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Abstract
Trindade Island, Brazil, is a small, remote volcanic island located 1140 km off the coast of southeastern Brazil. The green 
turtle (Chelonia mydas) nesting aggregation on Trindade is genetically distinct, the largest in the southwest Atlantic, and 
represents the southern limit of green turtle nesting in the Atlantic. Projeto TAMAR (a Brazilian conservation program) 
has monitored the nesting aggregation discontinuously since 1982. In 2009, a standardized protocol was established for the 
two beaches (Andradas and Tartarugas) with the highest nest abundance. Data from December 2009 through April 2017 
(except 2013) were used in this study. Annual numbers of tracks left by females that emerged onto the beach vary between 
558 and 3317 tracks for Andradas and between 760 and 3559 tracks for Tartarugas. Mean nesting probabilities (probability 
that an emerging female deposits eggs) for all years were 0.22 (95% HDI (highest posterior density interval) = 0.14–0.30) 
for Andradas and 0.45 (95% HDI = 0.37–0.53) for Tartarugas. Nesting probabilities varied among and within years and had 
a negative relationship with daily track counts. During our study, annual estimates of nests were stable on both Andradas 
(range 38–2001) and Tartarugas (range 248–2769). Nest abundance estimates between 1991 and 2008 from an earlier study 
indicated a stable population, extending the duration of apparent stability to 26 years with the caveat that the studies used 
different estimation methods. This stability is in contrast with the increasing trends for most green turtle nesting aggrega-
tions in the Atlantic.

Keywords Chelonia mydas · Marine turtle · Nesting probability · Population trend analysis · Sea turtle · Trindade Island, 
Brazil

Introduction

Knowledge of long-term trends in population size, and 
demographic rates will help improve predictions of future 
changes in marine resources in response to climate change. 
In addition, populations located at the range limits of their 
distribution are more likely to be affected by and exhibit 

the consequences of climate change (Angert 2009; Berggren 
et al. 2009; Lavergne et al. 2010).

For the preferred approach of ecosystem-wide manage-
ment of marine systems to succeed (Mills et al. 1993; Cos-
tanza et al. 1998; Pikitch et al. 2004; Long et al. 2015), 
knowledge of stability and trends in abundance of dominant 
or keystone species is needed. Population assessments of 
sea turtles have received considerable attention over the past 
few decades, originally because of their threatened status, 
but increasingly because of their critical roles as ecosys-
tem engineers, nutrient transporters, and major predators in 
marine ecosystems (Bjorndal and Jackson 2003; National 
Research Council 2010; Heithaus 2013).

Sea turtles are difficult to monitor at sea because of 
their long lifespans and extensive migrations (Bolten 2003; 
National Research Council 2010). Population assessments 
are usually conducted at nesting beaches, where females 
come ashore at night to deposit eggs, but such assessments 
are challenging because individual turtles usually skip one 
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or more annual nesting seasons and lay a variable number 
of clutches each season (Dutton et al 2005; Troëng and 
Chaloupka 2007; Prince and Chaloupka 2012; Pilcher and 
Chaloupka 2013). Moreover, indices of population abun-
dance are often based on counts of the tracks left in the 
sand by nesting turtles as they traverse the beach or visual 
signs of egg deposition. A serious impediment to using 
track counts alone as an index of abundance is that not 
every emergence results in egg deposition.

Nesting probability (the probability that an emerging 
female will deposit a clutch of eggs) varies among seasons 
and among beaches for the same rookery (Weishampel 
et al. 2003; Weber et al. 2014). When nest counts cannot 
be observed directly, integrating track counts and nesting 
probability can yield estimates of nest abundance, which is 
a more reliable assessment metric than track counts alone 
(National Research Council 2010).

Trindade Island is a remote oceanic island lying 
1140 km off the Brazilian coast that supports the largest 
known green turtle (Chelonia mydas) nesting aggregation 
in the southwest Atlantic (Almeida et al. 2011). Genetic 
studies revealed that green turtles nesting in Trindade are 
significantly different (based on mitochondrial haplotype 
frequencies) from the other two rookeries in Brazil: Atol 
das Rocas and Fernando de Noronha (Bjorndal et al. 2006; 
Shamblin et al. 2015) and contribute to mixed stocks in 
foraging grounds of green turtles at different life stages 
along the Brazilian coastline (Naro-Maciel et al. 2007; 
Proietti et al. 2012; Jardim et al. 2016).

Trindade should be considered an important index nest-
ing site for green turtles globally, because it represents the 
southern-most limit of green turtle nesting in the Atlantic 
region and is one of few nesting sites in the South Atlan-
tic—a region identified as requiring more attention for sea 
turtle studies (Rees et al. 2016). The nesting aggregation 
has been protected from exploitation since 1965, although 
Trindade has undergone serious habitat degradation.

