
Citation: Arienzo, M. Progress on the

Impact of Persistent Pollutants on

Marine Turtles: A Review. J. Mar. Sci.

Eng. 2023, 11, 266. https://

doi.org/10.3390/jmse11020266

Academic Editors: Carlos Guedes

Soares, Rafael J. Bergillos, João

Miguel Dias, Markes E. Johnson,

Naomasa Oshiro and

Alvise Benetazzo

Received: 28 December 2022

Revised: 17 January 2023

Accepted: 18 January 2023

Published: 24 January 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Review

Progress on the Impact of Persistent Pollutants on Marine
Turtles: A Review
Michele Arienzo

Department of Earth Sciences, Environment and Resources, University of Naples Federico II, Via Vicinale Cupa
Cintia 21, 80126 Naples, Italy; michele.arienzo@unina.it

Abstract: The review examines the most recent advances on the effect of persistent pollutants on
sea turtles. Research on this topic is still limited, especially that related to toxicity, since they are
protected species and in vivo toxicity studies are difficult, with most studies carried out on deceased
individuals. Besides toxicology, the review considers direct links to pollution sources, reproduction
impact, health effects and biomarkers of pollution exposure. Little attempts have been made so far to
gather data that would provide insight into the causes of the observed health trends. Considering
this, studies correlating PPs accumulation with health parameters were also discussed. The review
synthesizes the recent progress of the research on these topics and indicates the main urgent need of
investigation to limit threats from anthropic pressure.
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1. Introduction

Persistent pollutants, PPs, can be termed as “forever chemicals”, including inorganic
and organic compounds such as heavy metals, HMs, polycyclic aromatic hydrocarbons,
PAHs, polychlorobiphenyls, PCBs, organochlorine pesticides, and OCPs, which are resis-
tant to environmental degradation through chemical, biological, and photolytic processes.
One of the major targets of PPs are oceans where they impact marine biota depending
on sources and forms as sound, thermal, photic, plastics, chemical, effluent, and others,
Figure 1. Wildlife species, and especially sea turtles as a long-lived species, accumulating
high concentrations of chemicals throughout their lifetime, traveling long migratory routes
able to travel long distances, may be exposed and accumulate large amounts of PPs from
different areas [1–4]. Exposure routes include water cycle, atmospheric deposition, trophic
transfer, plastic ingestion, marine sediments, urban and agricultural run-off, vehicular and
industrial emissions, vessel operation, tanker accidents, exploration production, and oil
spills [5–8] (Figure 2). This can be the case for OCPs, which can enter the marine envi-
ronment through inputs from air and water through agricultural run-off and storm-water
discharge (Figure 1). Many PPs are highly hydrophobic and are resistant to degradation and
metabolism. This has elicited significant bioaccumulation and magnification [8]. Sea turtles
diving into deep and cold water and returning to the surface for breathing, rest, or rewarm
are highly exposed to pollution from both the seabed and surface [9]. They are considered
endangered species from PPs exposure due to their delayed maturity and longevity and
high-level position in the food web. Due to these features, they are considered potential
bioindicators of environmental contamination by PPs [10–12]. They are distributed from
coasts to open ocean [13], migrate covering long distances, and have a complex life cy-
cle [13,14], including terrestrial habitats where females spawn, neritic areas as a refuge for
hatchlings’ growth, and the development of juveniles until they reach adulthood and the
open ocean for large migrations. They then begin their long back journey to born places
where they reproduce, about 25 years after birth, depending on the species, initiating a new
cycle [15]. Because of this complex life cycle and longevity, up to 75 years [16], they can
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bioaccumulate contaminants and be important biomonitoring organisms. This complex life
cycle also means that they feed off different organisms: at the juvenile life stage, they live
in oceanic areas and behave as opportunistic predators and feed on planktonic biota [2],
whereas once they become adults they live in deeper waters, feeding on benthic organisms
(Snape et al., 2020) in the form of crustaceous, crabs, and fish [17], and hence bioaccumulate
consistent amount of lipophilic pollutants. Their long lifespan and migratory behavior
put them at risk of exposure to environmental contaminants that may accumulate over
time leading to adverse health outcomes [18–22]. Some of them may weigh up to 900 kg,
live at least 45 years grazing in all world’s oceans with wide habitat range from the In-
dian Ocean to the eastern Pacific, periodically come ashore to either bask or nest, making
long journeys up to 10,000 miles per year [23,24] showed as green and loggerhead turtles
tend to keep similar migratory routes, foraging areas, and wintering sites, between and
within years and after successive breeding migrations and explained the phenomena as
due to food resource limitations, territorial defense, or vicinity to wintering sites. This was
observed for loggerheads migrations in the Mediterranean Sea [24–28], with individuals
foraging in certain specific areas of Mediterraean and then returning to the nesting areas.
Uçar et al. [28] reported that loggerheads journey covered between the area between the
Island of Ventotene (southwestern Italy) in the Tyrrhenian Sea and the Eastern coast of
Turkey in the Eastern Mediterranean Sea.

