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Many factors threaten the survival of marine turtles, such as incidental capture by fisheries, habitat degradation, pollution
and diseases. One of the most important diseases is fibropapillomatosis (FP), characterized by the development of benign skin
tumours. FP predominantly affects juvenile green sea turtles (Chelonia mydas) and involves a complex multifactorial aeti-
ology. For several years, it has been noted that the prevalence of FP tends to be higher in marine environments under the
influence of human activities, leading to the hypothesis that environmental pollutants play a role in the epidemiology of
this disease. Organochlorine compounds (OCs) are persistent organic pollutants with immunosuppressive and carcinogenic
effects in humans and wildlife. OC levels (a-BHC, B-BHC, a-endosulphan, B-endosulphan, endosulphan sulphate,
pp’-DDD, op’-DDD, pp’-DDE, op’-DDE, heptachlor, dicofol and mirex) were quantified through gas chromatography
with a micro-electron capture detector (GC-uECD) in liver and fat samples from 64 juvenile green sea turtles. Specimens
with and without FP were analysed, after being caught at three feeding areas off the Brazilian coast: Ubatuba, Praia
Grande and Vitéria. OC levels were comparable to those observed in similar studies, and no consistent difference was observed
between sea turtles with and without FP. This study helps to elucidate the contamination profile in sea turtles caught at
feeding areas off Brazil and confirms that green sea turtles are exposed to OCs, which may play a negative role in the
health of this species.
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INTRODUCTION

Sea turtles face a variety of threats throughout their lives, of
which the most significant are habitat loss, fisheries
by-catch, climate change, marine pollution and infectious dis-
eases (Hamann et al, 2010). These conservation threats are
largely related to habitat degradation and coastal development
(Seminoff, 2004; Santos et al., 2011). While fisheries by-catch
and marine pollution are well-documented factors leading to
mortality and changes in the distribution of sea turtles, little
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is known about the effects of the environment or climate
change and disease in the population viability of wild sea
turtles (Hamann et al., 2010).

Fibropapillomatosis (FP) is a debilitating neoplastic disease
known since the 1930s (Smith & Coates, 1938). It is one of the
most important threats to the conservation of green turtles
(Work & Balazs, 1997) and is a major cause of turtle strand-
ings in Hawaii (Chaloupka et al., 2008) and Florida (Foley
et al., 2005). Initially, viral particles suggestive of herpesvirus
were observed in FP tumours (Jacobson et al., 1991), and
the disease was shown to be transmissible through the inocu-
lation of cell-free extracts of FP tumours (Herbst et al, 1995,
1999). Molecular studies later identified an alpha-herpesvirus,
chelonid fibropapillomatosis-associated herpesvirus (CFPHV),
and suggested this could be the primary aetiological agent of
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FP (Ene et al., 2005). Four regional variants of the virus were
identified, and their phylogeographic distribution was found
to partly reflect the population dynamics of the sea turtles
(Patricio et al., 2012). Despite the strong evidence for a viral
aetiology, however, the onset of FP also seems related to
human-altered environments (Foley et al, 2005; Van
Houtan et al., 2010).

FP has a heterogeneous geographic distribution. Its preva-
lence varies widely across regions, time and age groups,
ranging from 1.4 to 90% and tending to be higher in marine
environments suffering the impact of human activities
(Aguirre et al., 1994b; Herbst, 1994; Arthur et al., 2008).
Along the Brazilian coast, the average prevalence is 15.4%
(Baptistotte, 2007). Some researchers have suggested that the
geographic variation in FP prevalence could be the conse-
quence of the high fidelity of sea turtles to their feeding
areas, as this would allow or favour chronic exposure to pol-
lutants or other tumour-promoting agents (Taquet ef al,
2006; Arthur et al, 2008). Several studies have supported
the interpretation that environmental co-factors play a role
in the pathogenesis of FP, including natural tumour-
promoting compounds (Herbst, 1994; Herbst & Klein, 1995;
Landsberg et al., 1999; Arthur et al., 2008), UV rays and chem-
ical compounds (Weisburger, 1989; Ananthaswamy &
Pierceall, 1990). Recent investigations also identified a high
prevalence of FP in coastal waters characterized by habitat
degradation and pollution, shallow-water areas and low
energy waves (Foley et al., 2005). Epidemiological links have
also been identified between FP and nitrogen-footprints, inva-
sive macroalgae and overall environmental quality (dos Santos
et al., 2010; Van Houtan et al., 2010).