Projeto TAMAR (a Brazilian conservation program) 
with the support of the Brazilian Navy has monitored the 
green turtle nesting aggregation at Trindade since 1982 
(Filippini and Bulhões 1988; Moreira et al. 1995; Mar-
covaldi and Marcovaldi 1999; Almeida et al. 2011). The 
remote location and challenging logistics have made moni-
toring difficult. From 1982 to 2009, surveys were con-
ducted during 17 non-consecutive nesting seasons with 
large temporal and spatial differences in patrol efforts. The 
types of data collected varied because teams and goals 
were different among years. Almeida et al. (2011) evalu-
ated the trend in nest numbers and presented biometric 
data for green turtles nesting on Trindade. Based on these 
results, Projeto TAMAR developed a revised strategy in 
2008 for future research and monitoring with consistent 

survey efforts focused on the two beaches with greatest 
nest abundance—Andradas and Tartarugas.

We estimate the nesting probability and number of nests 
for the 2 main green turtle nesting beaches at Trindade 
Island that were monitored from 2009 through 2016. We 
integrate within-season patterns of nesting probability with 
spatial and temporal patterns of nest distribution, so that 
management efforts on Trindade can be focused on areas 
and times most important to protect and to monitor the green 
turtle nesting aggregation. Long-term trends are apparent for 
other Atlantic green turtle rookeries (Mazaris et al. 2017), 
so we assess the long-term trend in Trindade nest abundance 
from 1991 through 2016 using previous estimates for the 
period from 1991 through 2008 (Almeida et al. 2011).

Materials and methods

Study area and history

Trindade Island (20.5° S, 29.3° W) is of volcanic origin 
and is part of the Vitória–Trindade seamount ridge (Barth 
1958; Fig. 1). The island is located 1140 km off the coast of 
Espírito Santo state, southeastern Brazil, and has an area of 
about 8  km2. Trindade is surrounded by oligotrophic waters 
under the influence of the warm Brazil Current (Peterson 
and Stramma 1991) with deep waters ranging from 4000 
to 5000 m depth (Barth 1958). Green turtles nest on nine 
beaches on Trindade (Cabritos, Portugueses, Calheta, 
Andradas, Tartarugas, Parcel, Túnel, Ponta do Túnel, and 
Príncipe; Fig. 1) during austral summer, from December to 
June, with more than 95% of emergences occurring from 1 
December to 30 April (Almeida et al. 2011). All beaches are 
relatively narrow, except Tartarugas beach, and the coastline 
has a narrow shelf with sedimentary coral reefs (Barth 1958; 
Leal and Bouchet 1991).

The majority of green turtle nests is deposited on Andra-
das and Tartarugas beaches (Fig. 2). Andradas beach is 
approximately 200 m long and 57 m wide. Its sediments are 
characterized by a granulometry ranging from medium to 
coarse, with the upper beach also comprising fallen blocks 
from the erosion of the hills close to the beach. Tartarugas 
beach is approximately 310 m long and 470 m wide and has 
the largest sedimentary stock among the island's beaches, 
with sediments characterized by medium sand granulom-
etry and a vast dune field in the upper portion of the beach. 
The mineralogy of Andradas and Tartarugas are similar, and 
these beaches, together with Calhetas beach, constitute the 
beaches with the highest percentage (50–60%) of biogenic 
limestone (Pinheiro 2017; Olsen 2020).

Evaluations of population trends should consider the his-
tory—both recent and historical—of threats to and protec-
tion of the population. On Trindade up until the recent past, 
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effects of introduced species on abundance of green turtles 
nesting on Trindade would have been great and almost cer-
tainly continue to the present. The Brazilian Navy has con-
trolled Trindade since 1957. Access to the island is restricted 
to Navy personnel (~ 35 people), staff of the weather station, 
and visiting scientific researchers under permits and support 
from the Navy. The only buildings on the island are the Navy 
headquarters, the weather station, and a research station.

