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ABSTRACT.  – The variation in sand temperature between beaches is an important factor 

in sex determination in sea turtles. Rising temperatures due to climate change can cause 

a female-biased sex ratio in hatchlings. The importance of identifying microhabitats, 

which have potential to produce hatchlings with balanced sex-ratio should be a global 

priority in sea turtle conservation programmes. We evaluated the variation in nesting sand 

temperature between beaches and years at the maximum nesting depth (55cm) in an 

important nesting colony of loggerhead turtles (Caretta caretta) on the Maio island, Cabo 

Verde. The air as well as sand temperatures were monitored on three beaches with 

different sand colours (light, dark and mixed) during the breeding season of 2020, 2021 

and 2022. The light sandy beach was cooler and recorded temperatures that favoured the 

production of male hatchlings at the beginning and end of the nesting seasons. The 

temperatures of dark and mixed sands were highly biased towards female hatchlings, 

reaching lethal levels for embryos. However, in short periods of heavy rain and flooding, 

the temperatures tend towards males in these types of sand. The observations thus reveal 

that there are few thermal microhabitats in this colony that are favourable to production 

of male hatchlings, located at the extremes of nesting periods and during extreme climate 

fluctuations. 

 

KEYWORDS. – Incubation substrate, air and sand temperature, sex ratio, 

conservation, sea turtles, loggerhead turtles (Caretta caretta), Maio Island, Cabo Verde.  
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INTRODUCTION 

Rising global temperatures are likely to affect sea turtles at many stages of their life cycle 

(Patrício et al., 2021). The egg incubation stage is one of the most vulnerable, because 

eggs develop successfully within a narrow range of incubation temperatures, from 27 to 

33 °C (Ackerman, 1997; Fisher et al., 2014). Hatchlings incubating at higher temperatures 

becoming female and those at lower temperatures becoming male (Yntema & Mrosovsky, 

1982; Standora & Spotila, 1985). The hatchling sex ratio can be approximately equal 

(50% males and 50% females) when the embryos are incubated at a temperature of 

29.3°C, classified as the pivotal temperature (Mrosovsky & Pieau, 1991). In addition to 

sex determination, the incubation temperature directly affects incubation duration (Booth 

& Astill, 2001; Matsuzawa et al., 2002; Martins et al., 2020), hatching success, the 

success and pattern of emergence (Sim et al., 2015; Rivas et al., 2019; Martins et al., 

2020), hatchling phenotype (Booth & Astill, 2001; Sim et al., 2015; Booth, 2017; Rivas 

et al., 2019; Martins et al., 2020), hatchling dispersal performance (Ischer et al., 2009; 

Mueller et al., 2019; Martins et al., 2020). Therefore, global warming is expected to cause 

highly female-biased sex ratios of hatchlings in many sea turtle populations, colonies and 

species (Fuentes et al., 2009; Hays et al., 2014; Santidrián-Tomillo et al., 2014; Jensen et 

al., 2018; Patrício et al., 2019; Tanner et al., 2019). However, the effect of the random 

choice of adult females for different beaches of different sand types for nesting (Patino-

Martínez et al., 2022b), contributes to the variation in incubation temperature (Hays et 

al., 2003; Tanner et al., 2019), where there may be possible thermal refuges biased for 

males hatchlings (LeBlanc et al., 2012). 

This study examines possible male-biased thermal refugia among the three main 

nesting sand types of female loggerheads in Cabe Verde (Tanner et al., 2019), at 

maximum nesting depth. This study was carried out in the volcanic archipelago of Cabe 

Verde, located 500 kilometres from Senegal in the Atlantic Ocean. The country is home 

to what may be the largest nesting subpopulation of loggerhead turtles in the world 

(Patino-Martínez et al., 2022a). The loggerhead turtle is classified by the IUCN as 

globally "Vulnerable" and regionally "Endangered" due to the ongoing decline in the area, 

extent and/or quality of its habitat (Casale & Tucker, 2017). This subpopulation has been 

identified as a separate genetic stock (Monzon-Arguello et al., 2010; Wallace et al., 2010) 

with multiple nesting groups within the colony (Stiebens et al., 2013; Baltazar-Soares et 

al., 2020). The island of Maio hosts a significant proportion of this subpopulation's annual 
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nests, with 4,063-46,160 (average 15,440) annual nests between 2016 and 2022. This 

study compared sand from three different beaches and assessed: 1. the variation in 

average daily temperature at 55cm depth between three nesting seasons; 2. the 

relationship between the variation of the daily average air and sand temperatures. 

