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INTRODUCTION
Approaches for assessing impacts of sig-
nificant oil spills on the natural world, 
and oil spill research generally, lurch for-
ward rapidly but unevenly in the wakes 
of infrequent large spills in a “punctuated 
equilibrium” of sorts. For example, in the 
decades following the 1989 Exxon Valdez 
spill, a new appreciation for the second-
ary effects of oil on predator-prey dynam-
ics and the effects of both oil pollution 
and response measures on the integ-
rity and productivity of affected habitats 
and populations emerged as a paradigm 
shift in oil spill science (Peterson et  al., 
2003). Of course, each large spill is idio-
syncratic, and the mix of topical issues 
associated with each does not necessar-
ily move the field forward in any predict-
able path. Likewise, because of the lack 
of sustained funding during long peri-
ods when large spills do not occur, agen-
cies find it challenging to proactively 
fund science consistent with the matrix 
of emerging threats or to keep pace with 
innovations and trends in the oil and gas 
production industries (ICCOPR, 2015; 
Murawski et  al., 2020). Such is the case 
with the Deepwater Horizon (DWH) oil 
spill in the Gulf of Mexico, the first and 
largest ultra-deepwater (≥1,500 m water 
depth) well blowout in global history 
(Lubchenco et al., 2012). While originat-

ing in the deep sea, spilled oil and oil dis-
persing chemicals from DWH eventu-
ally polluted ecosystems ranging from 
the meso- to the epipelagic water col-
umn; the deep-sea benthos; the con-
tinental shelves; and inshore habitats, 
including beaches, marshes, and estu-
aries (Deepwater Horizon Natural 
Resource Damage Assessment Trustees, 
2016; Murawski et al., 2021). Impacts to 
marine and estuarine species and habitats 
resulted from direct exposure to fresh, 
weathered, and fresh and chemically dis-
persed oil, and indirectly from degraded 
habitats and as a result of response mea-
sures intended to mitigate spill effects. 

A unique feature of the DWH spill was 
the significant involvement of the aca-
demic community both in response to 
the ongoing spill and especially in doc-
umenting and evaluating impacts to 
biota. This community of scientists was 
rarely involved in oil spill response prior 
to DWH except in narrowly prescribed 
contracting roles with response agencies. 
One consequence of the funding largesse 
available to independent scientists, 
through grants from the Gulf of Mexico 
Research Initiative (GoMRI, which spent 
$500 million) and other funders, has 
been to infuse this research with a broad 
array of advanced tools, technologies, 
and approaches originally developed for 

use in other fields, and to involve a sci-
ence community not usually invested in 
oil spill applications (e.g.,  Murawski 
et  al., 2018; Grosell et  al., 2020; Kostka 
et al., 2020). This research has included, 
for example, the application of advanced 
genomic tools to quantify bacterial com-
munity change, as well as the applica-
tion of a host of genomic, morphological, 
physiological, and immune system tools 
to determine how oil exposure affected 
organisms at the subcellular to organis-
mal levels (Figure 1). Understanding tox-
icological effects and their implications 
for survival, growth, and reproduction 
permits an evaluation of changes in the 
overall fitness of populations (Deepwater 
Horizon Natural Resource Damage 
Assessment Trustees, 2016; Beyer et  al., 
2016; Grosell and Pasparakis, 2021). 
Definition of the cascade of effects from 
subcellular to population and ecosystem 
levels reflects an increasing appreciation 
for the modes of action of pollutants as 
they sequentially affect organs, body sys-
tems, and outcomes (Figure 1), leading to 
both lethal and sublethal endpoints.

Traditional assessments of environ-
mental impacts of oil spills have often 
been based on evaluating concentra-
tions of pollutants required to kill 50% 
of subject (and standardized) test ani-
mals in short-term laboratory-based 
studies to estimate lethal concentra-
tions or other effective concentrations 
(i.e.,  LC50/EC50; Bejarano et  al., 2014; 
Bejarano and Barron, 2014; Grosell et al., 
2020; NASEM, 2020). These levels typi-
cally are then extrapolated to concentra-
tions of pollutants in the environment to 
project population-level impacts of a par-
ticular spill (Deepwater Horizon Natural 
Resource Damage Assessment Trustees, 
2016; Barron et  al., 2020). During and 
subsequent to the DWH oil spill, consid-
erable research was conducted to assess 
traditional biomarkers of biological end-
points (e.g., Mitchelmore et al., 2020) and 
to develop and apply suites of sublethal 
indicators of aquatic biota health in order 
to understand the induction of health 
effects involving immune responses, 
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genomic changes, reproductive success, 
growth effects, and impairment of var-
ious organ systems in affected species 
(e.g.,  Whitehead et  al., 2012; Sherwood 
et al., 2017; Grosell and Pasparakis, 2021; 
Rodgers et al., 2021). Rather than focus-
ing only on direct mortality outcomes for 
individuals and populations, these stud-
ies have emphasized the importance of 
understanding mechanisms of induc-
tion and regulation of organism homeo-
stasis in the presence of oil and dispersed 
oil at sublethal concentrations. Field-level 
research combined with controlled lab-
oratory analyses revealed how organis-
mal response mechanisms can be used to 
explain symptomology observed in areas 
and species affected by the spill (Deak, 
2020; Raimondo et al., 2020). Additionally, 
longitudinal studies over the ensuing 
decade since DWH have documented 

changes in populations and communities 
of species potentially affected by the spill 
and by a host of simultaneous co-stress-
ors (Schwing et al., 2020; Murawski et al., 
2021b). Ascribing post-spill decadal 
changes in populations to oil spill impacts 
is challenging, but some obvious popula-
tion and community changes point to the 
spill as a likely suspect. 

Here, we highlight examples of expo-
sure effects on behavioral responses, 
olfaction, cardiac function, disease pro-
gression, and other morphological and 
physiological consequences and find-
ings from laboratory experiments and 
mesocosm settings and from field data. 
Further, we describe in general terms how 
various habitats affected by the DWH 
spill and species populations inhabit-
ing them have fared, particularly empha-
sizing longitudinal monitoring of abun-

dance and demography over the decade 
subsequent to the DWH spill, which is in 
itself unique for oil spill impact monitor-
ing. Assessments of impacts of future oil 
spills will be guided by discoveries made 
as a consequence of a decade of post-
DWH oil spill research funded by the 
Gulf of Mexico Research Initiative, the 
Natural Resource Damage Assessment 
Trustees, and the parties responsible for 
the DWH accident.

