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Abstract Sandy beach habitat where sea turtles nest will be affected by multiple climate
change impacts. Before these impacts occur, knowledge of how nest site selection and
hatching success vary with beach microhabitats is needed to inform managers on how to
protect suitable habitats and prepare for scientifically valid mitigation measures at beaches
around the world. At a highly successful green turtle (Chelonia mydas) rookery at Akumal,
Quintana Roo, Mexico, we measured microhabitat characteristics along the beach crawl
(rejected sites) and related nest site conditions (selected sites) to subsequent hatching success
rates for 64 nesting events. To our knowledge, this is the first study to report environmental
data along the nesting crawl for a green turtle population and the first to use natural breaks in
the data to describe their preferred habitat ranges. Our results indicate that turtles were likely
using a combination of cues to find nest sites, mainly higher elevations and lower sand surface
temperatures (Kruskal-Wallis test, H=19.84, p<0.001; H=10.78, p<0.001). Hatching success
was significantly and negatively correlated to sand temperature at cloaca depth (Spearman’s

* Katherine Comer Santos
katherine@thescienceexchange.org
Marielle Livesey
marielle.livesey@gmail.com
Marianne Fish
mfish@wwfcanada.org
Armando Camargo Lorences
arltortuga@yahoo.com.mx
1

The Science Exchange International Internship Program and San Diego State University, 4414 1/2
Kansas St, San Diego, CA 92116, USA

2

Antioch University New England, 40 Avon Street, Keene, NH 03431-3516, USA

3

WWF Canada, 409 Granville Street Suite 1588, Vancouver, BC V6C 1T2, Canada

4

Comité Estatal de Tortugas Marinas de Quintana Roo (CETMQROO), Calle 4 Oriente, Mza. 16 Lote
14-B Fraccionamiento Villas de Tulum, Código Postal 77780 Municipio de Tulum, Estado de
Quintana Roo, México

Author's personal copy
Mitig Adapt Strateg Glob Change

ρ=−0.27, p=0.04). Indeed, the preferred range for cloaca sand temperatures at the nest site
(26.3–27.5 °C) had significantly higher hatching success rates compared to the highest
temperature range (Tukey HSD=0.47, p=0.05). Sand temperatures at various depths were
intercorrelated, and surface and cloaca depth sand temperatures were correlated to air temperature (ρ=0.70, p=0.00; ρ=0.26, p=0.04). Therefore, rising air temperatures could alter sand
temperature cues for suitable nest sites, preferred nest site ranges, and produce uneven sex
ratios or lethal incubating temperatures. Elevation cues and preferred ranges (1.4–2.5 m) may
also be affected by sea level rise, risking inundation of nests.
Keywords Climate change . Green sea turtles . Nest site selection . Hatching success .
Management strategies

