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Metals and metalloids can pose a significant threat to sea turtles, as these contaminants tend to accumulate in
their bodies over time, due to their long lifespans and varied feeding habits. Sao Tomé and Principe’s archipelago
hosts the last remaining rookery for hawksbill sea turtles (Eretmochelys imbricata) in the region. The study aimed
to determine the levels of metals and metalloids accumulated by this population and to investigate their possible
genotoxicity in nesting females’ blood as well as potential effects on their eggs in terms of morphometric
characteristics and the quality of their lipidic reserves, essential for embryo development. Higher levels of Hg
were found to be correlated with increased “lobed-shaped nuclei” in erythrocytic count, suggesting genotoxicity
effects in this population. Higher levels of Se were correlated with thicker and heavier eggshells, while Pb levels
were associated with the reduction of the egg’s diameter. Metal contamination in females’ blood significantly
affected yolk polar fatty acids. Significant negative correlations were found between general metal contamina-
tion (PLI) and saturated fatty acids (SFA), while positive correlations were observed for essential omega-6 fatty
acids (n6), mostly influenced by Cu, Fe, and Hg concentrations. This suggests that these omega-6 fatty acids are
being synthesized from SFA, potentially indicating stress response by metal exposure. The present results point to
some potential alterations in the normal embryonic development of these turtle eggs, influenced by metal
contamination, which should raise some concerns about the future of this critically endangered species and call
for additional conservation efforts in the region.

1. Introduction shell trade and pollution, which have contributed to a substantial global

populations decline over the last century (Arantes et al., 2020; Fuentes

The hawksbill sea turtle (Eretmochelys imbricata), listed as critically
endangered in the IUCN Red List, is primarily found in tropical and
subtropical waters, playing a crucial role in maintaining healthy coral
reefs by feeding mainly on sponges (Baumbach et al., 2022; Horne et al.,
2023). However, this species faces significant threats, including bycatch,
coastal development, climate change, excessive targeting in the illegal

et al., 2023; Hawkes et al., 2009; Horne et al., 2023; Mortimer and
Donnelly, 2008).

One of the most vulnerable populations is found in Sao Tomé and
Principe archipelago, which hosts the last remaining rookery of
hawksbill sea turtles in the Gulf of Guinea region (Ferreira et al., 2018;
Ferreira- Airaud et al., 2022). An estimated 170 to 300 female hawksbill
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sea turtles nest in the archipelago, with the Rolas islet being the primary
nesting site for this species (Ferreira-Airaud et al., 2024). This popula-
tion is characterised by a unique genetic haplotype and exhibits low
genetic variability (Monzon-Argiiello et al., 2011), placing it among the
eleven most threatened hawksbill populations worldwide (Wallace
et al.,, 2011). Given its critical conservation status, understanding the
environmental pressures affecting this population is essential for its
long-term survival.

The southern region of Sao Tomé Island, where Rolas Islet is located,
is characterised by agricultural activities, including the cultivation of oil
palm, cassava, cocoa, and other crops (Palmeirim et al., 2024), which
can contribute to soil contamination by metals. Mangrove ecosystems in
this southern area show evidence of pollution by arsenic (As), chromium
(Cr), zinc (Zn), lead (Pb), and copper (Cu), primarily due to agricultural
runoff and other human activities (Afonso et al., 2023). Additionally,
local fishing practices contribute to pollution through the use of
anti-fouling paints, while domestic activities, such as washing clothes
with detergents in rivers, introduce further harmful substances (Afonso
et al., 2022, 2023). Given its proximity to these pollution sources, Rolas
Islet may be exposed to these contaminants, posing potential risks to the
nesting hawksbill turtle population.

These marine reptiles are vulnerable to the accumulation of persis-
tent pollutants, such as organochlorine pesticides, metals and metal-
loids, in their tissues due to their long lifespans, migratory behaviors and
feeding habits (Finlayson et al., 2016; Fuentes et al., 2023; Ross et al.,
2017). Although metals and metalloids can be toxic, they differ in their
environmental persistence and biological effects (Tchounwou et al.,
2012). Metals, such as mercury (Hg) and cadmium (Cd), accumulate in
tissues over time, leading to chronic toxicity (Jannetto and Cowl, 2023;
Tchounwou et al., 2012), whereas metalloids like arsenic (As) and se-
lenium (Se) interact differently with biological systems (Kesawat et al.,
2020). Selenium is essential in trace amounts but becomes toxic at
higher concentrations (Zwolak and Zaporowska, 2012), while arsenic
has no known biological role and is toxic even at low levels (Tchounwou
et al., 2012).

These contaminants have been shown to have detrimental effects on
various physiological processes in sea turtles, significantly impacting
their health and reproductive success. For example, Hg exposure has
been associated with compromised immune function (Day et al., 2007),
while Hg, Pb and Cd have demonstrated genotoxicity effects, leading to
alterations in their gene expression patterns, particularly in oxidative
stress-related genes such as catalase and metal transport proteins like
metallothioneins (Casini et al., 2018; Cortés-Gomez et al., 2018; Morao
et al., 2022, 2024). Furthermore, certain metal pollutants, such as
hexavalent chromium [Cr(VI)] are known to induce cytotoxicity (Speer
et al., 2018), which can further affect cellular integrity and function.

Sea turtles invest significant energy and resources toward repro-
duction (Gatto et al., 2020), carefully selecting appropriate nesting sites,
excavating nests, and laying multiple clutches per nesting season (Gatto
et al., 2020; Miller, 1997). Eggs represent a considerable reproductive
investment as they provide all the necessary nutrients for the develop-
ment of future generations of sea turtles (Le Gouvello et al., 2020; Miller,
1997). The process of embryonic development within reptile eggs in-
volves intricate mechanisms that begin with the supply of essential
nutrients from the egg (Ackerman, 1997). These yolk-derived nutrients
include inorganic ions (e.g., calcium), vitamins (e.g., A and E), water,
hormones (e.g., steroids) and proteins such as lipovitellin and phosvitin,
which are essential for embryonic growth and metabolism (Thompson
and Speake, 2002; Van Dyke and Griffith, 2018). Additionally, lipids
including phospholipids and triglycerides, along with their functional
components (e.g., fatty acids), serve as crucial energy sources and
essential building blocks for cellular activities (Lawniczak and Teece,
2009). These components support the development of tissues, organs,
and physiological systems throughout embryogenesis (Van Dyke and
Griffith, 2018), underscoring their vital role in maintaining egg quality
and ensuring proper embryonic development.
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However, the balance of these yolk-derive components can be
affected by environmental factors, such as metal contamination (Tanabe
et al., 2022; van de Merwe et al., 2009). Female sea turtles accumulate
metals both through recent exposure (reflected in their blood which also
suggests a risk of transfer via lipid mobilization) and long-term accu-
mulation in fat stores and organs such as the liver (Yipel et al., 2017;
Villa et al., 2017). During vitellogenesis, when energy reserves are
mobilized to form egg yolks, stored contaminants are also transferred,
potentially affecting embryonic development and reproductive success
(Guirlet et al., 2008; Paez-Osuna et al., 2011).

A few studies have addressed metal and metalloid contamination in
nesting sea turtles and maternal transfer to their eggs, highlighting their
potential impact on reproductive success (Ehsanpour et al., 2014;
Guirlet et al., 2008; Miguel et al., 2023; Perrault et al., 2013; Paez-Osuna
et al., 2010b; Sakai et al., 1995; Simoes et al., 2019). For instance, both
Hg and Se have been linked to reduced reproductive success in leath-
erback turtles (Perrault et al., 2013). Additionally, nickel (Ni) levels in
blood have been associated with smaller clutch sizes (Simoes et al.,
2019). Moreover, general metal contamination in nesting females’ green
sea turtles has been negatively correlated with omega-3 fatty acid levels
in egg yolks—nutrients essential for proper embryonic development -
suggesting a potential disruptive influence of these metals in embryo
development by altering the composition of these crucial nutrients
(Morao et al., 2024). However, more research is needed to better un-
derstand the consequences of contaminants on the reproductive success
and survival of sea turtles, especially for vulnerable populations as it is
the case of hawksbill sea turtles from Sao Tomé Island (Ferreira et al.,
2018; Ferreira- Airaud et al., 2022). Closing this knowledge gap is
essential for developing effective conservation strategies and ensuring
the long-term viability of these endangered species.

Thus, to address these concerns, the main objectives of this study
were to investigate: 1) the levels of metals and metalloids accumulated
by nesting female of hawksbill sea turtles; 2) possible genotoxic effects
of these elements in the blood of nesting females; 3) potential effects of
these elements on their eggs in terms of morphometric characteristics
and on the quality of their essential lipidic reserves for embryo devel-
opment (fatty acids in the yolk).

2. Material and methods

This work with hawksbill sea turtles was ethically approved and the
samples were imported to Portugal (Polytechnic of Leiria) under CITES
permission (18ST000002/AC, 18PTLX00158I) issued by the "Direcao
Geral do Ambiente (DGA)" of Sao Tomé and Principe (STP) and the
"Instituto da Conservacao da Natureza e das Florestas (ICNF)" of
Portugal.

