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Northwest Atlantic leatherback sea turtles (Dermochelys coriacea) are endangered and low hatch success limits
potential for population recovery. We examined essential and nonessential metal concentrations in 43 eggs from
nests on St. Kitts to determine if there was a relationship with hatch success. Whole homogenized embryos and
undeveloped eggs contained detectable concentrations of arsenic, barium, copper, iron, selenium, vanadium,
and zinc, but not beryllium, cadmium, chromium, cobalt, lead, mercury, molybdenum, and thallium. Of detected
metals, only vanadium concentrations negatively correlated with hatch success (P = 0.01). Manganese and
vanadium were associated with pneumonia occurring in the nest, and arsenic with renal mineralization. This
study adds to the knowledge regarding baseline values for environmental contaminants in sea turtles, supporting
the trend that leatherback eggs have relatively low concentrations of toxic metals, lacking a strong relationship
with hatch success, and normally contain the essential elements copper, iron, selenium, and zinc.

1. Introduction
Of the seven extant sea turtles, the leatherback (Dermochelys coriacea) is exceptional because of its large size, pelagic nature, and diet
consisting mainly of gelatinous zooplankton. Similar to other sea turtles, leatherbacks are endangered and have been impacted by ocean
pollution, fisheries bycatch, coastal habitat destruction, and hunting of
adults and eggs (Spotila et al., 2000; Tomillo et al., 2008; Mrosovsky
et al., 2009; Hamann et al., 2010). Suboptimal hatchling production is
an important challenge for endangered sea turtles (Hamann et al.,
2010). Hatch success, the proportion of yolked eggs that hatch in
comparison to total number of yolked eggs laid, has a global average of
around 50% in leatherbacks (range 45–65%, Eckert et al., 2009), a level
lower than any other sea turtle species and a serious impediment for
population recoveries. Leatherback nest abundance throughout the
Wider Caribbean has significantly declined in recent decades, as has
hatch success at certain nesting sites (Northwest Atlantic Leatherback
Working Group, 2018), leading the International Union for Conservation of Nature to recently reclassify the Norwest Atlantic leatherback
subpopulation as endangered (The Northwest Atlantic Leatherback

