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We conducted a 5-year field (2017-2021) and laboratory study of the relationship
between type of substrate and hatching success, embryonic development, and the
quality of hatchlings in loggerhead turtle nests. Our study site, the island of Maio in
the archipelago of Cabo Verde, one of the world’s largest loggerhead turtle nesting
colonies, displays marked heterogeneity of sand colouration, with dark, mixed, and
light sandy beaches. We experimentally incubated eggs, comparing different nesting
substrates under standard temperature and humidity conditions. Females nest in
all sand types without preference. However, both the field and experimental study
revealed a significant difference in hatching success depending on the type of substrate.
Substrate of volcanic origin, dark in colour, with a lower amount of calcium carbonate,
had a lower hatching success (HS; 30.3 + 20.2%) compared to substrates of mixed
(HS =46.1 £ 26.5%) or light (HS = 78.1 £ 18.2%) colour. Eggs experimentally incubated
in substrate that was light-coloured, with a larger grain size and higher calcium
carbonate concentration, produced significantly more and larger offspring. Incubation
temperatures were significantly higher in dark substrate, which partially explains the
lower hatching success in this type of sand. However, experimental incubation with
controlled temperatures consistently showed lower hatching success in dark sand.
Thus, we found that not only the temperature, but also the specific characteristics of
each substrate determine hatching success. The main predator of eggs and hatchlings
(the ghost crab Ocypode cursor) showed no significant differences in abundance or size
between different substrate types. Our results indicate that nest site selection between
beaches or even within the same beach with different substrate conditions affects
hatching success, hatchling physical condition, and subsequently the reproductive
success of each female. The results of this study can inform conservation programmes
with nest management and controlled incubation in the field and optimise adaptive nest
management under future scenarios of rising global temperatures.

Keywords: egg incubation, Maio Island, sea turtles, incubation substrate, (Caretta caretta), conservation, global
warming, climate change
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INTRODUCTION

The absence of parental care in some oviparous species,
such as sea turtles, makes nest site selection and incubation
substrate vital for the success of their nests (Doody, 2011).
Sea turtles are long-lived, late-maturing, ectothermic organisms
and depend on sandy beaches to lay their eggs, which incubate
at the mercy of environmental conditions. Sea turtle females
exhibit nesting philopatry but use different beaches in the
same area, which may vary in morphology, type of substrate
or vegetation (Conrad et al., 2011; Ditmer and Stapleton,
2012). For eggs laid in each type of substrate, abiotic factors
such as temperature, humidity and gas exchange, and biotic
factors such as presence of roots or predators, determine their
final embryonic success (Ackerman, 1997; Wallace et al., 2004;
Chen et al., 2010). Dark-coloured sand, for example, absorbs
more solar radiation and therefore eggs must withstand higher
temperatures than in light-coloured sand (Hays et al., 2001).
The temperature range at which turtle eggs develop is relatively
narrow and even small changes in incubation temperatures
can have dramatic effects on embryo mortality (Laloé et al,
2017). The different compaction, composition, or granulometry
of the substrate may also be determining factors in the success
of embryonic development in these species, but this is an
area that needs further study (Mortimer, 1990; Chen et al,
2007; Yalgin-Ozdilek et al., 2007; Salleh et al., 2018; Saito
et al,, 2019; Stewart et al., 2019). The different environmental
incubation conditions in nests causes variation in the incubation
time, hatchling phenotype, their sex, and their vitality (Patino-
Martinez et al., 2014; Kobayashi et al., 2017; Jensen et al., 2018;
Marco et al,, 2018). As clutch survival may vary according to
substrate type, e.g., dark versus light sandy beaches (Martins
et al,, 2020), nest site selection has the potential to enhance
or reduce this parameter (Hawkes et al., 2010; Patricio et al,
2018). Understanding this behaviour and the consequence for
clutch survival is therefore critical, especially for populations of
conservation concern.

This study was conducted in Cabo Verde, an archipelago
of volcanic origin located on the west coast of Africa, 500 km
from Senegal. Recent findings suggest there are more 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).

The loggerhead turtle (Caretta caretta) is listed as globally
“Vulnerable” by the International Union for the Conservation
of Nature (IUCN) and its persistence is conservation dependent
(Casale and Tucker, 2017). The subpopulation of Cabo Verde
has been identified as a separate genetic stock (Monzon-Arguello
et al., 2010; Wallace et al., 2010) with multiple nesting groups
inside the rookery (Stiebens et al., 2013; Baltazar-Soares et al,,
2020). It is listed as “Endangered” under the IUCN Red List
criteria B2, due to the continuing decline in area, extent, and/or
quality of its habitat (Casale and Marco, 2015).

Within Cabo Verde, the island of Maio hosts an important
proportion of this subpopulation, with 4,063-14,364 nests per
year between 2016 and 2019 (Patino-Martinez et al., 2021). The
nesting beaches of Maio present a high heterogeneity in the

colour and type of sand, varying in a spectrum from dark sands
of volcanic origin to light-coloured sands of biogenic origin, and
including beaches which are a mixture of the two. Such diversity
of sandy beaches provides an excellent natural laboratory for
studying the influence of substrate on the incubation of eggs and
the reproductive success of sea turtles.

