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INTRODUCTION

During development, sea turtle hatchling sex is
directed by temperature (Bull 1980, Mrosovsky &
Yntema 1980, Girondot 1999). In sea turtle species,
male-biased sex ratios occur when nest temperatures
are cooler (<29 to 30°C in most species) and female-
biased sex ratios occur at warmer temperatures
(Miller & Limpus 1981, Standora & Spotila 1985,
Pieau et al. 1995). The developing gonad is directed
to be male or female during the thermosensitive
period (TSP), which occurs in the middle third of
development (33 to 66% of incubation) when incuba-
tion temperatures are held constant or vary over a
narrow temperature range (Mrosovsky & Yntema
1980). An additional study narrowed the TSP to 50 to

66% of incubation duration (Raynaud & Pieau 1985).
Several controlled laboratory studies identified the
temperature/sex ratio response relationship as sig-
moidal; the inflection point of the curve is the pivotal
temperature, at which the sex ratio response model
gives a 1:1 sex ratio. The pivotal temperature for the
loggerhead turtle Caretta caretta is estimated to be
~29.0°C (Mrosovsky 1988, Wibbels 2003, Blair 2005).
The transitional range of temperatures (TRT) across
which both sexes may occur spans 26.5 to 32°C (Bull
1980, Wibbels 2003, Blair 2005). Earlier studies sug-
gest mean temperature of the incubation period can
predict hatchling sex ratios (Bull 1985, Mrosovsky &
Provancha 1992, Mrosovsky 1994); however, several
recent studies suggest that measures of temperature
variation are better predictors of hatching sex in
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ABSTRACT: Marine turtles deposit their eggs in underground nests where they develop unattended
and without parental care. Incubation temperature varies with environmental conditions, including
rainfall, sun/shade and sand type, and affects developmental rates, hatch and emergence success,
and embryonic sex. We documented (1) rainfall and sand temperature relationships and (2) rainfall,
nest temperatures and hatchling sex ratios at a loggerhead turtle (Caretta caretta) nesting beach in
Boca Raton, Florida, USA, across the 2010 to 2013 nesting seasons. Rainfall data collected concur-
rently with sand temperatures at different depths showed that light rainfall affected surface sand;
effects of the heaviest rainfall events tended to lower sand temperatures but the temperature fluctu-
ations were small once upper nest depths were reached. This is important in understanding the po-
tential impacts of rainfall as a modifier of nest temperatures, as such changes can be quite small.
Nest temperature profiles were synchronized with rainfall data from weather services to identify re-
lationships with hatchling sex ratios. The sex of each turtle was verified laparoscopically to provide
empirical measures of sex ratio for the nest and nesting beach. The majority of hatchlings in the
samples were female, suggesting that across the 4 seasons most nest temperatures were not suffi-
ciently cool to produce males. However, in the early portion of the nesting season and in wet years,
nest temperatures were cooler, and significantly more males hatched.
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some turtle species (Georges at al. 2004, Girondot et
al. 2010, Telemeco et al. 2013a).

In addition to genetic variation and possible mater-
nal effects, environmental factors, such as sand
albedo (Hays et al. 2001), shading and sun exposure
(Standora & Spotila 1985), and moisture from rainfall
(Godfrey et al. 1996, Houghton et al. 2007) may mod-
ify nest sex ratios. A number of studies suggest that
the hydric environment, in combination with the
thermal environment, influences embryonic devel-
opment and phenotype, including sex in turtles (e.g.,
Packard et al. 1987, 1989, Cagle et al. 1993, Finkler
2006, LeBlanc & Wibbels 2009, Wyneken & Lolavar
2015). Moisture as rainfall may impact the nest envi-
ronment, affecting hatchling size (McGehee 1990)
and influencing hatchling sex (re viewed by Carthy et
al. 2003, Wibbels 2003). Heavy rainfall decreases gas
diffusion throughout the nest (Miller et al. 2003),
which can cause egg death if extreme. Other sources
of excess water, such as prolonged tidal inundation
(Ragotzkie 1959, Kraemer & Bell 1980) can also cause
embryo death.

Field studies suggest that higher moisture during
incubation influences hatchling sex ratios in turtles.
Godfrey et al. (1996) found increased production of
male hatchlings in green turtle (Chelonia mydas) and
leatherback turtle (Dermochelys coriacea) nests dur-
ing April and May, months with the most rainfall in
Suriname. Additionally, Matsuzawa et al. (2002)
examined nests in Japan and found sand tempera-
ture increased as the rainy season ended; thus mois-
ture may influence the thermal environment of the
nest. Houghton et al. (2007) found high rainfall in
Granada produced unseasonably cool nest tempera-
tures and interpreted these results as likely shifting
leatherback sex ratios toward male-bias; however,
sex ratio verification in this study was lacking.
Wyneken & Lolavar (2015) found that loggerhead
nests incubated in years that were wetter than nor-
mal and nests incubated in the lab under hot and wet
conditions produced more males than would be
expected based on previous studies of sex ratio and
incubation temperature (e.g. Mro sovsky & Yntema
1980, Mrosovsky 1988).

