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The reproductive success of sea turtles is highly influenced by the environmental and biological conditions of the
nesting beach. Maio Island, Cabo Verde, one of the main nesting sites for the Northeast Atlantic loggerhead
subpopulation, displays marked heterogeneity of sand coloration, with dark, mixed and light sandy beaches,
resulting in different thermal habitats. Considering that sand temperature can influence both sea turtle embryo
development and predatory activity by ghost crabs — the main predators of clutches and hatchlings at Cabo Verde
—we surveyed loggerhead nesting beaches at Maio Island, with three sand colorations (‘beach type’), to assess: 1)
the density and size of ghost crab burrows, as a proxy for ghost crab density and size, and 2) ghost crab predation
on 70 loggerhead nests. We further assessed nest site selection, by considering the number of nesting activities
and clutches laid across beach type. There were no evident trends in the distributions of ghost crab density and
size between years or beach type. We found that ghost crab predation is a major source of mortality in Maio
Island, affecting 67.8% (n = 59) of the nests. Ghost crab predation was variable between beaches, but generally,
at the warmer dark sand beaches, clutch mortality was mostly caused by ghost crab predation (53.2%, n = 17),
while at the mixed sand beaches mortality by predation was low (7.5%, n = 18), compared to mortality due to
other causes (49.9%), indicating that other factors can also significantly impact clutch survival. The mixed sand
beaches had more nesting activities and higher nest density (2.29/m?% 1.25/m?, respectively), compared to the
light sand (0.72/m?; 0.35/m?) and the dark sand beaches (0.73/m?; 0.27/m?), suggesting a possible predation-
free nesting preference. Our findings show that some beaches are in need of nest protection, thus we recommend
both in situ nest protection and egg translocation to safe hatcheries, depending on the threats identified, to
enhance clutch survival at such heterogeneous nesting areas as Maio Island.

1. Introduction

Among egg-laying species with no parental care the nest location can
be critical for clutch survival, since the surrounding conditions can
determine important factors such as incubation temperature, vulnera-
bility to flooding events and predation (Mortimer, 1990; Ackerman,
1997; Spencer, 2002; Marchand and Litvaitis, 2004; Kamel and Mro-
sovsky, 2005; Pike et al., 2015; Mansouri et al., 2020). Sea turtles are an
excellent example of a group of species displaying no parental care, and
that have the fate of their offspring intrinsically linked to the nesting site

(Blamires et al., 2003; Kamel and Mrosovsky, 2005; Patricio et al.,
2019). They are long-lived and late maturing ectothermic organisms
that depend on sandy beaches to lay their clutches of eggs, which
incubate for approximately two months, at the mercy of environmental
conditions (Ackerman, 1997). As clutch survival may vary across beach
section (Patino-Martinez et al., 2014; e.g. from the tide line to the upper
beach, Patricio et al., 2018) or between beach type (e.g. beaches with
dark sand vs. beaches with white sand, Martins et al., 2020; Patino-
Martinez et al., 2022), nest site selection has the potential to both
enhance or reduce this parameter (Marco et al., 2018; Patricio et al.,

* Corresponding author at: MARE — Marine and Environmental Sciences Centre, ISPA - Instituto Universitario, 1140-041 Lisbon, Portugal.

E-mail address: apatricio@ispa.pt (A.R. Patricio).

1 Postal address: MARE, Marine and Environmental Sciences Centre, Faculty of Sciences, University of Lisbon, Campo Grande, Lisbon 1749-016, Portugal

https://doi.org/10.1016/j.jembe.2022.151735

Received 9 November 2021; Received in revised form 29 March 2022; Accepted 6 April 2022

Available online 20 April 2022
0022-0981/© 2022 Elsevier B.V. All rights reserved.


mailto:apatricio@ispa.pt
www.sciencedirect.com/science/journal/00220981
https://www.elsevier.com/locate/jembe
https://doi.org/10.1016/j.jembe.2022.151735
https://doi.org/10.1016/j.jembe.2022.151735
https://doi.org/10.1016/j.jembe.2022.151735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jembe.2022.151735&domain=pdf

R. Martins et al.

2018). Thus, understanding the nest site selection behavior and its
consequences for clutch survival is fundamental, particularly for pop-
ulations of conservation concern.