1 Introduction
All sea turtles are threatened with extinction and green turtles (Chelonia mydas), discussed in this
paper are listed by the International Union for Conservation (IUCN) as endangered (Seminoff
2013). In addition to the need for protection from threats such as direct and indirect take from
fishing, poaching of eggs, and habitat degradation, many scientists caution that the long-term
survival of sea turtles could be thwarted by climate change impacts (Fish et al. 2005; Hawkes et al.
2009; Fuentes et al. 2011). Sea turtles nest on sandy beaches, and these habitats will be affected by
multiple climate change impacts including increased air, water, and sand temperatures; rising sea
levels; and changes in cyclonic frequency and intensity (Schlacher et al. 2008; Fuentes et al. 2011).
Ensuring that sea turtles can survive and thrive in light of climate change will require new
conservation and management approaches. The focus for climate smart management of sea
turtles is ensuring that suitable habitat is available now and in the future and facilitating sea
turtles’ adaptation to changing conditions. A range of approaches have been suggested for
nesting beaches. These include, but are not limited to, direct manipulation of nest temperatures
with shading, sprinkling, and/or sand coloration to keep sex ratios even and/or prevent lethal
temperatures for these thermosensitive species, and relocating nests laid too close to rising tides
to higher and drier areas (Fuentes et al. 2012). Experts have also suggested larger-scale habitat
protection of current and future nesting beaches with the removal of hardscape, revegetation,
sand renourishment, or even the creation of floating islands (Fuentes and Cinner 2010).
The challenge of implementing appropriate adaptation strategies is confounded by a general lack
of understanding of what microhabitat characteristics are selected by nesting females, and how these
characteristics affect hatching success rates (Poloczanska et al. 2009; Varela-Acevedo et al. 2009).
Sea turtle parental care is limited to crawling the beach to a nest site, digging a body pit and egg
chamber, depositing eggs through the cloaca, covering the nest, and returning to sea (Davenport
1997). In general, nests should be high enough to avoid being inundated by tides, the sand must
facilitate gas diffusion, and sand temperatures and moisture must be conducive to embryonic
development (Mortimer 1990). It is unclear how, or even if, females seek out these characteristics.
Many factors have been observed to influence female nest site selection, including beach
width, distance to the water or back of the beach, sand grain size, elevation, slope, sand moisture,
sand compaction, sand grain size, presence of vegetation, artificial lighting, sand temperature, and
nest site fidelity, among others (e.g., Horrocks and Scott 1991; Hays et al. 1995; Wood and
Bjorndal 2000; Lopez-Castro et al. 2004; Santos et al. 2006; Turkozan et al. 2011). However, in
other studies, nest site selection was determined to be random and vary between individuals,
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species, and populations, or no significant relationship was identified between nest site selection
and hatching success (e.g., Johannes and Rimmer 1984; Eckert 1987; Bjorndal and Bolten 1992;
Woody et al. 1998; Kamel and Mrosovsky 2005). Based on the discrepancies in the literature, it is
fair to conclude that much debate exists, even within a species, about whether female turtles seek
microhabitat thresholds along the crawl to the nest, what environmental ranges turtles select for
nesting, and whether these are good microhabitats for survival of the incubating embryos.
Identifying nesting habitat that females seek and characteristics that maximize hatching
success has been identified as a global research priority (Hamann et al. 2010). How nesters
choose sites, their capacity to shift locations in response to changing conditions, and determining
the optimal incubating environments for successful hatching are three identified knowledge gaps
that this paper attempts to address (Fuentes et al. 2012). Such research is vital to inform sea turtle
management and policy decisions at local, regional, and global levels, particularly in light of the
impacts of climate change. Currently, managers are encouraged to follow the local females’ nest
site preferences when relocating nests on the beach or designing protective hatcheries (Mortimer
1999). However, this baseline Bpreference^ (most frequently used) is often unknown and should
be scientifically determined well before climate change impacts force females to nest in unsuitable
areas; our window for such studies is during pre-crisis conditions.
This study provides useful baseline data on female nesting preferences at a regionally
important green turtle rookery at Akumal, Quintana Roo, Mexico, and presents a replicable
method for determining whether similar patterns exist at other green turtle nesting sites. We
measured microhabitat thresholds along the nesting crawl, determined preferred ranges for nest
sites, and related nest site selection to subsequent hatching success rates. Few studies have
collected data along sea turtle crawls on the night of nesting (e.g., Stoneburner and Richardson
1981; Wood and Bjorndal 2000; Lopez-Castro et al. 2004; Hays 2012), and, to our knowledge,
ours is the first to report crawl data for a green turtle population. We also use improved methods
for determining preferred environmental ranges at sea turtle nest sites. Finally, we discuss how
managers could use this information to maximize hatching success for Akumal and other green
turtle populations, both currently and in the face of climate change impacts or other threats.

2 Research questions
The research questions were as follows: Was there a significant difference between the microhabitat characteristics of the selected nest site and rejected sites along the crawl? Was there a
significant microhabitat threshold along the crawl that could be a potential nesting cue? Were any
environmental variables at the nest site at the time of nesting significantly correlated with hatching
success? What were the most frequently used or Bpreferred^ ranges within each environmental
variable at the nest sites? Did the preferred ranges at the nest site relate to higher hatching success
rates? How can managers protect preferred habitat from climate change impacts?

