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a b s t r a c t 

Background: In 2015, Brazil had its most notorious ecological disaster due to an iron mine dam collapse. It was 
considered the world’s largest environmental disaster associated with mining industry. The tailings composed 
mostly of iron ore and silica, but with high levels of heavy metals reached the Atlantic Ocean, through the Doce 
River, sixteen days after the rupture. The region where the mud ran into the ocean is an important nesting area for 
loggerhead turtles ( Caretta caretta ) in Brazil (Povoação, Espírito Santo state). The aim of this study is to evaluate 
the heavy metal effects on the health parameters of loggerhead turtles that nest in the exposed area (Povoação, 
Doce river estuary) and compare them with turtles from another coastal area that was not affected by the tailings 
(Praia do Forte, Bahia state). 
Methods: Animals’ health status was determined by a physical examination during which blood samples used to 
perform biochemical and hematological analysis were also obtained. Heavy metal concentrations were evaluated 
in the blood and carapace scutes. 
Results: Sea turtles from Povoação had a worse body condition with higher ectoparasitic and epibiont loads com- 
pared to Praia do Forte animals. They also showed eye lesions and more frequent fibropapillomatosis suggestive 
tumors. Several correlations between the contaminants and hematological and plasma biochemical analytes were 
found in loggerhead sea turtles from Povoação. Blood metal concentrations were distinct between nesting areas, 
with higher As, Cd, Cr, Fe, Pb, and Zn levels in animals from the affected area. In the carapace scute, the heavy 
metal levels were similar between sites. 
Conclusion: The occurrence of eye lesions, suggestive fibropapillomatosis tumors, worse body condition, higher 
ectoparasite count, greater epibiont loads, large number of correlations between health parameters and heavy 
metal levels, and higher levels of some metals in the blood of PV turtles indicates that the tailings could have a 
negative impact on the health and reproduction of these turtles. The long-term monitoring of the exposed area is 
important to quantify the direct and indirect impacts of the tailings on the health of these animals. Additionally, 
the data reported here are important for temporal and spatial comparative studies in the future. 
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. Introduction 

On November 5th, 2015, Brazil suffered its worst ecological disaster
hen an iron mine dam (Fundão dam) collapsed in the municipality of
ariana, State of Minas Gerais (20°12 ′ 38.56"S, 43°27 ′ 37.10"W), releas-

ng metal-rich tailings waste. Approximately 43 million cubic meters of
ailings were unleashed, producing mud waves 10 m high, and causing
rreversible environmental damage to hundreds of watercourses in the
oce River basin and its associated ecosystems [1] . The released tailings
olume is the largest ever registered, followed by previous occurrences
∗ Corresponding author at: Av. Eugênio Pachêco de Queirós, s/n, Vitória, ES CEP 2
E-mail address: camila@institutomarcosdaniel.org.br (C. Miguel) . 

ttps://doi.org/10.1016/j.jtemin.2022.100015 
eceived 30 May 2022; Received in revised form 2 August 2022; Accepted 4 August 
vailable online 5 August 2022 
773-0506/© 2022 The Author(s). Published by Elsevier B.V. This is an open access 
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
egistered in the Philippines (32.2 million m 

3 ) and Canada (23.6 mil-
ion m 

3 ) [2] . Within two days, the mine slurry caused instant sediment
ccumulation, burying, and killing benthic organisms and increasing by
everal orders of magnitude heavy metal concentrations in Doce River
3] . Twenty-one fish species were dead in large numbers. The death of
nvertebrates, reptiles, birds, and large mammals was also reported [4] .

The mud traveled about 668 km along the Doce river basin, caus-
ng massive mortality of its biota, and reaching the Atlantic Ocean on
ovember 22nd, 2015. It currently represents the longest traveled dis-

ance by tailings in a dam event (the previous record was reported in
9092-170, Brazil. 
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exico, 420 km) [4] . The catastrophe exhibited distinct characteristics
hat make it the largest environmental disaster in the world mining in-
ustry, both in terms of the volume of tailings released and the geo-
raphic extent of socioeconomic and environmental damage [1 , 2] . 

Among the organisms exposed to the tailings are the sea turtles that
se the beaches located on the right and left bank at the Doce River
outh to nest. At Linhares municipality in Espírito Santo state are the
egência and Povoação beaches (south and north of Doce River mouth,
espectively), that together sum up 80 km of coastline that support
he second largest aggregation of nesting loggerhead sea turtle ( Caretta

aretta ) in the southeast Atlantic. This area is also the only region where
eatherback sea turtle ( Dermochelys coriacea ) regularly nests in Brazil. In
he same nesting season, a single turtle can lay its eggs on both sides of
he Doce river mouth [5] . 

The tailings were composed mostly of iron ore and silica, but also
resented high levels of arsenic (As), cadmium (Cd), copper (Cu),
hromium (Cr), lead (Pb), mercury (Hg), manganese (Mn), nickel (Ni),
nd selenium (Se) [6 , 7] . Biologically essential elements such as Al, As,
o, Cr, Cu, Se, and Zn, are generally maintained within relatively narrow
ptimal circulating ranges that are regulated by physiological processes.
hese elements are therefore expected to show little variation within

ndividuals of the same species unless poor health or elevated environ-
ental exposure affects the body’s ability to maintain homeostasis [8] .

n contrast, non-essential elements (e.g. As, Cd, Hg, Pb) are not under
omeostatic control and their clearance can be slower than their intake
ates, resulting in bioaccumulation in sea turtles. 

Contaminants’ distribution and concentration in the body can be sig-
ificantly affected by age since poorly metabolized metals increase their
evels over time. Some metals may accumulate to concentrations that
ould cause harm, even at low exposure regimens [9] . The trophic level
lso influences the accumulation of pollutants once some compounds are
iomagnified through the food chain. As C. caretta grow older, they pro-
ressively change their diet to higher trophic levels [10] , which makes
hem especially vulnerable to ingestion of pollutants. Migrations, fast-
ng, breeding, and nesting represent a high energy demand on the body.
uring these periods, lipid stores are mobilized along with associated
hemicals and may influence liver and kidney metabolic capacity, thus
ffecting the toxicokinetic of the pollutants [11] . 

Blood sampling in sea turtles during nesting is an accessible strat-
gy to evaluate circulating heavy metals and other hematological and
iochemical parameters. With elimination rates of many trace elements
enerally on the order of weeks to months (depending on the element
nd its speciation), blood is considered a suitable matrix for evaluating
elatively recent exposure [12 , 13] . Considering this, abrupt changes in
xposure are rapidly reflected in blood and can be observed depend-
ng on the time of sampling relative to the time of exposure [14 , 15] .
oggerhead sea turtles can lay one to six egg clutches per season, with
n internesting period of 12-16 days [16] . Consequently, they can stay
n the nesting area for 12 days to three months, being exposed to the
nvironmental contaminants of that area through food, sediment, and
ater. Nesting sea turtles have rarely fed, however, to reduce their body

emperature and ensure egg production (albumen is mainly composed
f water), they ingest a significant water volume [17 , 18] . This could
ontribute to their contamination during this period. 