We measured how rainfall affects sand tempera-
tures as it travels down to nest depth, as moisture is
an environmental factor that can change nest tem-
peratures. We also investigated the relationships
among rainfall amounts, loggerhead nest tempera-
tures, and loggerhead hatchling sex ratio samples at
a southeastern Florida nesting beach that has fe -
male-biased sex ratios (Rogers 2013, Wyneken &
Lolavar 2015). The nesting beaches along Florida’s

east coast are important because they produce the
majority of the loggerhead hatchlings entering the
Northwestern Atlantic Ocean (TEWG 2009). Thus, it
is important to understand how environmental fac-
tors, specifically temperature and rainfall, influence
hatchling sex ratios — a component of life history that
can influence future reproduction.

MATERIALS AND METHODS

Sand and rainfall

To document the effects of rainfall on sand tempera-
ture at different depths, we placed Hobo® Model U22
dataloggers (accuracy ± 0.2°C; Onset Computer) in
the sand at 3 locations on a nesting beach in Boca Ra-
ton, Florida, during July and August 2014. The data-
loggers were distributed throughout ~1.4 km of the
beach and were no closer than 2 m from the nearest
nest. We recorded temperatures every 10 min for 30 d.

The dataloggers were buried at 3 different depths:
5, 18, and 30 cm to create temperature profiles of the
sand column above the level that may directly influ-
ence eggs. The dataloggers at 5 cm recorded the tem-
peratures of surface sand. The top eggs of a logger-
head nest in Boca Raton are frequently at 26 to 32 cm
(J. Wyneken unpubl. data). To help identify how tem-
perature changes with depth, we included datalog-
gers at 18 cm, which is above upper nest depth but
below hottest surface sand, and at 30 cm to record
sand temperatures at upper nest depth. Rain gauges
(Stratus RG202M Metric Long Term Professional Rain
and Snow Gauge, accuracy ± 0.02 cm), located 5 to
12 m away from the dataloggers, re corded daily rain-
fall amounts at each location. The rainfall data were
graphed in temporal synchrony with sand tempera-
ture data for each depth. Data were not normally dis-
tributed and were compared using Kruskal-Wallis
tests (Zar 1999).

Nest temperatures, rainfall and sex ratios

Loggerhead Caretta caretta nests laid on the
beaches of Boca Raton, Florida, USA (26.1819° N,
80.0410° W to 26.3828° N, 80.0675° W) during the
2010 to 2013 nesting seasons were marked (n = 9 to
13 nests yr−1) and instrumented with temperature
dataloggers. Nests were sampled throughout the
entire nesting season (April to October). The nesting
season was partitioned into 3 categories: early (April
to mid-June), middle (mid-June through July), or late
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season (August through September). The eggs incu-
bated in situ to allow normal environmental factors to
influence the sex ratios.

Nest temperatures were recorded using Onset®

Model U22 dataloggers. A datalogger was placed
in the center of each clutch (~45 cm) during nest
 deposition or a few hours afterwards. Nest tempera-
tures (accuracy ±0.2°C) were recorded every 10 min
throughout incubation. After the hatchlings emerged,
dataloggers were removed and downloaded. Tem-
perature data were recorded for the entire incuba-
tion duration (d) of each nest. We estimated the TSP
from incubation duration in 2 ways: the middle third
of the incubation period (33 to 66%; TSP) and the
later portion of the middle third (50 to 66%; TSPL).

During 2013, the datalogger from nest CC13-539
was excavated by a raccoon but was replaced after
5 h. The thermal data were discarded for that 5 h
period plus 2 h after the datalogger was repositioned
and the nest cavity resealed with sand. One datalog-
ger malfunctioned so no temperature data were
recorded for nest CC13-271. No hatchlings were col-
lected from nest CC13-317; however, temperature
data and hatch and emergence success were re -
corded.

Local rainfall and weather data for the 2010 to 2013
nesting seasons (April to October) were obtained
from the South Florida Water Management District’s
environmental database, DBHYDRO (SFWMD 2013),
as well as the National Weather Service. Graphing
rainfall data in daily synchrony with incubation tem-
perature data identified rainfall effects on nest tem-
peratures. Incubation temperatures were temporally
synchronized with daily rainfall records. We matched
the rainfall data by day with each nest’s incubation
temperature data for the same day so that shifts in
nest temperatures associated with rainfall could be
identified. Each nest’s TSP was estimated and that
portion of the temperature graph was used to identify
whether rain cooling had had the potential to impact
sex ratios. The presumed loggerhead pivotal temper-
ature (~29.0°C) and TRT (26.5−32°C) were used to
identify relevant temperatures and interpret results.

Nests were monitored daily and the hatchlings
from the initial major emergence were collected and
brought to the Florida Atlantic University Marine Lab
(Boca Raton, Florida, USA) where we quasi-randomly
selected 10 morphologically normal loggerhead
hatchlings from each clutch for later sex ratio sam-
pling. We defined hatchlings as ‘morphologically nor-
mal’ by a lack of scute, flipper or head abnormalities,
weighing ~18 g and having a flattened plastron. The
first major emergence was inferred to consist of the

strongest hatchlings and those that might have the
greatest chances of contributing to the population.
The first major emergence typically includes hatch-
lings from a variety of positions in the clutch (J.
Wyneken unpubl. data). If fewer than 10 hatchlings
emerged, all of the available normal hatchlings were
collected for the sex ratio sample. Nests were sampled
from the first, middle, and last quartiles of the season
so the entire nesting season was represented (2010,
n = 117 hatchlings from 13 nests; 2011, n = 49 hatch-
lings from 5 nests; 2012, n = 95 hatchlings from 11
nests; 2013, n = 90 hatchlings from 10 nests). In 2011,
just 9 nests provided hatchlings.