The North East Atlantic subpopulation of loggerhead sea turtles
(C. caretta), is listed as Endangered by the IUCN Red List of Threatened
Species (Casale and Marco, 2015). Recent findings suggest a higher
number of loggerhead turtles nesting in Cabo Verde than previously
estimated, and that this might be the largest nesting subpopulation of
this species globally (Patino-Martinez et al., 2021). However, the vast
majority of the nests are concentrated in the Cabo Verde archipelago,
making this subpopulation particularly vulnerable to habitat loss and
degradation (Casale and Marco, 2015). Within Cabo Verde, Maio Island,
hosts an important proportion of the nests, with an estimate of 4063 to
14,364 nests per year, between 2016 and 2019 (Patino-Martinez et al.,
2021). The nesting beaches of Maio Island are heterogeneous in sand
coloration; with light, mixed and dark sand, and loggerhead sea turtles
nest on all of them. Sand color is highly correlated with sand tempera-
ture, as darker sand is warmer due to higher heat absorption associated
with lower albedo (Hays et al., 2001). Since incubation temperature
directly affects embryo mortality and sex (Yntema and Mrosovsky,
1982), thermal conditions impact reproductive success. Environmental
temperatures can also affect the ecology (e.g. behavior, activity and
distribution) of other organisms within the ecosystem, possibly altering
predator-prey relationships, or the colonization capacity of pathogenic
microorganisms (e.g. fungi, Sarmiento-Ramirez et al., 2014, 2010).

In Cabo Verde, the main sea turtle egg and hatchling predator is the
ghost crab Ocypode cursor (Marco et al., 2011, 2015). Ghost crabs are
ectothermic organisms highly dependent on gill moisture and suscepti-
ble to water loss by evaporation (Weinstein et al., 1994), thus sand
temperature likely influences their distribution. Additionally, ghost
crabs of the species O. cursor, being generally pale to yellowish, may lose
their mimicry ability in darker sand colorations, becoming more
vulnerable to predation or even be seen by their preys. Although there is
not a clear pattern, studies suggest that both their distribution and level
of predation on loggerhead clutches may vary across different thermal
conditions (Watson et al., 2018; Tiralongo et al., 2020).

This study aimed for a better understanding of the influence of ghost
crab predation on the reproductive success of loggerhead sea turtles at
Maio Island, Cabo Verde, across different thermal habitats. We explored
the following questions: 1) assuming that hatching success is lower in
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darker and warmer beaches (Martins et al., 2020; Patino-Martinez et al.,
2022, studies from Cabo Verde), is such reduced embryo survival
compensated by lower ghost crab predation?, and 2) do loggerhead
turtles in Maio avoid nesting on beaches with either higher ghost crab
density or predation? This study will contribute with recommendations
for management strategies seeking to enhance sea turtle clutch survival,
useful for Maio Island and similar sites, globally.

2. Material and methods
2.1. Study site and sampling period

The Cabo Verde Archipelago is located ca. 500 km west of the Sen-
egalese coast and comprises 10 volcanic islands and some islets. This
study was conducted at Maio Island (15.2° N, 23.1° W, Fig. 1) where
loggerhead turtles nest in beaches of varied sand colorations, which
henceforth we will refer to as ‘beach type’ (i.e. dark sand, mixed sand
and light sand, see Fig. 1 for beach locations and names). Fieldwork took
place during the loggerhead nesting season (mid-June to mid-October),
in 2016 and 2017, however, we did not collect the same data in both
years. Ghost crab surveys were conducted in 2016 and in 2017, but due
to logistic issues, not all nesting beaches were surveyed in both years.
Monitoring of loggerhead nests and nesting activities was only con-
ducted in 2016. Lastly, in 2017, but not in 2016, we measured sand
temperatures to validate the thermal differences between different sand
colorations. Data collection methods are detailed below. This study was
conducted under the permits of the Direccao Nacional do Ambiente -
DNA and supervision of the Fundacao Maio Biodiversidade, Cabo Verde.
No animal experiments were performed for this study.

