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Abstract

Yalimapo beach, near the Maroni River estuary in French Guiana, is an important turtle nesting site. The interaction of mas-
sive mud banks migrating alongshore from the distant Amazon River with discharge from the Maroni River generates strong 
beach morpho-sedimentary changes. The eventual degradation of the marine turtle nesting habitats resulting from these 
changes represents a threat to the offspring, and consequently, to the turtle population. Field operator counts of green and 
leatherback turtle nests were combined with high-resolution topographic measurements of the beach over four field surveys 
in 2012 and 2014 to map the topographic modifications susceptible to affect nesting on Yalimapo beach. We assumed that 
the survival of nests was at stake when the depth of sand between the egg chamber and the topographic surface (i.e. the top) 
of the beach was < 50 cm, and that beach surface lowering > 10 cm represented unfavourable conditions for nest safety with 
unequal nest survival across the beach. Erosion of the beach surface exceeding a depth of 50 cm therefore results in nest 
destruction. Digital elevation models were produced to quantify the topographic modification of nesting on Yalimapo beach 
and highlight the endangered nesting areas. As the modification of the beach is not linear, some sectors are more eroded than 
others, resulting in unequal nest survival across the beach. Overall, up to 40% of the nests were presumed destroyed over the 
2 years of survey, but true losses would depend on the species and the preferential locations of their nesting habitats. The 
relatively unfavourable conditions that prevailed during the 2 years of the survey are consistent with persistent erosion of 
Yalimpao beach since 2011. This ongoing erosion could explain in part the drastic decline of the leatherback turtle population 
in western French Guiana over the period 2001–2018. The substrate quality and dynamics of the nesting beach in relation 
to the preferred nesting habitat of each species are therefore critical issues that should be considered in the conservation 
strategies of marine turtles. The beach nesting conditions of marine turtles in French Guiana, as elsewhere, could be further 
aggravated in the future by climate change effects, including sea-level rise.

Keywords Marine turtles · Nests · Vulnerability · Beach erosion · Conservation

Introduction

Climate change will induce profound changes in biodiversity 
and ecosystem functioning (Bellard et al. 2012). The most 
recent scenarios projected by the Intergovernmental Panel 
on Climate Change (IPCC) show that mean temperature may 

increase by 4 °C by the end of the twenty-first century (Lee 
et al. 2021). It is important, therefore, to evaluate the extent 
to which animals that are particularly sensitive to climate 
conditions can cope with these changes. The situation could 
be particularly critical for already threatened species, since 
the impact of climate change might be the final trigger for 
their extinction. Climate change is a threat to marine turtles 
(Patrício et al. 2021) which are classified as Vulnerable or 
Endangered on the IUCN Red List of Threatened Species 
(IUCN 2021). Wallace et al. (2011) summarized the various 
threats faced by marine turtles: fishery bycatch, direct use 
of turtles or eggs by humans, coastal development result-
ing in the loss or degradation of nesting habitats, pollution 
and pathogens, and climate change. The thorough inventory 
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carried out by Wallace et al. (2012) showed that climate 
change had the second highest threat score, but it was omit-
ted from final calculations and categorizations due to serious 
data gaps.

Because marine turtles do not provide parental care, their 
breeding success depends on the characteristics of the sandy 
beaches used as nesting sites and to which they have a high 
level of fidelity (Carr and Carr 1972; Weishampel et al. 
2003). Turtles dig their nest on the portion of the beach 
located between the upper intertidal area and the shrub 
vegetation (Péron et al. 2013). The nest depth depends on 
the length of the hind flippers of the species: around 50 cm 
for olive ridleys, 70 cm for green turtles, and 80 cm for 
leatherbacks (Santidrian Tomillo et al. 2017). The incuba-
tion period varies between 45 and 90 days depending on 
the species and the incubation temperatures (Miller 1997). 
Marine turtles have temperature-dependent sex determina-
tion, and the sex of the embryos thus depends on the tem-
perature experienced during incubation (Mrosovsky and 
Yntema 1980; Mrosovsky 1994; Hulin et al. 2009). This 
mechanism of sex determination could render turtles par-
ticularly exposed to the impacts of climate change (Maurer 
et al. 2021). Furthermore, hatching success is also tempera-
ture-dependent and temperatures that are too low or too high 
impair development (Howard et al. 2014).

Coastal systems are highly dynamic environments, and 
sandy beaches that are the nesting grounds for marine turtles 
are among the landforms most subject to change (Anthony 
2019). Beach morphology can change rapidly in response to 
storms, which can generate both massive beachface lowering 
and retreat in hours to days, whereas recovery under lower 
energy waves may take weeks to months (Anthony 2019). 
These morphological changes can significantly impact turtle 
nesting. Changes in nesting site elevation over the incuba-
tion chamber induce temperature variations that are known 
to influence the sex ratio at hatching (Hulin et al. 2009; 
Maurer et al. 2021). Generally, beach erosion is associated 
with a decrease in hatching success (Lamont and Carthy 
2007; Lamont and Houser 2014; Varela et al. 2019). Beach 
erosion and inundation further degrade nests (Daniels et al. 
1993; Fish et al. 2005; Willis-Norton et al. 2015). Egg expo-
sure and drowning on beaches can be important sources of 
nest failure (Witherington et al. 2011). During the nesting 
incubation period (~ 60 days) (Miller 1997), beach dynam-
ics may involve large movements of sand in the nesting 
areas. Even where beach erosion is not sufficient to directly 
result in the loss of nests, changing beach dynamics may 
indirectly contribute to their loss. Erosion renders the nests 
more accessible to predators such as birds, crabs, raccoons, 
and dogs (Engeman et al. 2006). Like other animal species 
relying on the coastal habitat for nesting, marine turtles also 
face the impact of sea-level rise on beaches. Beach erosion 
is expected to intensify, leading to a predicted decline in 

nesting grounds for marine turtles (Fish et al. 2005; Varela 
et al. 2019). As sea level is also expected to rise considerably 
during this century, the nesting sites will also be exposed to 
the deleterious effects of increase in moisture and flooding 
(Baker et al. 2006; Fuentes and Abbs 2010; Fuentes-Farias 
et al. 2010).