After the hatchlings emerged, nests were invento-
ried for success. Hatch success is defined as the per-
centage of all eggs in the nest that hatch, and emer-
gence success is defined as the percentage of
hatchlings that emerged from the nest. C. caretta
clutch size in Boca Raton averages 105 eggs per nest;
the hatch success is ~78% and average emergence
success is ~75% (J. Wyneken unpubl. data). In some
cases, sampling was not possible due to temperature
datalogger failure, nest losses to storms or hatchlings
escaping before they could be collected.

To identify relationships among nest temperature,
daily rainfall amount and hatchling sex ratio, we
graphed daily rainfall in temporal synchrony with
incubation temperatures of each sampled nest. We
empirically evaluated whether higher amounts of
rainfall were associated with lower nest temperatures
and if that correlated with higher male pro duction.
Nest temperatures were summarized graphically and
as ranges during the estimated TSP. Comparisons
were made using Kruskal-Wallis and Mann-Whitney
tests.

Collected turtles were raised in the lab to 120 g,
then sex was identified laparoscopically (Wyneken et
al. 2007). Sex ratios reported are for the sample,
which represents about 10% of the eggs for each
nest. Following laparoscopic exam, the turtles were
kept in the lab for a minimum of 1 wk to ensure full
recovery and then were released offshore into the
Gulf Stream current. The Florida Atlantic University
IACUC authorized the studies, which were permitted
under Florida Marine Turtle Permit 073.

RESULTS

Sand temperatures and rainfall

Sand temperatures at the same depth, independent
of turtle nests and rainfall amounts, were compared
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at 3 locations for the same time period. Temperatures
at all depths and locations experienced daily fluctua-
tions associated with diurnal heating and nocturnal
cooling. However, the amplitude of these fluctuations
decreased with depth (Fig. 1). Sand temperatures at
5 cm and at 18 cm were not statistically different at
the 3 locations (Kruskal-Wallis; H = 1.57, p > 0.05 at
5 cm; H = 1.91, p > 0.05 at 18 cm). However, sand
temperatures at 30 cm differed among the 3 locations
(Kruskal-Wallis; H = 8.85, p = 0.012). Mann-Whitney
U-tests indicated that sand temperatures at 30 cm in
all locations differed from each other (Locations 1 vs.

2: H = 4.62; Locations 2 vs. 3: H = 4.01; Locations 1 vs.
3: H = 9.85; p < 0.05 for each comparison). Tempera-
tures of surface sand increased and decreased more
quickly than deeper sand. Sand temperatures warmed
up to ~44°C at 5 cm, while sand at 18 cm and 30 cm
warmed to ~37°C and ~34°C, respectively. Similarly,
cooling effects from rain were also less extreme with
depth; mean sand temperatures during heavy rain
events decreased to ~26°C, 28°C, and 29°C at 5 cm,
18 cm, and 30 cm, respectively.

Rainfall amounts among the 3 sample locations
were not statistically different (Kruskal-Wallis; H =
0.11, p > 0.05).

Sand temperatures decreased with sand depth at
all locations (Fig. 1) and were statistically different
among the 3 depths at all locations (Kruskal-Wallis;
Location 1: H = 11.73, Location 2: H = 9.03, Location
3: H = 6.76; p < 0.05 for each comparison). At shal-
lower sand depths, rainfall caused greater cooling.
Periods without rain or cloud cover caused greater
surface sand heating than at deeper depths.

Average and standard errors of temperature oscil-
lation ranges associated with rainfall for all locations
were 11.47 ± 1.1°C (5 cm); 5.09 ± 0.3°C (18 cm); 2.89
± 0.3°C (30 cm). A 27.4 cm rainfall event at Location
1 caused sand temperature at 5 cm depth to decrease
by ~10.5°C, at 18 cm to decrease by ~4.9°C, and at
30 cm to decrease by ~3.1°C (Fig. 1). After rainfall,
temperature changes at all 3 depths lasted roughly
the same amount of time (~4 d). Otherwise, there
were few temperature differences among the same
depths at different locations.

Hot nesting seasons: 2010 and 2011

The summer air temperatures in 2010 were record
highs for coastal regions to the north and south of our
site (West Palm Beach, Fort Lauderdale and Miami);
recorded temperatures ranged from 2 to 2.4°C above
normal temperatures (NWS 2010). Periods without
rain coincided with rapid increases in nest tempera-
ture concurrent with very warm daily air tempera-
tures. The 2010 rainy season lasted 141 d, 12 d shorter
than the long-term average. Average wet season
rainfall ranges from 89 to 114 cm (35 to 45 inches),
usually lowest over coastal areas along both the
Atlantic and Gulf coast (NWS 2012). The 2010 rain-
fall amounts measured at the fixed sampling stations
averaged ~102 cm (~40 inches), although rainfall
reaching the nesting beach was lower by several cm.
The 2010 rainy season was characterized by little
cloud cover and widely varying rainfall amounts
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Fig. 1. Impact of rainfall on sand temperature at 3 depths
(5, 18, and 30 cm) from 3 loggerhead nesting beach locations
at Boca Raton, Florida, from July 10 to August 19, 2014. Up-
per 3 graphs are sand temperatures: dark gray shows Loca-
tion 1, light gray shows Location 2, and medium gray shows
Location 3. Arrows identify decreased sand temperature
with greater rainfall. Bottom graph is rainfall (in cm) at the
same locations and on the same dates as the thermal data.
Rainfall and sand temperature data at 5 and 18 cm at differ-
ent locations did not statistically differ; sand temperatures 

