubation
of olive ridley eggs is viable in Guatemala, even if hatching success is low. Nevertheless, the
hatching success seen in hatcheries depends on their management, which is an unknown
variable. Taking into account the broad influence of environmental factors, including
temperature, on the physiology and behavior of hatchlings, we urge the Guatemalan
government to reevaluate its national strategy for sea turtles and, notably, to allow some
nests to incubate in natural conditions.
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