2.2. Ghost crab (O. cursor) surveys

In 2016 and 2017, we calculated the density of ghost crab burrows
(burrows/m?) within sampling transects along loggerhead nesting bea-
ches, and measured the diameter of burrows with a scale of 15 cm (4 0.1
cm), to use these parameters as proxies for ghost crab density and size
distribution, respectively. This indirect method of burrow counting and
measuring to assess ghost crab density and size has been validated
before (Valero-Pacheco et al., 2007; Barton and Roth, 2008; Marco et al.,
2015; Oliveira et al., 2016). We randomly placed 2 m wide transects,
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Fig. 1. a. Location of the Cabo Verde archipelago (solid frame) and of Maio Island (dashed frame); b. location of loggerhead nesting beaches surveyed in this study:
light sand beaches (white), mixed sand beaches (grey) and dark sand beaches (black). Names in italic indicate beaches only surveyed in 2016, names underlined
indicate beaches only surveyed in 2017. Remaining beaches were surveyed in 2016 and 2017.
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from the high tide line to the supra-littoral dune zone. The length of
transects depended on high tide amplitude and beach width, and was
measured to calculate transect area (transect length x 2 m), in order to
allow the estimation of mean relative density of ghost crab burrows (i.e.
number of burrows/transect area). Ghost crabs are mainly reported as
being nocturnal (Strachan et al., 1999; Schlacher and Lucrezi, 2010),
which was also observed at Maio Island (Martins, pers. obs.), so we
conducted surveys during the first 2 h of sunlight, after the peak of ghost
crab activity, to reduce the risk of external events (e.g. human tram-
pling, wind, high tide) affecting burrow detection. We classified burrows
with diameter > 2 cm as large, and assessed the density and size dis-
tribution of large burrows, as the size of individuals is highly correlated
with burrow size (Marco et al., 2015; Rodrigues et al., 2016), and this is
the burrow size defining potential predators of eggs and hatchlings
(Frederico, 2013). In 2016, seven nesting beaches were monitored cor-
responding to three beach types: light (n = 3); mixed (n = 2), and dark
(n = 2). In 2017 eight nesting beaches were monitored: light (n = 3);
mixed (n = 3) and dark (n = 2). Two of the seven beaches surveyed in
2016 were not surveyed in 2017, and 3 new beaches were surveyed in
2017 (Fig. 1). The number of transects per beach varied according to
beach length, and the distance between transects within beach was on
average 25 m, with a mean of 6 & 1 SD transects per beach in 2016 and 4
+ 3 SD in 2017. In 2016, we surveyed each beach for 10 days, with an
average interval between surveys of 5 days, while in 2017 the number of
surveys varied from 2 to 8. See Table S.1 for details on sampling effort.

2.3. Nest monitoring

In 2016, 70 nests (10 per beach) were monitored from the day of
oviposition until hatchling emergence or nest failure, to evaluate the
impact of ghost crab predation. The number of eggs was counted during
oviposition, except for nine nests, where oviposition was not observed,
and we excavated these to count the eggs. In these cases, nest excavation
was conducted within a maximum of 6 h after oviposition and eggs were
handled one by one, avoiding rotation, to prevent impacting embryo
survival (Limpus et al., 1979).

The nests were monitored daily for inundation and erosion events (i.
e. loss or gain of sand, water runoff, submersion, partial inundation, and
total dragging to the sea), nearby activity by large ghost crabs (i.e.
number of burrows with >2 cm diameter within a range of 1 m from the
nest), predation by other species, human impact (e.g. nest excavation),
and hatchling emergence (number of hatchlings or crawls). Each day,
after data recording, all predation signs were erased to avoid double
counting. Nests were considered as inundated if they were subjected to
an inundation event at least once during the incubation period.

Nest exhumation was carried out five days after the last big hatchling
emergence or at the end of 60 days of incubation, if no evidence of
hatchling emergence was observed. The numbers of (a) dead and alive
hatchlings in the egg chamber, (b) egg shells, (c) dead and alive pipped
hatchlings and (d) unhatched eggs were recorded. Alive pipped hatch-
lings within the nest were considered hatched eggs, along with dead and
alive hatchlings, while dead pipped hatchlings were categorized as un-
hatched eggs.

In addition, 23 clutches laid in inundation areas were translocated to
a light sand hatchery (see translocation procedure in Marco et al., 2015),
and left to incubate under controlled conditions, where predation,
erosion and inundation were avoided, and monitored in the same way as
in situ nests.

2.4. Ghost crab impact on reproductive success

Two parameters were considered to assess predation impact: clutch
mortality and the number of stolen eggs during incubation. Clutch
mortality was estimated as the sum of unhatched eggs and dead
hatchlings within the nest divided by clutch size. Mortality was divided
into two sources: ghost crab predation and other causes. Other causes
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included all mortality sources other than ghost crab predation, not
assessed in this study. Ghost crab predation (P%) = ((n egg shells with
evidence of ghost crab predation + n unhatched eggs with evidence of
ghost crab predation + n stolen eggs) / clutch size)) x 100; and other
causes (0%) = ((n unhatched eggs with no signs of ghost crab predation
+ n dead pipped hatchlings with no signs of ghost crab predation + n
dead hatchlings inside the nest) / clutch size)) x 100. Predated eggs were
distinguished by the presence of small holes in the shell characteristic of
ghost crab activity.

To estimate the number of eggs stolen by ghost crabs, we used the
variation of the egg number during incubation, which we calculated by
subtracting the number of eggs counted after emergence to the number
of eggs counted at the time of oviposition.