Sandy beaches in French Guiana, South America (Fig. 1) 
are major nesting sites for three of the seven species of 
marine turtles: leatherback (Dermochelys coriacea), green 
turtle (Chelonia mydas), and olive ridley (Lepidochelys 

olivacea) (Baudouin et al. 2015; Chambault et al. 2016a, 
2016b, 2017, 2015). The IUCN Red List categorizes green 
turtles as Endangered (Seminoff 2004; The Second World 
Ocean Assessment 2021), and leatherbacks and olive rid-
leys as Vulnerable (Abreu-Grobois and Plotkin 2008). In 
French Guiana, leatherback turtles nest in open sandy beach 
foreshore areas (Caut et al. 2006a, 2006b; Kamel and Mros-
ovsky 2004; Péron et al. 2013; Whitmore and Dutton 1985) 
and green turtles in beach backshore vegetation (Péron et al. 
2013). The sandy beaches of French Guiana are, however, 
highly dynamic (Anthony et al. 2010; Jolivet et al. 2019a), 
and nest fidelity jeopardizes the persistence of populations of 
marine turtles (Kelle et al. 2007; UICN France and Museum 
d’Histoire Naturelle de France 2017). This is notably the 
case of Yalimapo beach, in western French Guiana (Fig. 1). 
These beaches are associated with large discrete nearshore 
mud banks, separated by inter-bank areas, that migrate west-
ward under the influence of wave-generated processes from 
the mouths of the Amazon River in Brazil to those of the 
Orinoco in Venezuela (Anthony et al. 2010; Gardel and Gra-
tiot 2005). By modulating alongshore wave energy dissipa-
tion and refraction, mud banks and alongshore-alternating 
inter-bank phases can lead to important beach morphological 
modifications that are further amplified by the interaction 
of mud and sand (Anthony et al. 2019; Jolivet et al. 2019a). 
These morphological modifications can significantly impact 
nesting success. Many nesting females that return to lay 
their eggs commonly face eroded or inaccessible beaches, 
beaches that no longer meet the criteria for successful incu-
bation, or newly formed ‘chenier’ beaches (i.e. beach depos-
its pushed inland by waves and wave overwash within the 
muddy coastal plain) that are subject to high mobility and 
intermixture with mud (Anthony et al. 2013; Brunier et al. 
2022). These morphological variations in turtle nesting areas 
in western French Guiana can be expected to lead to the 
deterioration of the incubation conditions of the eggs.

On Yalimapo beach, nest density is unevenly distributed, 
and some areas show an aggregation of nests and others low 
nest density (Girondot et al. 2006; Péron et al. 2013). Yali-
mapo beach has also been shown to be dynamic with marked 
changes in erosion and accretion over the last five decades 
(Jolivet et al. 2019a). This beach provides, thus, an oppor-
tunity for assessing the impacts of beach morphological 
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characteristics and change on nest safety and vulnerability 
and for establishing a prognosis of turtle population dynam-
ics in a conservation context.

Materials and methods

Study area

The study was conducted on the 3-km-long Yalimapo 
beach abutting the east bank of the Maroni River estuary 
(Fig. 1) within the protected site of the Amana Nature 
Reserve (Fig. 1). This area is influenced by a tropical-
equatorial seasonal climate influenced by the north–south 
migration of the Intertropical Convergence Zone (ITZC). 

A well-marked rainy season occurs from the end of 
December to July and a dry season from August to Decem-
ber. This contrast is characterized by marked variations 
in seasonal river discharge, with a threefold to fourfold 
increase in the rainy season. The rainy season is generally 
interrupted by dry conditions during the month of March. 
The beach experiences semi-diurnal tides with a spring 
range of 4.1 m and a neap range of 1 m and is exposed 
to relatively dissipated ocean waves (mean significant 
wave height < 40 cm) as a result of the presence of a large 
estuarine sand bank extending offshore from the mouth of 
the Maroni (Jolivet et al. 2019a; Gardel et al. 2021). The 
wave regime is seasonal with relatively energetic deep-
water waves prevailing from December to March and lower 
waves from April to November.

Fig. 1  The Guianas coast 
between the deltas of the 
Amazon and the Orinoco Rivers 
in South America (B) and inset 
showing 3-h averages of signifi-
cant wave height (Hs) derived 
from a record of data extracted 
from the model WaveWatch III 
(NOAA) offshore of the Maroni 
(A); Sentinel 2 satellite image 
showing the location of Yali-
mapo beach in French Guiana, 
the neighbouring Maroni River 
mouth and the current partially 
shore-welded mud bank (C)
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Field data were obtained in the course of surveys car-
ried out over two consecutive periods in 2012 (named 
2012A and 2012B) and 2014 (named 2014A and 2014B) 
involving in situ topographic measurements as well as nest 
counts (2012A: 12 March–18 May; 2012B: 18 May–11 July; 
2014A: 10 April–12 May; 2014B: 12 May–26 July). Obser-
vations on the morphology of the beach were also carried 
out during these surveys.