To understand the potential effect of incubation substrates
on the reproductive success of the loggerhead turtle, we have
quantified the inter-beach variability of sand type and evaluated
its effect on (i) nesting success, (ii) nest density, (iii) abundance
and size of predators, (iv) hatching success, and (v) physical
condition of hatchlings, both in situ and in laboratory conditions.

MATERIALS AND METHODS

Study Site

The study was conducted on the island of Maio (269 km?, 110 km
of coastline and 38 km of sandy beaches), one of the ten islands
of the archipelago of Cabo Verde (15°13/50//N 23°09/22//0;
Figure 1).

The high-energy beaches of the island of Maio are currently
pristine and undeveloped. The colour of the sand and the size of
the grain varies over the whole island. Beaches were classified by
colour using the Munsell colour chart system (Fan et al., 2017),
and all beaches were measured and georeferenced.

Nesting Success and Nest Density

We conducted 615 sampling nights (from 20:00 to 6:00; 44
fieldwork teams per night) during five consecutive nesting
seasons (July-October) between 2017 and 2021, along 100%
of the island’s sandy beaches (38 km). Each time a female
turtle emerges from the sea to attempt to nest (nesting
activity) she creates a distinctive set of tracks in the sand:
with one track ascending to any aborted nesting attempt or
a successful (camouflaged) nest, and another track descending
to the sea. Following this pattern of tracks, all nesting
activities (sometimes with direct observation of the females)
were recorded and geolocated (Garmin e-trex Summit) and all
turtle tracks were erased using wooden rakes or the ranger’s
feet. To identify any nesting activity not recorded during the
night, a daily early morning track count was carried out.
Nesting success was estimated as the proportion of nesting
activities resulting in effective nest placement. Nest density
was calculated as the total number of nests per beach area
(length x average width of three measurements along the
beach). Nesting success and nest density were compared between
beaches of different substrate (dark, mixed, and light) in the
eastern part of the island (with similar wave conditions and
accessibility from the sea), to reduce the spatial effect in the
analysis.

Sand Type and Ghost Crab Abundance

In 2017, an observational study was undertaken to evaluate
the influence of substrate type on the abundance and size
of the ghost crab, the main predator of eggs, and offspring
(Marco etal., 2015). Two infrared cameras (Browning BTC-5HD)
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FIGURE 1 | Overview of the study sites. (A) Image of the Cabo Verde archipelago, West Africa. (B) Detailed map of the Cape Verde archipelago (inset). (C) Island of
Maio (C; 15°12’N—23°6'W) showing the study areas by sand types (by colours) where loggerhead turtles nest. The crab symbol represents the location of the
predator survey. Coloured lines (east coast) illustrate nest density and nesting success study areas.

were installed on three dark-coloured beaches (for six nights
between July 5, 2017 and October 10, 2017), two mixed-sand
beaches (for 10 nights between July 6, 2017 and September 16,
2017), and two light-sand beaches (for 13 nights between July
12, 2017 and October 8, 2017). Bait (unsuccessful eggs from
excavated nests, and fresh fish heads) was placed in front of the
cameras, and the number of crabs present in an area of 9 m?
(3 m x 3 m of sand) was counted with one photograph every
hour (Supplementary Figure 1). The seven beaches were chosen
in the eastern part of the island of Maio and are interspersed
with each other (Figure 1). For the biometric study of the crabs,
they were captured using drop traps (in 20-L plastic buckets
with a high vertical wall) buried in the sand without a lid.
The bait (fresh fish) was tied to a wire across the diameter of
the top of the bucket. Three adjacent beaches (Figure 1) were
chosen (one for each type of sand) and one trap was set per
night from 22 to 6 h (dark sand - 10 nights between August
15, 2017 and October 13, 2017; mixed sand - eight nights
between August 21, 2017 and September 30, 2017 and light
sand - 14 nights between August 16, 2017 and October 11, 2017).
Caught crabs were counted and the maximum carapace length
and width of each crab were recorded (using Cen-Tech Digital

callipers; Harbor Freight Tools, Pittsburgh, PA, United States;
accuracy £ 0.01 mm).