EVOLVING PERSPECTIVES FROM 
DWH-RELATED RESEARCH 
ON THE MEASUREMENT 
AND ASSESSMENT OF 
ECOTOXICOLOGICAL EFFECTS
Toxic effects of crude oil and deriva-
tive products on marine life have long 
been appreciated and assessed as signif-
icant negative consequences of oil spills 

FIGURE 1. Toxicological effects on aquatic life of exposure to oil and dispersed oil. The successive rings define the routes of potential exposures 
and cascading series of symptomology leading to effects at the organism level, eventually leading to population and ecosystem level effects Figure 
recrafted from a similar diagram in Deepwater Horizon Natural Resource Damage Trustees (2016)
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(NRC, 1985; Transportation Research 
Board and National Research Council, 
2003; NASEM, 2020). While the fields 
of cellular biology and mutagenesis held 
promise for understanding the pathways 
of injury short of lethality (i.e.,  NRC, 
1985), most studies of oil pollution up 
to the time of the Torrey Canyon tanker 
spill in 1967 were directed primarily 
to physicochemical aspects and associ-
ated analytical methods (see review in 
NRC, 1985). Toxicity studies were pri-
marily conducted in highly artificial lab-
oratory settings and focused on critical 
oil concentrations that induced lethal-
ity (Capuzzo, 1981; Boesch and Rabalais, 
1987; Capuzzo et al., 1987). A number of 
pioneering studies developed techniques 
for assessing exposure of aquatic wild-
life to oil constituents, and, in particular, 
toxic polycyclic aromatic hydrocarbons 
(PAHs). Working on chronic pollution 
effects in urban estuaries from the 1970s 
to the 1990s, Usha Varanasi and her col-
leagues at the Northwest Fisheries Science 
Center (NOAA) examined exposures of 
benthic organisms, including flatfishes, 
to PAHs and other toxic chemicals and 
determined the biochemical pathways 
that lead to liver cancers and symptoms 
of other diseases (e.g.,  Varanasi et  al., 
1979; 1987; Krahn et  al., 1986; Collier 
and Varanasi, 1987; Stein et  al., 1990). 
This era was also the subject of intensive 
oil-related toxicology research in Europe 
and elsewhere. Subsequent to Torrey 
Canyon, and particularly in response to 
the 1989 Exxon Valdez tanker spill (Rice 
et al., 1996), a variety of sublethal effects 
of exposure to oil and especially to PAHs 
were correlated with adverse effects on 
resource populations of salmon, birds, 
marine mammals, and other species 
(Rice et al., 1996; Peterson et al., 2003). 

Discovering pathways by which expo-
sure to PAHs induces various patholo-
gies was aided by the finding that in the 
presence of various PAH compounds, the 
aryl hydrocarbon receptor (AhR) tran-
scription factor is activated, inducing the 
expression of the cytochrome P450 1A 
(CYP1A) gene by binding to the AhR 

(for a review of the history of the dis-
covery and use of AhR, see Okey, 2007; 
Stegeman et  al., 2001; Incardona, 2017; 
and Grosell and Pasparakis, 2021). The 
elevated expression of the CYP1A gene is 
commonly measured by the presence of 
ethoxyresorufin-O-deethylase (EROD) 
activity as a biomarker of PAH exposure. 
While elevated EROD activity does indi-
cate exposure, it does not, alone, indi-
cate the effects PAH exposure may have; 
activation of gene activity does indicate 
that the vertebrate organism is attempt-
ing to metabolize the PAHs into more 
polar compounds for eventual excre-
tion (Meador et  al. 1995; Grosell and 
Pasparakis, 2021).

The presence of DNA adducts (chem-
icals binding to DNA sequences) formed 
subsequent to PAH exposure is not only 
indicative of the activation of the CYP1A 
gene but also implies alterations to the 
transcriptome that may or may not be 
harmful to the animal. With the map-
ping of gene sequences to their particu-
lar function (e.g.,  growth, wound heal-
ing, osmoregulation), it is then possible 
to evaluate the differential expressions of 
all genes (e.g., through the production of 
RNA sequences as DNA is replicated) to 
assess which are up- and down-regulated 
in the presence of PAHs or any xeno-
biotic chemical (Harrill et  al., 2019). If 
there is a map of the gene sequences with 
functional annotations, it may be possi-
ble to determine which of the organism’s 
homeostatic mechanisms may be posi-
tively or negatively affected. 

By far, most of the work to date has 
focused on transcriptomics (changes in 
genome-wide gene expression) rather 
than on changes in the genome itself. The 
state of the field on transcriptomics today 
is to link the phenotypes (physiology 
and behavior) to gene expression, which 
permits the use of gene expression data 
to infer effects (Xu et  al., 2016, 2017a,b; 
Diamante et al., 2017).

Most often, studies of pollutant effects 
on gene expression are conducted with 
“model” organisms (e.g.,  those species 
wherein the gene sequence is mapped and 

the relationships between specific genes 
and their functions are understood) such 
as zebrafish (Danio rerio). Subsequent to 
the DWH accident, a number of studies 
evaluated transcriptomics of oil exposure 
in a wide range of Gulf-specific organ-
isms, including blue crab (Callinectes 
sapidus; Yednock et al., 2015), dolphinfish 
(Coryphaena hippurus, aka mahi-mahi; 
Xu et al., 2016), tilefish (Lopholatilus cha-
maeleonticeps) and red snapper (Lutjanus 
campechanus) (Deak, 2020), Gulf killifish 
(Fundulus grandis; T.I. Garcia et al., 2012; 
Whitehead et  al., 2012; Dubansky et  al., 
2013), red drum (Sciaenops ocellatus; 
Hollenbeck et al., 2017; Xu et al., 2017b; 
Khursigara et al., 2017), southern floun-
der (Paralichthys lethostigma; Sherwood 
et al., 2017; Rodgers et al., 2021), and sea-
side sparrows (Ammodramus maritimus; 
Bonisoli-Alquati et al., 2020), among oth-
ers. Because of the lack of appropriate 
a  priori gene sequence information for 
any of these species, researchers recon-
structed gene expression profiles from 
short sequences based on RNA using a 
process known as de novo assembly (akin 
to solving a two- billion- piece jigsaw puz-
zle) and differential gene expression. 