As already mentioned, blood concentrations can be a proxy for re-
ent exposure, while keratinous scutes reflect a longer-term signature.
hereby, each carapace keratinous layer is composed of contaminant
xposures over the past 1.4-2.8 years [19] and it has been shown that
oxic elements in keratin correlate with various health indicators, which
nhances the value of this tissue analysis [20] . 

Short and long-term exposure of sea turtles to pollutants can increase
he incidence of diseases and cause adverse effects like compromised
hysiology, chronic stress, and impaired immune function [21] . Under-
tanding the prevalence of diseases in sea turtle populations provides a
ritical link between sea turtle health and ecosystem health. It is there-
ore important to investigate relationships between contaminant expo-
2 
ure and declines in sea turtle health. Currently, the impact of the tail-
ngs on nesting sea turtles is unknown. The only article that studied
he effects of mining tailings on sea turtles’ health is Miguel et al. [22] .
hey evaluated juvenile green sea turtles ( Chelonia mydas ) from a forag-

ng area and noticed that the animals from the affected area had a no-
ably worse nutritional conditions, as well as a higher incidence of ane-
ia, immunosuppression, fibropapillomatosis tumors, and ectoparasite

oad, in addition to possible hepato-renal pathologies. In this context,
he present study aims to analyze heavy metals levels in adult female
oggerhead turtles from blood and carapace scute and their prospective
ffects on biochemical, hematological, and health parameters. In addi-
ion, the area contaminated by the mining tailings (Povoação) will be
ompared with an area that did not receive the mud (Praia do Forte, fur-
her up north) to address differences that could explain environmental
spects and other factors that could influence metal profiles. 

. Material and methods 

.1. Study sites 

Povoação (PV) is located on the left bank at the mouth of the Doce
iver, in Espírito Santo state (19°34’43.05 ” S, 39°46’49.85 ” W) ( Fig. 1 ).

t is a little village with approximately 3200 inhabitants that used to rely
n fishing as their main economic activity, before the disaster. Povoação
each is 39 km long and it is patrolled every night in the nesting season
y Projeto TAMAR members. Povoação was within the direct impact
rea of the tailings in 2015 and periodically affected by the resuspension
f sediments caused by changes in weather over the Doce river basin and
he adjacent coastal areas [23 , 24] . 

Praia do Forte (PF) is a touristic village inhabited by traditional com-
unities on the north coast of Bahia state (12°33’30.54 ” S, 37°59’28.05 ”
), with 1800 habitants and it is also the main nesting area of logger-

ead sea turtles in Brazil. It was chosen as a reference due to its prox-
mity to Povoação (795 km straight distant from each other) whilst not
ffected by the tailings [24] . 

.2. Turtle sampling 

The beaches of Povoação and Praia do Forte were patrolled from 8
m to 3 am for three and one month, respectively, in the 2018/2019
esting season. Once a turtle was encountered, the team remained in
ilent, with the head lamp off and far enough to not disturb it, allowing
t to begin the nesting process. The researchers only approached when
he animal laid at least 50 eggs. If the turtle was found when finishing
esting, it was restrained manually, without sedation. Blood samples
ere collected with an 18G needle and a 10 mL- syringe from the cervi-

al venous sinus, only after the female had laid a minimum of 50 eggs.
he blood was transferred to a heparinized tube (Vacutainer©, Greiner
io-one, Brazil), kept in a cooler at 4-8°C without direct contact with
he ice to prevent hemolysis, until arrive at the laboratory in the field
tation. For hematology, whole blood smears were air-dried at the time
f sampling. Heparinized blood was centrifuged (5000 rpm for 5 min,
entribio® TDL-80-2B) to separate plasma then, frozen in liquid nitro-
en until analysis. For heavy metal quantification, blood samples were
laced into Vacuette® Trace Elements Sodium Heparin tube (Greiner
io-one, Brazil), frozen by immersion in liquid nitrogen, and transported
o the laboratory where they were stored at − 80°C. Superficial scraping
f the carapace scutes was collected and stored in plastic Zip-lock® bags
t − 80°C until analyses were conducted. The study was performed under
he licenses SISBIO 61063 and 60430 of the Chico Mendes Biodiversity
nstitute (ICMBIO). 

.3. Morphometric and health assessment 

Morphometrics and health assessment were performed as detailed
n Miguel et al. [22] . Briefly, each sea turtle was measured with a flex-
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Fig. 1. Map of study areas in Brazil. Povoação 
(PV) north of Doce River mouth, Espírito Santo 
state, affected by the mining tailings, and Praia 
do Forte (PF), Bahia state, not affected by the 
tailings. Dashed red line denotes the monitor- 
ing area. 
PF_B: beginning point of the monitoring in 
Praia do Forte; PF_E: ending point of the moni- 
toring in Praia do Forte; PV_B: beginning point 
of the monitoring in Povoação; PV_E: ending 
point of the monitoring in Povoação. 
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ble plastic tape over the curved carapace length (CCL) and the curved
arapace width (CCW). For sea turtles’ identification, Inconel tags were
pplied with pliers to each of the anterior flippers, between the first and
econd scales. A physical examination was performed to establish the
ody condition (BC), scored as poor (1), average (2), or good (3); and
o identify other external health indicators (injuries and obvious signs
f illness). Epibiont percentual cover on the carapace and ectoparasites
ere categorized using an ordinal scale of 1 (mild), 2 (moderate), and
 (heavy). Eye swabs were taken from sea turtles with eye lesions and
ent to the microbiology laboratory, University of Vila Velha, Brazil, for
acterial and fungi culture and identification. 

.4. Hematology 

Neubauer counting chamber (Neubauer chamber, New Optics, São
aulo, Brazil) and Natt and Herrick solution were used to determining
ed blood cell (RBC) count and total white blood cell (WBC) count [25] .
t a magnification of 40x, all four large corner squares of the cham-
er were counted for WBCs and inside the central large square, 5 small
quares (four corner squares and the center square) were counted for the
BCs. Complete blood count was performed within 6 hours of collec-

ion. Blood smears made with blood without anticoagulant, during the
lood sample collection, were used to estimate the differential white cell
ount. The smears were stained with a Romanovsky like kit (Instant-Prov
it®, Newprov, Brazil). A hundred cells were counted using a binocu-

ar light microscope and a 100x oil immersion lens. Cells were classi-
ed as heterophils, lymphocytes, monocytes, eosinophils, and basophils
26 , 27] . Hemoparasites were also screened in the blood smears. 