Measuring the Effect of Sand Type on
Hatchery Nests

To evaluate the influence of substrate type on nest incubation
under standardised conditions, we conducted a field experiment.
We moved 106 nests in 2017 to eight open beach hatcheries (two
dark sand, four mixed substrate, and two light sand; Figure 1).
In order to avoid any seasonal effect on hatching success the
relocation was simultaneous in all three hatchery types (from
04 July to 17 August). The eggs were moved by walking with
them in new plastic bags; it took a maximum of 3 h between
oviposition and reburial. The relocated nests (28 in dark; 56 in
mixed; 22 in light) were buried at a depth of 45 cm, in root-free
substrate, and monitored daily during incubation. The hatcheries
(enclosures surrounded by a 1 m high plastic mesh and wooden
fence; 7 X 7 m; on a 0° slope) were in areas of the beach where
tidal flooding does not occur and all of them prevented the
entry of predators. Nests were in plots of 1 m? for each nest.
The number of eggs at the time of relocation was counted for
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each of the nests studied. The hatching success of each nest was
determined as the proportion of eggs culminating in hatching.
Incubation temperatures were recorded in three of the hatcheries
simultaneously between 18 August and 18 November by one
datalogger (Hobo Stow Away TidbiT v2 Onset,' £0.2°C accuracy,
measuring 3.0 cm x 1.7 cm; programmed to record temperature
at 30 min intervals) for each sand treatment at a depth of
0.37 m in the sand, resulting in 4,417 temperature data points
from each sand type.

Temperature-Controlled Experiment
In 2018, we conducted a field experiment to assess the influence
of sand type (dark, mixed, and light) on embryonic development,
hatching success, and hatchling phenotype into a common
temperature incubation environment. The experimental design
corrected for spatial effects associated with the hatchery study
and standardised the thermal regime as previously described in
the study (Patino-Martinez et al., 2014). A total of 225 eggs were
collected from five different females, laid during the same night
(45 eggs per female). The eggs were collected directly from the
female’s cloaca, ensuring that they did not touch the sand before
the beginning of the experiment. Because females distribute their
different nests among different beaches (Patino-Martinez et al,,
in press), nests were chosen randomly among beaches. Twenty-
five eggs (5 per female) were placed in each one of nine plastic
containers (0.37 m x 0.27 m x 0.23 m, sterile and dry). All
eggs were weighed (using a microbalance Criacr Digital Pocket
Scales, 500 g/accuracy £ 0.01 g. Stainless Steel. Energy Class
A+), randomly distributed horizontally and completely covered
with one of the types of sand. Each container was closed with
a lid, with an air space (0.1 m) between the lid and the sand
covering the eggs. The closed containers were buried in an open
area of a mixed sand beach in three blocks of three containers,
each block representing the three sand type treatments randomly
distributed. The sand used in the experiment was collected at
a depth of 0.45 m in the centre of natural nesting beaches of
the different sand types and manually stirred for 3 min, before
starting the experiment. All eggs were incubated at a depth of
45 cm (measured from the egg layer) without touching any
other sand until hatching. From incubation day 45 onward, the
experimental containers were inspected daily to verify hatching.
To study temperature variability within the study treatments,
data loggers [Hobo Stow Away TidbiT v2 Onset (see footnote
1), £0.2°C accuracy, measuring 3.0 cm X 1.7 cm; programmed
to record temperature at 30 min intervals] were placed in three
containers (one per treatment) at the same depth as the eggs. The
data loggers were placed at the start of the study, in the middle
of each container and left untouched throughout incubation.
To assess the effect of controlled incubation on temperatures,
a temperature control was placed in the sand (one data every
30 min simultaneously with the experiment) (Supplementary
Figure 2) on the beach, 1 m outside the experiment and at the
same depth (45 cm).

To measure moisture, sand samples (approximately
300 g) were taken from each of the treatment at the

lwww.onsetcomp.com

beginning of the experiment. The fresh samples were
weighed (using a microbalance Criacr Digital Pocket Scales,
500 g/accuracy =+ 0.01 g. Stainless Steel. Energy Class A+) and
then left to dry in high containers in a sunny location. The
samples were reweighed periodically until a constant mass
was reached (i.e., all water had been lost). The water content
of the sand was calculated as the water loss divided by the
total fresh (wet) weight, multiplied by 100. This experimental
technique, using closed plastic containers, avoids flooding,
and maintains initial moisture levels throughout the study
(Patino-Martinez et al., 2014).

Temperature in situ

An observational study was conducted in 2019 and 2021 to
compare in situ sand temperatures (dark, mixed, and light) at
different depths (25, 35, 45, and 55 cm), to obtain baseline data on
the normal ranges of incubation temperatures at these positions.
The period studied was from 5/8 to 17/11 in both years. One
temperature logger [Hobo Stow Away TidbiT v2 Onset (see
footnote 1), +0.2°C accuracy, measuring 3.0 cm X 1.7 cm] per
depth and substrate type was placed in 2019 and two loggers
per substrate type at 25 and 35 cm depth and three loggers per
substrate type at 45 and 55 cm depth in 2021. Each year the
dataloggers recorded data simultaneously at 30-min intervals.
These data were used to calculate average temperatures per
substrate and depth.