⁎

Working Group, 2019). In some areas of the Caribbean, hatch success is
much lower than the global average; for example, in St. Kitts it is often
less than 20% (Stewart, 2020). Most of the eggs that fail to hatch lack
signs of embryonic development, consistent with an early stage of
embryo mortality or infertility (Bell et al., 2004; Hill et al., 2019; Choi
et al., 2020; Rafferty et al., 2011). Around 40% of late-stage embryos
and dead-in-nest hatchlings from St. Kitts and Grenada have significant
lesions which may contribute to their mortality including renal mineralization, bacterial pneumonia, bacterial chorioallantoitis, and skeletal muscle necrosis (Hill et al., 2019; Choi et al., 2020). The role of
environmental pollutants in the pathogenesis of these lesions deserves
further study (Miller et al., 2009).
Because of their longevity and high conversion of prey to biomass,
anthropogenic marine contaminants are problematic for sea turtles
(Cortés-Gómez et al., 2017). Essential and non-essential metals derived
from domestic wastewater, agriculture, and industry are now abundant
in marine ecosystems globally (Nriagu and Pacyna, 1988), will persist
for long periods of time, and can bioaccumulate in the tissues of marine
organisms and impact their health. Nesting sea turtles transfer metals to
their offspring during egg development and vitellogenesis (Sakai et al.,
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1995). While essential elements are needed for embryonic development, other metals may be deposited in eggs as a means of elimination
(Sakai et al., 1995; Guirlet et al., 2010), making developing embryos
particularly susceptible to metal exposure. The extent of maternal
transfer may vary among metals or their organic and inorganic forms,
and excretion via eggs may be low relative to diet for certain metals
(Perrault, 2014). Metals can also be transferred to the egg from the nest
environment during incubation (du Preez et al., 2018; Guirlet et al.,
2008; Marco et al., 2004). Pollutants deposited within an egg are stable
and do not decay during incubation (Keller, 2013).
In egg-laying vertebrates, either deficiency or toxicity of certain
metals may be detrimental to embryonic development and egg hatchability (Finley and Stendell, 1978; Ohlendorf et al., 1986; Friend and
Franson, 1999; Kertész and Fáncsi, 2003; Jezierska et al., 2009). Certain
metals in particular, including mercury, cadmium, lead, arsenic and
selenium, are suspected endocrine disrupting chemicals to which reptiles may be particularly vulnerable (Grillitsch and Schiesari, 2010). Sea
turtles have been extensively used as bio-indicators for ocean pollution
and several studies document accumulation of metals in the tissues and
eggs of sea turtles (Cortés-Gómez et al., 2017), yet few make associations with their potential adverse effects (Poppenga, 2017). Homogenated egg and hatchling copper and zinc levels in the loggerhead sea
turtle (Caretta caretta) and copper levels in the green sea turtle (Chelonia
mydas) positively correlate with hatch success (Souza et al., 2018).
Baseline metal concentrations are described in leatherback eggs and
embryos of the Indian, Pacific, and Atlantic regions, but their relationship with hatch success is uncertain (Guirlet et al., 2010; Roe
et al., 2011; du Preez et al., 2018). Hatchling hepatic selenium levels
and selenium‑mercury ratios positively correlated with hatch success in
Floridian leatherbacks (Perrault et al., 2011). Polybrominated diphenyl
ether concentrations negatively correlated with hatch success in Caribbean Costa Rican leatherbacks (De Andrés et al., 2016). These findings underscore the potential role of pollutants in impeding reproductive success in leatherbacks.
The objective of this study was to determine if egg and embryonal
essential and non-essential metal concentrations were associated with
poor hatch success of leatherback nests in St Kitts. Secondary objectives
were to describe differences in egg and embryonal metal levels among
nests containing embryos or hatchlings with lesions and those without.
From the perspective of bio-monitoring for ocean pollution, this study
also contributes to the limited baseline concentrations of contaminants
in Northwest Atlantic leatherbacks.
2. Materials and methods
Nest data were collected as part of the annual surveillance undertaken by the St. Kitts Sea Turtle Monitoring Network, on the two main
leatherback nesting beaches, Keys (17°20′N, 62°43′W) and North Friars
(17°21′N, 62°43′W) (Stewart, 2020). Nests identified during morning
and night patrols from April to July in 2015 were enrolled in the study.
Maternal identification was recorded based on flipper tag and passive
integrated transponder tag, or was indicated as “unknown” if oviposition was not observed. The nest location was marked with a wooden
stake, placed 30 cm behind the nest chamber, and Global Positioning
System coordinates were recorded to facilitate locating the nest for
excavation. Three to five days following the first recorded hatchling
emergence or 70 days with no signs of emergence, each nest was excavated and the contents assessed. All eggs were removed from the nest
chamber and counted, with yolkless eggs tallied separately from yolked
eggs. The presence of an intact eggshell portion representing > 50% of
the total eggshell was categorized as a hatched egg. Hatch success for
each nest was determined by dividing the number of hatched eggs by
the total number of yolked eggs.
All nests that could be located for excavation in 2015 were sampled
for this study. Two yolked eggs were collected from each nest, stored at
−20 °C, and later transferred frozen to California Animal Health and

Fig. 1. Categories of embryonic development in unhatched leatherback sea
turtle (Dermochelys coriacea) eggs collected from nests on St. Kitts in 2015. A.
No growth or signs of development; B. Early stage embryo; C. Late stage embryo.