The Brazilian government, through the Navy, has pro-
vided excellent management and protection for the natural 
resources of Trindade in recent decades in collaboration 
with the Pro-Trindade Program through the CIRM (Comis-
sao Interministerial para os Recursos do Mar). Sea turtles 
have been completely protected from any direct human dis-
turbance. However, Trindade has a long history of exploi-
tation and introduction of exotic animals and plants that 

Fig. 1  Map of study area. a Green turtle rookeries in the southwest-
ern Atlantic Ocean: Atol das Rocas, Fernando de Noronha, and Trin-
dade Island; b study area with the nine nesting beaches on Trindade 

Island. The black stars indicate Andradas and Tartarugas beaches, 
surveyed in the present study, and the black dots indicate the other 
nesting sites of green turtles on Trindade

Fig. 2  Main nesting beaches. a 
Andradas beach, b Tartarugas 
beach
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caused significant loss of local biodiversity and vegetation 
cover that resulted in severe habitat changes and soil erosion 
(Duarte and Horta 2012). In the early and mid-eighteenth 
century, goats (Capra hircus), pigs (Sus scrofa), sheep (Ovis 
aries), domestic cats (Felis catus), mice (Mus musculus), 
and Guinea fowl (Numida meleagris) were introduced and 
established breeding populations. Donkeys (Equus asinus) 
were introduced in the early twentieth century. The original 
flora that covered 85% of Trindade decreased to less than 5% 
as a result (Alves et al. 2011). The Navy eliminated sheep, 
pigs, and donkeys by 1965, cats in 1998, and goats in 2005 
(Alves et al. 2011; Silva and Alves 2011). Vegetation is now 
recovering. These long-term habitat modifications may have 
substantially increased sediment transfer from inland areas 
to the beaches, changing beach composition, particle size 
and albedo which in turn could affect emergence success and 
primary sex ratios of sea turtle clutches. Hogs depredated 
many green turtle nests; Barth (1958) suggested that green 
turtles would disappear from Trindade unless hog popula-
tions were eradicated. Predation by cats, a known predator 
on green turtle hatchlings on Ascension Island (Mortimer 
1981; Glen et al. 2006) may have had an impact on Trindade 
green turtles.

Large populations of yellow land crabs (Johngarthia 
[Gecarcinus] lagostoma) can be found throughout Trindade, 
and recovery of vegetation on Trindade may have allowed 
the crab populations to increase. Although the Brazilian list 
of threatened species includes the yellow crab as an endemic 
species of Brazilian islands (MMA 2018), Soto (2009) sug-
gests that the yellow land crab may not be native to Trindade 
based on an account from 1675 and another from the 1790s 
that did not record the presence of these crabs. Yellow land 
crabs reduce hatchling production by preying on green tur-
tle eggs and on hatchlings on route from the nest to the sea 
(Bellini and Sales 1992; Santos et al. 2016).

Surveys

Each nesting season bridges two calendar years; we use the 
convention of identifying a season by its first year (e.g., the 
season beginning in Dec 2009 is referred to as 2009). For 
this study, during seven non-consecutive nesting seasons 
from 2009 to 2016 (the season 2013 was not monitored), 
surveys were conducted on foot on the two major nesting 
beaches (Andradas and Tartarugas), which comprise about 
54% of track counts (Almeida et al. 2011). To detect the first 
nesting occurrence, morning surveys were conducted daily 
starting at sunrise in late November. After the first nesting 
activity was observed, the full survey protocol was initiated 
with both day and night surveys.

Daily morning surveys were conducted on both beaches 
between 0600 and 0800 h to record the total number of 
tracks created during the previous night without determining 

whether or not a track resulted in a nest. Tracks were oblit-
erated to avoid including them in subsequent counts. Night 
surveys were conducted each night from 1800 to 0600 h, 
alternating between Andradas and Tartarugas beaches, until 
the end of the nesting season. During each night survey, the 
beach was patrolled on foot to determine what proportion 
of tracks resulted in nests for a random sample of tracks 
(with no set number) and to apply metal tags (Inconel, style 
681 National Tag and Band Co.) to the trailing edge of each 
female’s front flippers between the first and second proximal 
scales. Data from the night patrols were used to determine 
nesting probability—the probability that an emergence will 
result in egg deposition—and to convert track counts to nest 
counts.

In the 2016 season, patrols were shortened to between 
0500 and 0600 h for morning surveys and to between 1900 
and 0500 h for night surveys. This reduction in survey effort 
did not affect our estimates of nesting probability, except 
to decrease sample size, but may have resulted in a slight 
decrease in track counts, and thus nest abundance, in our 
last survey year.

Estimation of annual track counts

Numbers of tracks on Andradas and Tartarugas were esti-
mated for each nesting season from 2009 through 2016 
except for 2013, following Almeida et al. (2011). Numbers 
of tracks made on each beach were recorded during each 
morning survey. The start and end of the nesting season were 
based on track distribution patterns and set as 15 November 
and 30 May, or 29 May in leap years. These are the same 
end points used in Almeida et al. (2011) so our results are 
comparable. A value of zero tracks was assigned to each 
end point. We differentially weighted the actual count val-
ues (= 1) and the set end points (= 0.1), except the Novem-
ber endpoint of 2014 and both endpoints of 2015 and 2016 
were given a weight of 1.0, because no track surveys were 
conducted near those endpoints. The total number of tracks 
for each beach in each nesting season was estimated using a 
generalized additive model (GAM) function, gam() of Spot-
fire S-plus software (version 8.2).