Due to these features, they can build up many chemicals in tissues, having serious con-
sequences on the conservation of these reptiles, leading over time to immuno-suppression,
often associated with fibro-papillomatosis disease, disruption of endocrine function, respira-
tory inflammation, gastrointestinal ulceration, organ damage, and reproductive failure [2].

There are seven species of sea turtles: leatherback (Dermochelys coriacea), kemps’ ridley
(Lepidochelys Kempii), olive ridley (Lepidochelys olivacea), hawksbill (Eretmochelys imbricata),
green (Chelonia mydas), loggerhead (Caretta caretta), and flatback (Natator depressus) [29]
Figure 3. The International Union for Conservation of Nature’s Red List of Threatened
Species [12] includes six of the seven sea turtle species in the ‘threatened’ category, and the
deleterious effect of marine pollutants is included among the top 20 research topics for sea
turtle conservation [30]. The list classifies as vulnerable (L. olivacea), endangered (C. caretta,
C. mydas), and critically endangered (D. coriacea, L. kempii, E. imbricata) (Figure 2). Caretta
caretta is the most widespread chelonian in the Mediterranean Sea, using the Italian coasts
for nesting and feeding ground [11], and is considered a “flagship species” for biodiversity
conservation because it is sensitive to human-induced environmental pollution [31–33].
Since turtles are endangered taxa, knowing the level of exposure to PPs provides a frame-
work for assessing the health and improving the conservation of the species. Their presence
on the IUCN red list makes the study of the impact of pollution vital.
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Scientific study of these reptiles began in earnest in the 1950s. Since then, interest in
this field has grown, and all six continents (excluding Antarctica) now have active sea turtle
research programs [35]. PPs can elicit developmental, reproductive, general health, and
immune system effects of sea turtles, even at low concentrations [36] that have long life
span, low metabolic rate, and highly efficient conversion of prey into biomass [36]. Studies
on the exposure, accumulation, and toxicity of PPs are interesting, since turtles occupy a
high trophic niche and can be used as biological indicators of long-term bioaccumulation
in the environment. Some studies, in fact [37], report on turtles’ sensitivity to chemical
exposures in the environment, and this makes sea turtles early indicators of environmental
health issues. Many species such as green sea turtles show sensitivity to different pollu-
tant exposure by assaying immunological and physiological effects [37]. This allows the
assessment of the general contaminant status of the environment in which they forage.
Research on these animals remains difficult and many issues are understood as direct links
to pollution sources, especially non-point sources, toxicology, links between pollutants,
and reproduction impact [38]. The amount of data available on PPs contamination of sea
turtles and the effect on their health is still relatively limited [32], and many studies have
been performed with deceased individuals, significantly limiting the ability to determine
if concentrations influenced health state. In the last decade, collection and analysis of
blood samples from living turtles enabled to investigate their health more in-depth [35].
Biomarkers can help to address the health status of these threatened reptiles [39].
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To date, investigation of the effects of pollutants on sea turtle health has been sparse,
leaving a critical research area to be evaluated in their conservation [41]. Little attempts
have been made so far to gather data that would provide insight into the causes of the
observed health trends. In light of this, studies correlating PPs accumulation with health
parameters are clearly needed. The review summarizes the reading of ninety papers from
the discovery platform of peer-reviewed literature of science over the last twenty years. The
selection was made by keywords such as sea turtles, persistent pollutants, heavy metals,
and persistent organic pollutants and toxicity. The review does not collect and summarize
huge amounts of data, whereas it has the scope to indicate few and important very recent
gaps of the research on these amazing sea water reptiles at risk of extinction. Thus, in light
of this, the main review aims were to identify current gaps of the research on the kind of
accumulation organs and tissues, biological and environmental PPs effects, relationships
between heath state impairment, and causes and toxicity to PPs threshold.

2. Persistent Pollutants
2.1. Heavy Metals

Heavy metals, HMs, are elements with a specific density above 5 g/cm3 and atomic
weight greater than 40.04 g/mol [42]. Being non-biodegradable, they can be bioaccumu-
lated in tissues or excreted [43]. Both metals and metalloids form covalent bonds with
functional groups of organic molecules, creating lipophilic complexes capable of crossing
cell membranes, producing toxic compounds such as tetraalkyl lead or methylated forms of
Hg and As. They can also bind to nonmetallic components of cells, as sulphydryl moieties
of proteins, causing toxic effects [44]. Moreover, metals can be distinguished in essential for
biological function that are toxic at specific thresholds, as aluminum Al, molybdenum Mo,
cobalt Co, and nonessential as barium Ba, beryllium Be, and lead Pb, with higher toxicity
due to their competition with essential metals [44].

