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• A dam collapsed in southeast Brazil affect-
ing a foraging area (Santa Cruz).

• Sea turtles are less healthy, with higher
prevalence of fibropapillomatosis and ec-
toparasites.

• They also had a worse nutritional status
and higher degree of hepatic and renal le-
sions.

• Santa Cruz turtles also presented elevated
levels of As and Cu.
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In 2015, the failure of the Fundão dam caused the release of 43 million m3 of tailings into the Doce River Basin, in
southeast Brazil. It was considered the largest environmental disaster of the world mining industry. The tailings, com-
posedmostly of heavymetals, causedmassive destruction of the Doce River ecosystem endangering the organisms that
live in the coastal zone where the mud reached the ocean. Among the exposed species are the sea turtles that use the
region for food. The aim of this study was to evaluate the effect of contaminants on the health status of juvenile green
sea turtles that feed in a coastal area exposed to ore mud (Santa Cruz) and to compare themwith animals from an area
not directly affected (Coroa Vermelha). A physical examination was performed to determine the health status. Blood
samples were analyzed for hematological and biochemical parameters, and metal concentrations (As, Cd, Cr, Cu, Fe,
Hg, Mn, Pb, and Zn). Santa Cruz sea turtles had more ectoparasites and a higher incidence of fibropapillomatosis. Sta-
tistically significant differences between sites were found for levels of calcium, phosphorus, glucose, protein, albumin,
globulin, cholesterol, triglycerides, urea, CPK, ALT, and AST. The count of leukocytes, thrombocytes, and heterophils,
as well as the concentrations of As and Cu were higher in Santa Cruz turtles. Together the results show a worse nutri-
tional status and a greater degree of liver and kidney damage in animals affected by the tailings. The health statusmay
indicate a physiological deficit that can affect their immune system and behavior, which is supported by the higher
fibropapillomatosis tumor score and ectoparasite load in these animals. These results support the need for long-term
monitoring of the exposed area to quantify the direct and indirect influence of the heavy metals levels on sea turtles
and how this reflects the environmental health.
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1. Introduction
In 2015, the collapse of Fundão dam in Mariana (Minas Gerais state,
Brazil) released 43 million cubic meters of tailings (80% of the total
contained volume) from iron ore extraction. The mud engulfed the nearest
village Bento Rodrigues displacing its entire population (six hundred citi-
zens), killing nineteen people, and damaging cultural heritage dating to
the 1700s (MB, 2016). On the same day of the accident, the tailings reached
the Doce river basin that has 98% of its area within the Atlantic Forest
biome, which is considered one of the world's most important hotspot for
biodiversity conservation due to high levels of species richness and ende-
mism (Myers et al., 2000).

The tailings were composed mostly of iron ore and silica, and contained
high levels of arsenic (As), cadmium (Cd), copper (Cu), chromium (Cr), lead
(Pb), mercury (Hg), manganese (Mn), nickel (Ni), and selenium (Se)
(IGAM, 2015; MB, 2016). The “mud tsunami” killed thousands of fish, in-
vertebrates, and benthic organisms along its path, causing drastic environ-
mental damage to watercourses in Doce river basin and associated
ecosystems (Samarco, 2016). The residents of riverside communities (in-
cluded indigenous populations) were left without access to clean water,
food, fishing resources, crop production sites, hydroelectric power genera-
tion, and commodities that support the local economy (Fernandes et al.,
2016). The mudflow spread along a 668 km trajectory making it the largest
environmental disaster in the world mining industry, both in terms of tail-
ings volume dumped and the geographic extent of socioeconomic and envi-
ronmental damage (Carmo et al., 2017; Samarco, 2016).

Sixteen days after the accident, the tailings reached the Atlantic Ocean,
endangering organisms living in the coastal zone (Escobar, 2015). In the
sea, the river plume dispersed mostly southward, and the main driver was
the wind along with the presence of the Brazil Current. Marta-Almeida
et al. (2016) modeled the dispersion pattern of the plume and showed
that Abrolhos Marine National Park, an important protected area situated
200 km north of Doce river was not directly affected by the disaster. In con-
trast, three conservation units situated towards the south of the river mouth
were right in the most affected region core: the Comboios Biological Re-
serve at the Doce river mouth, the Santa Cruz National Wildlife Refuge,
and the Costa das Algas Environmental Protection Area (38 km from the
Doce river mouth). Costa das Algas Environment Protection Area together
with Santa Cruz National Wildlife Refuge presents a wide variety of calcar-
eous or non-calcareous marine macroalgae, considered the richest
macroalgae flora in Brazil (Gastão et al., 2020). They provide substrate,
shelter, and food for marine fauna, including sea turtles.

Marine macroalgae communities are affected by contaminants and nu-
trients due to their fast uptake of water-borne pollutants and their reliance
on specific benthic habitat types for propagation and growth (Murray and
Littler, 1978). It impairs physiological performance, growth rates, and bio-
chemical diversity of macroalgae, and may also promote the loss of mole-
cules such as enzymes. Consequently, it can result in community structure
changes favoring opportunistic and more resistant species and excluding
late successional and fragile ones (Murray and Littler, 1978). The decreased
macroalgae species richness could reduce the dietary quality of generalist
marine herbivores, such as green sea turtles, and a restricted diet may ad-
versely affect sea turtles since different food items are required to optimize
different life cycle processes such as growth, survival, and fecundity (Worm
et al., 2006).

Among sea turtles that make use of coastal areas, is the green sea turtle
(C. mydas) which inhabits nearshore waters close to human populations
and enters river and lake estuaries (Limpus, 2008; Musick and Limpus,
1997). In these neritic zones, C. mydas primarily consume seagrasses and
algae (Bjorndal, 1997) but they can also eat animalmaterial when available
(Bjorndal, 1997; Read and Limpus, 2002) and mangrove fruit when in sea-
son (Limpus and Limpus, 2000; Read and Limpus, 2002). Satellite tracking
studies reveal that C. mydas exhibit high site fidelity to feeding areas, un-
dertaking short term movements of 2 to 24 km (Limpus, 2008) taking up
residency in these areas over decades (Chaloupka, 2004),making them sus-
ceptible to anthropic impacts from these areas for prolonged periods of
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their life. Thus, the coastal habit along with the high site fidelity makes
themparticularly prone to exposure to pollutants such as heavymetals, pes-
ticides, and other contaminants that are washed into coastal waters.

Marine turtles readily accumulate environmental pollutants through a
diversity of mechanisms such as dietary uptake or direct contact (with sed-
iment and water) (Anan et al., 2001). Consequently, the contamination and
composition of the turtles' diet can represent, to some extent, the state of the
environment where they feed (Santos et al., 2011). In these animals, heavy
metals bioaccumulation is critical, due to their high rates of daily consump-
tion, long periods of time spent in coastal feeding areas near sources of pol-
lution, and long-life spans (Miguel and Santos, 2019).

