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A B S T R A C T

In the last decade, several methods were applied to monitor the impact o oil pollution on marine organisms.
Recent studies showed an eminent need to standardize these methods to produce comparable results. Here we
present the rst thorough systematic review o the literature on oil pollution monitoring methods in the last
decade. The literature search resulted on 390 selected original articles, categorized according to the analytical
method employed. Except or Ecosystem-level analyses, most methods are used on short-term studies. The
combination o Biomarker and Bioaccumulation analysis is the most requently adopted strategy or oil pollution
biomonitoring, ollowed by Omic analyses. This systematic review describes the principles o the most requently
used monitoring tools, presents their advantages, limitations, and main ndings and, as such, could be used as a
guideline or uture researches on the eld.

1. Introduction

Oil pollution is among the main anthropogenic stressors o marine
ecosystems (Michán 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 o this process is the release o a series o polycyclic aromatic
hydrocarbons (PAHs) that tend to spread and impact ecosystems health
and unctioning (Finch and Stubbleeld, 2019; Kottuparambil and
Agusti, 2020).

Oil and PAHs cause cytotoxic, genotoxic and teratogenic eects,
reducing marine biodiversity (Cerqueda-García 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 ood web (Cerezo and Agusti, 2015;
Kottuparambil and Agusti, 2020; Lewis et al., 2020; Turner et al., 2020)
altering the structure and productivity o marine communities (Moreno
et al., 2013).

In act, the time necessary or marine biota to recover rom an oil
pollution event is still unclear. For example, twelve years ater the
Deepwater Horizon Oil Spill in the Gul o 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 eorts to
minimize the impact, spilled oil can remain available or years on
seawater or marine sediment (Finch and Stubbleeld, 2019). In this
sense, long-term monitoring is necessary to eectively elucidate the
post-impact ecosystem recovery trajectory (Finlayson et al., 2015; Gir-
ard and Fisher, 2018).

Due to the intensication o marine trac and the growing number
o oil spill incidents in the last decade (Eronat, 2020), a multitude o
methods have been developed to monitor the impact o oil spills and
accumulation o 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 o these methods have been applied on short-term
studies and are requently invasive or lethal (Sherwood et al., 2019).
In this context, there is a prominent need or 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 o 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 o oil
pollution on marine ecosystems health in the last decade. We evaluated
the distribution o studies around the world, the most requently used
analytical tools and the preerred organism or each method. We also
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compared the dierent analytical methods regarding oil exposure time
and monitoring time. We highlight knowledge gaps and obstacles in the
use o these tools and indicate uture directions and best practices in the
area. Thereore, this work oers an important contribution to the
research on oil spill monitoring and suggests uture directions in the
eld.

2. Material and methods

2.1. Literature search parameters

The systematic review ollowed the guidelines proposed by Sidd-
away et al. (2018). Literature search was perormed using three online
publication databases: Web o Science, PubMed, and SCOPUS. Consid-
ering the high level o redundancy (above 80 %) between the rst two
databases and the last one, the nal search was perormed in October
2020 using only SCOPUS, the most complete database accessed. Peer-
reviewed articles rom the last decade (2011–2021) were recorded.

The ollowing terms were used during search exercises to select or
relevant articles:

• Methods: monitor*, assess*, evaluat*, analysis.
• Subject: spill, pollution, stress, impact*, exposure.
• Type o pollutant: "Polycyclic aromatic hydrocarbon*", PAH*, oil.
• Specic environment: marine, seawater, ocean.
• 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 or the presence o any group o characters. The nal
search string was:

2.2. Screening process

A screening was perormed to include the relevant articles ound:

Step 1: Study inclusion criteria
The title and abstract o each publication were accessed or rele-

vance according to the ollowing inclusion criteria:
• Subject: analyze the impact o oil or PAH pollution on marine
biota.

• Results: present inormation on methods employed or moni-
toring the impact o oil pollution on marine organisms.

• Type o study: empirical study published in a peer review
journal.

Step 2: Data extraction and presentation
Selected articles rom SCOPUS were read in ull 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 nd-
ings were extracted and discussed in the ollowing section.

