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Abstract
Sea turtles have temperature-dependent sex determination, with males being produced at low incubation temperatures and 
females at high temperatures within the thermal range for embryonic development. In the context of climate change, there 
are concerns that warming temperatures will lead to an increase in female production. If primary sex ratios are extremely 
skewed, low male production (and subsequent male availability) may threaten long-term population viability. Heightening 
these concerns is the fact that female-biased sex ratios are already reported at the majority of sea turtle nesting sites across 
the world. Here, we describe for the first time primary sex ratios at a remote green sea turtle (Chelonia mydas) nesting site 
in the South Pacific. Nesting surveys were conducted on Tetiaroa, French Polynesia, between the 2007/2008 and 2018/2019 
nesting seasons and revealed a trend of increasing annual nest numbers with large inter-annual fluctuations. We deployed 
temperature loggers to record incubation conditions and estimated hatchling sex ratios. We recorded low incubation tem-
peratures (mean = 28.5 °C, standard deviation = 0.7 °C) and estimated that currently 54% of all hatchlings produced are male. 
Low incubation temperatures may be linked to light sand color, shading from vegetation behind beaches and heavy rainfall. 
Since this site will likely continue to produce males in the future, there is reason for cautious optimism for this population 
of green sea turtles.

Introduction

Sex ratio is an important demographic factor that affects a pop-
ulation’s growth rate and long-term viability. 1:1 male–female 
ratios are commonly observed in species with genetic sex 
determination (GSD), and it is demonstrated that populations 
evolve towards balanced sex ratios as a result of frequency-
dependent selection—a process known as Fisher’s principle 
(Fisher 1930). In short, in an unbalanced population when the 
cost of production of both sexes is identical, individuals gain 
fitness advantages by producing more of the rarer sex, resulting 
in an even population sex ratio. Fisher’s principle was con-
firmed experimentally (Conover et al. 1992; Carvalho et al. 
1998) and is accepted as the explanation for the widespread 
occurrence of balanced sex ratios in populations with GSD. 
However, for populations that exhibit temperature-dependent 
sex determination (TSD, wherein the sex of an individual is 
determined by the prevailing incubation temperature of the 
embryo), population sex ratios are often reported to be biased 
towards one sex (e.g., Grayson et al. 2014; McNeill et al. 2016; 
Bókony et al. 2019). TSD is common among many reptiles, 
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and is the only sex-determining mechanism in some groups 
(e.g., crocodilians and tuataras).

Sea turtles are an iconic taxon that exhibit TSD, with males 
being produced when incubation temperatures are below a cer-
tain pivotal temperature (typically around 29 °C), and females 
being produced at incubation temperatures above the pivotal 
temperature (Ackerman 1997). Within a range of tempera-
tures (typically 1–2 °C around the pivotal temperature), both 
males and females are produced. In addition, embryos develop 
successfully when incubation temperatures are approximately 
between 25 and 33–35 °C (Ackerman 1997; reviewed in How-
ard et al. 2014). In recent decades, reports of female-biased sex 
ratio were made at sea turtle rookeries across the world (e.g., 
Hanson et al. 1998; Broderick et al. 2000; Tanner et al. 2019), 
with many populations producing more than three females for 
every male (Hays et al. 2014). At some sites, primary sex ratios 
are reported to be > 90% female (Mrosovsky and Provancha 
1992; Jensen et al. 2018). In the context of climate change, 
these female biases are projected to be exacerbated as tem-
peratures continue to increase throughout the century (Reneker 
and Kamel 2016; Monsinjon et al. 2019a). If extremely biased 
sex ratios persist and increase at a site, long-term population 
viability may be threatened as males become increasingly 
scarce (Janzen 1994; Lovich 1996). The risks that warming 
temperatures pose to sea turtles were first raised in the 1980s 
(e.g., Mrosovsky and Provancha 1989) and since then, moni-
toring sand temperatures has become routine at many nesting 
sites (e.g., Broderick et al. 2000; Esteban et al. 2018). Nest 
temperatures are used to estimate primary sex ratios (Fuentes 
et al. 2017) and hatch successes (Monsinjon et al. 2019a), and 
as such provide valuable insight into the structure and viability 
of a nesting population.

Here, we examine 12 years of nesting activities recorded 
at Tetiaroa, a remote green sea turtle (Chelonia mydas) rook-
ery in the South Pacific. We recorded nest and sand tempera-
tures at the most important nesting beaches of the atoll and 
describe the thermal profile of this important nesting site. 
Using a new model that quantifies the relative contribution 
of multiple beaches to the overall nesting season dynamic, 
we estimated primary sex ratios and hatchling production at 
this site. Our results offer important insight into the size and 
structure of this rookery and help assess if biased primary 
sex ratios pose a threat to the long-term viability of this 
population.

Materials and methods

Study site

Tetiaroa is a small French Polynesian atoll located in the 
South Pacific (17 00′ S, 149 56′ W) approximately 50 km 
north of Tahiti. The atoll comprises 12 vegetated islets 

(locally named motu) scattered around the lagoon (Fig. 1) 
and has a total surface area of approximately 30 km2 (Sachet 
and Fosberg 1983). White coral sand is present on all islets 
and the vegetation is dominated by coconut trees Cocos 
nucifera, though other tall trees and shrub are also present. 
The climate is tropical, with a warm and wet season extend-
ing from November to April and a cooler and drier season 
from May until October. Green sea turtles are the only turtle 
species known to nest regularly in French Polynesia, with 
Tetiaroa being the biggest known nesting site across the 
Windward Islands in the Society Archipelago (Petit et al. 
2013). Sea turtles typically nest on Tetiaroa between August 
and April (Touron et al. 2018). This research was conducted 
by Te Mana O Te Moana Foundation with permits issued by 
the Direction de l’Environnement en Polynésie Française.