Estimation of nesting probability

Numbers of tracks for each beach in each year were con-
verted to numbers of nests using nesting probabilities gen-
erated for each beach in each year. Nesting probability of 
green turtles on each beach was derived from the 4706 
observed emergences that were known to either result in 
a nest or no nest over seven sampling years (2009–2016, 
excluding 2013). These binary data (0 = no clutch laid, 
1 = clutch laid) for each observed track were sampled 
from a Bernoulli probability distribution and so was 
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appropriately modelled using a regression model with 
Bernoulli likelihood—which is a special case of a bino-
mial likelihood model but with a single trial (Congdon 
2003). Modelling the individual nesting probability for 
each green turtle using a regression model with Bernoulli 
likelihood supports inclusion of turtle-specific informa-
tion such as nest history, time of season and nest location 
(beach). The turtle-specific nesting probability was then 
estimated within a Bayesian modelling framework using 
the Stan computation engine (Carpenter et al. 2017) via 
the brms interface (Bürkner 2017). Specifically, a varying-
coefficient generalized additive mixed regression model 
(GAMM: Fahrmeir and Lang 2001) with Bernoulli likeli-
hood was fitted to the nesting probability data accounting 
for nonlinear temporal (season) effects for each beach, 
month within the season of the observation for each 
beach, and the beach-specific nonlinear density of monthly 
observed tracks recorded for each season. The unique iden-
tity of each tagged turtle was also included as a random 
effect to account for annual sampling variability due to a 
range of potentially informative factors, such as differ-
ent field observers, sampling effort, and season-specific 
weather conditions impacting sampling. Simpler models 
without separate beach-specific effects (so no varying-
coefficient structure) were fitted for comparison.

All models were implemented using weakly informa-
tive regularizing priors (Lemoine 2019) with posterior 
samples sourced from 4 chains and 5000 iterations after a 
warmup of 1000 iterations per chain. Therefore, the poste-
rior for each estimate comprised 16,000 samples or draws 
that were used to derive the quantile-based uncertainty 
estimates (also known as equal-tailed credible intervals in 
Bayesian statistics parlance; Kruschke and Liddell 2018). 
A probability statement about the existence of a particular 
effect, such as beach-specific effects, can be determined 
with those 16,000 draws using the probability of direction 
metric proposed by Makowski et al. (2019). Convergence 
diagnostics such as effective posterior sample size and the 
Gelman–Rubin statistic (Rhat < 1.01) reflected conver-
gence of all Bayesian models used here (Gelman and Hill 
2007). Model selection was based on leave-one-out cross-
validation metrics to estimate any comparative difference 
in expected predictive accuracy between the various mod-
els fitted (Vehtari et al. 2017). The weight of evidence in 
favor of one model over any other candidate models was 
also assessed using Bayesian stacking, which is the Bayes-
ian analogue of model averaging (Yao et al. 2018). Further 
evaluation of the best-fit-model was then assessed using 
graphical posterior predictive checks (Gabry et al. 2019). 
All inference was then made using the best-fit model.

Estimation of annual nest abundance

We used an empirical Bayes approach (Casella 1985; Rob-
inson 2017) based on the estimated nesting probabilities 
and annual track counts to derive the expected number of 
nests laid each year on each of the two beaches. Specifi-
cally, we estimated the Beta distribution parameters for the 
beach-specific nesting probabilities (Fig. 3c) using the fit-
distr() function from the MASS package for R (Venables 
and Ripley 2002). Using those Beta sampling distribution 
parameters for each beach, we then derived the mean pos-
terior annual nest abundance and the 95% quantile-based 
uncertainty intervals (Kruschke and Liddell 2018) for each 
beach by sampling from a Beta-binomial likelihood (Dorazio 
et al. 2013; Robinson 2017). Therefore, we derived the 
expected annual nest count from annual track counts given 
the annual nesting probability for each beach by simulat-
ing from the following two-stage function using 1000 trials: 
 nestsi ~ Binomial(Ni, pj), where Ni = annual track counts in 
each year (i) and pj ~ Beta(aj,bj) with the parameters (a,b) 
estimated from the distribution of annual nesting probabili-
ties for each beach (j). Simulations were conducted using R 
(R Core Team 2020) and summarized using the tidybayes 
package for R (Kay 2020). We could of course simulate 
directly using a one-stage beta-binomial likelihood approach 
but the two-stage formulation outlined above makes the sim-
ulation procedure more transparent and intuitive for ecolo-
gists while providing the same outcome.