Measuring Hatchling Size and
Performance

Morphology and locomotion of hatchlings affect their survival
in the first hours after hatching (Ischer et al., 2009). Therefore,
a random sample of eight hatchlings per nest was taken
immediately after emergence and 100% of the hatchlings
from the temperature-controlled experiment were taken
for biometric analysis. For each hatchling, the length and
straight width of the shell were recorded (using Cen-Tech
Digital callipers; Harbor Freight Tools, Pittsburgh, PA,
United States; accuracy £ 0.01 mm). All hatchlings were
weighed (using a microbalance Criacr Digital Pocket Scales,
500 g/accuracy £ 0.01 g. Stainless Steel. Energy Class A+). The
performance of the offspring was measured as the time taken to
turn from the “face up” position to the normal “face down” run
position (self-righting ability). These tests were done outdoors
on moist, compact sand, repeated three times per individual
and then averaged. Self-direction tests were mostly carried out
before midnight (66.3%), therefore, in the present study, the
possible effects of circadian rhythm on hatchling activity were
not standardised. After the physical tests, the hatchlings were
immediately released into the sea.

All unhatched eggs were dissected 48 h after the last
nest emergence and 60 days later in the eggs from the
temperature-controlled experiment. The embryos were assigned
to a developmental status category, adapting the criteria proposed
by Bilinski et al. (2001). We assigned a value per category, as
follows: 0 = undeveloped, 1 = early embryonic death, 2 = middle
embryonic death, and 3 = late embryonic death. The success of
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TABLE 1 | Nesting success, nest density, and crab biometric measurements among the three types of substrates on 14 beaches close to each other (5 in dark sand, 5

in mixed sand, and 4 in light sand) on the east coast of the island of Maio (Figure 1).

Parameters Substrate type Statistical test P-value
Dark Mixed Light
Nesting success (%) 56.45 + 17.93 55.78 + 20.93 56.76 + 18.51 F(2) = 0.03 =0.973
Nest density (m?) 0.1 £0.09 0.1 £0.09 0.09 + 0.07 H(@2) =310 =0.213
Number of crabs per trap 1656+25 21+19 4.6+ 3.9 H(2) = 5.55 =0.062
Crab length (mm) 37.7+£59 33.1+£99 357+£79 H@2)=1.57 =0.456
Crab width (mm) 28.6 + 5.1 249+ 8.3 26.0+6.3 H@2) =2.24 =0.326
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FIGURE 2 | Hatching success in different substrates (dark, mixed, and light) under controlled incubation conditions in the hatchery. Different lowercase letters
indicate statistically significant differences among treatments. The median is the bold line as a measure of central tendency, quartiles one (Q1) and three (Q3) marked
by upper and lower box limits and maximum (max) and minimum (min) values marked with whiskers above and below.

embryonic development was calculated as the proportion of eggs
reaching stages 3 and successful hatching.

Laboratory Analysis

Samples (500 g) of each type of sand were collected at the
beginning of the temperature-controlled experiment and were
sent for laboratory analysis.

Granulometry, composition and origin were analysed in the
laboratory for each type of sand. Salts and impurities were
initially removed to avoid errors in the analysis, by washing each
sample with 2 L of distilled water. They were then dried in a stove
at a moderate temperature (65°C). To obtain the representative
fraction for each of the analyses to be carried out, each sample
was split as many times as necessary (Folk and Ward, 1957).

The particle size of the sediment was determined by dry
sieving of the sample, using a sieving tower composed of
17 sieves, covering the range from gravel to silt and clay
(Wentworth, 1922).

The carbonate content was determined by Bernard’s
Calcimeter (Lamas et al, 2005). This method is based on
the reaction of hydrochloric acid (HCI) with calcium carbonate

(CaCO3) causing release of carbon dioxide (CO;). The gas
displaces the volume of a liquid contained in a burette that was
quantified, indirectly obtaining the carbonate content.

The origin of the grains and their proportions was analysed by
a provenance analysis. Each sand sample (dark, mixed, and light)
was fixed in sheets with epoxy resin for 24 h. By cutting the sheets
and using carborundum abrasive, three thin sections of between
20 and 30 microns were obtained. The characteristics of the grains
were determined by observing the sheets under a petrographic
microscope (Ortoplan-Leitz) with plane and polarised lights.
Each sand grain was identified into subcategories: bioclasts
(red algae meshes, molluscs, foraminifera, bryozoans, and
echinoderms), lithoclasts (mafic volcanic rocks, intraclasts,
olivine, clinopyroxene, opaques -Fe and Ti oxides, and volcanic
glass), and carbonate aggregates (bioclastic and lithoclastic grains
containing sparite and micrite carbonate cements).

Statistical Analyses

We used R Studio software, version 1.1.463 (Campbell, 2019) to
perform non-parametric and parametric tests. When normality
and heteroscedasticity were assumed, an ANOVA test was made.
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A Kruskal-Wallis test was performed once the assumptions
were not assumed, while a Tukeys Test was performed for
multiple comparisons. To investigate if nesting success and
nest density were significantly different between substrates, we
fitted generalised linear models (GLM), with substrate type as
predictor (fixed factor) with nesting success and nest density as
response (dependent) variables, and year as a random factor.
A Chi-squared test for given probabilities was also performed.
We arcsine-transformed the percentages of hatching success and
development success data. Alpha was set at 0.05.

The granulometric analysis was done through the Gradistat
programme (Blott and Pye, 2001).