Importantly, in in situ nests, the variation of egg number may result
from counting error during oviposition plus the eggs stolen by ghost
crabs. We considered the variation in egg number from the nests incu-
bated at the hatchery as a control, since no predation occurs at the
hatchery, thus egg number variation was only due to counting error.

2.5. Nest site selection

To better assess the implications of ghost crab distribution and pre-
dation on the reproductive success, we calculated the nesting success
and the density of both nesting activities (i.e. female emergences) and
nests per beach and beach type. Nesting success was calculated by
dividing the number of nests by the number of nesting activities. Density
of nesting activities was calculated by dividing the number of female
emergences (identified through observation of ascending and descend-
ing beach crawls) by nesting beach area. Nest density was calculated as
the number of clutches divided by beach area.

2.6. Sand temperature assessment

To assess if sand temperature varied between beach type, we
deployed temperature data loggers (Hobo Stow Away Tidbit v2 www.
onsetcomp.com, temperature accuracy +0.2 °C), recording tempera-
ture every 30 min in three beaches, each corresponding to a beach type.
Loggers were buried at 27 cm depth, which was observed to be the mean
burrow depth at Maio (Patino-Martinez pers. obs.), slightly above the
mean ghost crab burrow depth measured at Boa Vista Island (range: 2.2
cm to 108 ¢cm, mean: 19.98 cm + 0.6 SE, (Rodrigues et al., 2016)). We
confirmed data logger integrity by deploying these simultaneously for
periods of 48 h at a constant temperature room before and after data
collection. If loggers returned data that differed from the group mean by
more than 0.5 °C, we removed them from the study. Sand measurements
were conducted only throughout the 2017 nesting season.

2.7. Statistical analyses

To assess if there were significant differences in the density and size
distribution of large ghost crab burrows across beach type and years, we
fitted linear mixed effects models to the dataset, using the function Imer
from the Ime4 package (Bates et al., 2007), with either burrow density
(burrow/m?) or burrow size (cm) as the response variable, year, beach
type and the interaction between year and beach type as fixed effects
and beach as a random effect. To investigate if mortality sources varied
significantly between beach type we fitted generalized linear mixed ef-
fects models (GLMER), from package Ime4, with Poisson error structure,
with the probability of predation (no eggs predated per clutch) and the
probability of mortality by other causes (no dead eggs/hatchlings with
no evidence of predation per clutch) as the response variables, beach
type as the predictor variable, beach as a random variable and clutch
size as an offset. We tested for significant effects of the models using
function Anova from the car package (Fox et al., 2013) with type-II sums
of squares, which are more robust for unbalanced designs (Lewsey et al.,
2001; Smith and Cribbie, 2021), using F-tests for the linear mixed effects
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models and Wald Chi-square for the generalized linear mixed effects
models, followed by post hoc pairwise comparisons of beach type, with
Tukey-adjusted p-values, implemented through package emmeans (Lenth
et al., 2019). Residual plots were visually inspected to detect large de-
viations from normality. For an assessment of nest site preference, we
estimated if the distribution of nests and of nesting activities were
arbitrary across the available beaches, using the Chi-square test. We
pooled the sand temperatures by day to eliminate extreme values and
used a non-parametric Kruskal-Wallis test, for non-normal distributed
data (observed by visual inspection of histograms and ggplots), to test if
sand temperature significantly varied between beach type, followed by a
Dun test with Benjamini-Hochberg adjusted p-values. Statistical ana-
lyses were conducted using R v.4.1.2 (http://www.r-project.org). Esti-
mates are presented as mean + SD, unless stated otherwise.

3. Results
3.1. Ghost crab density and size distribution

We did not find support for statistically significant effects of year
(Fa,11) = 1.176, p-value = 0.309), beach type (F(g, 7) = 3.328, p-value
=0.097,) or the interaction between year and beach type (Fi2,11) =
0.670, p-value = 0.530) on the density of large ghost crab burrows
(Table S.3). Of the total ghost crab burrows measured in both years (n =
6624), 12.9% were classified as large burrows (> 2 cm diameter).
Overall mean ghost crab burrow size was 3.1 cm + 0.5 (n = 493,
Table S.2). There was no support for statistically significant effects of
year (F(1,11) = 1.700, p-value = 0.151) or the interaction between year
and beach type (F(2,7) = 1.700, p-value = 0.223) on burrow size. The p-
value for the effect of beach type on ghost crab burrow size was
marginally significant (F(z,7) = 5.759, p-value = 0.032), and the post
hoc test indicated that this marginally significant difference was
observed between light and mixed sand beaches in 2016 (p-value =
0.037), but not for other pairwise comparisons (Table S.3).