Hematocrit (Hct) was calculated by the volume percentage of red
lood cells in the blood, using a StatSpin® Microhematocrit Tube
IRIS USA, Inc.) Hemoglobin (Hb) was determined by the cianometa-
emoglobin method, using a commercial Labtest® Kit in a spectropho-
ometer (Quimis Q898DPT, Brasil). The erythrocytic index was calcu-
ated according to Campbell [25] . 

.5. Plasma biochemistry 

Plasma biochemical analytes albumin, alanine aminotransferase
ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
3 
alcium, creatine phosphokinase (CPK), glucose, globulin, triglycerides,
otal cholesterol, total protein, iron, phosphorus, magnesium, potas-
ium, sodium, urea, uric acid were measured using an automated bio-
hemical analyzer (Humastar 200, In Vitro Diagnóstica, Brasil) with spe-
ific reagents according to manufacturer instructions. 

.5. Heavy metal analysis 

For heavy metals quantification, 1mL of plasma and 1g of the super-
cial scraping of the carapace scutes were microwave-digested in 6 ml of
itric acid using a Multiwave 3000 (Anton Paar®) system, according to
iguel et al. [22] . High-Resolution Continuum Source Graphite Furnace
tomic Absorption Spectrometer (HR-CS GF AAS, Analytik Jena, Jena,
ermany) was used to quantify arsenic, cadmium, copper, chromium,

ron, manganese, lead and zinc and an atomic fluorescence spectrome-
er Mercur Duo Plus (Analytik Jena, Jena, Germany) was used in mer-
ury quantification. The analytical quantification was determined from
he calibration curve using standard solutions (Multi-Element Standards
ertipur®, Merck, Darmstadt, Germany). National Research Council
anada (NCR - CNRC) certificated reference materials (TORT-3, DOLT-
, DORM-4) were analyzed to check the accuracy of the method. All the
alues of the reference materials were within certified limits. Recovery
alues were: As 94%; Cd 92%; Cr 89%; Cu 90%; Fe 88%; Hg 97%; Mn
8%; Pb 89%; and Zn 85%. Metal levels are expressed as 𝜇g/g of w.w. 

.6. Statistical analysis 

All statistical analyses were carried out in Statistical Package for
ocial Science (SPSS) 20.0. To evaluate differences between areas
Povoação and Praia do Forte) and between samples (carapace and
lood) parametric (Student t -test) or nonparametric (Mann-Whitney U -
est) analyses were performed, as appropriate. 

The relationship between each blood parameter and curved carapace
ength (as an indicator of body size) and heavy metals were evaluated
sing Pearson’s or Spearman’s correlation test, depending on whether
oth parameters exhibited a normal distribution. Principal component
nalysis (PCA) was used to assess the overall trends of contaminant load-
ngs and their relationships with health markers (package FactoMineR
n R software). 
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Table 1 

Visual health assessment of loggerhead sea turtles from 

Povoação ( n = 66) and Praia do Forte ( n = 37), Brazil. 

Parameter 
Povoação Praia do Forte 

n % n % 

Body condition 
Good 34 51.5 30 81.1 
Average 31 46.9 7 18.9 
Poor 1 1.6 0 0 
Epibiont load 
None 7 10.6 7 18.9 
Mild 12 18.2 20 54.1 
Moderate 22 33.3 8 21.6 
Heavy 25 37.9 2 5.4 
Ectoparasites 
None 46 69.7 28 75.7 
Mild 14 21.2 9 24.3 
Moderate 4 6.1 0 0 
Heavy 2 3.0 0 0 
Fibropapillomas 
None 63 95.4 37 100 
Mild 3 4.6 0 0 
Eye lesion 
None 60 90.9 37 100 
Present 6 9.1 0 0 
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. Results 

A total of 66 loggerhead sea turtles were sampled in Povoação (PV),
ith three recaptures. At Praia do Forte (PF) 37 animals were sampled
nd none was recaptured. The Brazilian Sea Turtle Conservation Pro-
ram (Projeto TAMAR) has a detailed inventory of female turtles by tag-
ing all nesting individuals, which enables the identification of first-time
esters or remigrants. Within the sea turtles sampled in PV, thirty-one
49.2%) females were identified as remigrants while thirty-two (50.8%)
ay be nesting for the first time. At PF, seventeen (45.9%) females were

emigrants, and twenty (54.1%) were tagged for the first time. 

.1. Morphometric and health assessment 

The mean ( ± SD) CCL was 99 ± 5.0 cm (interval: 89-114 cm) and
8 ± 5 cm (interval: 82-108 cm) in females from PV and PF, respec-
ively, and mean ( ± SD) CCW was 90 ± 4.0 cm (interval: 82-104 cm)
n PV and 89 ± 3.0 cm (interval: 79-99 cm) in PF. Visual health as-
essments of the nesting loggerhead females in each area are shown in
able 1 . A significant difference in body condition was found between

ocations ( U = 856.5, p < 0.0041). Turtles from PV were mostly in aver-
ge (46.9%), or good conditions (51.5%) and only one animal showed
oor condition. In PF good and average conditions accounted for 81.1%
nd 18.9%, respectively. Loggerhead sea turtles from PF were not iden-
ified with fibropapillomatosis tumors or eye lesions, while at PV three
4.6%) animals had suggestive fibropapillomatosis tumors (Fig. S1) and
ix (9.1%) showed eye lesions (Figs. S2 and S3). 

As only one turtle was in poor body condition, differences in epibiont
oads and ectoparasite counts among BC were calculated only for aver-
ge and good condition. Yet, this turtle (poor BC) had heavy epibiont
oads and heavy ectoparasite counts. Epibiont loads varied significantly
mong turtle body conditions ( U = 951, p = 0.028). All loggerhead sea
urtles in average condition had epibionts and showed a greater epibiont
oad than turtles with good BC. A significant difference in epibiont
oad was also found between locations ( U = 631.5, p < 0.0001), at PV
9.4% of the turtles had epibionts compared to 81.1% in PF. Ectopara-
ite counts did not vary among turtle BC ( U = 1168, p = 0352) nor study
reas ( U = 1157, p = 0.293). However, twenty (30.3%) loggerhead sea
urtles from PV had ectoparasites compared to nine (24.3%) from PF.
ix turtles from PV had their carapace covered by mud. 
4 
Three species of bacteria were identified in the eye lesions Myroides

donatum, Staphylococcus aureus, Bacillus subtilis and two species of Fungi
spergillus terreus, Cryptococcus albidus. 