2.1. Sampling site and data collection

The Sao Tomé and Principe archipelago is a small island nation
located off the Central West Coast of Africa (0.263584° N, 6.602234° E).
It consists of two equatorial oceanic islands, Sao Tomé (857 km?) and
Principe (139 km?), along with several smaller islets, including Rolas
islet (—0.006874° N, 6.522882° E) (Ceriaco et al., 2022). Situated in the
southern part of Sao Tomé, Rolas islet (see Fig. 1) is a small rocky islet
(~2 km off the southern tip of Sao Tomé) characterized by a tropical
climate and abundant biodiversity, which spans both marine and
terrestrial ecosystems. This islet is particularly notable as the primary
nesting site for hawksbill turtles within the archipelago (Ferreira-Airaud
et al., 2024), and it was in this Islet that the sampling for the present
study took place (Fig. 1).

While this islet itself has limited agricultural activity due to its small
size, its location in the southern region of Sao Tomé places it near po-
tential contamination sources described in the introduction. The prox-
imity to the mainland, where agriculture (e.g., oil palm, cassava, and
cocoa plantations) and urban runoff contribute to metal contamination,
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Fig. 1. Geographical localization of Rolas Islet (Sao Tomé and Principe archipelago) in relation to Africa, indicating the hawksbill sea turtle sampling site.

suggests that environmental pollutants could still reach the islet.

Blood samples from 12 hawksbill sea turtle females were obtained
from their dorsal cervical sinus using a 20 Gauge 0.9 x 40 mm needle
and a 5 mL syringe during their nesting activities. During this period, the
12 nesting females were measured (curved carapace length: CCL; and
curved carapace width: CCW) using a fiberglass measuring tape (£0.1
cm) and tagged if they had not been before marked. The collected blood
was promptly transferred into 6 mL sterile Vacutest® blood collection
tubes containing the anticoagulant dipotassium ethylenediaminetetra-
acetic acid (K2EDTA) for metal and metalloid analysis (Section 2.2).
Simultaneously, during the blood collection, two blood smears per fe-
male were prepared using one drop of blood. Following the drying
process, the smears were securely sealed with hair lacquer and stored for
subsequent genotoxicity analysis (Section 2.3).

Additionally, the sampling included the collection of freshly laid
eggs, with one egg collected randomly from each female. Strict measures
were taken to ensure no contact with the surrounding sand during egg
collection. The collected eggs were immediately placed in individual zip
bags and stored at —20 °C for subsequent morphometric measurements
(Section 2.4) and lipid analysis (Section 2.5).

All samples were collected after the females had already laid
approximately 20 eggs to minimize the risk of nest abandonment (Morao
et al., 2022).

2.2. Metal and metalloid analysis and pollution load index (PLI)

A total of 13 chemical elements were quantified in the blood samples
of adult female hawksbill turtles (Al, As, Pb, Cd, Cr, Fe, Cu, Mn, Ni, Hg,
Se, Ag, Zn). Before proceeding with the element analysis, the blood
samples were weighed and freeze-dried for 48 h. Subsequently, the dried
samples (500 mg) were digested using a High-Performance Microwave
Digestion System (ETHOS UP, Milestone Connect, USA) with a mixture
of 8 mL of nitric acid (HNOs3 65 %) and 2 mL of hydrogen peroxide (Hy04
33 %), both of analytical grade (<99 % purity). Quality control was
carried out with analytical blanks and the certified reference material
(CRM) TORT-3 lobster hepatopancreas.

Metals and metalloids quantification was performed by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES), using an ICP-
OES model Ultima (Horiba Jobin-Yvon, France). The instrument was
operated following the manufacturer’s recommended settings, with a
radiofrequency power of 1.05 kW, a plasma gas flow rate of 12.0 L
min~!, and a nebulizer gas flow rate of 0.5 L min~!. The analytical
wavelengths (mm) and limits of detection of the method (LOD) for each
element, along with corresponding calibration curves and correlation
coefficients, as well as recovery percentages, can be seen in Table S1.2.1
(supplementary material). The limits of detection (LOD) of the method
for each element were determined as the concentration equivalent to
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three times the standard deviation of ten blank measurements (n = 10),
divided by the slope of the respective calibration curve. Control stan-
dards were analysed between sample batches to ensure instrument
calibration remained stable, and the calibration curves with their
respective correlation coefficients were continuously monitored.

Metal concentrations below the limits of detection were estimated
and adjusted using the method proposed by Hites (2019). In this
approach, the values were estimated by taking the mean value between
zero and the LOD value (i.e., LOD/2), after converting the LOD from pg.
L7 to pg.g ! (d.w.) taking into consideration the volume and weight of
each specific digested sample. This correction method was applied to a
maximum of two turtles per element: aluminum (one turtle), mercury
(two turtles), manganese (one turtle), and lead (one turtle). Metal con-
centrations were expressed in pg.g ! of blood dry weight (d.w.).

To provide a more integrative assessment of the overall trace element
contamination in hawksbill sea turtles’ blood, a Pollution Load Index
(PLI) was calculated following Tomlinson et al. (1980), employing a
normalization approach using Concentration Factors (CF) for individual
elements (C metal) detected in the turtles’ blood. Reference values from
captive hawksbill sea turtles (Suzuki et al., 2012) served as the baseline
concentration (C baseline) for all analysed elements, a methodology
previously employed in other studies (Angulo, 1996; Morao et al.,
2024). By using CF rather than absolute concentrations, this method
accounts for natural background levels of both essential and
non-essential elements, preventing potential overestimation due to the
inclusion of biologically important metals. The resulting PLI thus offers a
standardized metric to compare contamination levels relative to the
reference group. The equations applied were as follows:

C metal
CF=—f1—°— 1
C baseline M
PLI = v/CF1 x CF2 x CF3 x ... x CFn 2)

2.3. Genotoxicity biomarker

The blood smears, two per female, were stained with Diff-Quick
stain. A total of 1000 mature erythrocytes were examined per female
to assess erythrocytic nuclear abnormalities (ENA). The nuclear lesions
were categorised and scored as micronuclei, lobed nuclei, segmented
nuclei and kidney-shaped nuclei, as previously described by Morao et al.
(2024) and Casini et al. (2018). The results were represented as the
average value (%o) of each abnormality (ENA frequency), as well as the
total count of all observed lesions (Total ENA).

2.4. Egg morphometric characteristics

The eggs were carefully rinsed with deionized water (Milli-Q Milli-
pore, Merck) and subsequently weighed (+£0.01 g) and measured using a
Vernier calliper (Avantor, 819-0012) for three consecutive measure-
ments. Following this, each egg was divided into its components,
including the shell, membrane, albumen and yolk, which were indi-
vidually weighed (40.01 g). The separation process was performed
promptly and manually to prevent excessive thawing of the eggs as in
Morao et al. (2024).

To measure the thickness of the eggshell, two separate incisions were
made in different areas of the shell to ensure representative and accurate
measurements. The handling and examination of the turtle eggshells
were conducted using a trinocular stereo zoom microscope (ZEISS
STEMI, 2000-C, Carl Zeiss Microlmaging GmbH, Gottingen, Germany) at
either 4x or 3.2x magnification. Subsequently, image capture was con-
ducted using the AxioCam MRc camera (Carl Zeiss Microscopy GmbH,
Gottingen, Germany), and the Zen 2011 application (blue edition)
software was employed for conducting measurements, with a scale of
200 pm.

Afterwards, the egg yolks were homogenised and separated into
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aliquots of 2 g for posterior lipid extraction, quantification, and fatty
acid profiling (section 2.5).

2.5. Yolk lipid and fatty acid profile

Total lipids were extracted and quantified (gravimetrically) from the
previously separated yolk samples following the established methodol-
ogy of (Bligh and Dyer, 1959). Specifically, a volume of 9 mL of a
methanol/chloroform mixture (2:1 v/v) was added to 2 g of the yolk.

Prior to the methylation process for the analysis of the fatty acid
profile, a separation of polar and neutral lipids was performed using
Thin Layer Chromatography (TLC) plates. To analyse more complex
lipids such as phospholipids (PL), an initial step of alkaline hydrolysis
(saponification) was performed to extract the polar fraction from the
TLC plate for each sample. Subsequently, the fatty acid profile analysis
was conducted using established methods, which were thoroughly
described in Morao et al. (2024) and can be also found in section 1.1 of
supplementary material (SM).

External standards of fatty acid methyl ester mixes, including PUFA
Nol from a marine source, PUFA No3 from menhaden oil, and a 37-
component FAME mix, were used (Supelco, Bellefonte, PA, USA). To
ensure accurate fatty acid quantification, a theoretical correction factor
(FCT) specific to the FID detectors was applied, following the method-
ology described by (Guo (2014). The present work considered highly
unsaturated fatty acids (HUFA) as fatty acids (FA) with four or more
unsaturations in their aliphatic chain (Morao et al., 2024). Results are
expressed as mg.g ! of total fatty acids.