 

METHODS 

Study Area. — Fieldwork was carried in Maio Island, Cabo Verde (Fig. 1a; 

15º13'24.2"N 23º9'28.9"W), during the nesting seasons (1 July to 17 November) of 2020, 

2021 and 2022. The study beaches have a natural variation in the type of sand: light 

(Morro; Fig. 1c), black (Pajuana; Fig. 1d) and mixed (Ribeira Baía; Fig. 1e). The beaches 

studied have the following measurements: Morro measures 4050m in length and an 

average width of 90m, Pajuana measures 168m in length and an average width of 19m 

and Ribeira Baía measures 238m in length and an average width of 25m. The average 

width was measured from the low-water line to the dune vegetation (Zygophyllum 

waterlotii and Suaeda vermiculata). These are undeveloped and undisturbed beaches, 

with no light pollution and minimal human activity. 

 

Figure 1.  a) Map of Cabo Verde's location on the coast of West Africa and the Cabo 

Verde archipelago, b) The Maio island and study beaches in boxes, c) light sandy beach 

(Morro), d) dark sandy beach (Pajuana), e) mixed sand beach (Ribeira Baía). 
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Analysis of temporal and inter-beach variations in sand temperature. — The 

average daily sand temperature was recorded at a depth of 55 cm on three different sandy 

beaches (light, dark and mixed). A total of 48 daily data points (1 every 30 minutes) were 

recorded simultaneously from 1 July to 17 November during three nesting seasons (2020, 

2021 and 2022). Hobo Stow Away TidbiT v2 Onset thermometers with an accuracy of 

±0.2°C (1 per beach and per year) were used. The accuracy of the thermometers was 

checked by placing them in a box with a known temperature at least 48 hours before and 

after the experiment. 

Analysing the relationship between air and sand temperature. — To check the 

relationship between the average daily temperature of the air and the sand, a recorder was 

installed in the air (hanging from the shadows of the roof) at 70m from the mean sea level 

during the same period as the recorders in the sand.  

Data Analysis. — All the data were tested for normality using the Shapiro-Wilk 

test and for homogeneity of variance using the Levene test. The difference in average 

daily temperature between the three types of sand was assessed using the non-parametric 

Kruskal-Wallis test to determine independence. The relationship between average daily 

air temperature and average daily temperature in the three types of sand was assessed 

using Spearman's non-parametric correlation test. All statistical analyses were carried out 

using R software version 4.2.2 (R Core Team, 2022) with a significance level of 5%. 

 

RESULTS 

Analysis of temporal and inter-beach variations in sand temperature. — In the 

2020 season, the average daily temperature was significantly different between the three 

different sandy beaches at the maximum nesting depth (light = 30.84 ºC ± 0.57 s. d, min 

= 28.97, max = 32.14, dark = 32.6 ºC ± 1.03 s.d, min = 27.84, max = 34.52, mixed = 

32.41 ºC ± 0.79 s.d, min = 29.49, max = 33.95; Kruskal-Wallis test: χ2 = 224.82, df = 2, 

p < 0.001; Fig. 2a). 