To better understand the effects that contaminant exposure and other
threatening processes may impose on sea turtles, clinical evaluation is a
useful tool. The alterations of clinical-laboratory parameters are early de-
tected and very sensitive, thus assisting in the detection of possible addi-
tional effects that an organ or individual could suffer (Stegeman et al.,
1992). Clinical health assessments usually include a physical examination
and measurements of hematological and biochemical parameters. Some
studies with sea turtles have correlated the levels of contaminants with
health parameters (Day et al., 2007; Komoroske et al., 2011; Camacho
et al., 2013; Álvarez-Varas et al., 2017; Cortés-Gómez et al., 2017; Ley-
Quiñónez et al., 2017; Perrault et al., 2017; Tauer et al., 2017; Cortés-
Gómez et al., 2018a), fibropapilloma tumors (Silva et al., 2016; Prioste,
2016), oxidative stress (Labrada-Martagón et al., 2011; Silva et al., 2016;
Cortés-Gómez et al., 2018b), and carapace asymmetry (Cortés-Gómez
et al., 2018c). Potential consequences of pollutants in sea turtles range
from death to less obvious chronic and acute sublethal effects
encompassing some diseases, like fibropapillomatosis.

Scientific research concerning the interactions of heavymetals with bio-
chemical and physiological processes is extremely important to determine
the impact on the health and survival of sea turtles in different life stages
(Van de Merwe, 2008) which will influence population levels. Currently,
the impact of the Fundão dam rupture tailings in Brazilian sea turtles is un-
known. The objectives of this study are: (i) to assess heavymetal concentra-
tions in the blood of green sea turtles feeding in an area affected by mining
waste (Santa Cruz) and in a close area that was not directly affected by the
tailings (Coroa Vermelha); (ii) to compare green sea turtle health reference
intervals within the study areas using biochemical parameters, hematology,
and in-field visual indicators of health (barnacles and ectoparasites pres-
ence, eye lesions, fibropapilloma tumors, and body condition scores); and
(iii) to correlate green sea turtle health parameters with heavy metal levels
to help determine whether contaminant exposure adversely affected sea
turtle health at individual and populational levels.

2. Material and methods

2.1. Study sites

Coroa Vermelha reef (CV) is distant from anthropogenic sources, lo-
cated approximately 15 km from the municipality of Nova Viçosa, on the
southern coast of Bahia state, Brazil (17° 50′ S 39° 10′ W) (Fig. 1). It has
an elongated form surrounded by small, isolated coral pinnacles, on its
top there are many shallow-water reef species such as zoanthids,
macroalgae, and turf, as well as gastropod vermetids and coralline algae.
One species of hydrocoral and seven species of coral were identified
along the CV reef: Mussismilia harttii, Mussismilia hispida, Mussismilia
braziliensis, Agaricia spp., Favia spp., Siderastrea spp., Porites spp. and the
hydrocoral Millepora alcicornis (Vasconcelos, 2014). In the southern part
of the reef top, there is a small island built by carbonate sand formed
from skeletal fragments of reef organisms, where reddish micro gastropod
shells predominate, which probably contributed to the name of the reef.
This small island is about 1 m above sea level, with sparse vegetation
(Silva et al., 2013b).

Santa Cruz district (SC) is in the municipality of Aracruz, northern
Espírito Santo state, Brazil (19° 49′ 06″ S e 40° 9′ 31″) (Fig. 1). Santa Cruz
was founded at the Piraquê-mirim and Piraquê-açu river's mouth, being



Fig. 1.Map of study areas in Brazil. Santa Cruz, Espírito Santo state, directly affected by the tailings and Coroa Vermelha, Bahia state, not directly affected by the tailings.
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inhabited by indigenous people and traditional communities such as arti-
sanal fishermen and shellfish collectors. The rivers meet and jointly flow
to the Atlantic Ocean forming a large estuarine complex, bordered by an ex-
tensive mangrove. The municipality coastline is part of the Costa das Algas
Environmental Protection Area,which also encompasses the SantaCruz Na-
tional Wildlife Refuge. It has wide calcareous algae seabed and non-
calcareous macroalgal biodiversity, as well as biolitoclastic and litoclastic
sediments, forming a mosaic of seabed environments (Gastão et al., 2020)
that provides an important habitat for benthic, pelagic, and demersal
fauna, including commercial and threatened fish species in southeastern
Brazil. It is also recognized as a green turtle pasture area (IBAMA, 2006).
Santa Cruz seabed is a considerable part of the litoclastic sediments origi-
nate from the Doce river fluvial system (Silva et al., 2013a).

The Santa Cruz area was directly impacted by the primary and second-
ary plumes of tailing sediments from Doce river, which was visually evi-
dent. Coroa Vermelha, however, was not directly impacted in the acute
and chronic phases, receiving secondary and tertiary plume according to
coastal transport modeling (Magris et al., 2019), without visual signs of
its presence (Francini-Filho et al., 2019).

2.2. Turtle capture and sampling

Between 2018 and 2019, green sea turtles (C. mydas) were captured
using monofilament nylon gillnets (8 cm mesh size of 200 m stretched),
for one week, four months per year (February, April, July, and November).
Nets were set parallel to the sea current, for 8 h and monitored constantly
every 30 min to avoid the drowning of any entangled animal. No sea turtle
was harmed during the study. Captured turtles were brought on board for
blood sampling and health assessment.

Blood collection was performed before all other procedures to avoid
stress bias in blood test values. Samples were taken by venipuncture from
the cervical venous sinus (Owens and Ruiz, 1980) following manual re-
straint, using 21gauge sterilized needles and 5 mL or 10 mL syringes. The
blood volume collected was calculated based on the statement that sea tur-
tle blood volume is 5 to 8% of its body weight and the maximum blood vol-
ume to be obtained from a turtle can be up to 0.7% of its weight (Jacobson,
1993). Six blood smears were immediately made from fresh blood and air-
dried. Blood samples were transferred into Vacutainer© (Greiner Bio-one,
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Brazil) tubes containing lithium heparin to subsequent plasma biochemis-
try and complete blood count, or Vacuette® Trace Elements Sodium Hepa-
rin (Greiner Bio-one, Brazil) tubes for heavy metals quantification. Tubes
were kept in a cooler with ice packs until processed at the field station lab-
oratory within 6 h of collection. Direct contact of ice and blood tubes was
prevented to avoid hemolysis. In the field station laboratory, samples
were evaluated (hematology) or separated for further analysis.

The study was performed under the license of Biodiversity Authoriza-
tion and Information System from Chico Mendes Biodiversity Institute
(SISBIO/ICMBio), number 61063.