Beach surveys

We conducted beach surveys on Tetiaroa between the 
2007/2008 and 2018/2019 nesting seasons following an estab-
lished monitoring protocol (Petit et al. 2013; Touron et al. 
2018). During beach surveys we walked along the high-water 
line and looked for sea turtle tracks. Tracks encountered were 
inspected for characteristic markings (e.g., sand covering the 
site in a distinctive way or presence of a body pit) to estab-
lish the type of activity that occurred (e.g., a nest or a false 
crawl). If a turtle was encountered during the survey, we made 

Fig. 1  Tetiaroa is a French Polynesian atoll located in the South 
Pacific. The atoll consists of 12 vegetated islets. Green sea turtles 
(Chelonia mydas) are known to nest on all islets, but nest primarily 
on Onetahi, Tiaraunu and Horoatera. Red dots represent the spatial 
contribution of each islet on the overall nesting activity during the 
2017/2018 season (i.e., a proportion between 0 and 1), and concentric 
circles represent confidence intervals
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sure not to disturb her during the nesting process. Surveys 
were conducted nightly during the nesting season on Onetahi 
(Fig. 1), starting at 20:30 and ending when all activities from 
the previous night were documented. Morning surveys system-
atically followed night surveys to ensure that all the activities 
from the previous night were monitored. Other islets (i.e., Tia-
raunu, Horoatera, Onetahi, Honuea, Tahuna Rahi, Tahuna Iti 
and Reiono; Fig. 1) were surveyed at least once every 10-day 
period throughout the nesting season.

Nest excavations

Nests encountered during beach surveys were left to incu-
bate in situ. Their locations were marked using iron stakes 
and their GPS positions were recorded. Fifty days after eggs 
were laid, nests were inspected nightly for signs of hatchling 
emergence. After hatchling emergence, we carried out nest 
excavations to record the number of live hatchings, dead hatch-
ings, unhatched eggs and egg fragments found in the nest. We 
measured hatch success as the percentage of hatchlings that 
successfully hatched from their egg (regardless of whether or 
not the hatchlings were found alive or dead). If the number 
of eggs within a nest was not recorded through direct obser-
vations during oviposition, we estimated the number of eggs 
within a nest by counting egg fragments (Miller 1999; Sup-
plementary Information Table 1).

Modeling primary sex ratios and hatchling output

We modeled primary sex ratios and hatchling output for our 
site in a four-step process: (a) we modeled the number of 
nests per day on each islet of the archipelago; (b) we recon-
structed nest temperatures using environmental proxies; (c) 
we described the relationship between incubation temperature, 
hatching success and primary sex ratio; (d) we modeled daily 
male and female hatchling output by taking into account nest-
ing seasonality. Details for each step are given below.

a) Nesting seasonality

Nesting seasonality was modeled as per Girondot (2010, 
2017). This model can be applied to nest or track counts. 
Assuming that t is an ordinal date, the number of nests depos-
ited per night is modeled using the following set of equations:

⎧⎪⎪⎨⎪⎪⎩

t < B → MinB

t ∈
�
B,P − F∕2

�
→ ((1 + cos(π(P − F∕2 − t)(P − F∕2 − B)))∕2)(Max −MinB) +MinB

t ∈
�
P − F∕2,P + F∕2

�
→ Max

t ∈
�
P + F∕2,E

�
→ ((1 + cos(π(t − P + F∕2)(E − P + F∕2)))∕2)(Max −MinE) +MinE

t > E → MinE

The model requires at most seven parameters, all of which 
have direct biological interpretations:

• B and E are the ordinal dates on which the nesting season 
begins and ends;

• P is the ordinal date on which the nesting season peaks;
• F is the number of days around P for which the curve 

flattens out;
• Max is the mean number of nests at the peak of the nest-

ing season;
• PMinB and PMinE are the mean nightly nest numbers 

relative to Max before and after the nesting season, and 
MinB = PMinB × Max and MinE = PMinE × Max.

The nesting season is described in segments, and all seg-
ments form one continuous function. The nesting season is 
defined as the interval [B, E]. Various constraints can be set 
up to simplify this model: PMin = PMinB = PMinE, for the 
same number of nests outside of the nesting season; PMinB 
and/or PMinE = 0, when no nests are observed outside of the 
nesting season; L = P – B = E – P, when the nesting season 
is symmetric around P with L being half the length of the 
nesting season; F = 0, for no flat portions. Rather than fit-
ting B and E, it is more convenient to fit LengthB = P – B 
and LengthE = E – P with LengthB > 0 and Length E > 0 to 
ensure that B < P < E. The parameters B, E, P, F, LengthB 
and LengthE are hereafter defined as shape parameters and 
PMinB, PMinE, and Max are defined as scale parameters.