In 2021, the average daily temperature was also significantly different between 

the three beaches with different sand at maximum nesting depth (light = 30.49 ºC ± 0.89 

s.d, min = 28.8, max = 32.17, dark = 32.01 ºC ± 0.9 s.d, min = 30.23, max = 33.65, mixed 

= 32.01 ºC ± 0.97 s.d, min = 30.43, max = 33.8,; Kruskal-Wallis test: χ2 = 148.99, df = 

2, p < 0.001; Fig. 2b). 
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 In 2022, the average daily sand temperature remains significantly different 

between the three different sand beaches (light = 29.52 ºC ± 0.99 s.d, min = 25.3, max = 

30. 9, dark = 32.0 ºC ± 0.83 s.d, min = 29.93, max = 33.42, mixed = 31.66ºC ± 0.95 s.d, 

min = 29.7, max = 33.16 ; Kruskal-Wallis test: χ2 = 246.8, df = 2, p < 0.001; Fig. 2c). 

Figure 2. Comparison of the average daily temperature recorded (at 55 cm depth) from 

July to November between sand types (light - green line, dark - red line and mixed - 

orange line) during the 2020 (a), 2021 (b), 2022 (c) breeding seasons. The blue line 

corresponds to the pivotal temperature of 29.3 ºC (Mrosovsky & Pieau, 1991). 

 

In the light sand, the year 2022 was statistically colder (light 2020 = 30.84 ºC ± 

0.57 s.d, min = 28.97, max = 32.14, light 2021 = 30.49ºC ± 0. 89 s.d, min = 28.8, max = 

32.17, light 2022 = 29.52 ºC ± 0.99 s.d, min = 25.3, max = 30.9; Kruskal-Wallis test: χ2 

= 137.39, df = 2, p < 0.001; Fig. 3a). 

In dark sand, the year 2022 was also statistically colder (dark 2020 = 32.6 ºC ± 

1.03 s.d, min = 27.84, max = 34.52, dark 2021 = 32.01 ºC ± 0. 9 s.d, min = 30.23, max = 

33.65, dark 2022 = 32 ºC ± 0.83 s.d, min = 29.93, max = 33.42; Kruskal-Wallis test: χ2 

= 37.25, df = 2, p < 0.001; Fig. 3b). 

In mixed sand, the year 2022 was also statistically colder (mixed 2020 = 32.41 ± 

0.79 s.d, min = 29.49, max = 33.95, mixed 2021 = 32.01 ºC ± 0. 97 s.d, min = 30.43, max 

= 33.8, mixed 2022 = 31.66 ºC ± 0.95 s.d, min = 29.7, max = 33.16; Kruskal-Wallis test: 

χ2 = 40.15, df = 2, p < 0.001; Fig. 3c). 
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Figure 3. Average daily temperature recorded (at 55 cm depth) from July to November 

on light (a), dark (b) and mixed (c) sand beaches during 3 breeding seasons (2020 - yellow 

line, 2021 - green line, 2022 - violet line). The blue line corresponds to the pivotal 

temperature of 29.3 ºC (Mrosovsky & Pieau, 1991). 

 

 Analysing the relationship between air and sand temperature. — There was a 

significant, positive and moderate correlation between the average daily air temperature 

and that of light sand (r = 0.51, S = 221967, p < 0.001; Fig. 4a), dark sand (r = 0.55, S = 

203540, p < 0.001; Fig. 4b) and mixed sand (r = 0.50, S = 226471, p < 0.001; Fig. 4c). 

Figure 4. Relationship between average air temperature and average daily sand 

temperature at 55cm depth in white (a), dark (b), mixed (c) sand, used for nesting by 

female loggerhead turtles on the Maio island (Cabo Verde, North-east Atlantic). The blue 

line and gray areas correspond to the regression line and the 95% CI band, respectively. 
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DISCUSSION 

There is growing interest in understanding how environmental temperature 

influences the survival and sex ratio of sea turtle hatchlings under future climate change 

scenarios (Abella et al., 2016; Hays et al., 2017; Laloë et al., 2017; Tanner et al., 2019; 

Martins et al., 2020). The results found here on the turtle nesting beaches of Maio Island 

are temperatures that may be highly biased towards female hatchlings in the three 

substrate types at maximum depth, and which may jeopardise the survival of hatchlings 

on dark sand beaches. If there is no adaptive response such as change in a geographical 

distribution (Abella et al., 2016; Patrício et al., 2019) or phenology (Weishampel et al., 

2004; Pike et al., 2006) of the species in the future, the current temperatures are more 

than probable to cause extremely low production of males hatchlings. Moreover, the 

female hatchlings production will continue to increase (Standora & Spotila, 1985; 

Zbinden et al., 2007; Santidrián-Tomillo et al., 2014). Consequently, the natural viability 

of the subpopulation may be jeopardised. 