2.3. Morphometrics and health assessment

Prior to turtle release, each sea turtle wasmeasured over the curved car-
apace length (CCL, nuchal notch to posterior tip of carapace) and the
curved carapace width (CCW, widest points) with a flexible plastic tape
(to the nearest 0.1 cm) (Bolten, 1999). Bodyweight was measured with a
spring scale (to the nearest 0.1 kg). Body condition index (BCI) was used
as an indirect predictor of the nutritional status and/or energy reserves in
sea turtles. It was calculated according to the formula BCI = [weight (kg) /
SCL3 (m)] × 10,000 (Bjorndal et al., 2000). Because sex determination is
not feasible in juveniles based on phenotypic parameters, sex identifica-
tion was not performed. To identify the sea turtles, one Inconel tag
(National Band and Tag Company, USA, style 681) was applied to
each of the front flippers, according to Limpus (1992), supplied by
Fundação Pró-TAMAR. Following these procedures, individuals under-
went a physical examination to establish the body condition (BC) in-
cluding a visual evaluation of the chest musculature, the presence of
fat in the cervical musculature and the neck, and the depression of plas-
tron concavity (Thomson et al., 2009). Based on these criteria, BC was
scored as good (3), average (2), or poor (1) (Walsh, 1999).

Several external health indicators were also recorded for each captured
turtle, including injuries and obvious signs of illness (i.e., emaciation, leth-
argy), percentage of carapace and plastron surface covered by barnacles, ec-
toparasite count, eye lesions, andfibropapillomatosis tumors. Some authors
considered epibiont load as an indicator of physically compromised turtles
(Deem et al., 2009). Thus, epibiont loads were estimated and categorized
using the ordinal scale of 1 to 3 (1 = mild [until 30% of the carapace
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covered by epibionts]; 2 = moderate [30 to 60% of the carapace covered
by epibionts]; 3 = heavy [more than 60% of the carapace covered by
epibionts]). Ectoparasites (mainly leaches and isopods) presence were
also categorized using the ordinal scale of 1 to 3 (1=mild [<10 ectopara-
sites]; 2 = moderate [10 to 20 ectoparasites]; 3 = heavy [>20 ectopara-
sites]). Animals with fibropapillomatosis were assigned a tumor score
that considers tumors number and size (A (<1 cm), B (1–4 cm), C (>4–10
cm), and D (>10 cm)), according to Work and Balazs (1999). Each size cat-
egory of tumors were counted separately for each anatomical region and
the total number of tumors was classified as mild, moderate, and severe, ac-
cording to the South-west Atlantic Fibropapillomatosis Score (FPSSWA)
(Rossi et al., 2016). To avoid inter-observer variation, the same researcher
examined the sea turtles during the entire study period.

2.4. Hematology

Traditional manual counting of blood cells was performed diluting
whole blood in Natt-Herrick solution, and a Neubauer counting chamber
(Neubauer chamber, New Optics, São Paulo, Brazil) was used to obtain
total white blood cell (WBC) and red blood cell (RBC) count (Campbell,
2015). Differential leukocyte count was performed on blood smears using
Instant-Prov Kit® (Newprov, Brazil), a Romanovsky-like staining. Hetero-
phils, monocytes, eosinophils, lymphocytes, and basophils were differenti-
ated out of 100 cells counted based on the morphological features. Blood
smearswere also screened for hemoparasites. Tomaximize consistency, he-
matology was performed by a single veterinarian familiar with sea turtle
hematology.

Hematocrit (Hct) was obtained by measuring packed cell percentage
using StatSpin® Microhematocrit Tubes (IRIS USA, Inc.). Tubes were
spun for 5 min at 12,000 rpm in a centrifuge (XC-LED12K; Bio Lion).
Using a metric ruler (StatSpin®; IRIS USA, Inc.), the column length formed
by sedimented RBCs was measured in the capillary tube in percentage to
the total length occupied by the blood that fills the capillary. Hemoglobin
(Hb) was determined by commercial Labtest® Kit in a spectrophotometer
(Quimis Q898DPT, Brazil), after centrifugation of the solution to at
5000 rpm for 5 min (Centribio® 80-2B, Equipar, Brazil) to remove the
free red cell nuclei following red cell lysis. The erythrocytic index (mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC)) were calculated
from the total erythrocytes count, hemoglobin, and hematocrit, according
to Campbell (2015).

2.5. Plasma biochemistry

Plasma was separated by centrifugation at 5000 rpm for 5 min
(Centribio® 80-2B, Equipar, Brazil), placed in cryotubeswere frozen by im-
mersion in liquid nitrogen, and transported in a cryogenic shipper to the
laboratory where theywere stored at−80 °C. The plasma biochemical con-
stituents were measured using an automated biochemical analyzer
(Humastar 200®, In Vitro Diagnóstica, Brazil) and specific reagents accord-
ing to the manufacturer's instructions. The biochemical panel included ala-
nine aminotransferase (ALT), albumin, aspartate aminotransferase (AST),
calcium, creatine phosphokinase (CPK), glucose, globulin, triglycerides,
total cholesterol, total protein, iron, phosphorus, magnesium, potassium,
sodium, urea, uric acid.

2.6. Heavy metal analysis

Heavy metal analysis was performed according to Camacho et al.
(2013). Briefly, a 1-mL fraction of plasma was used for heavy metals quan-
tification. These samples were microwave-digested in 6 mL of nitric acid
using a Multiwave 3000 (Anton Paar®) system. The metals and metalloids
(As, Cd, Cu, Cr, Fe, Hg, Mn, Pb, Zn) were quantified using the High-
Resolution Continuum Source Graphite Furnace Atomic Absorption Spec-
trometer (HR-CS GF AAS, Analytik Jena, Jena, Germany) and mercury
quantification was carried out using an atomic fluorescence spectrometer
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Mercur Duo Plus (Analytik Jena, Jena, Germany). A calibration curve
with a Multi-element Standard Solution 6 (Sigma-Aldrich®) and two
blanks were run during each set of analyses to check the purity of the
chemicals, and the blank reading was subtracted from all experimental
readings. To test the precision and accuracy of the analytical method, Na-
tional Research Council Canada (NCR - CNRC) certificated reference mate-
rials (TORT-3, DOLT-5, DORM-4) were analyzed. All the values of the
reference materials were within certified limits. Recovery values were: As
93%; Cd 93%; Cr 88%; Cu 91%; Fe 89%; Hg 96%; Mn 87%; Pb 88%; and
Zn 84%. The metal concentrations are expressed as μg/g of w.w.

2.7. Statistical analysis

Data were summarized for each parameter using means, standard devi-
ation (SD), and range (minimum–maximum) values. To test data normality
and equality of variances, the Kolmogorov-Smirnov test and Levene's test
were used, respectively. To assess differences between areas (Coroa
Vermelha and Santa Cruz) and between individuals (with or without
fibropapillomatosis) parametric (Student t-test: t) or nonparametric
(Mann-Whitney U test: U) analyses were performed, as appropriate.

