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Abstract
Understanding spatial heterogeneity in reproductive success among at-risk populations facing localised threats is key for 
conservation. Sea turtle populations often concentrate at one nesting site, diverting conservation efforts from adjacent 
smaller rookeries. Poilão Island, Bijagós Archipelago, Guinea-Bissau, is a notable rookery for green turtles Chelonia 
mydas within the João Vieira-Poilão Marine National Park, surrounded by three islands (Cavalos, Meio and João Vieira), 
with lower nesting activity. Poilão’s nesting suitability may decrease due to turtle population growth and sea level rise, 
exacerbating already high nest density. As the potential usage of secondary sites may arise, we assessed green turtle 
clutch survival and related threats in Poilão and its neighbouring islands. High nest density on Poilão leads to high clutch 
destruction by later turtles, resulting in surplus eggs on the beach surface and consequently low clutch predation (4.0%, 
n = 69, 2000). Here, the overall mean hatching success estimated was 67.9 ± 36.7% (n = 631, 2015–2022), contrasting with 
a significantly lower value on Meio in 2019 (11.9 ± 23.6%, n = 21), where clutch predation was high (83.7%, n = 98). Mod-
erate to high clutch predation was also observed on Cavalos (36.0%, n = 64) and João Vieira (76.0%, n = 175). Cavalos 
and Meio likely face higher clutch flooding compared to Poilão. These findings, alongside observations of turtle exchanges 
between islands, may suggest a source-sink dynamic, where low reproductive output sink habitats (neighbouring islands) 
are utilized by migrants from Poilão (source), which currently offers the best conditions for clutch survival.
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Introduction

Understanding the spatial heterogeneity of reproductive 
success among populations of conservation concern is 
critical to develop and implement effective measures for 
their safeguarding and guide the allocation of conservation 
efforts (Hays et al. 2019; Welbergen et al. 2020; Assersohn 
et al. 2021). This is particularly important for populations 
facing localised threats (Allen and Singh 2016), as dispers-
ing breeding efforts may counteract the effect of restricted 
reproductive failures (e.g., Bowen et al. 1989; Refsnider 
and Janzen 2010). Occasionally, locally threatened popula-
tions may exhibit source-sink dynamics, where sink habitats 
(those where reproductive success is low) are persistently 
used, sustained by nearby abundant sources of reproductive 
individuals (Pulliam 1988; Pulliam and Danielson 1991). 
The potential for these sink habitats to confer protection 
can change in the medium and long term, particularly under 
global environmental changes.

Sea turtles, a group of conservation concern (Godley et 
al. 2020) that depends on sandy beaches for egg incubation, 
often aggregate at one geographically restricted nesting 
site, with this site being the target of long-term conserva-
tion efforts. This can result from the geographic isolation 
of nesting sites, as in the case of the green turtle Chelonia 
mydas rookeries at Ascension (Mortimer and Carr 1987) and 
Raine Islands (Hamann et al. 2022). But even when other 
seemingly suitable nearby nesting habitats exist, popula-
tions may largely concentrate at specific sites (for instance, 
approximately 75% of the loggerhead turtle Caretta caretta 
nesting in the entire Cabo Verde archipelago concentrate 
in Boa Vista Island (Marco et al. 2012, 2015)). The under-
lying causes for this can be varied and multifactorial, and 
may be linked to historical preservation of turtle nesting 
sites associated with cultural traditions (Liu 2017), limited 
human access or low human population density (Catry et al. 
2002), distinct local environmental conditions and philopat-
ric behaviour (Stiebens et al. 2013).

Since sea turtles offer no parental care, nest-site selection 
is fundamental for offspring survival (Patrício et al. 2018). 
During incubation, the developing embryos can be exposed 
to harmful environmental conditions, such as extreme high 
sand temperatures or flooding (Fuentes and Cinner 2010; 
Pike 2014; Booth 2017; Montero et al. 2018; Limpus et al. 
2020; Maurer et al. 2021). On several beaches, predation 
is also a major source of embryo and hatchling mortality 
(Butler et al. 2020). Predator species vary geographically, 
and may include mammals, birds, reptiles and crabs (Stokes 
et al. 2024). Several studies suggest that nesting turtles may 
rely on environmental cues to choose nesting sites (Wil-
son 1998; Wood and Bjorndal 2000), and may even select 

beaches with reduced predatory activity (Martins et al. 
2022a), enhancing clutch survival.