While relative gene expression varied 
among species and experimental con-
ditions, immune system responses and 
sequences involved in responses to xeno-
biotic exposure were commonly up- 
regulated (Yednock et  al., 2015; Deak 
et al., 2020; Rodgers et al., 2021), as were 
indicators of antioxidant production. 
Conversely, down-regulated functions 
included lipid production and expression 
of genes supporting reproduction (Deak, 
2020) and nervous, muscular, and cardio-
vascular system functions (Xu et al., 2016, 
2017a,b, 2021; Diamante et  al., 2017). 
These studies have led to a better under-
standing of the complex array of phys-
iological mechanisms activated or sup-
pressed in the presence of oil pollution 
and provide a biochemical basis for eval-
uating critical functions affecting organ-
ism and population health. These studies 
also point to the fact that traditional bio-
markers of PAH exposure may not suffi-
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ciently characterize longer-term impacts 
to the organism. For example, Rodgers 
et al. (2021) conducted chronic exposure 
studies over 35 days, followed by a 30-day 
“recovery” period. Their results showed 
alteration of a number of system func-
tions, including cholesterol metabolism 
even 30 days post exposure, far longer 
than would be indicated by the presence 
of elevated PAH biliary metabolites or 
EROD activity from a single oiling event. 
Transcriptomic dynamics of oil-exposed 
organisms not only predict which indi-
vidual and cross-linked genes may be dif-
ferentially expressed but also generally 
correlate with symptomology discovered 
in morphological, developmental, and 
physiological assessments of impacts to 
non-model species. Below, we highlight a 
number of studies conducted post-DWH 
that show the toxicological impacts of oil 
exposure as related to critical functions in 
species that may lead to reductions in the 
overall fitness or survival of individuals 
and ultimately their populations.

In multispecies exposure trials con-
ducted at the Mote Marine Laboratory 

post-DWH, Pulster et al. (2017) exposed 
red drum, Florida pompano (Trachinotus 
carolinus), and southern flounder to 
intraperitoneal injections of DWH crude. 
Although fishes have a high capac-
ity for metabolizing PAHs, their abil-
ity to metabolize subsequent metabolites 
is poorly understood. The study docu-
mented differential responses among the 
species and the potential for “metabolic 
fatigue” through the post-exposure pres-
ence of hydroxylated metabolites. Florida 
pompano (a high metabolic rate pelagic 
species) had higher rates of biotransfor-
mation for naphthalene and phenan-
threne than the other two, suggesting 
pompano may have lower susceptibility 
to adverse effects. Results for these three 
Gulf of Mexico species demonstrated 
species-specific vulnerability to adverse 
outcomes for fishes exposed to identi-
cal crude oils—clearly indicating that 
extrapolation of oil effects from model 
species to environmentally relevant spe-
cies is fraught. Although the response was 
different across the three species, with 
Florida pompano exhibiting more rapid 
biotransformation, the long-term conse-
quences of previously unstudied metab-
olites that may persist in fishes remains 
poorly understood and is a prime sub-
ject for future research. Vast sensitiv-
ity differences (>2 orders of magnitude) 
among species exposed to water accom-
modated fractions (WAFs) of DWH oil 
have also become evident since 2010 
(Pasparakis et al., 2021).

Other studies of oil exposure with 
non-model fish species demonstrated 
additional important sublethal effects. 
Dose-dependent growth inhibition 
was demonstrated in southern floun-
der (Brown-Peterson et  al., 2015) and 
for larval and juvenile spotted seatrout 
(Cynoscion nebulosus; Brewton et  al., 
2013). Oil exposure can also induce tis-
sue histopathology in livers and gills 
and decreased lymphocyte and gran-
ulocyte densities in southern flounder 
(Brown-Peterson et  al., 2015), alligator 
gar (Atractosteus spatula; Omar-Ali et al., 
2015), and menhaden (Brevoortia spp.; 

Bentivegna et al., 2015).
In addition to effects noted above, a 

variety of studies conducted post-DWH 
have emphasized broader physiological, 
metabolic, and behavioral impacts of oil 
exposure on a wide range of non-model 
species. These effects include, among 
others, changes in central nervous sys-
tems (behavior), peripheral nervous sys-
tems (olfaction, vision), cardiovascular 
function, respiration, swimming perfor-
mance, prey capture, immune response, 
stress response, reproduction, Aryl 
hydrocarbon receptor activation, and 
cholesterol biosynthesis. 

Olfactory cues (i.e.,  particular smells 
the animal associates with some state 
of nature) evoke behavioral responses 
that are crucial to survival in fishes and 
other animals. Receptors, including 
olfactory sensor neurons, are suscep-
tible to damage from aquatic contami-
nants. In WAF exposure studies to crude 
oil, bicolor damselfish (Stegastes parti-
tus) did not respond to chemical alarm 
cues that would normally lead to pred-
ator avoidance. Hence, sublethal WAF 
exposure modified detection of chemi-
cal cues for up to eight days, suggesting 
at least short-term reduction in preda-
tor avoidance (Schlenkler et  al., 2019a; 
Figure 2). In a similar experimental setup 
at the University of Miami, mahi-mahi 
avoided oiled water in favor of unoiled 
sea water, and avoidance increased in pro-
portion to the concentration of crude 
oil in water. Even a short-term (24 h) oil 
exposure disrupted that behavior, leading 
to the inability of the fish to avoid oil con-
tamination. Oil-exposed and control fish 
detected crude oil through an olfaction 
cue, although oil-exposed mahi-mahi 
showed no differences in physiology at 
the olfactory epithelium as compared 
to controls. Thus, observed behavioral 
alterations are occurring in the olfac-
tory bulb or at higher brain centers and 
not at the olfactory epithelium. Results of 
these behavioral trials suggest that mahi-
mahi may be able to sense and avoid oiled 
areas, but once exposed, fish will not seek 
clean water and will thus likely be contin-

