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Abstract

Green turtle (Chelonia mydas) embryogenesis can be separated into 31 stages, each with a unique set of morphological characters. During
embryonic development, the environment in which embryos develop can influence their mortality. However, little is known about which embryonic
stages are particularly sensitive to environmental factors, and which environmental factors significantly influence mortality.

In 2017 and 2018, we relocated and monitored 33 recently oviposited C. mydas nests, using data loggers to record nest temperature, air

temperature, and precipitation. Upon hatchling emergence, we sampled nests to estimate stages at which embryonic mortality occurred. Three
environmental factors were measured—nest temperature, net nest temperature (defined as the rise of nest temperature by the metabolic heat
produced during embryogenesis) and precipitation- and net nest temperature was found to have the greatest impact on mortality. Net nest
temperature can reach the highest value of incubation, sometimes even exceeding the safe incubation temperature range. The highest mortality
was probably caused by high temperatures because the greatest mortality and highest temperatures coincided at the end of incubation, which may

exceed the capacity of heat shock protein of embryos.
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Introduction

Embryonic development is the series of morphological changes
that a fertilized egg undergoes to become a hatchling. Oviparous
animals, like sea turtles, do not have parental care. Thus, the suc-
cess of embryonic development depends solely on the incubation
environment [1,2]. The physical characters in the sand effect the
thermal conductivity, humidity and gas exchange between the egg
and surrounding environment [3-7]. Gas exchange, on the other
hand, is influenced by grain size and water content in the sand layer
[8-14]. Insufficient gas exchange caused by the large clutch size or
higher environmental temperature may slow down embryonic de-
velopment, lengthen incubation period and even decrease hatching
success [12].

Nest temperature is another influential factor. Bell et al, [15]
found that, in leatherback turtles (Dermochelys coriacea), sex dif
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ferentiation and organ growth occur during the first 22 stages of
embryonic development and is thermally dependent. Basically, the
temperature influences the development of development rate, es-
pecially for the ectotherm animal. Variations in temperature and
humidity during these stages, especially towards the extreme end
of tolerance, of the sea turtles can delay or stop development and
cause the embryo to deform [16-18]. Billett et al, [19] found that
embryos of loggerhead turtles incubated at 33-34°C caused serious
embryo deformation and suggested that individuals develop nor-
mally when incubating at 25-33°C.

During incubation, embryos face not only daily variations in
sand temperature, but also the metabolic heat produced during the
second half of incubation. This may result in the nest temperature
exceeding the thermal tolerance range [20], and consequently de-
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formity or death [2,21,22]. Metabolic heating can affect sex ratios.
Excess precipitation and flooding, on the other hand, may decrease
the sand temperature and oxygen content and influence hatching
success [13,22-25]. These suggest that the nest environment is
the key factor influencing embryo development, hatching success,
hatchling size and locomotion and recruitment [26-28].

Previous research has identified periods during which embry-
os may be particularly susceptible to mortality. Many studies found
that the eggs incubated artificially under constant-temperature
scenarios, most embryonic mortality occurred during the early to
middle stage of development; prior to the develop of dorsal car-
apace and mainly determined by the external environment [15,
29-31]. Mortality during the late stage of development was mainly
related to the poor health and facial deformities of hatchlings that
could not get out of their shell [30].

Previous studies in Taiwan have investigated natural nest en-
vironments of Chelonia. mydas. The studies found that, the nest
oxygen content decreases as the incubation period progresses and
the nest temperature increases substantially during the middle and
late stages of incubation (after stage 25) [32-37]. Chen, et al. found
that the clutch size during embryogenesis was the most influential
factor affecting mortality on Wan-an Island, Penghu Archipela-
gos. The biological and non-biological factors that influence each
stage of development were also found to differ. However, none of
the above studies determined the relationship between mortality
during embryogenesis and the nest environment.

Cheng, et al. [38] found that the warm surface-water tempera-
ture around the Lanyu Island tends to result in shorter inter-nest-
ing intervals and larger females tended to deposit larger clutch siz-
es. The average clutch size of green turtle on this island ranged from
73 to 116 eggs per clutch [38]. In this study, we further examined

dead embryos of green turtles in each stage of embryogenesis to
determine which stage(s) have the highest mortality rate. Because
the weather, especially the fluctuate temperature and precipitation
can have major influence on the embryogenesis, we also determine
whether these embryo mortalities are related to these environmen-
tal factors. Furthermore, the climate change can influence the air
temperature and precipitation on both global and local scales. Most
embryogenesis studies up to now are focus on constant incubation
temperature. The present study thus can help us to understand the
effect of natural environment on the embryogenesis.