Long‑term nest abundance trend

A Gompertz density-dependent population dynamics 
model (Dennis and Ponciano 2014; Anderson et al. 2017; 
Muniz Leão et al. 2018) was then fitted within a Bayesian 
state-space modelling framework (Pedersen et al. 2011) 
with robust Student-t likelihood (Járez and Steel 2010) to 
the annual nest abundance estimates using JAGS via the 
rjags package for R (Plummer 2015, 2016). A state-space 
model is a hierarchical model that enables the precision 
(observation component) in the annual nest abundance 
estimates at the Trindade rookery to be accounted for in 
the estimation of the long-term trend (process compo-
nent). It also accounts for any temporal correlation in the 
annual nest abundance time series and for any missing 
data (Dennis and Ponciano 2014; Pedersen et al. 2011). A 
Student-t likelihood is appropriate as it is robust to outli-
ers in the observed time series (Anderson et al. 2017). 
Density-dependent demographic processes are known for 
marine turtle populations (Bjorndal et al. 2000), further 
supporting the use of an explicit population dynamics 
model to determine any long-term trend in the estimated 
Trindade nest abundance, which comprises the estimates 
from Almeida et al. (2011) for 1991–2008 and the current 
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study (2009–2016). Unlike for the current study, there 
were no precision estimates for the nest abundance esti-
mates for the time series from 1991 to 2008 (Almeida 
et al. 2011), so the observation process here is unweighted 
for the entire times series from 1991 to 2016. In addi-
tion, of course, the annual nest abundance data series 
were derived from two different methods, so caution in 
interpretation of any inferred trend using the combined 
time series is warranted. An excellent introduction to the 
use of state-space models for modelling ecological times 
series data can be found in Auger-Méthé et al. (2021).

Results

Abundance and temporal distributions of the numbers of 
tracks on Andradas and Tartarugas were estimated for each 
nesting season from 2009 through 2016 except for 2013 
(Figs. S-1, S-2). Beach-specific annual counts of observed 
tracks and beach-specific annual estimates of total tracks 
generated by GAM analyses are presented in Table S-1. 
Number of observed tracks between 15 November and 30 
May each year vary from 409 to 1808 on Andradas and 

Fig. 3  Expected beach-specific 
probability that a green turtle 
that emerged onto the beach 
successfully deposited eggs 
for the nesting seasons from 
2009 to 2016, a expected 
intra-seasonal beach-specific 
nesting probabilities, b expected 
nonlinear beach-specific effect 
of recorded track density on 
nesting probability, c expected 
annual trend in the beach-
specific green turtle nesting 
probability. In panel a the solid 
dot = posterior mean estimate, 
vertical bar = 95% uncer-
tainty interval. Solid curves in 
panels b, c show the estimated 
posterior mean effect with the 
shaded areas showing the 95% 
pointwise uncertainty bands

a b

c
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from 536 to 2347 on Tartarugas. Estimated total track 
counts between 15 November and 30 May each year range 
from 588 to 3317 for Andradas and from 760 to 3559 for 
Tartarugas.

For nesting probability, the best-fit model is the varying 
coefficient GAMM with Bernoulli likelihood and beach-spe-
cific nonlinear temporal trends and beach-specific recorded 
track density effects (difference = − 2, SE = 2.9). The weight 
of evidence is 75% in support of this model compared to 
a similar model but without nonlinear beach-specific track 
density effect. However, the summary results are similar 
irrespective of which model is used to derive any inference, 
and the posterior predictive check tests are also similar, indi-
cating well-fitting models.

The estimated beach-specific nesting probabilities from 
the model with beach-specific track density effects are shown 
in Fig. 3. Nesting probabilities are lower at Andradas than 
at Tartarugas for all months (Fig. 3a) and generally decline 
with increasing track density at both beaches (Fig. 3b). Nest-
ing probabilities also fluctuate among years at both beaches 
but are generally lower for all years at Andradas (Fig. 3c). 
The overall mean beach-specific nesting probabilities sum-
marized for all years are 0.22 (95% HDI = 0.14–0.30) for 
Andradas and 0.45 (95% HDI = 0.37–0.53) for Tartarugas. 
HDI is the highest posterior density interval (Kruschke and 
Liddell 2018). The probability of direction of a beach-spe-
cific effect was 0.99, so we are 99% certain that the overall 
expected nesting probability is higher at Tartarugas than at 
Andradas.