Sea turtles are however generally limited in their nest-
site choice, as they display natal homing, returning to the 
geographic area where they hatched to reproduce (Brothers 
and Lohmann 2015; Lohmann and Lohmann 2019; Levas-
seur et al. 2019). Additionally, some species exhibit high 
nest-site fidelity, laying consecutive clutches on the same 
beach (Kamel and Mrosovsky 2004; Heredero Saura et al. 
2022), within the same location of the beach (Kamel and 
Mrosovsky 2005, 2006; Patrício et al. 2018; Shimada et al. 
2021), even across nesting seasons (Heredero Saura et al. 
2022). However, limited nest-site plasticity has also been 
reported for different sea turtle populations (e.g., Hart et 
al. 2013; Esteban et al. 2015, 2017; Iverson et al. 2016; 
Hamilton et al. 2021). This plasticity can strengthen over-
all reproductive success (Schofield et al. 2010; Hart et al. 
2019; Hamilton et al. 2021) and increase the ability to cope 
with the loss or degradation of nesting areas (Esteban et al. 
2017), for example through the colonisation of new areas 
(Luna-Ortiz et al. 2024).

The Bijagós Archipelago, in Guinea-Bissau, West Africa, 
gathers one of the largest breeding aggregations of green tur-
tles globally (Patrício et al. 2019) and thus is a key area for 
the conservation of this species. Nesting occurs on several 
islands of the Bijagós, but the vast majority of clutches are 
laid on Poilão, a small island located in the southeast of the 
archipelago, within a marine protected area (MPA), the João 
Vieira-Poilão Marine National Park (hereafter ‘JVPMNP’; 
(Catry et al. 2009)). The mean number of clutches per year 
at Poilão was estimated at circa 25,000 from 2017 to 2021 
(Catry et al. 2023), and the number of nests per year has been 
increasing in the last twenty years (Broderick and Patrício 
2019; Patrício et al. 2019; IBAP, unpublished data). Besides 
Poilão, this MPA encompasses three other islands where 
sea turtles also nest (Catry et al. 2002, 2009). However, the 
nesting population is highly concentrated on Poilão. This 
island is expected to face increased vulnerability to climate 
change related threats in the near future, including rising 
incubation temperatures and expanding flooded areas due to 
sea level rise (SLR; (Patrício et al. 2019)). Furthermore, the 
high nest density at Poilão can potentially result in density-
dependent nest destruction by later nesting turtles (Booth 
et al. 2020) and enhance the spread of pathogens, reducing 
clutch survival (Bézy et al. 2015).

As Poilão may become less suitable for nesting due to 
population growth and climate change, it is important to 
explore the potential of neighbouring islands as alternative 
rookeries. Here, we aim to assess clutch survival and associ-
ated threats at Poilão and at the three nearby islands within 
the JVPMNP. To do this, we (1) estimate the total number 
of nests and (2) quantify clutch predation and nest flooding 
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events within the JVPMNP. Additionally, we estimate the 
hatching success at Poilão and one of its neighbouring 
islands for which data is available.

Materials and methods

Study site

The João Vieira-Poilão Marine National Park (JVPMNP) 
is located on the southeast of the Bijagós Archipelago, in 
Guinea-Bissau, West Africa (N11°17’, W15°58’, Fig. 1A). 
The park encompasses a total area of 49,500 ha, of which 
approximately 1,485  ha corresponds to the four main 
islands (Poilão, Cavalos, Meio and João Vieira), all fringed 
by low-lying sandy beaches. The 43  ha island of Poilão 
(10°52’N, 15°43’W, Fig. 1B) is the smallest and hosts the 
largest green turtle rookery in the archipelago (Catry et al. 
2002, 2009) and the second largest in the Atlantic (Brod-
erick and Patrício 2019). João Vieira (11°02’N, 15°38’W, 
Fig. 1B), Meio (10°58’N, 15°40’W, Fig. 1B) and Cavalos 
(11°00’N, 15°42’W, Fig.  1B) have areas of 900, 402 and 
210 ha, respectively. The main green turtle breeding season 
at the JVPMNP extends from mid-June to mid-December, 
with a peak nesting activity in August and September (Catry 
et al. 2002).

Poilão is considered a sacred site to local communities 
and human presence is forbidden except for rare traditional 
events and sea turtle monitoring activities, which enhances 
effective turtle protection (Catry et al. 2009; Barbosa et al. 
2018a). Of the three remaining islands, João Vieira is the 
only one with permanent human occupation, consisting of 
very few people running a seasonal touristic facility. How-
ever, João Vieira and Meio annually host seasonal fishing 
camps and, from time to time, farmers and their families set-
tle on these islands to engage in slash-and-burn rice agricul-
ture, locally known as “m’pam-pam” (Barbosa et al. 2018a; 
Catry et al. 2018). These families, primarily from Canha-
baque Island but also from other islands within the archi-
pelago, reside there for several months until the harvesting 
period. Historical records indicate that the slash-and-burn 
rice agriculture was performed in João Vieira in 2002, 2006 
and 2017, and in Meio in 1986, 2009, 2012 and 2014 (Catry 
et al. 2018). The practice of slash-and-burn rice agricul-
ture near the beach can reduce the availability of shaded, 
cooler nesting sites for sea turtles (Patrício et al. 2017), 
thus decreasing male hatchling production and potentially 
decreasing the availability of sites with optimal thermal 
conditions for egg incubation under future global warming 
(Patrício et al. 2017). Additionally, this agricultural practice 
is associated with the consumption of turtle meat (Barbosa 
et al. 2018b). In the last harvesting period at Meio in 2014, 