.2. Hematology 

Hematological and biochemical parameters from animals from both
reas are showed in Table 2 . No hemoparasites were found in blood
mear examinations. Sea turtles from PV had higher counts of RBC
 U = 948.5, p = 0.038), Hb ( U = 840, p = 0.0112), Hct ( t = 3.383,
f = 100, p = 0.0010), leukocytes ( U = 701, p = 0.0004), and lymphocytes
 U = 891.5, p = 0.019), and significantly lower counts of eosinophils
 U = 910.5, p = 0.026) than animals from PF. 

.3. Plasma Biochemistry 

Considering biochemical analytes, PV turtles had significantly higher
evels of calcium ( t = 3.924, df = 99, p = 0.0002), sodium ( t = 2.38,
f = 99, p = 0.019), potassium ( t = 2.97, df = 99, p = 0.0037), total
rotein ( U = 623.5, p < 0.0001), globulin ( t = 4.799, df = 99, p < 0.0001),
lbumin ( t = 1.805, df = 99, p = 0.037), uric acid (U = 758, p = 0.003),
nd alkaline phosphatase ( t = 3.15, df = 99, p = 0.002), and significantly
ower ALT ( U = 505.5, p < 0.0001) and AST ( U = 692, p = 0.0006)
ctivity, compared to PF turtles. 

.4. Heavy metal analysis 

The results of elements determination in the blood and carapace of
oggerhead sea turtles from both regions are summarized in Table 3 .
race element distribution in blood of PV and PF turtles was Zn > Fe >
u > As > Mn > Cd > Cr > Pb > Hg and Zn > Fe > Cu > Mn > As > Cr >
d > Pb > Hg, respectively. Higher levels of As ( U = 652, p = 0.0001),
d ( U = 536.5, p < 0.0001), Cr ( U = 585.5, p = 0.0027), Fe ( U = 788.5,
 = 0.0027), Pb ( U = 847, p = 0.029), and Zn ( U = 952, p = 0.03)
ere found in the blood of PV turtles, while PF turtles had higher levels
f Cu ( U = 711, p = 0.0004) and Mn ( U = 529.5, p < 0.0001). In the
cute samples, heavy metals levels were Fe > Zn > Mn > As > Cu > Cr >
b > Hg > Cd in PV turtles and Fe > Zn > Mn > As > Cu > Cr > Pb > Cd > Hg
n PF turtles. The only significant difference in carapace levels between
reas was for Hg ( U = 391.5, p = 0.022), its concentration was higher
n PV turtles. 

Comparing heavy metal levels in blood and scutes samples of animals
rom the same area, it is possible to note that PV turtles had significant
igher levels of As ( U = 1245, p = 0.015), Cd ( U = 535, p < 0.0001), and
u ( U = 180, p < 0.0001) in the blood than in the carapace. On the other
and, levels of Cr ( U = 399, p < 0.0001), Fe ( U = 13, p < 0.0001), Hg
 U = 900, p = 0.0004), Mn ( U = 0, p < 0.0001), Pb ( U = 731, p < 0.0001),
nd Zn ( U = 191, p < 0.0001) were significant higher in the carapace.
F turtles had significantly higher levels of Cd ( U = 259, p = 0.010) and
u ( U = 47, p < 0.0001) in the blood, and Cr ( U = 47, p < 0.0001),
e ( U = 0, p < 0.0001), Mn ( U = 0, p < 0.0001), and Zn ( U = 133,
 < 0.0001) in the carapace compared to the blood. 

All significant positive and negative correlations between heavy met-
ls and health parameters are summarized in Table 4 , and between met-
ls in the blood and scutes in Table 5 . The principal component analysis
f health parameters and heavy metal levels showed two principal com-
onents that explained 28.1% of the variations in the data set. The PC1
xplains 16.5% of the variability and the PC2 explains 11.6% ( Fig. 2 ). A
eparation of the samples can be observed in PCA, being a group formed
y PV individuals and hematological parameters (RBC, Hct, Hb, leuko-
ytes thrombocytes, and lymphocytes) and diseases (fibropapillomatosis
nd eye lesion); and another group formed by PF individuals and body
ondition. Considering heavy metals, two groups are also formed, one
y As, Cr, Cu, Zn and Fe in Povoação; and another with Cd and Mn levels
n Praia do Forte. 
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Table 2 

Morphometric, hematological, and plasma biochemical parameters for loggerhead sea turtles from Povoação and Praia do 
Forte, Brazil. 

Parameter 
Povoação ( n = 66) Praia do Forte ( n = 37) 

mean SD Min Max mean SD Min Max 

Morphometry 
CCL (m) 0.99 0.05 0.89 1.14 0.98 0.05 0.82 1.08 
CCW (m) ∗ 0.90 0.04 0.82 1.04 0.89 0.03 0.79 0.99 

Hematology 
Red blood cell (x10 6 /μL) ∗∗ 0.39 0.23 0.16 1.19 0.29 0.05 0.17 0.40 
Hemoglobin (g/dL) ∗∗ 8.76 1.55 5.30 14.8 7.78 2.15 3.90 12.0 
Hematocrit (%) ∗ 33.5 5.01 19.0 44.0 29.2 7.77 10.0 47.0 
MCV (fl) 1040 416 258 1899 1015 333 337 1880 
MCH (pg) 276 122 68.2 689 266 78.9 98.1 520 
MCHC (g/dL) 26.3 4.54 15.3 41.1 27.8 10.0 11.4 77.6 
Leukocytes /μL ∗∗ 5954 2828 1125 14750 4385 1892 2000 9375 
Thrombocytes /μL 5584 3263 82 14750 4801 1552 1750 8625 
Heterophils (%) 58.5 14.6 6 85 61.3 8.73 47 83 
Heterophils /μL 3572 2240 264 10768 3206 1046 1120 5261 
Lymphocytes (%) ∗∗ 22.8 12.8 3 60 18.1 5.65 7 34 
Lymphocytes /μL ∗∗ 1284 927 82.5 4744 1001 527 140 2253 
Monocytes (%) 5.12 3.23 0 17 4.86 3.20 0 15 
Monocytes /μL 280 180 0 786 265 216 0 1050 
Eosinophils (%) ∗∗ 12.1 6.37 0 31 15.7 5.54 6 26 
Eosinophils /μL ∗∗ 722 547 0 2803 839 435 228 2094 
Basophils (%) 0 0 0 0 0 0 0 0 
Basophils /μL 0 0 0 0 0 0 0 0 

