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 RBCs and SGSs of nesting leatherbacks were analyzed for inorganic
contaminants.
 Salt glands from stranded leatherbacks were analyzed for inorganic
contaminants.
 RBCs showed higher concentrations
of inorganic contaminants compared
to SGSs.
 Inorganic contaminant concentrations in RBCs and SGSs were not
correlated.
 Cadmium and mercury accumulate in
the salt glands.
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Plasma osmolalities of marine vertebrates are generally lower than the surrounding medium; therefore,
marine organisms must cope with the osmoregulatory challenges of life in a salty environment. The salt
glands serve to maintain osmotic and ionic homeostasis in a number of lower marine vertebrates. One
marine reptile, the leatherback sea turtle (Dermochelys coriacea), ingests excessive amounts of salts due
to their diet of gelatinous zooplankton. Outside of the normal osmoregulatory function of the salt gland,
little research has been conducted on contaminant accumulation and excretion in this organ. Here, we
established arsenic, cadmium, lead, mercury, and selenium concentrations in red blood cells (RBCs) and
salt gland secretions (SGSs) of nesting leatherbacks. We also collected salt glands from different life stage
classes of dead stranded leatherbacks from the western Atlantic Ocean to determine if inorganic contaminants accumulate in this organ. Using non-metric multidimensional scaling and regression analyses,
we determined that RBC and SGS inorganic contaminant concentrations were not correlated. Additionally, RBCs showed signiﬁcantly higher concentrations of these contaminants in comparison to SGSs,
likely due to the afﬁnity of inorganic contaminants for the heme group of RBCs. Lastly, we found that salt
gland cadmium and mercury concentrations tended to increase with increasing curved carapace length
(CCL) in stranded leatherbacks. Our results indicate that different physiological mechanisms determine
the distribution of inorganic contaminants in blood and SGSs. Increases in salt gland contaminant
concentrations with increasing CCL suggest this organ as a potential target for accumulation.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Inorganic (e.g., heavy metals) and organic (e.g., polychlorinated
biphenyls, pesticides, etc.) contaminant concentrations have been
documented in numerous tissues of all seven sea turtle species
s-Gόmez et al., 2017; Finlayson et al., 2016);
(Keller, 2013; Corte
however, there are still a number of unknowns regarding toxicokinetics and effects on health in these organisms (Poppenga,
2017). Exposure and uptake of contaminants in sea turtles occurs
primarily through food and water intake, with excretion occurring
through urine, feces, eggs, skin, and shedding of keratinaceous
scutes in chelonid turtles (Burger, 2007; Komoroske et al., 2011).
Leatherback sea turtles (Dermochelys coriacea) are particularly
underrepresented in the contaminant literature (Keller, 2013;
s-Gόmez et al., 2017), with the majority of toxicological
Corte
studies on leatherbacks strictly documenting concentrations in
eggs and/or tissues (e.g., blood, kidney, liver, muscle). Rarely do
studies attempt to quantify contaminant concentrations in prey
items in an effort to document exposure (Talavera-Saenz et al.,
2007; Perrault, 2014) or accumulation and/or elimination through
less well-studied organs or waste matter (e.g., salt gland, feces;
Sakai et al., 2000b; Perrault, 2012).
One potential source of elimination of inorganic contaminants
in marine animals is through the salt gland (Burger and Gochfeld,
1985; Sakai et al., 2000b; Perrault, 2012). These bilaterally paired
glands are found in marine reptiles and seabirds, with elasmobranchs possessing an unpaired rectal gland with a similar function. They act as accessory organs to allow for osmotic and ionic
regulation by removing excess salts from the body that are incurred
through food and water ingestion, as the kidneys of lower vertebrates are incapable of producing hyperosmotic urine in comparison to blood plasma (Williard, 2013). Salt gland secretions (SGSs)
are primarily composed of sodium and chloride ions, with potassium, calcium, magnesium, bromine, bicarbonate, and sulfate also
present (Schmidt-Nielsen, 1960; Nicolson and Lutz, 1989). Leatherbacks have the largest salt glands, both relatively and absolutely,
in comparison to the other sea turtle species (Wyneken, 2001;
Davenport, 2017), which are capable of secreting SGSs 1.7e2.4
times more concentrated than salt glands of chelonid sea turtles
and two times more concentrated than seawater (1650e2000
mOsm/kg; Hudson and Lutz, 1986; Williard, 2013). In nesting sea
turtles, however, a more dilute SGS (~570 mOsm/kg) is produced,
likely due to an isosmotic, lubricating mucus secreted simultaneously with the saline secretion (Reina et al., 2002) and their
reduced food intake during nesting season (Plot et al., 2013;
Perrault et al., 2014b).
Aside from osmoregulation, few investigations into other functions of the salt gland exist including excretion of contaminants
(Burger and Gochfeld, 1985, 2000; De Boeck et al., 2010; Perrault,
2012). Concentrations of inorganic contaminants have been rarely
evaluated in the salt glands of marine birds and sea turtles. In
Laysan albatrosses (Diomedea immutabilis), salt glands had high
concentrations of lead, intermediate concentrations of arsenic,
cadmium, and selenium, and low concentrations of mercury in
comparison to kidney, liver, and heart muscle (Burger and Gochfeld,
2000); however, contaminant concentrations and organ distribution have been shown to differ between bird species (Burger and
Gochfeld, 1985). In female loggerhead (Caretta caretta) and green
(Chelonia mydas) sea turtles from the Japanese coast, concentrations of cadmium and mercury in the salt gland ranked in the top
seven of 22 reported tissue/organ concentrations (Sakai et al.,
2000b). Lastly, in dead, stranded leatherbacks, mercury and selenium concentrations in the salt gland were lower than those
observed in the liver (Perrault, 2012). These results suggest that the
salt gland may also serve to accumulate and eliminate