after rainfall differed significantly at different depths
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(NWS 2010). The National Weather Service (NWS)
characterized 2011 as having higher than normal
temperatures and 2011 was the warmest calendar
year on record for West Palm Beach and Miami
(north and south of our site). The 2011 rainy season

was also shorter than average and lasted 133 d, 20 d
less than average (NWS 2011).

In both years, several nests reached peak tempera-
tures close to 36−37°C and produced live hatchlings
(Table 1). All turtles sampled in 2010 and 2011 were

239

Year & Season Date laid Incubation TSP range TSPL range Emergence, hatch % female
nest ID (duration, d) range (°C) (°C) (°C) success (%)

2010
CC 10-2 E 10 May (49) 27.8−36.5 30.6−33.8 31.9−34.4 24,42 100
CC 10-3 E 11 May (50) 28.3−35.9 30.2−33.9 31.0−33.7 44,59 100
CC 10-4 E 15 May (54) 27.7−34.7 30.3−34.0 32.0−34.0 90,90 100
CC 10-15 E 22 May (50) 29.3−35.3 31.4−34.8 33.7−34.0 33,37 100
CC 10-16 E 22 May (51) 28.6−34.1 29.9−32.9 31.5−32.8 43,61 100
CC 10-34 E 28 May (47) 30.1−35.9 32.8−35.2 33.9−34.9 61,71 100
CC 10-37 E 28 May (47) 29.4−35.0 31.3−33.7 32.5−33.4
CC 10-65 E 3 June (46) 30.3−35.3 32.7−33.9 33.0−33.5 58,65 100
CC 10-121 M 16 June (47) 29.1−34.9 29.1−34.0 31.9−33.2 61,65 100
CC 10-143 M 20 June (47) 29.4−35.5 29.4−34.3 33.6−33.9 47,47 100
CC 10-221 M 28 June (48) 29.2−35.4 32.2−34.8 33.0−34.5 41,58 100
CC 10-364 M 22 July (50) 30.7−35.0 30.7−35.0 33.7−33.9 43,43 100
CC 10-389 M 26 July (48) 30.0−34.6 30.0−34.6 32.4−34.1 59,62 100
CC 10-420 L 6 Aug (49) 30.8−34.5 31.4−34.0 31.4−32.8 4,4 100
2011
CC 11-36 E 16 May (49) 27.6−35.0 30.1−32.9 31.0−32.6 44,49 100
CC 11-40 E 18 May (49) 28.4−35.1 31.4−33.9 31.7−33.8 96,96 100
CC 11-44 E 21 May (50) 29.7−34.7 31.1−34.2 31.8−33.7 98,98 100
CC 11-237 M 21 June (52) 29.1−36.9 29.7−36.6 34.3−36.3 15,21 100
CC 11-276 M 25 June (50) 27.7−36.5 32.1−35.6 33.4−34.9 49,67
CC 11-284 M 26 June (52) 28.5−35.9 31.7−35.3 33.8−35.0 74,82 100
2012
CC 12-2 E 22 April (57) 0,87 0
CC 12-4 E 26 April (61) 23.9−33.1 26.6−31.5 28.9−31.5 77,98 0
CC 12-6 E 1 May (57) 24.4−34.6 26.6−32.6 28.9−32.6 0,97 100
CC 12-11 E 3 May (57) 95,95 100
CC 12-287 M 16 May (58) 79,91 100
CC 12-295 M 16 May (58) 95,95
CC 12-453 M 2 July (50) 77,78 100
CC 12-547 M 8 July (47) 18,46 100
CC 12-730 L 26 July (51) 24.8−33.5 28.2−33.5 28.2−33.5 0,99 100
CC 12-745 L 30 July (54) 27.7−33.9 27.7−33.9 27.7−33.9 95,95 100
CC 12-749 L 31 July (52) 22.3−33.1 27.8−33.1 27.8−32.4 87,87 100
CC 12-756 L 3 Aug (51) 27.5−33.9 27.5−33.3 29.0−33.3 58,58
CC 12-775 L 8 Aug (50) 28.8−34.2 28.8−34.2 32.7−34.2 14,26 100
2013
CC 13-2 E 27 April (59) 24.1−34.6 27.5−30.8 27.5−30.8 87,91 12.5
CC 13-7 E 2 May (56) 24.0−35.2 26.8−30.8 26.8−29.9 87,95 20
CC 13-8 E 3 May (54) 23.4−35.3 26.9−30.6 27.0−29.8 19,92 0
CC 13-9 E 3 May (56) 23.7−35.0 27.5−30.6 27.5−29.6 89,95 20
CC 13-271 M 20 June (46) 46,76 100
CC 13-317 M 26 June (53) 27.6−34.3 27.6−32.7 30.3−32.7 96,98
CC 13-389 M 4 July (50) 27.3−35.3 28.1−33.0 30.7−33.0 29,61 100
CC 13-452 M 11 July (52) 28.0−36.1 31.0−34.6 31.4−34.6 78,92 100
CC 13-39 L 20 July (48) 28.8−35.9 30.1−35.9 31.1−35.9 76,77 100
CC 13-574 L 25 July (49) 29.0−35.3 31.2−35.3 31.7−35.3 93,94 100
CC 13-662 L 24 Aug (52) 28.1−33.4 28.1−33.0 28.9−32.0 33,64 90