Biochemistry 
Uric Acid (mg/dL) ∗∗ 0.56 0.23 0.15 1.37 0.43 0.14 0.19 0.79 
Urea (mg/dL) 23.3 8.96 2.00 55.0 22.5 11.9 3.00 69.0 
Calcium (mg/dL) ∗ 8.96 2.27 1.41 13.7 6.82 3.18 1.14 12.1 
Phosphorus (mg/dL) 7.28 1.67 3.90 11.4 7.75 1.89 3.50 11.1 
Sodium (mEq/L) ∗ 142 4.85 133 152 139 7.45 123 150 
Potassium (mEq/L) ∗ 4.14 0.47 3.15 5.30 3.86 0.41 2.85 4.66 
Glucose (mg/dL) 98.7 16.1 59.0 141 91.8 17.0 47.0 118 
Total Cholesterol (mg/dL) 258 64.9 124 446 226 73.6 104 374 
Triglycerides (mg/dL) 653 349 57.0 1429 641 395 100 1510 
Total Protein (g/dL) ∗∗ 3.75 0.65 1.90 5.10 3.09 0.69 1.40 4.10 
Albumin (g/dL) ∗ 1.35 0.27 0.70 2.00 1.25 0.25 0.70 1.80 
Globulin (g/dL) ∗ 2.36 0.48 1.00 3.50 1.90 0.42 1.00 2.80 
ALT (U/L) ∗∗ 2.57 1.32 1.10 8.30 4.07 1.82 1.20 9.00 
AST (U/L) ∗∗ 163 94.1 64.0 685 227 128 90.6 662 
Alkaline phosphatase (U/L) ∗ 10.0 2.88 4.00 17.0 8.30 2.37 4.00 12.0 
Serum iron (μg/dL) 59.0 25.9 21.0 122 51.4 26.5 14.0 118 
CPK (U/L) 378 253 75.0 1254 384 325 57.0 1553 
Magnesium (mg/dL) 5.25 0.97 2.10 8.01 5.34 1.04 3.33 8.64 

∗ Significant difference by Student t test (p < 0.05). ∗∗ Significant difference by Mann-Whitney U test (p < 0.05) CCL curved cara- 
pace length, CCW curved carapace width, BCI body condition index, MCV mean corpuscular volume, MCH mean corpuscular 
hemoglobin, MCHC mean corpuscular hemoglobin concentration, ALT alanine aminotransferase, AST aspartate aminotrans- 
ferase, CPK creatine phosphokinase. 
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. Discussion 

Most studies about ecotoxicology and health monitoring in sea tur-
les have been made in areas that are pristine or receive some level of
ontaminants. This is the first study to assess the health of loggerhead
ea turtles from a nesting area affected by the tailings from a collapsed
am. Additionally, this is the first paper reporting levels of heavy metals
n the blood of loggerhead turtles from South America. 

.1. Morphometric and health assessment 

Most of the turtles sampled in Praia do Forte had good body con-
ition, while only half of the loggerhead turtles from Povoação had
his score. Additionally, PV turtles had significantly more epibionts than
F turtles and epibionts gradually increased as body condition deteri-
rated, which corroborates the hypothesis of some authors that con-
idered epibiont load as an indicator of physically compromised turtles
28 , 29] . The higher incidence of ectoparasites in PV animals may rep-
esents a health hazard to sea turtles, since parasitic leeches can cause
irect damage and/or be a vector for infectious agents (e.g., fibropapil-
5 
omatosis). In fact, in the affected area two individuals had suggestive
bropapillomatosis tumors (Fig. S1), and six showed eye lesions. 

Macroscopically, these animals had intense conjunctival hyperemia
nd eyelid edema (Fig. S2), associated or not with corneal lesions (Fig.
3), suggesting a blepharoconjunctivitis or keratoconjunctivitis. This
ondition had already been reported in the 2017/2018 nesting season by
ur team (Personal communication), without previous reports. Although
esults from microbiological examination showed opportunistic bacteria
nd fungi ( Myroides odonatum, Staphylococcus aureus, Bacillus subtilis, As-

ergillus terreus, Cryptococcus albidus ) with low pathogenicity, they still
an contribute to diseases in immunosuppressed animals. It is not known
hether these microorganisms can be causative or are secondary to the

esions. Therefore, it was not possible to determine a precise etiologi-
al diagnosis of the presented condition. Molecular methodologies for
iral diagnosis, as well as histopathological examination (biopsy) of the
yelid, will be necessary to assess if the disease is related to immuno-
uppression and if it is correlated with the exposure to mining waste in
hat area. 

Eye diseases reported in sea turtles include keratoconjunctivitis, par-
sitic conjunctivitis, blepharitis, fibropapilloma, cataract, heterophilic
cleritis, corneal ulceration, and keratitis, and they can affect the pri-
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Table 3 

Heavy metal levels in the blood and carapace of loggerhead sea turtles from Povoação and Praia do Forte, Brazil. 

Parameter 
Povoação ( n = 66) Praia do Forte ( n = 37) 

mean SD Min Max mean SD Min Max 
Blood ( 𝜇g/g w.w) 

As a 1.29 ∗ 0.84 0.006 3.46 0.62 0.44 0.009 2.11 
Cd a 0.15 ∗ 0.23 0.005 1.24 0.023 ∗ 0.03 0.15 0.30 
Cr a 0.06 ∗ 0.09 0.0001 0.36 0.03 ∗ 0.06 0.00009 0.31 
Cu a 2.45 ∗ 0.77 0.20 3.71 2.97 ∗ 0.76 0.70 4.22 
Fe a 8.51 ∗ 4.75 2.43 27.5 6.90 ∗ 5.22 0.31 28.3 
Hg 0.005 ∗ 0.012 0.000007 0.08 0.002 0.002 0.0002 0.013 
Mn a 1.13 ∗ 0.09 0.85 13.7 1.30 ∗ 0.22 1.08 2.05 
Pb a 0.016 ∗ 0.02 0.0003 0.12 0.014 0.011 0.0043 0.05 
Zn a 10.48 ∗ 1.79 0.22 15.32 9.85 ∗ 1.84 4.08 13.6 

Carapace ( 𝜇g/g w.w) 

As 0.96 0.98 0.05 6.03 1.01 0.84 0.10 2.39 
Cd 0.004 0.004 0.001 0.02 0.008 0.01 0.0002 0.05 
Cr 0.50 0.90 0.01 3.27 0.39 0.46 0.01 1.81 
Cu 0.73 0.41 0.11 2.49 0.99 0.74 0.21 3.20 
Fe 358 411 29.9 2621 247 201 48.9 863 
Hg b 0.01 0.02 0.0006 0.11 0.005 0.006 0.0007 0.03 
Mn 8.44 5.21 2.62 24.8 7.16 4.91 2.08 18.4 
Pb 0.05 0.08 0.000006 0.54 0.05 0.08 0.0004 0.34 
Zn 33.7 16.3 5.90 86.9 34.1 25.7 3.59 97.9 

∗ Significant differences in heavy metal levels between blood and carapace samples from the same area (p < 0.05). 
a Significant differences in heavy metal blood levels between samples from Povoação and Praia do Forte (p < 0.05). 
b Significant differences in heavy metal carapace levels between Povoação and Praia do Forte (p < 0.05). As arsenic, Cd 

cadmium, Cr chromium, Cu copper, Fe iron, Hg mercury, Mn manganese, Pb lead, Zn zinc. 