Food Safety (CAHFS) Toxicology Laboratory for metal analysis. When
selecting eggs from the nest, preference was given to eggs that showed
minimal features of decomposition, including desiccation and discoloration of the shell. When eggs were opened at CAHFS Toxicology
Laboratory, stage of embryonic development was recorded (Fig. 1). No
growth or signs of development were recorded for any egg where embryonic development was not discerned macroscopically, typically before iris pigmentation (Miller et al., 2017). Early stage was defined as
any stage of development from the time an eyespot (pigmented iris) was
grossly evident to the period when embryo size was equal to or smaller
than the volume of the yolk sac. Late stage embryos were those whose
2
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size was larger than the volume of the yolk sac but were still within the
egg (unpipped).
Samples were homogenized using a VitaMix blender and an IKA
tube mill. Eggs were then weighed out in duplicate and embryos/developed turtles in triplicate to ensure homogeneity. For the sample
preparation 1 g was digested with 3 mL of nitric acid (67–70% trace
metal grade HNO3 – Fisher) at 190 °C for 3 h. After the digestion was
completed, 2 mL hydrochloric acid (34–37% trace metal grade HCL
–Fisher) were added and samples were brought to 10 mL with 18 MΩ
water.
The samples were then analyzed for sixteen metals. Fifteen by inductively coupled plasma optical emission spectrometry (ICP-OES,
Thermo iCAP 6500). The 15 metals are: arsenic (As), barium (Ba),
beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper
(Cu), iron (Fe), manganese (Mn), mercury (Hg), molybdenum (Mo),
nickel (Ni), thallium (Tl), vanadium (V), and zinc (Zn). Each metal was
quantitated by comparison to an external 1-point calibration and an
internal standard (blank-18 MΩ water and standard - 10 ppm multielement solution made from Inorganic Ventures 10,000 ppm certified
standard solutions). The internal standard solution contained 8 ppm
Yttrium (Inorganic Ventures) and 0.0125% Triton-X -100 (Alfa Aesar).
All blanks and standards are made in 20% Nitric acid and 20% hydrochloric acid to match the acid concentration of the sample.
To ensure data quality a method blank (18 MΩ water), a laboratory
control spike (multi-element spike solution, 10,000 ppm Inorganic
Ventures certified standards) and a certified reference material TORT-3
(Lobster Hepatopancreas from the National Research Council of
Canada) were digested and analyzed with each sample batch. The
method blank being below the reporting limit and the LCS and CRM
within 80–120% recovery. In addition a 10 ppm drift check
(10,000 ppm Inorganic Ventures certified standards) was run every ten
samples to ensure instrument stability throughout the run, with the
acceptance of ± 10% difference. The average of duplicate (eggs) and
triplicate (embryos/turtles) analysis was reported. The reporting limits
μg/g (wet weight) were: 1.0 As; 0.1 Ba; 0.02 Be; 0.3 Cd; 0.3 Co; 0.3 Cr;
0.3 Cu; 1.0 Fe; 1.0 Hg; 0.1 Mn; 0.4 Mo; 0.6 Ni; 1.0 Pb; 1 Tl; 0.3 V; 0.3
Zn.
Selenium (Se) was analyzed by inductively coupled plasma mass
spectrometry (Agilent 7900 ICP-MS) and quantitated by comparison to
an external multi-point calibration curve and an internal standard. The
blank (18 MΩ water) and the calibrators 0.1, 1, 10, 50 ppb (made from
certified 1000 ppm Se standard- Inorganic Ventures) were made up in
diluent which includes the Internal standard (2%Isopropanol, 0.5%
Nitric acid, 0.25%Hydrochloric acid, 0.01 Triton-X-100, 50 ppb
Tellurium). For analysis the samples and QCs were subsampled from
the heavy metals digestion, using 0.25 mL of sample and diluted to
5 mL with the same diluent used for the calibration curve. For data
quality the method blank was below the reporting limit and the LCS and
CRM were within 80–120% recovery. To ensure instrument stability a
25 ppb drift check (1000 ppm Se standard-Inorganic Ventures) was run
after every ten samples, with the acceptance of ± 10% difference. The
average of duplicate (eggs) and triplicate (embryos/turtles) analysis
was reported. The reporting limit for Selenium was 0.05 μg/g (wet
weight).
Data were assimilated in a Microsoft Excel™ spreadsheet. All data
analyses were carried out using R software (Team, 2017). To account
for metal analysis having limits of detection, statistical approach varied
with the proportion of values below the limit of detection (Helsel,
2005), including four different scenarios (Table 1). To compare the
concentrations of metal between groups, univariate mixed-effect regressions were used with the concentration (or proportion of concentration above limit of detection) as outcome and the other variables
as exposure.
Nests that contained embryos or hatchlings were sampled in parallel
for another study that assessed their pathology (Hill et al., 2019) and
identified three main lesions: pneumonia, skeletal muscle necrosis, and