Because herpesviruses can become latent following an
acute infection (Hoff & Hoff, 1984), environmental factors
that negatively affect the immune response could favour a
relapse of the disease (Herbst, 1994; Herbst et al., 1998).
Several pollutants are known to produce immune suppression
and/or to have carcinogenic effects, and it has been suggested
that these substances might induce a latent CFPHV infection
to become active, leading to the development of FP (Balazs,
1991; Herbst & Klein, 1995).

Among others, organochlorine compounds (OCs) are par-
ticularly relevant due to their toxicity and persistence in the
environment, which resulted in these chemicals being classi-
fied as persistent organic pollutants (POPs) (Almeida et al.,
2007). Some of these compounds are pesticides whose usage
in Brazil began in 1946 (MMA, 2006). In the following
decades, large quantities of OCs were employed by farms,
public health authorities and industry until restrictions were
introduced in the 1980s (Directives MAPA No. 329/1985
and No. 153/1988, MIC/MI/MME No. 19/1981).

Due to their persistency, toxicity and ability to bioaccumu-
late, OCs can be found in high concentrations and have
adverse health effects in long-lived species such as sea
turtles (Aguirre & Lutz, 2004). It has been shown OCs may
cause modulation of the immune system of these animals
(Keller et al., 2004b, 2006), which leads to the hypothesis
that these compounds could increase the susceptibility to
infectious pathogens; however, relatively few studies have
attempted to determine whether POPs contribute to the devel-
opment of FP (Aguirre et al., 1994a; Miao et al., 2001; Keller
et al, 2014). In fact, the lack of knowledge about the role
played by environmental factors in the development of FP is
one of the specific stated concerns of field experts (Hamann
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et al., 2010). In this study, we quantified the concentrations
of several OCs in the tissues of green turtles caught at three
feeding areas off south-eastern Brazil, aiming to correlate
the concentrations of these pollutants with the occurrence of
FP.

MATERIALS AND VMIETHODS

Sampling

Through the research and conservational efforts of
TAMAR-ICMBio and Biopesca Projects during 2011 and
2012, green turtle carcasses were sampled following standard
necropsy procedures (Flint ef al., 2009a, b). In total, 64 fresh
or moderately decomposed specimens (carcass condition
codes D2 and D3) (Flint et al., 2009a, b) were studied at
three feeding areas in south-eastern Brazil: Praia Grande
(N =16) and Ubatuba (N = 26), State of Sio Paulo, and
Vitoria (N = 22), State of Espirito Santo (Figure 1). The
average FP prevalence is 10.7% in Sdo Paulo state, and
27.4% in Espirito Santo state (Baptistotte, 2007).

All individuals were juveniles with curved carapace lengths
between 30 and 57.5 cm (mean 4+ SD = 38.68 + 5.41 cm)
and body masses between 2.5 and 1s5.5 kg (mean + SD =
6.44 + 2.94 kg). Turtles were classified according to the pres-
ence of fibropapilloma tumours on the external body surface:
‘With FP’ (N = 24) and ‘No FP’ (N = 40). No tumours were
observed in the viscera. Fragments of 5-10 g fat (N = 51) and
liver (N = 64) were collected and stored frozen at —20°C for
laboratory analysis.

Laboratory analyses

Samples of adipose and liver tissue were homogenized with a
scalpel and Ultraturrax® (IKA, Staufen, Germany). Extraction
and clean-up were performed by adapting a previous protocol
(Castillo et al., 2011). Extraction was performed twice using
1g of tissue with 8 mL acetonitrile saturated with 18%
n-hexane. A pre-clean-up step was performed by putting the
extract in an ultra-freezer (—80°C) for 20 min to promote
lipid precipitation and phase separation. The first clean-up
was done by dispersive solid-phase extraction (d-SPE) based
on QuEChERS (Anastassiades et al., 2003) by mixing 8 mL
of acetonitrile extract with 1.2 g of magnesium sulphate
(MgSO,) and 0.4 g of primary and secondary amine (PSA).
For the second clean-up, extracts were transferred to mini-
columns of 1 gsilica gel and 1 g of anhydrous sodium sulphate
and eluted with a n-hexane:toluene (v:v, 65:35) solution, fol-
lowed by a toluene elution (Ciscato, 2008).