Fig. 2. Principal Component Analysis (PCA) plot showing the multivariate vari- 
ation between heavy metals and some health parameters. Vectors indicate the 
direction and strength of each variable to the overall distribution. Green dots 
correspond to Povoação animals and light pink triangles correspond to Praia do 
Forte animals. 
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ary and accessory tear glands, the eyelids, and the eyeball [30] . Flint
t al. [31] found mild to severe eye lesions in green sea turtles inhabit-
ng areas impacted by agricultural and urban human activities. No spe-
ific etiology of the lesions was identified through histology or microbial
ulture and there was no indication of viral involvement. However, the
uthors claimed that this disease should be considered a potentially se-
ious issue among coastal sea turtles of Northern Australia. In Brazil, the
ost common eye diseases are related to trauma and fibropapillomato-

is in green turtles [32] or ocular spirorchiidiosis in green, loggerhead,
nd olive ridley turtles [33] . Eye lesions with a similar presentation in
nimals from the same nesting site raise doubts about the existence of
6 
nother causal agent or predisposing factor in the environment that may
e related to immunosuppression, which in turn could be related to en-
ironmental contaminants such as heavy metals, among other factors.
urthermore, there have never been reports of this disease in C. caretta

rom Praia do Forte, the largest nesting site of the species in Brazil, or
rom other areas monitored by Projeto TAMAR during the 40 years of
each monitoring. 

.2. Hematological and biochemical parameters 

Several differences regarding hematological and biochemical param-
ters were found between animals from Povoação and Praia do Forte.
F turtles had significantly lower levels of Hct, Hb, RBC, leukocytes
nd lymphocytes count, calcium, potassium, protein, albumin, globu-
in, alkaline phosphatase, and uric acid compared to PV turtles. Previ-
us studies have evaluated the changes in hematological and biochem-
cal parameters in female sea turtles sampled over the entire nesting
eason. The authors found that the levels of total protein significantly
ecreased with the increasing number of nesting events [34–36] , indi-
ating that the sea turtles are relying on body lipids for nutrients. A
otential explanation for this observed trend is decreased protein pro-
uction or increased catabolism as the nesting season proceeds, nutri-
ional stress, anorexia, and little or no food intake [34 , 37] . Perrault et al.
36] suggested that total protein levels could be used to assess whether
ea turtles are early (1st to 4th clutches) or late (5th clutch or more) in
heir reproductive cycles. 

Decreases in albumin levels have also been documented in nesting
awksbill ( Eretmochelys imbricata ) [38] and leatherback ( Dermochelys co-

iacea ) [34–36] and could result from its utilization in albumen produc-
ion during amniotic egg formation [39] , protein loss [37] , and fasting
34 , 40 , 41] . Immune proteins also tend to decrease gradually during the
esting season [36] associated with a reduction in body condition [42] ,
ower food intake [35] , and the fact that 𝛾-globulins are deposited into
gg albumen [39] . 

Triglycerides and cholesterol levels are similar throughout the early
nd middle parts of the nesting season due to vitellogenesis [43] and
he mobilization of lipid stores [42 , 44 , 45] . In the last clutches, there is
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Table 4 

Spearman correlations between blood heavy metals levels and hematological and biochemical parameters 
in loggerhead turtles from Povoação and Praia do Forte, Brazil. 

Health 
parameter 

Povoação Praia do Forte 

As Cd Cr Cu Hg Pb Cu Hg 

RBC 0.407 ∗∗ -0.379 ∗∗ 

Hct 0.340 ∗∗ -0.229 ∗ 0.469 ∗∗∗ -0.428 ∗∗ 

Hb -0.259 ∗ -0.423 ∗∗ 

MCV -0.255 ∗ 0.262 ∗ 

MCH -0.349 ∗∗ 0.303 ∗∗ -0.404 ∗ 

MCHC -0.236 ∗ 

Thrombocytes 0.358 ∗∗ -0.346 ∗∗ 

Leukocytes -0.233 ∗ 

Heterophils -0.266 ∗ 0.324 ∗ 

Lymphocytes -0.496 ∗∗∗ -0.513 ∗∗∗ -0.255 ∗ 

Eosinophils -0.251 ∗ 

Monocytes 0.289 ∗ 

Albumin -0.365 ∗∗ -0.390 ∗∗ 0.394 ∗∗ 

Calcium 0.400 ∗∗∗ -0.231 ∗ 

Cholesterol 0.364 ∗∗ 0.316 ∗ 

Iron 0.434 ∗∗∗ -0.353 ∗∗ 0.442 ∗∗ 

Globulin -0.342 ∗∗ -0.280 ∗ -0.346 ∗∗ 0.383 ∗∗ 

Protein -0.367 ∗∗ -0.267 ∗ -0.436 ∗∗ 0.460 ∗∗ 0.473 ∗∗ 

Triglycerides 0.367 ∗∗ 0.326 ∗ 0.213 ∗ 0.613 ∗∗∗ 

Sodium -0.217 ∗ 

AST -0.276 ∗ 

Magnesium 0.315 ∗ 

Urea 0.213 ∗ 

Uric Acid 0.248 ∗ 

∗ p < 0.01 
∗∗ p < 0.001 
∗∗∗ p < 0.0001Bold values indicate negative correlations between variables RBC red blood cell count, Hct 

hematocrit, Hb hemoglobin, MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, MCHC 

mean corpuscular hemoglobin concentration, ALT alanine aminotransferase, AST aspartate aminotrans- 
ferase, CPK creatine phosphokinase 
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 shift to protein catabolism and triglycerides concentrations decreased
44] . These patterns of triglycerides concentrations could also be used
o identify individuals that just arrived or are leaving the nesting area. 

Decreases in calcium, phosphorous, sodium, and potassium have also
een observed [34] . These decreasing trends may be associated with
educed food intake and mineral nutrient depletion as the nesting season
roceeds [46] . Moreover, lower calcium levels are also a result of its
llocation for eggshell formation [47] . Hct, RBC, and leukocyte count
lso tend to decrease as the nesting season progressed, indicating that
emales may become more stressed and fatigued, and with a worse body
ondition [34 , 35 , 42 , 48] . 