FIGURE 2. An anesthetized damselfish is pre-
pared for recording of olfactory epithelium 
potentials to assess the effect of oil on olfaction. 
The fish is fitted with a tube passed through the 
mouth to perfuse the gills and ensure oxygen-
ation, a delivery pipette to administer olfac-
tory cues near the olfactory epithelium, a 
recording electrode inserted at the surface of 
the sensory epithelium, and a reference elec-
trode near the skin above the eye. Photo credit: 
Lela S. Schlenker
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ually exposed (Schlenker et al., 2019b).
Exposure of individuals to oil can 

also affect schooling behavior and mod-
ify group behavior even when not all ani-
mals are similarly exposed. Armstrong 
et  al. (2019) exposed Atlanta croaker 
(Micropogon undulatus) individuals to 
crude oil and noted that schooling behav-
ior was disrupted with exposure to 2% oil. 
Exposed fish groups also showed reduced 
voluntary movement. Not only were indi-
vidual fish affected, but individual fish 
that were affected disrupted group behav-
ior. Oil exposure in fish like Atlantic 
croaker can have adverse effects on their 
behavior and might lead to reduced fit-
ness (Armstrong et al., 2019).

Perhaps one of the most important 
sets of studies of behavioral responses 
to crude oil exposure conducted post-
DWH examined effects on swimming 
behavior, particularly of pelagic species. 
Swim chamber respirometry of young 
adult mahi-mahi demonstrated that 
acute exposure to a sublethal concentra-
tion of DWH crude oil elicited significant 
decreases in critical (14%) and optimal 
(10%) swimming speeds, a 20% reduction 
in maximum metabolic rate, and a 29% 
reduction in aerobic scope (Stieglitz et al., 
2016a). Similar effects were observed 
for juvenile mahi-mahi exposed briefly 
during embryonic development (Mager 
et al., 2014) and for red drum (Johansen 
and Eshbaugh, 2017) and cobia (Nelson 
et  al., 2016, 2017). For a pelagic preda-
tor species, these reductions in swim-
ming performance have obvious implica-
tions for their abilities to avoid predation 
themselves, to capture pelagic prey, and 
to sustain long-distance migrations.

Digging deeper into the biochemical 
basis for impairment of swimming per-
formance, Grosell and Pasparakis (2021) 
describe the cascade of biochemical and 
physiological changes that occur as a result 
of oil exposure in mahi-mahi (Figure 3). 
They noted in particular that impaired 
cardiac function, as a result of lower heart 
rate and especially stroke volume—lead-
ing to reduced cardiac output—may be 
the proximal cause of reduced swimming 

FIGURE 3. Illustration of how oil exposure (red) inhibits ion movement through the delayed 
rectifier potassium channel (IKr), thereby prolonging action potentials in the heart cells of 
yellowfin and bluefin tunas (Brette et al., 2014). (A) Prolonged action potentials are likely the 
cause of the heart rate reduction observed in many oil-exposed fish. (B) Studies of isolated 
heart cells demonstrated decreased calcium movement (ICa) through L-type calcium chan-
nels and impaired intracellular calcium cycling in response to crude oil exposure (Brette 
et  al., 2014, 2017). Intracellular calcium binds to myofilaments to activate heart cell con-
tractions, and its dysregulation results in reduction of the magnitude of heart cell contrac-
tion (Heuer et al., 2019); this explains decreased stroke volume, that is, the amount of blood 
leaving the heart following each contraction (Nelson et  al., 2016; Perrichon et  al., 2018). 
(C)  Reductions in maximal heart rate and decreased stroke volume combine to result in 
impaired heart function, illustrated by reductions in the total amount of blood pumped 
by the heart (cardiac output). (D) Decreased cardiac output limits oxygen delivery in oil- 
exposed fish, which results in a reduced maximum metabolic rate, as observed in many 
studies (Thomas and Rice, 1987; Mager et al., 2014; Stieglitz et al., 2016b; Johansen and 
Esbaugh, 2017). Decreased maximal metabolic rate is likely responsible for impaired swim-
ming abilities, such as reductions in maximum sustained swim speed (Ucrit), recorded in a 
number of oil-exposed fish. Em = membrane potential. MLCK = myosin light chain kinase. 
SR = sarcoplasmic reticulum. From Grosell and Pasparakis (2021) 
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performance. In addition, cholesterol 
biosynthesis, nervous system function, 
stress responses, osmoregulatory func-
tion, and acid- base balance processes all 
were disrupted following exposure to oil. 
Depletion of cholesterol may be a signif-
icant contributor to impacts on cardiac, 
neuronal, and synaptic function as well as 
reduced cortisol production and release. 
Furthermore, impairment of intracellu-
lar calcium regulation, critical for mus-
cle contraction and regulation of heart 
rhythms, may be related to cholesterol 
depletion in oil-exposed fish (Grosell and 
Pasparakas, 2021).

Defects in cardiac function and car-
diac abnormalities appear to be common 
responses with fish embryos and lar-
vae exposed to concentrations of PAHs 
between 1 μg L–1 and 15 μg L–1 (i.e.,  in 
bluefin tuna, Thunnus thynnus; yellow-
fin tuna, Thunnus albacares; and amber-
jack; Incardona et  al., 2014) or between 
1.2 μg L– 1 and 30 μg L–1 (i.e., mahi-mahi 
eggs and larvae, which also exhibited 
decreased swimming performance). Oil 
exposure can cause pericardial edema 
(fluid buildup in the sac enclosing the 
heart) in yellowfin and bluefin tuna and 
mahi-mahi embryos, with decreased 
heart rate and atrial contractility result-
ing (Incardona et  al., 2014; Esbaugh 
et al., 2016). Cobia exposed for 24 hours 
to two ecologically relevant concentra-
tions of dissolved PAHs, similar to mahi-
mahi, exhibited reduced cardiac func-
tion as measured through cardiac power 
output (pumping). This effect was mit-
igated through additional exposure to 
adrenergenic stimulation that may serve 
as a compensatory response (Cox et  al., 
2017; Nelson et al., 2017).

Embryonic stages of mahi-mahi dis-
played acute toxicity at concentrations 
as low as 8.7 μg L–1 PAHs (Esbaugh et al., 
2016). Other morphological deformities 
such as fin fold damage, craniofacial mal-
formations, and spinal curvatures have 
been observed during 48 h exposures to oil 
concentrations of 1.2 μg L–1 for embryos 
and 30 μg L–1 PAHs for larvae (Grosell 
and Pasparakis, 2021; Mager et al., 2014).