2.6. Statistical analysis

Summary statistics included means, standard deviations (SD), and
ranges (minimum-maximum) for each parameter. All statistical analyses
used a significance level of 0.05. The Shapiro-Wilk test examined data
normality (see Table S1.3.1 in SM). Differences between fractions,
classes, and FA ratios were assessed using the Paired Samples t-test for
samples exhibiting a normal distribution, while Wilcoxon test was used
for non-normally distributed data.

Spearman’s linear correlation coefficients (Evans, 1996) were used
to examine the correlations between egg morphometric measurements
and FA levels with metal concentrations and PLI index. Evans’ guide-
lines (1996) were used to characterise correlation strength, by looking at
the correlation coefficient as follows: "very weak" (0.00-0.19), "weak"
(0.20-0.39), "moderate" (0.40-0.59), "strong" (0.60-0.79), and "very
strong" (0.80-1.0).

Canonical Correspondence Analysis (CCA) was employed to explore
the distribution patterns and relationships among metal concentrations
and fatty acid profile. Prior to this analysis, metals and metalloids data
was standardised and log-transformed using the formula log (x + 1) (Hsu
and Culhane, 2020). Additionally, FA profile was downweighed to ac-
count for less representative FA (Leps and Smilauer, 2003).

Correlation analysis, paired samples t-tests and Wilcoxon tests were
conducted using IBM SPSS Statistics 28.0.1.0 (IBM Corp, 2023). Ca-
nonical Correspondence Analysis (CCA) was carried out using CANOCO
version 4.5 package 5 (ter Braak and Smilauer, 2002).

3. Results
3.1. Trace element levels and pollution load index (PLI)

The results of metals and metalloids analysed in the blood of nesting
hawksbill female sea turtles are presented in Table 1. The elements Ag,
Cd, Cr, and Ni were below the limit of detection across all sampled in-
dividuals and were therefore omitted from further statistical analyses.

The highest levels among the metals were observed for Fe (120.01 +
32.60 pg g 1), followed by Zn (5.35 + 0.92 pg g~ 1) and Pb (0.18 + 0.03
pg g . Between the two metalloids, Se presented the highest
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Table 1

Environmental Research 279 (2025) 121594

Element concentrations (pg.g’l), concentration factors (CF) for each element analysed and pollution load index (PLI) values for hawksbill sea turtles (Eretmochelys
imbricata) calculated with reference values observed for captive turtles (Suzuki et al., 2012) as the baseline. Mean, standard deviation (SD), minimum, and maximum
values for each parameter are presented. Al = aluminium, As = arsenic, Cu = cooper, Fe = iron, Hg = mercury, Mn = manganese, Pb = lead, Se = selenium and Zn =

zinc.
Elements concentration (ug.g’l) Concentration Factor (CF) Pollution Load Index (PLI)
Mean SD Min Max Mean SD Min Max Mean SD Min Max
Metals Al 0.06 0.04 0.02 0.14 0.05 0.03 0.01 0.13 9.3 4.05 2.55 18.7
Cu 0.10 0.03 0.01 0.13 6.5 2.51 0.87 10.18
Fe 120.01 32.60 75.83 215.48 688.47 275.55 428.34 1526.92
Pb 0.07 0.04 0.01 0.19 1.08 0.84 0.1 3.5
Mn 0.02 0.01 0.00 0.02 2.61 1.17 0.02 4.37
Hg 0.18 0.03 0.15 0.22 5.27 1.42 3.63 8.16
Zn 5.35 0.92 4.52 7.92 30.49 9.4 21.17 55.73
Metalloids As 0.46 0.44 0.07 1.69 90.84 86.82 13.76 303.08
Se 6.19 6.28 1.01 17.00 202.35 218.84 29.05 665.6

concentration (6.19 + 6.28 pg g’l) and As a lower concentration (0.46
+0.44 pg g~ H.

The analysis of concentration factors (CF; Table 1 and Table 52.1.1)
for each element indicated that the metal Fe exhibited the highest values
(688.47 + 275.55), followed by the metalloids Se (202.35 + 218.84)
and As (90.84 + 86.82), and by the metal Zn (30.49 + 9.40). On the
other hand, the metal Al showed the lowest CF value (0.05 4 0.03). The
overall PLI for the sampled hawksbill sea turtles was 9.30 + 4.05, with a
minimum value of 2.55 and a maximum of 18.70 (Table 1).

3.2. Genotoxicity effects

The frequencies of nuclear abnormalities in hawksbill sea turtles’
erythrocytes are summarised in Table S2.2.1 (SM). Fig. 2 presents a
photomicrographic ~ representation  of  erythrocytic  nuclear
abnormalities.

Lobed nuclei presented the highest mean frequency of 72.50 %o +
37.58, followed by kidney-shaped nuclei with a mean frequency of 4.50
% + 3.50 and segmented nuclei with 0.25 % + 0.60 frequency.
Micronuclei had a mean frequency of 0.17 %o + 0.37 and the frequency
of Total ENAs was 77.42 %o + 37.60 (Table S2.2.1).

A B

-7

14 pym 16 pm
C D
15 um 17 pm

Fig. 2. Photomicrographic representation of erythrocytic nuclear abnormalities
observed in the blood of hawksbill sea turtle (Eretmochelys imbricata). A =
normal cell; B = lobed-shaped nucleus; C = kidney-shaped nucleus; D =
micronucleus.

When analysing the correlations between the metal and metalloids
levels and the different ENA observed, a positive correlation was found
between Hg levels and lobed nuclei (r; = 0.61; p = 0.03; Table 52.2.2).
On the other hand, higher levels of the overall elements (PLI) were
associated with decreased segmented nuclei (r; = —0.65; p = 0.02),
particularly for As (r; = —0.65; p = 0.02), Mn (r; = —0.59; p = 0.04) and
Se (rs = —0.64; p = 0.03) (details in Table 52.2.2).

3.3. Egg morphometric measurements and lipid content

The size measurements of the nesting females (CCL and CCW) are
provided in the supplementary material (see Table S2.3.1). The analysis
of their relationship with egg diameter revealed no significant correla-
tions (p > 0.05).

The morphometry of the sampled eggs is described in Table 2. The
egg yolk, with 9.67 + 1.05 g, represented almost half of total egg weight
(19.95 + 1.62 g), with Total Fat (TF) accounting for around 11 % of the
total yolk weight.

Saturated fatty acids (SFA) presented the highest percentage in egg
yolks, followed by monounsaturated (MUFA), highly unsaturated
(HUFA) and polyunsaturated (PUFA) (Table 3). The Triacylglycerols
(TAG) and Cholesteryl Esters (CE) classes, pooled and considered here as
Neutral Fraction (NF), is composed of similar percentages of SFA (48.11
%) and MUFA (47.89 %), followed by HUFA (2.76 %) and PUFA (1.25
%). The phospholipids fraction, designated here as Polar Fraction (PF),
is mainly composed of SFA (52.75 %) followed by MUFA (30.54 %),
HUFA (15.11 %) and PUFA (1.60 %). The NF exhibited a notably higher
percentage of MUFA compared to the PF (Table 3, p < 0.001).
Conversely, the PF showed a significantly higher percentage of HUFA
compared to the NF (Table 3, p < 0.001). SFA and PUFA classes pre-
sented similar levels across the two lipid fractions.

The disparity in MUFA can be attributed to the higher percentage of
omega-7 (n7) and omega-9 (n9) fatty acids groups in NF, while the
differences in HUFA are due to the higher percentage of omega-3 (n3)
and omega-6 (n6) fatty acids in PF. Accordantly, the percentage of n3
and n6 fatty acids was significantly higher in the PF than in the NF

Table 2
Mean =+ standard deviation and range values (minimum-maximum) for
morphometric characteristics of the nesting Eretmochelys imbricata eggs (n = 12).

Morphometric characteristics Average + SD (min - max)

Diameter (mm + 0.01)
Whole egg (g)

Shell thickness (pm)
Yolk (g)

Shell (g)

Albumin (g)
Membrane (g)

Yolk Total Fat (%)

32.57 £ 1.34 (30.07-34.20)
19.95 + 1.62 (17.32-23.33)
136.54 + 18.37 (110.76-170.41)
9.67 + 1.05 (8.40-11.91)
1.66 + 0.28 (1.27-2.16)
5.32 + 1.08 (3.23-6.82)
2.08 + 0.30 (1.46-2.54)
11.40 + 2.40 (7.10-14.07)
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Table 3

Composition of various fatty acid categories (mean + standard deviation; mg.
g~ ! Total FAs) and key fatty acid content ratios in Eretmochelys imbricata egg
yolk samples in both Neutral (NF) and Polar (PF) fractions. SFA = saturated fatty
acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty
acids; HUFA = highly unsaturated fatty acids; DHA = docosahexaenoic acid;
EPA = eicosapentaenoic acid. * = statistical differences between fractions using
Paired samples t-test (a) or Wilcoxon test (b).