In this context, the differences found in hematological and biochem-
cal parameters between PV and PF may be related to nesting status.
rotein levels of PF turtles are slightly lower than PV turtles and triglyc-
rides and cholesterol levels are similar, it suggests that the turtles sam-
led in PV are early in their reproductive cycles and only a clutch or
wo in difference of PF turtles. 

Previous studies suggested that biochemical and hematological pa-
ameters may vary among geographic locations, habitats [49] , and
reeding status [50] . Thus, the results found were compared with nest-
ng loggerhead turtles from Brazil to confirm that the levels found were
ithin normal ranges and the differences observed could be attributed

o the physiological changes that accompany nesting. Only two stud-
es that analyzed the same parameters were found [51 , 52] , one of them
lso sampled females at Praia do Forte (2004-2006) and the other at Rio
e Janeiro, where the population is genetically equivalent to Povoação
53] . The values found for PV and PF C. caretta are amongst the previ-
usly reported ranges (Table S1), so they are likely to represent normal
hysiological conditions. It is important to note that a limitation of this
tudy was that sampling only occurred in sea turtles that came to the
each to nest. It is possible that animals that did not approach the beach
ould have had abnormal hematology or biochemistry values, and thus
ere not fit to complete their reproductive cycle and nesting [54] . 
7 
.3. Heavy metals- blood 

Significantly higher levels of As, Cd, Cr, Fe, Pb, and Zn were found
n the blood of PV turtles compared to PF turtles. Nesting turtles are in
 physiological condition in which they have migrated from the feed-
ng area to the reproductive and nesting areas. As aforementioned, they
arely feed during this period and need to mobilize energy reserves for
gg production. Therefore, metal levels in the blood are likely to be in-
uenced by their mobilization from target tissues, such as the liver, kid-
eys, muscles, and fat, and by the consumption of contaminated water
o ensure egg production [18 , 55] . 

The rank order of blood concentration of metals was consistent with
he standard of essential metals being in higher concentrations than the
oxic ones: Zn > Fe > Cu > Mn > As > Cr > Cd > Pb > Hg in PF turtles and
n > Fe > Cu > As > Mn > Cd > Cr > Pb > Hg in PV turtles. This trend
as expected as essential metals are involved in several important phys-

ological and homeostatic processes and are therefore generally main-
ained within narrow concentration ranges by regulatory mechanisms
56] . On the contrary, non-essential metals are not actively controlled
y turtles and could change according to the level of exposure [57] . 

Under the assumption that heavy metal levels in sea turtles’ blood
eflect recent contamination, which is dependent on local and regional
ources of these contaminants, results comparisons should be made with
ther studies from the same or close region [58] . No study has been pub-
ished in Brazil about heavy metals in the blood of C. caretta , thus the
esults were compared with those from loggerhead sea turtle from dif-
erent regions of the world ( Table S3 ). Analyzing other loggerhead sea
urtles’ populations, PV and PF turtles have lower levels of most met-
ls evaluated, only Cu levels are very similar to Mexican loggerheads
nd Mn levels are higher than the other places. However, comparisons
etween the results from this study and previous studies are problem-
tic and possibly inaccurate because of the species behavior, foraging
reas, methods of collection and sample storage, handling, processing,
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8 
nd differences among methods used to quantify metals [21] . Addition-
lly, it is important to consider the mobility that some substances have
n moribund, sick, or stranded turtles, which could be a source of vari-
tion between debilitated and healthy turtles. 

.4. Heavy metals- carapace 

The only significant difference observed between areas in carapace
eavy metal levels was for Hg, which concentration was higher in PV
urtles. The rank order of heavy metals in the scutes was the same in
he two areas Fe > Zn > Mn > As > Cu > Cr > Pb > Hg > Cd, except for Hg
nd Cd that were in inverse order in PF turtles (Cd > Hg). It suggests
hat there is a trend of metal accumulation in the carapace, which is
elated to eating habits. This corroborates the idea that although PV
nd PF loggerhead populations are genetically different [53] and nest
n distinct areas, they might migrate and remain in the same feeding
reas and then separated again in the breeding season. However, the
ocalization of these feeding areas is unclear. Telemetry studies indicate
hat PF turtles migrate to foraging grounds in northeastern Brazil [59] ,
hereas PV turtles travel to the north and south [60] . 

Regarding carapace fragments, only two studies sampled in Brazil
nd just analyzed Hg levels. Worldwide, few articles used scutes to an-
lyze heavy metals in C. caretta ( Table S4 ). Compared with other log-
erhead sea turtles’ populations, PV and PF turtles had higher As, Cu,
e, and Mn levels. In contrast Cd, Hg, Pb, and Zn levels were lower.
F turtles from this study and those of Rodriguez et al. [61 , 62] were
ampled in the same area but in different years and data showed huge
ifferences in Hg levels. It is important to highlight that many factors
re known to influence heavy metals concentrations in scutes, includ-
ng layering (i.e., upper scute layers might exhibit older exposure than
ower layers), migration, and diet [63 , 64] . Mattei et al. [65] observed
hat Mn, Pb, and Zn accumulated in the area of the carapace which os-
ifies first (central area), while Cd, Cr, Cu, Sb, and V are mainly located
n the lateral areas. Additionally, superficial carapace scute scraping of
bout 2 mm includes only the keratinized layer, whereas a 14 mm deep
iny carapace samples collected using core drill also includes different
ayers as dermis and bone [66] . These facts, unfortunately, hamper di-
ect comparisons to our results but may provide an overview of heavy
etal distribution in the other populations of C. caretta . Thus, compar-

sons within a study are more valuable because animals are sampled and
nalyzed in the same way. 

.5. Heavy metals- blood x carapace 

Sea turtles from Povoação had significantly higher As, Cd and Cu
oncentrations in the blood compared to scutes, suggesting more recent
xposure to these elements, while Cr, Fe, Hg, Mn, Pb, and Zn were higher
n scutes, indicating an older exposure to these elements. PF turtles had
igher levels of Cu and Cd in the blood (recent exposure) and Cr, Fe, Mn,
nd Zn in the scutes (long-term exposure). Several relationships were
ound among heavy metals in the blood and carapace ( Table 5 ), though
xplaining the nature of each correlation remains speculative. Several
actors could contribute to the range and variability of the correlations,
uch as age, sex, and health of individuals [64] . Many studies have al-
eady found negative and positive correlations among various heavy
etals in sea turtles [20 , 48 , 58 , 63 , 67-70] . These positive correlations
robably exist for many reasons, among them: loggerhead sea turtles
ave simultaneous exposure to these elements; the elements have simi-
ar transport mechanisms and physiological pathways in the body (met-
lloids and heavy metals are bound to red blood cells); there are also
ntagonistic effects between the elements; they reflect bioaccumulation
nd/or they are binding with the keratin in the carapace [20 , 48 , 67 , 70] .
egative correlations may be due to the different toxicokinetics of each
etal; maternal transfer; different sources of each element; or their ex-
osure is less constant [58 , 71] . Lead was the only metal in the carapace
ith a positive correlation with CCL, which indicates that it accumulates
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ith age. However, the absence of other correlations between most of
he metals and animals’ size could be because the study group of animals
as relatively homogenous in size and age (adult nesting female). Mer-

