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ARTICLE INFO ABSTRACT

Keywords: In the last decade, several methods were applied to monitor the impact of oil pollution on marine organisms.
PAH Recent studies showed an eminent need to standardize these methods to produce comparable results. Here we
Ofnlcs . present the first thorough systematic review of the literature on oil pollution monitoring methods in the last
EZ:::]:: :]atmn decade. The literature search resulted on 390 selected original articles, categorized according to the analytical
Ecotoxicology method employed. Except for Ecosystem-level analyses, most methods are used on short-term studies. The
Ecosystem combination of Biomarker and Bioaccumulation analysis is the most frequently adopted strategy for oil pollution

biomonitoring, followed by Omic analyses. This systematic review describes the principles of the most frequently
used monitoring tools, presents their advantages, limitations, and main findings and, as such, could be used as a
guideline for future researches on the field.

1. Introduction

0Oil pollution is among the main anthropogenic stressors of marine
ecosystems (Michan et al., 2021; Nukapothula et al., 2021). When
introduced in the environment, crude oil undergoes weathering pro-
cesses that change its physical-chemical properties (Bellas et al., 2013).
The result of this process is the release of a series of polycyclic aromatic
hydrocarbons (PAHs) that tend to spread and impact ecosystems health
and functioning (Finch and Stubblefield, 2019; Kottuparambil and
Agusti, 2020).

Oil and PAHs cause cytotoxic, genotoxic and teratogenic effects,
reducing marine biodiversity (Cerqueda-Garcia et al., 2020; Chitrakar
et al., 2019; Fisher et al., 2016, 2014). Due to their lipophilic charac-
teristics, some PAHs can be absorbed by primary producers and bio-
accumulate through the food web (Cerezo and Agusti, 2015;
Kottuparambil and Agusti, 2020; Lewis et al., 2020; Turner et al., 2020)
altering the structure and productivity of marine communities (Moreno
et al., 2013).

In fact, the time necessary for marine biota to recover from an oil
pollution event is still unclear. For example, twelve years after the
Deepwater Horizon Oil Spill in the Gulf of Mexico (DWH, USA) the
environmental impact is still perceived (Lewis et al., 2020). Several
studies suggest that marine organisms can take decades to recover

(Joydas et al., 2012; Montagna et al., 2013). Despite the efforts to
minimize the impact, spilled oil can remain available for years on
seawater or marine sediment (Finch and Stubblefield, 2019). In this
sense, long-term monitoring is necessary to effectively elucidate the
post-impact ecosystem recovery trajectory (Finlayson et al., 2015; Gir-
ard and Fisher, 2018).

Due to the intensification of marine traffic and the growing number
of oil spill incidents in the last decade (Eronat, 2020), a multitude of
methods have been developed to monitor the impact of oil spills and
accumulation of oil on marine biota, such as toxicity tests (Frometa
et al., 2017), biomarkers (Ahmed et al., 2019), bioaccumulation (Car-
oselli et al., 2020), and ecosystem-level analysis (Gemmell et al., 2018).
However, most of these methods have been applied on short-term
studies and are frequently invasive or lethal (Sherwood et al., 2019).
In this context, there is a prominent need for developing novel tools and
standardized protocols that integrate these methods into a long-term
environmental monitoring program. This initiative can provide an ac-
curate view of oil impact and post-exposure marine environment resil-
ience (Caroselli et al., 2020; Han et al., 2021).

This article systematically reviews the research on the impact of oil
pollution on marine ecosystems health in the last decade. We evaluated
the distribution of studies around the world, the most frequently used
analytical tools and the preferred organism for each method. We also
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compared the different analytical methods regarding oil exposure time
and monitoring time. We highlight knowledge gaps and obstacles in the
use of these tools and indicate future directions and best practices in the
area. Therefore, this work offers an important contribution to the
research on oil spill monitoring and suggests future directions in the
field.

2. Material and methods
2.1. Literature search parameters

The systematic review followed the guidelines proposed by Sidd-
away et al. (2018). Literature search was performed using three online
publication databases: Web of Science, PubMed, and SCOPUS. Consid-
ering the high level of redundancy (above 80 %) between the first two
databases and the last one, the final search was performed in October
2020 using only SCOPUS, the most complete database accessed. Peer-
reviewed articles from the last decade (2011-2021) were recorded.

The following terms were used during search exercises to select for
relevant articles:

e Methods: monitor*, assess*, evaluat*, analysis.

e Subject: spill, pollution, stress, impact*, exposure.

e Type of pollutant: "Polycyclic aromatic hydrocarbon*", PAH*, oil.
e Specific environment: marine, seawater, ocean.

e Target: organism*, ecosystem*, communit*.

Searches were limited to keywords, title, and abstract. Terms within
each category were combined using the Boolean operator “OR”. To
combine categories, the operator “AND” was used. The asterisk (*) was
used to allow for the presence of any group of characters. The final
search string was:

2.2. Screening process
A screening was performed to include the relevant articles found:

Step 1: Study inclusion criteria
The title and abstract of each publication were accessed for rele-
vance according to the following inclusion criteria:
e Subject: analyze the impact of oil or PAH pollution on marine
biota.
e Results: present information on methods employed for moni-
toring the impact of oil pollution on marine organisms.
e Type of study: empirical study published in a peer review
journal.
Step 2: Data extraction and presentation
Selected articles from SCOPUS were read in full and discussed in
detail. Articles were organized according to the applied analytical
method. Data on indicator organism group, monitoring time, expo-
sure time (hours, days, months, and years), and articles main find-
ings were extracted and discussed in the following section.

3. Results and discussion

Searches with the selected terms in the SCOPUS database returned a
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total of 2096 articles, of which 390 matched the study inclusion criteria
(step 1) and were included in this review.

Most of the studies on monitoring marine oil pollution were con-
ducted in the United States of America (n = 89, 22,8 %). China is the
second country with the highest number of publications (n = 50, 12,8
%), followed by France (n = 23, 5,9 %), Norway (n = 23, 5,9 %) and
Spain (n = 20, 5,1 %). Brazil is in sixth place (n = 19, 4,9 %) with
relevant publications on the subject (Supplementary Fig. 1).

The selected studies were categorized according to the analytical
method employed: Omics, Ecosystem-Level, Bioaccumulation, Ecotoxi-
cological, Physiological, and Biomarker approaches. Most of the studies
(n = 92, 23.6 % of the total) applied a combination of methods for
monitoring the biological impact of oil pollution, of which 76.1 %
combined only two methods. The most frequently combined methods
were Biomarker and Bioaccumulation analysis (30.4 % of combined
studies), which allow coupling information on the detection and dosage
of oil-derived compounds and its biological effects. Biomarker and
Physiological analysis (15.2 % of combined studies) are also often
combined, providing an overview of oil biological impact on molecular,
metabolic and behavioral level. The majority of single-method studies
employed Omics (n = 79, 20.3 %), or Ecosystem-level (n = 71, 18.2 %)
analysis (Fig. 1), which are further explored in detail.

Regarding the time of exposure to oil/PAHs, the most frequent time
scale was “days” (n = 100, 25.6 %) (Fig. 2a), suggesting that most of the
studies are dedicated to evaluate the impact of oil pollution a short time
after oil spill incidents in field studies, or after a few days of exposure on
bioassays. Besides, biomonitoring is usually carried out for “days” (n =
95, 24.4 %) or “months” (n = 81, 20.8 %) (Fig. 2b), suggesting that
short-term (hours, days, or weeks) and medium-term (months) moni-
toring is widely used, but the long-term effects of oil are often under-
researched. Exposure and monitoring times were separately evaluated
for each of the analysis methods and the results are discussed in the
upcoming subsections (Fig. 3).

3.1. Omic analysis

Most of the single method studies here analyzed employed Omic
approaches (n =79, 20.3 %, Fig. 1). Omic technologies were proposed as
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Fig. 1. Methods for marine oil pollution biomonitoring employed by the
selected publications in “2011-2021”, lines 164-165.
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Fig. 2. Exposure time (a) and monitoring time (b) for analysis of oil pollution biological impact. Chronic refers to continuous exposure; combined measures comprise
studies combining different exposure or monitoring times; hours (0 to 24 h); days (1 to 7 days); weeks (8 to 30 days); months (1 to 12 months); and years (>12

months). Single measure refers to studies performing only one sample collection.
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Fig. 3. Exposure time (a) and monitoring time scales (b) employed for marine oil pollution biomonitoring. Combined tools refer to studies applying more than one
analytical method. Combined measures refer to “studies with different exposure or monitoring time scales”, lines 184-186.

an alternative to conventional biomarkers on environmental moni-
toring. Since the advent of high-throughput sequencing, Omic studies
have conquered space on monitoring programs to evaluate the biolog-
ical impact of PAH or oil. These techniques have the advantage of
quantitatively monitoring many biological molecules in a high-
throughput manner, providing a broad view of biological responses to
pollution. The main Omic technologies are Genomics, Transcriptomics,
Proteomics, and Metabolomics. Variations to analyze community-level
responses to pollution include Metabarcoding, Metagenome, Metatran-
scriptome and Metaproteome. In special, multi-omics approaches inte-
grate several omics layers, offering the opportunity to understand the
flow of information that underlies biological response to oil contami-
nation and providing information on novel potential biomarkers.
Metabarcoding consists on sequencing taxonomic markers to eval-
uate changes on community composition and biodiversity. For example,
metabarcoding of 16S rRNA, 18S rRNA and COI genes was used to
monitor changes in diversity and structure of micro- and macro-biota
over a 7-year period following Hebei Spirit oil spill, revealing long-
term ecological effects of residual oil (Xie et al., 2018). Through
yearly sampling of surface sediments from oil contaminated areas, the
authors detected successions of bacterial, protists and metazoan com-
munities, which became dominated by hydrocarbon-degrading bacteria
and diatoms, and also oil tolerant arthropod families (Xie et al., 2018).
This study revealed that residual oil interfered on the composition of
communities from primary producers to higher trophic level organisms.