Kruskal–Wallis, followed by Dunn's multiple comparison test was used
to estimate the differences among epibiont loads (mild, moderate, and
heavy) and ectoparasite count (mild, moderate, and heavy) with body con-
dition score. The relationship between each blood parameter and curved
carapace length (as an indicator of body size), BCI, heavy metals, and the
presence of fibropapillomatosis tumors were evaluated using Pearson's or
Spearman's correlation test, depending on whether both parameters exhib-
ited a normal distribution. Statistical Package for Social Science (SPSS) 20.0
was used to analyze the data and results with a p ≤ 0.05 were considered
significant. The integration of biochemical and hematological parameters
and bioaccumulation of metals was explored with Principal Component
Analysis (PCA) using the package FactoMineR in R software.

3. Results

A total of 124 green sea turtles were captured within the study loca-
tions. Primary turtles, those caught and tagged for the first time in this
study, accounted for the majority (96%) of all turtles. At Coroa Vermelha,
only one among 69 turtles captured, was recaptured and at Santa Cruz,
four out of 55, were recaptured.

3.1. Morphometrics and health assessment

Animals ranged between 28 and 59.3 cmCCL (mean size of 42.4±0.07
cm) and weighed from 2.3 to 19.0 kg (mean of 8.5± 4.4 kg). According to
Chaloupka and Limpus (2005) criteria, 58 green sea turtles were defined as
an immature-new recruit (<40 cm CCL) and 66 were juveniles (40–65 cm
CCL). The body condition index (BCI) ranged between 0.91 and 1.80
(mean of 1.32 ± 0.14). Only three (2.4%) turtles had BCI lower than 1
(emaciated, Norton and Wyneken, 2015) and they also had
fibropapillomatosis. Visual evaluation of BC was consistent with the calcu-
lated BCI. Since turtles in poor body condition had lower BCI values than
turtles with average body condition, which in turn had lower BCI than
the turtles in good body condition. Visual health assessments data from
each area are shown in Table 1.

During the study, 37 turtles presented fibropapillomatosis (FP) repre-
senting 29.8% of all turtles caught. Turtles in Santa Cruz had a higher oc-
currence of FP (53%) than in Coroa Vermelha (12%). Considering tumor
count, animals from Santa Cruz had 14%mild, 55%moderate, and 31% se-
vere tumor scores. At Coroa Vermelha none of the FP-affected individuals
presented a severe tumor score, and mild and moderate accounted for
50% each. The BCI of FP-free individuals ranged from 1.0 to 1.8 (1.32 ±
0.13), and between 0.91 and 1.62 (1.33± 0.16) in FP-affected individuals.
Turtles had tumors in the neck (34/37, 91.8%), eyes (25/37, 67.5%), ante-
rior flippers (32/37, 86.4%), posterior flippers (27/37, 79.4%), plastron
(11/37, 29.7%), carapace (8/37, 21.6%) tail (9/37, 24.3%) and cloacae



Table 1
Visual health assessments findings from juvenile green sea turtles captured in Coroa
Vermelha (n = 69) and Santa Cruz (n = 55).

Parameter Coroa Vermelha Santa Cruz

n % n %

Body condition
Good 43 62.3 42 76.4
Average 23 33.3 12 21.8
Poor 3 4.4 1 1.8

Epibiont loads
None 17 24.6 23 41.8
Mild 40 58.0 25 45.5
Moderate 12 17.4 5 9.1
Heavy 0 0 2 3.6

Ectoparasites
None 67 97.1 26 47.2
Mild 2 2.9 15 27.3
Moderate 0 0 10 18.2
Heavy 0 0 4 7.3

Fibropapilloma score
None 61 88.4 26 47.2
Mild 4 5.8 4 7.3
Moderate 4 5.8 16 29.1
Severe 0 0 9 16.4
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(6/37, 16.2%%). No visible tumors were found inside the mouth or throat.
Epibiont loads did not vary among turtles with different body conditions
(Kruskal-Wallis χ2 = 5.129, p = 0.07) or fibropapillomatosis presence
(U = 1409, p = 0.23). At Coroa Vermelha 75% of green sea turtles had
epibionts compared to 58% at Santa Cruz. However, there was no signifi-
cant statistical difference between locations regarding this parameter (U =
1574, p = 0.07). Ectoparasites were significantly higher in turtles from
Santa Cruz (29/55, 53%), than in turtles from Coroa Vermelha (2/69,
3%) (U = 938, p < 0.001). Ectoparasites count did not vary among
body conditions (Kruskal-Wallis χ2 = 0.649, p = 0.72), but sea turtles
with fibropapillomatosis had significantly higher numbers of ectopara-
sites (U = 954.5, p < 0.0001) (Table 1).

3.2. Hematology

Results from hematology, blood biochemistry, and heavy metal analyses
of C. mydas in the studied areas are shown in Table 2. In all cases, blood
smear examinations were negative for hemoparasites. Animals from Santa
Cruz showed significantly lower levels of hemoglobin (t = 2.746, p =
0.007), MCH (U= 1442, p=0.031), MCHC (U= 1447, p=0.04), and eo-
sinophils (U=818, p< 0.0001), and significantly higher levels of leukocytes
(U = 1420, p = 0.023), thrombocytes (U = 1265, p = 0.002) and hetero-
phils (U = 1080, p < 0.0001) than animals from Coroa Vermelha.

3.3. Plasma biochemistry

Biochemistry analyses showed elevated levels of urea (U = 1173, p =
0.0002), phosphorus (t = 4.877, p < 0.0001), sodium (U = 1425, p =
0.016), ALT (U=277.5, p=0.025) and AST (U=1357, p=0.006) in an-
imals from Santa Cruz. On the contrary, lower levels of calcium (t= 5.158,
p< 0.0001), glucose (t=3.106, p=0.002), total cholesterol (U=1168, p=
0.0002), triglycerides (U = 996, p < 0.0001), total protein (t= 3.506, p =
0.0006), albumin (t= 2.104, p= 0.037), globulin (t= 3.855, p= 0.0002)
and CPK (U = 1498, p = 0.044) were observed in green sea turtles from
Santa Cruz compared to animals captured in Coroa Vermelha.