FA Neutral Fraction Polar Fraction Significance values
categories (NF) (PF) @
SFA 48.11 + 1.43* 52.75 + 0.89* 0.028 (a)
MUFA 47.89 + 1.42* 30.54 + 0.52* <0.001 (a)
PUFA 1.25 + 0.04* 1.60 + 0.03* 0.023 (b)
HUFA 2.76 + 0.08* 15.11 £+ 0.26* <0.001 (a)
n3 1.62 + 0.05* 7.68 + 0.13* <0.001 (a)
né6 1.80 + 0.05* 8.41 £ 0.14* 0.002 (b)
n7 13.68 + 0.41* 3.86 £ 0.07* <0.001 (a)
n9 33.19 + 0.98* 23.62 + 0.40* <0.001 (a)
trans 1.41 + 0.04* 2.12 £ 0.04* 0.001 (a)
n3/n6 0.93 £0.35 0.96 + 0.35 0.717 (a)
DHA/EPA 1.74 £ 1.07 1.27 £ 0.41 0.117 (b)
SFA/UNSAT 0.93 + 0.07* 1.14 + 0.23* 0.004 (b)
SFA/PUFA 44.28 + 14.54* 33.60 + 5.44* 0.021 (a)
SFA/HUFA 21.32 + 9.85* 3.72 £ 1.01* <0.001 (a)
MUFA/PUFA 45.05 + 17.31% 19.64 + 3.80* <0.001 (a)
MUFA/ 21.73 £11.21* 11.21 + 2.16* <0.001 (a)
HUFA

(Table 3, p < 0.001). Conversely, for n7 and n9 groups, the NF signifi-
cantly exhibited higher percentages than the PF (Table 3, p < 0.001).

Regarding differences in important ratios between the two fractions,
SFA/HUFA, MUFA/PUFA and MUFA/HUFA presented higher and
significative values in NF (Table 3, p < 0.001 and p = 0.002 respec-
tively). The ratios n3/n6 and DHA/EPA presented similar values in the
two fractions (p = 0.717 and p = 0.117, respectively) and the ratio SFA/
UNSAT exhibited higher levels in PF (p = 0.004).

Overall, the yolk samples exhibited fatty acids (FAs) ranging from
6:0 (caproic acid) to 24:1 n9 (nervonic acid), containing a comprehen-
sive total of 48 distinct FAs identified and detected across this study
(Table S2.3.2, SM). The predominant FAs in hawksbill sea turtle yolk
samples within the NF were 18:1n-9 (oleic acid, 304.37 + 36.45 mg
g1, 16:0 (palmitic acid, 247.18 + 18.08 mg g~ 1), 14:0 (myristic acid,
142.55 + 13.91 mg g~ 1), 16:1n-7 (palmitoleic acid, 92.75 + 15.67 mg
g 1), followed by the similar amounts of 18:1 n-7 (vaccenic acid, 36.36
+ 6.58 mg g 1) and 18:0 (stearic acid, 36.31 + 6.34 mg g 1)
(Table S2.3.2). Conversely, within the PF, the major FAs were 16:0
(palmitic acid, 225.73 + 26.44 mg g 1), 18:1n-9 (oleic acid, 212.39 +
20.87 mg g~ 1), 18:0 (stearic acid, 184.72 + 28.30 mg g™ 1), 20:4 n-6
(arachidonic acid, ARA, 70.18 + 19.83 mg g’l), 12:0 (lauric acid, 37.90
+ 11.27 mg g ) and 14:0 (myristic acid, 30.37 + 5.15 mg g 1).
Notably, the major FAs present in both fractions were 18:1n-9, 18:0,
16:0 and 14:0. However, the PF also exhibited noteworthy amounts of
other crucial fatty acids, such as 20:5 n-3 (eicosapentaenoic acid, EPA,
22.18 +£9.92 mg g’l) and 22:6 n-3 (Docosahexaenoic acid, DHA, 27.46
+ 12.88 mg g~ !). This demonstrates a considerable variation in con-
centrations, ranging from 0.02 to 225.73 mg g}, across all the analysed
fatty acids (Table 52.3.2).

3.4. Blood trace element concentrations versus egg morphometric
characteristics

No significant correlations were registered between the analysed egg
morphometric parameters and the pollution load index (PLI)
(Table S2.4.1, SM). However, strong positive correlations between Se
levels and both eggshell weight (r; = 0.69; p = 0.01) and eggshell
thickness (rs = 0.69; p = 0.01) were found (Table S2.4.1). Al levels also
showed a strong significant and positive correlation with the egg’s
membrane weight (r; = 0.62; p = 0.03; Table S2.4.1). On the contrary,
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strong negative correlations were verified between Pb levels and the
diameter of their eggs (r; = —0.66; p = 0.02; Table S2.4.1).

3.5. Blood trace element concentrations versus yolk fatty acids

To assess the possible interaction between environmental contami-
nants found in females’ blood and the fatty acid profile in their egg yolk
samples, a Canonical Correspondence Analysis (CCA) was conducted
separately for each yolk fraction (Fig. 3). This analysis was performed to
assess relationships with classes of FAs (Fig. 3A and C) and individual
FAs (Fig. 3B and D).

When analysing the influence of metals and metalloids on the dis-
tribution of fatty acid classes, a different pattern is observed in the two
fractions (NF and PF). The initial two CCA components of the NF for FA
classes (Fig. 3A) account for 99.6 % of the variability associated with
females’ contamination. A negative association can be observed be-
tween the levels of Zn, Fe, Cu, Mn, and Pb and the distribution of MUFA
and SFA fatty acids, while a positive association is noted between Zn and
Pb with PUFA (Fig. 3A). Conversely, these PUFA appear to be negatively
influenced by Se and Al. Additionally, Fe, Cu, and Mn are associated
with HUFA in a positive manner. Regarding PF (Fig. 3C), the initial two
components of the CCA for FA classes explain 95.30 % of the variability
linked to contaminant load. Here, it is more evident that the presence of
metals and metalloids in general have a remarkably negative influence
on SFA and PUFA fatty acids. Additionally, it is observed a positive in-
fluence from the levels of Mn, Hg, Zn, Pb, Cu, and Fe on HUFA fatty acids
(Fig. 3C).

When analysing the influence of metals on the levels of individual
fatty acids, more detailed responses can be observed (Fig. 3B and D). In
the NF (Fig. 3B), most fatty acids are concentrated in the centre of the
biplot, indicating a lesser influence of the metals on these fatty acids
(51.7 % explanation by the two components of the biplot). In the PF
(Fig. 3D), a similar central cluster of fatty acids is observed in the biplot
but there is a higher degree of dispersion of the fatty acids, indicating a
greater influence of metals in this yolk fraction (53.8 % explanation by
the two components of the biplot). In the NF, Se is seen as one of the
elements contributing more for the variability of the FA data (Fig. 3B),
which is corroborated by the correlation analyses that showed a higher
number of significant correlations, both negative and positive, with Se
(Table S2.5.1, SM). The negative and significant correlations were
mostly with SFA fatty acids such as 16:0 (Palmitic acid; r; = —0.62; p =
0.03), 18:0 (Stearic acid; rs = —0.78; p < 0.001) and 20:0 (Arachidic
acid; r; = —0.59; p = 0.04) (Fig. 3B and Table S2.5.1). Conversely,
essential metals Cu and Fe presented positive and significant correla-
tions with n-6 fatty acids (r; = —0.60; p = 0.04 and ry; = —0.66; p = 0.02,
respectively) namely with 20:4 n-6 (Arachidonic acid; ARA; r; = —0.62;
p = 0.03 and ry = —0.66; p = 0.02, respectively) and 22:3 n-6 (Doco-
satetraenoic acid; DHA; ry = —0.62; p = 0.03 and ry = —0.77; p < 0.001,
respectively) (Fig. 3B and Table 52.5.1).

For PF, a different dispersion pattern was observed and the overall
analysis revealed that non-essential metals, specifically Al, As, and Hg,
had the most substantial influence and displayed the highest negative
correlations with FAs (Fig. 3D and Table §2.5.2 in SM). Notably, and
despite the overall trend of a negative influence of the analysed metals in
total FAs (except for Mn and Zn), As even exhibited a significant nega-
tive correlation with the total amount of FAs (r; = —0.66; p = 0.02).
Contrarily to the other elements, Se was the only one presenting
exclusively positive correlations (Table S2.5.2). Moreover, the overall
contamination index (PLI) was negatively correlated with the SFA fatty
acids in the PF (r; = —0.69; p = 0.01, Table $2.5.2), especially justified
by the negative correlations of Al and Cu with this fatty acid class (r; =
—0.62; p = 0.03 and r; = —0.64; p = 0.02, respectively) (Fig. 3D and
Table S2.5.2). Despite non-significant, the same negative trend was
observed for the other metals analysed (Table 52.5.2). Among these SFA
fatty acids, 16:0 (palmitic acid) presented the highest strong negative
correlations with Al (ry = —0.85; p < 0.001) and Cu (r; = —0.67; p =
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Fig. 3. Biplots for axes 1 and 2 of the Canonical Correspondence Analysis (CCA) between the metal levels in the blood of female Eretmochelys imbricata and the fatty
acid (FA) profile in their egg yolk samples, in relation to FA classes (A, C) and individual FAs (B, D) of the neutral (A and B) and the polar (C and D) fractions of the
yolk samples. Red arrows indicate metals, blue or green diamonds represent FA classes in A and C, and individual FAs in B and D. The most representative fatty acids
are highlighted in green. (The green dashed lines are not vectors and are not part of the analysis. They are solely provided as a visual aid to improve readability of

the data).