a minimum of 87 adult female turtles were reported to be 
poached, although the actual number of turtles killed and 
consumed may have been significantly higher (Barbosa et 
al. 2018b). Similarly, the camping of seasonal fishers may 
contribute to the use of females as a food source, thereby 
increasing mortality rates. Cavalos is not sought for these 
practices and human influence resumes to the presence 
of feral pigs, a known sea turtle nest predator (Cruz et al. 
2005; Hitipeuw et al. 2007; Whytlaw et al. 2013; Zárate et 
al. 2013).

Relative nesting abundance per island

Green turtle nesting activity has been continuously moni-
tored at Poilão throughout most of the breeding season (from 
August to November) since the year 2000, by the Instituto 
da Biodiversidade e das Áreas Protegidas (in english Insti-
tute of Biodiversity and Protected Areas, IBAP) of Guinea-
Bissau (Barbosa et al. 2018b), and since 2007 monitoring 
protocols were standardized. Each night, the IBAP patrols 
the beach around the peak of the high tide (see Patrício et 
al. 2018) to count all females encountered on the beach, 
and each morning (between 06:00 and 08:00) the number 
of turtle tracks from the previous night are recorded. Mon-
itoring of nesting activities (daily and nightly surveys) at 
Meio started in 2019, but only from August to October. This 
shorter monitoring period precludes systematic nest exhu-
mation since a large proportion of clutches have yet to hatch 
by the end of the monitoring campaign. At João Vieira, the 
monitoring began in 2020, with daytime beach surveys con-
ducted twice a week, usually between August and October. 
No regular monitoring is conducted at Cavalos. The dif-
ferences in monitoring levels across the four islands of the 
park result from the difficulty and high costs to access these 
remote sites. For this study, we used the green turtle nesting 
database from Poilão, along with all available nesting data 
from Meio (2019, 2020 and 2021), João Vieira (2011, 2020 
and 2021) and Cavalos (2016).

To estimate the total number of nests laid by breeding 
turtles at Poilão, we relied on the counts of turtle tracks. 
This approach is necessary due to the high nest density at 
Poilão, which makes it impractical to accurately count all 
nests, as the activity of new turtles obscures the tracks left 
by earlier ones. Consequently, we first used linear interpo-
lation, based on the number of tracks noted in the previ-
ous and following days, to estimate the number of tracks 
on rare occasions when weather conditions precluded beach 
surveys (Godley et al. 2001). Then, we divided the resulting 
total number of tracks by two (ascending and descending 
tracks) to obtain the number of nesting female emergences, 
and multiplied this figure by 0.813, to adjust for nesting 
success in Poilão estimated by Catry et al. (2009) (81.3%, 
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Fig. 1  (A) Location of the study sites (yellow): João Vieira-Poilão Marine National Park (JVPMNP), Bijagós Archipelago, Guinea-Bissau. (B) 
Islands of the JVPMNP: (1) Poilão, (2) Cavalos, (3) Meio and (4) João Vieira. The yellow line depicts the limits of the JVPMNP
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and hatching success (number of hatched eggshells / clutch 
size). On occasions, the whole clutch was washed by spring 
tides, and we considered hatching success to be zero. Addi-
tionally, some nests were ‘lost’ due to the displacement or 
covering with sand of wooden sticks by turtles. It is impor-
tant to note that the term ‘lost’ does not necessarily imply 
complete loss or a hatching success rate of zero. Some of the 
‘lost clutches’ were likely partially or totally destroyed by 
the action of nesting turtles while digging the body pit, the 
egg chamber or while covering their nest. However, many 
others probably remained intact, raising the possibility that 
‘lost clutches’ may have had higher hatching success rates 
(> 0%). The fate of these ‘lost clutches’ remains uncertain, 
and as we cannot determine the extent of potential suc-
cess (ranging from 0 to 100%), we initially discarded them 
from the estimation of hatching success. Acknowledging 
the potential for overestimation of hatching success result-
ing from this approach, we also calculated the mean annual 
hatching success rates attributing a hatching success value 
of zero to all ‘lost clutches’.

We used a Kruskal-Wallis test to compare hatching suc-
cess across years. We then calculated the non-parametric 
Spearman’s rank correlation coefficient to test the associa-
tion between the mean hatching success and the number of 
estimated nests per breeding season. In 2019, hatching suc-
cess was estimated at Meio for a subset of 21 clutches laid 
between August 3 and August 28, which were monitored 
until hatching. The hatching success formula used for Meio 
was the same as that used in Poilão. Hatching success was 
not estimated at Cavalos or João Vieira for any of the study 
years due to the absence of teams in the field during the 
hatching season.