3.4. Heavy metal analysis

Trace element distribution in blood was Fe > Zn >Mn > Cu > As > Cr >
Pb>Cd>Hg for animals sampled in both areas. Higher levels of arsenic (U=
1423, p = 0.016) and copper (U = 1120, p = 0.0002) were found in
5

C. mydas from Santa Cruz, while turtles from Coroa Vermelha showed higher
levels of iron (U=1187, p=0.0003) andmercury (U=834.5, p< 0.0001).
No strong correlationswere foundbetweenheavymetals in blood and the tur-
tle's size or weight. Whenmetals co-variations were analyzed, significant pos-
itive correlations were observed between, As and Cu (r=0.598, p< 0.0001),
As and Zn (r = 0.569, p < 0.0001), as well as Cu and Zn (r = 0.526, p <
0.0001), and negative correlations between As and Cd concentrations (r =
−0.530, p < 0.0001). Also, Cu concentrations positively correlated with
urea (r = 0.525, p < 0.0001) and Cd concentrations negatively correlated
with lymphocytes (r=−0.503, p < 0.0001).

Data related to each target metal in the blood and biochemical and he-
matological parameters were assessed by PCA analyses. The resulting PCA
yielded two principal components that contained 38.1% of the total vari-
ance (26.5% for PC1 and 11.6% for PC2) (Fig. 2). The PCA analysis showed
that health parameters and heavymetal levels were grouped accordingly to
study sites with some level of overlap among them, separating the plotted
results among the animals from Santa Cruz and animals from Coroa
Vermelha. Parameters related to nutrition (protein, triglycerides, choles-
terol, glucose) are mostly related to animals from Coroa Vermelha and ex-
ternal health indicators (fibropapilloma presence, ectoparasites) were
mostly related to samples obtained at Santa Cruz.

4. Discussion

Five years after the collapse of Fundão dam, the impacts on the ecosys-
tem are still uncertain. Few studies have been published describing the
magnitude and reversion perspective of the effects on the habitat and the
species affected (Bianchini et al., 2016; GIAIA, 2017; Queiroz et al., 2018;
Bonecker et al., 2019; Costa et al., 2019). This study sought to analyze
the health condition of C. mydas from a foraging area affected by the tail-
ings and to compare the results with animals in a close foraging area that
was not directly impacted. Studies like this are important to give a dimen-
sion of the environmental changes caused by mining tailings as to provide
valuable information to forecast future changes, and thus, to plan effective
mitigation measures and conservation strategies.

4.1. Hematology

Most of the turtles sampled at Santa Cruz (SC) andCoroa Vermelha (CV)
were apparently healthy based on visual assessments. Juvenile green sea
turtles from the most affected area (Santa Cruz) had significantly lower he-
moglobin levels than turtles captured in Coroa Vermelha, which were
reflected in erythrocytic indexes (MCH and MCHC). Mean Hb concentra-
tion (5 g/dL) of SC turtles is the lowest value ever reported for juvenile
green sea turtles in Brazil (Marcon et al., 2015, Mello and Alvarez, 2019,
Rossi et al., 2009, Santos et al., 2009, Zwarg et al., 2014), even if compared
to turtles with fibropapillomatosis (Mello and Alvarez, 2019, Rossi et al.,
2009, Zwarg et al., 2014) (Table 3). Although statistical analysis did not re-
veal a significant difference in hematocrit and red blood cell counts be-
tween SC and CV turtles, their mean values (17% and 0.31 × 106/μL,
respectively) were also the lowest values found in Brazil (Marcon et al.,
2015, Mello and Alvarez, 2019, Rossi et al., 2009, Santos et al., 2009,
Zwarg et al., 2014), and Hct is below the normal ranges (Hct: 19% to
45%) for Brazilian juvenile green sea turtles (Santos et al., 2009, 2015).

The decrease of these parameters (Hb, Hct, RBC, MCH, and MCHC) de-
fine a framework of anemia. Anemias are usually caused by blood-sucking
parasites or traumatic injuries aswell as coagulopathy or the presence of ul-
cerative lesions. Other factors that could be associated to anemia in reptiles
include iron deficiency, chronic renal or hepatic disease, chemicals, neopla-
sia, or possibly hypothyroidism (Campbell, 2006). The higher presence of
ectoparasites in these animals (53%)may be contributing to anemia. In che-
lonians, RBC indices may be interpreted as a comparative index of nutri-
tion, or general health (Campbell, 1998, 2006; Oliveira-Junior et al.,
2009) because anemia is a frequent effect of chronically poor nutritional
status, particularly concerning protein intake (Christopher, 1999).



Table 2
Morphometrics, hematology, plasma biochemical parameters, and heavymetals levels from juvenile green sea turtles captured in a mining tailing affected area at Santa Cruz
and a not directly affected area at Coroa Vermelha.

Parameter Coroa Vermelha Santa Cruz

n mean SD Min Max n mean SD Min Max

Biometrics
Weight (kg)⁎⁎ 69 10.0 4.79 2.7 21.7 55 6.66 2.97 2.3 18.0
CCL (m)⁎⁎ 69 0.453 0.071 0.300 0.593 55 0.388 0.051 0.280 0.547
CCW (m)⁎⁎ 69 0.408 0.061 0.280 0.537 55 0.354 0.050 0.240 0.501
BCI 69 1.27 0.14 0.91 1.63 55 1.38 0.12 0.99 1.80

Hematology
Red blood cell (×106/μL) 69 0.33 0.09 0.12 0.58 54 0.31 0.15 0.11 0.87
Hemoglobin (g/dL)⁎ 69 6.05 1.98 2.00 10.8 54 5.00 2.24 1.20 9.40
Hematocrit (%) 69 20 6 6 40 54 17 8 6 32
MCV (fl) 69 623 180 242 1042 54 598 260 73 1532
MCH (pg)⁎⁎ 69 193 62 53 444 54 172 73 61 349
MCHC (g/dL)⁎⁎ 69 32.0 9.93 14.1 75.0 54 28.9 8.22 10.0 52.0
Leukocytes/μL⁎⁎ 69 5866 3556 1500 16,500 54 6813 2905 2500 14,250
Thrombocytes/μL⁎⁎ 69 2978 1833 375 8250 54 3616 1369 875 7500
Heterophils (%)⁎⁎ 68 41 14 13 87 54 52 17 9 92
Lymphocytes (%) 68 36 14 5 67 54 32 15 3 76
Monocytes (%) 68 12 10 0 52 54 10 7 0 26
Eosinophils (%)⁎⁎ 68 11 6 1 28 54 5 4 0 22
Basophils (%) 68 0 0 0 0 54 0 0 0 1
Heterophils/μL⁎⁎ 68 2267 1337 488 8051 54 3574 2160 371 13,110
Lymphocytes/μL 68 2123 1713 113 10,480 54 2178 1439 333 5719
Monocytes/μL 68 852 1249 0 8580 54 679 580 0 2231
Eosinophils/μL⁎⁎ 68 626 536 15 2543 54 366 351 0 1678
Basophils/μL⁎⁎ 68 0 0 0 0 54 2 13 0 94