The expected numbers of nests laid each season at the 2 
nesting beaches are relatively constant from season to season 

but with significant peaks in the 2012 and 2016 seasons at 
both beaches (Fig. 4). Significantly more nests are estimated 
at Tartarugas than Andradas in most seasons, which follows 
from the higher recorded seasonal track counts and higher 
estimated nesting probability at Tartarugas (Fig. 3c) used 
to derive the annual nest counts. On average, about 1000 
egg clutches and 400 egg clutches are laid each season at 
Tartarugas and Andradas, respectively (Fig. 4). There was 
no meaningful long-term trend in the estimated annual nest 
abundance since 1991 (Fig. 5), although the trend estimate 
for the period from 1991 to 2008 is quite imprecise.

Discussion

Patterns of nesting probability

Despite being in close proximity on Trindade (Fig. 1)—only 
separated by a volcanic rock formation (Castro 2010)—Tar-
tarugas has significantly higher nesting probability within 
and across nesting seasons than Andradas (Fig. 3a, c). The 
mean beach-specific nesting probabilities summarized for 
all years are 0.22 (95% HDI = 0.14–0.30) and 0.45 (95% 
HDI = 0.37–0.53) for Andradas and Tartarugas, respectively. 
These values are consistent with the pattern and within the 
ranges estimated for 4 years between 1999 and 2008 by 
Almeida et al. (2011): 0.17–0.57 for Andradas and 0.34–0.69 
for Tartarugas. The lower nesting probability on Andradas is 
apparently not the result of the smaller beach area increasing 
the probability of disturbance from other nesting females, 

Fig. 4  Expected beach-specific number of nests laid each season. 
solid dot = posterior mean estimate, vertical bar =  ± 1 standard 
deviation of the posterior samples, dashed horizontal lines show the 
expected long-term means (375 nests on Andradas, 1004 nests on 
Tartarugas)

Fig. 5  Estimated nest abundance trend at the Trindade green tur-
tle rookery derived using a density-dependent Gompertz population 
dynamics model. Solid dots are the annual nest counts derived from 
the estimated annual nest abundance for this study and Almeida et al. 
(2011). Solid curve shows the expected model trend fitted to those 
annual estimates, polygon shows the 95% credible region for that 
trend. The estimates (solid dots) for 1991–2008 from Almeida et al. 
(2011) and for 2009–2016 from the current study
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because the two beaches have a similar relationship between 
nesting probability and daily turtle track counts (Fig. 3b). 
The lower nesting probability on Andradas may be a result 
of its coarser granulometry compared to that of Tartaru-
gas (Pinheiro 2017; Olsen 2020; Mohd Salleh et al. 2021). 
On Ascension and Aldabra islands, green turtles have more 
difficulty digging egg chambers in those covehead beaches 
that have coarser sand and must make multiple attempts and 
emerge on successive nights before depositing eggs (Mor-
timer and Carr 1987; Mortimer 1990; Godley et al. 2001).

Nesting probabilities of green turtles nesting on Andradas 
are either below or in the low range of values reported for 
other green turtle nesting aggregations throughout the Atlan-
tic, whereas values for Tartarugas are more similar to those 
values. Similar to Trindade, green turtles nest on several 
beaches on Ascension Island. In 2012, nesting probabilities 
ranged from 0.15 to 0.51 among the beaches with an overall 
value of 0.34 (0.31–0.37 95% Confidence Interval) for all 
beaches on Ascension (Weber et al. 2014). In Cuba, nesting 
probabilities of green turtles at two beaches over 4 years 
ranged from 0.50 to 0.78 and differed significantly between 
beaches and among years (Azanza-Ricardo et al. 2003). At 
Tortuguero, Costa Rica, nesting probability for green tur-
tles ranged from 0.33 to 0.74 among years from 1972 to 
2000 (Tiwari 2004). Mean annual nesting probability over 
an 11-year period was 0.48 for green turtles in Florida, USA 
(Weishampel et al. 2003), and 0.38 from a 5-year study of 
green turtles on Samandağ Beach, Turkey (Yalçın-Özdilek 
2007).

Nesting probability is lower in the first part of the nest-
ing season compared to later in the season on both beaches 
(Fig. 3a). A similar pattern was reported for green turtles 
nesting at Ascension Island (Mortimer 1981) and Tortu-
guero, Costa Rica (Tiwari 2004), hawksbills (Eretmochelys 
imbricata) in the Seychelles (Mortimer and Bresson 1999), 
and loggerheads (Caretta caretta) at Mon Repos, Australia 
(Pfaller et al. 2008). This increase in nesting probability as 
the season progresses may be a result of renesting turtles 
becoming more experienced (Pfaller et al. 2008).