RESULTS

Field Study

Over the 5 years of the study (2017-2021), on all sand types,
we counted 12,806 nesting activities in 2017, 30,075 in 2018,
19,316 in 2019, 38,993 in 2020 and 68,789 in 2021, corresponding
to 5,429, 14,364, 7,937, 23,185 and 46,161 clutches respectively
(mean number of nests per year = 19415; SD = 16450). According
to the Munsell colour charts, 9.1% of the beaches were dark
(Munsell = 5Y 3/1), 65.4% mixed (Munsell = 5Y 8/3), and 25.5%
light (Munsell = 5Y 8/4). Nesting success was not significantly
different between substrates (GLM df = 2; F = 0.03; P = 0.97;
n =70; Table 1) and nest density did not differ statistically among
the distinct types of sand (K-W df = 2; H = 310, P = 0.21, n = 70;
Table 1).

Crab abundance (No. of crabs per trap per night) did not
differ significantly between beaches on different substrates. Light-
coloured sand had an average of 4.6 crabs, which is higher than
the averages of 2.1 and 1.5 for mixed and dark sand, respectively
(Table 1). Crab biometrics were similar in all three sand types
(length 37.7 mm in dark, 33.1 mm in mixed, and 35.7 mm in light;
H(2) =1.57, P = 0.456; Table 1).

The Effect of Sand Type on Hatchery

Nests

Hatching success differed between incubation substrates, with a
range between 30.3 and 78.1% and was significantly lower in dark
sand (Figure 2). Nests incubated in light sand had the highest
hatching success (Dunn test light vs mixed P < 0.0001 and light
vs dark P < 0.0001). Hatchling mass varied as a function of
incubation sand (Weight: light 16.8 g £ 2.0 vs mixed 15.1 g £ 1.3
and dark 152 g + 1.1; Hy = 109, p < 0.01; Figure 3A).
Both SCL and SCW were significantly higher for hatchlings
from light-coloured substrate (SCL: light 41.5 mm =+ 3.6 vs
mixed 40.5 mm =+ 1.2 and dark 40.4 mm =+ 1.5, H, = 9.1,
p = 0.01, Figure 3B; SCW: light 31.8 mm =+ 2.5 vs mixed
31.1 mm =+ 1.1 and dark 30.3 mm =+ 1.0, H, = 14.2, p = 0.001,
Figure 3C), indicating that embryo growth occurred differently
between substrates and produced different phenotypes. Self-
righting time showed that the hatchlings from the light substrate
were faster (Self-righting time: light 13.2 s & 7.4 vs mixed
242 s + 11.4 and dark 26.8 s & 10.6; F2_g9 = 9.3, p < 0.001;
Figure 4). There was a statistically significant difference in
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FIGURE 3 | Hatchling phenotype (A) weight, (B) straight carapace length, and
(C) straight carapace width in the different incubation substrates (dark, mixed,
and light) under controlled conditions in the hatchery. Different lowercase
letters indicate statistically significant differences among treatments. The
median is the bold line as a measure of central tendency, quartiles one (Q1)
and three (Q3) marked by upper and lower box limits and maximum (max) and
minimum (min) values marked with whiskers above and below.

incubation temperatures between the different substrates, where
the temperature decreased from dark to light sand (Table 2).

Temperature-Controlled Experiment

Hatching success differed among substrates (ANOVA: F; ¢ = 30.6,
P < 0.001), ranging from 16 to 81% and was significantly
lower in the dark sand (16.0% =+ 4.0 s.d., 95% CI = 0.2-32)
compared to mixed (81.3% = 15.1 s.d., 95% CI = 65-97) or light
(77.3% £ 12.2 5.d, 95% CI = 61-93). Embryonic mortality in the
dark substrate occurred earlier than in mixed and light (ANOVA:
Fy222 = 16.1, P < 0.0001). While 24% of the eggs experienced
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FIGURE 4 | Hatchling self-righting time (time needed to recover the face-down position) in different substrates (dark, mixed, and light) under controlled incubation
conditions in the hatchery. Different lowercase letters indicate statistically significant differences among treatments. The median is the bold line as a measure of
central tendency, quartiles one (Q1) and three (Q3) marked by upper and lower box limits and maximum (max) and minimum (min) values marked with whiskers
above and below.

TABLE 2 | Temperatures recorded in three types of substrates in two study conditions (hatchery and experimental).

Substrate type
Study conditions Control Dark Mixed Light
Hatchery conditions (2017) N ND 4,417 4,417 4,417
Mean 32.85 31.97 30.49
o 1.03 0.72 0.72
Minimum 30.44 30.07 28.59
Median 30.60 32.18 33.05
Maximum 31.71 33.16 35.00
Experimental conditions (2018) N 2,386 2,386 2,386 2,386
Mean 30.04 29.97 29.94 30.10
o 0.79 1.07 1.21 1.22
Minimum 27.95 27.90 27.70 27.95
Median 29.99 29.76 29.64 29.79
Maximum 31.41 31.79 32.10 32.23

early embryonic mortality in dark substrate, only 6.7% of the
embryos died in initial stages in light substrate.