renal mineralization. Nests evaluated for metals by the present study
were categorized according to the presence/absence of each of these
lesions using the pathology data from Hill et al. (2019) pertaining to
embryos/hatchlings sampled from the same nest. Association between
metal concentration and presence of a lesion within the embryos/
hatchlings of the same nest were explored using univariate mixed effect
linear or logistic regressions (Table 1). Nests that did not contain embryos/hatchlings for pathological evaluation were excluded from this
analysis. Nesting beach and stage of embryonic development were
considered important potential confounders and their associations with
metal levels were also evaluated using univariate mixed effect linear or
logistic regressions (Table 1). All regressions used the nest as a random
variable due to the lack of statistical independence between the eggs
inside the same nest. Assumptions of linearity and normality of residuals were verified visually (using function ‘qqnorm’ in R) for classical mixed-effect linear regression that came back significant. Linear
regressions for copper and vanadium dealt with censored data for
which residuals cannot be calculated. No assumptions were verified for
these two metals. Significance for statistical analysis was set at
P = 0.05. Package NADA (Lee, 2017), lmer4cens (Kuhn, 2020), and
ggplot2 (Wickham, 2016), were used in R.
3. Results
In 2015, 62 leatherback nests were laid in St. Kitts and 22 were
sampled for this study, including 14 at Keys beach and eight at North
Friars beach. Of these nests, 10 contained embryos/hatchlings for pathology evaluation. Lesions were identified in the embryos/hatchlings
of 7/10 (70%) of these nests, including three containing embryos/
hatchlings with pneumonia, two with skeletal muscle necrosis, and four
with renal mineralization. Hatch success for the nests sampled in this
study averaged 5.85% (range: 0–54%; standard deviation: 12.45%).
Forty-three eggs (including early stage embryos (n = 4), late stage
embryos (n = 4), and eggs with no growth or signs of development
(n = 35)) were evaluated for essential and non-essential metals, and
nine different metals were detected (Table 2). Metals that were below
detection limits for every sample included beryllium, cadmium, chromium, cobalt, lead, mercury, molybdenum, and thallium, precluding
further analysis. Arsenic (range 1.1–1.6 μg/g wet weight, n = 12 above
detection limit), nickel (0.47 μg/g wet weight, n = 1 above detection
limit), and manganese (range 0.1–0.73 μg/g wet weight, n = 12 above
detection limit) were below detection limits in the majority of samples,
precluding reporting of mean concentrations. Of detected metals, only
vanadium concentrations negatively correlated with hatch success
(Univariate mixed-effect linear regression, P = 0.01, β = −0.1%,
Table 3, Fig. 2). Manganese was associated with pneumonia where it
was detected in 5/6 eggs or embryos from nests with pneumonia, but in
only 2/13 eggs or embryos from nests without pneumonia (Univariate
mixed-effect logistic regression, P = 0.01, Odd Ratio [OR] = 11.9).
Arsenic was associated with renal mineralization where it was detected
in 5/7 individuals from nests with renal mineralization, but in only 3/
12 from nests without renal mineralization (Univariate mixed-effect
logistic regression, P = 0.02, OR: 37 × 106). Mean concentration of
vanadium was associated with pneumonia (Univariate mixed-effect
linear regression; P = 0.01; β = −0.094) where vanadium levels were
higher in eggs from nests without pneumonia relative to those with
pneumonia. Mean concentrations of barium, iron, and vanadium varied
by embryonal stage of development (Fig. 3), where mean concentration
of vanadium was significantly higher in early stage embryos relative to
no growth or signs of development eggs (Univariate mixed-effect linear
regression; P < 0.001, β = 0.896), and the mean concentrations of
barium and iron were higher in late stage embryos relative (2.25 μ/mL
and 14.5 μ/mL respectively) to early state embryos and no growth or
signs of development (1.09 μ/mL and 7.6 μ/mL, respectively; mixedeffect linear regression, P = 0.009 [β = −0.9491] and P = 0.03
[β = −4.606] respectively) (Table 3). The mean concentrations of
3
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Table 1
Statistical analysis used dependent on proportion of essential and nonessential metals that were below the limit of detection.
Proportion of concentration below the limit of
detection