Parameter fitting was performed first using maximum 
likelihood with negative binomial daily nest distribution 
using values produced by Eq. 3 as theoretical values and the 
observed counts ti as observations (i can refer to a date or 
a range of dates; Girondot 2017). Four categories of mod-
els were fitted depending on year effects for Peak and/or 
for LengthB and LengthE. These are defined as peak-global 
or peak-year and length-global or length-year. PMinB, and 
PMinE were set to 0 as no nesting occur during part of the 
year. Max was fitted for each islet/year separately. Akaike 
Information Criterion (AIC; Akaike 1974) and Akaike 
weight (Burnham and Anderson 2002) were used for model 
selection. In short, AIC evaluates the quality of the fit that 
penalizes for overfitting too many parameters and Akaike 
weight gives the relative support of the different models, i.e., 
the probability for each model to be the best one. Time-series 
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without any observation of tracks were not included as the 
maximum likelihood is trivial for Max = 0. However, this 
does not mean that there were no nests on these islets, only 
that none were observed.

The distribution of parameters, including the Max for 
time-series without any observation, was searched using 
the Metropolis–Hastings algorithm which is a Markov chain 
Monte Carlo method for obtaining a sequence of random 
samples from a probability distribution (Hastings 1970; 
Metropolis et al. 1953). The adaptive proposal distribution 
(Rosenthal 2011) as implemented in R package HelpersMG 
(Girondot 2019a) ensures that the acceptance rate was close 
to 0.234, which is the optimal acceptance rate (Roberts and 
Rosenthal 2001). A total of 10,000 iterations was run. Pri-
ors were all Gaussian with the mean being the value of the 
parameter at maximum likelihood, and the standard devia-
tion being large enough to be sure that it does not constraint 
the limits of the parameters. From the 10,000 sets of param-
eters, we calculated 10,000 estimates of the total number 
of tracks for each islet/year and their respective mean and 
standard deviation. No estimates were available when a 
beach was not monitored at all during a nesting season. We 
built a model to estimate the number of tracks for a beach not 
patrolled based on the relative frequency of tracks in the dif-
ferent beaches and the total number of tracks for each year:

Let the total number of tracks Ti for year i in the complete 
region where K beaches were monitored during Y years. 
Three different models can be used to describe Ti according 
to year i:

• Constant number of clutches Ti = T; one parameter, T
• Exponential model being Ti = T0 er.i; two parameters, T0 

and r
• Year-specific number of clutches: Ti; Y parameters, T1 to 

TY

The distribution of tracks among the different beaches is 
defined by the proportion pj of the Ti clutches in the j beach. 
For a total of K beaches, K–1 parameters p are necessary 
due to the relation 

∑K

j=1
pj = 1. The values pj can be modeled 

as constant (K–1 parameters) or first (2.K–2 parameters) or 
second (3.K–3 parameters) order as a function of time to 
represent situations with changes in the relative use of dif-
ferent nesting sites.

The expected number of clutches for a year i in the beach 
j is then Ei,j = Ti × pj.

Let Ni,j being an observed number of clutches with a 
standard deviation being Si,j. Distribution of Ni,j can be close 
to a Gaussian distribution when the number of tracks and 
monitoring coverage are high but can be also positive skew 
when number of tracks or monitoring coverage is low. For 
this reason, a gamma distribution was used to model the 
data; the gamma distribution is always positive and can show 

a positive skew when standard deviation is high compared to 
the mean. The fit of parameters was then done using maxi-
mum likelihood with a gamma distribution. For the final 
estimate, the expected numbers of clutches Ei,j were used 
only when no observation were available; in other situations, 
the numbers of tracks fitted using the phenology model were 
preferred.

The − ln likelihood of the observations is then simply the 
sum of the − ln likelihood for each observation Ni,j within 
the model. The best-fitting model for each dataset was 
selected based on the maximum likelihood. Model selec-
tion was performed based on the minimum AIC. The adjust-
ments were done using the R package phenology available in 
The Comprehensive R Archive Network (https ://cran.r-proje 
ct.org) that implements this model (Girondot 2019b). The 
number of tracks per day was then converted into number 
of nests by correcting for the nests/tracks ratio (also called 
the nesting success).

b) Nest temperature reconstructions

We deployed 8 temperature loggers (Minilog model II-T, 
Vemco, Canada; precision = 0.01 °C, accuracy = 0.1 °C) 
inside nests during the 2016/2017 nesting season, and 12 
temperature loggers during the 2017/2018 nesting sea-
sons. These loggers recorded incubation temperatures dur-
ing embryonic development (Supplementary Information 
Table 2). Loggers were inserted in the middle of clutches as 
eggs were being laid and were recovered at nest excavation. 
We also deployed 27 temperature loggers at nest depth to 
record sand temperatures at a distance of 1 m from incubat-
ing nests (Supplementary Information Table 2).

We deployed 24 additional temperature loggers (Tiny-
tag Plus 2 model TGP-4017, Gemini Data Loggers, UK; 
precision = 0.01 °C, accuracy = 0.5 °C) to record sand tem-
perature on the most prominent nesting beaches of the atoll. 
These loggers were deployed on 01/12/2016 at 12 differ-
ent locations on two different islets (i.e., six locations on 
Tiaraunu and six locations on Horoatera; c.f. Fig. 1). Since 
turtles nest in the open beach as well as under the vegetation 
at this site, we deployed loggers both in open beach areas 
(n = 12) and under the vegetation (n = 12). At each location, 
loggers were buried at two depths (25 cm and 45 cm from 
the surface of the sand) to represent the range of depths 
of the middle of the clutch at which turtles are reported to 
nest at this site (Petit et al. 2013). Temperature was logged 
every hour.