The dark substrate produced significantly smaller offspring in
shell length (SCL: WS = 40.6 mm =+ 1.9 s.d, MS = 40.9 £ 2.1 s.d,
BS =38.3 £ 3.7 s.d ANOVA: F; 119 = 4.9, P < 0.01). Shell width
of experimental hatchlings were similar among treatments (SCW:
P =0.13). The hatchlings from dark substrate were significantly
slower in the self-righting ability test, at 84.8 s + 42.1s.d
(mixed = 28.6 s + 38.4s.d, light 58.6 s £ 42.4s.d; ANOVA:
F119 = 11.78, P < 0.0001). The apparent shell malformations of
offspring were extremely rare and there was no relationship with
the incubation substrate.

The mean incubation temperatures in the experimental
treatments were highly and significantly correlated with

the control temperatures (Pearson correlation: dark = 0.96,
mixed = 0.94, light = 095 P < 0.0001, Table 2 and
Supplementary Figure 2) and the mean difference between
treatments was 0.03°C. The eggs were incubated at the natural
humidity of the substrate and had a maximum difference of less
than 1% between substrate types, and therefore were considered
to be within a similar range (Patino-Martinez et al., 2014). The
natural humidity of the sand was 2.4% in dark substrate, 1.5% in
mixed, and 2.1% in light substrate.

Temperatures in situ

Mean incubation temperatures differed significantly between
sand types (dark, 32.5°C £ 1.08, mixed 32.38°C £ 1.10, and light
30.40°C =£ 1.13; KW H; = 71,999, p = 0.000). Temperatures in
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TABLE 3 | Temperatures recorded at four depths (25, 35, 45, and 55 cm) between August 05 and November 17 during two nesting seasons (2019 and 2021), under

three different substrate types.

Substrate type
Year Depth (cm) Dark Mixed Light
2019 25 (N = 5,040) 32.89 + 1.29 ND 30.89 + 0.86
35 (N = 5,040) 32.63 + 0.98 31.91 +£1.02 30.74 £ 0.72
45 (N = 5,040) 32.50 £ 0.88 31.78 £ 0.96 30.39 £ 0.67
5 (N = 5,040) 32.30 £ 0.78 31.64 +£ 0.92 30.31 £ 0.64
2021 27 (N =10,080) 32.79 + 1.40 33.17 £ 1.07 30.87 + 1.46
35 (N = 10,080) 32.56 + 1.12 32.96 + 0.98 30.72 +1.21
45 (N = 15,120) 32.80 £ 1.05 32.83 £ 0.87 30.13 £ 1.1
55 (N =15,120) 32.28 + 0.86 32.40 + 0.80 29.93 + 1.03
TABLE 4 | Grain characterisation and composition within the three different substrate types.
Grain size analyses Substrate type
Dark Mixed Light
Folk and ward Method Mean (mm) 0.32 0.32 0.41
Sorting (o1) 0.45 0.62 0.57
Description Mean (mm) Medium sand Medium sand Medium sand
Sorting (o1) Well sorted Moderately well sorted Moderately well sorted
Composition (%) Gravel 0.038 0.94 0.33
Sand 99.95 98.88 99.61
Mud 0.01 0.18 0.06
Grain size distribution (%) Cobble 0.00 0.00 0.00
Pebble 0.00 0.50 0.18
Granule 0.038 0.43 0.15
V. coarse sand 0.12 1.01 0.29
Coarse sand 3.71 7.83 22.31
Medium sand 72.54 60.85 63.09
Fine sand 23.18 27.37 13.66
V. Fine sand 0.40 1.82 0.27
Silt and clay 0.01 0.18 0.06

light sand were on average 2.2°C cooler than black sand (Table 3).
There was a significant sand type x depth interaction for
temperatures (GLM, random factor year: substrate type x depth,
F = 67,881, p = 0.000). Temperature decreased with increasing
depth in all sand types, although not to the same extent
(mean decrease every 10 cm: dark = 0.18°C, range = 0.17-0.19;
mixed = 0.19, range = 0.13-0.25; light = 0.25, range = 0.19-0.31).

Analysis of Substrates in the Laboratory
The substrates analysed were composed mostly of medium sand
(between 98.9 and 99.9%), with little size variability (sorting;
Table 4), and with small proportions of mud or gravel (between
0.01 and 0.3%) (Table 4).

The proportion of coarse:fine sand was markedly different,
with a of 3.7:23.2% in dark, 7.8:27.4% in mixed, and 22.3:13.7%
in light substrate.

The proportion of CO3 was markedly different with
a percentage of 17.8 £+ 0.4 in dark, 448 £ 1.85 in
mixed, and 78.5 £ 0.5 in light sand. This indicates that
the composition of light-coloured sand was comparatively

much higher in grains of biogenic origin (red algal and
mollusc meshes predominated; foraminifera, bryozoans, and
echinoderms were scarce) (Supplementary Figure 3). Volcanic
lithoclasts (clinopyroxenes, Fe and Ti oxides, and the fragments
of mafic volcanic rocks and glasses) were major components of
the dark-coloured sand (Figure 5 and Supplementary Figure 3).