3.2. Ghost crab predation

Of the initial clutches monitored, 11 suffered 100% mortality due to
inundation (Table 1), so we monitored 59 clutches for the predation
analysis. Of these, 67.8% were attacked by ghost crabs at least once
during the incubation period, with 15.0% of them being fully predated,
with no eggs left (6 of the 59 assessed nests, Table 1). The mortality
sources varied between beaches and beach type. The dark sand beaches
had the highest clutch mortality (78.91% + 21.26%, n = 17, Fig. 2). As
expected, the clutches incubated in the hatchery had the lowest mor-
tality (24.06% + 14.15%, n = 23). Ghost crab predation was higher at
both dark sand beaches (Pajoana and Monte Branco) and at one of the
three light sand beaches (Praiona), while the other two light sand bea-
ches had low ghost crab predation (Fig. 2). Both mixed sand beaches

Table 1
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(Ribeira Bafa and Calheta Dama) registered the lowest mortality by
ghost crab predation, but suffered the highest mortality by ‘other cau-
ses’, along with a dark sand beach (Monte Branco, Fig. 2). The remaining
beaches had lower mortality by other causes (Fig. 2). We found signif-
icant differences in ghost crab predation between beaches (y3 = 26.366,
p-value = 1.883 x 107°). The pairwise comparisons suggested signifi-
cant differences between dark and mixed sand beaches (p-value
<0.0001), and between light and mixed sand beaches (p-value = 0.003),
while between dark and light sand beaches the p-value was marginally
significant (p-value = 0.057, Table S.4). Mortality by other causes was
higher at both mixed sand beaches (Fig. 2), but our models did not
suggest significant differences between beach types (y3 = 4.888, p-value
= 0.087).

The ghost crab was the only egg predator detected during this study,
with zero nests being directly affected by human action or by other
species. Mean variation of egg count (between oviposition and emer-
gence) was very low in hatchery nests (1 + 2.8 eggs, n = 23; Fig. 3),
which are safe from predation, suggesting that the counting error can be
eliminated when carried out a group average. Considering this, the
mean variation of egg count in groups of in situ nests was assumed to be
a result of eggs being stolen by ghost crabs. The beaches with higher
number of stolen eggs were the two dark sand beaches (Pajoana and
Monte Branco) and one light sand beach (Praiona, Fig. 3). The number of
stolen eggs at both mixed sand beaches was negligible (pooled 4 + 9
eggs, n = 18, 0 to 24 eggs, Fig. 3).

As mentioned above, 11 of the initially monitored nests suffered
100% mortality due to inundation, but in total 52.9% (n = 70) of the
nests were flooded at least once during the incubation period. Pajoana, a
dark sand beach, had all of its nests flooded at least once during the
incubation period, with complete clutch loss on 30% of the nests (n =
10). Boca Ribeira, a light sand beach, had the highest mortality by
inundation, as five out of six flooded nests were washed to the sea by
brook streams (see Table 1). Mortality of clutches that partially survived
but suffered at least one inundation event was 58.7% (SD =+ 23.6%, n =
20, 14.3 to 93.8%).

3.3. Nest site selection

During the 2016 nesting season, 2714 loggerhead nesting activities
were recorded on the seven surveyed beaches, with a mean nesting
success of 47.5% (Table 2). The distribution of nesting activities was not
random across beaches ()(% = 1453, p < 2.22 x 10719), with the two
mixed sand beaches having disproportionally more nesting activities
than expected according to beach area (Table 2). Accordingly, nesting
density was also higher at mixed sand beaches , and lower at the dark
sand beaches and at the light sand beach Praiona (Table 2). When
comparing by beach type, nesting activities and nest density were
significantly lower than expected at the dark sand beaches (0.73/m?%
0.27/m?), while the mixed sand beaches had significantly more nesting

Fate of loggerhead turtle clutches in seven beaches with different sand coloration (beach type), at Maio Island, Cabo Verde, during the nesting season of 2016. Ny:
number of nests initially monitored. N,: number of nests monitored for ghost crab predation impact (i.e., number of initially monitored clutches minus the number of
clutches completely lost to flooding). See table S1 for complete beach names. Flooded and predated clutches suffered at least one event of flooding or ghost crab

predation, respectively, while complete clutch loss implies 100% mortality.