Impacts of oil exposure were not lim-
ited to vertebrates, and a variety of tox-
icology studies with non-model inver-
tebrate species resulted in a range of 
toxicological effects. Sublethal expo-
sure to realistic concentrations of crude 
oil can significantly decrease copepod 
(Acartia tonsa) escape swimming per-
formance (Almeda et  al., 2014a, 2016). 
This has implications for trophic trans-
fer of hydrocarbons in marine food webs. 
Similarly, the routine swimming speeds 
of barnacle and copepod larvae were 
found to be significantly reduced when 
the organisms were exposed to realistic 
concentrations of crude oil and crude oil 
with dispersant; however, no change was 
observed in dispersant-only treatments 
(Almeda et  al., 2014b). For planktonic 
copepods (Acartia tonsa, Temora turbi-
nate, and Pseudodiaptomus pelagicus), 
low concentrations of dispersed crude oil 
(1 mL L–1) caused a significant reduction 
in survival, growth, and swimming activ-
ity of copepod nauplii after 48 h of expo-
sure (Almeda et al., 2016). UVB radiation 
increased toxicity of dispersed crude oil 
by 1.3–3.8 times (Almeda et al., 2016). In 
eastern oyster early life history stages, a 
larger proportion of veligers were inactive 
following WAF and CEWAF (i.e.,  WAF 
enhanced with chemical dispersants) 
exposure as compared to controls; the 
effect was greater for pediveligers, and 
pediveliger settlement at the highest con-
centration CEWAF treatment decreased 
by 50% compared to controls (S.M. Garcia 
et  al., 2020). Thus, pediveligers may be 
particularly vulnerable to oil exposure. 
Significant reduction in clearance rates 
for adult oysters persisted 33 days after 
acute exposure to CEWAF (S.M. Garcia 
et  al., 2020). For shallow-water corals 
(Porites astreoides and Montastraea fave-
olata) exposed to WAF, CEWAF, and dis-
persants, settlement and survival of larvae 
decreased with increasing concentra-
tions, although the degree of the response 
varied by species (Goodbody-Gringley 
et al., 2013). Shallow-water corals exhib-
ited significant changes in gene expres-
sion. Upregulation of cellular machinery 

associated with detoxification and depu-
ration occurred at concentrations four to 
eight times lower than that for physical 
effects (N.R. Turner, 2020). 

While all of the laboratory studies 
summarized above have implications 
for non-model populations in the wild, 
quantifying the effects at population and 
ecosystem levels (e.g., Wiesenburg et al., 
2021, in this issue) requires that a suffi-
cient proportion of the population be 
exposed to oil and that this exposure can 
be detected despite the intermittent and 
localized nature of field-based sampling. 
Given that oil concentrations during 
DWH were not uniform over the exten-
sive footprint of the spill, nor consis-
tent in time (Deepwater Horizon Natural 
Resource Damage Assessment Trustees, 
2016), it is a particular sampling chal-
lenge to document the consequences of 
the spill to population outcomes. As pre-
spill baselines of oil contamination were 
rarely collected prior to DWH, charac-
terizing the degree and persistence of oil 
pollution in biota resulting from this par-
ticular spill was challenging owing to the 
range of other sources of oil pollution 
in the Gulf of Mexico (Transportation 
Research Board and National Research 
Council, 2003). Nevertheless, ongoing 
field- based sampling programs sup-
ported by GoMRI, some results of which 
are described below, generally com-
port well with parallel laboratory studies 
described above.

Monitoring Toxicological 
Impacts in the Field
Field-level sampling conducted post-
DWH also provides important insights 
into toxicological responses of pop-
ulations to elevated PAH exposure. 
Determining which individuals in a 
population have been exposed at what 
concentrations to a particular spill is 
extremely challenging. As noted above, 
the lack of pre-spill baselines of contami-
nant exposure often impedes the attribu-
tion of cause and effect, as does the pres-
ence of multiple simultaneous sources of 
contaminants such as PAHs. For example, 
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as reported in Transportation Research 
Board and National Research Council 
(2003), a number of natural and anthro-
pogenic sources of petroleum contribute 
to a diverse oil pollution budget in the 
Gulf of Mexico. Two important pieces of 
information, however, can narrow source 
attribution to a particular event. If, as was 
the case for DWH, the concentrations of 
PAHs in animal tissues are elevated in the 
region affected by the spill as compared 
with other areas within the ecoregion 
(Gulf of Mexico) that are not affected by 
the spill, this presents strong circumstan-
tial support for considering a particular 
source, especially if the volume is large or 
persistent over time. Secondly, if, in post-
event monitoring of the affected region, 
concentrations decline over time, this too 
presents strong evidence as to source, at 
least in the circumstances where residual 
oil is biologically unavailable to the spe-
cies in question. 

Field-based studies demonstrated 
that these two conditions were met; in 
addition, coincident post-DWH sam-
pling of animal tissues revealed associ-
ated symptomology consistent with toxic 
exposures. Murawski et al. (2014) found 
elevated frequencies of external skin 
lesions (Figure 4) and PAH concentra-
tions in liver and bile metabolites from 
red snapper and other species in 2011 
as compared to those sampled in 2012. 
Subsequently, Snyder et  al. (2015) and 
Pulster et al. (2020a,b,c,d) demonstrated 
further declines in PAHs and associated 
metabolites in red snapper and in king 
snake eel (Ophichthus rex) in continental 
shelf areas affected by DWH. They also 
expanded the number of species exam-
ined and, importantly, showed strong 
contrasting concentrations of PAHs 
between the northern Gulf of Mexico 
where DWH occurred and the rest of the 
Gulf (Figure 5), as did Snyder et al. (2020) 
for tilefish. Similarly, PAH concentra-
tions were inversely correlated with the 
frequency of skin lesions (Snyder et  al., 
2015). Snyder et al. (2019) found increas-
ing PAH concentrations in bile but not 
liver from tilefish, a benthic species, sam-

pled during 2012–2017 in the north-
ern Gulf of Mexico, which correlated 
inversely with body condition (weight 
for a given length) and percent liver lipid. 
Histopathological evaluations also indi-
cated a decline in liver lipid storage and 
a coincident increase in hepatic glycogen 

storage (Snyder, 2020). Together, these 
findings suggest an association between 
chronic and increasing PAH exposure, 
altered energy storage, and reduced 
body condition, all of which influence 
the overall fitness of the individuals and, 
by inference, the population. The seem-

