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Abstract.—Sand temperature can play an important role in the survival of pre-emergent sea turtle hatchlings. High
sand temperatures may inhibit coordinated muscle action in the ascent process to the sand surface and also may cause a
decline in oxygen levels within the nest. These factors can increase mortality of hatchlings prior to emergence. In this
study we analyze the effects of sand temperature on pre-emergent Green Sea Turtle (Chelonia mydas) hatchlings in
Tortuguero, Costa Rica. We also analyze the relationship between sand temperature and egg incubation period,
hatching success and hatchling emergence percentage. Nests were selected from June to August 2000, so that hatchlings
would emerge during two distinct periods: a period of low temperatures and abundant rainfall mainly during August
(wet period, WP) and a period of higher temperatures and lower rainfall mainly during September and early October
(dry period, DP). Air and sand temperatures were significantly higher in the DP. Increases in sand temperature
reduced incubation period from 58.6 + 0.6 days in the WP to 56.4 £ 0.5 days in the DP. Mean hatching success and
emergence percentage were 86 = 3% and 96 + 1%, respectively, and were not associated with the nest initiation date.
However, a negative association was found between the emergence percentage and the mean sand temperature at 40 cm
depth in the pre-emergence days. Pre-emergent hatchlings may experience increased mortality when sand temperatures
at the egg chamber neck level exceed 33°C. When one takes into account global warming projections, hatchling
mortality during pre-emergence days could increase and pose a serious threat to this green sea turtle population.

EFECTO DE LA TEMPERATURA DE LA ARENA EN LOS DIAS PREVIOS AL EMERGIMIENTO DE NEONATOS DE TORTUGA VERDE
MARINA

Resumen.—La temperatura de la arena puede desempefiar un rol importante en la supervivencia de neonatos de
tortugas marinas. Altas temperaturas de la arena podrian inhibir la coordinacién muscular en el proceso de ascenso
hacia la superficie y también disminuir los niveles de oxigeno dentro del nido. Estos factores podrian incrementar la
mortalidad de neonatos en los dias previos al emergimiento. En este trabajo analizamos los efectos de la temperatura de
la arena sobre el periodo de incubacion, el éxito de eclosion y porcentaje de emergimiento de nidos de Tortuga Verde
Marina (Chelonia mydas) en playas de Tortuguero, Costa Rica. Se seleccionaron nidos desde junio a agosto del afio
2000, haciendo coincidir la eclosion con un primer periodo de bajas temperaturas y abundantes precipitaciones
(himedo) y un segundo periodo con mayores temperaturas y escasas precipitaciones (seco). Las temperaturas
ambientales y de la arena fueron significativamente mayores en el periodo seco. El aumento en las temperaturas de la
arena redujo los dias de incubacion desde 58,6 + 0,6 dias en el periodo himedo a 56,4 + 0,5 dias en el periodo seco. El
porcentaje de eclosion y emergimiento tuvieron promedios de 86 + 3% y 96 + 1% respectivamente, y no estuvieron
asociados con la fecha de inicio del nido. Sin embargo, encontramos una asociacion negativa entre el porcentaje de
emergimiento y el promedio de temperatura de arena en el cuello del nido en los dias previos al emergimiento. Los
neonatos podrian morir cuando las temperaturas de la arena superan los 33°C. Considerando el gradual incremento de
temperaturas a nivel global, la mortalidad de neonatos en los dias previos al emergimiento podria incrementarse y
amenazar seriamente a esta poblacion de tortugas verdes marinas.

Key Words.—Chelonia mydas; climate change; emergence percentage; hatchling emergence; hatchling success; incubation
period; mortality; sand temperature

INTRODUCTION development and survival (Georges et al. 1993). Eggs in
the chamber and pre-emergence hatchlings are

vulnerable to environmental such as

A new generation of Green Sea Turtles, Chelonia
mydas, results from the combination of the reproductive
qualities of the parents and the diverse environmental
conditions of the nesting beach (Miller et al. 2003).
These environmental conditions must favor hatchling

conditions,
moisture, gas exchange, and temperature (Ackerman
1980, 1991; Mortimer 1990, 1995). Sand grain texture,
tidal inundation, sand moisture, and temperature in the
nest can all influence the incubation period and hatching
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success (Prange and Ackerman 1974; Mortimer 1990;
Foley et al. 2006; Yalcin-Ozdilek 2007; Madden et al.
2008). In addition to ideal incubation conditions, a
coordinated ascent to the surface is essential for
hatchling survival (Kurian and Nayak 2003).