Beach type Beach N; Flooded clutches Complete clutch loss to flooding Ny Predated clutches Complete clutch loss to predation
MB 10 30.0% 0% 10 70.0% 10.0%
Dark PJ 10 100% 30.0% 7 100% 42.9%
Total 20 65.0% 15.0% 17 82.4% 23.5%
CD 10 10.0% 10.0% 9 22.2% 0%
Mixed RB 10 50.0% 10.0% 9 66.7% 0%
Total 20 30.0% 10.0% 18 44.4% 0%
BR 10 60.0% 50.0% 5 40.0% 0%
Light Pnha 10 70.0% 10.0% 9 56.0% 0%
Pona 10 50.0% 0% 10 100% 20.0%
Total 30 60.0% 20.0% 24 70.8% 8.3%
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impact of other causes (dark grey) on overall mortality. Note that clutch mortality at the hatchery only includes other causes than predation, since no predation
events were registered there. The error bars represent the standard deviation of mean overall clutch mortality rate.
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activities and nests than expected, by beach area (2.29/m? 1.25/m>,
respectively; )(% =1099.3, p < 2.22 x 10*16; Table 2).

3.4. Sand temperature

Sand temperatures differed significantly between beach type, (27
cm: y3 =157.14, p-value <2.2 x 1071%), and between all pairwise
comparisons (dark - light: Z = 12.41, p-value <0.001; dark - mixed: Z =
4.69, p < 0.001; mixed - light: Z = — 7.72, p-value <0.001). The dark
sand registered the highest temperature, on average 1 °C higher than the
mixed sand and 2.5 °C higher than the light sand (Fig. 4).

4. Discussion

The present study assessed for the first time the impact of ghost crab

predation on the reproductive success of loggerhead sea turtle nests
along different thermal habitats linked to different beach sand colora-
tions present in Maio Island, Cabo Verde. Notably, this heterogeneity in
beach sand coloration is also present in other important sea turtle
rookeries (e.g. Ascension Island and Cyprus, Hays et al., 2001), thus this
study can have a broader application. Our findings contribute to a better
understanding of the interactions between ghost crab clutch predation
and sand coloration, as well as introducing new questions that merit
further investigation.

4.1. Ghost crab density and size distribution across different thermal
habitats

Mean sand temperatures at the light sand beaches were comparable
to Alagadi beach in Cyprus (29.5 °C - 33.2 °C, 30 cm depth, Godley et al.,
2001), Merrit Island, Florida (24.7 °C - 30.0 °C, 37 cm depth, Mcgehee,
1979) and Fethiye beach, Turkey (26.8 °C - 31.8 °C, 44 cm depth, Kaska
et al., 2006). As expected, the dark sand beaches had higher mean sand
temperatures than the light and the mixed sand beaches, similar to what
was shown in Ascension Island and Cyprus (Hays et al., 2001) and in
eastern Australia (Limpus et al., 1983; Hays et al., 2001).

Ghost crabs are conspicuous invertebrates and their activity is highly
affected by temperature (Correa et al., 2014), however, little is known
about their thermal ecology and their spatial distribution among bea-
ches with different thermal features as the ones we assessed in this study.
Here, we used density and diameter of ghost crab burrows as proxies for
ghost crab density and size (Valero-Pacheco et al., 2007; Marco et al.,
2015; Oliveira et al., 2016). Despite warmer dark sand beaches likely
having higher evaporation rates, which could potentially limit the ac-
tivity of ghost crabs (Lucrezi and Schlacher, 2014), we found no
consistent trend on ghost crab density and size structure towards any
beach or beach type across years, which is in line with Patino-Martinez
et al. (2022).

findings using infrared cameras to monitor ghost crab presence per
night. Our findings thus suggest that the observed differences in sand
temperature between beach types were not sufficient to affect these
parameters, likely because the temperatures experience by ghost crabs
are within their thermal range. Alternatively, ghost crabs may have
behavioral adaptations to withstand warmer and drier conditions.
Several thermal adaptations, such as digging deeper burrows, spending
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Table 2
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Summary information of loggerhead nesting activities on seven loggerhead nesting beaches, in Maio Island, Cabo Verde. Beach type refers to sand color. See table S.1
for complete beach names. Expected values were obtained by multiplying the total observed values by the area proportion. Both variables, nesting activities and nest
density by beach area, were significantly different from a random distribution (y2 = 1453, df = 6, p-value < 2.2 x 10-16 and 2 = 1099.3, df = 6 p-value < 2.2 x 10-16,
respectively). Symbols show the variation of the observed values compared to expected ones: observed values >50% higher (4+), > 20% higher (+); within a range of
20% (=); at least 20% lower (—) < 50% (—-) than the expected values. See table S1 for beach names.