contaminants, in addition to its role as an osmoregulatory organ
(Burger and Gochfeld, 2000; Burger et al., 2000; De Boeck et al.,
2010). Contaminant uptake and accumulation in the salt glands of
sea turtles have been relatively ignored, which is an oversight as
salt gland function is signiﬁcantly impaired in sea turtles and marine birds exposed to certain contaminants (Leighton, 1993;
Lutcavage et al., 1995).
The primary goal of this study was to enact the pain reduction
principle of the three R's (replace, reduce, reﬁne), whereby alternative methods of sample collection are sought out to minimize
pain in laboratory and wildlife animals (Russell and Burch, 1959;
NRC, 2011). Additionally there is a need for the development,
improvement, and validation of contaminant monitoring in wildlife
species, including sea turtles (Ryser-Degiorgis, 2013). Easier approaches to evaluating wildlife will contribute to more accurate
collection of metadata, which can be shared and compared across
broad scales and multiple wildlife studies. We hypothesized that
SGSs might be a potential surrogate for evaluating inorganic
contaminant concentrations in blood in sea turtles. The salt gland
can store and likely excrete certain contaminants (Burger and
Gochfeld, 2000; Burger et al., 2000; Sakai et al., 2000b; De Boeck
et al., 2010; Perrault, 2012); therefore, if contaminant concentrations correlate in RBCs and SGSs, less invasive sampling techniques
(i.e., collection of salt gland secretions instead of venipuncture/
blood collection) can be enacted for inorganic contaminant
research in sea turtles. Therefore, the objectives of our study were
to (1) document inorganic contaminant concentrations (antimony,
arsenic, beryllium, cadmium, chromium, lead, mercury, nickel, selenium, thallium, vanadium) in red blood cells (RBCs) and SGSs of
nesting leatherbacks; (2) document inorganic element concentrations in salt glands of dead, stranded leatherbacks and any trends
with curved carapace length (CCL, an indicator of size and life stage
class); and (3) establish correlations of the measured contaminants
within and between RBCs and SGSs.
2. Materials and methods
2.1. Nesting females
Sample collection from nesting leatherbacks was conducted on
Juno Beach and Jupiter Beach, Florida USA between John D. MacArthur Beach State Park (26 500 11.1800 N, 80 20 28.5400 W) and the
Jupiter Inlet (26 560 35.210 N, 80 4018.240 W) by staff of Loggerhead
Marinelife Center. From MarcheJune 2017, the nesting beach was
patrolled for leatherback activity using all-terrain vehicles. Individual nesting females were identiﬁed by ﬂipper tags and/or passive integrated transponder (PIT) tags. Blood was collected after egg
deposition commenced and the turtles entered their nesting ﬁxed
action patterns (Dutton, 1996). The venipuncture site (femoral rete
system) was cleaned with 70% isopropyl alcohol swabs before
insertion of the needle. Up to 10 mLs of blood were collected using
Vacuette® 18 G x 1½” needles (Vacuette, Greiner Bio-One, Kremsmünster, Austria) ﬁtted into 10 mL BD sodium heparin glass
Vacutainer® tubes (Becton-Dickinson and Co., Franklin Lakes, New
Jersey USA). The venipuncture site was disinfected with a new
alcohol swab and pressure was applied to promote hemostasis.
Blood was kept on ice immediately after collection for up to six
hours. Upon return to the laboratory, whole blood samples were
centrifuged at 4250 g (3500) rpms for eight minutes. Plasma was
separated and stored at 80  C for a separate study. RBCs were
collected in 1 mL cryogenic vials (Globe Scientiﬁc, Inc., Paramus,
New Jersey USA). RBCs were selected because many inorganic
contaminants associate with the heme group of this blood
compartment and analysis of whole blood can introduce errors into
calculated contaminant concentrations (Day et al., 2005;
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Komoroske et al., 2011).
During the nesting ﬁxed action pattern, up to 1 mL of SGS was
collected from the lateral canthus using 1 mL BD oral dispensing
syringes without needles, taking care not to touch or damage the
eye, and placed into 1 mL cryogenic vials. These samples were also
placed on ice in the ﬁeld until return to the laboratory. RBCs and
SGSs were subsequently stored at 80  C until analyses were
conducted. After sample collection, the turtle's CCL was measured.
2.2. Stranded leatherbacks
Salt gland samples were opportunistically collected from
leatherbacks stranding on the east coast of the United States in the
northwestern Atlantic Ocean during 2010e2015. Samples were
stored at 20  C until analyses were conducted. CCL was recorded
from each stranded individual when possible. Life stage class (juvenile, <100 cm CCL; subadult, >100 cm CCL to sexual maturity at
~120e140 CCL; and adult, sexually mature; Eckert et al., 2012) was
determined by size, while sex was determined using external
anatomical characteristics or by gross necropsies that were performed by veterinarians for separate studies.