3. Results and discussion

Searches with the selected terms in the SCOPUS database returned a

total o 2096 articles, o which 390 matched the study inclusion criteria
(step 1) and were included in this review.

Most o the studies on monitoring marine oil pollution were con-
ducted in the United States o America (n = 89, 22,8 %). China is the
second country with the highest number o publications (n = 50, 12,8
%), ollowed 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 o the studies
(n = 92, 23.6 % o the total) applied a combination o methods or
monitoring the biological impact o oil pollution, o which 76.1 %
combined only two methods. The most requently combined methods
were Biomarker and Bioaccumulation analysis (30.4 % o combined
studies), which allow coupling inormation on the detection and dosage
o oil-derived compounds and its biological eects. Biomarker and
Physiological analysis (15.2 % o combined studies) are also oten
combined, providing an overview o oil biological impact on molecular,
metabolic and behavioral level. The majority o single-method studies
employed Omics (n = 79, 20.3 %), or Ecosystem-level (n = 71, 18.2 %)
analysis (Fig. 1), which are urther explored in detail.

Regarding the time o exposure to oil/PAHs, the most requent time
scale was “days” (n = 100, 25.6 %) (Fig. 2a), suggesting that most o the
studies are dedicated to evaluate the impact o oil pollution a short time
ater oil spill incidents in eld studies, or ater a ew days o exposure on
bioassays. Besides, biomonitoring is usually carried out or “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 eects o oil are oten under-
researched. Exposure and monitoring times were separately evaluated
or each o the analysis methods and the results are discussed in the
upcoming subsections (Fig. 3).

3.1. Omic analysis

Most o the single method studies here analyzed employed Omic
approaches (n= 79, 20.3 %, Fig. 1). Omic technologies were proposed as

(monitor* OR assess* OR evaluat* OR analysis) AND (spill OR pollution OR stress OR impact* OR exposure) AND ("Polycyclic aromatic hy-
drocarbon*" OR pah* OR oil) AND (marine OR seawater OR ocean) AND (organism* OR ecosystem* OR communit*)

Fig. 1. Methods or marine oil pollution biomonitoring employed by the
selected publications in “2011–2021”, lines 164–165.
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an alternative to conventional biomarkers on environmental moni-
toring. Since the advent o high-throughput sequencing, Omic studies
have conquered space on monitoring programs to evaluate the biolog-
ical impact o PAH or oil. These techniques have the advantage o
quantitatively monitoring many biological molecules in a high-
throughput manner, providing a broad view o 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, oering the opportunity to understand the
fow o inormation that underlies biological response to oil contami-
nation and providing inormation on novel potential biomarkers.

Metabarcoding consists on sequencing taxonomic markers to eval-
uate changes on community composition and biodiversity. For example,
metabarcoding o 16S rRNA, 18S rRNA and COI genes was used to
monitor changes in diversity and structure o micro- and macro-biota
over a 7-year period ollowing Hebei Spirit oil spill, revealing long-
term ecological eects o residual oil (Xie et al., 2018). Through
yearly sampling o surace sediments rom oil contaminated areas, the
authors detected successions o bacterial, protists and metazoan com-
munities, which became dominated by hydrocarbon-degrading bacteria
and diatoms, and also oil tolerant arthropod amilies (Xie et al., 2018).
This study revealed that residual oil interered on the composition o
communities rom primary producers to higher trophic level organisms.

Genomic and Metagenomic approaches consist, respectively, on
sequencing the complete genome o one particular organism, or multiple
organisms on environmental samples As such, these tools provide not
only taxonomic relevant data, but also inormation on organism's
metabolic potential. Through metagenomics, Rezaei Somee et al. (2021)
observed that a similar shit on microbial community composition to-
wards higher dominance o 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 eld. These authors observed an early increase on the
relative abundance o Oceanospirillales and Pseudomonas taxa related to
the highest concentrations o linear alkanes, ollowed by Colwellia and
Cycloclasticus in the intermediate stage related to single-ring aromatic
hydrocarbon degradation, and nally, the increase on the relative
abundance o Rhodobacterales and Flavobacteriales genomes capable o
degrading polycyclic aromatics during late-stage hydrocarbon
degradation.