We obtained air temperature (AT) and sea surface tem-
perature (SST) data from the ECMWF ERA-interim climate 
dataset (Berrisford et al 2011; Dee et al. 2011). This data-
set offers AT and SST data at a 0.125° spatial resolution. 
We then used a published correlative method to link mean 
daily sand and nest temperature measurements to air and sea 

https://cran.r-project.org
https://cran.r-project.org
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temperature, allowing us to then use these two environmen-
tal proxies to reconstruct past sand and nest temperature, i.e., 
for periods when they were not measured directly (Girondot 
and Kaska 2014; Monsinjon et al. 2017a, 2019a). In short, 
mean daily sand temperatures are predicted based on a gen-
eralized linear model that links sand or nest temperatures to 
AT at 2 m above the beach and SST in front of the beach. 
Then, from hourly sand or nest temperature time-series, we 
searched for daily minima (between 3 am of day i and 3 am 
of day i + 1) and daily maxima (between 3 pm of day i and 
3 pm of day i + 1) and we calculated (a) the average times of 
the day when they occur and (b) the mean diel fluctuation 
(maxima–minima). We converted daily mean temperatures 
into daily minima and maxima by applying the mean diel 
temperature fluctuations (+ or – mean diel fluctuation/2, 
respectively, for maxima and minima at the average time of 
the day when they occur) as per the methods described by 
Monsinjon et al. (2019a). For nest temperatures, we added 
a linear increasing trend over incubation time to account 
for metabolic heating (see Monsinjon et al. 2017a, 2019a 
for more details on metabolic heating estimation), which 
can increase temperatures during the incubation process 
(Broderick et al. 2001). We also used our long-term sand 
temperature time-series recorded at different depths to esti-
mate the extent of thermal heterogeneity at the scale of the 
beach, following a generalized linear mixed model approach 
(see Monsinjon et al. 2017b for more details). The thermal 
heterogeneity parameter captures the variability of different 
microhabitats (e.g., different depths, open beach vs under 
vegetation) and is taken into account when estimating hatch-
ing successes and sex ratios for the whole rookery.

We also predicted sand temperatures using NicheMapR 
(Kearney et al. 2014a, b; Kearney and Porter 2017), a mech-
anistic microclimate model (McCullough and Porter 1971). 
In short, this model uses weather data (e.g., wind speed, tem-
perature, relative humidity, cloud cover, rainfall), landscape 
characteristics (e.g., elevation, slope, vegetation) and soil 
physical and thermal properties (e.g., thermal conductivity, 
bulk density, reflectance) to solve a heat–mass balance equa-
tions for specified depths and locations. It also includes a 
function for scattering of solar radiation due to atmospheric 
aerosols (Kearney et al. 2014a, b). This method was already 
applied to predict sand temperatures at several sea turtle 
nesting rookeries (Fuentes and Porter 2013; Stubbs et al. 
2014; Cavallo et al. 2015). We predicted sand temperatures 
at loggers’ depths using weather data from a weather station 
on Onetahi (hourly data measured at 2-m height for sev-
eral months in 2015, 2016 and 2017) and from the ECMWF 
ERA-interim climate dataset (daily data hindcasted at 2-m 
height retrieved 2007 and 2019). We calculated the rela-
tive humidity for ECMWF data based on air temperature 
and dewpoint temperature using the August–Roche–Mag-
nus approximation (Alduchov and Eskridge 1996). We 

calculated the wind speed for ECMWF data from U and 
V wind components at 10-m height using the Pythagorean 
theorem. Wind speed at 10 m height was then scaled at 2-m 
height using the formula in Kearney et al. (2014b). Soil ther-
mal and physical properties were not measured at Tetiaroa; 
so, we extracted these information from the literature (for 
a summary of parameters required for NicheMapR refer to 
Supplementary Information Table 3). To predict nest tem-
peratures from sand temperatures, we applied the metabolic 
heating previously estimated following the method men-
tioned above.

All candidate models of sand and nest temperatures were 
then compared using three summary statistics: the coeffi-
cient of determination (R2), the Root Mean Squared Devi-
ance (RMSD) and the normalized (using maximum–mini-
mum normalization) RMSD (nRMSD). Best models were 
then discussed based on the highest R2 and the lowest RMSD 
and nRMSD.

c) Hatching success and primary sex ratios

We described the relationship between hatching success 
and nest temperatures using data from constant temperature 
experiments (Supplementary Information Table 4) as well as 
data from natural nests recorded in this study (Supplemen-
tary Information Table 5). Hatching success was modelled as 
a product of two logistic equations that describes the lower 
and upper critical thermal limits for embryo survival. This 
method for estimating hatching success was developed by 
Monsinjon et al. (2019a) for reconstructing hatching suc-
cesses at seven globally important loggerhead turtle (Caretta 
caretta) rookeries. We fit the model using maximum likeli-
hood based on data from constant temperature experiments 
for the green turtle over a wide range of temperatures (Sup-
plementary Information Table 4). To predict hatching suc-
cess from field (fluctuating) temperatures, we estimated a 
correction parameter, as per the method described by Mon-
sinjon et al. (2019a), that makes mean temperatures better 
equivalents to constant temperatures. This parameter aims 
to decrease the error when converting mean nest tempera-
tures to hatching successes using the equation that describes 
the hatching success at constant temperature. We estimated 
hatching successes from mean nest temperatures using cor-
rection parameters between − 1.5 °C and + 1.5 °C (0.01 °C 
increments) and we found + 0.82 °C as the value that mini-
mizes the dispersion of residuals. We used published hatch-
ing success data from natural nests (Kaska et al. 1998; 
Weber et al. 2012) alongside data from the present study 
(Supplementary Information Table 5) for this modeling step.