2.3. Inorganic contaminant analyses
All samples were shipped to Michigan State University's Veterinary Diagnostic Laboratory for analyses. RBCs and SGSs were dried
at 75  C overnight in a drying oven. Therefore, these sample concentrations are reported on a dry weight (dw) basis. Toxic elements
(antimony, arsenic, beryllium, cadmium, chromium, lead, mercury,
nickel, selenium, thallium, vanadium) were analyzed by
inductively-coupled plasma mass spectrometry (Agilent 7900 ICPMS, Agilent Technologies, Santa Clara, California USA) run in
accordance with manufacturer's instructions. Dried samples were
weighed and digested with 1e2 mL(s) concentrated 69e70% nitric
acid (Avantor Performance Materials, Center Valley Pennsylvania
USA, type J.T. Baker ACS reagent grade) in 15 mL PFA digestion
vessels (Savillex, Eden Prairie, Minnesota USA) in a 95  C oven
overnight. Amount of acid added was relative to the weight of
sample. Overnight digests were then diluted 1:100 in Millipore
Filter (Burlington, Massachusetts USA) deionized water prior to
analysis. Lypochek 2 (medium range) and 3 (high range) Whole
Blood Metals Controls (Bio-Rad, Hercules, California USA) standard
reference materials (SRMs) and Alfa Aesar (Tewksbury, Massachusetts USA) Specpure QC-60 mixtures were used as quality control
(QC) reference materials for this process. Average QC results for
these materials (average result [ng g1]/expected result [ng
g1]±standard deviation) are as follows: antimony (QC-60: 106/
100 ± 4.1); arsenic (Lypo-2: 55.1/48.1 ± 1.3; Lypo-3: 101.5/
86.8 ± 1.6); beryllium (QC-60: 89.0/100 ± 5.4); cadmium (Lypo-2:
12.3/12.4 ± 0.2; Lypo-3: 31.7/32.6 ± 0.7); chromium (QC-60: 93.0/
100 ± 4.5); lead (Lypo-2: 135.1/136 ± 1.0; Lypo-3: 373.9/374 ± 5.1);
mercury (Lypo-2: 39.1/40.0 ± 0.4; Lypo-3: 59.4/59.7 ± 0.9); nickel
(QC-60: 94.0/100 ± 6.0); selenium (QC-60: 94.0/100 ± 3.4); thallium (Lypo-2: 41.4/42 ± 0.3; Lypo-3: 80.8/78.6 ± 1.2); vanadium
(QC-60: 101/100 ± 3.8). Average coefﬁcients of variation (CV) were
as follows: antimony: 3.9%; arsenic: 2.0%; beryllium: 6.1%; cadmium: 1.7%; chromium: 4.8%; lead: 1.1%; mercury: 1.2%; nickel:
6.4%; selenium: 3.3%; thallium: 1.1%; vanadium: 3.8%. Limits of
quantitation (LoQ) at 1:100 dilutions were as follows: antimony,
beryllium, chromium, mercury, nickel, vanadium: 0.05 mg g1;
arsenic, cadmium, lead, thallium: 0.1 mg g1; selenium: 0.02 mg g1.
Salt gland elements were measured by methods reported earlier
(Perrault et al., 2014a) with selenium determined by ICP-MS and
the remaining elements determined by ICP-atomic emission spectrometry (Varian Vista Pro, Agilent Technologies). Salt gland
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samples are reported in mg g1 wet weight (ww).
Mercury levels fell below the LoQ (BLoQ) in six cases for RBCs
and were therefore analyzed using cold vapor atomic absorption
spectrometry (CV-AAS, Cetac M-6000A, Cetac Technologies Inc.,
Omaha, Nebraska USA) to lower the LoQ to 0.002 mg g1. Sample
digests described above were diluted to achieve ﬁnal acid concentrations of 2% nitric acid and 7% hydrochloric acid. Potassium
permanganate and hydroxylamine sulfate were also used in the
dilution process. NIST Mussel Lot 2976 (NIST, Gaithersburg, Maryland USA) was digested and diluted the same as above samples for
QC and typically returned values within 8% of the target concentration of mercury (60 ng g1). In addition, a calibration check
standard was derived from a mercury stock solution (GFS Chemicals, Powell, Ohio USA) by dilution to 50 pg g1 in 2% nitric acid and
7% hydrochloric acid. This check standard also gave mercury values
within 8% of the target concentration with a CV of 10%.
2.4. Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics 24
software (SPSS, Inc., Chicago, Illinois USA) and Past3 software
(version 3.17; University of Oslo, Oslo, Norway). Median and range
are reported for RBCs, SGSs, and salt gland inorganic contaminant
concentrations. Some of the inorganic contaminant concentrations
fell BLoQ for a number of samples; this is indicated where
appropriate.
Linear regressions were carried out to establish relationships
between inorganic contaminant concentrations in the RBCs. Differences in inorganic contaminant concentrations between RBCs
and SGSs were determined using a Welch analysis of variance
(ANOVA) because the variances were unequal as determined by a
Levene's test. A number of the toxic element concentrations in the
SGSs fell BLoQ; therefore, these values were assigned to half of the
LoQ for statistical analyses (Travis and Land, 1990). A Kendall's tau
correlation was then used to assess the relationship between RBC
toxic element concentrations and SGS toxic element concentrations. Additionally, a nonmetric multi-dimensional scaling (NMDS)
plot using a Bray-Curtis similarity matrix was constructed using
Past3 software to visualize differences in inorganic contaminant
proﬁles between RBCs and SGSs. This analysis uses ranks to display