0.02) (Table S2.5.2). The same negative trend was generally observed
for other longer chain SFAs (20:0 and 22:0). Furthermore, Se was the
only element showing positive correlations with metabolically impor-
tant FAs, namely with MUFA (r; = 0.66; p = 0.02), n-7 (rs = 0.66; p =
0.02) and n-9 (rs = 0.59; p = 0.04) groups (Table S2.5.2). Specifically,
this essential metal exhibited a positive correlation with FAs such as
16:1 n7 (palmitoleic acid; ry = 0.75; p = 0.01) and its isomer (16:1 n5 (7
= 0.72; p = 0.01) and 17:1 (heptadecenoic; r; = 0.85; p < 0.001). In
contrast, the essential metal Zn had the most significant negative cor-
relations with 11:0 (undecanoic acid; ry = —0.78; p < 0.001) and 16:3 n4
(palmitolenic acid; ry = —0.59; p = 0.04) (Fig. 3D and Table S2.5.2).

4. Discussion

To the best of our knowledge, this study represents the first

comprehensive report on metal contamination in the critically endan-
gered hawksbill sea turtles nesting in Sao Tomé Island and in Gulf of
Guinea region. This work provides valuable information regarding metal
contamination load in females, the possible genotoxic effects in females’
erythrocytes and intricate relationship between metal contamination
load with morphology, lipid reserves and fatty acid profile in their fresh
laid eggs.

4.1. Contaminant levels in females’ blood

Sea turtles are susceptible to accumulate metals in their tissues,
depending on their feeding habits. Those that feed at higher trophic
levels have more propensity to bioaccumulate these contaminants,
compared to species that feed at lower trophic levels (Ross et al., 2017).
This accumulation may have consequences for their health and for their
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future generations (Day et al., 2007; Perrault et al., 2011).

Given their dietary differences, it was hypothesized that hawksbill
sea turtles from the present study would show higher levels of metals
and metalloids compared to the green sea turtles from the same area, as
previously analysed (see Table 4, Morao et al., 2022, 2024). While both
species share an omnivorous diet during their juvenile stages, green sea
turtles shift to their herbivorous feeding in adulthood, whereas hawks-
bills tend to adopt a more carnivorous diet, feeding mostly on sponges
(Baumbach et al., 2022; Jones and Seminoff, 2013). However, only the
levels of Hg and Se were higher in hawksbill’s blood compared to green
sea turtles (Table 4). These two elements are known to interact, as Se has
been shown to reduce the toxicity of Hg (Chen et al., 2006). Interest-
ingly, the levels of circulating Se were notably higher than those of Hg in
the blood of both sea turtle species from Sao Tomé Island, with Se/Hg
molar ratios above 100 for both species, suggesting that Se may be
contributing to reduce the bioavailability and toxicity of Hg in the blood
of these female turtles.

While these findings may seem predictable given the differences in
feeding habits and metabolism between the species, higher Hg levels
observed in hawksbill turtles - despite other metals being more abundant
in green sea turtles - could point to potential differences in the accu-
mulation dynamics of Hg in the blood between species. In fact, eryth-
rocytes are a primary target for Hg, due to the metal’s strong affinity for
the thiol groups in glutathione (GSH), which is found in high concen-
trations in erythrocytes for detoxification purposes (Bridges and Zalups,
2017). Despite having lower overall contamination levels, hawksbill sea
turtles may exhibit different accumulation dynamics for Hg, potentially
due to variations in their metabolism or excretion mechanisms.

Observations from the local Non-Governmental Organization (NGO)
Programa Tato suggest that hawksbill sea turtles do not feed during
nesting activities (Ferreira-Airaud et al., 2024), as observed in previous
studies on this and other sea turtle species (Miller, 1997; Munoz and
Vermeiren, 2023). However, Programa Tato NGO records indicate that
some green sea turtles can actively feed during this nesting period
(Ferreira-Airaud et al., 2024).

This difference in feeding behaviour, combined with the potential
exposure to contaminants in distinct feeding areas, could explain the
higher general levels of metals in green sea turtles compared with the
levels present in hawksbill sea turtles from Sao Tomé Island. Moreover,
considering that blood samples reflect recent exposure to contaminants
over 2-3 weeks to 1-3 months depending on the element and its

Table 4
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speciation (Akinleye et al., 2024; Martinez-Morata et al., 2023; Shaw
et al., 2021), these temporal and spatial differences may further influ-
ence the observed contamination patterns.

The overall lower contamination of the hawksbill sea turtles (except
for Hg and Se) is also evident when comparing the Pollution Load index
(PLI) values between species (see Table S3.1 in SM). The PLI values for
the green sea turtles of the same geographical area has been previously
determined in Morao et al. (2024). However, as the PLI calculation used
reference values specific to green turtles, these differed from the refer-
ence values used in the present work. To enable direct comparison, data
normalization using the same reference values was necessary to calcu-
late the Concentration Factors (CFs), in this case the ones from captive
hawksbill sea turtles (Suzuki et al., 2012). The recalculated PLI values
revealed that, among the metals and metalloids commonly accumulated
by both species, green sea turtles exhibited a higher PLI (32.26 + 12.12)
compared to hawksbills, whose PLI was 9.30 £ 4.05.

This finding aligns with previous observations that hawksbills
generally show lower metal contamination levels, with the exceptions of
Hg and Se (see Table S3.1 in SM). According to the classification of
Goher et al. (2014), both hawksbill and green turtles could be facing a
high risk of metal contamination, although the criteria was developed
for water contamination. In contrast, the classification of Angulo (1996)
for marine mussels suggests a relatively lower risk, as only PLI values
above 50 indicate potential concern. However, since no established risk
classification currently exists for sea turtles or other higher vertebrates,
future studies are critical to better understand the link between PLI
values and actual biological impacts in these species. Additionally,
developing a standardized classification system specific to marine tur-
tles, taking into account species-specific and life-stage differences,
would enhance long-term monitoring efforts for these endangered
populations, providing valuable guidance for conservation and man-
agement strategies. Furthermore, it is important to consider that in
nesting female turtles, the maternal transfer of trace elements during egg
formation may influence blood metal concentrations at the time of
sampling. This highlights the need for monitoring metal accumulation
across different life stages to gain a more comprehensive understanding
of exposure and potential risks over an individual’s lifetime.

When comparing the present results with available studies in the
literature on blood element levels (dry weight basis; Table 4), the values
for the hawksbills from Sao Tomé were generally lower (except for Hg
which showed similar values) than those reported for hawksbills from

Metal concentrations (mean + standard deviation), determined in the blood of different species of adult female sea turtles (ug.g * of d.w.). N = number of animals
investigated; <LOD = below limit of detection; <LOQ = below limit of quantification. ICP-EAS = Inductively Coupled Plasma Atomic Emission Spectroscopy; AAS =
Atomic Absorption Spectrophotometer; ICP-MS = Inductively Coupled Plasma Mass Spectrometry; FAAS = Flame Atomic Absorption Spectrophotometry; GFAAS =

Graphite Furnace Atomic Absorption Spectrophotometry; (-) = Not Reported.

Species Eretmochelys imbricata Chelonia mydas Lepidochelys olivacea Dermochelys coriacea
N 12 12 27 25 78
Localization STP (Equatorial Iran (Caspian Sea) STP (Equatorial Mexico (North Pacific) French Guiana (North
Atlantic) Atlantic) Atlantic)
Metals Aluminium (Al) 0.06 + 0.04 - 5.03 + 20.78 - -
Cadmium (Cd) <LOD 0.34 +0.08 0.03 + 0.06 0.45 + 0.20 0.41 + 0.15
Chromium (Cr) <LOD - 0.02 £+ 0.04 - -
Copper (Cu) 0.07 + 0.04 1.89 +0.78 3.79 + 1.22 2.28 + 0.40 6.83 + 1.43
Iron (Fe) 120.01 + 32.61 - 2189.59 + 869.04 - -
Lead (Pb) 0.18 + 0.03 0.56 + 0.25 0.97 £ 0.59 - 0.95 £ 0.18 0.92 £ 0.26
Manganese (Mn) 0.02 + 0.01 - 0.78 £ 1.76 - - -
Mercury (Hg) 0.10 + 0.03 0.18 + 0.05 0.006 + 0.012 - 0.06 + 0.02
Nickel (Ni) <LOD - <LOQ 28+ 1.3 -
Silver (Ag) <LOD - <LOQ - -
Zinc (Zn) 5.35 + 0.92 37.6 + 3.98 91.30 + 57.18 58.4 + 4.7 56.61 + 1.43
Metalloids Arsenic (As) 0.46 + 0.44 - 2.07 + 1.59 - -
Selenium (Se) 6.19 + 6.28 - 3.94 £ 4.48 - 50.9 £ 0.26
Analytic system ICP-EAS AAS ICP-MS FAAS and GFAAS ICP-MS ICP-MS
Reference Present study Ehsanpour et al. Morao et al. (2022) Paez-Osuna et al., Pédez-Osuna et al., Guirlet et al. (2008)
(2014) 2010a 2010b
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Arabic Sea (Ehsanpour et al., 2014). In contrast, hawksbill sea turtles
from Sao Tomé exhibited higher Hg levels than leatherback sea turtles
(Dermochelys coriacea) from French Guiana (Guirlet et al., 2008).
Additionally, the present results indicated lower levels of Cu, Zn and Pb
compared to those observed in leatherbacks from French Guiana
(Guirlet et al., 2008) and olive ridleys from Gulf of Mexico (Paez-Osuna
etal., 2010b, 2010a, Table 4). While differences in feeding habits among
species may partly explain these variations, the contrasting metal
accumulation levels could also be attributed to differences in contami-
nation levels in their respective diets at each geographical location.