FIGURE 4. Red snapper caught near the 
Deepwater Horizon oil spill location in sum-
mer 2011. Inset shows an obvious external 
skin lesion near the posterior dorsal fin. 
Photo credit: Steven A. Murawski

FIGURE 5. Contour map of biliary naphthalene 
metabolite concentrations in fishes sampled 
throughout the continental shelves of the Gulf of 
Mexico, 2011–2018. Data show high concentra-
tions in the region impacted by the Deepwater 
Horizon oil spill. From Pulster et al. (2020b) 
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ingly contradictory increasing trend in 
oil contamination for tilefish probably is 
a result of their burrowing into oil-con-
taminated sediments. Pulster et al. (2021) 
likewise correlated a suite of liver pathol-
ogies with PAH exposure. Importantly, in 
a series of laboratory experiments, Bayha 
et al. (2017) demonstrated that exposure 
to oil followed by a bacterial challenge 
with Vibrio anguillarum induced down-
regulation in immune response of south-
ern flounder and ultimately the appear-
ance of external skin lesions and other 
morphological symptoms consistent with 
bacterial infection, whereas test animals 
exposed only to the bacteria challenge 
exhibited none of these effects. These 
experiments thus confirmed the immu-
nosuppressive mechanism likely respon-
sible for the positive correlation between 
PAH exposure and skin lesion frequency 
as determined from field-sampled fishes 
(Murawski et  al., 2014; Pulster et  al., 
2020c) and are consistent with a wider 
body of research elsewhere demonstrat-
ing that external skin lesions are cor-
related with PAH exposure (e.g.,  Myers 
et al., 1994). 

Once the DWH oil was transported 
to coastal ecosystems, there were a vari-
ety of impacts on inshore species rang-
ing from none to significant (Fodrie 
et al., 2014; Able et al., 2015; Powers et al., 
2017; Murawski et  al., 2021). Gulf killi-
fish initially showed linkages between 
gene expression and gill immunohisto-
chemistry and oil exposure within the 
first four months of marsh oiling, with 
CYP1A protein expression and gill mor-
phological changes being symptomatic 
of oil exposure (Whitehead et al., 2012). 
Killifish larvae exposed to oiled sed-
iments had poorer hatching success 
as compared with controls, and lar-
vae showed differential gene expression 
in both gill and especially liver tissues 
(Dubansky et al., 2013). Because elevated 
oil concentrations in marsh sediments 
persisted at concentrations an order of 
magnitude over background levels in 
Louisiana marshes even eight years post-
DWH (Turner et al., 2019), there is con-

cern about long-term effects of the spill in 
these areas (Dubansky et al., 2013). 

In marshes subjected to high levels of 
oiling from DWH, losses of the marsh 
grass Spartina alterniflora, particularly 
at marsh edges, were significant (Lin 
and Mendelssohn, 2012; Fleeger et  al., 
2015, 2018, 2019, 2020; Lin et  al., 2016; 
Deis et al., 2017). Some infauna in oiled 
marshes denuded of vegetation recov-
ered to densities equivalent to unoiled 
reference sites in about a year’s time after 
the regrowth of Spartina began (Fleeger 
et  al., 2015). However, epigenetic differ-
entiation in response to oil contamina-
tion was not detected, probably due to the 
high levels of genetic variability inherent 
in the species and the fact that seed dis-
persal is facilitated by winds (Robertson 
et al., 2017). Similarly, recruitment from 
non-oiled patches may be responsi-
ble for the lack of long-term effects of 
oiling on marsh minnow assemblages 
(e.g., Able et al., 2015).

During and subsequent to DWH, cil-
iate zooplankton—major grazers of phy-
toplankton—were negatively affected 
by exposure to oil/dispersants, whereas 
bloom-forming dinoflagellates increased 
in abundance (Almeda et al., 2018). The 
results of this field investigation imply 
removal of key grazers due to oil and dis-
persant may disrupt predator-prey con-
trols (“top-down controls”) that, under 
normal conditions, would suppress 
blooms of toxic dinoflagellates. In sub-
sequent laboratory studies using bacte-
ria isolated from oil contaminated sed-
iments from the 2014 Galveston “Y” oil 
spill (Park et al., 2020), the oil- degrading 
bacterial isolates significantly stimu-
lated growth of dinoflagellates through 
the release of growth-promoting sub-
stances. Thus, impacts on low trophic 
levels occur not only through trophic 
“cascades” (e.g., Almeda et al., 2018) but 
also through the co-production of phyto-
plankton “growth factors” (Park et  al., 
2020), both of which have implications 
for natural ecosystem dynamics and 
human health.

The effects of oil and dispersants on 

coastal mesozooplankton (plankton in 
the size range of 0.2–20 mm) were eval-
uated in the field and in laboratory-based 
experimentation. Mortality of mesozo-
oplankton increased with increasing oil 
concentration (the median lethal con-
centration was 32.4 mL L–1). Dispersants 
applied at a 1:20 ratio increased toxic-
ity by 0.3 to 3.4 times. Bioaccumulation 
of PAHs documented in the mesoplank-
ton community increased by 35%. The 
conclusion was that oil spills negatively 
impact mesozooplankton (Almeda et al., 
2014a) and also ctenophores (Peiffer and 
Cohen, 2015), and this effect increases 
with the use of chemical dispersants and 
coincident exposure to UV radiation.

For some species groups affected by 
the spill, a variety of logistical challenges 
and ethical concerns prevent direct expo-
sure trials in laboratory settings. Such is 
the case for marine mammals impacted 
by DWH. As a result, a combination of 
nonlethal field sampling and laboratory 
studies of model species and cell lines of 
affected species, and comparisons with 
otherwise healthy animals in managed 
settings (e.g.,  Figure 6), was conducted 
to address priority questions related to 
health effects of oil exposure in com-
mon bottlenose dolphins (Tursiops trun-
cates) in the northern Gulf of Mexico 
inshore habitats. Dolphins living within 
the oil spill footprint sustained a high 
reproductive failure rate. Capture-release 
health assessments focusing on fetal, pla-
cental, and maternal health of Barataria 
Bay dolphins, and photo-ID field studies 
focused on reproductive outcomes, doc-
umented a continuation of the low repro-
ductive success rate of only 20% within 
the oil spill footprint. The success rate 
remained fairly consistent at ~20% from 
2011 onward (Smith et al., 2020). 