Biochemistry
Uric acid (mg/dL) 69 0.92 0.53 0.04 2.40 55 1.07 0.81 0.11 3.80
Urea (mg/dL)⁎⁎ 69 25.4 43.4 5.30 250 55 40.4 45.7 6.1 253
Calcium (mg/dL)⁎ 69 7.26 2.26 2.30 12.3 55 5.41 1.55 2.3 8.6
Phosphorus (mg/dL)⁎ 69 4.97 1.33 2.20 8.10 55 6.20 1.47 3.27 8.84
Sodium (mEq/L)⁎⁎ 69 144 5.26 134 171 55 145 4.84 134 155
Potassium (mEq/L) 69 4.25 0.54 3.23 6.20 55 4.13 0.65 3.00 6.50
Glucose (mg/dL)⁎ 69 77.2 12.8 48.0 116 55 70.0 12.7 48.0 114
Total Cholesterol (mg/dL)⁎⁎ 69 96.7 56.5 12.0 304 55 64.9 41.6 11.0 230
Triglycerides (mg/dL)⁎⁎ 69 102 95.3 8.00 740 55 51.4 32.8 7.00 192
Total protein (g/dL)⁎ 69 2.83 0.81 1.00 4.60 55 2.29 0.87 0.40 4.40
Albumin (g/dL)⁎ 69 0.78 0.26 0.30 1.70 55 0.68 0.25 0.20 1.43
Globulin (g/dL)⁎ 69 2.05 0.62 0.70 3.54 55 1.60 0.67 0.20 3.13
ALT (U/L)⁎⁎ 69 3.35 1.49 1.00 9.60 55 3.47 2.02 1.30 11.1
AST (U/L)⁎⁎ 69 112 61 30.9 428 55 132 59 42.1 360
Alkaline phosphatase (U/L) 69 16.1 8.36 1.40 39.0 55 14.1 8.24 3.20 38.6
Serum iron (μg/dL) 69 25.34 8.93 6.00 55.5 55 31.6 35.3 7.00 249
CPK (U/L)⁎ 69 1155 2373 9.00 19,405 55 791 1288 8.00 8685
Magnesium (mg/dL) 69 7.23 1.85 4.31 11.4 55 6.79 1.88 1.80 11.9

Heavy metals
As (μg/L)⁎⁎ 69 42.5 42.7 0.70 164 55 44.7 27.5 0.98 111
Cd (μg/L) 65 0.583 0.466 0.001 2.102 55 0.659 0.504 0.000 1.826
Cr (μg/L) 69 11.6 25.1 0.62 195 55 9.2 15.3 0.56 101
Cu (μg/L)⁎⁎ 69 63.4 100 0.26 427 55 90.6 86.3 5.91 433
Fe (μg/L)⁎⁎ 69 1593 1237 173 5760 55 1146 1404 45.5 7212
Hg (μg/L)⁎⁎ 69 0.21 0.17 0.01 0.99 55 0.11 0.09 0.02 0.59
Mn (μg/L) 69 116 18.8 89.3 183 55 112 46.9 31.9 382
Pb (μg/L) 68 4.20 4.41 0.00 24.09 55 3.80 3.31 0.00 13.27
Zn (μg/L) 69 364 268 0.86 1118 55 610 857 11.0 4631

CCL curved carapace lengh, CCW curved carapace width, BCI body condition index,MCVmean corpuscular volume,MCHmean corpuscular hemoglobin,MCHCmean cor-
puscular hemoglobin concentration, ALT alanine aminotransferase,AST aspartate aminotransferase, CPK creatine phosphokinase, As arsenic, Cd cadmium, Cr chromium, Cu
copper, Fe iron, Hgmercury, Mn manganese, Pb lead, Zn zinc.
⁎ Significant difference by Student t-test (p < 0.05).
⁎⁎ Significant difference by Mann-Whitney U test (p < 0.05).
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When comparing the white blood cell values from turtles of the two
sampled areas, SC turtles presented higher WBC, thrombocytes and hetero-
phils count, and lower eosinophils count (Table 2). Elevated totalWBCmay
reflect inflammation and active immune responses, infection, and/or stress
in reptiles (Sykes and Klaphake, 2015). Heterophils are primarily phago-
cytic, thus related with disorders and conditions that are characterized by
inflammation, particularly those associated with infection or tissue injury
(Campbell, 2006). Eosinophils are also phagocytic and especially involved
6

in parasites destruction. In chelonians, eosinophils participate in the im-
mune response and phagocytize immune complexes (Zhang et al., 2011).
The leukocytosis and heterophilia observed in turtles most affected by the
tailings could be associated with chronic and active infectious processes
(Sykes and Klaphake, 2015), since they have a higher prevalence of
fibropapillomatosis, whereas the significance of eosinopenia is unknown
in reptiles (Irizarry-Rovira, 2004). Overall, these clinical data indicate
that sea turtles at Santa Cruz present a physiological deficit in oxygen



Fig. 2. Principal Component Analysis (PCA) plot showing the multivariate variation between heavy metals and biochemical and hematological parameters. Vectors indicate
the direction and strength of each variable to the overall distribution. Black dots correspond to Coroa Vermelha turtles and brown open triangles correspond to Santa Cruz
turtles.

C. Miguel et al. Science of the Total Environment 821 (2022) 153353
transport by red blood cells caused by the lower levels of hemoglobin.
The heterophilia and leukocytosis observed could be attributed to
greater microbial or inflammatory challenges (Villa et al., 2017) and
the thrombocytosis may appear in response to tumors (like
fibropapillomas), chronic inflammation, bleeding, or iron deficiency
(Theml et al., 2004).

4.2. Plasma biochemistry: Protein homeostasis

Juvenile green sea turtles from the most affected area also had signifi-
cantly lower albumin, globulin, and protein levels, when compared with
green sea turtles captured in Coroa Vermelha. In reptiles, albumin is the
most important factor for the maintenance of the blood oncotic pressure
and can reflect changes in the nutritional status and health condition, or ad-
aptations to the habitat (Masat and Dessauer, 1968; Goldwasser and
Feldman, 1997; Whiting et al., 2007). Albumin concentration may be help-
ful as a prognostic indicator in diseased animals since during chronic and
acute inflammation, the liver produces large amounts of mediators, and al-
bumin is not a reactant, so its synthesis may reduce (Doweiko and
Nompleggi, 1991). Hypoproteinemia has also been demonstrated in ani-
mals that are in poor health conditions (Flint et al., 2009) like turtles se-
verely affected by fibropapillomatosis (Aguirre and Balazs, 2000), or in
debilitated animals like stranded loggerhead turtles found along the
Georgia coast (Deem et al., 2009). The authors attributed the low blood
protein levels to a food intake decrease, malnutrition, parasitism, renal dis-
eases, or a protein assimilation decrease. Diseased loggerhead and green
sea turtles that were captured at an intake canal of a nuclear power plant
also showed decreased concentrations of total protein, albumin, α-
globulin, and β-globulin and A:G ratio (Osborne et al., 2010). Therefore,
the lower values of albumin and protein observed in animals from SC
7

may reflect lower levels of dietary protein intake and at least some influ-
ence of chronic inflammation that could be related to fibropapillomatosis
(Flint et al., 2009; Whiting et al., 2007).