Among other physical factors, temperature influences
sea turtle nests, where it plays a direct role in the egg
incubation phase (Spotila and Standora 1985; Packard
and Packard 1988). Several studies have shown that
successful incubation in sea turtles occurs within a tight
thermal range of 26 to 33° C (Bustard and Greenham
1968; McGehee 1979; Yntema and Mrosovsky 1980;
Miller 1982, 1985; Miller et al. 2003). Environmental
temperatures also regulate hatchling sex determination
during the middle third of incubation (Yntema and
Mrosovsky 1982). Warmer temperatures above the
pivotal temperature, where a 1:1 sex ratio is produced,
yield more females while temperatures below the pivotal
temperature shift the ratio towards more males (Yntema
and Mrosovsky 1980, 1982). Additionally,
environmental temperatures influence the incubation
period such that increasing temperatures reduce
incubation duration (Miller and Limpus 1981; Limpus et
al. 1983; Ackerman 1997), and produce a decrease in the
hatchling body size (Booth and Astill 2001; Burgess et
al. 2006).

Hatchling mortality before emergence has been
attributed to high sand temperatures (> 32° C) in
Loggerhead Sea Turtle (Caretta caretta) nests in Japan
(Matzuzawa et al. 2002). High sand temperatures may
inhibit coordinated muscle action in the ascent process to
the sand surface (Drake and Spotila 2002) and cause a
decline in oxygen levels within the nest (Ackerman
1980). The decline in oxygen levels corresponds with an
increase in metabolic heat production, which peaks at the
time of hatching (Ackerman 1980). These factors can
increase mortality of hatchlings prior to emergence. In
Green Sea Turtles, hatchlings usually emerge at night
and this is at least partially controlled by a nightly
decrease in sand temperatures (Bustard 1967,
Mrosovsky 1968). In the days prior to emergence,
hatchlings are close to the sand surface, where daily
changes in temperature may increase their mortality.

Global warming is considered a major threat for
several animals species worldwide (McCarty 2001).
Future increases in environmental temperatures will
particularly affect animals who maintain a very close
relationship with environmental temperatures, such as
ectothermal animals (Deutsch et al. 2008; Tewksbury et
al. 2008). For sea turtles, climatic warming represents a
threat principally due to the important role of
environmental temperatures in  successful egg
incubation. Incubation above the thermal threshold of
33° C will result in greater hatchling mortality and
higher numbers of morphological abnormalities (Miller
1985), whereas pivotal temperatures for sex

determination (~ 29° C) will result in a modification in
sex proportions of sea turtles populations (Yntema and
Mrosovsky 1982; Broderick et al. 2001). Recent models
of climate-change predict the feminization of sea turtles
populations worldwide (Hawkes et al. 2007; Fuentes et
al. 2009). Moreover, rising temperatures could decrease
the chances for survival of sea turtles hatchlings due to
the smaller size of hatchlings incubated at higher
temperatures, thus making them more susceptible to
predation (Gyuris 1994).

Green turtle nesting season at Tortuguero beach, Costa
Rica, lasts from June through October every year (Carr
et al. 1978). The rainy season (wet period, WP) largely
dominates these months, and is only interrupted by a
brief dry period (DP) in September and early October
(Caribbean Conservation Corporation, Report on the
1999 Green Turtle Program at Tortuguero, Costa Rica.
2000. Available from www.cccturtle.org/ccc-costarica.
php?page=season-reports [Accessed 26 March 2010]).
During the DP, air and sand temperatures increase
considerably in comparison with the rest of the nesting
season (Caribbean Conservation Corporation. 2000. op.
cit.). The main goal of this study was to determine
whether these high temperatures during the DP affect
incubation period, hatching success, and emergence
percentage of Green Sea Turtle nests. Because climate
change is considered an important threat for most
ectothermal animals worldwide (Deutsch et al. 2008;
Tewksbury et al. 2008; Hawkes et al. 2009; Fuentes et
al. 2010), the present study provides essential
information to be considered in predictive models about
the potential effects of global warming on nesting
success and its implications for the population dynamics
of Green Sea Turtles in Tortuguero.