Descriptive analyses

Analytic analyses (association with hatch success, beach
or pathological lesion)

Metal

0%

Mean and Standard Deviation

Univariate mixed-effect linear regression

1–69%

Univariate mixed-effect linear regression

70–89%

Mean and Standard Deviation estimated by Maximum
Likelihood Estimation
Proportion of values above the limit of detection

Univariate mixed-effect logistic regression

90–100%

None

None

Barium
Iron
Selenium
Zinc
Copper
Vanadium
Arsenic
Manganese
Beryllium
Cadmium
Chromium
Cobalt
Lead
Nickel
Mercury
Molybdenum
Thallium

barium, iron, and zinc, and the proportion of eggs with arsenic detected
varied by beach (Table 3). The proportion of eggs with arsenic detected
was higher in North Friars Beach (8/15) relative to Keys Beach (5/28)
(Univariate mixed-effect logistic regression, P = 0.002,
OR = 24 × 106). The mean concentrations of barium, iron and zinc
were higher at North Friars (1.80 μ/mL, 10.47 μ/mL, and 12.62 μ/mL,
respectively) than at Keys Beach (0.81 μ/mL, 6.92 μ/mL, and 6.91 μ/
mL, respectively; mixed-effect linear regression, P = 0.001
[β = 1.069], P = 0.04 [β = 3.918], and P = 0.02 [β = 6.187], respectively).

4. Discussion
This study adds to the knowledge regarding baseline concentrations
for environmental contaminants in sea turtles. Our findings support the
trend that leatherback eggs generally have lower levels of metals than
green (Chelonia mydas) and loggerhead (Caretta caretta) sea turtles,
thought to reflect their pelagic nature and relatively lower dietary
trophic level (Guirlet et al., 2008; du Preez et al., 2018). The biomagnification of metals may be limited in leatherbacks because of their
zooplankton diet (Harris et al., 2011). Assuming metal concentrations
within eggs predominantly reflect maternal exposure (Guirlet et al.,

Table 2
Metal concentrations (μg/g wet weight) in leatherback egg contents from the literature and this study; mean ± S.D., range.

Sample
n
Metal
Ag
Al
As
Au
Ba
Be
Cd
Co
Cr
Cu
Fe
Hg
Ni
Mo
Mn
Pb
Pt
Se
Tl
V
Zn

St Kittsa

Atlantic (French Guiana)b

Pacific (Costa Rica)c

Indian (South Africa)d

Eggs/embryos
43

Eggs
76

Eggs
52

Eggs
10

–
–
NAe, BDL-1.6
–
1.2 ± 0.8, 1.9–3.6
NAe, BDL
NAe, BDL
NAe, BDL
NAe, BDL
0.5 ± 0.4f, BDL – 2.0
8.2 ± 4.3, 1.1–22.0
NAe, BDL
NAe, BDL
NAe, BDL
NAe, BDL
NAe, BDL
–
1.2 ± 0.4, 0.5–2.3
NAe, BDL
0.5 ± 0.3, BDL-1.9
8.9 ± 6.2, 1.1–26.0