Additionally, the significant reduction in total protein along with lower
globulin levels in SC turtlesmay be reflecting a decrease in antibody synthe-
sis. Perrault et al. (2017) noticed a significant negative correlation between
ℽ-globulins and blood arsenic, suggesting an alteration of humoral immu-
nity. Arsenic has also been associated with reduced albumin and WBC
count in loggerhead sea turtles (Register, 2011; Camacho et al., 2013)
and reduced total globulins in green sea turtles (Komoroske et al., 2011).
In this study, it was not found any strong correlation between arsenic and
blood parameters, however, SC turtles had significantly higher arsenic
levels and lower protein, albumin, and globulin levels compared to CV tur-
tles. Arsenic contamination may prevent the immune system from fighting
off microorganisms, predisposing to infection (Brown et al., 1999). The
higher incidence of fibropapillomatosis in the most affected area is another
evidence of immunosuppression (Work et al., 2001). The elevated arsenic
plasma concentrations observed in SC turtles suggest a recent exposure to
this metal, that is abundant in the region (Mirlean et al., 2013). Food intake
is a major contamination route in sea turtles (Agusa et al., 2008) and ac-
cording to Van deMerwe et al. (2010) blood arsenic levels can reflect tissue
levels of this contaminant.

Studies show that cadmium has also a potential immunosuppressive ef-
fect on the immune system of sea turtles. In nesting loggerhead turtles from
Florida, cadmium was responsible for a reduction in total globulins
(Perrault et al., 2017). In green sea turtles from San Diego Bay, blood cad-
mium levels negatively correlated with total globulins (Komoroske et al.,
2011). In the present study, a negative correlation was found between cad-
mium levels and lymphocytes, which can also be linked to a suppression of
antibody production.
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4.3. Plasma biochemistry: Ions

Differences in ions concentrations were also found between areas. SC
turtles presented significantly lower levels of calcium and higher phospho-
rus levels. The calcium/phosphorus ratio (P:Ca) is commonly used in reptile
medicine to evaluate mineral balance with respect to renal and nutritional
status (Klaphake, 2010). This ratio is modified at an initial stage of renal
disease in comparison to uric acid (Kölle and Hoffmann, 2001). P and Ca
are macronutrients of high importance in the organism. They are compo-
nents of the bone matrix, and the imbalance of one of them leads to an in-
crease or decrease in the other, which can culminate in some bone
metabolic diseases, like osteodystrophy and retarded growth (Fowler,
1986). Elevated serum levels of phosphorus and alterations in the P:Ca
ratio may occur in renal insufficiency (Kölle and Hoffmann, 2001). The dif-
ference in plasma phosphorus and calcium concentrations between study
sites could be explained by the different degrees of eutrophication related
to the distance from the coast, resulting in different levels of phosphorus
in food components or the beginning of chronic renal disease.

4.4. Plasma biochemistry: Enzymes

When comparing enzyme values from turtles of the two sampled areas,
SC turtles presented higher AST and ALT, and lower CPK levels. Aspartate
aminotransferase (AST) is found in greater concentrations in both muscle
cells and hepatocytes, with a wide distribution throughout the reptile
body (Thrall, 2006). Consequently, high plasma AST levels alone are not
considered indicative of liver disease (Anderson et al., 2013). However,
when no elevations are observed in creatine phosphokinase (CPK) levels,
a hepatocellular damage is probable (Campbell, 2015) because CPK is an
indicator of muscle lesions (Kramer and Hoffmann, 1997). In this scenario,
the significant elevation in AST and alanine aminotransferase (ALT) activi-
ties alongwith a reduction in CPK levels in SC turtles is most likely of a liver
rather thanmuscle origin andmay suggest that these turtles are in the early
stages of liver disease development.

The greater levels of arsenic and copper found in SC turtles may also be
responsible for the elevation of AST and urea levels. Labrada-Martagón
et al. (2010) noticed higher concentrations of AST and ALT in green sea tur-
tles and attributed these elevations to a physiological response to some con-
taminants and hepatocellular damage. Ley-Quiñónez et al. (2017) found
significant positive correlations between ALP and arsenic in Mexican log-
gerhead turtles and argumented that the increases in ALP activity may be
caused by arsenic accumulation. Cortés-Gómez et al. (2018a) also observed
positive relationships between arsenic and AST and arsenic and urea in
nesting olive ridley sea turtles from Mexico. In humans, higher copper
levels are related to chronic renal disease (Mafra, 2003). As already seen,
AST can be a biomarker for liver function and in turn, urea can be used to
estimate renal function and glomerular filtration. Thus, the changes ob-
served in AST, ALT, CPK, and urea levels are suggestive of hepatic, renal,
and/or systemic diseases in SC turtles (Mader, 2005, Flint et al., 2009,
Anderson et al., 2011, 2013).

4.5. Heavy metals

Trace element distribution in blood had similar profiles in samples from
both study areas (Fe> Zn>Mn> Cu>As> Cr> Pb> Cd>Hg), whichwas
expected as essential metals are involved in several important physiological
and homeostatic processes (Bury et al., 2003), while non-essential metals
are not actively controlled by sea turtles and could change according to
the exposure level (Maffucci et al., 2005). SC turtles showed higher As
and Cu levels than CV turtles. Comparing with other green sea turtles' pop-
ulations in Brazil, the levels of Cu, Mn, Zn, As, Cd and Pb in SC turtles were
higher than turtles from Fernando de Noronha (Prioste et al., 2015)
(Table 4). Concentrations of Cu, Zn, Cd, and Pb were also higher in SC tur-
tles than green sea turtles captured in Ubatuba (Silva et al., 2016). C. mydas
sampled in Vitória had the highest levels of all metals analyzed (Prioste,
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2016). These animals were captured in the final effluent of a steel mill,
therefore, an inadequate place to serve as a reference.

CV turtles had higher blood Hg levels than SC turtles, however, the con-
centrations found in this study are low comparing with other populations
(Prioste, 2016; Silva et al., 2016) and they do not seem to be affecting the
health of these turtles.