differences through separate clusters of points from multiple
sampling components (in this case RBCs and SGSs) so that they can
be easily visualized and interpreted. Inorganic contaminant concentrations that fell BLoQ were assigned to half of the LoQ for the
NMDS plots (Travis and Land, 1990). For turtles that stranded dead
in the western Atlantic Ocean, regression analyses were appropriately ﬁtted to the trends (e.g., logarithmic, power, exponential) by
comparing inorganic contaminant concentrations (using data
collected here and from Perrault, 2012) to the CCL of the stranded
leatherbacks.
3. Results
3.1. Inorganic contaminant concentrations in red blood cells and
salt gland secretions
Antimony, beryllium, nickel, and thallium concentrations in
nesting leatherbacks fell BLoQ for all RBC and SGS samples. Chromium and vanadium were BLoQ for all RBC samples, while cadmium and mercury fell BLoQ for all SGS samples. All but four and
three SGS samples fell BLoQ for chromium (range: <0.5e3.04 mg/g
dw) and vanadium (range: <0.5e2.31 mg/g dw), respectively.
Therefore, only arsenic, lead, and selenium were statistically
analyzed for comparisons between RBCs and SGSs.
Concentrations of inorganic contaminants in RBCs of nesting
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leatherbacks were in the order selenium > arsenic > lead > cadmium > mercury. Linear regressions showed signiﬁcant positive
relationships between RBC cadmium and selenium (r2 ¼ 0.41;
P ¼ 0.006; N ¼ 17; Fig. 2) and mercury and selenium (r2 ¼ 0.52;
P ¼ 0.001; N ¼ 17; Fig. 2).
Concentrations of inorganic contaminants in SGSs of nesting
leatherbacks were in the order arsenic > selenium > lead (Table 1).
RBC arsenic (Welch F1,18.05 ¼ 18.71; P < 0.001), lead (Welch
F1,17.16 ¼ 54.58; P < 0.001), and selenium (Welch F1,12.01 ¼ 51.27;
P < 0.001) concentrations were signiﬁcantly higher than SGSs, as
indicated by a Welch ANOVA (Fig. 1).
No signiﬁcant correlations were observed for RBC and SGS
inorganic contaminant concentrations for arsenic (t ¼ 0.13;
P ¼ 0.542; N ¼ 13), lead (t ¼ 0.07; P ¼ 0.759; N ¼ 13), or selenium
(t ¼ 0.05; P ¼ 0.81; N ¼ 13). The ellipses in the NMDS plot represent the 95% conﬁdence limit, based on the standard deviation of
arsenic, lead, and selenium concentrations in RBCs and SGSs and
further verify that there is variation between RBC and SGS concentrations (Fig. 3). The stress of 0.039 indicates that the plot is an
excellent representation of the differences between samples.
3.2. Inorganic contaminant concentrations in the salt gland
Seven salt gland samples were collected from three juvenile
females, one subadult female, two adult females, and one adult
male leatherback. (Table 2). Mercury and selenium concentrations
in four of those samples were previously reported in Perrault
(2012). Two to three additional samples were collected for this
study and analyzed for arsenic, cadmium, and lead. Concentrations
of inorganic contaminants in the salt glands of stranded leatherbacks are reported in Table 2, in addition to reports of inorganic
contaminants in the salt glad of marine birds and sea turtles from
the literature. Salt gland inorganic contaminant concentrations
were in the order cadmium > selenium > arsenic > mercury > lead
(all values of lead were BLoQ: <0.03 mg g1 ww).
A signiﬁcant negative relationship between arsenic concentrations in the salt gland and CCL was observed (r2 ¼ 0.69; P ¼ 0.039;
N ¼ 6; logarithmic regression). Signiﬁcant positive relationships
between cadmium (r2 ¼ 0.82; P ¼ 0.013; N ¼ 6; power regression)
and mercury (r2 ¼ 0.90; P ¼ 0.001; N ¼ 7; exponential regression)
concentrations in the salt gland and CCL were also observed (Fig. 4).
4. Discussion
4.1. Inorganic contaminant concentrations in red blood cells and
salt gland secretions
Leatherbacks show unique patterns among inorganic contaminant distribution and accumulation in comparison to other sea
turtles, likely due to their distinct behavior, habitat, and diet of
s-Gόmez et al., 2017). Concentrations of
gelatinous prey (Corte
inorganic contaminants have been reported in whole blood of
nesting and foraging leatherbacks from Africa (Deem et al., 2006),
French Guiana (Guirlet et al., 2008), the western Atlantic Ocean
(Innis et al., 2010), Florida (Perrault et al., 2011), the eastern Paciﬁc
Ocean (Harris et al., 2011), and St. Croix (Harris et al., 2011; Perrault
et al., 2013). Cross-study comparisons are difﬁcult to make as all
other leatherback studies document inorganic contaminant concentrations in whole blood using wet weight analyses; here, we
used dried RBCs since the majority of inorganic contaminants
associate with the heme group of this blood compartment and
analysis of whole blood can introduce errors into calculated
contaminant concentrations (Day et al., 2005; Komoroske et al.,
2011). The purpose of this study was to establish any potential
correlations between RBCs and SGSs, not to compare across studies;