Genomic and Metagenomic approaches consist, respectively, on
sequencing the complete genome of one particular organism, or multiple
organisms on environmental samples As such, these tools provide not
only taxonomic relevant data, but also information on organism's
metabolic potential. Through metagenomics, Rezaei Somee et al. (2021)
observed that a similar shift on microbial community composition to-
wards higher dominance of oil-degrading species occurs both in chronic
exposure and oil spill events. Moreover, Hu et al. (2017) used a
laboratory-based method to recreate the conditions that were present in
the 2010 DWH event and detected, through metagenomics combined
with hydrocarbon composition analysis, the same successional pattern
observed in the field. These authors observed an early increase on the
relative abundance of Oceanospirillales and Pseudomonas taxa related to
the highest concentrations of linear alkanes, followed by Colwellia and
Cycloclasticus in the intermediate stage related to single-ring aromatic
hydrocarbon degradation, and finally, the increase on the relative
abundance of Rhodobacterales and Flavobacteriales genomes capable of
degrading polycyclic aromatics during late-stage hydrocarbon
degradation.

Transcriptomic and Metatranscriptomic analysis study the whole set
of expressed genes in one organism or a community, shedding light on
the metabolic pathways disturbed by oil exposition. As an example, the
transcriptome of juvenile fish exposed to WAF for 48 h exhibited altered
expression of well-established biomarkers of PAH exposure, such as
cytochrome P450 enzymes. Moreover, other metabolic changes could be
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inferred due to the downregulation of immune response genes and the
altered expression of genes related to cardiotoxicity and calcium ho-
meostasis (Greer et al., 2019). Likewise, Zamora-Briseno et al. (2021)
compared the transcriptomic changes in liver and gill of adults lined sole
fish (Achirus lineatus) exposed to a sublethal acute concentration of WAF
of light crude oil for 48 h and detected the up-regulation of genes related
to xenobiotic metabolism, redox metabolism and DNA repair mecha-
nisms. Furthermore, Knapik et al. (2020) identified through metatran-
scriptomics the overexpression of several alkane monooxygenases and
aromatic ring-hydroxylating dioxygenases in oil exposed seawater bac-
terial communities. The authors suggest that these genes could be better
investigated as appropriate targets for integration into genosensor
technologies. These nucleic acid-based devices are promising tools for in
situ detection of oil pollution by monitoring the expression of genes
related to petroleum degradation specific pathways.

Proteomic and Metaproteomic approaches analyze all proteins and
offer information on post-transcription and post-translation modifica-
tions. Metabolomic studies simultaneously quantify multiple small
molecule types, such as amino acids, fatty acids, carbohydrates, or other
products of cellular metabolic functions. By combining Proteomic and
Metabolomic analyses, Chen et al. (2016) demonstrated that PAH dis-
turbs energy metabolism, reduces the production of cytoskeleton related
proteins suggesting cellular injury or apoptosis, and represses antioxi-
dant metabolism in pearl oysters. However, it is important to mention
that metabolomic biomarkers are especially sensitive to organism
nutritional status, which should be considered mainly on field studies
when several food conditions coexist with pollution levels. In fact,
Campillo et al. (2019) exposed mussels under different nutritive con-
ditions to fluoranthene and demonstrated that under food deprivation,
the toxic effect of HPA on mussels metabolomic profiles is masked.

Most of the Omic studies analyzed here evaluated the effect of oil
pollution on marine microbial communities (81.0 % of omics studies in
this review). Also, most articles apply both exposure time (n = 25; 31.6
%) and monitoring time (n = 28, 35.5 %) in the scale of “months”,
suggesting that these tools are especially used in medium-term moni-
toring studies (Fig. 3a, b).

Despite the relatively high cost of omics technologies, when com-
bined to physiological, ecotoxicological and bioaccumulation analysis,
they allow a holistic view of the biological impact of oil pollution at
different biological levels (from molecules to organisms). Finally, when
meta-omics are associated to ecosystem-level analytical methods, it is
possible to understand the large-scale effects of oil pollution on com-
munity structure and associated functional diversity, such as the
reduction on photosynthetic potential or filter-feeding functional traits,
followed by the increase of heterotrophic metabolism, bacterial oil
degradation and scavenging activity. Omic techniques also allow
determining toxicological pathways or routes of effects of different oil
compounds.

3.2. Ecosystem-level analysis

Ecosystem-wide impacts of oil spill are often observed as changes on
species composition and the reduction of species richness, biodiversity,
and biomass. In this sense, ecological indices are frequently used to
represent and compare these parameters between pristine and polluted
sites.

Community structure changes are often observed in response to oil.
As an example, a recent study demonstrated that pollution by crude oil
can reduce phytoplankton biomass in >75 %, affecting the primary
production rate by up to 96 %, while the abundance of heterotrophic
bacteria increased up to 68 % (Shai et al., 2021). Similarly, on a simu-
lated oil spill experiment, benthic macrofaunal assemblage structures
were dramatically altered in species number, abundance and biomass,
and the community recovery time was directly proportional to oil con-
centration (Zhou et al., 2019). Biomass measurement of macrobenthic
organisms was also the method of choice for a long-term monitoring
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program in China, indicating the apparent habitat recovery in Bohai Sea
five years after an oil spill incident (Wang et al., 2020).

Moreover, ecosystem-level analytical methods present evidence on
ecosystem resilience, indicating resistant and sensitive species. In a
recent study, it was possible to observe immediate impacts of the oil spill
that occurred in Brazil in 2019 on the structure of epifaunal commu-
nities associated with two macroalgal species, resulting on the reduction
of species richness and abundance, while opportunistic taxa increased
(Craveiro et al., 2021).

Changes on community composition can lead to a reorganization of
the food web. For example, the removal of key grazers in response to oil
and dispersants in the northern Gulf of Mexico disrupted the predator-
prey controls, allowing dinoflagellates with higher tolerance to these
pollutants to grow and form blooms (Almeda et al., 2018).

Community functional aspects can also be altered by exposure to oil.
Nunnally et al. (2020) observed the loss of deep-sea filter-feeding sessile
invertebrates, such as corals and sponges, especially sensitive to the
DWH oil spill. Moreover, habitat destruction, which brings about death,
led to the observed increase on the abundance of scavengers at this
normally food-limited deep-sea environment. The loss of biological
traits that should improve ecosystem resilience hampers the recovery of
benthic communities impacted by oil spills. In the opposite direction,
when adapted subtidal macrobenthic community from historically pe-
troleum contaminated sites were exposed to a simulated acute oil spill,
the vertical distribution of organisms along sediment was altered in a
way that could help ecosystem recovery (Gilbert et al., 2015). The au-
thors observed a deeper burial of some polychaete species, possibly as a
strategy to avoid the direct impacts of oil. The presence of high amounts
of oil in the surface leads to a reduction of the oxygen diffusion to the
deeper layers of sediments, which can be critical to many infaunal
species. In this case, the deeper burial of particularly resistant poly-
chaete species can alter sediment bioturbation, improve the oxygenation
of subsuperficial sediments and stimulate aerobic oil-degrading bacteria
(Gilbert et al., 2015).

Exposure time (n = 26, 36.6 %; Fig. 3a) and monitoring time (n = 26,
36.6 %; Fig. 3b) for ecosystem-level analyses are usually in the scale of
“years”, indicating that this is an important tool for long-term moni-
toring. Also, ecosystem-level analyses were applied mainly to the
benthic community (40.8 % of ecosystem-level studies) since these
bottom-associated and usually reduced motility organisms are more
suitable for long-term analyses.

When working with natural communities, it is important to take into
account that the initial species composition and the experimental
approach adopted determine the degree of response (Gonzalez et al.,
2013). Ecosystem connectivity, fecundity rate, life-cycle length (Daly
et al., 2021) and seasonal timing of the oil spill (Parsons et al., 2015) are
also factors that can interfere on the results and should be considered on
experimental or sampling design.