3 Methods
3.1 Study site
This study was carried out at Akumal in Quintana Roo, Mexico (Fig. 1). Data were collected at
two nesting beaches: Akumal Bay (also known as South Akumal) and Playa Tortuga (also
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Fig. 1 Location of Akumal and nearby cities

known as Jade Bay). They total approximately 1 km of sandy beach connected by a smaller
strip of beach and rocks. Both of these beaches are primarily used for tourism. Akumal Bay
has condominiums, homes, and restaurants along about 50 % of the back of the beach while
Playa Tortuga’s developed area is about 80 % (based on orthophotographs). The beaches
support about 700 nesting green turtles per year from June–September (CEA 2013). These and
other important nesting grounds in the region are threatened from overdevelopment and other
processes contributing to beach erosion (Abreu-Grobois et al. 2005). As low-lying, highly
developed Caribbean beaches, these beaches are particularly vulnerable to climate change
from sea-level rise, increased cyclonic activity, and higher sand temperatures (Fish et al. 2005).

3.2 Data collection
Environmental variables were selected that have been observed to be important for nest site selection
and hatching success (see introduction), as well as being useful baseline variables to monitor the
impacts of climate change (Baker-Gallegos et al. 2009). The dependent variable was hatching
success rate (%). For brevity, only a few of the most relevant variables are presented in this paper.
Author ML and the CEA Turtle Team monitored the beaches nightly from July 7 to August 9,
2011 (ca. 9:00 p.m. to 5:00 a.m.). Once the female had started laying eggs, sand temperature at nest
depth was recorded by carefully inserting the tip of a 60-cm-long Reotemp Instrument Corp.
compost thermometer (±1 °C) 2 cm deep into the bottom of the egg chamber. We inserted a
Taylor 9842 pen thermometer (±0.1 °C) approximately 2 cm into the egg chamber wall at the same
depth of the cloaca (following Wood and Bjorndal 2000) which was approximately 15 cm below the
surface of the body pit (±5 cm). The ambient illuminance level was recorded near the turtle’s eye
using a Dr. Meter LX1330B luminance meter (±0.1 lux). Curved carapace length (CCL) and curved
carapace width (CCW) (±0.1 cm) of the turtle shell were measured. We recorded air temperature
within 1 h of female emergence from the sea with a Taylor outdoor thermometer/hygrometer
(±0.1 °C). At 1.5-m intervals along the crawl, we measured sand temperature 2 cm below the
surface (approximate sampling depth by the turtle (Wood and Bjorndal 2000)) with the same pen
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thermometer. Illuminance was also recorded along the crawl at the same intervals, and approximate
turtle eye height and crawl slopes were measured with a CST/Berger inclinometer/Abney level (±2°)
every 1.5 m. Distance to the nest was measured at a 90° angle from the approximate mid-tide line
and from the nest to the back of the beach with a flexible measuring tape. These were summed for
beach width (m). Because there was little to no poaching, nests were marked and left in situ.
After the hatchlings emerged, hatching success was calculated as the number of hatched
eggs and dead hatchlings as a percentage of the total clutch size (Miller 1999). When eggshells
were fragmented, pieces were combined together to represent one egg (accurate to ±4 eggs
(Turkozan et al. 2011)). Hatching success does not consider success in emergence from the
nest or reaching the ocean.
Five Hobo® pendant temperature data loggers from Onset Computer Corp. were placed in
the middle of the clutch of five nests and were programmed to record nest incubation
temperature every 2 h. Once the hatchlings emerged from the nest, the data were uploaded
with HOBOware® Lite software version 3.0.0.