Fig. 1. Comparisons using box plots between (a) arsenic, (b) lead, and (c) selenium
concentrations in red blood cells and salt gland secretions of nesting leatherbacks.
Only values for which we had paired samples of red blood cells and salt gland secretions are shown. Red blood cells showed signiﬁcantly higher concentrations of all
three inorganic contaminants. The dashed gray line in panel b indicates the limit of
quantitation (0.1 mg g1), as some values fell below that threshold. Cadmium and
mercury are not shown, as all salt gland secretion samples were below the limits of
quantitation.
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Fig. 2. Linear regressions between red blood cell selenium concentrations and cadmium (solid regression line) and mercury (hatched regression line). Selenium concentrations in the red blood cells increased with increasing cadmium and mercury
concentrations.

Table 1
Concentrations of inorganic contaminants (mg g1 dw) in red blood cells and salt
gland secretions of nesting leatherback sea turtles from Florida.
Element

Tissue

Median

Min

Max

N

Antimony

Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion
Red blood cells
Salt gland secretion

<0.05
<0.5
3.08
1.08
<0.05
<0.5
0.28
<0.10
<0.05
<0.5
1.04
0.14
0.06
<0.50
<0.05
<0.50
36.68
0.46
<0.01
<0.1
<0.05
<0.5

<0.05
<0.5
0.73
0.16
<0.05
<0.5
0.10
<0.10
<0.05
<0.5
0.69
<0.1
0.04
<0.50
<0.05
<0.50
13.81
0.05
<0.01
<0.1
<0.05
<0.05

<0.05
<0.5
7.85
4.01
<0.05
<0.5
0.66
<0.10
<0.05
2.93
2.00
0.60
0.17
<0.50
<0.05
<0.50
85.41
0.91
<0.01
<0.1
<0.05
2.31

17
13
17
13
17
13
17
13
17
13
17
13
17
13
17
13
17
13
17
13
17
13

Arsenic
Beryllium
Cadmium
Chromium
Lead
Mercury
Nickel
Selenium
Thallium
Vanadium

therefore, the discussion will focus on comparisons between RBCs
and SGSs in addition to inorganic contaminant concentrations in
salt glands of stranded leatherbacks.
Nesting leatherbacks are known to employ the capital breeding
strategy, whereby little food is ingested during nesting season (Plot
et al., 2013; Perrault et al., 2014b). It has been predicted that the
amount of food ingested during a single internesting interval
amounts to <1% of the energy required for their total reproductive
output (Casey et al., 2010). Despite the highly reduced food intake,
internesting females likely ingest water during nesting season that
is used for the formation of egg components, speciﬁcally egg
albumen. It has been estimated that ~4 L of water are invested into
each leatherback clutch laid, resulting in up to 40 L of water or more
required for reproductive output during the entire nesting season,
suggesting a high rate of water turnover (Wallace et al., 2005; Casey
et al., 2010). As a result, drinking likely occurs during nesting season, with additional sources of hydration coming from bodily reserves or metabolic water (Casey et al., 2010). The osmolality of
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Fig. 3. Nonmetric multi-dimensional scaling plot of arsenic, lead, and selenium concentrations in red blood cells and salt gland secretions, indicating variation in red
blood cell and salt gland secretion inorganic contaminant patterns. Each point represents blood or salt gland secretions from an individual female. The ellipses represent
the 95% conﬁdence limit, based on the standard deviation of red blood cells and salt
gland secretions. Stress ¼ 0.039 suggests that the plot is an excellent representation of
the differences between the sample types.