3.3. Bioaccumulation analysis

Bioaccumulation is defined as the accumulation of chemical sub-
stances in organisms through feeding, direct contact or breathing (Wang
et al., 2017). When applied to oil pollution situations, bioaccumulation
analysis typically quantifies PAH compounds in marine organisms'
whole tissue or specific organs. The main analytical techniques applied
for bioaccumulation analyses are Gas Chromatography coupled to Mass
Spectrometry (GC-MS), High Performance Liquid Chromatography
(HPLC) and the Fixed Wavelength Fluorescence (FF) technique. GC-MS
and HPLC are highly sensitive techniques with high resolution for
defining the compounds to be quantified. Both techniques have
consolidated use in the literature for the most diverse organisms, mainly
bivalves (Elmamy et al., 2021; Wang et al., 2017) and fishes (Ahmed
etal., 2019; Sun et al., 2019). In contrast, FF is a rapid detection method
that does not perform exact quantification, but can be used for screening
specific molecules (Beg et al., 2018; Gravato et al., 2014).
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Bioaccumulation analyses are necessary, for example, to evaluate if
human consumption of edible species should be allowed (Ranjbar
Jafarabadi et al., 2019). Besides, PAH quantitation can be used on bio-
magnification researches, by comparing PAH concentration in organ-
isms from different trophic levels (Akhbarizadeh et al., 2019).
Apparently, low molecular weight compounds (with 2 or 3 rings) are
easier to concentrate when compared to medium (4 rings) or high (5 or 6
rings) molecular weight compounds (Keshavarzifard et al., 2017; Ranj-
bar Jafarabadi et al., 2019).

This analytical method is also employed to investigate toxicokinetic
and depuration rates for specific compounds (Wang et al., 2017; Yakan
et al., 2017). For example, Wang et al. (2017) observed that the mussel
Perna viridis releases the PAH benzo[a]pyrene (B[a]P) faster than the
clam Pinctada martensii. This suggests that the mussel species could be
less vulnerable to oil pollution, while the clam should be a better choice
as indicator organism on oil pollution studies, due to its ability to
accumulate higher concentrations of HPA. Therefore, toxicokinetic
evaluation is especially valuable when choosing sensitive organisms for
ecotoxicological assays and to understand bioaccumulation of pollutants
along food webs.

One of the advantages of this analysis is that it provides early
warnings about the presence of pollutants on marine biota, a key issue
for oil pollution (Gravato et al., 2014). Since the detection of chemical
compounds itself does not account for its biological effects, bio-
accumulation analyses are often combined to other analytical methods
to provide ecologically meaningful information (53.9 % of bio-
accumulation studies). In this sense, Lehtonen et al. (2019) proposed a
monitoring program based on the integration of data on water chemis-
try, bioaccumulation and biomarkers in caged mussels as well as benthic
community status to elaborate a weight of evidence (WOE) model.
Moreira et al. (2020) computed an integrated biomarker response index
(IBR), which combined to bioaccumulation analysis indicated the
contribution of several anthropogenic disturbances on sediment pollu-
tion of Mucuripe Bay (Brazil). Also, Oladi and Shokri (2021) combined
PAH bioaccumulation in coral tissues, the percent of live coral cover,
and the Sediment Constituent (SEDCON) Index to study the influence of
oil-related activities on northwestern Persian Gulf reef's health.

These analyzes are commonly used to evaluate chronically polluted
sites (n = 37; 78,7 %; Fig. 3a), and most articles use single measure (n =
19, 40.4 %; Fig. 3b), suggesting that toxicokinetics is often overlooked
on oil pollution research. Fish species are the main indicator organisms
for PAH quantification (27.7 % of bioaccumulation studies), most likely
due to their nutritional and economical value.

Habitat characteristics, organism of choice, tissue type, lipid content
and some physicochemical properties of compounds can influence PAH
bioaccumulation (Frapiccini et al., 2018). These factors should be
considered on experimental design and standardization for comparable
results.

3.4. Ecotoxicological analysis

Marine ecotoxicology provides information on adverse effects of
chemical pollutants on marine organisms, which can be measured as
mortality rate or specific sub-lethal changes on physiology and behavior.
Acute toxicity tests expose organisms to a single dose of a chemical
substance for a short period (usually up to 96 h), while chronic toxicity
tests expose organism to the repeated or continuous administration of a
pollutant for a major part of the organism's life span.

Ecotoxicological tests are used to evaluate the concentration of a
substance causing lethality to 50 % of the organisms tested (LC50).
Alternatively, the median effective concentration (EC50) can be used,
representing the pollutant concentration causing sub-lethal effects to 50
% of exposed individuals. These values are often applied to environ-
mental risk-assessments and to establish the legally permitted concen-
tration of a specific pollutant in seawater or marine sediment.

Model-species are frequently used for ecotoxicological studies, but
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the choice of local ecologically relevant species can lead to more sig-
nificant results. As an example, Echols et al. (2016) used ephyrae of the
scyphozoan jellyfish, Aurelia aurita on acute toxicity tests for oil from the
DWH incident, showing that crude oil alone did not cause significant
acute toxicity, but the presence of chemical dispersant resulted in
mortality and physical and behavioral abnormalities. The same was
observed by Frometa et al. (2017), demonstrating that combinations of
oil and dispersants are more toxic to a deep-sea octocoral than exposure
to oil alone. Also, Stefansson et al. (2016) used the larvae of two echi-
noderm species and four bivalve mollusks to test the acute impact of
water-accommodated fractions (WAF) and chemically enhanced WAF of
the DWH incident.

Instead of working with crude oil and WAF, ecotoxicological tests
can also be used to evaluate the biological effect of specific compounds.
Indeed, Renegar et al. (2017) evaluated the toxicity of the PAH 1-meth-
ylnaphthalene to the coral Porites divaricata in a constant exposure
toxicity test and detected acute and sub-acute effects, with coral mor-
tality used to estimate LC50. Also, Knap et al. (2017) evaluated the
toxicity of this same PAH to five species of deep-sea micronekton crus-
taceans and the results revealed the high sensitivity of these species.

To assess the toxicity of oil or PAHs in marine biota, short-term
exposure (days; n = 25, 65.8 %) and monitoring (days; n = 24, 63.2
%) are massively used (Fig. 3a, b). Also, a combination of organisms is
often selected as sentinel, mainly easily cultivable and commercially
relevant fish and crustaceans (36.8 % of ecotoxicological studies), which
means that other trophic levels and ecologically relevant biological
components tend to be neglected.

The advantages of ecotoxicological tests include low-cost, simplicity,
easy data interpretation and fast results. However, environmental fac-
tors such as temperature and pH can affect the experiment outcomes and
require standardization. As an example, under laboratory conditions,
the increase of water temperature from 20 to 25 °C significantly
increased the toxicity of PAHs to the marine planktonic algae Tetraselmis
chuii (Vieira and Guilhermino, 2012). Similarly, the cold-water coral
Lophelia pertusa exhibited a slower recovery from oil dispersant exposure
when experienced elevated seawater temperature (12 °C) as compared
to the fragments in ambient temperature seawater (8 °C), which in-
dicates that the initial thermal stress can affect coral's ability to cope
with additional pollution stress (Weinnig et al., 2020). Moreover, bio-
logical factors such as species of choice, nutritional status, age and
development stage are also relevant. As an example Yang et al. (2020),
reported that B[a]P disrupts the steroidogenesis pathway, impairs
spermatogenesis and causes histological damage in male scallops in a
stage-specific manner. Finally, multi-species toxicity tests can be
employed to provide a broader understanding of the biological effects of
oil pollution.

3.5. Physiological analysis

Several parameters have been monitored to evaluate the impact of
oil on marine organisms' physiology, such as histopathological modifi-
cations, development indicators, growth and reproduction rates,
behavioral changes, and metabolic alterations.

Histopathological changes, accessed through tissue dissection, are
common short-term effects of oil spill. As an example, gills and kidney
tissues of fish showed hyperplasia of the primary lamellar epithelium
and atrophy of the renal tubules, respectively, 48 h after the intraperi-
toneal injection of the PAH B[a]P (Woo, 2021). In mussels, tissues from
adductor muscle, digestive glands, and gills showed abnormality after
exposure to oil for three days (Al-Subiai et al., 2012).

Also, coral tissue regeneration tests are physiological analyses highly
sensitive to short-term oil exposure (6-24 h) and can be related to
toxicity (May et al., 2020). In a long-term work, high-definition photo-
graphs of deep-sea coral colonies were taken annually after the DWH oil
spill to quantify hydroid overgrowth, branch loss, and track recovery
patterns. This non-invasive study demonstrated that the effect of initial
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impact on corals was still visible 7 years after the spill, indicating a long-
term, non-acute impact (Girard and Fisher, 2018).

Moreover, development indicators and juvenile growth rate analysis
are often applied since organisms are more vulnerable when exposed
during early life stages. Indeed, the exposure to phenanthrene reduced
hatching rates, delayed hatching time of embryos, and increased
deformity rate of newly-hatched fish larvae (Zheng et al., 2020).
Controlled exposure experiments also indicated that the larval growth of
Crassostrea virginica (Vignier et al., 2019), the development of scallops
(Yang et al., 2020), and the growth and development of Artemia par-
thenogenetica nauplii (Cong et al., 2021) may be impaired by oil or PAH.
Interestingly, in a post-exposure experiment, Hartmann et al. (2015)
moved coral larvae from oil-contaminated to clean seawater and
observed a strong reduction on settlement, indicating that oil pollution
disrupts coral life cycle in a sublethal manner even after exposure ends.

Reproduction is another trait affected by oil. Duan et al. (2018)
observed a transgenerational effect in sea urchins with the transfer of
PAH and DNA damage to gametes resulting from maternal and paternal
exposure to heavy fuel oil. Yang et al. (2021) reported the effect of PAH
on bivalve gonads, causing damages to biological macromolecules in
gonadal subcellular fractions, inhibiting gonadal development and ul-
timately leading to reduction in fertility. Similarly, Yang et al. (2020)
demonstrated that B[a]P disrupts the steroidogenesis pathway and
impair spermatogenesis of male scallops.