ury levels in the blood correlate with CCL and with carapace mercury
oads, supporting similar findings of Day et al. [63] and Komoroske et al.
20] . Many heavy metals in the carapace (As, Cd, Cr, Cu, Fe, Mn, and
b) positively correlated with zinc. It is known that zinc mediated the
ranscription of metallothionein in response to metal toxicity [72] . Met-
llothioneins are metal-binding proteins involved in the detoxification
f toxic trace elements such as Cd, Hg, Ag, and Pb and the homeostasis
f essential elements (e.g. Cu, Zn) [73] . A similar process in sea tur-
les might explain the strong correlations between Zn and other metals
ound in the present study. 

.6. Heavy metals x Health parameters 

Despite the physiological differences found between samples from
ach region, PV turtles had more significant correlations between health
arameters and heavy metals concentration, indicating that these con-
aminants may have an impact on the physiological profile and, poten-
ially, the health of loggerhead turtles that nest in the area affected by
he tailings. Considering the large number of correlations found in this
tudy, it is impractical and perhaps overly speculative to try to explain
he nature of each correlation [67] . Some of them are described below.

Blood arsenic (As) levels of PV turtles had a significant negative cor-
elation with leukocytes, heterophils, lymphocytes, eosinophils, albu-
in, globulin, and protein, suggesting a possible cumulative negative

ffect on the immune system. Register [74] , Camacho et al. [58] , and
errault et al. [48] also found a negative correlation between arsenic
s albumin, arsenic vs WBC counts, and arsenic vs ”-globulins in log-
erhead turtles. Thus, arsenic contamination may inhibit the immune
esponses against microorganisms, favoring infections [75] . 

It was observed a significant decrease in RBC, thrombocytes, lym-
hocytes, and total globulin correlated to increased blood cadmium (Cd)
evels in PV turtles. Cd has also been linked to reduced ”-globulins and
otal globulins and increased A:G ratio in loggerhead turtles [48] , de-
reased total globulin in green sea turtles [20] , and reduced creatinine
nd glucose levels in olive ridley sea turtles [76] . García-Fernández et al.
77] studied stranded loggerhead turtles from the Mediterranean coast-
ine and observed that the turtle with the highest renal Cd concentration
ied following a period of sickness due to a massive parasite’s infesta-
ion. The authors concluded that high Cd levels might cause chronic
roblems in the immune system which have reduced its capacity to de-
end the organism against parasites. Camacho et al. [58] found a nega-
ive relationship between RBC vs Cd levels and assumed that this metal
ight cause anemia in loggerhead turtles that nest in Cape Verde. 

Chromium (Cr) is also known to cause anemia, since it is distributed
o and accumulated by erythrocytes. Once inside the cell, it is rapidly
educed and binds to hemoglobin and other ligands. Some studies have
lready shown that acute and chronic exposure to chromium reduced
CV, MCH, Hct, and Hb [78] . In PV turtles, chromium had a significant

egative correlation with hematocrit. On the contrary, mercury had a
ositive association with hematocrit, which is consistent with the role
f RBCs as the primary transport mechanism of Hg throughout the body
79] . 

Some studies with sea turtles showed that lead (Pb) negatively cor-
elated with the A:G ratio, glucose, sodium, lymphocytes, albumin, 𝛼2 -
lobulins, and P-nitrophenyl acetate esterase activity, and positively
orrelated with globulin, total protein, uric acid, phosphorus, glucose,
nd AST [20 , 48 , 58 , 76] . In this study, higher levels of lead were asso-
iated with lower levels of Hb and MCHC and higher levels of mono-
ytes, triglycerides, magnesium, and urea. It is known that lead inhibits
he body’s ability to synthesize hemoglobin by interfering with several
nzymatic steps in the heme pathway and it also induces two types of
nemia (connected with interfering heme biosynthesis or hemolytic ane-
ia) [80] . Together these correlations provide a strong argument that
9 
he exposure to these metals may have an impact on the female sea
urtle’s health. 

.7. Effects over time 

In chronically contaminated coastal systems like Povoação, recent
hemical exposure may not be strong enough to elicit obvious response
atterns in sea turtles. Over time, however, physiological acclimatiza-
ion and associated energetic demands of chronic chemical biotransfor-
ation and elimination could result in altered biochemical and hema-

ological profiles [20] . 
Although only three animals were recaptured in Povoação and sta-

istical analyzes were not performed because of the small sample size, a
ecreasing trend in some hematological and biochemical parameters can
e observed when the two sequential analyzes are contrasted (Table S2).
f this decreasing trend remains to persist as the season progresses, some
arameters may be below the normal ranges and the animals could man-
fest anemia and immunological effects at the end of the nesting season.
ne recaptured animal changed its body condition from good to average

n 17 days. Two of them increased the epibiont and ectoparasite counts,
nd one developed an eye lesion. 

Maternal health and energy stores of nesting sea turtles affect their
eproductive output, since suboptimal health produces eggs with inade-
uate nutritional reserves, which may influence the survival of their off-
pring [35] . The occurrence of eye lesions, suggestive fibropapillomato-
is tumors, worse body condition, higher ectoparasite count, greater
pibiont loads, large number of correlations between health parameters
nd heavy metal levels, and higher levels of some metals in the blood of
V turtles (as PCA demonstrates) indicates that the tailings could exert
 negative impact on the health and reproduction of these turtles. Con-
inuous monitoring is very important to confirm if heavy metals from
he mining dam rupture are influencing the physiological condition of
oggerhead sea turtles that nest in this region. 

. Conclusions 

This study provides relevant information about loggerhead sea tur-
les’ health that nest in an area affected by the tailings of a collapsed dam
n Brazil. Although the results do not identify definitive cause-effect re-
ationships on the health of these animals, they provide ecologically rel-
vant data to inform hypotheses warranting further investigation. The
arge number of correlations found in this study underscore the need
or more studies that monitor these animals over the entire nesting sea-
on to verify the changes in the physiological and immunological con-
ition since animals that were recaptured had higher metal levels in the
lood in the second sampling and important changes in health parame-
ers. Additionally, the data reported here are important for temporal and
patial comparative studies in the future and helps to complement and
trengthen the management plans for these species and the ecosystems
here they participate. 
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