seawater (~1000 mOsm/L) is ~3 times higher than plasma of
leatherbacks (320e370 mOsm kg1; Lutz, 1997); therefore, nesting
females still must contend with osmoregulatory challenges during
nesting season, precipitating the need for salt gland function even
in times of reduced foraging. Inorganic contaminant signatures in
the salt gland might reﬂect local signatures in the water as a result
of drinking seawater and/or mobilization of inorganic contaminants during nesting season (Guirlet et al., 2008).
It is difﬁcult to make a number of inferences into the concentrations of inorganic contaminants in the SGSs as this has not been
documented in the literature for any species, to our knowledge. For
arsenic, cadmium, lead, and selenium, RBC concentrations were
higher than all SGS concentrations (Table 1; Fig. 1). Inferences about
mercury exposure in SGSs cannot be made due to all samples
measuring BLoQ. The NMDS plots indicate that SGSs cannot predict
inorganic contaminant concentrations in RBCs (and likely whole
blood as RBC and whole blood inorganic contaminant concentrations are highly correlated; Komoroske et al., 2011), and that variation within the SGSs was low (Fig. 3). As inorganic contaminants
are mobilized from tissues during nesting season, these elements
are then transported by blood for excretion through urine/feces,
incorporation into tissues (e.g., liver, kidney), and apparently,
secretion by the salt gland.
The salt glands of sea turtles have a number of lobules composed
of a mass of branched secretory tubules which are lined by a single
layer of columnar epithelial cells surrounding a narrow lumen
(Fig. 5; star annotates a tubular lumen). These tubules drain into a
central canal, which is lined by stratiﬁed epithelium consisting of
columnar to cuboidal cells (arrow; Fig. 5). The central canals drain
into secondary ducts, which subsequently empty into a main duct.
The ﬂuid in this main duct is then drained from the posterior corner
of the eye (Marshall and Saddlier, 1989; Williard, 2013). Active
transport involving Naþ-Kþ-ATPase pumps and Naþ-2Cl-Kþ cotransporters results in ion secretion into the lumen of the secretory tubules (Marshall, 1989). We cannot make inferences about the
transport mechanisms involved in secretion of these elements, but
inorganic contaminants can be moved through the body by endo/
exocytosis, diffusion, or active transport through ATP-dependent
pumps (Simkiss and Taylor, 1989). After food and/or water
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Table 2
Concentrations of inorganic contaminants (mean ± SD; mg g1 ww) in the salt glands of marine birds and sea turtles from this study and the literature.
Species name
Marine birds
Anas rubripes
Aythya marila
Anas platyrhynchos
Diomedea immutabilis (A)
Diomedea immutabilis (C)
Larus argentatus
Larus marinus
Phalacrocorax carbo
Sea turtles
Caretta caretta (F)
Caretta caretta (M)
Chelonia mydas (F)
Chelonia mydas (M)
Dermochelys coriacea (JF)
Dermochelys coriacea (SF)
Dermochelys coriacea (AF)
Dermochelys coriacea (AM)

Years

Location

N

Arsenic

Cadmium

Lead

Mercury

Selenium

Reference

1980e1981
1980e1981
1980e1981
1997
1997
e
e
1993

United States
United States
United States
Midway Island
Midway Island
United States
United States
Japan

6
9
4
10
15
8
8
10

e
e
e
0.08 ± 0.02
0.20 ± 0.04
0.44 ± 0.04
0.37 ± 0.09
e

0.64 ± 0.35
0.58 ± 0.36
0.32 ± 0.09
3.04 ± 0.71
0.16 ± 0.04
0.55 ± 0.28
0.12 ± 0.04
0.24 ± 0.11a

0.50 ± 0.04
0.43 ± 0.27
7.05 ± 0.30
0.20 ± 0.09
0.37 ± 0.19
1.04 ± 0.29
0.11 ± 0.03
e

0.15 ± 0.11
0.13 ± 0.04
0.71 ± 0.13
0.72 ± 0.78
0.06 ± 0.01
0.81 ± 0.12
1.02 ± 0.27
1.14 ± 0.42a

e
e
e
7.48 ± 0.35
4.59 ± 0.60
1.69 ± 0.29
1.37 ± 0.14
e

10
10
10
21
21
22
22
71

1990
1990
1990
1990
2011, 2013
2011
2012, 2014
2010

Japan
Japan
Japan
Japan
USA
USA
USA
USA

6
1
1
1
2e3
1
2
1

e
e
e
e
6.02, 6.38b
0.97
0.63, 2.53b
4.30

1.52 ± 0.33
0.83
0.58
0.90
0.49, 1.69b
5.75
5.68, 6.25b
3.56

<0.03
<0.03
<0.03
<0.03
<0.03
<0.03
<0.03
<0.03

0.05 ± 0.02
0.22
0.01
0.01
0.004e0.008c
0.07
0.13, 0.25b
0.06

e
e
e
e
2.73e6.20c
4.22
2.94, 3.75b
3.54

8
8
8
8
9,
9,
9,
9,

this
this
this
this

study
study
study
study

Abbreviations: A, adult; C, chick; F; female; J, juvenile; M, male; S, subadult.
a
Values are mg/g dw; these values likely correspond to 0.08 ± 0.04 mg g1 ww for cadmium and 0.37 ± 15 mg g1 ww for mercury based on an average moisture content of
67.9% for the salt gland of marine birds (Hughes, 1974).
b
Raw values (N ¼ 2).
c
Range (N ¼ 3).

transported by RBCs or plasma proteins, and excreted through the
kidneys, bile, and/or salt gland, and/or (3) stored in target organs
indeﬁnitely (e.g., bone, liver, kidney).
Sodium secretion through the salt gland can be on the order of
20,000 mg g1 (Reina et al., 2002). With regards to principal
excreted components, ionic mimicry is an important consideration;
this term has been deﬁned as the ability of an unbound, cationic
species of a metal to behave as a structural and/or functional homolog or mimic of another usually essential element at the site of a
carrier protein, ion channel, enzyme, structural protein, or metalbinding protein (Bridges and Zalups, 2005). For secretion of toxic
elements through the salt gland, it is possible that molecular or
ionic mimicry may occur for certain contaminants such as lead, as
this element is known to replace calcium in calcium/sodium ATP
pumps (Markich and Jeffree, 1994; Davidson et al., 2007), and such
pumps are likely to play a role in salt gland biochemistry. Certain