2.2. Factors Driving HMs Accumulation

The bioaccumulation of HMs in sea turtles is governed by biological and environmen-
tal factors [45,46].
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2.2.1. Biological Factors

Biological factors include body size, age, and sex. Literature displays studies on the re-
lationship between HMs levels in storage organs and animal size through the measurement
of the standard carapace length, SCL [46–49]. Others also consider HMs concentrations in
red blood cells, RBCs [50–53]. Often, body size appeared well-correlated with age. In adults,
higher than average levels of metals are often reported: Pb in bone, Cd in kidney, As in
kidney, Cd, Hg, Pb, and Zn in muscle, As, Hg, Pb, and Se in central nervous system tissue,
may be indicative of chronic exposure [46]. In other cases, no correlation was found, as was
the case for the study carried out along the Adriatic Sea coast, where Franzellitti et al. [54]
reported a negative correlation (p < 0.05) between SCL and Zn in liver tissue, while Cd,
Cu, Fe, Mn, and Ni showed widely variable values with no apparent correlation with SCL.
Maffucci et al. [55] reported that Cd, Cu, Hg, and Zn in liver, kidney, and pectoral muscle
tissues of loggerhead turtles from the southern Tyrrhenian coast of Italy were not influenced
by the size of the specimen, except for Se in the liver, which was negatively correlated
with the CCL. Aymak et al. [53] reported that Cu, Zn, Cd, Cr, Mn, and Pb did not show
correlation with the CCL, and a highly negative linear relationship (p < 0.05) was found
only between the concentration of As in muscle tissue and CCL. While body sizes appeared
to be often well-correlated with metal levels, sex has not been shown to be significantly
correlated. Maffucci et al. [55] reported that sex had no significant influence on Cd, Cu, Hg,
and Zn concentrations in liver, kidney, and pectoral muscle tissues of loggerheads from
southern Tyrrhenian coast of Italy.

One fundamental question on HMs accumulation regards the type of target tissue
or organ. Table 1 summarizes reports concentrations of HMs in liver and muscles and
patterns of abundancy order over the last decades. Most abundant set scaled as Zn > As >
Cu > Pb > Mn> Cd> Cr in both liver and muscle, with an evident dominance of Zn and
Cu in most studies. García-Fernández et al. [49] assayed metals in liver, kidney, pectoral
muscle, brain, and bone of loggerheads from the southwestern Mediterranean coast and
found positive correlations between hepatic and renal Cd and hepatic and renal Zn. In
other studies, Jerez et al. [46] reported statistically significant positive correlation between
Zn in liver and kidney tissue and a statistically significant negative correlation between
Se in muscle and liver tissue in dead loggerhead from the Western Mediterranean shores
of Murcia (Spain). Saeki et al. [47] reported an inverse correlation with As in muscle for
green turtles. Gardner et al. [48] found a positive correlation of Cd, Cu, and Ni in kidney
with SCL and Ni with the SCL in both kidney and liver tissue for loggerhead turtles from
northwestern Mexico. Aymak et al. [53] reported how Zn showed the highest levels in
muscle, 91.09 ± 33.01, range: 59.29–135.78 µg g/g dry wt and liver 83.21 ± 52.17, range:
47.92–186.95 µg/g tissues. Authors also reported that the mean concentrations of Cd,
Cu, Pb, Mn, and Cr had higher levels in the liver tissue than in the muscle tissue, but
the highest Zn and As levels were found in the muscle tissue, as previously reported in
studies by Andreani et al. [56] for Zn in Italy Adriatic and Mediterranean coasts of Italy,
Maffucci et al. [55] for Zn in western Italy, Storelli et al. [57] for As in eastern Italy (South
Adriatic Sea), Saeki et al. [47] for As from the North Pacific, Jerez et al. [46] for Zn and As
in eastern Spain, Caurant et al. [58] for Zn in western France (Atlantic coast of France),
Sakai et al. [59] for Zn in Japan, and Sakai et al. [60] for Zn in Japan. Regarding the difference
in metal loading among the different tissues in general, heavy metal concentrations in liver
and kidney are higher than in the muscle tissue of loggerhead and green turtles [36,59,60].
Arsenic is an exception, since it is present mainly in muscle tissue [47,57,61]. It has been
found that As distribution varies with species and growth [47]. Juveniles are carnivorous
regardless of the species, whereas when they are adult, species differ from each other in
prey items, for instance, green turtles are apparently algicolous, loggerhead turtles tend
to be carnivorous, and hawksbill turtles prefer sponges [47]. An interesting study was
carried out by Saeki et al. [47] on As accumulation by liver, kidney, and muscle of green,
loggerhead, and hawksbill turtles. Authors found how arsenic scaled as muscle > kidney >
liver and that As levels were higher in hawksbill, feeding mainly on sponges instead of the
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two other turtles primarily eating algae and mollusks, normally loading higher amount of
As. Arsenic also significantly decreased with standard carapace length as an indicator of
growth and the main arsenic compounds was found to be arsenobetaine, detected in the
tissues of all the turtles with accumulation differences related to prey items. A similar path
was observed by Aymak et al. [53] with As concentration in the order: muscle > liver. This
might be due to a specific metabolic mechanism in muscles, as outlined by Saeki et al. [47].
In the same way, Zn was high in loggerheads muscle tissue from the Mediterranean Sea,
the Atlantic, and the Pacific Oceans [32]. Storelli and Marcotrigiano [61] reported that As
was mostly present in organic form, 90.2–99.7% in muscle, and 81.4–94.2% in liver, and the
inorganic As levels in liver were three times higher than in the muscle of loggerheads.