Materials and Methods

Study site

Lanyu Island (22°00’ to 08’ N, 121°50’ to 60’ E) is in the Pacific
Ocean, southwest of Taitung, Taiwan. The island is approximately
90 km from mainland Taiwan and has an area of 45.74 km? (Fig-
ure 1), making it the second largest offshore island in Taiwan (after
Penghu Island). Lanyu Island is volcanic in origin and has typical
tropical rainforest weather, with 1490 hours of sunshine per year
on average, an annual average air temperature of 22.4 °C, annual
precipitation exceeding 3077 mm, and an annual relative humidity
of approximately 90% (Natural Conservation Society, 1988). There
are three nesting beaches on the island: Don-Chin Beach, facing the
Pacific Ocean, approximately 675 m in length; Small Bai-Dai Beach,
facing mainland Taiwan, approximately 256 m in length; and Big
Bai-Dai Beach, also facing mainland Taiwan, approximately 1500
m in length. Big Bai-Dai Beach is seriously impacted by light pollu-
tion. Small Bai-Dai Beach is the main nest site on the island, but it is
small and overcrowded with the nesting females. Don-Chin Beach is
the largest and widest beach, but hosts fewer turtle nests; thus, we
chose this last beach as our experimental site because it is the least
disturbed by humans.

121 'I 8

121" 55" E

the experimental site.

—

Figure 1: Map of Lanyu Island with nesting beaches, 1: Big Bai-Dai beach, 2: Small Bai-Dai beach, 3: Don-chin beach. The arrow points to
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Experimental procedures

Experiments were carried out from July to September 2017
and 2018. During the experimental period, all three beaches were
patrolled every 2 hours from 19:00 to 3:00 next morning. After fe-
male oviposition, nests were relocated to the experimental site on
Don-Chin Beach within four hours in plastic cooler on the back of
motorbikes and reburied in an artificial nest about 70 cm deep. The
diameter and weight of 30 randomly chosen eggs were measured
prior to reburial. Egg size was determined by measuring with a
Vernier slide caliper (0.5 mm) and weight was measured with an
electronic balance (Kang-Jen Model KH, +0.01 g). In addition, both
the nesting and hatchling emergence date and time were recorded.
From previous studies (unpublished data), it was determined that
the average hatching period in Taiwan was about 50 days, a plastic
net with diameter of 1m was set up around the nest to prevent the
hatchling escape from the nest. After the setup of the plastic net, we
patrolled the nest site every two hours each night until hatchling
was found in the net and determine the hatchling emergence date.
Chen, et al. found that, the alive hatchlings can still be found emerge
from the nest. Thus, we wait for three days after the major emer-
gence date of the hatchlings. Then, we dug up the nest in the late
afternoon of the fourth day with hand to determine the nest depth,
save the hatchling remains in the nest and determine the number of
unhatched eggs, dead hatchlings and hatchlings remain in the nest.
A temperature logger (HOBO Pro v2 Onset) was placed in the relo-
cated nest. The logger recorded in situ nest temperature every 30
minutes. Another logger was buried 1 m from the nest at the same
depth to record the background sand temperature. The record time
was the same as the one in the nest.

Embryo development stage determination

Two to five days after the majority of the hatchlings emerged,
each nest was dug up and the number of unhatched eggs, embryos
died during the incubation, dead hatchling and alive hatchlings re-
main in the nest were determined. We opened the unhatched eggs
and determined the development stage based on the morphological
characters described in Miller [14] . In order to determine the de-
velopmental stage with higher accuracy, the unhatched eggs were
brought back to the field station and the morphology of the dead
embryos were carefully examined by using a dissecting microscope.
In this study, we classified a turtle as hatched if it reached the sea,
died at stage 31, or was still alive but had failed to climb out of the
nest.

The criteria for each incubation stage were based on Miller
[14], who conducted 50-day-long incubation tests in a laboratory
under a constant temperature of 29 °C. These criteria cannot be
applied to the field directly, so we adapted a method described in
Chen, et al. to determine each developmental stage in situ. Briefly,
studies on Wan-an Island [39] found that the incubation duration
decreases by 3 days for every 1 °C increases in nest temperature
above 29°C- a 6% change in the incubation period. In order to de-
termine the incubation duration for each stage at our study site, an
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adjusted incubation duration was calculated as: first, the adjusted
incubation duration of each stage of development (%) was calcu-
lated as the average temperature of each stage minus 29 °C, then
multiple 6% and the percentage duration of each stage of the whole
incubation period. Then, the percentage of actual incubation period
of each stage in the whole incubation was calculated as the percent-
age of adjusted incubation period subtracted from the percentage
of each stage estimated from Miller [14].