MATERIALS AND METHODS

Study site—Tortuguero Beach hosts the largest
nesting colony of Green Sea Turtles in the Atlantic
(Bjorndal et al. 1999; Troéng and Rankin 2005). During
the breeding season, females reach these shores from all
over the Caribbean Sea to nest (Carr et al. 1978). The
Tortuguero nesting beach is located on the Caribbean
coast of Costa Rica, between Puerto Limén and the
Nicaraguan border (Fig. 1). This unbroken strip of black
sand beach extends 29 km from the mouth of Rio
Tortuguero south to Rio Parismina. Along its entire
length the nesting beach is closely backed by a natural
river system. The study area includes the northern 4 km
of Tortuguero beach, close to the CCC Biological Field
Station (10°33°N; 83°30°W) and the village of
Tortuguero.

Data collection.—From10 June to 10 August 2000,
we randomly selected 32 nests from nesting Green Sea
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FIGURE 1. Location of Tortuguero Green Sea Turtle nesting beach
(black triangle) in the Caribbean Sea, Costa Rica.

Turtles, so that hatchlings from each nests would emerge
under two distinct periods: a period of low temperatures
and abundant rainfall mainly during August (wet period,
WP) and a period of higher temperatures and lower
rainfall mainly during September and early October (dry
period, DP). All nests were selected in areas with partial
sun exposure and located at least 8 m from the high tide
line (to avoid flooding) and 2 m from the vegetation line
(to avoid excessive shade and roots inside the nest). For
each nest, we counted the number of eggs laid.

Daily rainfall, air temperatures, and sand temperatures
were recorded for this study. Tortuguero Biological
Field Station provided data for local rainfall and air
temperature. Sand temperature for the study period was
recorded with two thermocouples (Cooper / Constantan
Connectors SMP-T-M / F and Teflon Neoflon PFA High
Performance Wire TT-T-245, Omega Engineering Inc.,
Stamford, Connecticut, USA) buried in the sand at 40
and 63 cm depth. We read the thermocouples using a
digital thermometer (HH-25TC, Omega Engineering
Inc., Stamford, Connecticut, USA). We calibrated
thermocouples against mercury thermometers accurate to
0.2-0.3° C prior to sand burial. The chosen depths in the
sand for the thermocouples corresponds to the average
depth to the top (egg chamber neck level, ECN) and
center of the nests (egg chamber level, EC) for Green
Sea Turtles on Tortuguero beach (Caribbean
Conservation Corporation. 2000. op. cit.). We buried the
two thermocouples in an area with partial sun exposure,
located 15 m above the high tide line (to avoid flooding)
and 3 m from the vegetation line (to avoid excessive
shade). We recorded sand temperatures daily between
1430 and 1600, corresponding to the time at which
Horikoshi (1992) reported the mean daily sand
temperature for Tortuguero beach.

Approximately one week before expected hatchling
emergence (see Tiwari et al. 2006), we buried two
thermocouples 50 cm adjacent to each nest to record the
sand temperature in the days prior to hatchling
emergence. We placed thermocouples at 40 and 63 cm
depth and retrieved them two days after hatchlings
emerged (easily recognizable by a small depression in
the sand). We monitored nests daily in the morning
during the pre-hatching period (approximately 50 days
after egg laying). We recorded sand temperatures from
each nest daily between 1430 and 1600 (see above).
Two days after hatchling emergence, we excavated nests
to calculate the hatchling success and emergence
percentage. We defined hatching success as the ratio of
eggs hatched to the number of eggs laid, while
emergence percentage was defined as the ratio of
emerged hatchlings to the number of eggs hatched.
Variables we considered for this purpose were: (1)
empty egg shells (hatched embryos); (2) unhatched eggs
(with or without embryo inside); (3) depredated eggs;
and (4) live and dead hatchlings in the ECN or EC.