To mitigate the risks associated with metal contamination, it is
essential to identify potential sources of Hg and other metals, whether
from industrial or agricultural activities near Sao Tomé Island or in the
turtles’ foraging areas. This would allow for the implementation of
stricter regulations on contaminant emissions, both locally and through
collaboration with other countries where these turtles nest and may also
be exposed.

4.2. Genotoxicity in female erythrocytes

Despite the lack of information and reference values existing in the
literature concerning total erythrocytic nuclear abnormalities (ENA)
and even micronuclei (MN) count in hawksbill sea turtles, the findings of
the current study indicated lower levels of MN (0.17 %o + 0.37)
compared to our previous study on green sea turtles nesting in Sao Tomé
Island (Morao et al., 2022), which reported an average of 8.44 + 5.22
micronuclei per 1000 counted erythrocytes. Moreover, these levels were
lower compared to other populations of green sea turtles, including
those from Mexico (average 1.30 %o + 2.32) (Guevara-Meléndez et al.,
2023), Brazil (average 1.01 %o £+ 0.69) (da Silva et al., 2016), and log-
gerhead sea turtles from the Mediterranean Sea (average 15.82 %o +
15.16) (Casini et al., 2018). Nonetheless, reference values for micro-
nuclei have been established for freshwater turtles, with a baseline
frequency of 3.56 %o 4 1.39 (Latorre et al., 2015), and for lizards, with a
baseline frequency of 0.95 %o + 0.27 (Schaumburg et al., 2012). In
addition, for juvenile green sea turtles, a median baseline reference of
0 micronuclei and 2 nuclear buds per 1000 erythrocytes have been
indicated (Labrada-Martagon et al., 2019). Present results fall within
these established thresholds, suggesting probable low genotoxic effects
in the hawksbill sea turtles from this study in terms of micronuclei
formation.

Analyzing the other types of nuclear abnormalities, the hawksbill sea
turtles in the present study exhibited higher values for lobed, kidney-
shape, segmented nuclei and total ENA compared to green sea turtles
from Sao Tomé and Principe (lobed 19.08 %o + 14.03; kidney 0.50 %o +
0.69; segmented 0.08 %o + 0.27 and Total ENA 28.31 %o + 16.07)
(Morao et al., 2024) and higher values of total ENA than those of green
sea turtles from Mexico (18.56 %o £ 32.89; Guevara-Meléndez et al.,
2023). In addition, the values for kidney and segmented nuclei were
higher compared to those of loggerhead turtles from the Mediterranean
Sea (kidney 1 %o + 1.91; segmented 0.08 %o + 0.28, respectively),
although lobed and total ENA values were lower compared to the same
loggerheads (lobed 207.97 %0 + 107.42; and total ENA 224.87 %o +
111.34) (Casini et al., 2018).

Moreover, when comparing the median values observed for green
sea turtles (Labrada-Martagon et al., 2019) for nuclear buds, present
median values for kidney (4.5) and lobed (56) shaped nuclei were higher
than those reference values. Overall, these results suggest that the
hawksbill turtles analysed in the present study show genotoxicity levels
higher than the average observed for green sea turtles of the available
studies but lower than the loggerheads from the Mediterranean Sea
(Casini et al., 2018). This difference is likely to the high anthropogenic
pressures experienced in the Mediterranean Sea, including intense
shipping rates, domestic and industrial sewage, agricultural activities,
commercial and touristic harbours, representing a critical input area for
contaminants (Casini et al., 2018). Consequently, sea turtles inhabiting
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this region are subjected to a higher concentration of genotoxic agents
compared to hawksbills from Sao Tomé Island.

The formation of nuclear abnormalities such as lobed nuclei may
arise from chromosomal attachment issues or gene amplification
through the Breakage-Fusion-Bridge (BFB) cycle, as cells attempt to
eliminate excess amplified DNA from the nucleus (Ergene et al., 2007).
Segmented nuclei, on the other hand, are linked to challenges during cell
division, such as improper spindle formation, which results in genetic
material being erratically distributed (Amorim et al., 2024). While these
abnormalities provide insights into cellular disruptions, their interpre-
tation remains controversial, with some authors suggesting they indicate
cytotoxicity rather than genotoxicity (Canedo et al., 2021; Castro et al.,
2018).

Interestingly, the current findings reveal a significant negative cor-
relation between general contamination (PLI) (r; = —0.65; p = 0.02) and
segmented nuclear abnormalities. Particularly, with As (r; = —0.65; p =
0.02), Mn (r; = —0.59; p = 0.04) and Se (rs = —0.64; p = 0.03) emerging
as the metals most closely linked to this association. However, it is
important to note that only two out of the twelve hawksbill turtles
analysed exhibited segmented nuclear abnormalities, which limits the
representativeness and robustness of these observations, suggesting that
the results may not reflect a generalizable trend. Thus, these associations
should be interpreted with caution and future research with larger and
more representative samples is needed to validate and better understand
these potential interactions and their effects on segmented nuclear
abnormalities.

Conversely, a strong positive correlation was observed between Hg
levels and the occurrence of lobed-shaped nuclei (r; = 0.61; p = 0.03),
similar to findings in previous studies with green sea turtles (Morao
et al., 2024). This supports the idea that mercury interacts with eryth-
rocytes leading to specific nuclear abnormalities. Mercury’s preferential
accumulation in erythrocytes has been documented to cause morpho-
logical and functional changes, including disruptions in oxygen trans-
port, ion exchange and antioxidant balance, leading to lipid damage and
membrane deformation (Bridges and Zalups, 2017; Piscopo et al., 2020;
Shalan, 2022).

These impacts are further supported by studies showing genotoxicity
effects of Hg in skin fibroblasts of green sea turtles through micronuclei
formation (Finlayson et al., 2019). While the precise effects of lobed
nuclei on erythrocyte function and overall organism health remain un-
clear, they underline the potential threats posed by Hg exposure.
Additionally, other factors such as diseases like non-regenerative ane-
mia, could also play a role in the development of nuclear abnormalities
in hawksbill sea turtles (Morao et al., 2024; Stacy et al., 2011).

Furthermore, as thoroughly discussed in Morao et al. (2024) other
environmental contaminants, such as persistent organic pollutants
(POPs), can be also contributing for the observed effects and thus future
investigations should prioritize identifying and understanding the
accumulation of additional contaminants in these turtles. For example,
in a separate study involving loggerhead sea turtles, a correlation be-
tween carcinogenic polycyclic aromatic hydrocarbons (PAHs) and
comet assay results was reported, indicating that the observed DNA
fragmentation levels could be linked to these contaminants (Casini et al.,
2018).

4.3. Egg morphometric characteristics and yolk fatty acids

In terms of egg morphometric characteristics, the present study
found slightly smaller measurements for egg diameter and whole egg
weight compared to previous findings for the same species in Egypt
(36.1 mm =+ 2.87; 31.0 g + 5.02) (Hanafy, 2012), Seychelles (36.31 mm
+ 35.3; 25.5 g) (Hitchins et al., 2004), and Malaysia (34.1 mm) (Chan
et al., 1999). These small differences in egg diameter and weight among
these hawksbill sea turtles from different areas are likely a result of a
combination of maternal resources, nest environment and local varia-
tions (Miller, 1997; Sonmez, 2016; Wallace et al., 2006), all of which
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interact to shape reproductive traits in these populations.