Table 1. Mean ± SD concentrations of heavy metals in sea turtle tissues and pattern of abundancy
order over the last decades.

Site N Tissue As Cd Cr Cu Mn Pb Zn Tissue Abundancy Order Reference

Turkey 6 muscle 72.8 ± 39.3 0.48 ± 0.91 0.39 ± 0.49 6.50 ± 8.22 1.53 ± 0.81 2.00 ± 1.30 91.09 ± 33.01 muscle Zn > As > Cu > Pb
> Mn > Cd > Cr [53]

Italy 10 muscle 0.81 ± 0.04 2.40 ± 0.24 1.35 ± 0.24 105 ± 14 muscle Zn > Cu > Mn >
Cd > Pb [56]

Italy 26 muscle 0.20 ± 0.20 2.70 ± 1.40 107 ± 26.1 muscle Zn > Cu > Cd [55]
Spain 13 muscle 40.9 ± 37.3 0.08 ± 0.06 0.20 ± 0.25 113 ± 267 muscle Zn > As > Pb > Cd [46]
Spain 20 muscle 0.20 ± 0.14 5.04 ± 1.93 0.26 ± 0.23 65.4 ± 28.3 muscle Zn > Cu > Pb > Cd [49]
Mexico 5 muscle 0.1 ± 0.1 0.41 ± 0.11 0.84 ± 0.12 0.01 ± 0.01 31.1 ± 15.4 muscle Zn > Mn > Cu >

Cd > Pb [48]

Turkey 6 liver 37.6 ± 37.6 4.59 ± 2.98 0.47 ± 0.36 27.7 ± 15.8 5.08 ± 4.06 2.73 ± 0.93 83.2 ± 52.1 Liver Zn > As > Cu >
Mn > Cd > Pb > Cr [53]

Italy 10 liver 2.40 ± 0.40 17.5 ± 2.44 7.48 ± 1.04 0.10 ± 0.08 103 ± 14 Liver Zn > Cu > Mn >
Cd > Pb [56]

Italy 26 liver 19.3 ± 34.2 37.3 ± 8.7 66 ± 42.7 Liver Zn > Cu > Cd [55]
Spain 13 liver 12.73 ± 13.03 0.81 ± 0.48 0.20 ± 0.11 30.2 ± 12.2 Liver Zn > As > Cd > Pb [46]
Spain 20 liver 23.4 ± 53.6 21.6 ± 8.03 2.75 ± 1.64 107.3 ± 82.5 Liver Zn > Cd > Cu > Pb [49]
Mexico 5 liver 1.75 ± 1.10 33.9 ± 11.2 1.28 ± 085 69.1 ± 10.2 Liver Zn > Cu > Cd >

Mn > Pb [48]

Few studies documented HMs concentrations in the nesting environment and nest
contents of sea turtles as eggshells, yolk, embryonic livers of hatchling specimens [62–64].

If liver, muscles, and red blood cells are the most widely studied target of accumula-
tion, other targets such as salt glands, SG, have been recently individuated. SG is a gland
placed near turtle eyes that allow them to drink sea water and excrete salt in high con-
centrations [22]. This represents an important adaptation system that plays an important
physiological function in turtles regarding osmotic, electrolyte, mineral, and hydration bal-
ance [22]. Little research has been conducted on contaminant accumulation and excretion
in this organ [22] and mainly for inorganic pollutants. Perrault et al. [22] hypothesized that
SG might be a potential surrogate for evaluating inorganic contaminants levels in blood
in sea turtles. Outside of the normal osmoregulatory function, the gland can store and
excrete inorganic contaminants [60]. Perrault et al. [22] studied the accumulation of As,
Cr, Cd, Pb, Hg, Se, in RBCs and salt gland secretions, SGSs, of nesting leatherbacks and
collected salt glands from different life stage classes of dead stranded leatherbacks from the
western Atlantic Ocean and reported that SG, Cd, and Hg concentrations increased with
CCL, suggesting this organ as a potential target for accumulation.