Data analysis.—For the analysis, we only considered
nests that were undisturbed (n = 28), the rest of the nests
were depredated (n = 2), removed by other nesting
turtles (n = 1), or could not be re-located (n = 1). We
defined incubation period as the number of days from
egg laying to the emergence of hatchlings. When live
hatchlings were found during excavation, we considered
as non-emerged those that we found deeper than 40 cm,
as we considered these as having a very low probability
of reaching the surface by themselves in the following
days. In contrast, live hatchlings we found between the
sand surface and 40 cm depth we considered
successfully emerged, as we considered them to have a
high probability of reaching the surface in the following
days. To test for an association between the sand
temperature in pre-emerging days and emergence
percentage, we calculated the mean temperature for the
four days before first emergence and the two days after
emergence.

Statistical analysis.—We performed a multivariate
analysis of variance (MANOVA; a = 0.05/3 = 0.016
after Bonferoni correction [see Summers et al. 2004]) to
detect fluctuations between the mean, maximum, and
minimum air temperatures in the study period (WP and
DP). We assessed sand temperatures between periods
and depths using a Mann-Whitney U-test. The t (a0 =
0.05) test was used to compare incubation periods and
Spearmen Rank Correlation Coefficients were used to
assess the degree of association between variables.
Statistical ~analyses were performed with the
STATISTICA 7.0 package. Reported values are means
+ SE. All data were tested for normality.
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TABLE 1. Summary of daily average, minimum, and maximum air temperatures for Tortuguero beach, Costa Rica, during the 2000 Green Sea
Turtle (Chelonia mydas) breeding season. Values of mean, minimum, and maximum monthly air temperatures are shown for the wet period

(August) and dry period (September).

Mean * SE (°C) Minimum (°C) Maximum (°C)
daily average 26.6 £ 0.27 24 29.5
Wet period daily minimum 25.3+£0.18 23.3 28
daily maximum 30.5+0.38 27 34
daily average 27.8+0.22 25.5 31
Dry period daily minimum 253+0.14 24 27
daily maximum 33.5+0.31 30 36

RESULTS

Air temperatures varied during the WP and DP. The
average and maximum daily air temperatures (Table 1)
were significantly different between the WP and DP
(Wilk’s A = 0.55; Fs537 = 10,17; P < 0.001), with the
average (F;3; = 24,78; P < 0.001) and the maximum
(F137=30,73; P <0.001) daily air temperatures higher in
the DP. No significant differences were found in
minimum daily air temperatures (Table 1) between the
WP and DP (F,5; = 0.00; P = 0.99). Accumulated
rainfall during August was 591 mm (daily average =
19.0 mm), while in September was 139 mm (daily
average = 4.6 mm).

Mean daily sand temperature at 63 cm (EC) was 28.4
+ (0.17° C (range = 26.6-30.4° C) in the WP and 30.7 £
0.19°C (range = 27.8-32.7° C) in the DP, while at 40 cm
(ECN) was 28.5 £ 0.21° C (range = 26.3-31.9° C) for
the WP and 31.1 + 0.23° C (range = 28.1-34.1° C) for
the DP (Fig. 2). The mean daily sand temperature was
significantly different between WP and DP both at the
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EC level (U = 78, P < 0.001) or the ECN level (U =
55.5, P <0.001). Mean daily sand temperature was not
significantly different between EC and ECN levels either
in the WP (U =473, P = 0.89) or the DP (U = 368, P =
0.22).

Mean clutch size for the selected nests was 118 + 4.4
eggs (range = 72—155 eggs, n = 28). Mean distance from
the top of the EC to the sand surface was 49 + 2.5 cm
(range = 30-80 cm) and the mean distance to the bottom
of the chamber was 66 £+ 2 cm (range = 48-94 cm; Table
2).