Spatial distribution of marine turtle nests and site 

characteristics

A team of four to six operators conducted capture-mark-
recapture (CMR) monitoring of leatherback and green turtle 
nesting populations at night, 4 h before and after high tide. 
We identified each individual turtle (marked with a passive 
integrated transponder) coming ashore to nest, and carried 
out an inventory of activities. The nest position was geolo-
cated with a GPS Etrex 10. The activities noted were as fol-
lows: sand-sweeping, digging, egg-laying, and egg-covering. 
At the same time, the characteristics of the nest habitat were 
also noted. These characteristics were the presence of bare 
sand, the boundary between sand and vegetation, the pres-
ence of a separation of the lower from the higher foreshore, 
and of the foreshore from the backshore, and the presence of 
a retreating beachface foot indicative of erosion.

Geomorphological changes

High-resolution topographic measurements of the beach 
were carried out using a Leica 4700 Total Station with an 
instrumental accuracy of ± 3 mm for distance and height 
and ± 0.0015° for direction. A total of eight Digital elevation 
models (DEMs) were generated from the raw topographic 
data at the intervals corresponding to the 2012A, 2012B, 
2014A, and 2014B survey intervals mentioned above, i.e. 
respectively 67, 54, 32, and 76 days. Digital elevation mod-
els are mapped representations of topography in 3D mode 
(showing spatio-temporal variations in elevation). They are 
important in the visualization of landscape changes over 
time, and therefore represent an instructive way of depicting 
how beach changes in space and time affect turtle nests. The 
dates of the topographic surveys were chosen to coincide 
with spring tides in order to cover geomorphic changes on 
as large an area of the beach as possible.

In order to include a time frame, differentials of DEMs 
(DoDs) representing elevation variations over the beach 
between two surveys were used to determine levels of ero-
sion and accretion. The DEMs and their differentials were 
determined for a 1500-m section of the beach (Fig. 2). The 
DEMs also enabled determination of changes in the width 
of the beach through mapping of the contact between the 
bare sandy intertidal foreshore and the vegetated supratidal 

backshore. The dates of the topographic surveys were chosen 
to coincide with spring tides, thus enabling monitoring of as 
large an area of the beach as possible. 

Topographic and nest location data were mapped using 
Arcgis 9.2 software (ESRI Inc.). The data were projected in 
the WGS 84 UTM 22 North system. Based on the postulate 
that beach topographic conditions and their eventual changes 
significantly influence nesting success or vulnerability by 
affecting the depth of sand between the egg chamber and 
the beach surface, but also by directly leading to nest erosion 
we used the Dods over the study period to map the impact 
of topographic changes, portrayed as beach nest exposure 
maps. Changes in beach elevation over the incubation cham-
ber denote either erosion (removal of sand) or accretion 
(accumulation of sand). These changes affect the tempera-
ture of the nests and, thus, potential hatching success, but 
they can also lead to direct removal of nests through beach 
erosion or indirectly affect nesting success by reducing 
the beach space available for nesting, a condition that can 
lead to turtles coming ashore destroying pre-existing nests. 
We used the following thresholds to categorize elevation 
change: three of which (> 50 cm, between 40 and 50 cm, and 
between 10 and 40 cm) correspond to ‘unfavourable’ condi-
tions of elevation lowering (erosion) with potential negative 
impacts on nesting success (Spanier 2010); changes between 
–10 and + 10 cm are considered as neutral as they reflect 
stability of the nesting beach, and we consider, provision-
ally, as inderterminate regarding the incubation of marine 
turtles, situations where accretion > 10 cm. The impact of 
high beach accretion levels has not been identified in this 
study as a result of the relatively low temporal frequency 
of the geomorphological surveys. This aspect is revisited in 
the discussion. The safest nests are defined as those located 
in the neutral region.

Phenology of marine turtle nesting

Abundance of turtle nests

The abundance of turtle nests was calculated using a sea-
sonal abundance model (Girondot 2010, 2017; Girondot and 
Rizzo 2015). The abundance model describes the nesting 
season using shape and scale parameters. Shape parameters 
are B (for Beginning) for the ordinal date of the start of 
the nesting season, E (for End) for the ordinal date of the 
end of the nesting season, and P (for Peak) for the ordi-
nal date when the peak of the nesting season is observed 
(Girondot 2010). More convenient formulations are LB = P-
B and LE = E-P where LB and LE are > 0, and LB and LE 
are abbreviations for Length of Beginning and Length of 
End, respectively. The scale parameters are Max and Min, 
which are respectively the number of nests at the date of 
the peak and the number of nests before date B or after 
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date E (i.e. out of the nesting season). A more convenient 
parametrization uses PMin with Min = PMin ×Max , which 
has the advantage of using only one parameter PMin if the 
model is applied for several time series of counts, with the 
hypothesis that the daily number of nests out of the nesting 
season is proportional to the average number of nests at the 
peak of the season ( Max).