Clutch predation and flooding

Clutch predation at Poilão was previously published in 
Catry et al. (2002). An accurate monitoring of the number of 
nests that were at least once covered by the tide or flooded 
by rainfall exists only for the years 2013 and 2014.

In the remaining islands, dedicated surveys were con-
ducted to estimate the levels of clutch predation and flood-
ing, specifically in 2011 at João Vieira (only clutch predation 
was recorded), in 2016 at Cavalos, and in 2019 at Meio. Dur-
ing these surveys, nests were marked with wooden sticks 
and monitored during the first 10 days after oviposition, 
since this is the period of peak predatory activity (Leighton 
et al. 2011; Barbosa et al. 2018b). Clutch predation by Nile 
monitors Varanus niloticus and ghost crabs Ocypode cursor 
(the most common egg predators in the park; (Barbosa et al. 
2018b)) was identified by the presence of fresh eggshells 
scattered around the nests, along with these species’ distinc-
tive tracks. Confirmation was obtained in a number of nests 

n = 75 monitored adult female emergences). The temporal 
distribution of nesting is well known at Poilão from earlier 
census, and thus, to account for a short period at the onset 
and at the end of the breeding season when no track counts 
were performed, we multiplied the previous estimate (i.e., 
tracks/2 × 0.813) by a factor of 1.05, following Catry et al. 
(2009).

For the other islands, the actual number of nests were 
counted during surveys. We assumed that the green turtle 
temporal nesting distribution was consistent across islands. 
This decision was based on local observations confirming 
synchronous nesting patterns across the JVPMNP. Hence, 
we used the known temporal distribution of green turtle 
nesting at Poilão as a model to extrapolate the number of 
nests observed during surveys at Cavalos, Meio and João 
Vieira to the entire breeding season.

Turtle nest densities per island

We estimated the available nesting areas at Cavalos, Meio 
and João Vieira by using Google Satellite Imagery in QGIS 
version 3.26 software. On the high-resolution images of the 
islands, we delimited the available nesting area per island 
using the QGIS Create Layer tool, and then calculated the 
area of the polygons using the $area function. We consid-
ered ‘available nesting area’ as the sandy areas above the 
high tide line. This is a very broad approximation since some 
areas may be perceived as suitable in the satellite images 
but be regularly flooded, while some areas under the forest 
border canopy were not detectable using satellite imaging. 
For Poilão, we used the estimation of the available nesting 
area previously published (Patrício et al. 2018), which was 
based on on-site measurements. The spatial density of green 
turtle nests was calculated by dividing the number of esti-
mated nests by the estimated available nesting area, for each 
survey year.

Hatching success at Poilão and Meio

To assess green turtle hatching success at Poilão, up to four 
nests per night were uniquely numbered and marked with 
wooden sticks, between August and October, from 2013 to 
2022, and surveyed daily until nest excavation (1–5 days 
after hatchling emergence). Because in 2013 and 2014 the 
clutches were given extra protection using larger, reinforced 
wooden sticks, which may have prevented disturbances 
such as destruction by other turtles, we discarded these two 
years from the hatching success estimations. Upon nest 
exhumations, after hatchling emergence, we recorded the 
number of hatched and unhatched eggs, and of live and dead 
hatchlings found inside the nest chamber. Then, we esti-
mated clutch size (the sum of hatched and unhatched eggs) 
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located in João Vieira Island by the use of time-lapse cam-
eras. We defined the occurrence of a flooding event as the 
submersion of a nest in water, resulting from high tide or 
rainfall.

Results

Relative nesting abundance and density per island

There was a high inter-annual variation in the abundance 
of green turtle nests in Poilão from 2007 to 2022. The 
number of estimated nests per breeding season fluctuated 
between a minimum of 4,176 in 2012 and a maximum of 
71,032 in the peak year of 2020, with an average (± SD) 
of 32,608 ± 33,327 nests per year in the interval 2020–2022 
(n = 97,824 estimated nests between 2020 and 2022). Poilão 
hosts approximately 90% of the nests within the JVPMNP 
(Table 1).

The number of estimated nests per year on the islands 
of Cavalos, Meio and João Vieira ranged from 38 to 2,461 
(Table  1). These correspond to 0.2% (on João Vieira in 
2021) to 7.7% (on Cavalos in 2016) of the nests at Poilão in 
the same years (Table 1). Cavalos is the island hosting more 
nests after Poilão, followed by Meio and then João Vieira. 
On the two islands for which there are estimates of the num-
ber of nests for the two most recent years (Meio and João 
Vieira), these follow the inter-annual variation of the nesting 
abundance in Poilão (Table 1). However, the percentage of 
nests in João Vieira in relation to Poilão decreased from the 
earlier survey in 2011 in comparison to the two most recent 
surveys (Table 1). Across all survey years, nest densities at 
Cavalos, Meio and João Vieira were much lower than those 
estimated for Poilão, ranging from 0.002 to 0.206 nests m− 2 
(Table 1). In comparison, for the same survey years, nest 
densities at Poilão were consistently one order of magnitude 
higher, varying between 0.44 and 2.04 nests m− 2 (Table 1).