Mean incubation period in this study was 57.6 £ 0.4 d
(range = 54-63 d, n = 28; Table 2) and varied with the
date of egg laying. We found a significant negative
association between the nest initiation date (day 0 = 10
June) and the incubation period (r = - 0.51, P = 0.005;
Fig. 3). For nests whose incubation period was mainly
in the WP (July and August), the mean was 58.6 = 0.6 d
(range = 56-63 d, n = 16), whereas for nests whose
incubation period was during August and September
(partially during the DP), the mean decreased to 56.4 +

August

September

FIGURE 2. Differences in sand temperature during August (wet period) and September (dry period) for Green Sea Turtle (Chelonia mydas) at
Tortuguero beach, Costa Rica, during the 2000 breeding season. White squares indicate sand temperatures at 63 cm depth (egg chamber level)
and black squares at 40 cm depth (egg chamber neck level). Mean values + 1 and maximums and minimums are indicated.
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TABLE 2. Distance from the sand surface to the top (TOP) and bottom (BOTTOM) of the egg chamber, incubation period (INCUB), hatching
success (HATCHING) and emergence percentage (EMERG) for the 28 Green Sea Turtle nests monitored in Tortuguero, Costa Rica, during the

2000 breeding season.

NEST TOP (cm) BOTTOM (cm) INCUB (days) HATCHING (%) EMERG (%)
1 37 77 59 81 99
2 49 69 56 93 99
3 50 68 61 76 98
5 36 57 61 88 91
6 31 48 59 75 94
7 62 71 63 94 99
8 49 69 56 94 91
9 49 78 58 95 99
10 42 60 62 85 98
11 36 68 57 98 98
12 52 67 59 96 99
14 40 59 60 96 100
15 49 62 56 93 98
16 51 62 57 97 94
17 38 58 56 88 86
18 68 94 57 94 99
19 52 61 57 87 84

20 38 58 54 92 91
21 44 62 58 98 94
22 46 56 58 97 99
23 54 63 59 97 99
24 31 50 54 44 90
26 30 54 55 40 86
28 68 78 59 96 99
29 57 72 57 91 100
30 70 78 55 73 98
31 80 90 57 84 98
32 58 66 54 72 100

0.5 d (range = 5459 d, n = 12; t = 2.4, df = 26, P =
0.02).

Hatching success varied between 40% and 98% (mean
=86 + 3%, n = 28; Table 2). No significant association
was found between the nest initiation date and hatching
success (r = -0.10, P = 0.61; Fig. 4a). The mean
emergence percentage was 96 + 1% (range = 84-100%,
n = 28; Table 2) and did not vary with nest initiation date
(r = 0.07, P = 0.71; Fig. 4b). We found a negative
association between the emergence percentage and the
mean sand temperature at the ECN level in the pre-
emergent days (r = -0.44, P = 0.02; Fig. 5), while this
association was expressed instead as a negative tendency
at the EC level (r =-0.35, P =0.07). Nest depth was not
associated with the number of dead hatchlings in the EC
(r=-0.16, P =0.40) or in the ECN (r =-0.29, P = 0.13).

DiscussIiOoN
Air and sand temperature—Air and sand
temperatures on Tortuguero beach were different

between the brief DP in September and the WP in
August. Sand temperatures at the EC level showed a
minimum value of 26.6° C and a maximum of 32.7° C,
while at the ECN level minimum and maximum values
were 26.3° C and 34.4° C, respectively. These daily
fluctuations are not considered extreme and are
comparable with those reported from Florida (24.7—
30.3° C; McGehee 1979), Australia (25-32° C; Limpus

et al. 1983), and Costa Rica (24.9-30.7° C; Tiwari et al.
2006); but not with those reported from Japan (18-33.3°
C; Matsuzawa et al. (2002) where the minimum
temperatures are much lower.

Sand temperatures increased with decreasing rainfall,
occasionally exceeding the optimum temperatures for
incubation of sea turtle eggs (26-33° C, Bustard 1972) in
September. Booth and Astill (2001) and Matsuzawa et
al. (2002) found that temperatures in the center of the
nest are slightly higher (approximately 1.7 and 1.0° C,
respectively) than temperatures in the surrounding sand,
mainly due to increased metabolic activity in pre-
emergence hatchlings (Kraemer 1979; Ackerman 1980;
Ackerman et al. 1985; Broderick et al. 2001; Matsuzawa
et al. 2002). This increase, especially in nests with a
large clutch size, could result in EC temperature in
excess of 33° C, considered critical for normal embryo
development (Bustard and Greenham 1968; McGehee
1979; Yntema and Mrosovsky 1980; Miller 1982, 1985;
Miller et al. 2003).