We modeled the relationship between nest temperature 
and primary sex ratio using a thermal reaction norm model 
(Girondot 1999). This model was fitted using maximum like-
lihood based on published data for the green sea turtle over 
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a wide range of temperatures (Supplementary Information 
Table 6). To model the sex ratio of natural nests from field 
temperatures, we calculated a constant temperature equiva-
lent (CTE), that is, the mean nest temperature weighted by 
the growth of embryos (in terms of size) during the thermo-
sensitive period (TSP) for sex determination (i.e., the period 
during embryonic development when sex is determined). We 
used the CTE (growth-weighted during the TSP) described 
by Fuentes et al. (2017). Throughout our calculations, we 
defined the incubation duration and we delineated the TSP 
of each nest using an embryo growth model that estimates 
the thermal reaction norm for growth rate based on nest 
temperature time-series, incubation durations and hatchling 
measurements (Girondot and Kaska 2014; Fuentes et al. 
2017; Monsinjon et al. 2017a, 2019a; Girondot et al. 2018). 
This growth model is available in the R package embryo-
growth (Girondot 2019c). The model was fitted using field 
incubation data from the present study (Supplementary 
Information Table 2) and measurements of the straight cara-
pace length (SCL) of hatchlings. SCL was measured during 
the 2018/2019 nesting season using hatchlings from four 
clutches (mean = 48.6 mm, SD = 1.4 mm, n = 267). When 
applied to long-term temperature time-series, this approach 
enables to accurately model the incubation duration and the 
TSP, which in turn helps refine daily hatching success and 
sex ratio predictions.

d) Male and female hatchling output

By combining our hatching success, primary sex ratio and 
phenology curves, we modeled the daily number of male 
and female hatchlings produced at our study site. We con-
verted daily number of nests into daily number of eggs after 
calculating the number of eggs per nests (omitting yolkless 
and unfertilised eggs; Supplementary Information Table 1). 
Then, the number of males was calculated as the number 
of nests × number of eggs per nests × hatching success × sex 
ratio and the number of females was calculated the same 
way. The overall sex ratio (or the sex ratio per season) was 
calculated as the number of males/sum of males and females.

Results are described using medians (quantile at 50%) 
and confidence intervals (2.5% and 97.5% quantiles) for non-
gaussian variables or using means ± SD or, for estimated 
parameters, means ± SE.

Results

Nesting phenology

Green sea turtle nesting season on Tetiaroa typically extends 
from late-August to late-April. During our study period, we 
recorded 3043 tracks on the entire archipelago of which 

2359 were nests (overall nesting success = 77%, 95% confi-
dence interval = 76–78%). Estimated total number of nests 
each season ranged between 20 and 940. Overall number of 
nests increased over the 12 seasons, with the mean estimated 
nest numbers in the first 3 years equal to 58 and the mean 
estimated nest numbers in the last three years equal to 607.

According to our best model of nesting phenology, a 
very strong effect of “Years” was noticed both for the peak 
and the length of nesting seasons (respectively, “Peak” and 
“LengthB/LengthE”; Akaike weight = 1; ∆AIC = 13.64; 
Supplementary Information Table 7). On a spatio-temporal 
scale, a positive trend model of the use of islets by turtles 
(r = 0.11, SE = 0.02) is strongly selected as compared to a 
constant model (Akaike weight = 0.4345 + 0.5651 = 0.999
6; Supplementary Information Table 8). However, the year-
specific model outperformed the previous ones (Akaike 
weight = 0.0022 + 0.9978 = 1; Supplementary Informa-
tion Table 8). This indicates that a positive trend is indeed 
observed but the year-by-year difference is also very large.

An example of phenology for each year on the same islet 
(Onetahi) is shown in Supplementary Information Fig. 1. 
Estimations of the total number of tracks and the standard 
deviations are shown, for each islet, in Supplementary Infor-
mation Table 9. Overall, there is a good agreement between 
the total number of nests recorded per season and our model 
predictions (i.e., predicted number of tracks on all islet cor-
rected for the nesting success), except for two monitored 
seasons (2007/2008 and 2017/2018; Supplementary Infor-
mation Fig. 2a).

We identified four events of high nesting activity during 
the 2010/2011, 2011/2012, 2016/2017 and 2017/2018 nest-
ing seasons (Fig. 2; Supplementary Information Fig. 2b). 
Most nests were found on Tiaraunu and Horoatera (Fig. 1; 
Supplementary Information Fig. 2b, c), which showed an 
increasing trend over time, followed by Onetahi and Honuea 
while other islets seem to be less used over time (Supple-
mentary Information Fig. 2c).

Sand and nest temperatures

Among all models tested for sand or nest temperatures 
reconstruction, nest temperatures predicted at a mean depth 
of 50.62 cm (SD = 8.74) by (i) the correlative approach 
(using ECMWF global climate data) and (ii) the mechanis-
tic approach (NicheMapR) with added metabolic heating 
(using local weather station data) showed the highest coef-
ficients of determination (R2 = 0.57; Supplementary Infor-
mation Table 10). For the latter, accounting for the effect of 
moisture slightly decreased the R2 value (R2 = 0.55; Supple-
mentary Information Table 10) but considerably decreased 
the RMSD and the nRMSD (respectively, 1.5 °C and 19.6%; 
Supplementary Information Table 10). However, the correla-
tive approach had lower RMSD and nRMSD (respectively, 
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1.16 °C and 11.1%; Supplementary Information Table 10) 
which appeared to be the 3rd lowest RMSD and the 2nd 
lowest nRMSD among all models. In other words, predicting 
daily nest temperature minima and maxima following a cor-
relative approach gave more reliable estimates than NicheM-
apR in our study. Nevertheless, it is worth noting that predic-
tions of hourly sand temperatures (at mean or exact depths) 
from NicheMapR using the moisture subroutine and weather 
station data considerably reduced the RMSD (0.84 °C and 
0.93 °C; Supplementary Information Table 10). This sug-
gest a potentially strong effect of moisture at this site and 
highlights the importance of considering local weather data.