3.3 Data analysis
Crawl elevations (m) were calculated using the sine of the angle multiplied by 1.5 m and then
adding this value to the last elevation recorded. The nest elevation was the final summed elevation.
We used the final 1.5-m ascent crawl segment before the nest (hereafter termed Bfinal
ascent^) to describe the slope of the nest site because it is a continuous variable and needs two
end points. We used the final ascent sand surface temperature because sampling errors have
been observed from testing deeper, warmer sand in the disturbed area of the body pit over the
nest (Hays et al. 1995; Wood and Bjorndal 2000).
All statistical tests were run in SPSS (IBM Corp., version 22) or Microsoft Excel with an
alpha≤0.05. From inspection of the histograms, linear plots, and Shipiro-Wilk tests, we determined that most of the variable distributions were non-normal, including the dependent.
Therefore, we used a non-parametric Spearman’s correlation matrix. Multiple regression trials
used transformations of the dependent variable against independents that were not intercorrelated.
Differences in means between 1.5-m segments along the crawl were tested with the
Kruskal-Wallis (K-W) and Dunn-Bonferroni post hoc test. We then combined all crawl data
and nest data and tested for differences in means with the Student’s t test, with equal or unequal
variances based on an a priori F test.
In other studies, preferred nest site ranges have been determined by visually examining
histograms of relative frequency among equal interval bins (see Horrocks and Scott 1991;
Hays et al. 1995). We used an improved method more commonly used in geographical
analysis. First, we determined the optimum number of classes (or bins for our histograms)
using the CLASSITNT program (Barbara Buttenfield, Colorado State University), which
calculates absolute deviations from the median while looping through an increasing number
of class breaks. The optimum number of classes is the point at which the addition of another
class ceases to explain more variance in the data. Secondly, because most variables were not
linear, using the equal intervals in a standard statistical package’s auto-generated histogram
was not ideal. Therefore, we used CLASSITNT’s Bnatural breaks^ assignments, which
maximizes variance between classes, minimizes variance within classes, and finds the groupings and patterns inherent to the data (Jenks and Coulson 1963; see Fig. 2, for example).
Mean hatching success rates for each environmental variable’s classes were calculated, and
the differences in means among the bins were tested with ANOVA (or K-W, Mann-Whitney
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Fig. 2 Example of natural breaks in the hatching success dataset using Jenk’s formula

U), and for pairwise comparisons, we used post hoc Tukey honest significant difference (HSD)
tests (or Dunn-Bonferroni). Conversely, we applied the same method to test for differences in
environmental variable means among hatching success classes.

4 Results
4.1 Nest site selection
Sixty-four green turtle nesting events were observed during the study period, with four
identified repeat nesters. Of the 56 individuals measured, the average CCL was 106.6 cm
(standard error (SE)=0.60) and CCW of 93.9 cm (SE=0.60). Hatching success rates ranged

Table 1 Descriptive statistics for the independent variables in this study associated with nest site selection and
the preferred ranges of the females based on the bin or class with the highest percentage of nests
Variable

Preferred range

% of nests in
preferred range

n

Mean

Standard
deviation

Standard error

Beach width (m)

12.5–15.9

53

62

13.7

2.7

0.3

Distance to back of beach (m)

0–3.1

69

62

2.4

3.0

0.4

Distance to mid-tide line (m)

2.5–12.4

63

62

11.3

2.7

0.5

Illuminance (lux)

0

70

63

0.1

0.1

0.0

Nest elevation (m)
Temperature at cloaca (°C)

1.4–2.5
27.6–28.3

66
42

62
64

1.4
27.9

0.7
0.7

0.1
0.1

Average slope along track (°)

−2 to 8

72

61

7.2

3.8

0.5
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a

b

Fig. 3 a, b Profiles showing means of microhabitat conditions along the crawl gradient as turtles searched for suitable
nest sites (crawls not always linear from water to nest, final nest site locations vary from 1.5 to 27 m (not shown)

from 56 to 100 % with a mean of 91.6 % (SE=1.15). Table 1 contains the descriptive statistics
for the independent variables.

4.2 Nesting cues
Ninety-two percent of our turtles searched for a nest site on the beach for at least 6 m and did
not always crawl linearly. The mean crawl length was 12.2 m, and the median was 12.0
(minimum 1.5 m, maximum 27.0 m, n=60). Along the crawls, the general trend was that mean
sand surface temperatures and slope decreased, mean elevations increased, and mean illuminance slightly decreased along 1.5-m crawl segments (see Fig. 3a, b).
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The Kruskal-Wallis tests showed a significant difference in mean sand surface temperatures
among the crawl distance intervals. However, when pairwise comparisons of 1.5-m segments
along the crawl were tested, the post hoc Dunn-Bonferroni tests revealed only a significant
difference between 0 m and the other intervals (adjusted p<0.001). Slopes along the crawl had
similar results. The test for crawl elevations resulted in a significant difference between 3 m
from the start of the crawl and higher increments (p<0.001).
When all Brejected^ crawl data were combined, mean elevations and sand surface temperatures were significantly different from the Bselected^ nest means (K-W H=19.84, p<0.001;
H=10.78, p<0.001). Removing the 0-m data (start point) from the dataset did not change the
significance levels. Therefore, we conclude that there could be a nesting cue for sand surface
temperature and elevation, and we can pinpoint the significant threshold for changes in
elevation at between 3 and 4.5 m from the start of the crawl (0.7–0.9 m above sea level (ASL)).