The estimation of the value of the parameters that rep-
resent the best observations was done using the maximum 
likelihood with a negative binomial distribution with an 
aggregation parameter Theta (Girondot 2017). Theta repre-
sents the day-by-day dispersion of the observations below 
and above the model. The distribution of the parameters 
is obtained using the Metropolis–Hastings algorithm, 
which is a Markov chain Monte Carlo (MCMC) method 
for obtaining a sequence of random samples from a prob-
ability distribution (Hastings 1970; Metropolis et  al. 
1953). This method is now widely used, as it offers a high-
performance tool to fit a model. Wide uniform priors are 
chosen to ensure that they do not constrain the posteriors. 

The adaptive proposal distribution (Rosenthal 2011) as 
implemented in R package HelpersMG (Girondot 2021) 
ensures that the acceptance rate is close to 0.234, which is 
the optimal acceptance rate (Roberts and Rosenthal 2001). 
The starting values for the MCMC are the maximum like-
lihood estimators. The total number of iterations required 
was defined after an initial run of 10,000 iterations (Raftery 
and Lewis 1992).

Consequences of erosion on hatchling production and sex 

determination

Using the distribution of nests during the 2012 and 2014 
nesting seasons, the median date of the nesting season was 
estimated for both species. The proportion of nests in stable 
zones (change in elevation between –10 and + 10 cm) was 
estimated by superimposing the distribution of nests dur-
ing the nesting season on the digital elevation models. The 
median date of a phenology is the date for which 50% of 
nests are located prior to this date and 50% after. The median 

Fig. 2  Differential of DEMs 
(DoD) of Yalimapo beach 
between March 2012 and April 
2014 (a); net cross-shore varia-
tion of the contact between the 
bare beach sandy foreshore 
and the vegetated backshore 
between March and June 2012 
(blue, seaward advance; red, 
landward retreat) (b)
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dates for 2012 and 2014 for the distribution of nests were 
estimated together with the median date for only the nests 
located in the stable zone. The change in these median dates 
was reported as a function of the temperature at the depth of 
the nests. Temperatures at various nest depths (28–100 cm; 
variable stl3) were extracted from the European Centre for 
Medium-Range Weather Forecasts ERA-5 database at the 
nearest location (longitude –54°, latitude 5.5°; WGS 84). 
ERA5 is the fifth generation ECMWF atmospheric reanaly-
sis of the global climate covering the period from January 
1950 to present (COPERNICUS 2017). ERA5 provides 
hourly estimates of a large number of atmospheric, land, 
and oceanic climate variables using 4D-Var data assimi-
lation and model forecasts. The data cover the Earth on 
a 0.36-degree grid with a temporal resolution of 1 h and 
resolve the atmosphere using 137 levels from the surface 
up to a height of 80 km. ERA5 includes information about 
uncertainties for all variables at reduced spatial and temporal 
resolutions. Ground temperature in the ERA5 database is a 
good approximation of sand temperature at the level of nests 
(Patrício et al. 2021).

Results

Beach geomorphological changes

Yalimapo beach exhibited throughout the study period a 
classical beach profile that ranged from reflective to dissi-
pative in terms of the beach morphodynamic signature (Jol-
ivet et al. 2019a). The beach comprised a sandy intertidal 
foreshore forming the beachface, separated by either a more 
or less well-expressed accretionary berm or an erosional 
bluff from a vegetated backshore dominated by creeping 
grasses, notably Ipomoea pes-caprae. Beach width at low 
spring tide ranged from 60 to 75 m, and the sandy beachface 
invariably merged at about the spring low tide mark with a 
muddy shoreface expressing the abundance of mud and the 
pervasive influence of mud banks on this coast. A notable 
exception to this was in a small sector of the western part 
of the beach (Eastings 173,400 to 17,366, Fig. 2a) where 
there is a permanent shore-attached sand shoal exhibiting 
large tide-driven hydraulic dunes associated with the Maroni 
estuary (Jolivet et al. 2019a). Since no measurements were 
carried out in 2013, a DEM comparison was made over the 
2-year period between the comparable months of March 
2012 and April 2014 (Fig. 2a). Although this 25-month 
period should incorporate seasonal beach morphological 
variation (Jolivet et al. 2019a) involving the classical beach 
‘cut’ (higher waves from December to March and beach 
erosion) and ‘fill’ (lower waves from April to November 
and beach recovery), change was marked alongshore. Ero-
sion, expressed by a decrease in beach elevation, dominated 

largely, and was especially severe in much of the eastern 
sector as well as the western extremity close to the Maroni 
estuary. These two erosional sectors were separated by a 
short 150-m central sector, associated with the permanent 
shore-attached shoal, characterized by accretion. Elevation 
change attained as much as − 3.4 m in the eroded sectors, 
whereas this short segment of the beach gained up to 2.2 m 
in elevation (Fig. 2a). These morphological modifications 
were associated with variations in the beach profile. The 
accretionary segment showed a convex beachface with a 
poorly expressed berm, corresponding, thus, to dissipa-
tive conditions. In contrast, a concave profile prevailed 
along much of the eroded sectors of the beach, resulting 
in a more reflective beachface often characterized by steep 
slopes (> 20°), and a vertical bluff where the berm was 
being removed by erosion. The measurements also showed 
that morphological changes sometimes occurred over a 
very short period of time, as shown by a DEM differential 
between March and May, 2012 (Fig. 2b) depicting, this time, 
changes in beach width expressed as cross-shore mobility 
of the vegetation contact separating the upper foreshore and 
the backshore. This period corresponds to the waning phase 
of the high wave-energy season during which Yalimapo 
beach undergoes erosion. In some sectors, the vegetation 
line retreated by up to 5 m, notably in short segments at the 
eastern extremity of the beach (Fig. 2b).