Hatching success at Poilão and Meio

The estimated mean (± SD) hatching success for green 
turtles at Poilão between 2015 and 2022 was 67.9 ± 36.7% 
(n = 631 monitored nests until hatching, ranging between 
42.5 ± 39.1% in 2020, n = 72 monitored nests, and 
84.4 ± 22.9% in 2016, n = 55 monitored nests). Hatching 
success at Meio in 2019 was low: 11.9 ± 23.6% (mean ± 
SD, n = 21 monitored nests until hatching). Unsuccessful 
nests had signs of predation by Nile monitors and ghost 
crabs.

At Poilão, hatching success varied significantly across 
years (Kruskal-Wallis test, H7 = 93.367, P < 0.001, Fig. 2). 
There was no relation between the mean hatching success 
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Clutch predation and flooding

Predation was highly variable across the JVPMNP, being 
very low at Poilão and moderate to very high at the remain-
ing islands (Table 2). The Nile monitor was the main nest 
predator on all islands (Table 2). Out of the 175 monitored 
nests for predation at João Vieira, 22 (12.6%) were simulta-
neously observed using time-lapse cameras. The video foot-
age confirmed that Nile monitors were the exclusive species 
preying on green turtle nests here, accounting for 100% of 
the observed instances (n = 74).

Flooding incidence differed among islands, affecting less 
than 25% of the nests at Poilão, to over 40% at Cavalos 
(Table  2). At Poilão, where nest exhumations were con-
ducted, we were able to determine the hatching success of 
flooded clutches. Here we used the data from 2013 to 2014, 
when large, reinforced wooden sticks were used to prevent 
clutch destruction by other turtles (as mentioned above), to 
specifically evaluate the impact of flooding.

and the number of estimated nests per breeding season 
(Spearman rank correlation, rs = -0.40, n = 8, P = 0.32, Fig. 
S1). Between 2015 and 2022, the location of 222 out of the 
853 (26.0%) monitored nests was lost. Given the possibil-
ity of an overestimation of the hatching success (by exclud-
ing lost clutches from the analysis), we recalculated this 
parameter attributing a hatching success value of zero to all 
monitored nests for which we lost their location. We empha-
size that this approach underestimates the actual hatching 
success by assuming that all ‘lost clutches’ had 100% mor-
tality. Under this assumption, overall mean (± SD) hatch-
ing success was 49.7 ± 43.5% (n = 853 monitored nests, 
Fig. S2), and varied across years (Fig. S2), with significant 
lower mean (± SD) hatching success in 2020 (26.4 ± 37.1%, 
n = 116 monitored nests, Fig. S2), but still much higher than 
the single estimate for Meio.

Fig. 2  Green turtle hatching success (excluding all lost clutches from 
the calculation) between 2015 and 2022 on Poilão, Bijagós Archi-
pelago, Guinea-Bissau. Boxplots include the median, 25th and 75th 

percentiles and outliers. The mean hatching success for each year is 
illustrated by the grey dots
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conservative estimate, Poilão nesting grounds still guaran-
tee mean to high hatching success on several years (3 out 
of 8 years with hatching success above 50%, Fig. S2). It is 
important to emphasize that our estimation of clutch size 
involved counting both hatched and unhatched eggs during 
nest exhumations. Previous research has shown that at sites 
where nest predation by crabs is prevalent, there may be a 
tendency for clutch size to be underestimated (Stokes et al. 
2024). However, in the case of Poilão, while we acknowl-
edge the occurrence of nest predation, it typically occurs at 
low intensity (Catry et al. 2002). Therefore, given the lim-
ited impact of nest predation in Poilão, the likelihood of bias 
in our clutch size estimates is low.

Generally, a higher number of nests on Poilão did not 
correspond to a decrease of average hatching success rates. 
This suggests that, on most years, turtles are not yet over-
crowding the available nesting space. In 2020, however, the 
low hatching success observed may have been a density-
dependent phenomenon, wherein an exceptionally large 
number of nesting turtles resulted in increased clutch dis-
turbance. In this peak nesting year, under the assumption of 
uniform nest distribution throughout the beach, our estima-
tions suggest a density of over 2 nests per square meter at 
Poilão. We know however that some sections of the beach 
are more heavily used (Patrício et al. 2018), and in these 
preferred areas the nest density can be considerably higher, 
potentially reaching a level that affects clutch survival, for 
example, through increased clutch disturbance or reduced 
available oxygen.