–
–
–
–
–
–
0.024 ± 0.001
–
–
0.63 ± 0.10
–
0.012 ± 0.003
–
–
–
0.036 ± 0.001
–
1.44 ± 0.38
–
–
14.16 ± 2.23

–
–
–
–
–
–
1.6 ± 0.3, BDL-5.6
–
BDL
25.9 ± 3.0
39.8 ± 6.5, 12.2–177.3
–
1.9 ± 0.3, BDL- 5.0
–
0.9 ± 0.1, 0.9–2.15
BDL
–
–
–
–
14.2 ± 0.7, 7.4–21.0

0.17
7.5
0.88
0.17
–
–
0.046
0.043
3
1.8
57
0.0005
0.35
–
0.97
0.0061
0.00036
2.5
0.00025
0.26
38

BDL = below detection limits; Instrumental detection limits (μg/g wet weight) for this study were: As, 1.0; Ba, 0.1; Be, 0.02; Cd, 0.3; Co, 0.3; Cr, 0.3; Cu, 0.3; Fe, 1.0;
Pb, 1.0; Hg, 1; Mn, 0.1; Mo, 0.4; Ni, 0.6; Se, 0.05; Tl, 1.0; V, 0.3; and Zn, 0.3.
a
This study.
b
Guirlet et al., 2008.
c
Roe et al., 2011.
d
Du Preez et al., 2018.
e
For these analytes, all or a majority of samples (69.8% of As; 97.7% of Ni, 82.1% of Mn) produced values below the test detection limit, precluding reporting of
mean concentrations.
f
Values determined by maximum likelihood estimation.
4
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Table 3
P-values for associations among metals and hatch success, beach, stage of embryonic development, and pathology found in nest-mates. Statistical tests depend on the
proportion of values under the limit of detection (please refer to Table 1 and Helsel, 2005).
Hatch success

Asa
Bab
Cuc
Feb
Mna
Seb
Vc
Znb

1
0.1
0.8
0.07
0.1
0.5
0.01
0.09

Beach

0.002
0.001
0.4
0.04
0.2
0.8
0.8
0.02

Stage (ref: no growth)
Early

Late

1
0.4
0.07
0.6
0.8
1
< 0.001
0.9

0.4
0.009
0.7
0.03
1
0.9
0.6
0.5

Pneumonia

Renal mineralization

Muscle necrosis

0.5
0.8
0.2
0.4
0.01
0.6
0.01
0.6

0.02
0.3
0.6
0.5
0.6
0.4
0.3
0.5

0.8
0.6
0.2
0.8
0.6
0.5
0.03
0.6

Note: No comparison was possible for nickel, which had only one value above the threshold of detection, or for beryllium cadmium, chromium, cobalt, lead, mercury,
molybdenum, and thallium, which were below threshold of detection in every sample.
Values in bold are statistically significant (P ≤ 0.05).
a
Univariate mixed-effect logistic regression.
b
Univariate mixed-effect linear regression.
c
Univariate mixed-effect linear regression with maximum likelihood estimation of the values under the limit of detection.