Nesting and hatchling production

We counted 554 and 410 nests of, respectively, green turtles and 
leatherbacks in the course of the first survey of 2012 (2012A: 
12 March–18 May), respectively 116 and 556 nests in the sec-
ond (2012B: 18 May–11 July), and respectively 387 and 251 
nests in the first survey of 2014 (2014A: 10 April–12 May), 
and 383 and 784 nests in the second (2014B: 12 May–26 July 
2014). The daily nest counts for both green and leatherback 
turtles as well as the model of the nesting season are shown in 
Supplementary Table 1 and Supplementary Fig. 1. Green turtle 
nests were much more abundant in 2012A compared to 2012B 
(554 vs. 116) but the counts were comparable for the two 2014 
periods (387 vs. 383). For leatherback turtles, counts were more 
important for the second nesting period in both years (2012A 
and B: 410 vs. 556; 2014A and B: 251 vs. 784). The fitted 
models of the nesting season for both species are summarized 
in the grey boxes in Fig. 3, and in Supplementary Fig. 2. The 
temperature at depths of 28–100 cm is also shown in Fig. 3. 
A temperature increase occurred in relation to the transitions 
from the rainy to the dry season (centred around March) the dry 
to the rainy season (centred around November) for both peri-
ods. The proportion of safe nests (located in the stable, neutral 
zones) in periods A and B is only slightly different from the 
total distribution of nests during the nesting season (Fig. 3).
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Maps of nest susceptibility to loss

Four maps were prepared from the DoDs in order to assess 
the degree to which nests on Yalimapo beach were poten-
tially exposed or not to loss resulting from erosion based on 
the three areal categories of threat (red), danger (orange), 
and vulnerability (yellow), collectively representing ‘unfa-
vourable’ conditions. Neutral conditions were associated 
with relative beach topographic stability (white), whereas 
indeterminate conditions (green) correspond to net beach 
surface accretion exceeding 10 cm (Fig. 4). Map 2012A, 
representative of the period from March to May 2012, shows 
significant comparable proportions of nests exposed to the 
uppermost unfavourable levels of ‘threat’ and ‘danger’ 
(green: 15.4%; leatherback: 16.3%). Map 2012B, covering 
May to July 2012, shows a less dynamic beach system with 
much lower ‘threat’ and ‘danger’ exposures for the nests 
(green: 3.5%; leatherback: 2.9%), corresponding to condi-
tions of seasonal beach ‘fill’ (recovery). Map 2014A shows 
a much more dynamic beach with accretion largely super-
seded by beach erosion, consistent with the high-energy 
season, and generating notably sites in danger, especially 
towards the western extremity, and under threat at the east-
ern extremity of the beach. The last map (2014B), May to 
July 2014, depicts a relatively similar situation to that of 

the 2012B map, with accretion largely dominant across the 
entire beach (low-energy beach recovery season) except in 
the central sector where elevation diminished.

To summarize, during the 2012 and 2014 nesting sea-
sons, we monitored the following mean and standard 
deviation values associated with the erosion, stability, and 
accretion levels of the beach: 28.4% ± 3.9% of green tur-
tle nests were found in areas subject to erosion (from 10 
to > 50 cm), 46% ± 14.2% in a stable area (–10 to + 10 cm), 
and 25.7% ± 6.9% in an accreting area. The estimated 
proportion of green turtle nests considered lost (i.e. ero-
sion > 50 cm) was 6.6% (n = 44) in 2012 and 4.8% (n = 54) 
in 2014. However, 57.6% (n = 444) of the nests were located 
in stable areas of the beach in 2014. Beach morphological 
change was more pronounced in 2012 and only 31.3% of 
nests (n = 210) were located in stable areas. Overall, ‘unfa-
vourable’ conditions were more common for leatherbacks 
than for green turtles, tantamount to more important poten-
tial losses during the two survey years.

An average of 36.0% ± 11.7% of nests were located on 
portions of the beach characterized by accretion. This does 
not mean that the beach is generally in accretion, but rather 
that many leatherback nests are located in the backshore 
area beyond the beach scarp, which can be unstable and 
collapse during high spring tides or when a turtle digs a 

Fig. 3  Hourly temperatures at 
28–100 cm in 2012 (A) and 
2014 (B) (longitude − 55°, 
latitude 5.5°; WGS 84) along 
with the nesting season and 
distribution of safe nests (–10 
to + 10 cm; see Supplementary 
Tables 1 and 2) for leatherback 
and green turtles. The light and 
dark grey boxes are respectively 
the [2.5%; 97.5%] and [25%; 
75%] quantiles; dashed lines are 
the medians of the distributions
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nest there. Most leatherback nests in 2012 and 2014 were 
located in stable or accreting areas, which accounted for 
31.8% (n = 307) and 31.3% (n = 302) of nests, respectively. 
Accreting areas showed more leatherback nests during the 
2014 nesting season, as 46.6% (n = 482) of these nests were 
located in this zone.