Beach type Beach Nesting area (m?) Nesting success Nesting activities by area Clutches laid by area
Expected Observed density (no./m?) Expected Observed density (no./m?)
MB 592 0.34 612 580 = 0,98 290 197 - 0,33
Dark PJ 190 0.43 196 88 - 0,46 93 38 - 0,20
cD 316 0.47 327 441 + 1,40 155 208 + 0,66
Mixed RB 239 0.58 247 759 ++ 3,18 117 439 ++ 1,84
BR 361 0.42 373 358 = 0,99 177 152 = 0,42
Light Pnha 314 0.53 325 264 0,84 154 139 = 0,44
Pona 613 0.51 634 224 - 0,37 301 115 0,19
Total 2625 0.47*
" Mean nesting success across all beaches.
different beaches (Strachan et al., 1999; Rodrigues et al., 2016) would
331 i*1 300 be an important step to understand the thermal ecology of ghost crabs,
34.51 also contributing to a better understanding of their interactions with sea
34.04 turtle clutches.
33.51 Ll 10RC 4.2. Ghost crab predation
—~~
O 33.01 . . . .
s ‘ In Maio Island, the predation by ghost crabs has a significant impact
o 32.5 . on the reproductive success of loggerl}ead turtles, as our stufiy shows
3 3201 i that 68% of the clutches laid at the main loggerhead nesting sites are at
© o= some point predated, with 15% suffering full predation (i.e. 100% egg
8_31 54 ’ mortality). This result was slightly higher than the one estimated by
e Patino-Martinez et al. (2021) combining several Maio Island beaches but
2 31.04 was, however, less impacting than what has been reported in Boa Vista
-8 3051 Island, where 98% of clutches were attacked by ghost crabs at the
((DU highest-density nesting area (Marco et al., 2015). Predation levels were
30.01 significantly higher at dark sand beaches, so it does not seem that
29 54 potentially reduced embryo survival at these warmer beaches (Martins
etal., 2020; Patino-Martinez et al., 2022) may be compensated by lower
29.0 ghost crab predation. A putative explanation for the observed predation
2851 . levels at dark sand beaches is linked to the negative impact of temper-
’ . . : ature on sea turtle clutches. Although the impact of temperature on
Light Mixed Dark clutch survival was not evaluated in this study, we observed that the

Beach type/sand color

Fig. 4. Sand temperature registered on three different sand coloration beaches
at a depth of 27 cm. Colors indicate sand coloration type. Boxes show median,
upper and lower quartiles, whiskers show higher and lowest observations. Mean
+ SD represented above each whisker.

less time on the surface, or having a spatial range closer to shore, may be
adopted as an optimization to extremely hot environments. Burrows
represent a stable environment for ghost crabs to cope with environ-
mental hazards (e.g. extreme temperatures and low moisture), while
offering protection from predators (e.g. raccoons and crows, Lim et al.,
2011). Temperatures at burrow depth have been reported to be lower
and more stable than at the surface (Chan et al., 2006; Watson et al.,
2018). Additionally, larger ghost crabs are able to burrow deeper to
follow the water table level of the beach, which allows them to adapt to
drier conditions (Strachan et al., 1999; Tureli et al., 2009). To better
understand our results, more research is needed. Future research on
ghost crab physiological features (e.g. upper thermal tolerance limits,
resting metabolic rate), foraging behaviors (Weinstein, 1998), burrow-
ing dynamics (i.e. shape, depth, Chan et al., 2006; Tureli et al., 2009;
Watson et al., 2018), and patterns of sea-to-shore axis distribution at

dark sand beaches registered an average diel sand temperature of
33.9 °C between August and September (range 31-36 °C), and tem-
peratures above 33 °C for long periods have been shown to compromise
embryonic development and increase clutch mortality (Yntema and
Mrosovsky, 1980; Matsuzawa et al., 2002; Segura and Cajade, 2010).
Clutches on those beaches potentially experienced higher embryo
mortality and the scent of dead eggs may be more easily detected by
ghost crabs, as they have an acute sense of smell (Wellins et al., 1989;
Lucrezi and Schlacher, 2014). Flood-induced egg mortality could also
have contributed to increasing the scent of dead eggs, however this was
observed at other beach types as well. Since we did not assess the ability
of ghost crabs to detect the scent from clutches incubating at different
thermal profiles, this remains a speculation. And notably, one of the
light sand beaches also suffered high levels of predation, so other factors,
aside from temperature, are likely to be involved. Interestingly, the
mixed sand beaches, where ghost crab predation was the lowest, are the
most used for fishing activities, often using ghost crabs as baits. This
environmental pressure may reduce ghost crab activity and conse-
quently predation, something to assess in the future. On the other hand,
the presence of carcasses of by-caught sharks at some of these beaches
(particularly at Ribeira Baia, a mixed sand beach, Martins, pers. obs.),
may provide an alternative food source for ghost crabs, as they are
generalists and opportunistic feeders, which may result in reduced
loggerhead clutch predation (Lucrezi and Schlacher, 2014).
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4.3. Mortality by other causes