Table 1. Loggerhead turtle Caretta caretta nest metrics for 2010 to 2013 nesting seasons in Boca Raton, Florida, USA. Bolded
rows in 2012 and 2013 indicate nests with cooler incubation temperatures that resulted in male-biased sex ratios. Temperature
ranges are expressed as minimum and maximum values. Seasons: E, early season (April to mid-June); M, mid-season (mid-
June through July); L, late season  (August through September). Duration: incubation duration in days. Thermosensitive pe-
riod is the middle third (33–66%; TSP) or the later portion of the middle third (50–60%; TSPL) of the incubation period
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females. Nest temperatures (Table 1) during these
years, and particularly during the TSP remained rel-
atively high. In 2010 and 2011, nests experienced
temperature differences between the TSP and TSPL

as temperatures continually increased. In both years,
incubation temperatures during the TSP and TSPL

remained above the published loggerhead pivotal
temperature (29°C) and near or beyond the upper
boundary of the TRT. Temporally synchronized graphs
of nest temperatures and rainfall from 2010 showed
that just 1 nest (CC10-121) experienced a large rain-
fall event that impacted temperatures during the TSP
(Fig. 2). Nest CC10-121 reached its lowest tempera-
ture (29.10°C) during the TSP after a rainfall event of
8.2 cm. This temperature was close to the estimated
pivotal temperature but only lasted for ~3 h. Temper-
atures rapidly increased, returning to and exceeding
previous baseline temperatures recorded during the
~8.5 d prior to the rainfall event. Rainfall events in
2010 and 2011 were infrequent or small, so nest tem-
peratures changed little. Periods of little or no rainfall
were associated with higher incubation temperatures
(Fig. 2) than during rainfall. In 2010, no hatchlings
were collected from nest CC10-37 so there is no
recorded sex ratio, hatch or emergence success for
this nest.

During 2011, temperature data were available for
6 early and middle season nests (Table 1). Both
weather events and equipment failures combined to
reduce sample sizes. Five late season nests were lost
to storm tides, reducing the samples whose TSPs were
during the warmest part of the season. No hatchlings
from nest CC11-276 were collected so no sex ratio
sample was acquired; however, emergence and hatch
success were estimated upon nest inventory.

Wet nesting seasons: 2012 and 2013

The NWS characterized 2012 as cooler than 2010
and 2011, with temperatures near or below normal
through November due to increased cloud cover and
heavy rain (NWS 2012). The 2012 rainy season was
extremely wet during the summer, particularly in
southeast Florida, partially due to the effects of Trop-
ical Storms Debby and Isaac and Hurricane Sandy.
The 2012 rainy season began 1 wk earlier than in
2010 and 2011. Eastern Florida received near record
amounts of rainfall from May to mid-October and
there was extensive cloud cover. Eastern Palm Beach
County, the location of our nests, received 128 cm of
rain (SFWMD 2012). Average yearly rainfall of 114 to
152 cm (45 to 60 inches) fell from May to October

(NWS 2012). The longer rainy season and greater
cloud cover provided a cooler incubation environ-
ment for 2012 nests. Similar to 2012, the 2013 nesting
season was wetter than normal with each month of
the rainy season featuring above normal rainfall
amounts. Isolated areas in southeast Florida experi-
enced over 127 cm (50 in) of rain and most areas
received 89 to 114 cm (35 to 45 inches) (NWS 2013).
May through July represented the wettest start to the
rainy season in 45 yr (NWS 2013). This time period
coincides with the thermosensitive periods of most of
the 2013 sampled nests.

In 2012, temperature data were collected from 4
early and 5 late season nests. Not all middle season
nest temperatures were available due to equipment
failures. However, emergence and hatch success
were measured for all nests, and sex ratios were sam-
pled for 11 nests. The first 2 nest samples (CC12-2
and CC12-4) were 100% male. The subsequent 9
nests provided 100% female hatchling samples. For
all sampled nests, incubation temperatures ranged
from below the pivotal temperature to near to or
above the upper TRT boundary. Temperature data
were obtained for only one of the 100% male sam-
ples, which had nest temperatures during the esti-
mated TSP averaging around the pivotal tempera-
ture (Table 1). During incubation of the 2 all-male
sample nests, rainfall events were frequent but tended
to be small. Just 2 rainfall events yielded more than
6 cm (Fig. 2) and resulted in nest cooling that ranged
from 4.3 to 5.1°C. Late season nests ex perienced tem-
peratures above the TRT. An 11.5 cm rainfall event
on August 27, 2012, caused temperatures to drop to
27− 29°C from 33−34°C for ~4 d toward the end of
several nests’ TSP (Fig. 2; CC12-730 and CC12-745).
However, these nests quickly returned to warmer
temperatures, well above the pivotal temperature.
All middle season and late season nest samples in
2012 were 100% female. Nests without associated
sex ratio estimates were due to turtles escaping before
they could be collected.