Clutch survival and mortality factors

Whilst Poilão exhibits a high concentration of green turtle 
nests, nest predation is very low. This may result from a 
density-dependent predator satiation effect (Eckrich and 
Owens 1995). At Poilão, nesting turtles destroy a high 
number of clutches (Catry et al. 2009), therefore, there is a 
considerable amount of aboveground scattered eggs avail-
able to consumers, and predators do not need to excavate 
nests actively searching for this food source. Despite nest 
destruction also contributing to mortality, hatching success 
at Poilão consistently maintained mean to high levels over 

In 2013, the mean (± SD) hatching success for flooded 
nests at Poilão was 48.4 ± 41.2% (n = 58 monitored nests), 
with 38.5% of these clutches having 0.0 to 4.2% hatching, 
and the remaining with values between 50.0 and 97.9%. 
In 2014, mean (± SD) hatching success of flooded nests at 
Poilão was 35.7 ± 26.4% (n = 66 monitored nests). Among 
these, one clutch was entirely unsuccessful, whereas the 
remaining 98.5% had hatching rates varying from 25.0 to 
91.5%. We have no data on nest flooding for the island of 
João Vieira.

Discussion

Our study compiles information from four islands within 
the João Vieira-Poilão Marine National Park (JVPMNP) in 
Guinea-Bissau, including the important green turtle rookery 
at Poilão, to assess reproductive output parameters and eval-
uate habitat suitability across these diverse sites. We show 
that the prevalence of clutch predation and/or flooding was 
higher on the satellite rookeries. Lower survival at satellite 
colonies and the maintenance of linkages between islands 
may suggest the existence of a source-sink dynamic.

Hatching success

The mean hatching success found in this study (67.9 ± 36.7%, 
excluding all lost clutches from the calculation), is close to 
what was previously reported (2013–2014: 65.4 ± 33.9%; 
(Patrício et al. 2017)), and within the range of values 
described for other green turtle rookeries, e.g., on Ascension 
Island (57.0–85.0%; (Broderick et al. 2001)) and on Aky-
atan Beach, Turkey (58.0–67.0%; (Turkozan et al. 2011)). 
Nevertheless, both higher (91.6%, Akumal, Quintana Roo, 
Mexico; (Santos et al. 2017)) and lower (42.0–57.0%, 
Tortuguero, Costa Rica; (Fowler 1979), 46.0%, Galápa-
gos Islands; (Zárate et al. 2013)) values of mean hatching 
success have also been reported. Assuming 100% mortal-
ity for all nests with lost locations probably resulted in an 
underestimate of the hatching success, given that lost nests 
likely include a mix of disturbed and undisturbed clutches. 
Nonetheless, this exercise shows that even under the most 

Table 2  Proportion of green turtle clutches that were lost to predation and flooding on the João Vieira-Poilão Marine National Park islands, Bijagós 
Archipelago, Guinea-Bissau. Predators of green turtle nests are also identified. Missing data are denoted by ‘–‘
Nesting site Year Number of monitored nests Predated clutches (%) Predators Flooded clutches (%)
Poilão 2000 69 4.0 Nile monitors (3.0%)

Ghost crabs (1.0%)
24.0 (2013)
12.0 (2014)

João Vieira 2011 175 76.0 Nile monitors (100.0%) –
Cavalos 2016 64 36.0 Nile monitors (30.0%)

Ghost crabs (6.0%)
42.0

Meio 2019 98 83.7 Nile monitors (75.5%)
Ghost crabs and Nile monitors (7.1%)

36.7
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brief flooding events, a fate shared by all eggs subjected to 
extended periods of flooding (lasting 24 and 48 h). However, 
eggs in the mid-development phase (20–80%) exposed to 
short-term flooding (1–6 h) showed a notably high hatching 
success rate (Limpus et al. 2020). Recent studies have pro-
posed that temporary flooding might help lower incubation 
temperatures, potentially increasing the production of male 
hatchlings (Laloë et al. 2016; Martins et al. 2022b). Future 
nest excavation studies will be vital to further understanding 
the effects of flooding on green turtle nests at the JVPMNP. 
Nevertheless, we showed a very significant prevalence of 
flooding on the adjacent islands of Poilão, which is expected 
to increase under climate change scenarios (Horton et al. 
2014; Dutton et al. 2015), emphasizing the constrained 
potential of these sites to support sea turtle reproduction in 
the future.

Although systematic surveys are not regularly con-
ducted on Poilão’s neighbouring islands due to logistical 
constraints, non-systematic field observations indicate that 
the results reported by our work are representative of other 
years. Our study revealed that clutch predation in Meio and 
João Viera was approximately twenty times higher than that 
at Poilão during the study years. Similarly, clutch flooding 
at Cavalos and Meio was about two to three times higher 
than that at Poilão during those years. The JVPMNP covers 
a relatively small area, making it highly probable that a spe-
cific annual event occurs on all the islands within its bound-
aries. Given that clutch predation and flooding on the other 
JVPMNP islands consistently exceeded those at Poilão, it is 
unlikely that we randomly selected poor years to survey the 
other islands.