Determining the nest temperature, net nest
temperature, incubation period, hatching and
emergence rates, and mortality of each stage

Incubation period is usually defined as the date of egg deposi-
tion to the emergence of the first hatchling (Broderick et al. 2000).
However, it takes several days for the hatchling to climb onto the
beach. Thus, the real hatching date is earlier than the determined
date [40]. Wang [37] analyzed the nest oxygen content on Wan-an
Island, Taiwan, and found that the hatching date was 4 days earlier
than the hatchling emergence. Thus, we determined the incubation
period by subtracting 4 days from the hatchling emergence date.

Hatching rate (%) = (number of hatchling/ total eggs)* 100%.

Nest emergence success (%) = [(number of eggs in nest at lay-
ing - (number of eggs died during incubation + number of hatch-
lings that did make it out of nest))/(number of eggs in nest at lay-
ing) X 100%

Mortality rate in each development stage = (dead eggs in each
development stage /total eggs) * 100%

Nest temperature was defined as the temperature in the nest
during incubation. Net nest temperature was defined as the differ-
ence in temperature between the nest temperature and the back-
ground sand temperature. This difference is produced by the met-
abolic heat during incubation. The statistics program used in this
study is SPSS 18.0.

Climate data

The daily air temperatures and precipitation on Lanyu Island
were available for 2017 and 2018. The data were purchased from
the Central Weather Bureau of the ROC (Central Weather Bureau,
2017-2018).

Statistical analysis

Non-parametric Kruskal-Wallis and Dum posthoc tests were
used to determine if there was a significant difference in mortali-
ty rate among different development stages. Each percentage was
divided by 100 and arcsine transfer was performed prior to anal-
ysis. Equal variance and normality tests were carried out prior to
the test. One-way ANOVA was used to analyze the nest temperature
among stages during incubation [41]. If variations were homoge-
nous, then the Scheffe post hoc test was used for the analyses. If the
variations were heterogeneous, then the Games-Howell post hoc

test was used for the analyses. Linear and multiple linear analyses
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were used to determine whether the sand temperature was influ-
enced by air temperature and precipitation. They were also used
to determine the relationship between and among environmental
factors (air and nest temperature and precipitation) and mortality
rate of each developmental stage and hatching and emergence rate
[41].

Results

In Taiwan, green turtle deposits 4 to 5 nests per season (Cheng
unpublished data). In this study, females deposited nine nests in the
season of 2017. Clutch sizes ranged from 41 to 118 eggs, averaging
79 eggs. Average egg diameter ranged from 4.1+0.1 to 4.5+0.1 cm;

average egg weight ranged from 41.3+0.9 to 49.8+1.6 g. Incubation
period ranged from 45 to 53 days, averaging 50 days. Hatching rate
ranged from 71 to 99%, averaging 91%. Nest emergence success
ranged from 68 to 100%, averaging 93%.

Eleven females deposited eggs into 24 nests in 2018. Clutch size
ranged from 52 to 141 eggs, averaging 97 eggs. Average egg diam-
eter ranged from 4+0.1 to 4.6+0.1 cm; average egg weight ranged
from 35.4+1.8 to 49.2+3.6 g. Incubation period ranged from 48 to
55 days, averaging 51 days. Hatching rate ranged from 15 to 98%,
averaging 64%. Nest emergence success ranged from 87 to 100%,
averaging 96% (Table 1).

Table 1: The highest mean 3 days in a row temperature (T3dm;°c) and the corresponding hatching rate (%) of the nests in this study.

Nest No. T3dm Hatching rate (%)
1702 33.368 90
1703 34.791 99
1705 34.934 88
1706 33.449 96
1711 32.261 91
1712 32.97 91
1801 36.651 50
1802 36.071 42
1803 35.542 98
1804 33.31 80
1807 30.727 87
1809 33.782 69
1810 34.208 73
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Figure 2: Embryonic mortality rate of different developmental stage. n= 33.
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Major mortality occurred after stage 26; it was highest at stage

26, followed by stages 27 and 28 (Figure 2). Forty-three embryos

belonged to the undetermined stage.
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Environment data

Air temperature from July 5 to September 11, 2017, ranged
from 22.3 to 30 °C, averaging 26.3+1.3 °C (n= 69); air temperature
from July 5 to September 16, 2018, ranged from 22.2 to 30.3 °C,
averaging 25.9+1.4°C (n=74). Air temperature was significantly
higher in 2017 than in 2018 (p < 0.001). Sand temperature from
July 5 to September 11, 2017, ranged from 26.6 to 34.3 °C, averag-
ing 30.6+1.6 °C (n=1653); sand temperature from July 5 to Septem-
ber 16, 2018, ranged from 25.8 to 31.2 °C, averaging 29.1+1.5 °C
(n=1731). Sand temperature was also significantly higher in 2017
than in 2018 (p < 0.001).