Transcriptomic and Metatranscriptomic analysis study the whole set
o expressed genes in one organism or a community, shedding light on
the metabolic pathways disturbed by oil exposition. As an example, the
transcriptome o juvenile sh exposed to WAF or 48 h exhibited altered
expression o well-established biomarkers o PAH exposure, such as
cytochrome P450 enzymes. Moreover, other metabolic changes could be

Fig. 2. Exposure time (a) and monitoring time (b) or analysis o oil pollution biological impact. Chronic reers to continuous exposure; combined measures comprise
studies combining dierent 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 reers to studies perorming only one sample collection.

Fig. 3. Exposure time (a) and monitoring time scales (b) employed or marine oil pollution biomonitoring. Combined tools reer to studies applying more than one
analytical method. Combined measures reer to “studies with dierent exposure or monitoring time scales”, lines 184–186.
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inerred due to the downregulation o immune response genes and the
altered expression o genes related to cardiotoxicity and calcium ho-
meostasis (Greer et al., 2019). Likewise, Zamora-Briseño et al. (2021)
compared the transcriptomic changes in liver and gill o adults lined sole
sh (Achirus lineatus) exposed to a sublethal acute concentration oWAF
o light crude oil or 48 h and detected the up-regulation o genes related
to xenobiotic metabolism, redox metabolism and DNA repair mecha-
nisms. Furthermore, Knapik et al. (2020) identied through metatran-
scriptomics the overexpression o 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 or integration into genosensor
technologies. These nucleic acid-based devices are promising tools or in
situ detection o oil pollution by monitoring the expression o genes
related to petroleum degradation specic pathways.

Proteomic and Metaproteomic approaches analyze all proteins and
oer inormation on post-transcription and post-translation modica-
tions. Metabolomic studies simultaneously quantiy multiple small
molecule types, such as amino acids, atty acids, carbohydrates, or other
products o cellular metabolic unctions. By combining Proteomic and
Metabolomic analyses, Chen et al. (2016) demonstrated that PAH dis-
turbs energy metabolism, reduces the production o 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 eld studies
when several ood conditions coexist with pollution levels. In act,
Campillo et al. (2019) exposed mussels under dierent nutritive con-
ditions to fuoranthene and demonstrated that under ood deprivation,
the toxic eect o HPA on mussels metabolomic proles is masked.

Most o the Omic studies analyzed here evaluated the eect o oil
pollution on marine microbial communities (81.0 % o 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 o “months”,
suggesting that these tools are especially used in medium-term moni-
toring studies (Fig. 3a, b).

Despite the relatively high cost o omics technologies, when com-
bined to physiological, ecotoxicological and bioaccumulation analysis,
they allow a holistic view o the biological impact o oil pollution at
dierent biological levels (rom molecules to organisms). Finally, when
meta-omics are associated to ecosystem-level analytical methods, it is
possible to understand the large-scale eects o oil pollution on com-
munity structure and associated unctional diversity, such as the
reduction on photosynthetic potential or lter-eeding unctional traits,
ollowed by the increase o heterotrophic metabolism, bacterial oil
degradation and scavenging activity. Omic techniques also allow
determining toxicological pathways or routes o eects o dierent oil
compounds.

3.2. Ecosystem-level analysis

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

Community structure changes are oten observed in response to oil.
As an example, a recent study demonstrated that pollution by crude oil
can reduce phytoplankton biomass in >75 %, aecting the primary
production rate by up to 96 %, while the abundance o heterotrophic
bacteria increased up to 68 % (Shai et al., 2021). Similarly, on a simu-
lated oil spill experiment, benthic macroaunal 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 o macrobenthic
organisms was also the method o choice or a long-term monitoring

program in China, indicating the apparent habitat recovery in Bohai Sea
ve years ater 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 o the oil spill
that occurred in Brazil in 2019 on the structure o epiaunal commu-
nities associated with two macroalgal species, resulting on the reduction
o species richness and abundance, while opportunistic taxa increased
(Craveiro et al., 2021).