We modeled nest temperatures (following the correlative 
approach) over the study period using air and sea surface 
temperature proxies (parameters are presented in Supple-
mentary Information Table 11). Reconstructed baseline nest 
temperatures (i.e., without adding the effect of metabolic 
heating) ranged from 23.2 °C to 29.5 °C (mean = 27 °C, 
SD = 0.9 °C), which matches the daily mean sand tempera-
tures recorded in the field (Fig. 3). We estimated a metabolic 
heating of + 1.8 °C in the middle of incubation resulting 
from a linear trend with incubation time.

The dispersion of the coefficients of random effects from 
the correlative approach (applied to sand temperatures 
only) allowed us to characterize the thermal heterogeneity 
of beaches at a mean depth of 39.3 cm (SD = 10.1), which 
appeared to be varying between the daily mean − 0.72 °C 
and + 0.52 °C (Fig. 3, Supplementary Information Table 11).

Embryonic growth rate, hatching success 
and primary sex ratios

The population nesting at Tetiaroa exhibits a non-mono-
tonic thermal reaction norm where the embryonic growth 
rate increases with temperature until 31 °C and decreases 
slightly after this threshold (Supplementary Information 
Fig. 3a). Incubation durations ranged from 55.8 to 68.3 days 
(mean = 62.4, SD = 3.8, n = 20).

We recorded hatching successes between 75 and 100% 
(median = 99.5%, Supplementary Information Table 1). 
Using these data and additional published data for the same 
species (Supplementary Information Fig. 3b), we describe 
the relationship between hatching success and incubation 
temperature. Our model output suggests that the thermal 
tolerance of green turtle embryos ranges from 24.1 °C to 
36.9 °C (i.e., the survival proportion > 5%). More than 50% 
of embryos are expected to survive between 25.2 °C and 
33.5 °C (Supplementary Information Fig. 3b). To model the 
hatching success of natural clutches, an estimated correction 
parameter of 0.82 °C was added to mean incubation tem-
peratures to make them comparable with fixed temperature 
laboratory data.

Green sea turtles exhibit a male/female pattern of tem-
perature-dependent sex determination (Supplementary 
Information Fig. 3c) with a pivotal temperature at 29.1 °C 
(SE = 0.16) and a transitional range of temperature (TRT, the 
range of temperatures producing both males and females) 
ranging from 27 °C (SE = 0.4) to 31.2 °C (SE = 0.5).

Male and female hatching output

The modeled mean incubation temperature over 12 sea-
sons (2007/2008 to 2018/2019) ranged from 26.9 °C to 
29.9 °C (mean = 28.5 °C, SD = 0.7 °C) and constant tem-
perature equivalents (CTE) ranged from 26.6 °C to 30.3 °C 
(mean = 28.5 °C, SD = 0.7 °C). The total number of eggs 
per nest ranged from 11 to 154 (mean = 87, SD = 19.9) 
and the number of eggs per nest excluding yolkless and 
unfertilized eggs ranged from 10 to 146 (mean = 82.4, 
SD = 20.2). Predicted hatching successes remained high 
across the 12 nesting seasons with slight drops during the 
months when turtles nest (Fig. 4a). Predicted sex ratios 
fluctuated between 14 and 97% male during the 12-year 
study period (Fig.  4b). When taking both the nesting 
phenology and the hatching success into account, our 
model shows that nesting starts when primarily males are 
produced and ends with either a balanced sex ratio or a 

Fig. 2  Description of the nesting seasonality at Tetiaroa. The solid 
line is the estimated mean number of nests per day and the gray area 
shows the 95% confidence interval

Fig. 3  Daily sand temperatures were reconstructed using air and sea 
surface temperatures. Our model captures the key elements of the 
observed temperatures (in red), i.e., absolute values and trends
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slightly female-biased sex ratio (Fig. 4c). This results in 
sex ratios per season varying from 41 to 72% of males 
(Fig. 4c). We estimate that 127,631.2 females (lower and 
upper CI limits: 53,103.9 and 290,750.5, respectively) 
and 151,159.9 males (lower and upper CI limits: 61,177.2 
and 366,865.5, respectively) were produced at Tetiaroa 
between 2007/2008 and 2018/2019 (overall primary sex 
ratio = 54.28% of male; lower and upper CI limits: 54.22% 
and 55.79%, respectively), with the number of hatchlings 
per season varying from 436.7 (lower and upper CI limits: 
76.6 and 1506.3, respectively; nesting season 2007/2008) 
to 105,987.7 (lower and upper CI limits: 32,857.8 and 
285,570.8 respectively; nesting season 2017/2018).