Total precipitation was 898.8 mm in 2017 and 797.3 mm in
2018. Total precipitation during the nest incubation period ranged
from 268.3 to 785.6 mm in 2017, averaging 530.3 mm (n = 9), and
232.3t0 672.3 mm in 2018, averaging 433 (n = 24).

Due to the fact that both air and sand temperatures were higher
in 2017 than 2018, the influence of air temperature and precipita-
tion on sand temperature was determined separately for the two
years. In 2017, sand temperature was positively influenced by air
temperature and negatively by precipitation (sand temperature =
24.016+0.251 (air temperature) - 0.017 (precipitation), n = 1653,
r = 0.206, p < 0.001). Of the two, air temperature was the major
factor (p < 0.001), while precipitation was not a significant factor (p
=0.234).In 2018, sand temperature was also positively influenced
by air temperature and negatively by precipitation (sand tempera-
ture = 15.999+0.505 (air temperature) - 0.0279 (precipitation), n =
1731,r=0.49,p <0.001). Between the two, air temperature was the
major factor (p < 0.001), and precipitation again was not a signifi-
cant factor (p = 0.072). Thus, precipitation was not used to analyze

either year in this study.

Nest temperature

Five loggers malfunctioned—three in 2017 and two in 2018.
Thus, six nest temperatures were available in 2017 and eight were
available in 2018. In 2017, the average nest temperature ranged
from 31.6 to 32.2 °C, and the highest nest temperature range was
34 to 35.9 °C. In 2018, the average nest temperature ranged from
30.5 to 32.9 °C, and the highest nest temperature ranged from 32.9
to 36.7 °C.

Mortality rate at different stages of development

Analyses of mortality rate of different stage in 2017 (n = 8) and
2018 (n = 24) showed that this value was higher at stages 27 and
28 than stages 6 to 25 (Kruskal-Wallis test, p<0.001). It was also
higher at stage 26 than stages 6 to 24; at stage 29 than stages 6 to
19 and 21 to 24; and at stage 30 than stages 6 to 16, 19, 22 and 23
(Dunn Post Hoc test, p<0.05).

Effect of 3-day highest nest temperature on the
hatching rate

Both the highest temperature and duration of exposure to this
high temperature are important to the survivorship of hatchling.
This is due to the highest nest temperature occurs towards the end
of incubation when the metabolic heat produce reaches its highest
value (Figure 3). Thus, we used the highest mean 3 days in a row
temperature (T3dm) [2] as an index to determine the highest nest
temperature to the survivorship of the hatchling. Results showed
that the hatching rate decrease to 40% or less when 3DT rose above
36 °C, which were nests 1801 and 1802 (Table 1).

[S3]

.

(%)
L

—
L

1L

L]

I

Net change in nest temperature ("C)

ra

—

567 8 01011121314151617181020

Figure 3: Net change in nest temperature during incubation in 2017 and 2018. n = 14.
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Discussion

This study determined the hatching mortality of each develop-
ment in the nature. Results found that the hatching mortality was
low during the early stage of development, which may relate to
the relocation of nests within four hours of oviposition. The high
mortality occurred during the late stage of development might due
mainly to a combination of both increase in environmental tem-
peratures at nesting site accompanied with the metabolic heating
generated during those stages which may exhaust the heat shock
protein produced by the embryos.

Mortality rate at different development stages

Blanck and Sawyer [29] found that 52% of loggerhead turtle
embryos died in the precarapace phase (before stage 20). Whit-
more and Dutton [31] found that embryonic mortality mainly oc-
curred prior to the eye coloring, which occurs before stage 19. In
this study, embryo mortality was 3.6% prior to stage 20, dropped
to < 1% at stage 22, and increased to 9% at stage 30. Only the mor-
tality rate at one stage in the present study, stage 30, was similar to
thatin Bell et al, [15].

There are several possible reasons for this difference. Studies
found that the hatching success of green or loggerhead embryos
might decrease if they are disturbed within a mere few hours after
oviposition [31,42,43]. The mortality in the early stage of develop-
ment in this study were low because we relocated the green turtle
eggs within four hours of oviposition when mortality occurs under
natural environmental conditions of Lanyu Island.