Incubation period and hatching success.—We found
a small fluctuation in the incubation period, with a
minimum of 54 d and a maximum of 63 d. Similar
results in Green Sea Turtles on these beaches can be
found in Tiwari et al. (2006), where the ranges were 54
and 68 d, but not in Fowler (1979) or CCC Report 2001
(Caribbean Conservation Corporation, Report on the
2000 Green Turtle Program at Tortuguero, Costa Rica.
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FIGURE 3. Incubation period for each of the 28 nests of Green Sea Turtle nests initiated at different times of the 2000 nesting season in
Tortuguero, Costa Rica (day 0 = June 10). Incubation period was defined as the number of days from egg laying to first emergence, including

the period from hatching to emergence.

2001. Available from www.cccturtle.org/ccc-costarica.
php?page=season-reports [Accessed 26 March 2010]),
where, although the means were similar, (62 and 57 d,

respectively), ranges were larger than from our study
(53-81 and 47-76 d, respectively). The small
fluctuation found in this study is probably due to the
short period of time monitoring the nests (June-
September), while the monitoring conducted by Fowler
(1979) and CCC Report 2001 (Caribbean Conservation
Corporation. 2001. op. cit.) was more extensive (June-
November).  However, this small fluctuation was
significantly different between the WP and DP. Sand
temperatures in the DP were higher than in the WP, and
this led to acceleration in embryo development during
incubation.  Other studies have also shown that
incubation period is negatively related to nest
temperature (Miller and Limpus 1981; Miller 1985;
Ackerman 1997). An increase in temperature speeds up
physiological processes, including growth (Schmidt-
Nielsen 1997), so a decrease in incubation period with
an increase in nest temperature is expected. Embryo
development is faster with higher sand temperatures in
the nest (Miller 1985). For example, Loggerhead Turtle
(Caretta caretta) eggs developed at a minimum sand
temperature of 26-27° C showed an incubation period of
approximately 13 weeks, while when the sand
temperatures exceeded 32° C the incubation period was
approximately 7 weeks (see Miller et al. 2003).

However, when temperatures in the EC exceed 33° C for
a relatively long period, eggs rarely hatch (Bustard and
Greenham 1968; McGehee 1979; Yntema and
Mrosovsky 1980; Miller 1982) and there is also an
increased possibility of developmental abnormalities
(Miller 1985).

Hatching success was not associated with nest
initiation date, probably due to the relatively stable
temperatures found in the EC. However, two nests in
particular showed much lower hatching success (nests 24
and 26, see Table 2). In these nests, distance between
the top of the EC and the sand surface was lower than in
the rest of the nests (31 and 30 c¢m, respectively). Due to
proximity to the sand surface, these nests were possibly
exposed to greater daily fluctuations in sand temperature
during incubation, often exceeding the optimum thermal
range for incubation (26-33° C; Bustard and Greenham
1968; McGehee 1979; Yntema and Mrosovsky 1980;
Miller 1982, 1985; Miller et al. 2003). Greater daily
fluctuations in sand temperatures could cause unstable
environmental conditions for embryo development, and
may increase the number of unhatched eggs when
temperatures exceed the optimal thermal range of
incubation.