Chronic maternal illness in the after-
math of the DWH oil spill is the likely 
cause of reproductive failure. Normal 
progression of fetal development in utero 
(Barratclough et  al., 2020; Ivančić et  al., 
2020) and retrospective examination of 
pregnancies with known failed outcomes 
have enabled several hypotheses as to the 
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potential mechanisms of pregnancy fail-
ure, with maternal illness standing out 
unequivocally as the most important 
predictor for pregnancy complications 
(Smith et  al., 2020). Various data were 
integrated with the complete veterinary 
case history for each dam (female) and 
the resulting fetal and placental histo-
pathology findings to elucidate mater-
nal, placental, and fetal predictors of 
pregnancy failure. Exhaustive analy-
ses have proven pivotal for understand-
ing of reproductive failure in dolphins 
and have provided a mechanistic model 
with which to analyze and interpret wild 
dolphin cases, even if only a single exam 
is available (Gomez et al., 2020). 

Additional health assessments of 
Barataria Bay dolphins included pulmo-
nary ultrasound evaluations, utilizing a 
standardized technique developed with 
managed dolphins (Figure 6), which 
have informed the comprehensive analy-
sis. The prevalence of moderate to severe 
lung disease in dolphins that were alive at 
the time of the DWH spill and presum-
ably exposed to oiling in Barataria Bay, 
remained elevated in comparison to dol-
phins outside the oil spill footprint (Smith 
et al., 2017, 2021). Lungs were scored as 
moderate to severe in 35% of dolphins 
in 2017 and 54% in 2018, significantly 
higher than the 7% in reference-site dol-
phins (Sarasota Bay, Florida). Overall, the 
prevalence of pulmonary disease is con-
tributing to the overall poor maternal 
health of Barataria Bay dolphins, which 
in turn is contributing to the sustained 
high reproductive failure rate.

Based on the medical data generated, 
scientists do not expect the maternal 
reproductive failure rate to improve until 
the overall health of reproductive females 
in Barataria Bay improves. With the sus-
tained low reproductive success rate in 
Barataria Bay, it is essential that mater-
nal health be continuously monitored 
and addressed.

Cardiac assessment techniques never 
before applied in wild dolphins, including 
auscultation, echocardiography, and elec-
trocardiography, were developed and per-

formed on dolphins from both Barataria 
Bay and the Sarasota Bay comparison site 
(Linnehan et al., 2020; Barbara Linnehan, 
National Marine Mammal Foundation, 
pers. comm., 2021). Taken together with 
stranding studies, these findings sug-
gest that there may be cardiac effects of 
oil exposure in dolphins either via direct 
effects to the heart that lead to morpho-
metric abnormalities/lesions or via dam-
age to the lung and secondary heart effects 
(Barbara Linnehan, pers. comm., 2021). 
Immunological studies demonstrated a 
variety of dysregulated immune system 
components, including the proportions 
and function of regulatory T cells, cyto-
kine patterns, and inflammation markers. 
The weight of evidence for an association 
with oil exposure was enhanced by exper-
imental laboratory studies that exposed 
mice to DWH oil and in vitro dolphin 
cells to DWH oil (De Guise et al., 2021).

Understanding toxicological impacts 
on deep-sea fauna presents particular 
challenges owing to the difficulty of sam-
pling them, the inability to husband them 
in the laboratory for experimentation, 

and the general lack of detailed life his-
tory, behavioral, and baseline toxicologi-
cal data (Sutton et al., 2020). Nevertheless, 
the mesopelagic is a highly diverse realm 
(e.g., over half of the known fish species 
in the Gulf of Mexico occupy these water 
column strata; Figure 7), and a significant 
quantity of DWH oil and its gas compo-
nents dissolved in subsurface habitats 
(Deepwater Horizon Natural Resource 
Damage Trustees, 2016). Novel trawling 
activities in the mesopelagic areas of the 
Gulf of Mexico affected by DWH detected 
significant increases in PAH content post-
DWH in mesopelagic fishes (Romero at 
al., 2018) and in squids (Romero et  al., 
2020). In the case of deepwater squids, 
increases in PAHs in squid mantle tis-
sues were accompanied by a significant 
decline in percent lipid, similar to pat-
terns found in tilefish (a deep- dwelling 
fish found along the outer continen-
tal shelf; Snyder et  al., 2020). The expo-
sure to toxic effects of oil appeared to be 
more prolonged in these organisms than 
in shallow-water biotic analogs (Romero 
et al., 2020). The significant and ongoing 

FIGURE 6. From left, Megan Tormey, Cynthia Smith, and Veronica Cendejas conduct a voluntary 
ultrasound examination of a Navy dolphin in San Diego Bay, California, using a heads-up display 
(virtual reality goggles) to view the diagnostic ultrasound image in real time. Photo courtesy of 
the US Navy
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abundance decline across all major inver-
tebrate and fish deepwater taxa (Sutton 
et  al. 2020) that has coincided with the 
DWH spill and is coincident with the dis-
covery of elevated PAH levels and other 
biochemical changes provides strong cir-
cumstantial evidence of a toxicological 
triggering event. Changes in the meso-
pelagic prey base were accompanied by 
shifts in the distribution of major marine 
mammal predators, including whales 
and dolphins (Fraiser, 2020; Fraiser et al., 
2020), although seasonal movements in 
species such as sperm whales (Physeter 
macrocephalus) were apparent (Morano 
et al., 2020). While direct oil contamina-
tion may have elicited many of the tox-
icological impacts seen in other species, 
disruption of chemosensory abilities may 

be particularly important as an outcome 
for deep-sea biota. Many mesopelagic 
fish species have highly developed brain 
regions involved in chemosensing, olfac-
tion, and light reception (Wagner, 2001). 
Chemical (and light) sensory signaling 
in mesopelagic fishes and invertebrates 
may be particularly important in their 
reproduction, given low light levels and 
low animal densities in this large eco-
system (Zimmer and Butman, 2000). As 
noted above, fishes are able to detect and 
discriminate oil contamination, and the 
effects of exposure may be long lasting. 
Although not studied in detail, disrup-
tion of chemosensory capabilities may 
be a mechanism at least partially respon-
sible for the significant decline in these 
species post-DWH.