DISCUSSION

Field and Experimental Study

Through a comprehensive 5-year field (2017-2021) and
laboratory study we have demonstrated the effect of the different
types of sand selected by loggerhead sea turtle nesting females on
their embryonic development, hatching success, and hatchling
phenotype. This information is especially relevant for species
that depend on the conservation and protection of their nests,
such as sea turtles (Casale and Tucker, 2017). Incubation of
eggs in dark-coloured, volcanic, and fine-grained sands may
have negative effects on loggerhead reproduction. Dark sand
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FIGURE 5 | Petrographic microscope photographs at 400x magnification of the samples from the light (1 and 2), mixed (3 and 4), and dark (5 and 6) sands. The
difference between polarised light (parallel nicols, Photo 1) and plane light (crossed nicols, Photo 2) is illustrated. Alg, meshes of red algae; mol, molluscs; brio,
bryozoans; for, foraminifera; cpx, clinopyroxene; ol, olivine; Fe ox, Fe and Ti oxides; fr g, basalt rock fragment; int, intraclasts.

caused significantly lower hatching success and thus may lead
to reproductive loss of some populations. Embryo death tended
to occur at an earlier stage of development in the dark-coloured
substrate, whereas in the light-coloured sand embryo death
occurred mostly at the end of development. The reason for this
difference could be desiccation and late death by dehydration,
which has been described in coarser sand substrates (Mortimer,
1990; Warner et al., 2011). However, our experimental results,
with controlled temperature and humidity, do not support this
theory. Dark-coloured substrates have been associated with
negative impacts for embryo survival by direct association with
high incubation temperatures (Weber et al, 2012; Martins
et al.,, 2020). Interestingly, divergence in the thermal tolerance
of female green turtles with philopatry to both dark and
light-coloured beaches has also been demonstrated (Weber
et al, 2012). Here we have demonstrated experimentally at
controlled temperatures that an inherent effect of the substrate

determines differences in embryonic development, hatching
success, and hatchling performance regardless of temperature.
The fundamental differences between the substrates analysed,
other than their colour, were the grain size and the composition
of calcium carbonate (different origins; dark substrate from
volcanic material and light substrate from biogenic material).
A higher fraction of fine sand, as in our dark coloured
substrates, could hinder gas diffusion and generate lethal hypoxia
during embryonic development. On the other hand, the lower
percentage of calcium carbonate in this type of sand generates
questions about the optimal composition for sea turtle nest
incubation substrates. It is possible that the volcanic substrate
composition itself may cause dehydration, leading to the death of
the embryos (Marco et al., 2017). The mechanism responsible for
this lower hatching success and the association with biotic factors
linked to each substrate, e.g., microflora, is still under study for
sea turtles (Elshafie et al., 2007).
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Adaptive Substrate Selection

The incubation substrate on the island of Maio is dynamic, varies
temporally and spatially, and consequently it would be difficult
for females to choose a specific substrate before their arrival to the
beach. The results of this study suggest that females select all sand
types for nesting without preference, as no significant difference
was found in either nesting success or nest density between
beaches with different substrates. Nesting success indicates the
number of nesting attempts on the beach that culminate in the
effective laying of a nest (there is a proportion of unsuccessful
attempts). Nesting success was surprisingly very similar for
the different substrates (56% on dark sand, 56% on mixed
sand, and 57% on nearby beaches light sand). This suggests
that the abandonment of the laying process is not due to the
type of substrate present on the beach chosen by the female.
Other factors, not sand type, appear to be more important
determinants for the choice of the laying site (Wood and
Bjorndal, 2000). Therefore, extreme philopatric adaptation to one
type of substrate or beach seems unlikely for loggerhead turtles
in Maio. The most plausible adaptive mechanism to ensure the
survival of some of their embryos seems to be the selection
of different nesting beaches for different clutches, with their
inherent differences in substrate type, to spread the risk of nest
failure (Patino-Martinez et al., in Press).

Hatchling Phenotype and Performance

We found inter-substrate differences in hatchling biometrics
and performance. Hatchlings from dark substrates had smaller
carapace dimensions than hatchlings from light sand, suggesting
that more yolk was converted to hatchling tissue (Ischer et al.,
2009) during embryonic development in light sand nests. The
relationship between substrate type and hatchling survival may be
complex. Previous work has suggested that larger, more vigorous
offspring may be better prepared for survival than smaller, weaker
offspring (Miller et al., 1987; McGehee, 1990; Packard, 1999;
Reece et al., 2002).