The chosen target compounds for analysis are of
historical and economic interest in Brazil: «-BHC, 3-BHC,
a-endosulphan, B-endosulphan, endosulphan sulphate,
pp’-DDD, op’-DDD, pp’-DDE, op’-DDE, heptachlor, dicofol
and mirex. All OC analytical standards had over 98.9%
purity (Dr Ehrenstorfer™, Augsburg, Germany; Chemservice,
West Chester, USA) and solvent purities were higher than
98% (JT Baker®; Tedia Company Inc®; Macron
Chemicals). Separation, detection and quantification of OCs
was performed using a gas-phase chromatographic (GC)
system (Agilent 7890A) with an autosampler (Agilent 7683)
in a pulsed-split mode, Agilent HP capillary column
(30m X 320 um X 0.25 wm) and a micro-electron capture
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Fig. 1. Geographic distribution of studied areas at Brazilian south-eastern coast.

detector (WECD) coupled to ChemStation B.o4.02 software.
Operating conditions of the GC- WECD system were as
follows: initial temperature 100°C; followed by an increase
of 20°Cmin ' to 210°C, held for 3 min; an increase of
15°Cmin_ ' to 230°C, maintained for 5 min; an increase of
10°Cmin™ " to 280°C, held for 3 min; carrier gas (N,) with
a constant flow of 1mlmin™'; make-up gas (N,) at
39 mL min~ *; detector temperature at 300°C. The total ana-
lytical run time was 22.8 min.

The method was validated based on the guidelines of
the Eurachem guide (Magnusson & Ornemark, 2014). The
limits of quantification (LQs) were lower than 5.3 ngg ' for
all compounds; a medium matrix effect was observed with
signal suppression; the matrix extract-calibration curve
showed linearity in the range of 0.5-100 ng mL™*; recovery
was satisfactory at concentrations of 6 and 6o ngg '. The
quality control (QC) was performed by injection of blank
samples and not showing interference above 30% of LQs,
and fortified samples injected with all real samples, with
recoveries at 60 ng g~ ' between 70% and 120%, with recover-
ies higher than 120% only observed in a few cases for 3-BHC
and Dicofol (validation and QC results not displayed).

Statistical analysis

The following concentration sums were calculated: HCHs
(a-BHC, B-BHC), SDDTs (op/-DDE, pp/-DDE, op/-DDD,
pp’-DDD), 2endosulphans (a-endosulphan, B-endosulphan,
endosulphan sulphate) and %OCs (all analysed compounds).

The analyses employed statistical methods appropriate to
left-censored data and considered all the results, including
those below the LQ. Means, medians and standard deviations
for all OCs were estimated using the Kaplan - Meier approach.
The Gehan-Wilcoxon test as modified by Peto & Peto was
used to test for differences among locations (Vitoria,
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Ubatuba, Praia Grande) and fibropapillomatosis (with FP or
without FP), as recommended by Helsel (2005) and Lee
(2013). Analyses were performed using the open-source R
software (R Core Team, 2014) and NADA package (Lee,
2013). The significance level (o) was 0.05 for all analyses.

RESULTS

All compounds were found in concentrations higher than the
LQ in at least one sample. Table 1 summarizes the OC concen-
trations in fat and liver samples. These concentrations were
compared with respect to the location and occurrence of fibro-
papillomatosis and the results are presented in Tables 1 and 2.

DISCUSSION

The concentration of organochlorine compounds identified in
this study contribute to the establishment of a toxicological
baseline for the Brazilian coast, a region for which consider-
able gaps in our knowledge still exist (Keller, 2013).