Discussion

In this study, we have focused essentially on nest suscep-
tibility to erosion as this process can not only be directly 
detrimental to eggs, removing them as beach sediment is 
evacuated, but has also been dominant over the study period 
on Yalimapo beach (Fig. 2). Although accretion is favour-
able to a healthy beach sediment budget, it may, depend-
ing on its intensity, lead to diminished turtle hatching and 
emergence success as the hatchlings are obliged to dig up 
more sand to emerge, or to cover a longer distance that may 
put them in greater jeopardy from predators, before they 
attain the sea. We have mapped beach zones where accre-
tion exceeded 10 cm as sectors of ‘indeterminate effects’. 
These sectors cover a much lower area of Yalimapo beach 
than erosion sectors over the study period (Fig. 2a). The data 
show that the proportion of nests susceptible to be impacted 
by beach erosion differed in 2012 and 2014 for both green 
and leatherback turtles, depending on the eastward to west-
ward variation in beach topographic change (Fig. 4) and 
along the beach profile (Fig. 2b). Because of the prevalence 
of erosion over the period 2012–2014, much of the beach 
was exposed to low potential hatching success. We assume, 
however, that significant accretion attaining up to 2 m, for 

instance, such as in parts of the shore-attached sand shoal 
in Fig. 2a, could also pose a problem to hatching success 
for the reasons evoked above. We discuss, first, a number 
of limitations imposed on our findings by the methods we 
have employed and how these can be improved, and then the 
eventual adaptation of turtle nesting to beach erosion as well 
as the causes of now persistent erosion of Yalimapo beach 
and the alarming perspectives this spells for marine turtle 
populations in French Guiana.

Methodological limitations and potential 
improvements

Whereas the topographic surveys using a total station had 
a very high distance and elevation resolution (± 3 mm), the 
surveys on nest distribution were carried out with a GPS Etrex 
10 (with GPS and GLONASS satellites for rapid positioning), 
a system subject to relatively marked fluctuations in position 
accuracy (> 3–5 m). Combined nest and beach topographic 
survey resolution and survey frequency are now consider-
ably enhanced using Differential Global Positioning Systems 
(DGPS), especially when coupled with photogrammetric tech-
niques based on UAVs or drones (e.g. Brunier et al. 2016a, 
2016b; Varela et al. 2019). This is especially pertinent to the 
French Guiana coast where changes can be rapid and where 
very high-resolution drone-based geomorphic monitoring is 
particularly suitable (Brunier et al. 2020). With regard to these 
geomorphic surveys and the highly dynamic nature of beach 
changes in French Guiana, beach survey frequency should 
optimally be carried out as frequently as possible (even on 
a daily basis during the nesting season) in order to capture 
nest locations and enhance the monitoring resolution of the 

Fig. 4  Differential of DEMs of 
Yalimapo beach from 2012 to 
2014 showing changes in beach 
elevation expressed as suscep-
tibility maps of turtle nests to 
unfavourable (erosion), neutral 
(stability) or indeterminate 
(accretion > 10 cm) conditions. 
Safe nests are associated with 
neutral beach elevation changes. 
Left panels represent the cumu-
lative proportions
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topographic changes affecting nests. There is a possibility that 
the proportion of nests destroyed was underestimated as a 
result of the low geomorphic survey frequency employed in 
this study. Another point concerns the simulation of tempera-
tures at different nest depths (28–100 cm; variable stl3) via 
the ERA database which involves hourly estimates of a large 
number of atmospheric, terrestrial, and oceanic climate vari-
ables on a 0.36-degree grid, with a temporal resolution of one 
hour. Although ground temperature in the ERA5 database is 
a good approximation of the temperature of the sand at the 
level of the nests (Patrício et al. 2021), uncertainties will nec-
esarilly subsist regarding temperature precision using model 
data compared to actual temperatures in the nests, which, it 
should be recalled, are subject to the influence of various envi-
ronmental factors. Finally, determining the viability of nests 
also requires data on various biotic (e.g. temperature, humid-
ity, salinity) and abiotic (e.g. slope of the beach, vegetation, 
accretion levels > 10 cm, grain size, frequency and duration 
of flooding caused by tide and waves) factors, some of which 
have not been monitored in the course of our study. Thus, in 
order to estimate the viability of nests, we recommend, in 
parallel with higher-frequency and higher-resolution erosion/
accretion surveys and measurement of the biotic and abiotic 
factors mentioned above: (1) the installation of temperature 
and humidity data loggers in the nests (e.g. Tinytag Plus 2), 
in order to obtain high-resolution in situ data on temperature 
and humidity, and (2) egg-counting during the laying process 
(on about 100 nests distributed over the entire laying site) 
in order to obtain data on hatching and emergence success, 
which as mentioned above, is impaired by erosion but also 
potentially by massive accretion. Whereas studies on turtle 
vulnerability to beach morphological change have essentially 
concerned beach erosion, there is a need for more studies on 
the impacts of rapid and significant acreetion too, as this can 
affect hatching success. Having said this, however, we believe 
that the data generated in this study are robust enough to pro-
vide a useful assessment of the impact of beach dynamics on 
turtle nesting and vulnerability, and that the methodological 
guidelines suggested above will foster more high-resolution 
studies of the impact of beach dynamics on turtle nesting.