Behavioral changes were also observed in response to oil, such as
severe polyp retraction in the coral species Pocillopora damicornis (May
et al., 2020), immobility of A. parthenogenetica (Cong et al., 2021) and
reduced swimming velocity in the common prawn Palaemon serratus
(Silva et al., 2013). In the ecosystem-level, the effects of these behavioral
changes reduce survival and reproductive success, alter the predator-
prey dynamics, interfere in the food web, and, consequently, impair
ecosystem's health and stability.

Oil pollution also affected energy metabolism, with the increase of
oxygen consumption on polar cod (Nahrgang et al., 2019). Regarding
photosynthesis, contrasting results were observed, with the reduction or
stimulation of photosynthetic rates depending on oil physical properties
(Wegeberg et al., 2020). Similarly, fatty acid stable isotope composition
was used to evaluate the physiological state of the macroalga Ulva per-
tusa in response to different types and concentrations of oil, revealing
petroleum-induced stress and the feasibility of this tool as an environ-
mental risk assessment method in the intertidal zone (Liu et al., 2020).
The immune defense of organisms also seems to be impaired following
oil exposure, as demonstrated for organisms as diverse as bivalve mol-
lusks (Luna-Acosta et al., 2015; Mansour et al., 2017) and bottlenose
dolphins (White et al., 2017) and, therefore, could influence their ability
to resist infectious diseases.

Short-term exposure (days, n = 15, 40.5 %; Fig. 3a) and monitoring
(days; n =13, 35.1 %; Fig. 3b) are frequently employed for physiological
analysis, pointing to the need to further investigate long-term physio-
logical effects of oil. Most researches use fish as indicator organism
(29.7 %), and studies should be further extended to other taxonomical
groups and ecological niches.

Physiological analyses provide relevant information on organisms'
health status in response to oil, especially when combined to Bio-
accumulation analyses. However, intrinsic factors such as individual
nutritional status, age, reproductive and developmental stage can affect
the results and should be standardized to avoid masking the effects of
oil. Early development stages are especially sensitive to pollutants, as
demonstrated by Soysa et al. (2012) that exposed zebra fish embryos to
crude oil WAF starting at 3.5 hours post-fertilization (hpf) until a
maximum of 5 days post-fertilization (dpf). The authors noticed that
earlier exposition resulted on more severe developmental deformations,
including changes in head and trunk morphology, compromised car-
diovascular system and impairment of proper swimming behavior. Also,
combining different indicator species and various exposure and moni-
toring times are necessary for a broader view of the impact of oil
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pollution over the marine biota.

3.6. Biomarker analysis

Biomarkers are defined as measures of pollutant exposure or effect
expressed at sub-organism level (Sherwood et al., 2019). These are
sensitive tools that provide information on the bioavailability of con-
taminants, and integrate the response to various exposure routes, such
as through inhalation, feeding or dermal absorption. Biomarkers also
provide information about metabolic pathways affected by oil and the
activated detoxication mechanisms (Blalock et al., 2020).

Most biomarker analyses can be grouped in two categories: gene
expression, usually through Real-time quantitative PCR (RT-qPCR); and
enzymatic activity, based on fluorescence or colorimetric analysis.
Transcriptional variations tend to be more sensitive to pollution than
enzymatic activity, but do not necessarily lead to functional responses.
As such, gene expression analyses can be referred as “exposure” bio-
markers, while enzymatic activities are reported as “effect” biomarkers.

Biomarkers responding to oil pollution are often part of biotrans-
formation pathways, or related to oxidative stress and neurotoxicity
(Table 1). For instance, the up-regulation of aryl hydrocarbon receptor
(AhR) was detected in response to PAH and oil exposure (Diaz de Cerio
et al., 2017; Du et al., 2015). AhR is a ligand-activated transcription
factor that can bind to a variety of chemicals, including PAH, and act as
an important receptor in biotransformation. Biotransformation proceeds
in a first step of oxidation (phase I), and a second step of conjugation to
nontoxic endogenous metabolites, resulting on excretable products
(phase II) (Danion et al., 2014). Moreover, exposure to pollutants,
including oil, cause oxidative stress through the formation of reactive
oxygen species (ROS), which induces antioxidant defense pathways and
can be used as a quantitative, although unspecific, biomarker of chem-
ical pollution (Cariello Delunardo et al., 2019; Sherwood et al., 2019).

In general, biomarkers offer quick responses to anthropogenic
stressors and, as such, most of the studies encompass short-term expo-
sure (“days”, n = 9, 34.6 %, Fig. 3a) and monitoring (“weeks”, n = 9,
34.6 %, Fig. 3b). The use of biomarkers for long-term oil impact moni-
toring is still scarce in the literature, and should be carefully evaluated.

Mollusks (46,1 %), especially mussels (Mytilus sp.), are often selected
as indicator organisms, since bivalves are sessile filtering organisms that
tend to accumulate and respond to oil pollution (Sforzini et al., 2018;
Soares et al., 2021; Traina et al., 2021; Vinas et al., 2018). In order to
obtain ecologically relevant results and establish suitable biomarkers, it
is important to choose native species.

Due to the relative technical simplicity, Biomarker analyses have
been widely used over the last decade on oil pollution biomonitoring.
However, for a deeper understanding of biological impacts, it is advis-
able to combine both exposure and effect Biomarkers with Bio-
accumulation and Physiological analyses. In this sense, several studies
have proposed the development of an integrated approach (Casini et al.,
2018; Di et al., 2017), including a method to simplify the interpretation

Table 1
Main biomarkers for oil pollution environmental monitoring.

Metabolic pathway Biomarker

Transcription regulation Aryl hydrocarbon receptor (AhR)

Biotransformation
Phase I 7-Ethoxyresorufin-O-deethylase (EROD)
Cytochrome P450 (CYP)
Flavin-containing monooxygenase (FMO)
Monoamine oxidase (MAO)
Phase II Glutathione S-transferase (GST)

Peroxidase (POD)
Glutathione peroxidase (GPx)
Glutathione reductase (GR)
Superoxide dismutase (SOD)
Catalase (CAT)
Acetylcholinesterase (AChE)

Oxidative stress

Neurotoxicity
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of multiple biomarkers into a single metric (Blalock et al., 2020; Tsan-
garis et al., 2011).

Considering that reproductive status, sex-related variability (Blanco-
Rayon et al.,, 2020; Imbery et al., 2019), nutrition state (Gonzalez-
Fernandez et al., 2017), lipid content and body size (Hansen et al., 2013)
can affect the responsiveness of most biomarkers, these parameters
should be standardized on experimental design. Moreover, environ-
mental factors, such as sampling season, salinity and temperature should
be surveilled when applying biomarkers on environmental monitoring
(Hansen et al., 2013; Lysenko et al., 2015; Osse et al., 2018).

4. Conclusion

In the last decade, a large number of studies were dedicated to
analyze the biological impact of oil pollution in the marine environment,
reflecting the intensification of marine traffic and the growing number
of oil spill incidents. This article systematically reviewed the literature
on the topic providing a comprehensive summary of the most relevant
methods applied and the major findings. The combination of Biomarker
and Bioaccumulation analysis is the most frequently adopted strategy,
offering information on tissue/cell PAH concentration and molecular-
level biological impact. Following a global trend on environmental
studies, Omic analyses were also highly employed on high-throughput
monitoring of biomolecules to understand the flow of information that
underlies biological response to oil. Most analytical methods are used on
short-term or medium-term studies. Several tools are known to capture
acute responses, which justifies their choice for short-term impact
research. However, the chronic effects of oil and the ecosystem capacity
to recover tend to be neglected. In this context, our review provides a
critical evaluation of the characteristics, advantages and limitations of
frequently employed methods. The present review also provides a
framework to develop standardized and integrated protocols combining
different tools for holistic assessments of oil pollution impact through
seawater and sediment analysis. This should enable an articulated
response from the scientific community, environmental organizations
and government in cases of oil pollution.

4.1. Future perspectives

Despite the global concerns regarding oil pollution impacts on ma-
rine environment, there are still some important knowledge gaps that
need to be addressed to advance in the field. Most studies have focused
on the short-term effects of oil spill over one or a few marine species. To
fully understand the impact of oil pollution and HPA bioaccumulation
on different trophic levels, it is necessary to carry out multi-species
research and combine methods that assess changes at individual or-
ganism, population, community and ecosystem levels. This approach
will offer a holistic view of oil pollution effects on ecosystems rather
than on isolated species. Furthermore, there is an eminent need to un-
derstand how abiotic and biotic factors, such as temperature, pH,
nutritional status, organisms age and development stage affect the
outcomes of the employed analytical tools.

In addition, to elucidate the broad-range impact of oil pollution, it is
crucial to consider the connectivity between different environments and
how oil spills can affect nearby or even distant areas. Finally, the
development of biomonitoring programs that last for years or decades
after oil acute exposure should provide valuable information to under-
stand and even predict ecosystem's capacity of resilience to fully recover
or reach a different level of ecological balance.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2023.115081.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

Marine Pollution Bulletin 192 (2023) 115081
the work reported in this paper.
Data availability

Data will be made available on request.