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

Community unctional aspects can also be altered by exposure to oil.
Nunnally et al. (2020) observed the loss o deep-sea lter-eeding 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 o scavengers at this
normally ood-limited deep-sea environment. The loss o biological
traits that should improve ecosystem resilience hampers the recovery o
benthic communities impacted by oil spills. In the opposite direction,
when adapted subtidal macrobenthic community rom historically pe-
troleum contaminated sites were exposed to a simulated acute oil spill,
the vertical distribution o organisms along sediment was altered in a
way that could help ecosystem recovery (Gilbert et al., 2015). The au-
thors observed a deeper burial o some polychaete species, possibly as a
strategy to avoid the direct impacts o oil. The presence o high amounts
o oil in the surace leads to a reduction o the oxygen diusion to the
deeper layers o sediments, which can be critical to many inaunal
species. In this case, the deeper burial o particularly resistant poly-
chaete species can alter sediment bioturbation, improve the oxygenation
o subsupercial 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) or ecosystem-level analyses are usually in the scale o
“years”, indicating that this is an important tool or long-term moni-
toring. Also, ecosystem-level analyses were applied mainly to the
benthic community (40.8 % o ecosystem-level studies) since these
bottom-associated and usually reduced motility organisms are more
suitable or 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 o response (González et al.,
2013). Ecosystem connectivity, ecundity rate, lie-cycle length (Daly
et al., 2021) and seasonal timing o the oil spill (Parsons et al., 2015) are
also actors that can interere on the results and should be considered on
experimental or sampling design.

3.3. Bioaccumulation analysis

Bioaccumulation is dened as the accumulation o chemical sub-
stances in organisms through eeding, direct contact or breathing (Wang
et al., 2017). When applied to oil pollution situations, bioaccumulation
analysis typically quanties PAH compounds in marine organisms'
whole tissue or specic organs. The main analytical techniques applied
or bioaccumulation analyses are Gas Chromatography coupled to Mass
Spectrometry (GC–MS), High Perormance Liquid Chromatography
(HPLC) and the Fixed Wavelength Fluorescence (FF) technique. GC–MS
and HPLC are highly sensitive techniques with high resolution or
dening the compounds to be quantied. Both techniques have
consolidated use in the literature or the most diverse organisms, mainly
bivalves (Elmamy et al., 2021; Wang et al., 2017) and shes (Ahmed
et al., 2019; Sun et al., 2019). In contrast, FF is a rapid detection method
that does not perorm exact quantication, but can be used or screening
specic molecules (Beg et al., 2018; Gravato et al., 2014).

N.M. Ferreira et al.
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Bioaccumulation analyses are necessary, or example, to evaluate i
human consumption o edible species should be allowed (Ranjbar
Jaarabadi et al., 2019). Besides, PAH quantitation can be used on bio-
magnication researches, by comparing PAH concentration in organ-
isms rom dierent 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 (Keshavarziard et al., 2017; Ranj-
bar Jaarabadi et al., 2019).

This analytical method is also employed to investigate toxicokinetic
and depuration rates or specic 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) aster 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 o HPA. Thereore, toxicokinetic
evaluation is especially valuable when choosing sensitive organisms or
ecotoxicological assays and to understand bioaccumulation o pollutants
along ood webs.

One o the advantages o this analysis is that it provides early
warnings about the presence o pollutants on marine biota, a key issue
or oil pollution (Gravato et al., 2014). Since the detection o chemical
compounds itsel does not account or its biological eects, bio-
accumulation analyses are oten combined to other analytical methods
to provide ecologically meaningul inormation (53.9 % o bio-
accumulation studies). In this sense, Lehtonen et al. (2019) proposed a
monitoring program based on the integration o data on water chemis-
try, bioaccumulation and biomarkers in caged mussels as well as benthic
community status to elaborate a weight o evidence (WOE) model.
Moreira et al. (2020) computed an integrated biomarker response index
(IBR), which combined to bioaccumulation analysis indicated the
contribution o several anthropogenic disturbances on sediment pollu-
tion o Mucuripe Bay (Brazil). Also, Oladi and Shokri (2021) combined
PAH bioaccumulation in coral tissues, the percent o live coral cover,
and the Sediment Constituent (SEDCON) Index to study the infuence o
oil-related activities on northwestern Persian Gul ree'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 oten overlooked
on oil pollution research. Fish species are the main indicator organisms
or PAH quantication (27.7 % o bioaccumulation studies), most likely
due to their nutritional and economical value.