Leatherbacks ingests excessive amounts of salts due to their diet of gelatinous zoo-
plankton, and SG glands serve to maintain osmotic and ionic homeostasis. Authors did
not find correlations between the inorganic contaminants in RBCs and SGS, as well as
significantly higher concentrations in RBCs due to the affinity to the heme group. SG was
shown to be a potential target for inorganics with positive correlation of SGS contami-
nant concentrations with increasing CCL. The authors indicated different physiological
mechanisms, causing the distribution of metals in blood and SGSs.

2.2.2. Environmental Factors

Typically, environmental factors are type of forages, travelled routes, or a combination
of these, and the environment from which the turtle is captured. There are authors [54,58,65]
retaining the diet as the main source of exposure with differences among species. This
is important when turtles move through water of more industrialized regions and metal
burden in tissues become dependent by feeding habits, life cycles, and chronic exposure in
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these areas. For instance, loggerheads, being at the top of their food web, are exposed to
high levels of HMs resulting from bio-amplification processes across the trophic chain [54].
Aymak et al. [53] hypothesized that the concentrations of metals in loggerheads tissues
depend mainly on their feeding habits in different areas. Tomas et al. [66] reported three
different foraging habitats of loggerheads as they grow: the pelagic, the neritic, and the
benthic-demersal phases. Juvenile green individuals accumulate higher metal levels, but as
they grow, and there is a decrease in contaminant intake by dilution effect [48]. Aymak [53]
related feeding habits and chronic exposure with As, Cd, Cr, Cu, Mn, Pb, and Zn in the
muscle and liver of loggerheads from Kazanlı beach, Mersin, Turkey. Authors highlighted
the dominant presence of Zn > As > Cu in both tissues (Table 1). Muscle accumulated
higher levels of As and Zn than liver tissue, whereas the others were dominated in the liver,
but with significant differences only for Pb. The authors documented a negative correlation
between turtle size and muscle As levels due to chronic exposure and hypothesized a
relation between As and the health state. If, as it seems, sea turtles are highly sensitive to
metal exposure, some metals may be used as markers to individuate the feeding areas and
indicators of the turtle–environment interaction [54].

Some species as green turtles forage very close to shores and hence are capable of
accumulating high levels of elements. Villa et al. [67] used a clinical reference interval,
RI, method to set up exposure baseline limits for essential and non-essential elements
and assayed blood from healthy subadults foraging in a remote and offshore part of the
Great Barrier Reef in Australia. This baseline was compared with metal levels in coastal
populations, foraging in areas dominated by agricultural, urban, and military activities. Au-
thors found clear habitat-specific differences in blood metal profiles, which were reported
respective to the offshore blood baseline. In particular, Co blood concentrations were 4–25
times above RI, levels known to cause acute effects in many vertebrates. The higher levels
of Co, Sb, and Mn in onshore individuals significantly correlated with markers of acute
inflammation and liver dysfunction.

Barraza et al. [6] highlighted how the kind of urbanized habitat influences metal
concentrations in cute and red blood cells of green sea turtles. Cd and Se showed location-
specific differences, supporting the hypothesis that coastal cities can increase trace metal
exposure to local green turtles. In the same species, Jan et al. [68] evidenced how the
concentrations of Mn, Zn, Se, As, Cd, and Pb in eggshells were significantly correlated
with those in coral sand sediments. In eggshells, metals were rated as follows (µg/g): Sr
(41.3) > Zn (20.3) > Cu (12.8) > Fe (4.92) > Al (4.37) > Se (2.44) > Mn (0.91) > Cr (0.81) > Ba
(0.44) > Pb (0.14) > As (0.08) > Cd (0.02), with Cu above the toxic reference value for bird
eggs. Identifying spatial variability of metal exposure may improve the understanding of
habitat utilization by turtles in highly urbanized estuaries. This is what provided evidence
to Komoroske et al. [37], who estimated the levels of metals in organisms and sediments
feeding green sea turtles in San Diego Bay and found Ag, Cd, Cu, Mn, Se, and Zn with the
highest bioaccumulation levels.

2.3. Organic Pollutants

Among organic contaminants, PCBs, PAHs, and OCPs are those more frequently
studied in the literature [1–3,11,17,21,31,33,36,69–77]. They were classified as persistent
organic pollutants, POPs, under the Stockholm Convention, due to their high persistence
in the environment [78].

PCBs are chemically stable aromatic chlorinated hydrocarbons that were commercial-
ized in 1930 and have banned since the early 1970s [79]. They soon found wide usage for
their specific and unique features such as chemical inertness, low electrical conductance,
resistance to fire, and thermal breakdown [80]. Even though more than 50 years have
passed since their prohibition, PCBs are commonly detected in the environment, being
volatile and easily transported over long distances and lipophilic [3,81]. In biota they
bioaccumulate in fatty foods and animal adipose tissue [80,82], and are often detected in
wildlife of terrestrial and marine habitats [82], biomagnifying in animals of higher trophic
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levels. They encompass 209 congeners based on their chlorination and can be divided in
dioxin-like PCBs, DL-PCBs, having planar molecular structure, and non-dioxin-like PCB
congeners, NDL-PCB, with a non-planar molecular structure [83].