Although the specific mechanisms of lipid migration from the
reproductive female to the eggs in reptiles are not yet fully understood, it
is hypothesized that this process occurs during vitellogenesis. In vitel-
logenesis, yolk proteins such as vitellogenin and other lipoproteins are
synthesized mostly in the liver (Hamann et al., 2002; Price, 2017), being
then released into the mother’s bloodstream, where they circulate
throughout her body. During this process, lipids are packaged into these
lipoproteins which are believed to facilitate the transport of lipids from
the mother’s body to the developing eggs (Kawazu et al., 2015). Once
inside the eggs, the lipoproteins are processed, and the lipids are
incorporated into the yolk, contributing to the yolk’s composition, and
providing essential components for embryonic development (Hamann
et al., 2002; Hewavisenthi and Parmenter, 2002; Lawniczak and Teece,
2009; Price, 2017). However, further research is needed to unravel the
intricate details of lipid migration in sea turtles and reptiles in general.

The yolk samples of the present hawksbill turtles predominantly
contained SFA and MUFA fatty acids, followed by lower percentages of
PUFA and HUFA, as was previously seen for the yolk of green sea turtles
from the same region (Morao et al., 2024). The most significant differ-
ences between the two species from the same nesting region, were
observed in the PF regarding MUFA (p < 0.001, Table S3.2), with the
hawksbill turtle presenting 5 % more than the green turtle (25.33 %
versus 30.54 %). These disparities between species could be attributed
to their different diet, as green sea turtles have primarily an herbivorous
diet during their adult stages, while hawksbill turtles have a carnivorous
diet (Jones and Seminoff, 2013) richer in MUFA fatty acids (Zong et al.,
2018). Furthermore, for PUFA in the NF (p = 0.02, Table S3.2), the
hawksbill sea turtle exhibited nearly half the percentage observed for
the green turtle (1.25 % for hawksbill turtle compared to 2.22 % of green
turtle).

Slightly different values were observed for the ratio of SFA to un-
saturated (UNSAT) fatty acids between the fractions (p = 0.004,
Table 3). This ratio was similar to the previous study with green sea
turtles, where the NF exhibited a SFA/UNSAT ratio of 0.92 4 0.08, while
the PF had a ratio of 1.24 4 0.24 (Morao et al., 2024). The SFA/UNSAT
fatty acids ratio plays a vital role in oviparous species, influencing
various aspects of their biology and development (Tocher, 2003).

This ratio significant implicats energy storage, membrane fluidity,
and nutritional intake during embryo development. SFA fatty acids,
being more energy-dense, serve as a concentrated source of stored en-
ergy for embryonic development (Tocher, 2003). On the other hand, the
balance between SFA and UNSAT fatty acids affects the fluidity and
flexibility of cell membranes, with UNSAT fatty acids contributing to
maintaining optimal membrane structure and function during embryo-
genesis (De Carvalho and Caramujo, 2018; McKeegan and Sturmey,
2012).

The yolk fatty acid composition, specifically the SFA/UNSAT ratio,
plays a critical role in nutrient availability for the embryo in oviparous
species, influencing the accessibility of essential nutrients necessary for
proper growth and development (Izquierdo et al., 2001). In the present
study, the polar fraction presented a higher SFA/UNSAT ratio, where
SFA fatty acids can have a significant impact on cellular processes such
as apoptosis and cellular proliferation (Lordan et al., 2017). Meanwhile,
UNSAT fatty acids act as important precursors for the synthesis of ei-
cosanoids, which are essential for maintaining the balance of FA
composition within this fraction (Lordan et al., 2017).

Another key ratio within UNSAT fatty acids is the DHA/EPA. Doco-
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are important
long-chain HUFA fatty acids. The hawksbill sea turtles exhibited similar
DHA/EPA ratios in both fractions (p = 0.12, Table 3), which were
comparable to the previous study with green sea turtles. In that study,
the NF exhibited a DHA/EPA ratio of 1.21 4+ 0.52, while the PF had a
ratio of 1.19 £ 0.71 (Morao et al., 2024).

DHA plays a crucial structural role in biomembranes, particularly in
neural tissues like the brain and eyes where it is a key component of
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polar lipids (Luo et al., 2019). This makes DHA essential during rapid
growth phases, as it supports tissue formation during embryogenesis
(Luo et al., 2019). Meanwhile, EPA serves as a precursor to bioactive
compounds such as eicosanoids like prostaglandins and leukotrienes,
which are important for reproductive development (Blanvillain et al.,
2010). EPA can also partially fulfill DHA requirements by converting
into DHA (Jin et al., 2017). Thus, the DHA/EPA ratio plays a significant
role in various physiological and biochemical pathways, potentially
affecting growth and proper development.

4.4. Influence of maternal blood contaminants on egg morphometry and
yolk fatty acids

Eggshells of oviparous animals, such as sea turtles, contain and
provide 60 % of calcium content essential for embryo development. In
addition to serving as calcium reservoir, they also act as a protective
barrier against microbial infection, regulate water and gas exchange,
and as a mineral reserve contributing to the embryo’s overall safety
(Mendonca et al., 2023; Sahoo et al., 2009). Similarly, the membrane
plays an important role in embryonic development, by facilitating
respiration, as well as the transport of nutrients and calcium (Ahmed
et al., 2022; Castilla et al., 2010). It also serves as a protective barrier,
preventing dehydration and filtering out microorganisms (Jabalera
et al., 2022).

The findings of the present study indicate that an increased con-
centration of selenium (Se) in this species is likely linked to an increase
in general egg weight. This is linked to a thicker and heavier eggshell
texture, while aluminum (Al) levels are associated with a heavier
membrane. Selenium is present in various parts of turtle egg, including
the eggshell, membrane, albumin and yolk (Perrault et al., 2013; Savoca
et al., 2022). This element is essential for protecting developing turtle
embryos from oxidative stress, supporting immune function, maintain-
ing DNA integrity, and promoting overall embryonic development
(Dahlen et al., 2022; Liu et al., 2020; Pappas et al., 2019; Pavlovic et al.,
2010). Previous research has demonstrated that Se plays a critical role in
the health and viability of sea turtle eggs, influencing hatching success
and hatchling survival (Perrault et al., 2011). In this context, although
Se levels were not directly measured in the eggs in the present study, our
findings suggest that elevated Se levels in the female’s blood may be
associated with increased eggshell thickness, potentially offering
enhanced initial protection to the developing embryo against environ-
mental stressors.

This idea aligns with findings from other species. For example, in
alligators, shell thickness is known to affect the hatching rate, with eggs
having thinner shells more likely to fail to hatch compared to eggs with
thicker shells (Zhang et al., 2023). Similarly, studies have shown that
metal exposure can interfere with eggshell biomineralization, leading to
thinner shells. For instance, cadmium (Cd) intake in hens has been
linked to thinner eggshells at higher exposure levels (Zhu et al., 2020).
In species like the clapper rail, exposure to metals like Mg, Cu, Zn, Pb
and Hg has been shown to reduce eggshell thinness and cause structural,
negatively impacting reproductive success (Rodriguez-Navarro et al.,
2002). Other pollutants, such as dichlorodiphenyltrichloroethane
(DDT), which has been shown to affect eggshell thickness in birds (Lesch
et al., 2024), might exert similar effects in turtles due to the comparable
chemical properties between species (Gautron et al., 2021; Morao et al.,
2024).

On the other hand, higher levels of Al, a non-essential element, were
associated with increased membrane weight. While this increase can
offer structural support and enhance nutrient and moisture retention
(Castilla et al., 2010), aluminum’s toxicity suggests it might also disrupt
gas exchange and further complicate development. For example, expo-
sure in fish ultimately results in a block of ion exchange and respiration
(Barabasz et al., 2002) and exposure to aluminium chloride in fertilised
chicken egg led to decreased crown-rump length, elevated embryonic
mortalities, delayed growth, and congenital heart defects (EIMazoudy
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and Bekhet, 2016). Lead is a heavy metal known for its toxicity in
reproduction (Kumar, 2018) and here it appears that an increase in Pb
levels seems to be linked to a decrease in egg diameter (Table S2.4.1).
This effect has been observed in pigeons, where Pb decreased both egg
weight and length, resulting in smaller hatchlings with reduced survival
rates (Williams et al., 2017). This aligns with findings in sea turtles,
where larger eggs produce larger and more fit hatchlings with higher
survival chances (Le Gouvello et al., 2020). Additionally, Pb has a higher
affinity than calcium for protein binding sites due to its larger ionic
radius, electronegativity, and irregular charge distribution, which dis-
rupts calcium metabolism (Nwobi et al., 2021) and this interference can
adversely affect eggshell quality (Sily et al., 2004). The reduced egg
diameter may suggest that Pb competes with calcium during egg for-
mation, leading to fewer carbonates in the eggs and thus smaller eggs.
Smaller eggs, possibly with fewer reserves (fatty acids in the yolk), may
have less reproductive success and/or produce more vulnerable hatch-
lings, but further research is needed for a better understanding of these
processes and the possible consequences of the presence of Pb in fe-
males’ blood on hatchlings.