A recurring problem in sea turtle toxicological studies is that
each investigation analyses different tissues from individuals
with diverse combinations of age class, sex and body condition
and reports on a different group of compounds employing dis-
tinct laboratory methods and concentration units; as a result,
data from different investigations often cannot be compared
(Keller, 2013). Furthermore, it is important to keep in mind
that the concentrations of POPs in the tissues of sea turtles
are driven by complex interactions of biological (lipid
content, body condition, trophic status, age, sex), environmen-
tal (water currents, air movements, temperature, precipitation,
salinity, organic matter content, etc.) and human factors (loca-
lized uses and chemical releases within certain watersheds),
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Table 1. Concentrations of organochlorine compounds (ng g~* wet weight) in the fat and livers of green sea turtles (Chelonia mydas) caught at the
studied areas.

n>LQ* Mean SD Median Max Location (P) Fibropapillomatosis (P)
Fat
a-BHC 43 6.0 6.54 5.80 48.1 0.621 0.983
B-BHC 43 11.4 8.39 9.51 33.9 0.219 0.455
op’-DDE 6 - - - 34.9 0.534 0.034™*
pp’-DDE 26 4.5 4.32 1.98 20.9 <o0.001** 0.963
op’-DDD 12 4.0 9.44 - 41.3 0.123 0.865
pp’-DDD 1 - - - 4.2 - -
a-endosulphan 13 5.2 19.52 - 136.3 0.382 0.751
-endosulphan 6 - - - 38.6 0.722 0.153
endosulphan sulphate 15 3.4 9.81 - 61.8 0.943 0.436
heptachlor 42 18.6 15.04 12.63 62.9 0.065 <0.001**
dicofol 16 81.7 325.38 - 2141.1 0.001** 0.123
mirex 6 - - - 19.6 - 0.128
SHCHs* 46 16.9 13.21 14.11 77-4 0.216 0.486
SDDTs? 31 8.7 13.45 4.22 69.3 0.002** 0.315
Sendosulphans® 29 8.1 26.15 1.07 175.0 0.485 0.651
S0Cs¢ 51 104.9 290.67 35.95 2150.1 0.060 0.511
Liver

a-BHC 49 4.4 2.16 3.99 13.4 0.358 0.080
B-BHC 31 3.5 4.49 - 26.0 0.520 0.274
op’-DDE 9 - - - 29.2 0.247 0.247
pp’-DDE 15 3.1 2.65 - 13.5 0.053 0.224
op’-DDD 6 - - - 13.9 - -
pp’-DDD 2 - - - 10.8 - -
a-endosulphan 18 6.7 16.37 - 111.2 0.224 0.012**
B-endosulphan 8 1.7 3.92 - 28.0 0.560 0.914
endosulphan sulphate 8 2.8 11.75 - 89.4 0.543 0.952
heptachlor 36 12.5 11.29 6.75 54.4 <0.001** 0.006™*
dicofol 15 8.9 20.26 - 93.9 0.195 0.188
mirex 13 20.2 87.08 - 597.5 0.510 0.062
SHCHs* 52 7.0 6.28 5.21 33.3 0.581 0.138
SDDTs® 23 4.8 8.36 0.81 39.5 0.002** 0.010**
S.endosulphans® 26 8.2 22.25 0.77 118.2 0.544 0.056
30Cs? 59 54.5 99.34 25.89 643.0 0.095 0.831

?Sum of a-BHC, 3-BHC.

*Sum of op’-DDE, pp’-DDE, op’-DDD, pp’-DDD.

“Sum of a-endosulphan, B-endosulphan, endosulphan sulphate.
9Sum of all analysed compounds.

*Number of samples with concentrations >LQ; **Significant difference (P < 0.05). Some parameters could not be obtained due to an insufficient
number of samples >LQ. Mean and SD were not estimated for compounds in which 80% or more of the individuals had concentrations below LQ.

and it is therefore difficult to distinguish the effect of these
factors (Keller, 2013). This, combined with the fact that sea
turtles are migratory animals, warrants caution when interpret-
ing the geographic patterns that may occur in the concentra-
tions of POPs in the tissues of these animals.