Population assessment

Based on beach-specific nest abundance from 2009 to 2016 
at Andradas and Tartarugas (Fig. 3), the nesting aggrega-
tion appears to be stable. However, as noted repeatedly (e.g., 
Bjorndal et al. 1999), trends in nest abundance do not always 
mirror trends in female abundance because of variation in 
clutch frequency (the number of clutches laid by a female 
each year). The stable trend in nest abundance for the two 
beaches has apparently extended over 26 years (1991–2016) 
(Fig. 5). Tartarugas has significantly higher nest abundance 
than Andradas (Fig. 3), perhaps because Tartarugas has a 

substantially larger area of nesting and a higher probability 
of nesting compared to those of Andradas (Fig. 2a, b).

The apparent stability of the Trindade nesting aggrega-
tions based on annual nest abundance is in contrast to recent 
reports of other green turtle nesting aggregations globally. 
Several reports have indicated that populations of green tur-
tles are now recovering in many areas as a result of long-
term conservation efforts (Chaloupka et al. 2008; Weber 
et al. 2014; Mazaris et al. 2017). Why the Trindade aggre-
gation is not increasing is a matter for careful consideration. 
Given the heavy depredation on nesting females and eggs 
before 1965 and the ongoing high mortality of green turtles 
on foraging grounds along the southern coast of Brazil, some 
of which are known to derive from Trindade (Cantor et al. 
2020), it is unlikely that the Trindade aggregation is at car-
rying capacity. An analysis of carrying capacity and density-
dependent population regulation similar to those carried out 
at the green turtle rookeries in Tortuguero, Costa Rica, and 
French Frigate Shoals, Hawaii, may yield valuable insights 
(Tiwari et al. 2006, 2010).

Most population assessments have the objective not only 
to discern the past and current population trends of sea turtle 
populations, but also to gain some insight into future stabil-
ity and trends by incorporating demographic parameters, 
such as recruitment and survival rates (National Research 
Council 2010). In this regard, nest counts alone may be mis-
leading unless hatchling emergence success (the percentage 
of eggs in a nest that produce viable hatchlings at the beach 
surface) or hatchling production are sufficiently high and 
consistent among years to support adequate recruitment into 
the breeding population. The green turtle nesting aggrega-
tion on Raine Island has provided an excellent example of 
this issue (Booth and Dunstan 2018).

Nest counts alone, however, will continue to be a com-
mon metric because of (1) the decades-long datasets of nest 
counts that now exist for many nesting aggregations and (2) 
the logistic constraints of extending the length of monitoring 
seasons to add hatchling emergence success and/or hatch-
ling production. Monitoring populations over the months-
long nesting and hatching seasons is logistically challeng-
ing and requires substantial investments of time and funds. 
Monitoring remote nesting beaches greatly increases these 
challenges. Subsampling is an important approach to lessen 
investments of time and funds, but designing such sampling 
regimes is challenging (National Research Council 2010). 
Accurate subsamples require an understanding of within and 
among season variation in nesting (or track counts and nest-
ing probability) and hatchling emergence success to design 
and interpret sampling regimes.

Survival rates of hatchlings from nest to sea is an aspect 
of hatchling production that should be considered when esti-
mating recruitment of hatchlings into the ocean. Although 
mortality during this brief stage can have a substantial effect, 
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it has rarely been quantified (but see Santidrián-Tomillo 
et al. 2010; Santos et al. 2016; Erb and Wyneken 2019; Vil-
legas Vindiola 2019) and deserves more attention. Predation 
on hatchlings by yellow land crabs on Trindade (Bellini and 
Sales 1992; Santos et al. 2016) should be further quantified.

Stability of nesting aggregations also relies on survival 
of sea turtles away from the nesting beach. Over the past 
decades, anthropogenic threats, such as marine pollution 
(Santos et al. 2015; Rizzi et al. 2019) and bycatch in fish-
eries (Gallo et al. 2006; Lopez et al. 2015; Monteiro et al. 
2016), have had increasing impacts on sea turtle survival 
on their foraging grounds. Therefore, monitoring foraging 
aggregations is also necessary to assess stability of repro-
ductive aggregations. Aggregations on foraging grounds 
comprise individuals from distinct natal origins (mixed 
stocks; Bjorndal and Bolten 2008; Jensen et al. 2013). Green 
turtles from Trindade contribute to several foraging aggrega-
tions of all life stages along the Brazilian coastline (Naro-
Maciel et al. 2007; Proietti et al. 2012; Jardim et al. 2016). 
Recently, large-scale surveys of sea turtle carcasses stranded 
along coastlines of the Brazilian states of Rio de Janeiro, 
São Paulo, Paraná, and Santa Catarina revealed that large 
numbers of juvenile green turtles are being removed from 
populations in the Southwest Atlantic (Cantor et al. 2020; 
Guimarães et al. 2021), many from bycatch in commercial 
fisheries. Because of this high mortality of juveniles, some 
of which would have recruited to the Trindade nesting aggre-
gation, and the late sexual maturity of green turtles (over 
40 years; Avens and Snover 2013), the number of nests at 
Trindade may not remain stable and might decrease in the 
future.