Acknowledgements

This article is part of the DSc. requirements of Nicollas Menezes
Ferreira at the Marine Biotechnology Graduate Program of the Instituto
de Estudos do Mar Almirante Paulo Moreira (IEAPM) in an associated
form with the Universidade Federal Fluminense (UFF).

Funding sources

This work was supported by CAPES, CNPq, and FAPERJ. Nicollas
Menezes Ferreira thanks CAPES for his PhD Scholarship and Ricardo
Coutinho thanks CNPq for his Research Productivity Fellowships and
FAPERJ for the Scientist of State Grant.

References

Ahmed, O.E., Eldesoky, A.M., El Nady, M.M., 2019. Evaluation of petroleum
hydrocarbons and its impact on organic matters of living organisms in the
northwestern Gulf of Suez, Egypt. Pet. Sci. Technol. 37, 2441-2449. https://doi.org/
10.1080/10916466.2019.1655443.

Akhbarizadeh, R., Moore, F., Keshavarzi, B., 2019. Polycyclic aromatic hydrocarbons and
potentially toxic elements in seafood from the Persian Gulf: presence, trophic
transfer, and chronic intake risk assessment. Environ. Geochem. Health 41,
2803-2820. https://doi.org/10.1007/510653-019-00343-1.

Almeda, R., Cosgrove, S., Buskey, E.J., 2018. Oil spills and dispersants can cause the
initiation of potentially harmful dinoflagellate blooms (“red tides™). Environ. Sci.
Technol. 52, 5718-5724. https://doi.org/10.1021/acs.est.8b00335.

Al-Subiai, S.N., Arlt, V.M., Frickers, P.E., Readman, J.W., Stolpe, B., Lead, J.R.,
Moody, A.J., Jha, A.N., 2012. Merging nano-genotoxicology with eco-
genotoxicology: an integrated approach to determine interactive genotoxic and sub-
lethal toxic effects of C 60 fullerenes and fluoranthene in marine mussels, Mytilus sp.
Mutat. Res. Genet. Toxicol. Environ. Mutagen. 745, 92-103. https://doi.org/
10.1016/j.mrgentox.2011.12.019.

Beg, M.U., Butt, S.A., Karam, Q., Saeed, T., 2018. Biomarkers in fish as a measure of the
state of marine environment of Kuwait. Environ. Monit. Assess. 190, 325. https://
doi.org/10.1007/510661-018-6704-5.

Bellas, J., Saco-dlvarez, L., Nieto, Oscar, Bayona, J.M., Albaigés, J., Beiras, R., 2013.
Evaluation of artificially-weathered standard fuel oil toxicity by marine invertebrate
embryogenesis bioassays. Chemosphere 90, 1103-1108. https://doi.org/10.1016/j.
chemosphere.2012.09.015.

Blalock, B.J., Robinson, W.E., Poynton, H.C., 2020. Assessing legacy and endocrine
disrupting pollutants in Boston Harbor with transcriptomic biomarkers. Aquat.
Toxicol. 220, 105397 https://doi.org/10.1016/j.aquatox.2019.105397.

Blanco-Rayén, E., Ivanina, A.V., Sokolova, .M., Marigémez, 1., Izagirre, U., 2020. Sex
and sex-related differences in gamete development progression impinge on
biomarker responsiveness in sentinel mussels. Sci. Total Environ. 740, 140178
https://doi.org/10.1016/j.scitotenv.2020.140178.

Campillo, J.A., Sevilla, A., Gonzélez-fernandez, C., Bellas, J., Bernal, C., Canovas, M.,
Albentosa, M., 2019. Metabolomic responses of mussel Mytilus galloprovincialis to fl
uoranthene exposure under di ff erent nutritive conditions. Mar. Environ. Res. 144,
194-202. https://doi.org/10.1016/j.marenvres.2019.01.012.

Cariello Delunardo, F.A., Sadauskas-Henrique, H., Fonseca de Almeida-Val, V.M., Val, A.
L., Chippari-Gomes, A.R., 2019. Effects of water-accommodated fraction of diesel
fuel on seahorse (Hippocampus reidi) biomarkers. Aquat. Toxicol. 217, 105353
https://doi.org/10.1016/j.aquatox.2019.105353.

Caroselli, E., Frapiccini, E., Franzellitti, S., Palazzo, Q., Prada, F., Betti, M., Goffredo, S.,
Marini, M., 2020. Accumulation of PAHs in the tissues and algal symbionts of a
common Mediterranean coral: skeletal storage relates to population age structure.
Sci. Total Environ. 743, 140781 https://doi.org/10.1016/j.scitotenv.2020.140781.

Casini, S., Caliani, L., Giannetti, M., Marsili, L., Maltese, S., Coppola, D., Bianchi, N.,
Campani, T., Ancora, S., Caruso, C., Furii, G., Parga, M., D’Agostino, A., Fossi, M.C.,
2018. First ecotoxicological assessment of Caretta caretta (Linnaeus, 1758) in the
Mediterranean Sea using an integrated nondestructive protocol. Sci. Total Environ.
631-632, 1221-1233. https://doi.org/10.1016/j.scitotenv.2018.03.111.

Cerezo, M.I., Agusti, S., 2015. Polycyclic aromatic hydrocarbons alter the structure of
oceanic and oligotrophic microbial food webs. Mar. Pollut. Bull. 101, 726-735.
https://doi.org/10.1016/j.marpolbul.2015.10.004.

Cerqueda-Garcia, D., Améndola-Pimenta, M., Zamora-Brisefo, J.A., Gonzalez-

Penagos, C.E., Arcega—Cabrera, F., Ceja-Moreno, V., Rodriguez-Canul, R., 2020.
Effects of chronic exposure to water accommodated fraction (WAF) of light crude oil
on gut microbiota composition of the lined sole (Achirus lineatus). Mar. Environ.
Res. 161 https://doi.org/10.1016/j.marenvres.2020.105116.



N.M. Ferreira et al.

Chen, H., Song, Q., Diao, X., Zhou, H., 2016. Proteomic and metabolomic analysis on the
toxicological effects of benzo[alpyrene in pearl oyster Pinctada martensii. Aquat.
Toxicol. 175, 81-89. https://doi.org/10.1016/j.aquatox.2016.03.012.

Chitrakar, P., Baawain, M.S., Sana, A., Al-Mamun, A., 2019. Current status of marine
pollution and mitigation strategies in arid region: a detailed review. Ocean Sci. J.
https://doi.org/10.1007/s12601-019-0027-5.

Cong, Y., Wang, Y., Zhang, M., Jin, F., Mu, J., Li, Z., 2021. Lethal, behavioral, growth and
developmental toxicities of alkyl-PAHs and non-alkyl PAHs to early-life stage of
brine shrimp, Artemia parthenogenetica. Ecotoxicol. Environ. Saf. 220, 112302
https://doi.org/10.1016/j.ecoenv.2021.112302.

Craveiro, N., de Almeida Alves, R.V., da Silva, J.M., Vasconcelos, E., de Almeida Alves-
Junior, F., Filho, J.S.R., 2021. Immediate effects of the 2019 oil spill on the
macrobenthic fauna associated with macroalgae on the tropical coast of Brazil. Mar.
Pollut. Bull. 165 https://doi.org/10.1016/j.marpolbul.2021.112107.

Daly, K.L., Remsen, A., Outram, D.M., Broadbent, H., Kramer, K., Dubickas, K., 2021.
Resilience of the zooplankton community in the northeast Gulf of Mexico during and
after the Deepwater Horizon oil spill. Mar. Pollut. Bull. 163, 111882 https://doi.org/
10.1016/j.marpolbul.2020.111882.

Danion, M., Le Floch, S., Lamour, F., Quentel, C., 2014. EROD activity and antioxidant
defenses of sea bass (Dicentrarchus labrax) after an in vivo chronic hydrocarbon
pollution followed by a post-exposure period. Environ. Sci. Pollut. Res. 21,
13769-13778. https://doi.org/10.1007/s11356-014-2720-3.

Di, Y., Aminot, Y., Schroeder, D.C., Readman, J.W., Jha, A.N., 2017. Integrated biological
responses and tissue-specific expression of p53 and ras genes in marine mussels
following exposure to benzo(x)pyrene and C60 fullerenes, either alone or in
combination. Mutagenesis 32, 77-90. https://doi.org/10.1093/mutage/gew049.

Diaz de Cerio, O., Bilbao, E., Ruiz, P., Pardo, B.G., Martinez, P., Cajaraville, M.P.,
Cancio, 1., 2017. Hepatic gene transcription profiles in turbot (Scophthalmus
maximus) experimentally exposed to heavy fuel oil n° 6 and to styrene. Mar.
Environ. Res. 123, 14-24. https://doi.org/10.1016/j.marenvres.2016.11.005.

Du, J., Liao, C., Zhou, H., Diao, X., Li, Y., Zheng, P., Wang, F., 2015. Gene cloning and
expression analysis of AhR and CYP4 from Pinctada martensii after exposed to
pyrene. Ecotoxicology 24, 1574-1582. https://doi.org/10.1007/s10646-015-1424-
X.