4.3 Correlates with hatching success
Only sand temperature at cloaca depth and beach width were negatively and significantly
correlated to hatching success (Spearman’s ρ=−0.27, p=0.04 and ρ=−0.27, p=0.04). All
multiple regression trials failed to produce significant results or homogeneity of residuals,
despite several transformations of the dependent variable and eliminating intercorrelation.
Among independent variables, final ascent sand surface temperature was significantly correlated
to sand temperature at cloaca depth (ρ=0.40, p=0.00), which was correlated to sand temperature at
nest depth (ρ=0.47 p=0.00). The mean sand temperatures at nest depth ∼57 cm below the surface
(32.0 °C) were higher than at the cloaca depth (27.9 °C) which were higher than the surface sand of
the final ascent (26.3 °C). This was expected because deeper sand holds solar radiation longer.
Notably, final ascent sand surface temperatures and cloaca depth sand temperatures were

Fig. 4 The highest hatching success class had a significantly lower mean sand temperature at cloaca depth
compared to the other classes. Letters in common indicate no significant difference between means. Bars
represent standard errors of the means
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Fig. 5 Cloaca depth sand temperatures were related to significantly higher hatching success in the preferred
medium range (42 % of turtles used the range). The same letters imply no significant differences between ranges

significantly correlated to air temperature (ρ=0.70, p=0.00 and ρ=0.26, p=0.04). The daily 24-h
mean temperature range for the five nests with pendant Hobo thermometers was 28.12–33.88 °C.
Hatching success groups fell along the following natural breaks: low (57–75 %), medium
(76–91 %), and high (92–100 %) (Fig. 2). The ANOVA tests showed that mean sand
temperature at cloaca depth and CCW varied significantly among hatching success classes.
CCW means were significantly lower in the highest hatching success group compared to the
medium group (Tukey HSD=3.12, p=0.03). Mean sand temperature at cloaca depth was
significantly lower in the high success group compared to the medium class (HSD=0.47, p=
0.05) (see Fig. 4).
Conversely, only temperature at the cloaca had a significant difference in means for
hatching success between classes (H=7.08, p=0.03) with the cloaca depth mid-range temperatures related to significantly higher hatching success than the highest temperature class
(Dunn-Bonferroni=14.65, p=0.02). The mid-range cloaca depth sand temperatures were also
the preferred temperature range (see Fig. 5).

5 Discussion
Most studies on sea turtle nest site selection are not collected the night of nesting, do not collect
data along the Brejected sites^ of the crawl, and do not relate nest site selection to hatching
success. Furthermore, ours is the only study to do all three for a highly successful green turtle
rookery; the mean hatching success rate in our study (91.6 %) was high compared to other
studies of green turtle rookeries (42–57 % from Fowler 1979; 57–85 % from Broderick et al.
2001; 58–67 % from Turkozan et al. 2011). That this is a low-lying and highly developed beach
vulnerable to climate change impacts adds to the importance of these baseline data for
management decisions at Akumal and at other green turtle rookeries around the world.
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5.1 Nest site selection and nesting cues
We found significant differences between crawls and nest sites for elevation and sand surface
temperature. Therefore, we can reasonably assume that female sea turtles were detecting and
selecting higher elevations for nest sites than along the crawl, a finding consistent with a
loggerhead (Carreta carreta) beach in Florida (Wood and Bjorndal 2000), and lower sand
surface temperatures, which is supported by results from Lopez-Castro et al. (2004) on a
Mexican olive ridley (Lepidochelys olivacea) beach. We did not see a change in sand
temperature along crawl increments that would indicate a discrete cue along the track.
However, Lopez-Castro et al. (2004) found the nesting cue for lower sand surface temperatures
at the nest site, which we did not sample. We did find a significant increase in mean elevations
(between 0.7 and 0.9 m ASL) after 3 m of crawling. However, most turtles kept crawling for
another 9 m, perhaps seeking lower temperatures or other cues. Our results support the theory
that nest site selection could be a stepwise procedure, using associations between multiple
variables (Wood and Bjorndal 2000).