Suitable nesting sites

Poilão is the island that currently gathers the best condi-
tions for green turtle clutch survival within the JVPMNP. 
Nevertheless, this may change in the future due to popu-
lation growth, to climate change related threats, namely 
global mean SLR, or to a combination of both. If the nesting 
female population continues to increase, Poilão may start 
to experience moderate to high levels of nest destruction. 
Indeed, substantial nest destruction by subsequent nesting 
turtles has been found among green turtle (11%; (Tiwari 
et al. 2006)) and olive ridley turtle Lepidochelys olivacea 
(18%; (Ocana et al. 2012)) populations. In addition, SLR 
will further decrease the available nesting area at Poilão 
(predictions of 33.4 to 43.0% of beach loss by the year 2100 
using a bath-tub model; (Patrício et al. 2019)), which will 
result in increased nest density and therefore an intensifi-
cation of density-dependent nest destruction (Bustard and 
Tognetti 1969; Girondot et al. 2002; Tiwari et al. 2006, 
2010). Additionally, the packing of nests may enhance 

several years, even with the assumption that all lost clutches 
were entirely destroyed. In contrast, predation significantly 
reduces hatching success on Meio, the other island for 
which we were able to estimate hatching success. However, 
it should be noted that the low sample size used for hatching 
success estimation and the lack of inter-annual data avail-
able for Meio are two limitations of this study. Overall, 
predation on other islands of the JVPMNP impacted a mod-
erate to very high proportion of green turtle clutches. Sev-
eral studies have reported similar values of nest predation to 
those found in our study (e.g. 27.7%; (Engeman et al. 2003), 
44.9%; (Butler et al. 2020), 53.3%; (Engeman et al. 2005), 
89.6%; (Whytlaw et al. 2013)). Within the Bijagós Archi-
pelago, sea turtle nest predation was also reported to be high 
at smaller rookeries in the Orango National Park, with esti-
mates around 50% (Barbosa et al. 1998), and on the island 
of Canhabaque, where it reached 97% (Camará 2023). Nile 
monitors were the main predator of green turtle eggs, sim-
ilarly to what was previously described for the JVPMNP 
(Catry et al. 2002; Barbosa et al. 2018b). These are general-
ist predators, with the ability to detect prey odours, that can 
adapt their foraging behaviour according to available food 
sources (Losos and Greene 1988). Ghost crabs are impor-
tant turtle egg predators globally (Witherington 1999; Bar-
ton and Roth 2008; Marco et al. 2015; Martins et al. 2022a), 
yet at the JVPMNP they probably act as local opportunistic 
predators, considering the seldom observed predatory activ-
ity. One limitation of this study is that clutches on Poilão’s 
neighbouring islands were primarily monitored during the 
initial 10 days after oviposition, covering only a portion 
of the incubation phase. Despite this limited observation 
period, predation levels on these islands were significantly 
higher than those on Poilão. If the uneven sampling had 
introduced any bias, it would likely have skewed the results 
in the opposite direction of the observed differences. On top 
of clutch predation, the predation of hatchlings can con-
tribute to very low reproductive success on the islands of 
Cavalos, Meio and João Vieira.

Nest flooding varied across the JVPMNP, with Poilão 
experiencing 24.0% in 2013 and 12.0% in 2014. On the 
islands of Cavalos and Meio the rates were higher, 42.0% 
and 36.7%, respectively. Flooding at JVPMNP main islands 
occurs because of the low-lying setting of these nest-
ing sites. This geographical characteristic can potentially 
enhance vulnerability to increases in sea level (Baker et 
al. 2006; Lyons et al. 2020) and coastal erosion (Siqueira 
et al. 2021) across all islands. Interestingly, not every nest 
affected by tidal washing experienced reduced hatching suc-
cess. This appears to be linked to both the duration of the 
flooding event and the stage of development of the embryos. 
Limpus et al. (2020) observed that clutches either freshly 
laid or close to hatching suffered complete mortality in 
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specifically focused on turtle conservation could prove ben-
eficial for Meio and João Vieira (e.g., Airaud et al. 2020). 
This becomes particularly crucial as turtle population 
growth continues and given the high risk of poaching during 
the slash-and-burn rice agriculture by the Bijagós people.