Discussion

In recent decades, highly female-biased primary sex ratios 
were widely reported for green sea turtle populations across 
the world (reviewed in Hays et al. 2014). For example, pro-
duction of hatchlings was estimated to be > 86% female in 
Cyprus between 1993 and 1998 (Broderick et al. 2000). 
Most recently, sex ratios at the world’s largest green turtle 
rookery were reported to be extremely female-biased (Jensen 
et al. 2018). Critically, extremely unbalanced sex ratios are 
a conservation concern for small or vulnerable populations 
(Jensen et al. 2018). In extreme cases, biased sex ratios can 
limit mate availability or mate encounter and increase intra-
sex competition, limiting short-term population growth and 
leading to the production of fewer offspring. If extreme 
biases are maintained in the population, the long-term 
population viability can be threatened (Mitchell and Janzen 
2010) and genetic erosion would occur. To-date, there is 
no knowledge of the minimum number of males needed 
in a population to guarantee population viability. Here, we 
report relatively low incubation temperatures (i.e., oscillat-
ing around 28.5 °C) and slightly male-biased primary sex 
ratios (i.e., 54% male) at a green sea turtle rookery, a finding 
that contrasts with reports found in the literature.

Our new model estimates incubation temperatures, 
hatching success, sex ratios and hatchling output from 
empirical field observations and remote-sensed environ-
mental data. This model has the advantage of combining 
important physiological (e.g., growth rate parameters) 
and phenological (e.g., nesting seasonality) variables 
calibrated with local empirical measurements to estimate 
daily and seasonal hatchling output. Our reconstructed 
sand temperatures matched our on-site sand temperature 
measurements and, crucially, we show that incubation 
temperature on Tetiaroa is relatively low.

There are several factors that may explain why incuba-
tion temperatures recorded at our site were so low. First, 
Tetiaroa—as is the case with many French Polynesian 
atolls—is renowned for its white coral sand. It is well under-
stood how sand color influences sand temperature (Hays 
et al. 2001), with white sand reflecting more solar radiation 
than dark sand and so being cooler. The importance of sand 
color in relation to incubation temperatures was highlighted 
previously at other turtle nesting sites (Hays et al. 2003) and 
it was shown that the difference between a white-sand beach 
and a geographically close dark-sand beach can be > 1 °C 
(Hays et al. 2003; Laloë et al. 2014). Since all the islets of 
Tetiaroa have white coral sand, this may explain in part the 
relatively low sand temperatures we recorded at all turtle 
nesting locations in our study.

Second, the high abundance of tall vegetation on 
the beach front, notably coconut trees Cocos nucifera, 

Fig. 4  a Modeled daily hatching successes between the 2007/2008 
and 2018/2019 nesting seasons. The black line represents the mean 
and the gray represents the confidence interval. b Modeled daily sex 
ratios with the 50% sex ratio shown by the dotted line. The black line 
represents the mean and the gray represents the confidence interval c 
Daily number of males (blue) and females (red) produced. The over-
all resulting sex ratio (SR in male proportion) per season (gray areas) 
is shown on this panel
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provides the areas in which turtles nest with shading, and 
thus has a cooling effect on sand temperatures. Coconut 
trees were first introduced by Polynesians on Tetiaroa ca. 
300 A.D. and were later planted in large numbers by Euro-
peans for copra production at the start of the 1900s (Sachet 
and Fosberg 1983). Much of the vegetation was replaced 
by coconut trees as a result but other trees and shrub (e.g., 
island walnut, Cordia subcordata; beach hibiscus, Hibis-
cus tiliaceus; screwpine, Pandanus tectorius; Timonius 
shrub, Timonius uniflorus) remain alongside the coconut 
trees today. It comes as no surprize that sand tempera-
tures recorded under vegetation were, in general, lower 
than sand temperatures recorded in open beach areas in 
our study (Supplementary Information Fig.  4). Beach 
vegetation can have an important cooling effect as previ-
ously reported at other sea turtle nesting sites, including 
Diego Garcia (British Indian Ocean Territory; Esteban 
et al. 2016), Saint Eustatius (Caribbean; Laloë et al. 2016), 
Mon Repos (Australia; Staines et al. 2019) and Guinea-
Bissau (West Africa; Patrício et al. 2017). Since half of all 
clutches are reported to be laid under or near vegetation 
at our study site (Touron et al. 2018), the effect of shade 
might explain the low incubation temperatures reported 
here. However, a study revealed that considering shade 
when using NicheMapR could reduce the accuracy of pre-
dictions (Carter et al. 2015). The small islets of Tetiaroa 
represent a peculiar situation where close beaches can 
be oriented in opposite directions (e.g., some facing the 
North while others facing the South). This makes the effect 
of shade challenging to account for and requires further 
investigations. A first step would be to thoroughly charac-
terize the structure and topography of the vegetation cover.

Another factor that may explain the low incubation tem-
peratures recorded at our study site is rainfall. There are 
two main seasons on Tetiaroa, a warm and wet season from 
November to April and a cooler and drier season from 
May until October; turtles are nesting during the wetter 
season; this may result in generally low incubation tem-
peratures due to the cooling effect of precipitation. The 
cooling effect of rainfall on sand temperatures has been 
well documented at several sea turtle rookeries around the 
world (Grenada, Caribbean: Houghton et al. 2007; Florida, 
USA: Lolavar and Wyneken 2015; Saint Eustatius, Carib-
bean: Laloë et al. 2016). Here, we showed that including 
the soil moisture component of NicheMapR improved the 
accuracy of sand temperature predictions, whereas a recent 
study showed the opposite result (Whiting et al. 2018). 
Measurements of soil moisture and water content at this 
site would give better insights of the effect of precipita-
tions on sand temperatures. Sand temperature predictions 
may also be sensitive to other soil physical properties (e.g., 
grain size, thermal conductivity, mineral density) but are 
currently unknown for Tetiaroa beaches. Although a study 

revealed that site-specific soil properties may not improve 
predictions (Carter et al. 2015), accounting for them in 
the peculiar case of small atolls might yield more accurate 
predictions and better explain the low incubation tempera-
tures predicted here.