The nest temperatures affecting the sex-ratio of sea turtle hatchlings varied with 

sand colour but also with time of the year (Pike et al., 2006; Tanner et al., 2019). In the 

coldest year (2022), the biased temperature for newborn males was recorded in the white 

sand only at the beginning and end of the nesting season (first weeks of July and the last 

weeks of November), reaching 4 ºC below (25.3 ºC) the pivotal temperature (29.3 ºC). 

The pivotal temperature for this subpopulation is not yet known, and as in other studies 

in Cape Verde (Laloë et al., 2014; Abella et al., 2016), this study used the pivotal 

temperature known in other loggerhead turtle populations (Mrosovsky & Pieau, 1991). 

This result reinforces the hypothesis that temporal refuge are one of the main 

opportunities available for this subpopulation to adapt to global warming conditions 

(Tanner et al., 2019), where the group of females that arrives earlier or later in the nesting 

season and lays deeper nests may be more likely to produce male hacthlings (Hays et al., 

2001; Weishampel et al., 2004; Pike et al., 2006; Lolavar & Wyneken, 2015). But the 

specific effects of choosing different nesting sites will also generally act to spread the 

likelihood of selective pressures on sex ratios (Patino-Martinez et al., 2022b). In mixed 

and dark sands, temperature was highly biased towards newborn females in all years, 

sometimes reaching temperatures (34.5°C) considered lethal for embryos (Ackerman, 

1997; Segura & Cajade, 2010; Fisher et al., 2014; Martins et al., 2020). Dark sand is the 

warmest, due to the greater absorption of solar radiation than biogenic white sand (Hays 
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et al., 2001; Patino et al., 2022b). This result is in consonance with studies carried out on 

dark sand beaches in other parts of the Cabo Verde archipelago, where high incubation 

temperatures (average > 30 °C) have been recorded (Laloë et al., 2014; Tanner et al., 

2019; Martins et al., 2020), as well as in other sea turtle populations (Hays et al., 2014). 

However, we observed that in a short period of great meteorological fluctuations caused 

by heavy rains and floods, the dark sand temperatures were 1.5 ºC below the pivotal 

temperature thus male-biased sex-ratio may be present. Heavy rains and flash floods cool 

the sand on the beaches and thus favour male hatchlings production temperatures 

(Houghton et al., 2007; Lolavar & Wyneken, 2015). However, excessive rainfall and 

flooding may not be advantageous, as they can cause partial or total embryonic mortality 

(Kraemer & Bell, 1980; Milton et al., 1994). In the future, this might become more 

frequent, as studies show that global warming is not only increasing temperatures, but 

increases also the intensity of extreme precipitation events, from individual clouds and 

thunderstorms to cyclones and storms (Trenberth, 1999; Trenberth et al., 2003; Giorgi et 

al., 2019). 

We found a correlation between mean daily air and sand temperatures, both in 

situ, this result is important for historical and future predictions of the primary sex ratios 

of this colony in the face of global warming and supports sex-ratio predictions made in 

other populations using the empirical relationship between air and sand temperatures 

(Hays et al., 2003; Katselidis et al., 2012; Laloë et al., 2014; Tanner et al., 2019). 

Given the IPCC (2018) scenarios of predicted warming, that lead to development 

of progressively fewer males in loggerhead turtles, it becomes critical to identify male-

biased thermal refuges, both spatial and temporal. This should be a priority among 

different colonies, subpopulations and populations threatened with extinction, where 

male-biased nesting temperatures become extremely important for persistence. 
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