Fig. 4. Regression analyses between (a) arsenic, (b) cadmium, and (c) mercury concentrations in the salt gland and curved carapace length (CCL) of dead stranded
leatherbacks. Arsenic concentrations tended to decline with size, while mercury and
cadmium concentrations tended to increase with size. Correlations with lead and selenium are not shown as all samples fell below the limits of quantitation for lead and
there was no signiﬁcant relationship between CCL and selenium.

ingestion, there are three potential mechanisms for excretion and/
or accumulation: the inorganic contaminants are (1) not absorbed
across the gut and are excreted through the feces, (2) absorbed,

Fig. 5. Photomicrograph of a leatherback sea turtle salt gland. Branched secretory
tubules (star) drain into a central canal (arrow). H&E stain; scale bar ¼ 500 mm. Image
credit: Brian Stacy.
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elements are known to act as mimics of phosphate anions, and
particularly relevant here are certain species of arsenic (e.g., AsV)
and vanadium (e.g., VV), which can interact with phosphate transporters in renal epithelia and erythrocyte anion exchangers
(Apostoli et al., 2006). Chromium species may similarly interact
with sulfate transporters by mimicry (Apostoli et al., 2006). Additionally, the speciation of the inorganic contaminants documented
in the SGSs of the leatherbacks is unknown (i.e., is arsenic in the
form of arsenite, arsenate, monomethylated arsenic, dimethylated
arsenic, etc. and with what valence?) or if they are coordinated to
speciﬁc target secretion anions (e.g., sodium arsenate, cadmium
chloride, lead chloride, mercuric chloride, sodium selenate, etc.). It
is unlikely that a number of these elements are being secreted
through metal-bound proteins, as SGS is essentially protein-free
(Nicolson and Lutz, 1989). More likely, cations of inorganic contaminants are concentrating in the salt gland and subsequently
being excreted with the concentrated salt (i.e., sodium and chloride) secretions (Burger et al., 2000).
4.2. Bioaccumulation of inorganic contaminants in the salt gland
Only two studies report the concentrations of inorganic contaminants in the salt gland of sea turtles (Sakai et al., 2000b;
Perrault, 2012). In dead stranded leatherbacks from the western
Atlantic Ocean, arsenic concentrations were similar in the liver,
kidney, and salt gland, while cadmium was one order of magnitude
higher in the kidney and liver compared to the salt gland (Perrault,
unpublished data). In male and female green and loggerhead turtles stranded in Japan, salt gland cadmium, lead, and mercury
concentrations were lower than liver and kidney concentrations,
usually by 1e2 orders of magnitude. In leatherbacks stranding in
the western Atlantic Ocean, mercury was higher in the liver versus
the salt gland by one order of magnitude. Selenium was higher in
the liver compared to the salt gland, but the concentrations were of
the same order of magnitude (Perrault, 2012). While liver and salt
gland inorganic contaminant concentrations are often dissimilar,
the concentrations that occur in these tissues are highly correlated
for arsenic, cadmium, and mercury (r > 0.97 for all three contaminants; Perrault, 2012, unpublished data). These results suggest that
the salt gland is not only an osmoregulatory organ, but also serves
to excrete and/or biaccumulate contaminants (Burger et al., 2000;
Perrault, 2012).
In stranded leatherbacks, lead concentrations were low in the
salt gland (BLoQ: <0.03 mg g1 ww) in comparison to other contaminants and other tissues (Perrault, unpublished data). Why lead
concentrations are much lower in the salt gland in comparison to
other elements such as arsenic and selenium is unknown, but it is
likely that the uptake and accumulation of lead are related to calciotropic dynamics because lead often acts as a calcium mimic.
Bone may therefore act as a preferential depository for lead during
chronic environmental exposure. Thus, lead deposition is often
elevated in bone compared to other tissues (Sakai et al., 2000b;
Guirlet et al., 2008). This is in agreement with conceptual paradigms created for human environmental exposure to lead in which
bone acts as a long-term repository and only leaches lead back into
circulation over relatively long time periods (Hu et al., 1998). In
lead-dosed (intraperitoneally) herring gulls (Larus argentatus), lead
accumulated to the highest extent in bone, followed in descending
order by kidney, liver, feathers, brain, salt gland, and muscle,
further suggesting that the salt gland is not a primary target for lead
and that lead accumulates to greater extents in bone and other
tissues (Burger and Gochfeld, 1990). We did ﬁnd that lead was
observed in the SGSs of nesting leatherbacks, again suggesting that
lead follows calcium during the secretory process.
For arsenic, we observed a negative relationship between
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concentrations in the salt gland and CCL of stranded leatherbacks
(Fig. 4a). Arsenic concentrations in the livers of two juvenile
stranded leatherbacks were two times higher than the liver arsenic
concentrations of dead, stranded subadult and adult leatherbacks
(Perrault, unpublished data). This suggests a growth-dilution effect
as these animals grow and age, likely as a result of different prey
items and/or foraging environments between juveniles and subadults and adults. It has been suggested that subadult and adult
leatherbacks feed in foraging grounds in tropical, temperate and