Emergence percentage.—Although the emergence
percentage was not associated with the nest initiation
date, our results indicate that pre-emergent hatchling
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FIGURE 4. Hatching success (A) and emergence percentage (B) for each of the 28 Green Sea Turtle nests initiated at different times of the
2000 nesting season in Tortuguero, Costa Rica (day 0 = June 10). Hatching success was defined as the ratio of eggs that hatched to the number
of eggs laid. Emergence percentage was defined as the ratio of hatchlings that emerged to eggs that hatched.
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FIGURE 5. Relationship between mean sand temperature in pre-emerging days (four days before first emergence and two days after emergence)
and emergence percentage for each of the 28 Green Sea Turtle nests of the 2000 nesting season in Tortuguero, Costa Rica.

mortality is negatively influenced by sand temperature
and that sand temperature fluctuations in the ECN were
more pronounced than in the EC, often exceeding 33° C.
These results are consistent with those reported by
Matsuzawa et al. (2002), where high sand temperatures
increased hatchling mortality in artificial Loggerhead
nests in Japan. Our increase in mortality could be
explained in several ways. First, warming could directly
kill sea turtle hatchlings when temperatures are very
high (for example, exceeding 33° C). Emergence
percentage decreased when sand temperature in pre-
emergence days exceeds 31° C and is considerably lower
when it exceeded 33° C (Fig. 5). In addition, it has been
demonstrated that nest temperature could be slightly
higher than the surrounding sand. For example,
Broderick et al. (2001) found a marked rise in nest sand
temperature attributed to hatchling metabolic heating on
Green Sea Turtle nests on Ascension Island. Matsuzawa
et al. (2002) reported similar results for Loggerhead
Turtle nests in Japan. Second, hatchlings could get
caught in the ECN due to this overheating. Hatchling
ascendant movements decrease with increasing
temperature, probably due to thermal inhibition of
coordinated muscle movement (see Mrosovsky 1968;
O'Hara 1980; Moran et al. 1999). Finally, poor gas
exchange in the nest due to high temperatures and

increased oxygen consumption by hatchling metabolism
(Ackerman 1980) could increase hatchling mortality.

Other studies also indicate that hatchling mortality is
high in the pre-emergence period, mainly due to causes
other than sand temperature. Mortimer (1990) suggests
that the lack of moisture in the sand and cave-ins can
reduce the emergence percentage of Green Sea Turtle on
Ascension Island. Peters et al. (1994) suggest that
compactness of beach sand can obstruct emergence of
Loggerhead Sea Turtle hatchlings in Turkey. Although
we did not measure the sand moisture potential, it was
moist enough not to collapse at the time of nest
excavation. We also observed that sand compaction did
not appear to inhibit the emergence of hatchlings from
nests. In addition, unhatched eggs were still turgid upon
excavation.

As with many oviparous reptiles, sea turtles have a life
history, physiology, and behavioral traits that are
strongly influenced by environmental temperature
(Hawkes et al. 2009; Fuente et al. 2010). Therefore,
projected temperature changes due to global warming
could seriously affect sea turtle populations in both their
terrestrial reproductive habitat and in their ocean habitat
(see Hawkes et al. 2009). Some recent models suggest
that the impacts of climate warming may be particularly
severe in the tropics, the region predicted to experience
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the highest increase in temperatures (Deutsch et al. 2008;
Tewksbury et al. 2008). However, although much effort
has been expended over the last two decades to
understand and mitigate the threats to marine turtles
(Lutcavage et al. 1997; Watson et al. 2005), the threat of
climate change on this taxon has, until recently, been
given little attention (see Hawkes et al. 2009). As
demonstrated in this study, pre-emergent Green Sea
Turtle hatchlings experience increased mortality when
sand temperatures in pre-emergence days exceed 33° C.
These results provide important information for
management and conservation of sea turtles, not just on
Caribbean beaches but worldwide. If temperatures in the
tropics increase in the future, many nesting colonies in
the tropics will need additional management actions to
protect sea turtle nests, for example by moving the nests
to more shaded areas, or by cooling nests that are about
to hatch by partial shading or sprinkling with water.

Although Tortuguero Beach supports the largest Green
Sea Turtle rookery in the Atlantic system and the
number of Green Sea Turtles nesting annually has
increased over the past 30 years (Bjorndal et al. 1999,
2005; Troéng and Rankin 2005; but see Campbell 2003),
in many beaches in the world there are decreasing
numbers of breeding female Green Sea Turtles (see
Seminoff 2004). All of these populations could
experience excessive nest failure as a result of global
warming. At Tortuguero Beach the population of Green
Sea Turtles could be exposed to greater risk of nest
failure during the brief dry period.
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