Habitat characteristics, organism o choice, tissue type, lipid content
and some physicochemical properties o compounds can infuence PAH
bioaccumulation (Frapiccini et al., 2018). These actors should be
considered on experimental design and standardization or comparable
results.

3.4. Ecotoxicological analysis

Marine ecotoxicology provides inormation on adverse eects o
chemical pollutants on marine organisms, which can be measured as
mortality rate or specic sub-lethal changes on physiology and behavior.
Acute toxicity tests expose organisms to a single dose o a chemical
substance or a short period (usually up to 96 h), while chronic toxicity
tests expose organism to the repeated or continuous administration o a
pollutant or a major part o the organism's lie span.

Ecotoxicological tests are used to evaluate the concentration o a
substance causing lethality to 50 % o the organisms tested (LC50).
Alternatively, the median eective concentration (EC50) can be used,
representing the pollutant concentration causing sub-lethal eects to 50
% o exposed individuals. These values are oten applied to environ-
mental risk-assessments and to establish the legally permitted concen-
tration o a specic pollutant in seawater or marine sediment.

Model-species are requently used or ecotoxicological studies, but

the choice o local ecologically relevant species can lead to more sig-
nicant results. As an example, Echols et al. (2016) used ephyrae o the
scyphozoan jellysh, Aurelia aurita on acute toxicity tests or oil rom the
DWH incident, showing that crude oil alone did not cause signicant
acute toxicity, but the presence o chemical dispersant resulted in
mortality and physical and behavioral abnormalities. The same was
observed by Frometa et al. (2017), demonstrating that combinations o
oil and dispersants are more toxic to a deep-sea octocoral than exposure
to oil alone. Also, Steansson et al. (2016) used the larvae o two echi-
noderm species and our bivalve mollusks to test the acute impact o
water-accommodated ractions (WAF) and chemically enhanced WAF o
the DWH incident.

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

To assess the toxicity o 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 o organisms is
oten selected as sentinel, mainly easily cultivable and commercially
relevant sh and crustaceans (36.8 % o ecotoxicological studies), which
means that other trophic levels and ecologically relevant biological
components tend to be neglected.

The advantages o ecotoxicological tests include low-cost, simplicity,
easy data interpretation and ast results. However, environmental ac-
tors such as temperature and pH can aect the experiment outcomes and
require standardization. As an example, under laboratory conditions,
the increase o water temperature rom 20 to 25 ◦C signicantly
increased the toxicity o PAHs to the marine planktonic algae Tetraselmis
chuii (Vieira and Guilhermino, 2012). Similarly, the cold-water coral
Lophelia pertusa exhibited a slower recovery rom oil dispersant exposure
when experienced elevated seawater temperature (12 ◦C) as compared
to the ragments in ambient temperature seawater (8 ◦C), which in-
dicates that the initial thermal stress can aect coral's ability to cope
with additional pollution stress (Weinnig et al., 2020). Moreover, bio-
logical actors such as species o 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-specic manner. Finally, multi-species toxicity tests can be
employed to provide a broader understanding o the biological eects o
oil pollution.

3.5. Physiological analysis

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

Histopathological changes, accessed through tissue dissection, are
common short-term eects o oil spill. As an example, gills and kidney
tissues o sh showed hyperplasia o the primary lamellar epithelium
and atrophy o the renal tubules, respectively, 48 h ater the intraperi-
toneal injection o the PAH B[a]P (Woo, 2021). In mussels, tissues rom
adductor muscle, digestive glands, and gills showed abnormality ater
exposure to oil or 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-denition photo-
graphs o deep-sea coral colonies were taken annually ater the DWH oil
spill to quantiy hydroid overgrowth, branch loss, and track recovery
patterns. This non-invasive study demonstrated that the eect o initial
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impact on corals was still visible 7 years ater the spill, indicating a long-
term, non-acute impact (Girard and Fisher, 2018).