Similar to PCBs, PAHs are mutagenic, carcinogenic, and teratogenic ubiquitous pol-
lutants POPs that can be detected quite often in marine and coastal environments [84,85].
With respect to PCBs, PAHs are frequently detected in marine benthic invertebrates
as mussels and clams [86], but the evidence in higher trophic level predators is lim-
ited [22,87], where they are often metabolized, and this reduces the biomagnification
risk [88]. Meador et al. [89] produced one of the first report on the PAHs presence in sea
turtles; Camacho et al. [90] reported that PAHs represent one of many major environmental
issues for sea turtles in the Mediterranean Sea.

The other important class of POPs are OCPs, which are synthetic pesticides that have
been widely used all over the world for managing pests and disease vectors in agricultural
and public health applications. Similarly to PCBs, these compounds have been banned in
developed countries, but their abuse usage is rising in practice across the continents [2,72].

Bioaccumulation of POPs

Two mayor key factors that drive accumulation are time and space. Finlayson et al. [91],
using a species-specific in vitro bioassay with primary cells, revealed that the levels of
organic pollutants extracted by green turtles’ blood significantly matched the spatial con-
taminant distribution and increased over exposure time. However, the approach does not
discriminate pollutants, since it is based on the QuEChERS (quick, easy, cheap, effective,
rugged, and safe) method validated for turtle blood by Dogruer et al. [92], which is a
non-targeted extraction for the POPS, pesticides, pharmaceuticals, polycyclic aromatic
hydrocarbons (PAHs), and flame-retardants assay. Table 2 reports on the levels of POPs
in liver, muscle, fat, eggs, salt glands, and blood of green and loggerhead turtles. It seems
that among POPs, and tissues such as muscles, fat, and blood, OCPs accumulated at higher
rates and up to 563 ng/g [7] Figure 4.

Table 2. POPs levels in sea turtles worldwide. Concentration for blood was expressed as ng/mL,
whereas in all other cases they were expressed in ng/g.

Location N Tissue POPs Reference

ΣOCPs
Spain 21 Blood 0.33 [33]

US 42 Blood 0.20 ± 0.25 [1]
Mexico 30 Eggs 1.81 ± 0.62 [93]

Brazil 64 Fat
Liver

104.9 ± 290.7
54.5 ± 99.34 [94]

United Arab Emirates 22 Muscle
liver

563.5 ± 295.1
4.53 ± 4.5 [7]

ΣPAHs
Brazil 44 Liver 1.48 ± 17.3 [87]
Spain 21 Blood 12.06 [33]

Australia 86 Blood 13 [95]

United Arab Emirates 22 Liver
Muscle

15.0 ± 5.0
1.39 ± 0.85 [7]

Italy 19 Liver
Salt gland

139 ± 55.0
320± 97.6 [96]

ΣPCBs
Spain 21 Blood 0.73 [33]
USA 42 Blood 0.85 [1]

Pelagic Pacific 6 Fat 2.71 [73]

United Arab Emirates 22 Muscle
liver

ND
ND [7]

Italy 84 liver 28.0 ± 52.2 [2]
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3. Bioindicators of Pollution

Even though sea turtles can be considered good bioindicators for marine pollution,
little knowledge exists on sea turtles’ health effects [14]. Within PPs, HMs and POPs build
complex and combined effects [14]. In the case of HMs, it is well-known that common animal
powerful mechanisms of defence are embedded in antioxidant, detoxification, and transport
mechanisms, implying the production of glutaredoxin (GRx) [97], ferritin (FER) [98], and
metallothioneins (MTs) [99,100]. These enzymes sequester metals and protect against oxidative
stress by scavenging free radicals [101]. MTs are activated by metal regulatory transcription
factor 1 (MTF1), which also regulates other proteins/genes such as ferritin, selenoproteins,
thioredoxin reductase, and glutamate-cysteine ligase [102], and can also be used to assess
other points of oxidative stress. Under this view, Morão et al. [14] assayed metal and metalloid
contamination in the blood of green sea turtles and identified signs of contamination by
analysing molecular stress responses. The authors identified effective biomarkers associated
with metal stress and revealed how turtles adapt to metal oxidative stress and damage through
the increased expression of antioxidants and other protectors.

4. PPs Toxicity

One of the major issues that need to be investigated and enlarged is sea turtle PPs
toxicity. Toxicity varies with water quality and among species [43]. Developmental stage,
dietary factors, physiology, and biochemical functions all influence the degree to which PPs
are toxic. Concentration, duration of exposure, and chemical speciation of the element also
play important roles in toxicity. Water quality influences toxicity through pH, hardness,
and salinity interactions.