In 2013, early season nests experienced cooler tem-
peratures, and hatchling samples were predomi-
nantly male. The first 4 nests of the season had highly
male-biased sample sex ratios (0 to 20% female). The
remaining 6 nests were from middle and late parts of
the seasons; those samples were 100% female (5
nests) and 90% female (1 nest, CC13-662). Early sea-
son nest temperatures during the TSP fluctuated
±1.5−2°C around the pivotal temperature (Table 1).
These nests experienced cooler sand temperatures at
the beginning of their incubation periods associated
with a large rainfall event of ~14.3 cm. Two subse-
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Fig. 2. (above and next page) Nest temperatures and rainfall for the 2010 to 2013 loggerhead turtle nesting seasons at Boca Ra-
ton, Florida. We selected temperature data for 4 example nests representative of each nesting season (top 4 rows for each
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quent rainfall events of ~8.4 cm and ~7.2 cm further
cooled early season nests, dropping nest tempera-
tures below 27°C (Fig. 2). Smaller amounts of rain
and cloud cover throughout the early portion of the
season likely also contributed to cooling. After early

season nest TSPs, fewer and smaller rainfall events
occurred and temperatures quickly rose above the
pivotal temperature and TRT. Mid- and late season
nests experienced temperatures above the pivotal
temperature and TRT for the majority of their TSPs.
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Late season nests also experienced high tempera-
tures but a ~8.7 cm rainfall event and subsequent
smaller rainfall amounts led to fluctuating tempera-
tures rather than the steady increase experienced by
early and middle season nests. Nest CC13-662 expe-
rienced lower temperatures than other late season
nests. During its TSP, temperatures decreased to
~28°C and remained within the TRT (Fig. 2).

DISCUSSION

Sand temperatures and rainfall

The findings from this study are important for
understanding the effects of weather and climate at
the beach surface vs. the nest level. The low ampli-
tude changes and cooler temperatures at the deeper
sand position (upper nest level) suggest that the
impact of increased air temperatures is lesser here
than for shallower sand. Moreover, precipitation
must be greater to have an effect on deeper sand
compared to sand near the surface. If turtles lay shal-
lower nests, the effects can, theoretically, be more
pronounced than the effects on deeper nests. Fur-
ther, rainfall events cooled the upper sand layers
more than deeper sand. Thus, there is a graded influ-
ence of moisture that is smallest at the level where
eggs could be affected, should they be present.
Larger variations among sand temperatures at 5 cm
compared to 18 cm and 30 cm are consistent with the
observation that the temperature variation of shal-
lower turtle nests tends to be greater (Spotila et al.
1987) than in deeper nests. Periods of little or no rain
were associated with warmer sand temperatures at
all depths.

Weather and sea turtle nest incubation season

In south Florida the loggerhead sea turtle nesting
season begins in late April and ends approximately
in August, so nests incubate into October. The rainy
season is defined as the months of the year when
south Florida receives roughly 70% of its annual rain
(NWS 2013); this usually spans May to October. Hur-
ricane season is roughly June to November. These 3
ranges coincide, suggesting that the rainy season,
including the hurricane season, has the potential to
impact sea turtle sex ratios. Low rainfall amounts
contributed to the lack of male hatchlings in our
2010, 2011, and the majority of 2012 and 2013 sam-
ples. However, early season nests in 2012 and 2013

had male-biased sex ratios; these nests experienced
cooler temperatures from heavier precipitation in the
early portion of the nesting season. Early season
nests in all 4 years began incubation at cooler tem-
peratures that rapidly increased, likely due to a
decrease in rainfall as the season progressed.

Hot nesting seasons: 2010 and 2011

In 2010 and 2011, temperatures remained above
the upper boundary of the TRT throughout the TSP,
suggesting all-female samples should occur (Fig. 2).
Eggs cease embryonic diapause once they are laid
(Miller 1997, Miller et al. 2003, Rafferty & Reina
2012). At our site, sand temperature is near or above
the pivotal temperature at the time eggs are laid.
Consequently, eggs resumed development and
remained well above the pivotal temperature for
most of incubation. We examined incubation temper-
atures during both estimates of the TSP by dividing
incubation duration into 2 separate categories: the
entire middle third of incubation, TSP (33−66% of
incubation) and the later portion of the middle third,
TSPL (50−66% of incubation). A previous study of
other turtle species suggested the end of the TSP
range (Yntema stages 23−27 of 30) is particularly
important in sex differentiation based upon an
increase in gonadal aromatase activity (Desvages et
al. 1993) in embryos incubated at 27 and 30.5°C.
Temperatures during the 2 TSP ranges varied very
little. Despite slight differences between portions of
the TSP, most of our nest temperatures during both
TSP estimates remained above the pivotal tempera-
ture as well as the upper TRT boundary (except for
very brief temperature drops due to rainfall). In 2010
and 2011, temperatures remained above the upper
boundary of the TRT throughout the TSP, which is
supported by all female samples in these years
(Fig. 2). Nests in 2010 and 2011 experienced less
rainfall and warmer ambient temperatures, causing
nest temperatures to increase rapidly and constantly
throughout all nest incubation periods. Thus, nest
temperatures during the TSPL in these years tended
to be warmer compared to the entire TSP. In all 2010
and 2011 nests, temperatures during TSPL were
above the pivotal temperature and mostly above the
upper boundary of the TRT, in spite of rainfall events
(Table 1).