Duan, M., Xiong, D., Gao, Y., Bai, X., Xiong, Y., Gao, X., Ding, G., 2018.
Transgenerational effects of heavy fuel oil on the sea urchin Strongylocentrotus
intermedius considering oxidative stress biomarkers. Mar. Environ. Res. https://doi.
org/10.1016/j.marenvres.2018.08.010.

Echols, B.S., Smith, A.J., Gardinali, P.R., Rand, G.M., 2016. The use of ephyrae of a
scyphozoan jellyfish, Aurelia aurita, in the aquatic toxicological assessment of
Macondo oils from the Deepwater Horizon incident. Chemosphere 144, 1893-1900.
https://doi.org/10.1016/j.chemosphere.2015.10.082.

Elmamy, C.A.A., Abdellahi, B.M.L., Er-Raioui, H., Dartige, A., Zamel, M.L., Deida, P.M.
V., 2021. Hydrocarbon pollution in Atlantic coast of Mauritania (Levrier Bay Zone):
call for sustainable management. Mar. Pollut. Bull. 166, 112040 https://doi.org/
10.1016/j.marpolbul.2021.112040.

Eronat, A.H., 2020. Time series evaluation of oil spill in marine environment: a case
study in marine area of Cyprus. Arab. J. Geosci. 13 https://doi.org/10.1007/512517-
020-05388-6.

Finch, B.E., Stubblefield, W.A., 2019. Phototoxicity assessments of field sites in Barataria
Bay, Louisiana, USA, and heavily weathered Macondo crude oil: 4 years after the
Deepwater Horizon oil spill. Environ. Toxicol. Chem. 38, 1811-1819. https://doi.
org/10.1002/etc.4464.

Finlayson, K., Stevens, T., Arthur, J.M., Rissik, D., 2015. Recovery of a subtropical rocky
shore is not yet complete, four years after a moderate sized oil spill. Mar. Pollut. Bull.
93, 27-36. https://doi.org/10.1016/j.marpolbul.2015.02.024.

Fisher, C.R., Hsing, P.Y., Kaiser, C.L., Yoerger, D.R., Roberts, H.H., Shedd, W.W.,
Cordes, E.E., Shank, T.M., Berlet, S.P., Saunders, M.G., Larcom, E.A., Brooks, J.M.,
2014. Footprint of Deepwater Horizon blowout impact to deep-water coral
communities. Proc. Natl. Acad. Sci. U. S. A. 111, 11744-11749. https://doi.org/
10.1073/pnas.1403492111.

Fisher, C.R., Montagna, P.A., Sutton, T.T., 2016. How did the Deepwater Horizon oil spill
impact deep-sea ecosystems? Oceanography 29, 182-195. https://doi.org/10.5670/
oceanog.2016.82.

Frapiccini, E., Annibaldi, A., Betti, M., Polidori, P., Truzzi, C., Marini, M., 2018.
Polycyclic aromatic hydrocarbon (PAH) accumulation in different common sole
(Solea solea) tissues from the North Adriatic Sea peculiar impacted area. Mar. Pollut.
Bull. 137, 61-68. https://doi.org/10.1016/j.marpolbul.2018.10.002.

Frometa, J., DeLorenzo, M.E., Pisarski, E.C., Etnoyer, P.J., 2017. Toxicity of oil and
dispersant on the deep water gorgonian octocoral Swiftia exserta, with implications
for the effects of the Deepwater Horizon oil spill. Mar. Pollut. Bull. 122, 91-99.
https://doi.org/10.1016/j.marpolbul.2017.06.009.

Gemmell, B.J., Bacosa, H.P., Dickey, B.O., Gemmell, C.G., Algasemi, L.R., Buskey, E.J.,
2018. Rapid alterations to marine microbiota communities following an oil spill.
Ecotoxicology 27, 505-516. https://doi.org/10.1007/510646-018-1923-7.

Gilbert, F., Stora, G., Cuny, P., 2015. Functional response of an adapted subtidal
macrobenthic community to an oil spill: macrobenthic structure and bioturbation
activity over time throughout an 18-month field experiment. Environ. Sci. Pollut.
Res. 22, 15285-15293. https://doi.org/10.1007/511356-014-3906-4.

Girard, F., Fisher, C.R., 2018. Long-term impact of the Deepwater Horizon oil spill on
deep-sea corals detected after seven years of monitoring. Biol. Conserv. 225,
117-127. https://doi.org/10.1016/j.biocon.2018.06.028.

Gonzdlez, J., Fernandez, E., Figueiras, F.G., Varela, M., 2013. Subtle effects of the water
soluble fraction of oil spills on natural phytoplankton assemblages enclosed in
mesocosms. Estuar. Coast. Shelf Sci. 124, 13-23. https://doi.org/10.1016/j.
ecss.2013.03.015.

Marine Pollution Bulletin 192 (2023) 115081

Gonzalez-Fernandez, C., Albentosa, M., Sokolova, 1., 2017. Interactive effects of
nutrition, reproductive state and pollution on molecular stress responses of mussels,
Mytilus galloprovincialis Lamarck, 1819. Mar. Environ. Res. 131, 103-115. https://
doi.org/10.1016/j.marenvres.2017.08.011.

Gravato, C., Almeida, J.R., Silva, C., Oliveira, C., Soares, A.M.V.M., 2014. Using a
multibiomarker approach and behavioural responses to assess the effects of
anthracene in Palaemon serratus. Aquat. Toxicol. 149, 94-102. https://doi.org/
10.1016/j.aquatox.2014.01.024.

Greer, J.B., Andrzejczyk, N.E., Mager, E.M., Stieglitz, J.D., Benetti, D., Grosell, M.,
Schlenk, D., 2019. Whole-transcriptome Sequencing of Epidermal Mucus as a Novel
Method for Oil Exposure Assessment in Juvenile Mahi-mahi (Coryphaena hippurus),
pp. 4-10. https://doi.org/10.1021/acs.estlett.9b00479.

Han, H., Huang, S., Liu, S., Sha, J., Lv, X., 2021. An assessment of marine ecosystem
damage from the Penglai 19-3 oil spill accident. J. Mar. Sci. Eng. 9 https://doi.org/
10.3390/jmse9070732.

Hansen, B.H., Altin, D., @verjordet, I.B., Jager, T., Nordtug, T., 2013. Acute exposure of
water soluble fractions of marine diesel on Arctic Calanus glacialis and boreal
Calanus finmarchicus: effects on survival and biomarker response. Sci. Total
Environ. 449, 276-284. https://doi.org/10.1016/j.scitotenv.2013.01.020.

Hartmann, A.C., Sandin, S.A., Chamberland, V.F., Marhaver, K.L., De Goeij, J.M.,
Vermeij, M.J.A., 2015. Crude oil contamination interrupts settlement of coral larvae
after direct exposure ends. Mar. Ecol. Prog. Ser. 536, 163-173. https://doi.org/
10.3354/meps11437.

Hu, P., Dubinsky, E.A., Probst, A.J., Wang, J., Sieber, C.M.K., Tom, L.M., Gardinali, P.R.,
Banfield, J.F., Atlas, R.M., Andersen, G.L., 2017. Simulation of Deepwater Horizon
oil plume reveals substrate specialization within a complex community of
hydrocarbon degraders. Proc. Natl. Acad. Sci. U. S. A. 114, 7432-7437. https://doi.
org/10.1073/pnas.1703424114.

Imbery, J.J., Buday, C., Miliano, R.C., Shang, D., Round, J.M., Kwok, H., Van
Aggelen, G., Helbing, C.C., 2019. Evaluation of gene bioindicators in the liver and
caudal fin of juvenile Pacific coho salmon in response to low sulfur marine diesel
seawater-accommodated fraction exposure. Environ. Sci. Technol. 53, 1627-1638.
https://doi.org/10.1021/acs.est.8b05429.

Joydas, T.V., Qurban, M.A., Al-Suwailem, A., Krishnakumar, P.K., Nazeer, Z., Cali, N.A.,
2012. Macrobenthic community structure in the northern Saudi waters of the Gulf,
14years after the 1991 oil spill. Mar. Pollut. Bull. 64, 325-335. https://doi.org/
10.1016/j.marpolbul.2011.11.007.

Keshavarzifard, M., Moore, F., Keshavarzi, B., Sharifi, R., 2017. Polycyclic aromatic
hydrocarbons (PAHs) in sediment and sea urchin (Echinometra mathaei) from the
intertidal ecosystem of the northern Persian Gulf: distribution, sources, and
bioavailability. Mar. Pollut. Bull. 123, 373-380. https://doi.org/10.1016/j.
marpolbul.2017.09.008.

Knap, A., Turner, N.R,, Bera, G., Renegar, D.A., Frank, T., Sericano, J., Riegl, B.M., 2017.
Short-term toxicity of 1-methylnaphthalene to Americamysis bahia and 5 deep-sea
crustaceans. Environ. Toxicol. Chem. 36, 3415-3423. https://doi.org/10.1002/
etc.3926.

Knapik, K., Bagi, A., Krolicka, A., Baussant, T., 2020. Metatranscriptomic analysis of oil-
exposed seawater bacterial communities archived by an environmental sample
processor (Esp). Microorganisms 8, 1-28. https://doi.org/10.3390/
microorganisms8050744.

Kottuparambil, S., Agusti, S., 2020. Cell-by-cell estimation of PAH sorption and
subsequent toxicity in marine phytoplankton. Chemosphere 259, 127487. https://
doi.org/10.1016/j.chemosphere.2020.127487.