4.6. Data integration

Green turtles from the indirectly affected area (CV) demonstrated a
good body condition, which coincided with higher concentrations of glu-
cose, lipids (cholesterol and triglycerides), total proteins, albumin, and
lower activity of ALT and AST than SC turtles. The PCA analysis exhibited
in Fig. 2 demonstrates that this statement is true since levels of albumin, cal-
cium, triglycerides, total cholesterol, glucose, total protein were mostly re-
lated to samples obtained at Coroa Vermelha. These parameters may reflect
a food-enriched environment, with greater food availability and/or better
food quality (Labrada-Martagón et al., 2010). Green sea turtles' diet relies
on the food sources availability and the selection made by each sea turtle
(López-Mendilaharsu et al., 2005). The diet's nutritional content is deter-
mined by the capacity of the individual to assimilate the nutrients
(Bjorndal, 1985) and the chemical composition of the food consumed
(Villegas-Nava, 2006).

Santos et al. (2011) and Bastos (2018) evaluated the impact of coastal
habitat degradation on the food availability for green sea turtles, and the
chemical composition and the nutritional value of the diet, respectively.
The area they studied is Vitória, a highly urbanized site with wastewater
discharge from industries and residences, about 50 km south of Santa
Cruz. Santos et al. (2011) found that environmental degradation is causing
a decrease in species diversity in the study area with a predominance of op-
portunistic algae and dominance of Caulerpa mexicana. This low number of
available food items, along with the possible secondary metabolite produc-
tion by Caulerpa mexicana, may force green sea turtles to base their diet
mostly in one genus of marine algae (Ulva sp.), resulting in a little diverse
and restricted diet. Bastos (2018) observed that green sea turtles fromVitó-
ria had a high-calorie diet, which does not guarantee a balanced food intake
due to the reduced availability of items. The loss of chemical diversity in the
region and the reduction of available algae species influenced the nutri-
tional balance of turtles. McDermid et al. (2007) noticed that Hawaiian
green turtles tend to feed on seagrasses, marine algae, and algal turfs,
which have considerable variation in nutritional composition. To optimize
different life cycle processes such as survival, growth, and fecundity, and to
help in the proper functioning and response to diseases, like
fibropapillomatosis, a diversity in food items is required, thus sea turtles
with restricted diets may be adversely affected (Worm et al., 2006).

Triglyceride levels are a useful tool for nutritional status assessment and
general body condition of sea turtles (Aguirre and Balazs, 2000; Swimmer,
2000; Hamann et al., 2005). It has been proposed that, together with other
metabolites like total protein, glucose, and cholesterol, the assessments of
triglycerides should be incorporated and used in research about sea turtles'
nutrition (Hamann et al., 2005; Whiting et al., 2007). The lower glucose,
cholesterol, triglycerides, total protein, and calcium levels, and higher
levels of sodium, phosphorus, urea, AST, and ALT in SC turtles reflect a
worse nutritional state. If the food from Santa Cruz represents a sub-
optimal diet, a decrease in BC would also be expected in sea turtles that
feed in that area, but it was not the case. Bastos (2018) observed that FP-
turtles from Vitória (30 km southward from Santa Cruz) had good BCI,
which is a result of a high-calorie diet in this region despite the low algae
chemical diversity and the reduced availability of items. It seems that the
differences in the BCI and biochemical parameters found between SC and
CV areas reflect changes in habitat, availability, and composition of food.

Although no reduction in BCI in SC turtleswas observed, themajority of
anomalous biochemical findings (lower levels of glucose, cholesterol, tri-
glycerides, total protein, and calcium, and higher levels of sodium, phos-
phorus, urea, AST, and ALT) reflect a worse nutritional state, hepatic
tissue lesion, and possible renal disease. This scenario indicates that an
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important subclinical physiological deficit may occur, and it can affect the
immune system and animal behavior, which is corroborated by the higher
ectoparasitic load and the greater incidence of fibropapillomatosis, as PCA
analysis demonstrates (Fig. 2).

It is generally accepted that greater epibiont load on sea turtles is indic-
ative of poor health (Deem et al., 2009). In the present study, it was ob-
served that turtles from the indirectly affected area had higher epibiotic
loads. However, the turtles had a good body condition, normal biochemical
and hematological patterns and epibiont loads were not correlated with
health parameters. In small immature turtles, Stamper et al. (2005) ob-
served that the carapace barnacle burdens were not associated with health
status, consistent with our findings. Excessive epibiont load is probably a
consequence of the turtle's inability to access cleaning stations to control
them (Losey et al., 1994). On the other hand, the lower epibiotic load
found in SC turtles may be related to a less favorable habitat, causing the
death of the less tolerant epibionts (Frick and Pfaller, 2013).

In summary, the variations in blood metal levels observed in this study
can be explained by the recent exposure at the feeding area revealing differ-
ent metal signatures between CV and the directly affected area (SC).
Seagrasses are known as metal accumulators and can sequester them from
the sediment inwhich they grow and thewater (Besar et al., 2008). They rep-
resent an important dietary exposure source to sea turtles (Komoroske et al.,
2012). It is thus possible that sea turtles are subjected to higher contaminant
exposure via these events and pathways. The suspected anemia, immunosup-
pression, and hepato-renal pathologies seen in juvenile green sea turtles from
themost affected area, may be a combination of their nutritional status, dete-
riorating health along with the associated effects on contaminant mobiliza-
tion, detoxification, and elimination pathways. However, more studies are
needed to analyze the macroalgae of SC and CV, regarding its bioaccumula-
tion of heavy metals, and its biochemical diversity and community structure
to confirm if it is causing the nutrient-deficient states and declining health of
SC sea turtles. Additionally, interactions among metals could be related to
synergistic or antagonistic effects that can decrease or increase the physiolog-
ical or pathological consequences of each metal, accelerating its elimination
or accumulation. Therefore, more studies are necessary to assess the health
of sea turtles over time and ontogenetically, since the high prevalence of
fibropapillomatosis and ectoparasites combined with a potential nutritional
deficit, and the continuous and increasing degradation of the coastal areas,
create a high-risk scenario for the species.

5. Conclusions

This study provides important information about juvenile green sea tur-
tles' health that feed in an area directly affected by the tailings of a collapsed
mining dam in Brazil. Santa Cruz presents a complex situation regarding
the health of green turtles, as they are less healthy, with a higher prevalence
of fibropapillomatosis and ectoparasites, and presented elevated levels of
metals (As and Cu) compared to the not directly affected area Coroa
Vermelha. These metal levels are also greater than other areas in Brazil
that are less subject to coastal pollution, such as Fernando de Noronha Is-
land (Prioste et al., 2015), even considering their particularities and the
multifactorial influence on health. This situation requires long-term moni-
toring to quantify the direct or indirect influence of metal levels on the
health of these juvenile green turtles. Understanding the metals' mecha-
nisms of action allows an accurate risk assessment, which can help to pre-
dict and prevent wildlife damage, and is essential in guiding regulatory
decisions for national conservation plans development. The continuous
monitoring of pollutants coupled with physiological and immunological ef-
fects studies will increase our knowledge about contaminant impacts on sea
turtles inhabiting polluted coastal areas.
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