Bell, et al. [15] compared the hatching condition of leatherback
embryos between the laboratory and field conditions. They found
that the embryo mortality rate during the first period of develop-
ment (stages 6 to 10) in the field group was 1.5 times lower than
that of the laboratory group, and three times lower than that of the
laboratory group during the middle period of development (stages
11 to 20). Mortality during undetermined stages of the field group,
however, was 17 times higher than that of the laboratory group. The
mortality rates during the late period of development (stages 21
to 30) were similar between the field and laboratory groups. Bell,
et al. [15] showed that the field study misidentified dead embry-
os in the early development as unfertilized eggs. The decay of the
embryo made the judgement more difficult. Care should be taken
when using morphology to identify a turtle’s embryonic stage in
early embryos.

The results of our study were similar to those of Ko [33], who
found that the highest mortalities occurred at stages 28 and 29. Ko
suggested that the high mortalities during these two stages were
mainly caused by the increase in metabolic heat from the outflow
of water vapor [44,45]. Embryos might die from not absorbing

enough water.

Relationship between embryonic mortality and
nest temperature

Embryo produces heat shock protein under the high tempera-
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ture, especially during the last period of embryogenesis, when both
the surrounding sand temperature and generate metabolic reaches
the maximum values. It may enable the embryo to adjust its physi-
ological status and withstand the high temperature [16]. However,
the prolong exposure to the high temperatures may exhaust this
protein and increase the hatchling mortality across turtle species.

Some studies exposed the embryos to 34 to 36 °C for several
days during the last two weeks of incubation and found that many
embryos still hatched successfully: consequently. The authors ar-
gue that embryos have a higher temperature tolerance by produc-
ing heat shock protein during the last period of incubation [2,16,46-
49]. However, this mechanism may fail if the high temperature is
maintained too long. Maulany, et al. [2] found that the hatching
success of olive ridley turtle embryos decreased when exposed to
34°C for more than 3 days. They suggested that the chance of abnor-
mality in embryonic development increases when embryos are in-
cubated under the high temperature for long period [49-51]. In this
study, the hatching success of nests N1801 and N1802 were lower
than the other nests. The 3Tdm of these two nests were all above
36 °C. Mortality rates thus were high in these two nests (Table 1).

In this study, net nest temperature (the difference from sand to
nest) increased gradually with incubation and peaked from stage
28 to 30 (Figure 3). A previous study on Wan-an and Lanyu Islands
also found that the combination of environmental temperatures
and metabolic heating peaked in the final stage of incubation [35-
37]. Similar results were also found in other studies [40,52,53]. Pre-
vious studies found that the net nest temperature produced during
the middle and final periods of incubation can cause the nest tem-
perature to exceed the suitable incubation range. The factors such
as heat shock that influencing the embryonic development as well
as possibly limited oxygen to supply the increased metabolic de-
mands of the embryo, may kill the embryos [2,21,22].

Matsuzawa, et al. [40] found that the net nest temperature was
related to the hatchling mortality rate during the hatching stage (i.e.,
stage 30). They proposed three reasons for this. First, net nest tem-
perature peaks during the last few days of incubation, resulting in
the death of the embryos. Second, studies found that the high tem-
perature may inhibit muscle coordination, resulting in a decrease in
hatchling activities [40,54-56]. They believed that this mechanism
also applies to the embryos during the hatching stage and may pre-
vent the embryos from hatching. Third, high temperature can speed
the metabolic rate of the embryo, causing an exhaustion of oxygen.
This would limit the gas exchange in the nest, possibly suffocating
the embryos (Figure 4).

Conclusion and conservation implications

This study found that the embryonic mortality in our study was
highest from stage 26 to 30. Net nest temperature peaked towards
the end of incubation, sometimes exceeding the safe temperature
range. A combination of both increases in environmental tempera-
tures at the nesting site on Lanyu Island and the metabolic heating
that might exhaust heat shock protein and contributed to the high
embryonic mortality during the last stages of incubation.
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It is known that the global warming does increase the nesting
site temperature. This will skrews the hatchling sex ratio towards
the female (e.g., Blechschmidt, et al. [57]). Furthermore, the higher
sand temperature can also increase the embryonic mortality, es-
pecially during the middle to late development period [58-63]. In
order to decrease the deteriorate effect of higher temperature, one
can install the cooling system, such as sprinkler or shading device
to decrease the nest temperature, thus increase hatching success
[48].
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