5.2 Correlates with hatching success
Several trials with multiple regression failed to produce a good model for predicting
hatching success, and only two variables were correlated to hatching success, albeit
weakly. We report an unexpected negative correlation between beach width and hatching
success. In general, beach width has been shown to be important in nest site selection
because sea turtles have more overall habitat options with more area (Garmestani et al.
1997; Miller et al. 2003; Cuevas et al. 2010; Turkozan et al. 2011). For example, Daud
and De Silva (1987) found greens in Malaysia nested ∼30 m from the water. Our results
can be explained because the back of the beach at Akumal was often (50–80 % of the
time) blocked by man-made structures; indeed, 56 % of the nesting events were at 0 m
from the back of the beach. Therefore, we caution that the preferred beach width reported
here (Table 1) could be restricted, and we discount the influence of beach width on
hatching success and focus on sand temperature at cloaca depth.
We conclude that because temperatures at cloaca depth at the time of nesting were
significantly correlated to hatching success and females selected lower temperatures
than those along the crawl, the variable may be an important cue for females. That the
correlation was weak and negative means that there was a slightly higher hatching rate
with lower cloaca depth sand temperatures. More specifically, cloaca depth sand
temperatures in the preferred medium temperature range (27.6–28.3 °C) were associated
with significantly higher hatching success. Perhaps, the female uses the final ascent
sand surface temperature and cloaca depth temperature during nest building to test the
temperature of the entire egg chamber. Indeed, we found significant positive correlations between sand temperatures at various depths. Data from Mayto beach in Mexico
also reveal significant correlations (Pearson’s R=0.43, p=0.00) between sand surface
temperature and temperatures at 45 cm (The Science Exchange unpublished data 2014).
Rees and Margaritoulis (2004) found a stronger correlation (R2 =0.88) between sand
surface temperature and sand 40 cm deep at a loggerhead beach at Kyparissia Bay,
Greece. Such findings are corroborated by well-documented observations of Bsand
nuzzling^ by nesting females (Karavas et al. 2005) that imply that turtles could be
testing sand temperatures or other parameters. The use of the infrared thermometer used
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by Flynn (2012) would be a faster and, perhaps, more accurate way to test sand surface
temperatures.