eggs containing much lower levels of vanadium than those of our study
(mean 0.06 μg/g wet weight; White and Dieter, 1978). Effects on reproductive success were not investigated by White and Dieter (1978)
and our findings underscore the need for such research.
Other toxic metals, including mercury, cadmium, nickel, and lead,
have been demonstrated in leatherback eggs and hatchlings (Guirlet
et al., 2008; Perrault et al., 2011; Roe et al., 2011; Perrault et al., 2013;
du Preez et al., 2018). Our data presented a high number of values
under the detection limit and led us to estimate mean values based on
maximum likelihood (Helsel, 2005). Therefore, it is difficult to compare
with mean metal levels from other studies where values may be biased
by substitution methods. The detection limits of the assays used in our
study also may not have been adequately low to detect toxic metal levels, particularly for mercury, cadmium, and lead. Thus, the Northwest
Caribbean leatherback population should not be considered to have
“low” exposure to these metals and it is possible that toxic effects exist
that were undetected by this study. Despite these limitations, our data
contribute to a growing understanding of metals exposure in leatherbacks. Roe et al. (2011) raised concern for cadmium and nickel in Pacific leatherback eggs because their concentrations were several fold
higher than no effects thresholds for chicken embryos. The comparably
lower values of cadmium, nickel, and copper in this study and others
bolster concern for metal exposure in Eastern Pacific leatherbacks.
Apart from arsenic, barium, and vanadium, all metals detected in
egg contents of this study were essential elements, building on the body
of literature which suggests leatherback eggs normally contain essential
metals such as copper, iron, selenium, and zinc (Roe et al., 2004;
Guirlet et al., 2008; du Preez et al., 2018). These elements are typically
present at much greater levels than non-essential elements, and presumptively represent micronutrients important to embryonic development. Our mean concentrations of essential elements were consistently
lower than those of other studies (Roe et al., 2004; Guirlet et al., 2008;
du Preez et al., 2018), and we were unable to confirm the consistent
presence of manganese because it was below detection limits in a majority of our samples. The physiological significance of our essential
element concentrations is uncertain because there is little information
regarding embryonic requirements of reptiles. However, there was no
statistical association between hatch success and mean concentrations
of copper, iron, selenium, or zinc, or proportion of eggs with manganese
detected, suggesting that deficiency of essential elements is not a contributing factor to the low hatch success observed in St. Kitts. Selenium
deficiency, possibly related to high mercury levels, has been a particular concern for Floridian leatherbacks where it has been hypothesized
to be one explanation for skeletal muscle necrosis in dead-in-nest
hatchlings (Miller et al., 2009). Hatchling liver selenium and

Fig. 2. Linear regressions between vanadium concentration (μg/g wet weight)
and hatch success in leatherback sea turtle (Dermochelys coriacea) nests on St.
Kitts, 2015.

2008), our results are likely representative of the North Caribbean
nesting population which has not previously been assessed for metal
exposure (i.e. leatherbacks nesting within the island group of Puerto
Rico, US Virgin Islands, British Virgin Islands, Anguilla, Saint Kitts and
Nevis, Saint Maarten, Antigua and Barbuda, Saint Eustatius, and Guadeloupe; Horrocks et al., 2016).
Similar to other studies in leatherbacks, metal concentrations did
not account for a large amount of variation in hatch success among
nests (Guirlet et al., 2008; Roe et al., 2011; Perrault et al., 2013).
However, our study had very few nests with hatch success > 50% for
comparison. The only metal that associated to lower hatch success was
vanadium. Its mean concentration (0.5 μg/g wet weight) was comparable to leatherback and loggerhead eggs from the Indian ocean of South
Africa (du Preez et al., 2018), and green turtle eggs from Hong Kong
(Lam et al., 2006). Therefore, it is unclear if this level of vanadium
exposure can be considered “abnormal”. This could also be a false positive association as 19% of the eggs had a concentration under the limit
of detection, forcing us to use linear regression with censored data with
no possibilities to check the assumption of linearity (Kuhn, 2020). Vanadium is a component of petroleum and marine exposure may be related to oil spills, yet there is a paucity of controlled toxicological doseresponse studies and toxicological threshold information for vanadium
(and many other toxic metals) in reptiles and aquatic wildlife. Mallard
ducks fed a diet containing 100 μg/g (wet weight) vanadyl sulfate did
not become overtly ill, but had altered lipid metabolism and produced
5
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Fig. 3. Iron (A), barium (B), and vanadium (C) concentrations (μg/g wet
weight) among developmental stages (no growth or signs of development, early
stage embryo, or late stage embryo) of unhatched eggs from leatherback sea
turtle (Dermochelys coriacea) nests on St. Kitts, 2015. Asterisks designate statistically significant differences in mean metal concentration (P ≤ 0.05).