In this study, the fact that we employed GC-wECD with a
relatively short capillary column length (30 m) may have
limited the accuracy and precision of the results. Validation
data suggest that co-elution of halogenated compounds may
have occurred to some extent, elevating the measured concen-
trations for some of the compounds studied. Bearing this in
mind, future studies are advised to employ more selective
gas chromatography methods such as mass spectrometry
(MS), along with a longer capillary column (preferably
60 m), which should produce more faithful measurements
of OCs concentrations in the species. With these limitations
in mind, we briefly compare our findings to those of other
investigations on the concentrations of organochlorine com-
pounds in the tissues of green sea turtles.
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The results of total dichlorodiphenyltrichloroethanes
(SDDTs) from different studies are difficult to compare
because often different DDT metabolites are quantified.
Nevertheless, a few patterns are consistently observed across
studies. Due to its highly persistent nature, the pp’-DDE
isomer is often the predominant metabolite in sea turtles
(McKim & Johnson, 1983; Rybitski et al., 1995; McKenzie
et al., 1999; Keller et al., 2004a, b; van de Merwe et al., 2010;
Malarvannan ef al., 2011), and in some cases may represent
up to 80% of all DDT concentrations (Lazar et al., 2011).
Concentrations of pp’-DDE in fat tissue in this study are
close to those reported in juvenile green sea turtles at
Cyprus (McKenzie et al, 1999), and the concentrations of
this compound in the liver are similar to those reported in
green sea turtles in East Florida (McKim & Johnson, 1983)
and Cyprus (McKenzie et al, 1999). It is worth noting,
however, that exceptions to this rule exist and pp’-DDD can
also be a major contributor to the DDT group (Gardner
et al., 2003).
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Residual DDT patterns in dolphins suggest that op’-DDT is
more recalcitrant than pp’-DDT in the body of the animals
and/or in the environment, and this compound seems to be
preferentially converted into op’-DDD rather than op’-DDE
(Yogui et al, 2010). In this study a predominance of
pp’-DDE was found in fat while pp’-DDD was predominant
in the liver, with op’-DDE present in the lowest con-
centrations for both tissues. Moreover, the pattern observed
in this study suggests a tendency to convert DDT metabolites
into op’-DDD rather than op’-DDE. The DDT pattern
could be better explained by the calculation of the DDE/
3DDT ratio, an index used for assessment of the chronology
of contaminant input into the ecosystem (Aguilar, 1984). In
this study, the pp’-DDE/EDDT ratio was low (0.52). Had
op’-DDT and pp’-DDT metabolites been quantified, this
index could have been lower, but not higher. A value
lower than 0.6 may indicate recent application of DDTs
(Aguilar, 1984). This is consistent with the similarly low
pp -DDE/EDDT ratio (0.56) found in coastal marine
mammals near metropolitan areas in north-eastern Brazil,
suggesting exposure to new releases of DDTs, in addition to
higher use and persistence in the environment (Santos-Neto
et al., 2014).

In addition to DDTs, other organochlorine compounds
that can also be highlighted as particularly relevant are
dicofol, mirex, heptachlor and HCHs. Although dicofol has
not been evaluated in past toxicological studies of sea
turtles, the levels reported here in fat tissue are similar to
the total levels of PCBs (one of the most predominant POPs
in sea turtles) reported in the fat of green sea turtles at the
Canary Islands (Ords et al., 2009) and Cyprus (McKenzie
et al., 1999) and are higher than the total PCBs in green sea
turtles at Baja California, Mexico (Gardner et al., 2003).

It is interesting to compare our results to studies at Lake
Apopka, Florida, where a large spill of pesticides (dicofol,
DDT and others) occurred in the 1980s and caused endocrine
and reproductive problems in American alligators (Alligator
mississippiensis), culminating in a 9o% population decrease
(Woodward et al., 1993; Guillette et al., 1994, 1999). In that
case, plasma 2DDTs was 7.8ngmL™ ' in males and
19.88 ng mL ™ ' in females (Crain ef al., 1998). Because differ-
ent biological samples were analysed, it is difficult to compare
the results from alligators to the XDDTs concentrations in this
study (8.7 and 4.8 ngg ' in fat and liver, respectively).
However, if we consider that DDTs concentrations in the
fat of sea turtles are approximately 100 times higher than
those in the blood (Keller et al., 2004a), this would imply
that >DDTs concentrations in this study were approximately
two orders of magnitude lower than those observed in alliga-
tors at Lake Apopka.