Lehtonen, K.K., d’Errico, G., Korpinen, S., Regoli, F., Ahkola, H., Kinnunen, T.,
Lastuméki, A., 2019. Mussel caging and the weight of evidence approach in the
assessment of chemical contamination in coastal waters of Finland (Baltic Sea).
Front. Mar. Sci. 6 https://doi.org/10.3389/fmars.2019.00688.

Lewis, J.P., Tarnecki, J.H., Garner, S.B., Chagaris, D.D., Patterson, W.F., 2020. Changes
in reef fish community structure following the Deepwater Horizon oil spill. Sci. Rep.
10, 1-13. https://doi.org/10.1038/5s41598-020-62574-y.

Liu, Yu, Li, N, Lou, Y., Liu, Yuxin, Zhao, X., Wang, G., 2020. Effect of water
accommodated fractions of fuel oil on fixed carbon and nitrogen by microalgae:
implication by stable isotope analysis. Ecotoxicol. Environ. Saf. 195 https://doi.org/
10.1016/j.ecoenv.2020.110488.

Luna-Acosta, A., Budzinski, H., Le Menach, K., Thomas-Guyon, H., Bustamante, P., 2015.
Persistent organic pollutants in a marine bivalve on the Marennes-Oléron Bay and
the Gironde Estuary (French Atlantic Coast)-part 1: bioaccumulation. Sci. Total
Environ. 514, 500-510. https://doi.org/10.1016/j.scitotenv.2014.08.071.

Lysenko, L., Sukhovskaya, I., Borvinskaya, E., Krupnova, M., Kantserova, N., Bakhmet, .,
Nemova, N., 2015. Detoxification and protein quality control markers in the mussel
Mytilus edulis (Linnaeus) exposed to crude oil: salinity-induced modulation. Estuar.
Coast. Shelf Sci. 167, 220-227. https://doi.org/10.1016/j.ecss.2015.10.006.

Mansour, C., Guardiola, F.A., Esteban, M.A., Mosbahi, D.S., 2017. Combination of
polycyclic aromatic hydrocarbons and temperature exposure: in vitro effects on
immune response of European clam (Ruditapes decussatus). Fish Shellfish Immunol.
67, 110-118. https://doi.org/10.1016/].fs1.2017.06.008.

May, L.A., Burnett, A.R., Miller, C.V., Pisarski, E., Webster, L.F., Moffitt, Z.J.,
Pennington, P., Wirth, E., Baker, G., Ricker, R., Woodley, C.M., 2020. Effect of
Louisiana sweet crude oil on a Pacific coral, Pocillopora damicornis. Aquat. Toxicol.
222, 105454 https://doi.org/10.1016/j.aquatox.2020.105454.

Michan, C., Blasco, J., Alhama, J., 2021. High-throughput molecular analyses of
microbiomes as a tool to monitor the wellbeing of aquatic environments. Microb.
Biotechnol. https://doi.org/10.1111/1751-7915.13763.

Montagna, P.A., Baguley, J.G., Cooksey, C., Hartwell, I., Hyde, L.J., Hyland, J.L.,
Kalke, R.D., Kracker, L.M., Reuscher, M., Rhodes, A.C.E., 2013. Deep-sea benthic



N.M. Ferreira et al.

footprint of the Deepwater Horizon blowout. PLoS One 8, €70540. https://doi.org/
10.1371/journal.pone.0070540.

Moreira, L.B., Sasaki, S.T., Taniguchi, S., Peres, T.F., Lopes Figueira, R.C., Bicego, M.C.,
Marins, R.V., Costa-Lotufo, L.V., Souza Abessa, D.M., 2020. Biomarkers responses of
the clam Anomalocardia flexuosa in sediment toxicity bioassays using dredged
materials from a semi-arid coastal system. Heliyon 6, €04030. https://doi.org/
10.1016/j.heliyon.2020.e04030.

Moreno, R., Jover, L., Diez, C., Sarda, F., Sanpera, C., 2013. Ten years after the prestige
oil spill: seabird trophic ecology as indicator of long-term effects on the coastal
marine ecosystem. PLoS One 8, 1-10. https://doi.org/10.1371/journal.
pone.0077360.

Nahrgang, J., Bender, M.L., Meier, S., Nechev, J., Berge, J., Frantzen, M., 2019. Growth
and metabolism of adult polar cod (Boreogadus saida) in response to dietary crude
oil. Ecotoxicol. Environ. Saf. 180, 53-62. https://doi.org/10.1016/j.
ecoenv.2019.04.082.

Nukapothula, S., Wu, J., Chen, C., Ali, P.Y., 2021. Potential impact of the extensive oil
spill on primary productivity in the Red Sea waters. Cont. Shelf Res. 222, 104437
https://doi.org/10.1016/j.csr.2021.104437.

Nunnally, C.C., Benfield, M.C., McClain, C.R., 2020. Trait-based diversity of deep-sea
benthic megafauna communities near the Deepwater Horizon oil spill site. Mar. Ecol.
41, 1-10. https://doi.org/10.1111/maec.12611.

Oladi, M., Shokri, M.R., 2021. Multiple benthic indicators are efficient for health
assessment of coral reefs subjected to petroleum hydrocarbons contamination: a case
study in the Persian Gulf. J. Hazard. Mater. 409, 124993 https://doi.org/10.1016/j.
jhazmat.2020.124993.

Osse, M., Hamel, J.F., Mercier, A., 2018. Markers of oil exposure in cold-water benthic
environments: insights and challenges from a study with echinoderms. Ecotoxicol.
Environ. Saf. 156, 56-66. https://doi.org/10.1016/j.ecoenv.2018.02.076.

Parsons, M.L., Morrison, W., Rabalais, N.N., Turner, R.E., Tyre, K.N., 2015.
Phytoplankton and the Macondo oil spill: a comparison of the 2010 phytoplankton
assemblage to baseline conditions on the Louisiana shelf. Environ. Pollut. 207,
152-160. https://doi.org/10.1016/j.envpol.2015.09.019.

Ranjbar Jafarabadi, A., Riyahi Bakhtiari, A., Yaghoobi, Z., Kong Yap, C., Maisano, M.,
Cappello, T., 2019. Distributions and compositional patterns of polycyclic aromatic
hydrocarbons (PAHs) and their derivatives in three edible fishes from Kharg coral
Island, Persian Gulf, Iran. Chemosphere 215, 835-845. https://doi.org/10.1016/j.
chemosphere.2018.10.092.

Renegar, D.A., Turner, N.R., Riegl, B.M., Dodge, R.E., Knap, A.H., Schuler, P.A., 2017.
Acute and subacute toxicity of the polycyclic aromatic hydrocarbon 1-methylnaph-
thalene to the shallow-water coral Porites divaricata: application of a novel exposure
protocol. Environ. Toxicol. Chem. 36, 212-219. https://doi.org/10.1002/etc.3530.

Rezaei Somee, M., Dastgheib, S.M.M., Shavandi, M., Ghanbari Maman, L., Kavousi, K.,
Amoozegar, M.A., Mehrshad, M., 2021. Distinct microbial community along the
chronic oil pollution continuum of the Persian Gulf converge with oil spill accidents.
Sci. Rep. 11, 1-15. https://doi.org/10.1038/541598-021-90735-0.

Sforzini, S., Moore, M.N., Oliveri, C., Volta, A., Jha, A., Banni, M., Viarengo, A., 2018.
Role of mTOR in autophagic and lysosomal reactions to environmental stressors in
molluscs. Aquat. Toxicol. 195, 114-128. https://doi.org/10.1016/j.
aquatox.2017.12.014.

Shai, Y., Rubin-Blum, M., Angel, D.L., Sisma-Ventura, G., Zurel, D., Astrahan, P.,
Rahav, E., 2021. Response of oligotrophic coastal microbial populations in the SE
Mediterranean Sea to crude oil pollution; lessons from mesocosm studies. Estuar.
Coast. Shelf Sci. 249, 107102 https://doi.org/10.1016/j.ecss.2020.107102.

Sherwood, T.A., Medvecky, R.L., Miller, C.A., Tarnecki, A.M., Schloesser, R.W., Main, K.
L., Mitchelmore, C.L., Wetzel, D.L., 2019. Nonlethal Biomarkers of Oxidative Stress
in Oiled Sediment Exposed Southern Flounder (Paralichthys lethostigma): Utility for
Field-base Monitoring Exposure and Potential Recovery. https://doi.org/10.1021/
acs.est.9b05930.

Siddaway, A.P., Wood, A.M., Hedges, L.V., 2018. How to do a systematic review: a best
practice guide for conducting and reporting narrative reviews, meta-analyses, and
meta-syntheses. Annu. Rev. Psychol. 70, 747-770.

Silva, C., Oliveira, C., Gravato, C., Almeida, J.R., 2013. Behaviour and biomarkers as
tools to assess the acute toxicity of benzo(a)pyrene in the common prawn Palaemon
serratus. Mar. Environ. Res. 90, 39-46. https://doi.org/10.1016/j.
marenvres.2013.05.010.