Laparoscopic identification of the turtles’ sex corre-
sponded with expectations based on sampled nest
temperatures. All 2010 and 2011 samples were
females, which is consistent with the particularly
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high nest temperatures and minimal effects of local
rainfall events. Although it is tempting to suggest
that even a brief reduction in temperature might
impact the clutch sex ratio, evidence from this study
suggests that short duration temperature declines
are unlikely to impact the sex ratio, at least when
overall temperatures are warm (e.g. nest CC10-121
from the 2010 nesting season). Temporal models of
nonlinear thermal effects on sex ratio, such as
Georges et al. (1994) and Telemeco et al. (2013a),
suggest that the daily proportion of development at
or above a given temperature likely directs sex deter-
mination rather than single brief periods of tempera-
ture change. The Georges et al. (1994) approach also
considers that development is faster at warmer tem-
peratures and slower at cooler temperatures. Conse-
quently, isolated rainfall may have little effect on
development in warm fast-developing nests. We con-
clude that it is only multiple and/or prolonged rain-
fall events that may impact the sex ratios.

Periods without rain and with very warm daily air
temperatures coincided with rapid increases in nest
temperature, particularly in 2010 and 2011. Our
results are consistent with those of Segura & Cajade
(2010), who found that sand temperatures increased
with decreasing rainfall. Several of our nests reached
incubation temperatures that are above reported
thermal maxima for sea turtle nests. Extreme temper-
atures, hot or cold, can disrupt embryonic develop-
ment (Bustard & Greenham 1968, McGehee 1979,
Yntema & Mrosovsky 1980, Telemeco et al. 2013b).
Miller (1997) found that Australian Caretta caretta
eggs incubated at temperatures >33°C rarely hatch.
The nests in the present study hatched when temper-
atures were higher, which suggests that Florida log-
gerheads may have a higher thermal threshold for
successful incubation. However, hatch success gen-
erally was lower in the warmest nests. Hatchlings
from nests that reached 36 to 37°C during the last
half of development often died within a few hours of
escaping the nest (J. Wyneken pers. observ.). Conse-
quently, nests incubating during warm dry years
tend to produce fewer hatchlings, and these are
 predominately females. Past studies of other taxa
(Trivers & Willard 1973, Kruuk et al. 1999) suggest
that a greater proportion of females should be pro-
duced when conditions are unfavorable. Bull &
Charnov (1989) suggest that skewed primary sex
allocation results from sex differences in fitness gains
from the incubation environment. They also predict
that the direction of a sex ratio bias is often toward
the sex produced in the ‘poorer’ environment. The
conclusions of these studies are consistent with our

study’s findings. Our results show a strong female
bias across several extreme years, which were likely
directed proximally by the strong temperature influ-
ence on sex determination, as well as ultimately by
evolutionary implications of conditions unfavorable
for successful development.

Rainfall and rainy season duration were less than
average in the 2010 and 2011 nesting seasons. The
2010 rainy season had little cloud cover and widely-
varying rainfall, which likely contributed to high
beach temperatures. For example, Palm Beach Inter-
national Airport, located 40 km to the north of our site
received only 63 cm (25 in) of rain, while Palm Beach
Gardens (~58 km to the northwest) received 113 cm
(45 in). Local variation of rainfall amounts may result
in differences in sex ratios among nesting beaches;
however, we did not detect such. The short 2011
rainy season averaged ~91 cm of rainfall over south-
east Florida where our nests were located.

Wet nesting seasons: 2012 and 2013

Nests in 2012 and 2013 experienced conditions that
differed from 2010 and 2011. Rainfall was greater
than average in the 2012 and 2013 nesting seasons
and the consequences were reflected in sampled
hatchling sex ratios. The NWS characterized 2012 as
cooler than 2010 and 2011, with temperatures near or
below normal through November due to increased
cloud cover and heavy rain (NWS 2012). The 2012
rainy season was extremely wet during the summer,
particularly in southeast Florida, partially due to the
effects of Tropical Storms Debby and Isaac and Hur-
ricane Sandy. The 2013 rainy season was character-
ized by high summer rainfall amounts with each
rainy season month experiencing above normal rain-
fall. Tropical Storm Andrea was the 2013 tropical sys-
tem to impact south Florida’s weather, which gave
indirect effects in early June as its widespread rain-
fall and clouds likely contributed to male production
in early season nests.

Early nest incubation temperatures in 2012 and
2013 remained within or close to the TRT but middle
and late season nests experienced temperatures
above the TRT. Early nests in 2012 and 2013 experi-
enced frequent rainfall and cooler incubation tem-
peratures, which likely contributed to the production
of males in contrast to previous years. As with most
biological systems, turtle development is slower at
cooler temperatures (Yntema 1978, Georges et al.
1994). Thus, only multiple and/or prolonged rainfall
events may impact the sex ratios. Slow early develop-
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ment may also have caused us to misidentify the TSP
so that it occurred later than we expected (see Giron-
dot et al. 2010), although that did not seem to be the
case. The 2012 and 2013 early season nests experi-
enced frequent periods of cooling throughout the
estimated TSP and hatchling samples were strongly
male biased (Table 1, Fig. 2).