subpolar waters. Comparatively, juveniles are most likely restricted
to warmer latitudes (>26  C; Eckert, 2002), where arsenic concentrations in local prey items might be elevated due to runoff from
contaminated soils (Chen et al., 2001). Dissimilar foraging areas
expose leatherbacks of different life stages to different contaminant
concentrations (Perrault, 2014). Similarly, green turtles from the
Yaeyama Islands showed decreases in tissue arsenic concentrations
(e.g., kidney, liver, muscle) with increasing size, which was attributed to age-related shifts in metabolic rates and/or prey items
(Saeki et al., 2000).
Alternatively, cadmium and mercury concentrations in salt
glands of stranded leatherbacks signiﬁcantly increased with
increasing CCL (Fig. 4b and c), suggesting bioaccumulation through
time. Mallards (Anas platyrhynchos) fed cadmium chloride for
several months showed increased cadmium concentrations in the
salt gland and kidney, indicating that these organs are targets for
accumulation (Bennett et al., 2000). Age/size-related accumulation
of cadmium in the tissues of sea turtles has been documented in
loggerhead turtles from Mexico (Gardner et al., 2006), while
growth-dilution of cadmium has been observed in green turtles
from Australia (Gordon et al., 1998) and Japan (Sakai et al., 2000a).
These growth related declines are likely related to dietary shifts of
green turtles from zooplankton as hatchlings and small juveniles to
seagrasses as the turtles become larger (Sakai et al., 2000a; Jones
and Seminoff, 2013). In leatherbacks, the opposite trend exists as
dietary shifts are unlikely and gelatinous zooplankton, the primary
prey items of leatherbacks, are high in cadmium in comparison to
arsenic, lead, mercury, and selenium (Caurant et al., 1999; Perrault,
unpublished data). Therefore, cadmium concentrations in leatherbacks should be examined more closely for potential effects on
health.
Bioaccumulation of mercury has been documented previously
in the livers of leatherbacks (Perrault, 2012). This bioaccumulation
is likely due to the massive amounts of prey ingested daily on
foraging grounds (Heaslip et al., 2012) and as a whole throughout
their lifespan (~1000 metric tons of gelatinous prey; Jones et al.,
2012), even though mercury concentrations are low in leatherback prey items (Perrault, 2014). It is likely that tissue, species, and
population level differences in inorganic contaminant accumulation exist due to dissimilarities in physiologies, uptake, and storage
of inorganic contaminants (Burger and Gochfeld, 1985; Burger et al.,
2000).
The potential effects of the inorganic contaminants on salt gland
function of the leatherback cannot be discussed in detail, as this is
the ﬁrst report of a number of these toxicants in this organ and
baseline concentrations have not been established. Inhibition of
NaþeKþeATPase by contaminants has been documented in birds,
which can lead to osmoregulatory challenges (Rattner and Heath,
2003). For example, in black ducks (Anas rubripes) dosed with
fenthion, an organophosphate pesticide, increases in plasma sodium, uric acid, and osmolalities were observed. Fenthion-dosed
birds showed reductions in plasma and brain cholinesterase (a
neurotransmitter involved in salt gland function) and
NaþeKþeATPase activities, suggesting that pesticides could inhibit
salt gland function (Eastin et al., 1982). Additionally, green turtles
exposed to crude oil experienced severely decreased salt gland
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activity (Lutcavage et al., 1995). Chloride secretion in shark rectal
glands, which have similar physiological mechanisms to sea turtle
salt glands (Marshall, 1989), were shown to be inhibited by exposure to mercuric chloride (Silva et al., 1992; Ratner et al., 2006).
Lastly, in mallards fed cadmium chloride, increases in salt gland
mass were observed in the low and high dose groups, indicating an
increase in the amount of osmoregulatory work of this organ as a
result of cadmium exposure. The resulting cadmium concentrations
in mallards in the low dose group were similar to concentrations
observed in leatherbacks from this study, implying that contaminant exposure in the salt gland could inhibit the secretory capabilities of salt glands and could increase the metabolic costs of
maintaining ionic homeostasis in leatherbacks (Bennett et al.,
2000). If the salt glands of sea turtles are sensitive to contaminants, then alterations in ion regulation may result, impacting the
health of these already imperiled species (Bennett et al., 2000;
Milton and Lutz, 2003; Keller et al., 2004).
5. Conclusions
Leatherback sea turtles have been particularly underrepresented in the contaminant literature. Our results suggests a previously unexplored route of elimination and accumulation of
contaminants in sea turtles. As toxicants are continually deposited
into Earth's oceans, long-term contaminant monitoring of sea turtle
tissues should be conducted to determine if accumulation is
occurring over time. Future research should focus on SGSs of
foraging leatherbacks in addition to other sea turtle species in an
effort to determine intraspecies and interspecies differences. Due to
the potential of the salt gland as a target organ for contaminant
accumulation, negative effects of salt gland function in relation to
toxicant exposure cannot be ruled out. Pathologic examination of
leatherback salt glands should be paired with toxicological studies
to determine if tissue abnormalities might be associated with
contaminant exposure.
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