In the context of climate change, there are concerns that 
warming temperatures will feminize sea turtle populations 
(Jensen et al. 2018) and decrease hatching success (Saba 
et al. 2012; Santidrián Tomillo et al. 2015; Hays et al. 2017; 
Laloë et al. 2017; Monsinjon et al. 2019a), threatening the 
long-term viability of many sea turtle populations. Glob-
ally, very few sea turtle nesting sites report low sand tem-
peratures, but include Diego Garcia (Chagos Archipelago; 
Esteban et al. 2016) and Poilão Island (Guinea-Bissau; Pat-
rício 2017). Our findings of low incubation temperatures and 
the availability of shaded nesting environments suggest that 
Tetiaroa may not be as adversely affected by future warm-
ing temperatures as other green sea turtle nesting sites. It is 
argued that phenological change—a change in the timing 
of the nesting season—is the most likely avenue that may 
help sea turtles adapt to climate change (Almpanidou et al. 
2017), but a recent publication revealed that it may not help 
all populations (Monsinjon et al. 2019a). We report here that 
green sea turtles on Tetiaroa nest during the warmest months 
of the year; so, sea turtles could mitigate the detrimental 
effects of warming incubation temperatures by shifting their 
nesting season, since this would result in turtles nesting in 
cooler months. However, a more thorough examination of 
this question (e.g., comparing the rate at which temperatures 
are warming to the rate at which sea turtle might shift their 
nesting season) is necessary to confirm this hypothesis. In 
addition, the foraging grounds of females that come to nest 
on Tetiaroa are not known, though preliminary results sug-
gest Fiji is an important feeding site (Gaspar, unpublished 
data). A better understanding of where turtles forage will 
lead to a better understanding of the drivers of green tur-
tles’ migrations in French Polynesia, and thus help assess 
their ability to stay synchronized with thermal conditions 
suitable for the incubation of eggs in the future (Monsinjon 
et al. 2019b). To fill this knowledge gap, tracking turtles with 
satellite tags and carrying out stable isotope analyses could 
help identify contribution of foraging areas to the nesting 
population (Ceriani et al. 2012). Regardless, our results sug-
gest that this population of green sea turtles may fare well 
in a warming world, due to the low incubation temperatures 
recorded, balanced primary sex ratios and a potential to shift 
their nesting season to cooler months. However, other cli-
mate change impacts—in particular rising sea levels—are 
also a pressing threat to island biodiversity (Courchamp 
et al. 2014) and should be considered carefully in future 
conservation management practices at this site. While sea 
level rise was shown not to be a major driver of erosion in 
recent years in French Polynesia (Le Cozannet et al. 2013), 
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as the rate of climate change accelerates, these low-lying 
islands may become more affected by erosion in the future.

Our data suggest that the annual number of nests recorded 
on Tetiaroa increased over the study period (Fig. 2) adding 
to the long list of nesting sites around the world where recent 
increases in nesting numbers have been recorded (Mazaris 
et al. 2017). However, longer nesting time-series (e.g., sev-
eral decades) are required to assess if the trend continues. 
High inter-annual variability in nesting numbers can occur 
because sea turtles generally do not breed each year (Hays 
2000). Often individual green turtles have a modal breed-
ing interval of three years (Bourjea et al. 2007), and so a 
3-year running mean of annual nest numbers may provide 
a good reflection of the numbers of mature female turtles at 
any time. Viewed in this light the upward trend was much 
clearer, with a tenfold increase over the 12-year time-series 
(Supplementary Information Fig. 2a). Conservation-wise, 
a point worth mentioning is that Tetiaroa is a remote and 
mainly unpopulated atoll and as such the turtle nesting popu-
lation does not face the many anthropogenic pressures found 
at other mainland sites (e.g., harvesting of eggs, Madrigal-
Ballestero and Jurado 2017; harvesting of nesting adults, 
Marco et al. 2012; coastal squeeze, Baker et al. 2006). In 
addition, the preservation of Tetiaroa’s biodiversity was 
always a priority, whether the atoll was managed by Poly-
nesians or Europeans (Sachet and Fosberg 1983). Since 
1972, only one islet (i.e., Onetahi; c.f. Fig. 1) has occupied 
buildings on it. These buildings are in a very low number 
and are situated deep in the vegetation, so turtles can nest 
undisturbed on the majority of the atoll’s beaches. Further-
more, a conservation organization—Tetiaroa Society—was 
established in 2014 to safeguard and research the atoll’s bio-
diversity, in addition to Te Mana O Te Moana running the 
sea turtle monitoring program since 2002. Being a uniquely 
pristine site where biodiversity management strategies were 
implemented early on raises hope for the future well-being 
of this green sea turtle population. In conclusion, we report 
here increasing green sea turtle nest numbers at a remote site 
in the South Pacific. We hope that these new abundance data 
will help refine local and global population size estimates 
for this species that is listed as endangered in many parts 
of its range (Seminoff 2004). We also report relatively low 
incubation temperatures—likely linked to the presence of 
light-colored sand, beach vegetation and rainfall—and bal-
anced primary sex ratios for this site. These results suggest 
that this population is likely to fare well in a warming world. 
In addition, considering the pristine nature of this site, its 
remoteness and the conservation measures already put in 
place to protect nesting turtles, there is reason for guarded 
optimism for the future of these green sea turtles.
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