Moreover, development indicators and juvenile growth rate analysis
are oten applied since organisms are more vulnerable when exposed
during early lie stages. Indeed, the exposure to phenanthrene reduced
hatching rates, delayed hatching time o embryos, and increased
deormity rate o newly-hatched sh larvae (Zheng et al., 2020).
Controlled exposure experiments also indicated that the larval growth o
Crassostrea virginica (Vignier et al., 2019), the development o scallops
(Yang et al., 2020), and the growth and development o 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 rom oil-contaminated to clean seawater and
observed a strong reduction on settlement, indicating that oil pollution
disrupts coral lie cycle in a sublethal manner even ater exposure ends.

Reproduction is another trait aected by oil. Duan et al. (2018)
observed a transgenerational eect in sea urchins with the transer o
PAH and DNA damage to gametes resulting rom maternal and paternal
exposure to heavy uel oil. Yang et al. (2021) reported the eect o PAH
on bivalve gonads, causing damages to biological macromolecules in
gonadal subcellular ractions, inhibiting gonadal development and ul-
timately leading to reduction in ertility. Similarly, Yang et al. (2020)
demonstrated that B[a]P disrupts the steroidogenesis pathway and
impair spermatogenesis o 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 o 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 eects o these behavioral
changes reduce survival and reproductive success, alter the predator-
prey dynamics, interere in the ood web, and, consequently, impair
ecosystem's health and stability.

Oil pollution also aected energy metabolism, with the increase o
oxygen consumption on polar cod (Nahrgang et al., 2019). Regarding
photosynthesis, contrasting results were observed, with the reduction or
stimulation o photosynthetic rates depending on oil physical properties
(Wegeberg et al., 2020). Similarly, atty acid stable isotope composition
was used to evaluate the physiological state o the macroalga Ulva per-
tusa in response to dierent types and concentrations o oil, revealing
petroleum-induced stress and the easibility o this tool as an environ-
mental risk assessment method in the intertidal zone (Liu et al., 2020).
The immune deense o organisms also seems to be impaired ollowing
oil exposure, as demonstrated or organisms as diverse as bivalve mol-
lusks (Luna-Acosta et al., 2015; Mansour et al., 2017) and bottlenose
dolphins (White et al., 2017) and, thereore, could infuence their ability
to resist inectious diseases.

Short-term exposure (days, n = 15, 40.5 %; Fig. 3a) and monitoring
(days; n= 13, 35.1 %; Fig. 3b) are requently employed or physiological
analysis, pointing to the need to urther investigate long-term physio-
logical eects o oil. Most researches use sh as indicator organism
(29.7 %), and studies should be urther extended to other taxonomical
groups and ecological niches.

Physiological analyses provide relevant inormation on organisms'
health status in response to oil, especially when combined to Bio-
accumulation analyses. However, intrinsic actors such as individual
nutritional status, age, reproductive and developmental stage can aect
the results and should be standardized to avoid masking the eects o
oil. Early development stages are especially sensitive to pollutants, as
demonstrated by Soysa et al. (2012) that exposed zebra sh embryos to
crude oil WAF starting at 3.5 hours post-ertilization (hp) until a
maximum o 5 days post-ertilization (dp). The authors noticed that
earlier exposition resulted on more severe developmental deormations,
including changes in head and trunk morphology, compromised car-
diovascular system and impairment o proper swimming behavior. Also,
combining dierent indicator species and various exposure and moni-
toring times are necessary or a broader view o the impact o oil

pollution over the marine biota.

3.6. Biomarker analysis

Biomarkers are dened as measures o pollutant exposure or eect
expressed at sub-organism level (Sherwood et al., 2019). These are
sensitive tools that provide inormation on the bioavailability o con-
taminants, and integrate the response to various exposure routes, such
as through inhalation, eeding or dermal absorption. Biomarkers also
provide inormation about metabolic pathways aected 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 fuorescence or colorimetric analysis.
Transcriptional variations tend to be more sensitive to pollution than
enzymatic activity, but do not necessarily lead to unctional responses.
As such, gene expression analyses can be reerred as “exposure” bio-
markers, while enzymatic activities are reported as “eect” biomarkers.