Regarding fatty acid (FA) reserves, the neutral fraction of yolk’s
lipids, which consists of significant energy reserves in the form of tri-
acylglycerols, plays a critical role in supplying the necessary energy for
embryonic development. On the other hand, the yolk’s polar fraction
contains a large content of essential fatty acids contained in phospho-
lipids that readily contribute to tissue formation and the development of
cell membranes. All these lipids are vital for the structural integrity and
functionality of cells during embryogenesis (Lawniczak and Teece,
2009; Morao et al., 2024). The present results showed that more pro-
nounced and specific effects of the metals were seen in the PF of the sea
turtle’s egg yolk. As a result, the discussion will emphasise the FA
profiling obtained in this fraction and their relation to contaminant load
(Table S2.5.2 in supplementary material and Fig. 3C and D).

Hawksbill sea turtles do not feed during the nesting period, and they
metabolize the accumulated reserves throughout their multiple nesting
activities. These reserves sustain them during vitellogenesis and
migration to and from the nesting area, which can be hundreds of miles
(Santos et al., 2010). Similarly, metals are mobilized and metabolized at
the same time as these reserves during vitellogenesis and egg develop-
ment. Key proteins such as vitellogenin, copper transporter protein, and
lipovitellin play critical roles in transporting essential metals like Zn, Cu
and Se to developing eggs (Falchuk and Montorzi, 2001; Riggio et al.,
2002; Unrine et al., 2006). Metallothioneins help regulate metal ho-
meostasis and detoxification, managing the transport of metals like Zn
and Cu (Guirlet et al., 2008). However, toxic metals like Cd, Pb, and Hg
can also be transported, potentially competing with essential metals and
disrupting physiological processes (Ballatori, 2002; Zhu et al., 2020).

It is also important to mention that the fatty acid composition is
influenced by the diet of the nesting females (Filimonova et al., 2016).
Hawksbill sea turtles are mainly spongivorous (Meylan, 1988) but they
also feed on zoanthids, algae, and small crustaceans (Baumbach et al.,
2022). Their dominant diet, the sponges, are a fundamental source of
SFA (mainly 16:0 and 18:0) and MUFA (mainly 16:1 and 18:1) fatty
acids (Mishra et al., 2015), which justifies their higher content of these
FA as discussed before. However, besides the direct influence of the diet,
results showed that the metal levels in the females during the nesting
activities may have also influenced the metabolization of the reserves to
their eggs, as seen by the negative correlations with SFA fatty acids. This
could indicate that SFA fatty acids are being metabolized or converted
into UNSAT fatty acids in response to the stress induced by metals. A
general negative correlation was observed between the overall
contamination index (PLI) and SFA fatty acids in the polar fraction, with
particularly 16:0 and 18:0 fatty acids presenting lower levels with
increasing general metal concentrations. In agreement with SFA fatty
acids metabolization, a positive and significant correlation between the
contaminant load (PLI), in particular with UNSAT fatty acids, was
registered. This was consistent with the general positive influence trend
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in the essential n-6 group, mostly influenced by Cu, Fe, and Hg con-
centrations, but also in n-7 and n-9 groups with Se concentrations. These
correlations seem to indicate that certain fatty acids, such as HUFA (20:4
n6, arachidonic fatty acid, ARA) or the n-6 and MUFA (16:1 n7, pal-
mitoleic acid), are possibly being synthesized from SFA fatty acids. This
is supported by other studies that mention that these fatty acids are
synthesized from SFA, such as stearic (18:0) and palmitic (16:0) acids,
through the action of stearoyl-CoA desaturases (Lee et al., 2016).

A previous study with green sea turtles indicated that the yolk’s n-3
fatty acid group in the phospholipid fraction was most negatively
affected by metal levels in females’ blood (Morao et al., 2024). Although
similar reports specifically for sea turtles are lacking, other studies on
marine animals have observed a decrease in SFA and an increase in
highly HUFA due to metal exposure (Filimonova et al., 2016; Silva et al.,
2017, 2021). In the present study on hawksbill sea turtles, this pattern is
also noticeable. Due to metal exposure and detoxification processes, the
liver can synthesize and release higher amounts of fatty acids from
membranes, including HUFA like ARA, which are associated with
inflammation (Innes and Calder, 2018) and stress (Qi et al., 2022) re-
sponses. At a certain extent, these fatty acids may become available and
be integrated with lipids that are transported in lipoproteins to support
embryo development in eggs (Na et al., 2018; Speake et al., 1998).

Unlike most heavy metals, Se is an essential trace element that also
counteracts the toxicity of other heavy metals, as suggested by the
present results. It plays an important structural and enzymatic function
mainly as an integral part of the selenoenzymes, able to neutralize ROS
and enhance antioxidant activity, protecting against lipid oxidation
and/or antagonizes the toxicity of heavy metals through sequestration of
these elements into biologically inert complexes (Li et al., 2023; Zwolak,
2020; Zwolak and Zaporowska, 2012). Also, selenium-dependent pro-
teins (selenoproteins) were demonstrated to regulate eicosanoid
biosynthetic pathways, in which ARA is involved as a precursor, which
may also be the cause for a different influence of Se in this FA,
comparatively to other metals (Mattmiller et al., 2013). Contrarily to
most of the other metallic elements tested, Se also showed a positive
correlation with MUFA, mostly C16 to C18 carbon chain length FAs.
While the exact mechanism remains uncertain, evidence indicates that
Se may play a role in regulating the activity of stearoyl-CoA desaturase
(Chang et al., 2019; Ferreira et al., 2022) and thus possibly activating
the production of 18-carbon FAs and thus controlling its levels within
cells (Piccinin et al., 2019). This enzyme plays a crucial role in the
biosynthesis of fatty acids by introducing double bonds into specific
carbon positions within the fatty acid chain (Paton and Ntambi, 2009;
Talley and Mohiuddin, 2023). Moreover, this enzyme facilitates the
dispersions of these FAs within membrane phospholipids (Scaglia and
Igal, 2005).

Although further studies are needed to assess the effects of metal
contamination on reproductive outcomes, such as embryo development
and hatchling success, as well as potential long-term generational im-
pacts on the population, this study postulates that the evidenced influ-
ence of metals in FA composition and in egg morphometrics, already
verified for the green sea turtles (Morao et al., 2024), may also have
some implications on the egg quality and consequent further embryo
development in nesting female hawksbills.

5. Conclusions

This study is the first attempt to assess metal levels and its possible
effects on the critically endangered hawksbill sea turtles nesting in Sao
Tom' Island. This study showed a possible link between Hg levels and
higher genotoxicity in female erythrocytes, particularly through the
presence of lobed nuclei. Furthermore, the findings concerning egg
morphometric data suggest that higher Se concentrations in this species
are linked to a thicker and heavier eggshell, crucial for protecting
developing turtle embryos and enhancing hatchling survival. Elevated
Al levels found, could be associated with a heavier membrane,
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potentially offering structural support but posing risks to gas exchange
and development due to toxicity. Lead levels linked to reduced egg
diameter, likely disrupt calcium metabolism, resulting in smaller
eggshell and quality, and potentially less viable hatchlings. The analysis
of yolk fatty acids in the hawksbill sea turtles’ eggs indicate that the two
lipid fractions are composed predominantly by SFA and MUFA fatty
acids, followed by HUFA and PUFA, where the phospholipid fraction
demonstrated to be more indicative of the impacts caused by metals
contamination than the larger TAG fraction.

Moreover, significant correlations were found between metal
contamination levels in the blood and alterations in the fatty acid profile
and essential fatty acids which may indicate possible impacts on em-
bryonic development of this critically endangered species of Sao Tomé
Island. That is a major cause of concern in terms of species conservation,
as it puts the future generations at risk and threatens the long-term
viability of the population.

However, it is important to acknowledge that the limited sample size
of this study may affect the generalizability of the findings. This un-
derscores the need for future research with larger sample sizes to vali-
date these patterns and strengthen the ecological insights derived from
the results.

Current conservation efforts, such as nesting activities monitoring,
protection and exhumation of nests, and awareness campaigns, are
essential but could be enhanced by incorporating targeted ecotoxico-
logical research such as this one. Furthermore, strengthening protection
around critical feeding and nesting habitats is crucial, in which local
NGOs have already been working by proposing the creation of a Marine
Protected Area (MPA) in the south of Sao Tomé Island (Ferreira-Airaud
et al., 2024). Enforcing policies to control pollutant runoff or discharge
in these key areas could further reduce contamination risks, improving
conservation outcomes. It would be equally important to identify the
specific locations where these turtles are being exposed to contaminants.
This would allow for more precise management strategies within the Sao
Tomé and Principe archipelago and potentially across other regions
where these turtles nest and face similar contamination threats. Such
insights would significantly inform and enhance conservation strategies.

Future studies should implement continuous monitoring of metal
contamination in hawksbill sea turtles, particularly Hg and Se levels, to
assess the long-term trends. In addition to expanding the scope of con-
taminants analysed, assessing maternal transference of each contami-
nant from females’ blood to the eggs, analysing other cellular
parameters indicative of the organisms’ health status, as well as
including other developmental stages - such as hatchlings and/or juve-
niles or even adult males — would offer a more comprehensive picture of
reproductive success and population health in relation to contamina-
tion. This broader, holistic approach is crucial for comprehending the
impacts at higher biological levels and their significance and for refining
conservation strategies to better safeguard these populations.
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