Soares, E.C., Bispo, M.D., Vasconcelos, V.C., Soletti, J.I., Carvalho, S.H.V., de Oliveira, M.
J., dos Santos, M.C., dos Santos Freire, E., Nogueira, A.S.P., da Silva Cunha, F.A,,
Sandes, R.D.D., dos Santos, R.A.R., Neta, M.T.S.L., Narain, N., Garcia, C.A.B., da
Costa, S.S.L., Santos, J.C.C., 2021. Oil impact on the environment and aquatic
organisms on the coasts of the states of Alagoas and Sergipe, Brazil - a preliminary
evaluation. Mar. Pollut. Bull. 171 https://doi.org/10.1016/j.
marpolbul.2021.112723.

Soysa, D., Soysa, T.Y.De, Ulrich, A., Friedrich, T., Pite, D., Compton, S.L., Ok, D.,
Bernardos, R.L., Downes, G.B., Hsieh, S., Stein, R., Lagdameo, M.C., Halvorsen, K.,
Kesich, L., Barresi, M.J.F., 2012. Macondo crude oil from the Deepwater Horizon oil
spill disrupts specific developmental processes during zebrafish embryogenesis
Macondo crude oil from the Deepwater Horizon oil spill disrupts specific
developmental processes during zebrafish embryogenesis. BMC Biol. 10, 40. https://
doi.org/10.1186,/1741-7007-10-40.

Stefansson, E.S., Langdon, C.J., Pargee, S.M., Blunt, S.M., Gage, S.J., Stubblefield, W.A.,
2016. Acute effects of non-weathered and weathered crude oil and dispersant
associated with the Deepwater Horizon incident on the development of marine
bivalve and echinoderm larvae. Environ. Toxicol. Chem. 35, 2016-2028. https://doi.
org/10.1002/etc.3353.

Marine Pollution Bulletin 192 (2023) 115081

Sun, R.X., Yang, X,, Li, Q.X., Wu, Y.T., Shao, H.Y., Wu, M.H., Mai, B.X., 2019. Polycyclic
aromatic hydrocarbons in marine organisms from Mischief Reef in the South China
sea: implications for sources and human exposure. Mar. Pollut. Bull. 149, 110623
https://doi.org/10.1016/j.marpolbul.2019.110623.

Traina, A., Ausili, A., Bonsignore, M., Fattorini, D., Gherardi, S., Gorbi, S., Quinci, E.,
Romano, E., Salvagio Manta, D., Tranchida, G., Regoli, F., Sprovieri, M., 2021.
Organochlorines and Polycyclic Aromatic Hydrocarbons as fingerprint of exposure
pathways from marine sediments to biota. Mar. Pollut. Bull. 170, 112676 https://
doi.org/10.1016/j.marpolbul.2021.112676.

Tsangaris, C., Hatzianestis, 1., Catsiki, V.A., Kormas, K.A., Strogyloudi, E., Neofitou, C.,
Andral, B., Galgani, F., 2011. Active biomonitoring in Greek coastal waters:
application of the integrated biomarker response index in relation to contaminant
levels in caged mussels. Sci. Total Environ. 412-413, 359-365. https://doi.org/
10.1016/j.scitotenv.2011.10.028.

Turner, N.R., Bera, G., Renegar, D.A., Frank, T.M., Riegl, B.M., Sericano, J.L., Sweet, S.,
Knap, A.H., 2020. Measured and predicted acute toxicity of phenanthrene and
MC252 crude oil to vertically migrating deep-sea crustaceans. Environ. Sci. Pollut.
Res. 27, 45270-45281. https://doi.org/10.1007/511356-020-10436-5.

Vieira, L.R., Guilhermino, L., 2012. Multiple stress effects on marine planktonic
organisms: influence of temperature on the toxicity of polycyclic aromatic
hydrocarbons to Tetraselmis chuii. J. Sea Res. 72, 94-98. https://doi.org/10.1016/j.
seares.2012.02.004.

Vignier, J., Rolton, A., Soudant, P., Chu, F.L.E., Robert, R., Volety, A.K., 2019.
Interactions between Crassostrea virginica larvae and Deepwater Horizon oil: toxic
effects via dietary exposure. Environ. Pollut. 246, 544-551. https://doi.org/
10.1016/j.envpol.2018.12.057.

Vinas, L., Pérez-Fernandez, B., Soriano, J.A., Lopez, M., Bargiela, J., Alves, 1., 2018.
Limpet (Patella sp) as a biomonitor for organic pollutants. A proxy for mussel? Mar.
Pollut. Bull. 133, 271-280. https://doi.org/10.1016/j.marpolbul.2018.05.046.

Wang, H., Cui, L., Cheng, H., Zhang, Y., Diao, X., Wang, J., 2017. Comparative studies on
the toxicokinetics of benzo[a]pyrene in Pinctada martensii and Perna viridis. Bull.
Environ. Contam. Toxicol. 98, 649-655. https://doi.org/10.1007/500128-016-2015-
0.

Wang, C., He, S., Zou, Y., Liu, J., Zhao, R, Yin, X., Zhang, H., Li, Y., 2020. Quantitative
evaluation of in-situ bioremediation of compound pollution of oil and heavy metal in
sediments from the Bohai Sea, China. Mar. Pollut. Bull. 150, 110787 https://doi.org/
10.1016/j.marpolbul.2019.110787.

Wegeberg, S., Hansson, S.V., van Beest, F.M., Fritt-Rasmussen, J., Gustavson, K., 2020.
Smooth or smothering? The self-cleaning potential and photosynthetic effects of oil
spill on arctic macro-algae Fucus distichus. Mar. Pollut. Bull. 150, 110604 https://
doi.org/10.1016/j.marpolbul.2019.110604.

Weinnig, A.M., Gémez, C.E., Hallaj, A., Cordes, E.E., 2020. Cold-water coral (Lophelia
pertusa) response to multiple stressors: high temperature affects recovery from short-
term pollution exposure. Sci. Rep. 10, 1-13. https://doi.org/10.1038/541598-020-
58556-9.

White, N.D., Godard-Codding, C., Webb, S.J., Bossart, G.D., Fair, P.A., 2017.
Immunotoxic effects of in vitro exposure of dolphin lymphocytes to Louisiana sweet
crude oil and CorexitTM. J. Appl. Toxicol. 37, 676-682. https://doi.org/10.1002/
jat.3414.

Woo, S.J., 2021. Effects of benzo[a]pyrene exposure on black rockfish (Sebastes
schlegelii): EROD activity, CYP1A protein, and immunohistochemical and
histopathological alterations. Environ. Sci. Pollut. Res. 450 https://doi.org/
10.1007/s11356-021-15949-1.

Xie, Y., Zhang, X., Yang, J., Kim, S., Hong, S., Giesy, J.P., Yim, U.H., Shim, W.J., Yu, H.,
Khim, J.S., 2018. eDNA-based bioassessment of coastal sediments impacted by an oil
spill. Environ. Pollut. 238, 739-748. https://doi.org/10.1016/j.envpol.2018.02.081.

Yakan, S.D., Focks, A., Klasmeier, J., Okay, O.S., 2017. Numerical evaluation of
bioaccumulation and depuration kinetics of PAHs in Mytilus galloprovincialis.
Environ. Pollut. 220, 1244-1250. https://doi.org/10.1016/j.envpol.2016.11.009.

Yang, Y., Pan, L., Zhou, Y., Xu, R., Li, D., 2020. Benzo [a] pyrene exposure disrupts
steroidogenesis and impairs spermatogenesis in diverse reproductive stages of male
scallop (Chlamys farreri). Environ. Res. 191, 110125 https://doi.org/10.1016/j.
envres.2020.110125.

Yang, Y., Pan, L., Zhou, Y., Xu, R., Miao, J., Gao, Z., Li, D., 2021. Damages to biological
macromolecules in gonadal subcellular fractions of scallop Chlamys farreri following
benzo[a]pyrene exposure: contribution to inhibiting gonadal development and
reducing fertility. Environ. Pollut. 283, 117084 https://doi.org/10.1016/j.
envpol.2021.117084.

Zamora-briseno, J.A., Améndola-pimenta, M., Ortega-rosas, D.A., Pereira-santana, A.,
Hernandez-velazquez, .M., Gonzalez-penagos, C.E., Pérez-vega, J.A., Rio-garcia, M.,
Arcega-cabrera, F., Rodriguez-canul, R., 2021. Gill and liver transcriptomic
responses of Achirus lineatus (Neopterygii : Achiridae) exposed to water-
accommodated fraction (WAF) of light crude oil reveal an onset of hypoxia-like
condition. Environ. Sci. Pollut. Res. Int. 28, 34309. https://doi.org/10.1007/
s11356-021-12909-7.

Zheng, Y., Li, Y., Yue, Z., Li, Z., Li, X., Wang, J., 2020. Teratogenic effects of
environmentally relevant concentrations of phenanthrene on the early development
of marine medaka (Oryzia melastigma). Chemosphere 254, 126900. https://doi.org/
10.1016/j.chemosphere.2020.126900.

Zhou, Z., Li, X., Chen, L., Li, B., Wang, C., Guo, J., Shi, P., Yang, L., Liu, B., Song, B.,
2019. Effects of diesel oil spill on macrobenthic assemblages at the intertidal zone: a
mesocosm experiment in situ. Mar. Environ. Res. 152, 104823 https://doi.org/
10.1016/j.marenvres.2019.104823.