5.3 Climate change implications
By 2100, we could see global air temperatures between 2.6 °C and 4.8 °C higher than today
(IPCC 2013) which will likely drive sand temperatures higher at all depths. To support this
prediction, our results show a strong positive correlation between sand surface temperatures,
sand temperatures at cloaca depth, and air temperatures. In addition, a previous study of sand
temperatures in Akumal found a significant correlation between air temperature and sand
temperature at nest depth (Pearson’s R=0.64; p<0.05) (Furst et al. 2012). These findings are
consistent with similar strong positive air-sand temperature correlations reported on loggerhead beaches in North Carolina, USA (Hawkes et al. 2007), and Kyparissia Bay, Greece (Rees
and Margaritoulis 2004).
Increased sand temperatures could have multiple effects on sea turtles by the following: (1) altering the sand surface thermal profile and consequently altering suitable nest
site cues, (2) increasing the number of females in the population, and (3) producing
lethal incubation conditions. We found lower sand surface temperatures near the back of
the beach (Fig. 3a), where most turtles nested. As those temperatures increase with
climate change, the preferred cloaca depth temperature range (Table 1) would likely
have retreated into the developed areas. Optimistically, turtles may adapt to higher sand
surface temperatures by shifting nesting to cooler beaches or nesting in cooler seasons
(Weishampel et al. 2004; Hawkes et al. 2009). For green turtles, the pivotal temperature
yielding even sex ratios in a clutch is ∼29.2 °C during the second trimester (Godfrey and
Mrosovsky 2006). The five nests that we monitored hovered around that temperature.
However, during the final trimester, temperatures in four of the five nests approached the
published lethal limit for sea turtle embryos of 35 °C (Ackerman 1997), and the fifth nest
exceeded it. Therefore, even slight sand temperature increases at any depth are cause for
concern at Akumal.
Rising temperatures are not the only changes occurring however. Sea-level rise and
cyclonic activity can also directly decrease the availability of suitable nesting
habitat (Fuentes et al. 2011) through inundation, sand erosion, and changes in
topography that make it difficult for turtles to crawl. Global sea levels could rise
from 0.52 to 0.98 m above current sea levels by 2100 (IPCC 2013), and it is likely
that the preferred ranges for width, slope, and elevations at Akumal (Table 1) will be
affected.
A major limitation to all sea turtle nest site preference studies is that no environmental
condition may be important enough to deter a faithful nester; nest site fidelity is exceptionally high for green turtles (Carr and Carr 1972; Marquez 1990). Secondly, climate
change and development impacts may have already influenced our supposed Bbaseline^
preferred ranges. Finally, there were many variables from the literature that we did not
study (see introduction). For example, Mc Dermott et al. (1998) found that greens had
preferences in terms of Bdigable^ sand, sand color, and grain sizes in Cyprus. Hays et al.
(1995) found that greens preferred uneven topography on Ascension Island and Wang and
Cheng (1999) report that greens sought vegetated areas at Wan-An Island, Taiwan.
Therefore, we caution that our variables are not the only ones to consider when planning
future mitigation strategies such as hatcheries.
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6 Summary and recommendations
The overall conclusion from our study is that green sea turtles at Akumal are likely using a
combination of cues to find suitable nest sites, mainly higher elevations and lower sand surface
temperatures. The preferred sand temperature range at cloaca depth yielded the highest
hatching success, significantly more so than the highest temperature range. Therefore, we
conclude that most females were making good selections (or not harmful selections) for their
offspring and we recommend continuing to use in situ management methods.
At the same time, efforts should be made to ensure that optimal nesting conditions persist
into the future. At Akumal, as with many nesting beaches globally, much of the land
immediately adjacent to the nesting beach has been developed preventing nesting females
from seeking higher ground or cooler temperatures. This becomes an even greater concern in
light of climate change, as this development restricts the natural landward regression of the
beach in response to rising sea levels. Priority should be placed on prohibiting further beach
development, limiting construction of shoreline hardening structures, and/or implementing
setback regulations. Additional land management options should be explored with current land
owners such as managed retreat or rolling easements that restrict future construction and may
involve removal of preexisting structures. Prohibiting vegetation and sand removal and active
revegetation can prevent erosion of the existing beach (Kamel and Mrosovsky 2005).
Importation of sand for renourishment projects should be used with caution, as imported sand
has been shown to affect the thermal conductivity of sand (Ackerman 1997).
Importantly, our results provide a baseline for evaluating changing nesting conditions at
Akumal and can help guide future management responses. In the near term, managers should
continue to monitor sand temperatures at nest depth and the hatching success of each nest to
determine the extent to which temperatures are increasing and whether hatching success is
impacted. Regular beach slope profiling should occur in order to quantify natural erosion and
accretion rates, as well as monitor sea-level rise.
If monitoring efforts reveal changes in nesting success, more direct interventions may be
required such as translocation of nests to safe elevations in situ or to properly designed
hatcheries. Strategies such as properly timed shading or sprinkling nests have been shown to
be effective in reducing nest temperature (Patino-Martinez et al. 2012; Jourdan and Fuentes
2015). In these cases, the baseline conditions identified here during this period of high
hatching success can act as a guide (Table 1).
All of these management strategies require knowledge of optimal conditions for sea turtle
nesting at multiple scales. Our study not only provides a useful baseline for management at
Akumal, but also highlights beach characteristics that may be of importance to green sea turtles
globally. Additional studies on how nest site selection and hatching success vary with beach
microhabitats in other locations are needed to inform managers on how to protect suitable
habitat and prepare for scientifically valid adaptation measures as climate change impacts occur.
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