No clear pattern was observed for other compounds;
mirex concentrations in the liver of sea turtles are higher
in this study than those reported for the same species in
Queensland, Australia (van de Merwe et al, 2010).
Chlordanes such as heptachlor presented lower values in
both fat and liver in this study than the total chlordanes in
green sea turtles at Baja California, whereas a-endosulphan
and B-endosulphan concentrations were higher than in this
study (Gardner et al., 2003). HCH concentrations in the fat
and liver samples in this study were generally higher than in
loggerhead turtles (Caretta caretta) in North Carolina. This
finding is surprising given the lower trophic level of green
sea turtles, as it would normally be expected that turtle
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species with the highest trophic status would accumulate
higher POP concentrations (Keller, 2013).

The OC concentrations observed in this study are at least to
some extent probably due to a recent or large historical release
of these compounds off the Brazilian coast. Additionally, the
chemical properties of some of these compounds may also
help explain the patterns observed. For example, mirex was
used as both pesticide and flame retardant in Brazilian
states, such Sdo Paulo, and the higher chlorination level of
this compound may also contribute to its persistence in the
environment (Yogui et al., 2010), explaining the relatively
high values of mirex observed here. In this study mirex was
detected at higher levels than HCHs, as previously reported
on small cetaceans from Brazil (Yogui et al, 2010). On the
other hand, HCHs are highly volatile, and as a result it is rea-
sonable to expect to find them in lower concentrations in the
tissues of marine animals in tropical areas (Tanabe et al,
1993); however, this was not seen in this study, as relatively
high concentrations of HCHs were observed. HCHs and
mirex values reported in liver were higher than reported for
locations such as Queensland, Australia and Ishigaki Island,
Japan (Keller, 2013). A possible explanation for the high
HCH concentrations in this study is that they may have
been overestimated due to co-elution of other halogenated
compounds.

Even though some significant differences were found in OC
levels between turtles with and without FP, there was not a
consistent pattern. In many cases, OC concentrations were
higher in turtles without FP than in those affected by this
disease. The hypothesis that exposure to OCs could be a
co-factor for FP occurrence is therefore not supported by
the findings of this study; this agrees with similar studies in
Hawaii (Aguirre et al., 1994a; Miao et al., 2001; Keller et al,
2014) and Brazil (Silva, 2009; Rossi, 2014).

Regardless of the role played by OCs in the pathogenesis of
FP, it should be noted that even the relatively low levels of OCs
observed here may affect a wide variety of biological functions,
including immunity, proteins and ion homeostasis. It is
unlikely that evidence will be found of an acute toxic effect
from such OC concentrations, but chronic effects, particularly
on immunity, cannot be discarded (Rybitski ef al., 1995; Keller
et al., 2004b, 2006). Seals experimentally fed polluted fish from
the Baltic Sea demonstrated suppression of immune functions
(De Swart et al., 1994) and impairment of the immune system
against viral infections following exposure to PCBs has also
been shown experimentally in ducks (Friend & Trainer,
1970) and in mice (Imanishi et al., 1980; Krzystyniak et al.,
1985, 1986). Epidemiological evidence also suggests an associ-
ation between the presence of pollutants in the tissues of
marine animals and the occurrence of infections and physio-
logical dysfunctions in free-ranging marine animals (De Guise
et al., 1994, 19953, b; Martineau et al., 1995; Jepson et al., 1999;
Jenssen et al., 2003). In the case of sea turtles, recent studies
have found evidence that chronic exposure to OCs may sup-
press innate immunity or enhance certain lymphocyte func-
tions in loggerhead turtles (Keller et al., 2006).

In conclusion, our study confirms that green sea turtles in
the South-west Atlantic are exposed to persistent organic pol-
lutants. Although no evidence was found to corroborate a
direct relationship between OCs and fibropapillomatosis in
the studied sea turtles, these compounds could play an indirect
role in the pathogenesis of this disease and/or otherwise affect
the health, survival and reproduction of these animals.
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