Potential turtle nest losses and nesting adaptation 
to beach erosion

In terms of a comparison of the 2 years, 2012 was a more 
erosive year on Yalimapo beach, notwithstanding lower 
deep-water waves (Fig. 1). Our data show that the more 
severe erosion, especially of the eastern half of the beach 
between March and May 2012 (Fig. 4d), which led to both 
elevation decrease and a retreat of several decimeters of the 
backshore vegetation contact line with the upper beach, was 
associated with a decrease in the number of nests at the foot 
of the beach scarp for both leatherback and green turtles. We 

estimated that during 2012, up to 36% of both leatherback 
and green turtle nests may have been lost as a result of the 
prevalence of erosion, especially in the eastern sector of the 
beach. These estimated losses are to be scaled against the 
much larger number of nests (Table 1) in the course of the 
first nesting period of March to May 2012 (83%), the higher 
wave-energy season, compared to the period May to July 
(17%) when the beach showed significant recovery (Fig. 4b). 
Laying at the foot of the beach scarp, which is, in itself, a 
typical beach erosional feature, could increase erosion and 
nest loss. Nest construction within this unstable zone can 
lead to beach sand collapse or can promote nest overwash-
ing in the course of the next high tide. Figure 2b shows that 
large parts of this contact retreated significantly between 
2012 and 2014. The vegetated supratidal part of the beach 
remained the most stable, as wave action was limited to the 
more fluctuating sandy intertidal foreshore between low and 
high spring tides. A comparison of the 2 years 2012 and 
2014 highlighted an increase, from 31.4 to 57.6%, of green 
turtle nests in stable areas, essentially the backshore of the 
beach, which is generally above the level of wave action at 
high tide. These observations suggest that both species of 
marine turtles adapt their nesting behaviour to the beach 
dynamics, with green turtles preferably nesting on the veg-
etated backshore areas, in agreement with findings from 
previous studies (Bustard and Greenham 1968; Péron et al. 
2013). We also draw the logical conclusion that the more 
stable the beach, as in 2014, albeit with a net sand loss com-
pared to 2012 (Fig. 2a), the more successful the nesting. The 
prevalence of erosion in the 2012–2014 differential (Fig. 2a) 
was a signal that antecedent erosion was becoming persistent 
on Yalimapo beach, a point further confirmed below. This 
again suggests some adaptation of the nesting behaviour to 
the prevailing state of the beach (Table 2).

Although Yalimapo beach experiences a subdued wave 
regime due to offshore energy dissipation, the interaction of 
mud with waves, and locally with river discharge, generates, 
as Jolivet et al. (2019a, 2019b) showed recently, complex 
nearshore processes. These can, in turn, lead to significant 

Table 1  Percentage of green turtle nests for the two periods (A and 
B) in 2012 and 2014 as a function of their location on beach zones 
subject to various levels of erosion and accretion

In % 2012A 2012B 2014A 2014B

Erosion > 50 cm 7.8 0.9 9.6 4.4

Erosion > 40 < 50 cm 7.6 2.6 2.6 2.1

Erosion 30 to 40 cm 4.5 7.8 3.1 3.7

Erosion 20 to 30 cm 7.6 19 2.1 3.4

Erosion 10 to 20 cm 8.1 9.5 3.1 4.2

Variation –10 to + 10 cm 29.8 38.8 60.5 54.8

Accretion >  + 10 cm 34.7 21.6 19.1 27.4
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beach erosion and accretion phases that have been shown to 
prevail over sub-decadal to multi-decadal periods. The deep-
water wave conditions offshore of Yalimapo over the period 
2010–2018 (Fig. 1) suggest that this overall prevalent erosion 
is not readily linked to variations in wave energy. Erosion can 
occur even when waves are of relatively lower amplitude (as in 
2012 compared to 2014), because the interaction of sand with 
mud rendered more fluid by water discharge from the nearby 
Maroni River leads to high beach sediment mobility (Jolivet 
et al. 2019a). This mobility accounts for the significant changes 
observed during the study period, whether over the 2012–2014 
period of observation (Fig. 2a) or over a period incorporat-
ing seasonal changes (Fig. 2b). The implications of this situa-
tion are rather alarming for the sustainability of marine turtle 
nesting on Yalimapo beach, given the generalized erosion, but 
also accretion (up to 2 m) that could be unfavourable to emer-
gence success in the shore-attached shoal area, the only largely 
accreting zone on this beach (Fig. 2a). We presume, however, 
that in this restricted accreting area, nests located on the upper-
most part of the foreshore undergo less accretion and could, 
therefore, be favourable to successful hatching. Over the rest 
of Yalimapo beach, nests on the beach scarp or even located 
in the backshore close to the vegetation line were more likely 
to be eroded. The beach is therefore in a situation in-between 
the potential to host safe nests, but only in restricted favourable 
sites, and its susceptibility to erosion on other parts that were, 
paradoxically, more frequented by turtles simply because they 
represented much larger stretches of beach.

Onset of chronic beach erosion and declining 
leatherback turtle populations

French Guiana beaches represent a globally important nest-
ing site for leatherbacks (Fretey and Lescure 1998; Giron-
dot and Fretey 1996). While leatherbacks nesting on French 
Guiana beaches once represented as much as 40% of the 
world’s leatherbacks (Girondot et al 2006), there has clearly 
been a severe decline in recent years, as shown by long-
term population monitoring at Yalimapo beach where the 

proportion now represents only 10%, with 200 annual nests 
in 2018 vs. 18,000 in 2001 (equivalent to an average decline 
of 19%  year−1, Chevallier et al. 2020). In this context, it 
seems important to carry out future studies aimed at under-
standing the mechanisms that affect the approach of sea tur-
tles to a specific nesting site (bathymetry, topography of the 
beach, substrate, density of individuals, etc.), but also the 
longer-term dynamics of these nesting sites.