Mortality by causes other than predation was considerable in some of
the surveyed beaches, for instance, at both the mixed sand beaches,
where predation had a low impact. Although we do not know what were
the mortality causes at these beaches, upon nest exhumation, we
observed several eggs with distinctive markings of fungal infection,
similar to those identified by Sarmiento-Ramirez et al. (2014) in Boa
Vista Island. In comparison, at the dark sand beaches, the mortality by
other causes was lower, particularly at Pajoana, where ghost crab pre-
dation was the highest. A possible explanation for this result is that ghost
crabs are predating eggs that otherwise would be found dead due to
other causes, such as extremely high incubation temperatures. To
properly assess the direct impact of sand temperature on clutch survival
across these thermal habitats, a similar study should be performed with
in situ nest protection, to eliminate the predation factor. Additionally,
flooding was a main mortality source at one of the white sand beaches
where both predation and mortality by other causes were low. Ac-
counting only for the clutches monitored for the predation study, this
beach had the lowest clutch mortality rate; however, half of the initially
monitored nests were washed away either by stream brooks after rain-
fall, or by high tides, precluding further monitoring for predation
analysis. Although the impact of inundation on egg mortality was not
the aim of this study, we found it to be a serious threat that must be
accounted for when assessing the reproductive output of loggerhead
turtles at Maio, and when planning mitigation measures, as it contrib-
uted to 28.6% of all clutch mortality in our study site.

4.4. Nest site selection

We found an association between predation rate and nesting density:
nesting females tended to nest less on dark sand beaches and at Praiona
(light sand with high predation), and more at the mixed sand beaches,
where predation was the lowest. This appears to be a reproductive
advantage over crab-associated mortality. Several studies suggest that
sea turtles follow environmental cues to select their nesting site, such as
sand moisture, temperature, elevation above the water level, and pres-
ence of vegetation (Wilson, 1998; Wood and Bjorndal, 2000; Miller
et al., 2003; Hawkes et al., 2009). Hypothetically, nesting females may
have the ability to choose beaches with less predatory prevalence, based
on environmental cues that have not been identified. This opens a door
to further investigation on this subject.

4.5. Conservation implications and limitations

This study reinforces the potential role of clutch protection as a
conservation measure, to reduce impacts such as predation and inun-
dation. It also brings awareness to new research lines that merit further
investigation. A study on the thermal tolerance range of ghost crabs and
on their ability to detect the scent of decomposing eggs and embryos
would be helpful to better understand their ecology and predict in-
teractions with sea turtle clutches. Our study had some limitations due
to an unbalanced sample design, and we recommend that the effect of
sand color on clutch predation should be further explored in a multi-year
study for more robust conclusions.

Maio Island represents a great input for the loggerhead Northeast
Atlantic subpopulation (Patino-Martinez et al., 2021) and, given the
high mortality rates among in situ clutches reported here, it is recom-
mended that protection measures are implemented. In the past, clutches
and turtles were extensively poached by local communities (Cabrera
et al., 2000; Lino et al., 2010; Cozens et al., 2011; Marco et al., 2012;
Hancock et al., 2017), contributing to population decline. This threat
has been greatly reduced, thanks to the establishment of conservation
programs (Patino-Martinez, pers. obs.), and now natural threats must be
addressed to increase the resilience of this population, particularly
under the future threat of climate change. Multiple management
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techniques can be adopted to maximize conservation efforts in hetero-
geneous nesting areas such as Maio Island beaches. For instance, in areas
subjected to flooding we recommend clutch translocation to safer zones
of the upper beach or eventually to protected hatcheries, ensuring that
natural beach conditions (temperature and humidity) are maintained.
Considering the global warming scenarios, warmer beaches in Maio Is-
land and in similar locations might become extreme environments for
sea turtle reproductive success, affecting not only clutch survival and
hatchling fitness but also leading to highly skewed female biased sex
ratios (Martins et al., 2020). If eliminating ghost crab predation from the
dark sand beaches increases hatching success, in situ nest protection
should suffice there (Marco et al., 2015). However, if underlying mor-
tality causes arise after the elimination of predation, translocation to a
light sand hatchery might be prioritized, provided that incubation
conditions are monitored to avoid causing extra biases on sex ratios
(Patricio et al., 2021). These measures may interfere on some level with
interspecific relationships (i.e. prey-predator) and affect trophic web
dynamics, thus we only recommend such actions for endangered pop-
ulations, and suggest that a risk analysis is conducted ahead with clear
indicators that can be assessed post-implementation.
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