Biomarkers responding to oil pollution are oten part o biotrans-
ormation pathways, or related to oxidative stress and neurotoxicity
(Table 1). For instance, the up-regulation o 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
actor that can bind to a variety o chemicals, including PAH, and act as
an important receptor in biotransormation. Biotransormation proceeds
in a rst step o oxidation (phase I), and a second step o 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 ormation o reactive
oxygen species (ROS), which induces antioxidant deense pathways and
can be used as a quantitative, although unspecic, biomarker o chem-
ical pollution (Cariello Delunardo et al., 2019; Sherwood et al., 2019).

In general, biomarkers oer quick responses to anthropogenic
stressors and, as such, most o 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 o biomarkers or long-term oil impact moni-
toring is still scarce in the literature, and should be careully evaluated.

Mollusks (46,1 %), especially mussels (Mytilus sp.), are oten selected
as indicator organisms, since bivalves are sessile ltering organisms that
tend to accumulate and respond to oil pollution (Sorzini et al., 2018;
Soares et al., 2021; Traina et al., 2021; Viñas 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, or a deeper understanding o biological impacts, it is advis-
able to combine both exposure and eect Biomarkers with Bio-
accumulation and Physiological analyses. In this sense, several studies
have proposed the development o an integrated approach (Casini et al.,
2018; Di et al., 2017), including a method to simpliy the interpretation

Table 1
Main biomarkers or oil pollution environmental monitoring.
Metabolic pathway Biomarker

Transcription regulation Aryl hydrocarbon receptor (AhR)
Biotransormation
Phase I 7-Ethoxyresorun-O-deethylase (EROD)

Cytochrome P450 (CYP)
Flavin-containing monooxygenase (FMO)
Monoamine oxidase (MAO)

Phase II Glutathione S-transerase (GST)
Oxidative stress Peroxidase (POD)

Glutathione peroxidase (GPx)
Glutathione reductase (GR)
Superoxide dismutase (SOD)
Catalase (CAT)

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

Considering that reproductive status, sex-related variability (Blanco-
Rayón et al., 2020; Imbery et al., 2019), nutrition state (González-
Fernández et al., 2017), lipid content and body size (Hansen et al., 2013)
can aect the responsiveness o most biomarkers, these parameters
should be standardized on experimental design. Moreover, environ-
mental actors, 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 o studies were dedicated to
analyze the biological impact o oil pollution in the marine environment,
refecting the intensication o marine trac and the growing number
o oil spill incidents. This article systematically reviewed the literature
on the topic providing a comprehensive summary o the most relevant
methods applied and the major ndings. The combination o Biomarker
and Bioaccumulation analysis is the most requently adopted strategy,
oering inormation 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 o biomolecules to understand the fow o inormation 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 justies their choice or short-term impact
research. However, the chronic eects o oil and the ecosystem capacity
to recover tend to be neglected. In this context, our review provides a
critical evaluation o the characteristics, advantages and limitations o
requently employed methods. The present review also provides a
ramework to develop standardized and integrated protocols combining
dierent tools or holistic assessments o oil pollution impact through
seawater and sediment analysis. This should enable an articulated
response rom the scientic community, environmental organizations
and government in cases o 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 eld. Most studies have ocused
on the short-term eects o oil spill over one or a ew marine species. To
ully understand the impact o oil pollution and HPA bioaccumulation
on dierent 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 oer a holistic view o oil pollution eects on ecosystems rather
than on isolated species. Furthermore, there is an eminent need to un-
derstand how abiotic and biotic actors, such as temperature, pH,
nutritional status, organisms age and development stage aect the
outcomes o the employed analytical tools.

In addition, to elucidate the broad-range impact o oil pollution, it is
crucial to consider the connectivity between dierent environments and
how oil spills can aect nearby or even distant areas. Finally, the
development o biomonitoring programs that last or years or decades
ater oil acute exposure should provide valuable inormation to under-
stand and even predict ecosystem's capacity o resilience to ully recover
or reach a dierent level o ecological balance.

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