Hatchlings from light sand tended to be faster self-righters
than hatchlings from dark sand, which could have a further effect
on their survival. The amount of time required for a hatchling to
self-right is negatively correlated with its physiological condition
(Kobayashi et al., 2017). Globally, sea turtle hatchlings are
vulnerable to predation by ghost crabs, mammalian predators,
and shorebirds (Antworth et al., 20065 Ischer et al., 2009; Marco
et al,, 2015), and the time of exposure to these predators is
inversely related to the ability to self-right when necessary.
Assuming a fixed amount of energy to share between embryonic
development, nest emergence, beach crawling and swimming
offshore (Rusli et al., 2016), those hatchlings that take longer
and expend more energy to reach the sea will reduce their
subsequent swimming performance (van de Merwe et al,
2013). Interestingly, recent studies found significant correlations
between self-righting propensity, crawling speed, and swimming
performance in sea turtle hatchlings (Saito et al., 2019; Stewart
etal., 2019). It is crucial to have a strong swimming performance
once they enter the ocean because of their vulnerability to
predation (Pereira et al., 2011; van de Merwe et al, 2013).

Therefore, substrates that optimise the performance attributes of
sea turtle hatchlings, as light sand did in our study, increase the
likelihood of survival in this critical phase of high mortality.

Sand Type and Ghost Crab Abundance

In Maio, about 42% of loggerhead turtle nests suffer from
ghost crab predation (Patino-Martinez et al., 2021), making it
one of the most important threats to reproductive success on
the island, and a strong selection pressure (Skelhorn et al.,
2011). In this study, crabs that came to our bait (non-viable
eggs from hatched nests, and fish) were of equivalent size and
abundance between substrate types. Therefore, if we assume that
these two factors determine predation rate, we could conclude
that predation risk is similar between substrates. However,
here there may be a benefit linked to the dark colour of
the hatchlings on dark-coloured substrates where they may be
more difficult to detect. One of the anti-predatory traits of
some species is to resemble, sometimes almost imperceptibly,
the local environment (Skelhorn et al., 2011). On the other
hand, the benefit of resembling the environment has been
shown to diminish as local prey density increases relative
to their camouflage environments (Skelhorn et al., 2011). In
this case the decrease in offspring density, resulting from
lower hatching success, could decrease predator motivation
and provide a density-dependent benefit. Further experimental
studies are needed to evaluate predator density and their activity
in microhabitats with thermal variability (due to sand type) and
assess the effect on nest and hatchling predation.

Incubation Substrates and Climate

Change

The Republic of Cabo Verde hosts one of the two largest
loggerhead nesting populations in the world (Patino-Martinez
et al., 2021), hosting up to 100,000 nests per season during the
period of this study. All of the islands in Cabo Verde have some
proportion of nesting beaches with dark-coloured sand (Tanner
et al,, 2019). Assuming an equal distribution, we estimate that
10% of nests currently show a strong decrease in hatching success
due to dark incubation substrates. Under probable emission
scenarios, lethal temperatures in dark incubation substrates on
the islands will be reached before 2100 (Tanner et al., 2019).
Furthermore, dark-coloured substrates, and therefore higher
incubation temperatures, will only support the globally female-
biassed hatchling sex ratios due to anthropogenic global warming
(Hays et al., 2014).

Eggs incubated in light-coloured, biogenic substrates with
high carbonate levels, larger grain size and lower temperatures
are more successful than those on other substrates. They
also experience better embryonic development and produce
hatchlings in better physical condition. Therefore, in spatially
heterogeneous environments, such as the island of Maio,
sea turtles may be exposed to contrasting selective regimes
that may cause divergence in traits affecting survival and
reproduction (Mickelson and Downie, 2010). For example,
given predictions of future climate change, adaptive variation
in enhanced heat tolerance may have important adaptive
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consequences in an increasingly warmer world (Weber
et al, 2012). Many conservation programmes consider
thetranslocation of turtle nests on or between beaches,
or to hatcheries, as a useful technique. In the face of
foreseeable climate warming scenarios, we propose adaptive
management of nests using light-coloured substrates, and
at depths slightly deeper than the natural average (for a
further decrease in incubation temperature). The aim is to
favour a higher primary production of males, which can
ideally become reproductive adults and to favour a future
colonisation of new, thermally appropriate nesting areas, as an
adaptive mechanism.

CONCLUSION

This study investigates (i) the selection of different incubation
substrates by loggerhead turtle nesting females and (ii)
the reproductive effects associated with incubation. We
provide convincing evidence that the benefit of incubation
on light-coloured, biogenic-derived sands is greater than
on dark-coloured, and volcanic-derived sands. Our results
strongly suggest that greater embryonic development and
hatching success (a direct measure of fitness), with larger
and more physically fit hatchlings (a possible determinant
of early survival), implies a reproductive advantage. We
recommend replicating this study with other sea turtle
species and in different ecosystems. The effect of substrate
on predator activity and the intrinsic components of
substrate that affect embryonic development are aspects
that we suggest investigating in the future. We propose
an adaptive management technique of nest incubation
on light-coloured substrates (beach or hatchery) and at
a greater depth, to favour hatching success, hatchling
quality, and to slightly lower incubation temperatures
to help mitigate the effects of feminisation linked
to global warming.
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