In 2012, a large rainfall event of 11.5 cm, followed
by numerous smaller rainy periods, caused late sea-
son nest temperatures to decline and remain within
the TRT and near the pivotal temperature. However,
all resulting lower temperatures occurred after the
estimated TSP and thus likely did not affect sex
ratios. In 2013, mid-season nests experienced fre-
quent rainfall before the TSP which lowered nest
temperatures to ~27°C; however, for the remainder of
incubation (including the TSP) little rain fell and
clutch temperatures rapidly increased above 35°C
(Fig. 2). Late season nests in 2013 also experienced
high temperatures but a ~8.7 cm rainfall event and
subsequent smaller rainfall amounts led to fluctuating
temperatures rather than the steady increase experi-
enced by early and middle season nests. The last nest
of the season (CC13-662) experienced lower temper-
atures than other late season nests. During its TSP,
temperatures decreased to ~28°C and remained
within the TRT (Fig. 2). These lower temperatures
likely explain its 90% female sex ratio compared to
the 100% female sex ratios of the middle and other
late season nests. However, by sampling ~10% of the
clutch on average (13% or more of the emergent
hatchling), we cannot rule out that some of our sam-
ples may be biased. In 2012, all sampled nests experi-
enced temperatures below the pivotal temperature
during TSPL except for nest CC12-775, the last sam-
pled nest of the season, which was relocated after the
TSP to a higher and drier location due to the threat of
Tropical Storm Isaac. This nest experienced the
warmest temperatures of the season, which likely
prevented nest cooling during periods of rain. Similar
to past years, all 2012 nests experienced temperatures
above the TRT but heavy rainfall events kept high
temperatures brief (Fig. 2). During TSPL, early 2013
nests experienced temperatures below the pivotal
temperature and never exceeded the upper boundary
of the TRT, while mid- and late season nests ex -
ceeded both the pivotal temperature and the TRT.
The last sampled nest of the season experienced fluc-
tuating temperatures that fell below the pivotal tem-
perature but remained within the TRT during TSPL.

Loggerhead nesting habits may also contribute to
the high female sex bias of their nests. Loggerhead
turtles tend to nest in the middle of the beach (sea-

ward of the dune foot; Wood & Bjorndal 2000), conse-
quently their nests are seldom shaded, and their
nests are relatively shallow. Loggerheads nesting in
Greece tend to nest away from the water and close
to, but not beyond, the vegetation line (Hays &
Speakman 1993). All sampled nests in the present
study were seaward of the vegetation line but varied
in proximity to the high tide line. A nest’s distance
from the water may also influence incubation condi-
tions. Sands higher and further away from the water
tend be warmer and have less moisture (Hays &
Speakman 1993, Wood & Bjorndal 2000). Conse-
quently, nests closer to the water may be moister,
which can impact the way they respond to changing
temperature. Our study highlights the effects that
rainfall has on nest temperature because it is often
cool and because once sand is moist it requires more
heat energy to raise the temperature than drier sands
due to higher specific heat capacity and thermal iner-
tia from increased water content (Idso et al. 1975a,
Reginato et al. 1976, Lakshmi et al. 2003).

Studies quantifying the effect of rainfall on nests
have been inconsistent in their findings. Jourdan &
Fuentes (2013) suggest that manually wetting nests
may not reduce sand temperatures in hot areas. They
report that sprinkling nests with water during the
day actually increased sand temperatures. However,
Naro-Maciel et al. (1999) reported that 2 h of sprin-
kling decreased nest temperature by ~1°C. Conse-
quently, the effects may vary with specific local con-
ditions, including rainfall amount and duration.

While sex determination in sea turtles is primarily
directed by temperature (Bull 1980, Mrosovsky &
Yntema 1980, Standora & Spotila 1985, Wibbels
2003, reviewed in Valenzuela & Lance 2004), the
specific re sponse mechanisms to temperature remain
elusive. Here we focus on the relationships among
nest temperature, factors that modify temperature
effects, and hatchling sex ratios. An understanding of
the impact of rainfall on the nest temperature and sex
ratios is important because it identifies key responses
by developing eggs that eventually impact sea turtle
production. Increasing air temperatures increase
evaporation, which leads to greater precipitation in
some regions (IPCC 2007). The IPCC reports that
average global temperatures have increased, and
along with that, so has average global precipitation.
However, there is large variation among regions. It is
particularly important to understand what changes in
temperature and precipitation imply for species that
rely upon them. In addition, understanding the
impacts of increased rain and temperature together
are necessary to implement appropriate manage-
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ment strategies. Based upon the relationship we
found between nest temperatures and heavy vs.
sparse rainfall, future studies on hatchling sex ratios
relative to environment should include effects of both
moisture and temperature. Understanding the im -
pact of rainfall as well as temperature may allow biol-
ogists not only to better predict hatchling sex ratio
biases but also to anticipate the effects of changing
temperature and precipitation on sex ratios.
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