selenium:mercury ratio positively correlated with hatching and emergence success in Florida (Perrault et al., 2011), but not St. Croix
(Perrault et al., 2013). In our study, mean egg selenium concentrations
were not associated with hatch success or presence of skeletal muscle
necrosis within the same nest, although low sample sizes for comparisons may have failed to detect such associations where they exist.
Unfortunately, the nesting declines observed throughout the region
(Northwest Atlantic Leatherback Working Group, 2018) led to low
sample sizes for this study, thereby limiting our ability to explore relationships among metal exposure, nest pathology, and hatch success.
However, arsenic detection was associated with renal mineralization
within the same nest, and manganese detection and mean vanadium
levels were associated with the presence of pneumonia within the same
nest. Arsenic toxicosis can cause renal tubular injury in a number of
species (Biswas et al., 2000; Roy and Bhattacharya, 2006; Khan et al.,
2013), raising concern for pathological levels of arsenic exposure in St.
Kitts leatherbacks. However, arsenic levels of our study (when considering the proportion below detection limits) were not obviously
different than the mean concentrations of South African leatherback
eggs (0.88 μg/g wet weight; du Preez et al., 2018), and eggs of flatback
turtles (Natator depressus), Olive Ridley turtles (Lepidochelys olivacea),
and green turtles (Ikonomopoulou et al., 2011; Ross et al., 2016; van de
Merwe et al., 2009). Comparison of tissue metal levels among embryos
with and without these lesions, and evaluation of a larger number of
nests using a test with lower detection limits, would help clarify the role
of metal exposure in the pathogenesis of renal mineralization, pneumonia, and reduced hatch success in Caribbean leatherbacks. The significance of these findings are uncertain at present, but together they
emphasize the need for larger scale studies to better determine the role
of metals in leatherback perinatal pathology.
The mean concentrations of iron, barium, and vanadium were
higher in embryos than in undeveloped eggs, although this finding may
have been confounded by beach for barium and iron. Metals may be
transferred to the embryo during incubation, either from the eggshell or
the nest environment (du Preez et al., 2018; Guirlet et al., 2008; Marco
et al., 2004). The associations we observed among beach and arsenic,
barium, iron, and zinc, support environmental acquisition of metals.
Increased concentration of yolk lipid content and its associated lipophilic metals is another potential explanation for increasing levels of
metals in late-stage embryos, as has been hypothesized for organochlorine pesticides in late-stage loggerhead embryos (Alava et al.,
2006). Whether changes in metal levels during incubation are a physiological process or reflect pathological exposure is uncertain because
of the lack of baseline information for reptile eggs. However, high iron
concentrations in leatherback eggs/hatchlings are consistent with the
high hemoglobin concentrations observed in nesting leatherbacks relative to other sea turtles (Stacy et al., 2019), and are potentially required for endothermic metabolism, long dive duration, and high activity (Roe et al., 2011). Although the transfer of metals from mother to
eggs is complex, it might be that organic forms of metals are more efficiently transferred relative to inorganic forms and speciation of some
metals detected in sea turtle eggs, such as arsenic, deserves greater
focus in future studies.
In conclusion, the data presented by this study are the first to represent the North Caribbean nesting population of Atlantic leatherbacks. Overall, concentrations of metals were low and strong negative
relationships were not identified between metal concentrations of eggs
and hatch success. However, further research is needed to better understand potential adverse effects of metals on sea turtle development,
6
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particularly for arsenic and vanadium on St. Kitts.
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