In the case of metals, one of the most threatening elements is chromium, which can be
highly toxic for turtles besides humans. Chromium is considered as one of the main marine
global metal contaminants that can have toxic impacts across species [41]. Speer et al. [41]
studied the cytotoxicity and genotoxicity of particulate Cr(VI) in humans and leatherbacks
lung fibroblasts and found that particulate Cr(VI) induced cytotoxicity in leatherback cells
comparable to human cells. Kaska et al. [63,103] considered that HMs in turtle tissues are
likely to affect the health of loggerhead turtles in the Mediterranean. The reason why PPs
pollutant health effects need to be investigated more deeply lies in the difficulty to set up
exposure threshold limits, which are largely lacking [92]. Dogruer et al. [92] studied the
effects of Cd in green sea turtles to test a mechanistic model named physiologically-based
kinetic (PBK) to test contaminant risk assessment. The model was built on species, chemical
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lifetime bioaccumulation, in vitro and in vivo toxicity threshold assay, and chemical risk
quantification (Figure 5). Seven targets were considered as kidney, muscle, scute, liver,
brain fat, and the rest of body. As has been stated above, in the rest of body it can be
included—for example, salt glands might possess outstanding enrichment power of PPs
as PAHs [96]. Dogruer et al. [92] revealed that Cd kidney toxicity was age-dependent and
varied with physiology and feeding ecology, and set up a steady-state exposure threshold
of 0.1 µg/g dry weight Cd in forages. Thus, even with some uncertainty, threshold limits
can be set up. PCBs may affect the immune system of sea turtles, causing anaemia, hepatic
damage, and immunomodulation [22,33,77].
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Within POPs, PAHs may have wide mechanisms of toxicity, including modulation
in target gene expression and DNA methylation [22]. Chronic or high-level exposure to
PAHs or crude oil may cause serious health and reproductive problems [104], with toxicity
varying between species and largely depending on the route of exposure, sex, and life
stage of the organism. Hall [105] evidenced that in some cases enzymatic activities, as
microsomal enzymes, are capable of metabolizing PAHs into metabolites that are even more
toxic than the original compound [106,107]. Thus, for sea turtle conservation purposes, it is
essential to determine how they respond to PAHs exposure in different tissues and organs.

5. Toxicity Assessment

Most of the toxicity assessment research has been conducted on tissue samples, includ-
ing the liver, kidney, and muscle. Occasionally, studies included analysis of the stomach,
lung, adipose tissue, pancreas, and spleen. All tissue samples were obtained from deceased
turtles. Many studies used tissue only from turtles where time of death was determined to
be less than 24 h. Loggerhead turtle is one of the most studied species along the Mediter-
ranean coast [46,49,54,55,59,60,70], the Atlantic coasts of France [60], the Baja California
Peninsula in northwestern Mexico [48], Japanese waters [59,60], the North Pacific [60],
and south-eastern Queensland, Australia [108]. These studies, in addition to reporting
PPs concentrations toxicity effects, provide limited evidence on cause–effect paths due
to the objective difficulty to test toxicity on living sea turtle individuals and ethical and
logistical constraints [109]. Kaska et al. [103], in a monitoring assay of the Mediterranean