Future research and management 
at Trindade

This study has revealed important topics for future research 
and management on Trindade. Hatchling emergence suc-
cess should be determined for large samples of nests, 
including those that fail to produce any hatchlings. In this 
age of rising sea levels and beach temperatures, monitor-
ing hatchling emergence success and hatchling production 
should be among the goals for monitoring sea turtle nesting 
aggregations particularly because of the increased risk of 
“invisible” nest lost due to drowning by rising groundwater 
levels and increasing temperatures exceeding lethal levels. 
Recent reviews of the effects of climate change on sea tur-
tles (Patrício et al. 2021) and research priorities for sea tur-
tles (Hamann et al. 2010; Rees et al. 2016) emphasize the 
importance of monitoring emergence success and hatchling 
production.

Survival rates of hatchlings during their movements 
from nest to surf should also be evaluated, possibly by 

assessing the fates of hatchlings by following their tracks 
from the nests. The extent of variation within and among 
nesting seasons in nest abundance and nesting probabil-
ity for Andradas and Tartarugas demonstrates the need to 
have estimates of these parameters for the other 7 nesting 
beaches on Trindade. Although Andradas and Tartarugas 
are the primary nesting beaches, the other 7 beaches had 
approximately 46% (range: 45–47%) of the track counts in 
the three years (1999, 2006, 2007)) during which all nest-
ing beaches were surveyed (Almeida et al. 2011). Intermit-
tent monitoring of the other 7 beaches could avoid serious 
errors in prediction of population stability for Trindade 
and may reveal necessary management actions, such as 
for extremely low hatchling emergence success on some 
beaches.

Successful removal of most of the feral species on 
Trindade by the Navy has greatly improved environmen-
tal quality of the entire island of Trindade. Continued 
efforts are needed to control introduced animals (e.g., 
mice and, perhaps, yellow land crabs) and support the 
regrowth of natural vegetation to prevent the transfer of 
inland sediment onto the nesting beaches. As Soto (2009) 
emphasized, future studies should focus on whether the 
yellow land crab is a native or introduced species and on 
the extent of predation on eggs and hatchlings by yellow 
land crabs (Santos et al. 2016). If crabs pose a signifi-
cant threat to hatchling survival, appropriate management 
actions—which would depend on whether the crabs are 
native—should be considered.

In 2018, ICMBio, the Federal Agency for Biodiversity, 
created a marine protected area called Área de Proteção 
Ambiental de Trindade e Martim Vaz in the area around 
Trindade. This Conservation Unit will make it possible to 
increase the number of expeditions to Trindade, expand 
research actions, and monitor and mitigate impacts such 
as fisheries.
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Table S-1 Annual numbers of observed tracks from morning surveys between 15 November and 

30 May each year and estimated annual total track counts between 15 November and 30 May 

each year from GAM analyses.  

Nesting Year 
Andradas 

observed tracks 

Tartarugas 

observed tracks 

Andradas 

estimated track 

counts 

Tartarugas 

estimated track 

counts 

2009/10 886 1618 1439 2161 

2010/11 881 1773 1433 2478 

2011/12 513 1354 825 1359 

2012/13 1808 2347 3143 3559 

2014/15 503 720 1116 1648 

2015/16 409 536 588 760 

2016/17 1585 1662 3317 3410 
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Fig. S-1 Number of observed green turtle 

tracks on Andradas Beach (solid circles) 

with the smooths from the GAM analyses 

(solid line).  Dashed lines are pointwise 

95% confidence curves around the fits. 

For Day of season, Day 1 is 15 

November and Day 197 is 30 May (29 

May in leap years) 
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Fig. S-2 Number of observed green turtle 

tracks on Tartarugas Beach (solid circles) 

with the smooths from the GAM analyses 

(solid line).  Dashed lines are pointwise 

95% confidence curves around the fits. 

For Day of season, Day 1 is 15 

November and Day 197 is 30 May (29 

May in leap years) 
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