The limited occurrence of linkages between different 
islands of the JVPMNP from 2018 to 2020 was previously 
reported (Raposo et al. 2023). Furthermore, recent informa-
tion from female green turtles flipper-tagged at Poilão and 
Meio in 2021 and 2022 has shown that exchanges between 
rookeries are maintained. In 2021, 1 out of 62 flipper-tagged 
turtles at Meio was re-sighted at Poilão (IBAP, unpublished 
data). It is noteworthy that these numbers reflect a limited 
survey effort per island for tagging and recapturing turtles, 
and thus the level of exchange between islands could be 
much higher than that detected. This inter-island exchange, 
coupled with the high clutch predation and/or flooding 
observed at Cavalos, Meio and João Vieira point to the exis-
tence of a source-sink dynamic (Pulliam 1988; Dias 1996), 
with Poilão acting as the source habitat and the remain-
ing islands as sink habitats. It is well established that local 
threatened subpopulations can exhibit source-sink dynam-
ics, where low-quality habitats (sinks) persist because 
they are sustained by the surplus individuals originated in 
high-quality habitats (sources; (Pulliam 1988)). This has 
been documented among loggerhead turtles in Cabo Verde 
(Baltazar-Soares et al. 2020) and leatherback turtles Dermo-
chelys coriacea on the Pacific coast of Costa Rica (Santid-
rián-Tomillo et al. 2017). If confirmed, this dynamic would 
have significant demographic implications for the popula-
tion nesting at the JVPMNP. Given the observed low repro-
ductive success on alternative islands, there is a concern that 
Cavalos, Meio and João Vieira may not be able to serve as a 
potential replacement for Poilão if this site becomes unsuit-
able for nesting. We suggest that future studies assess the 
existence of a source-sink dynamic, to better inform conser-
vation strategies and ensuring the long-term sustainability 
of the green turtle population in the JVPMNP.

Currently, monitoring efforts across JVPMNP islands 
are dictated by the significance of Poilão as a globally and 
locally important green turtle rookery. Cavalos is not moni-
tored and there is a considerable gap in understanding sea 
turtle population ecology on this island. Hence, we propose 
that studies addressing green turtle reproductive success 
and associated threats are needed. In addition, research 
endeavours should focus on the role of density-dependent 
processes on the green turtle population at Poilão (e.g., 
Caut et al. 2005; Tiwari et al. 2006). Nevertheless, the costs 
and benefits linked to targeted conservation efforts in the 
JVPMNP must be considered. Decision-makers should con-
sider the findings of this study, which identify Poilão as a 

microbial infection in incubating eggs (Bézy et al. 2015; 
Assersohn et al. 2021), lowering clutch survival through 
embryo mortality. Collectively, these factors may lead to 
reduced hatching success at Poilão over the coming years.

If the nesting conditions at Poilão deteriorate, leading 
to increased clutch destruction, it is important for turtles to 
begin laying at the best alternative nesting sites available.

Cavalos seems to be that best alternative nesting site 
within the JVPMNP, primarily owing to its relatively low 
predation levels. However, it is important to note that 
Cavalos experiences considerable flooding. This is further 
compounded by its low-lying geography and the presence 
of an interior lagoon that connects to the sea during high 
tides, resulting in increased water content. The islands of 
Meio and João Vieira are currently heavily impacted by pre-
dation, but they have a higher profile and thus may be less 
vulnerable to SLR impacts. Nevertheless, coastal squeeze 
(i.e., beach narrowing (Silva et al. 2020)) derived from ero-
sion and rising sea levels, is expected to reduce the current 
available nesting area on all islands (Fish et al. 2005; Fuen-
tes et al. 2010) and cause higher clutch mortality due to sea-
water inundation (Varela et al. 2019).

Management priorities and recommendations

Given the proportion of predated clutches reported in this 
study, the adoption of predation mitigation measures on 
the satellite colonies focused on the Nile monitor popula-
tion should be considered, for example the use of protec-
tive mesh nets against terrestrial predators (O’Connor et 
al. 2017; Lovemore et al. 2020). Additionally, a study in 
Cavalos tested the use of a strong scent to disguise the natu-
ral odour of clutches, with some degree of success (Sampaio 
et al. 2022). The relocation of turtle eggs that are vulnerable 
to flooding to safer areas in the same beach has also been 
largely used to enhance clutch survival (e.g., Margaritoulis 
1988; Ilgaz and Baran 2001; Chacón-Chaverri and Eckert 
2007; Martins et al. 2022b). However, if clutch relocation 
was implemented, it would be important to leave some 
clutches in-situ to record hatching success and assess the 
impact of flooding.

As for other threats, although Cavalos does not have the 
same extent of traditional taboos as Poilão, it is also a sacred 
island where several activities are forbidden (agriculture, 
tree cutting, establishing fishing camps) and it is well pro-
tected (Catry et al. 2009). At present, it seems that the feral 
pigs do not pose a threat to green turtle clutches at Cavalos 
(Catry et al. 2018). Yet, if the green turtle population of the 
JVPMNP continues to grow, clutch predation by feral pigs 
would have to be re-evaluated (Whytlaw et al. 2013; Enge-
man et al. 2016; Nordberg et al. 2019). Enhanced protec-
tion of nesting turtles associated with heightened awareness 
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