The overarching conservation question on this endan-
gered species is whether this drop in the population is 
due to a reduction of the area of the nesting habitat and 
to lesser accessibility of the beach to the nesting marine 
turtles. Péron (2014) calculated a shoreline mobility enve-
lope of 225 m ± 40 m between 1950 and 2012. Jolivet et al. 
(2019a), found, however, that net erosion has prevailed on 
Yalimapo beach between 2011 and 2017, and this tendency 
is confirmed by ongoing drone surveys of the beach over 
the last 3 years conducted by CNRS Guyane. This perva-
sive erosion tendency marks a clear turnaround from accre-
tion that was dominant up to 1987, but that then declined 
progressively prior to the switch to the current erosional 
regime since 2011 (Jolivet et al. 2019a). This change has 
been attributed, according to Jolivet et al. (2019a), to the 
increasing encroachment of a mud bank (Fig. 1), the lead-
ing edge of which is located less than 1 km from the beach, 
resulting in increased mixing of sand and mud that has been 
deemed nefarious to turtle nesting (Marco et al. 2017). The 
effect of the reduction of the nesting habitat, through ero-
sion as a result of the proximity of this mud bank, has led 
to the increasing concentration of nests in a smaller area 
of beach (3 km in 2012–2014 vs 1.5 km in 2018, accord-
ing to our recent field observations), leading inexorably to 
nest destruction by other congeners (Girondot et al. 2002). 
The ongoing drone surveys of the beach suggest that the 
erosion of Yalimapo beach plays out under what has been 
termed beach ‘rotation’, a process involving lateral trans-
fer of sand to feed accretion elsewhere. In this case, the 
sand eroded from Yalimapo beach is accumulating east 
of Yalimapo, feeding the rapid accretion of a chenier at 
Awala located behind mangroves that are rapidly colonizing 
a shore-welded part of the mud bank (Fig. 1). This east-
ward relocation of sand and the ensuing beach geomorphic 
and sedimentary configuration in a mud-rich setting are not 
favourable to turtle landings and nesting. Beach rotation in 
French Guiana is generated by changes in wave refraction 
patterns generated by a mud bank and has been well-iden-
tified on other beaches in this mud-rich region (Anthony 
and Dolique 2004; Brunier et al. 2016a). As in the case of 
Yalimapo beach, changes associated with beach rotation and 
mud-bank welding onto beaches in French Guiana can lead 
to drastic changes in the availability of beach sand for turtle 
nesting at temporal scales of years to decades, and can thus 
have a strong impact on turtle conservation at the regional 

Table 2  Percentage of leatherback nests for the two periods (A and 
B) in 2012 and 2014 as a function of their location on beach zones 
subject to various levels of erosion and accretion

In % 2012A 2012B 2014A 2014B

Erosion > –50 cm 10.2 1.1 6.8 4.8

Erosion –40 to –50 cm 6.1 1.8 5.6 1.9

Erosion –30 to –40 cm 4.6 7.2 7.2 2.9

Erosion –20 to –30 cm 7.1 11.0 3.6 2.7

Erosion –10 to –20 cm 11.2 14.2 6.8 6.9

Steady –10 to + 10 cm 25.1 36.7 42.6 28.1

Accretion >  + 10 cm 35.6 28.1 27.5 52.7
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scale. It is not likely that neighbouring beaches in Suriname 
(Fig. 1) will serve as nesting sites for turtles faced with 
diminishing beach space in Yalimapo because Suriname 
beaches are facing severe pressure from sand extraction that 
impacts their ecological value (Anthony et al. 2019). The 
conditions of decreasing beach space availability such as 
those at Yalimapo are likely to become exacerbated by cli-
mate change and sea-level rise (Anthony et al. 2021). These 
conditions could lead to increasing exposure of nesting sites 
to flooding and erosion (Fuentes and Abbs 2010; Fuentes-
Farias et al. 2010; Varela et al. 2019).

Conclusions

The degradation of nesting habitats is a threat for the off-
spring of marine turtles. In this context, areas of the beach 
likely to be an impediment to successful turtle nesting should 
be identified in order to implement management measures 
and ensure their better hatching sustainability. The example 
of Yalimapo beach in French Guiana, subject to the epi-
sodic overwhelming presence of mud nefarious to success-
ful nesting, brings out complexities that call for even more 
rigorous beach monitoring, a condition that also prevails 
throughout the coastline of the Guianas. Since we cannot 
accurately predict the coastal dynamics on a seasonal/annual 
basis, beach management aimed at turtle nesting sustain-
ability becomes complicated. This study has allowed us to 
identify nest vulnerability and its relationship with beach 
geomorphological change as an important first step in gain-
ing a better understanding of the dynamics of turtle nesting 
on a mud-influenced beach in French Guiana, but has also 
thrown light on the recent dramatic decline in the leather-
back turtle population on Yalimapo beach, an emblematic 
site for turtle nesting in French Guiana which once hosted up 
to 40% of nesting leatherbacks. The suitable nesting habitat 
for green turtles on Yalimapo beach has also considerably 
diminished due to shrinking of the beach and relocation of 
beach sand eastward in an area unfavourable to turtle nest-
ing. These conditions could be aggravated in the future by 
climate change effects, including sea-level rise.
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