J. Mar. Sci. Eng. 2023, 11, 266 11 of 18

Turkish coast, documented the possible cause of mortalities of stranded sea turtles, and
the statistical linkages of PPs in the tissues of dead stranded loggerhead and green sea
turtles. To overcome these constraints, a feasible cost-effective, reproducible way could
be represented by in vitro assays as an alternative to live animal toxicity testing. The
main issue of this approach is if the cell culture represents the toxicity in that species.
Finlayson et al. [109] studied the cytotoxic response of primary skin fibroblasts green
and loggerhead turtles in response to contaminants. The authors found that validated
cell cultures may be useful in toxicity testing with limited differences in species chemical
sensitivity, facilitating rapid assessment of chemical risk. Different in vitro assays have
been drawn for assessing the impacts of contaminants in sea turtles. One regards the
extraction of organic contaminants from blood and the evaluation of the biological effects
on rat and human cells (Jin et al. [110] and Dogruer et al. [92]), and the main limitation of
the method is that it is not species-specific. One of the main problems when using single
cell cultures is if they adequately represent the toxicity in that species. Keller et al. [111]
overcame this problem by examining the effects of organochlorine contaminants on logger-
head turtles using peripheral blood leukocytes (PBL) in several individuals. In the same
way, Webb et al. [112] used primary skin fibroblast cultures from loggerhead turtles for
testing the effects of perfluorooctanoic acid and benzo[a]pyrene, evaluating cell viability
and cytochrome P4501A expression. The validation of primary cell cultures in toxicity
bioassays lies in the establishment of the variation in the response of cells from individuals
with different ages and belonging to various populations. Since sea turtle are a threatened
species, for this reason, direct exposure experiments would be difficult to conduct with
collection and sacrifice restrictions. Laboratory experiments are limited by legal, ethical,
and logistical constraints [38]. Cell-based, or in vitro, studies present good opportunities
to study toxicology in threatened or endangered species [109]. Few studies exist using
in vitro or molecular methods, such as estrogenic receptor expression, cell culture expo-
sures, and DNA expression studies. Previous studies in sea turtles have assessed estrogenic
endocrine disruption by assaying DNA expression of estrogenic receptors within differ-
ent tissues [113]. While there are some limitations to in vitro toxicity testing, including
the absence of feedback processes, low cell density, the use of a single cell type, and ar-
tificial culture conditions [114], in vitro bioassays represent a more ethical and sensitive
approach [115]. Normally, reproductive effects include maternal transfer, developmental
abnormalities, altered sexual morphology, sex reversal, and sex steroid alterations. Another
possible route to assess toxicity is to compare toxicological data with those on humans,
for the identification of the exposure to a specific chemical and mechanistic insights. The
output of the comparison can then be used in risk assessment, conservation efforts, and
regulations to protect humans, wildlife, and the environment. Very few studies have been
performed on the comparison of toxicity between sea turtle cells and human cells following
PPs exposure. This is the case for chromium which, in the form of Cr (VI), is one of the most
common marine metal contaminants [116]. Cell culture studies showed its cytotoxicity
and genomic instability in human lung cells [117] with the metal capable to induces DNA
double strand breaks and inhibition of breaks repair [118]. The mechanisms leading to
these endpoints remain unknown. Young et al. [119] compared the effects of Cr between
hawksbill sea turtle (Eretmochelys imbricata) skin cells and human skin cells and showed a
similar response in the two cell types. Speer et al. [41] assessed the cytotoxic and genotoxic
effects of particulate Cr in leatherback fibroblasts after acute and prolonged exposures and
compared these results with data in human lung fibroblasts. For sea turtles, it has been
found that in the case of POPs within the mother and the developing embryo, the less
lipophilic compounds are absorbed more readily at first and, later on, those that are more
lipophilic are absorbed [38]. The more lipophilic compounds get absorbed towards the
end of egg and embryo development. This is important when testing patterns of lower
lipophilic congener PCBs, which can have higher toxic equivalency factors than the more
lipophilic compounds [120].
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6. Health Parameters

Monitoring health indicators in sea turtles is relatively new, with preliminary studies
of baseline parameters being initiated fewer than 20 years ago [50,51,121,122]. Health
parameters in sea turtles have been monitored in several species, but the ability to control
for external influences has been limited. This makes it extremely difficult to determine
what factors are affecting the health of these organisms. In fact, little research has been
done regarding health parameters to potential causes.

Investigations regarding baseline health parameters have been conducted in several
species of sea turtle, including C. mydas [123], D. coriacea [124], and C. caretta [125]. The first
of these studies was conducted on two populations of healthy juvenile C. mydas turtles,
with and without fibropapillomatosis, Figure 6 [123]. Individuals were categorized into
age/size classes and assigned a fibropapilloma severity score, and 25 biochemistry analytes
were examined in blood. The authors speculated that the difference in enzymatic values
between the two healthy groups was the result of a more efficient stress response. Fibropa-
pillomatosis was known to be associated with chronic stress and immunosuppression [121].
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Figure 6. Fibropapillomatosis around the neck in green sea turtles from Hawaii [123].

Another study was conducted on leatherback turtles [124], assaying baseline hematol-
ogy, plasma biochemistry, and plasma protein values of clinically healthy nesting D. coriacea.
Samples were also tested for organochlorine contaminants and polychlorinated biphenyls,
arsenic, and mercury. Most of the chemicals were found below detectible limits, possibly
due to the dietary preference of leatherbacks for jellyfish, which occupy a low trophic level
and subsequently do not bioaccumulate in high levels, and did not cause any significant
alteration of the enzymatic plasma parameters and cause health effects.

Day et al. [51] conducted a study on C. caretta from the eastern coast of the United
States to look at the health implications of blood mercury concentrations. It was found that
total blood mercury concentrations were positively related to measures of hematocrit and
CPK, with Hg levels altering physiological parameters.

7. Conclusions

The review outlines some recent progress on PPs effect on sea turtles. In the short term
it will be very demanding to study PPs concentrations toxicity effects for different storing
organs, providing evidence on cause–effect paths. In the long term, it will be important to
set up methods defining exposure threshold toxicity limits for different PPs, and to have
deeper knowledge on the impact of PPs on reproduction via direct and indirect pathways
of exposure and clinical health parameters. It will be important to have knowledge of
health parameters and their relationships with different causes in several species and
under different habitats. It will be important to determine what factors affect the health
of these organisms and to design new methods for assessing biomarkers of endocrine
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disruption, examining how PPs affect reproduction and sex ratio. A better understanding
of the effects of PPs on the health of these endangered species will facilitate more effective
monitoring and protection in the future, enabling us to conserve these fascinating creatures
more effectively.
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