A PATH FORWARD FOR 
BIOLOGICAL EFFECTS 
ASSESSMENT OF OIL SPILLS
Few studies of the effects of oil spills 
track the fate and toxicity of spilled oil 
over timescales sufficient to capture 
the totality of weathering processes to 
near extinction. An exception has been 
the over 40-year study of the effects of 
the 1969 #2 fuel oil spill from the barge 
Florida off West Falmouth, Massachusetts 
(Cape Cod). Because of its location 
near the Woods Hole Oceanographic 
Institution and oil spill expertise and 
resources located there, the grounded 
oil in the West Falmouth salt marsh has 
been periodically monitored and its 
effects on biota analyzed, resulting in a 
number of seminal publications (Burns 

FIGURE 7. Examples of mesopelagic fishes and squids captured by a MOCNESS (multiple opening and closing net environmental sampling system) in 
the Gulf of Mexico during post-Deepwater Horizon field activities, 2010–2018 (Sutton et al., 2020). The small fish pictured in the center is an antenna 
codlet (Bregmaceros atlanticus). Identifications for the other images, clockwise from lower left, are fangtooth (Anoplogaster cornuta), scaly dragonfish 
(Stomias affinis), diaphanous hatchetfish (Sternoptyx diaphana), eel leptocephalus larva (Ilyophinae sp. D3), clubhook squid (Onychoteuthis banksii ), 
Cocco’s lanternfish (Gonichthys cocco), Dana viperfish (Chauliodus danae), glass squid (Cranchia scabra). Images © Dante Fenolio
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and Teal, 1979; Sanders et al., 1980; Teal 
et  al., 1992; Reddy et  al., 2002; Peacock 
et al., 2005). One of the most illuminat-
ing findings of this longitudinal study 
was the persistence of oil when it even-
tually became buried in marsh sediments 
to a depth where anoxic conditions exist. 
Similarly, prospecting for residual oil 
in low-energy environments, including 
coastal mangrove forests of the western 
Yucatán, revealed incompletely weath-
ered remnants likely from the 1979–1980 
Ixtoc 1 oil spill off Mexico (Radović 
et al., 2020). More recently, oil from the 
Deepwater Horizon was found to be sim-
ilarly persistent in marsh sediments over 
eight years post-spill (Turner et al., 2019). 
Thus, the full impacts of spills on organ-
isms and ecosystems cannot be com-
pletely characterized from short-duration 
studies following spills. In the case of sig-
nificant oil spills, provisions for periodic 
(decadal-scale) assessments of oil per-
sistence and ongoing impacts are there-
fore imperative.

This paper highlights some import-
ant developments in understanding the 
sublethal but nevertheless significant 
impacts on biota from the DWH oil spill. 
The advent of access to relatively powerful 
and cost-effective procedures and meth-
ods for evaluating changes at genomic, 
transcriptomic, and subcellular scales 
(Figure 1) has allowed a more complete 
understanding of the effects xenobiotic 
exposures may have on individuals, and 
by extrapolation to field data, on popu-
lations of marine life. Several important 
points, however, must be emphasized. 
First, the impacts of such a large and pro-
longed spill to long-lived populations and 
their communities have not ceased. Large 
reservoirs of partially weathered DWH 
oil remain in the environment (i.e.,  in 
the deep sea and in marshes; Turner 
et al., 2019; Schwing et al., 2020), and it 
may take decades to a century or more 
for the residual oil to decompose or be 
land-filled and essentially rendered bio-
logically inert. What are the long-term 
consequences of these residual oil pools? 
Second, what kind of genetic legacy, if at 

all, does DWH leave? There have been 
very few studies of the impacts on the 
heritability of genetic alterations induced 
by prolonged and widespread oil pol-
lution (e.g.,  White et  al., 1999; Bautista 
and Burggren, 2019). While some exper-
iments with F1 and F2 generations were 
attempted, results have so far been equiv-
ocal. Grosell and Pasparakis (2021) note 
that much of the biota of the northern 
Gulf of Mexico may have become adapted 
to the presence of naturally occurring 
and anthropogenically derived hydro-
carbons, and thus the consequences of 
chronic pollution originating from the 
DWH reservoirs may be partially miti-
gated. They caution, however, that stud-
ies have shown that offspring from oil- 
polluted parents may be more suscepti-
ble to other stressors and have relatively 
poorer survival rates. If heritable but con-
sequentially negative traits result from 
DWH pollution, the long-term prognosis 
for affected populations may be altered. 
If, however, heritable traits result in sub-
sequent generations being more resil-
ient to pollution, the legacy of DWH may 
in fact be a more positive one. Study of 
short-lived species (<4 years), such as the 
Atlantic killifish (Fundulus heteroclitus) 
commonly found in polluted urban estu-
aries, have provided evidence of rap-
idly evolved tolerances to environmen-
tal toxicants and anthropogenic pollution 
(Whitehead et al., 2017). However, evolu-
tionary adaptations are rarely successful 
because they tend not to occur without 
physiological costs (e.g., reproductive fit-
ness). In some species (e.g., longer-lived) 
or large populations, tolerance adapta-
tions may not evolve fast enough to keep 
pace with their rapidly changing envi-
ronment, and thus are not advantageous. 
Clearly, this is unfinished but important 
business to resolve.

Apart from conducting additional 
work on the heritability of pollution- 
related effects, a number of other high- 
priority research topics related to the tox-
icology of oil spills include:
• Continuing research on molecu-

lar and physiological cascades that 

occur during and after exposures and 
how they affect homeostatic mecha-
nisms of the individual and fitness of 
populations.

• Collecting and analyzing routine toxi-
cological baselines (including chemical 
analysis, study of sublethal biomark-
ers of contamination, and pathology 
assessments) for non-model species 
occurring in regions where significant 
oil and gas development and produc-
tion are located.

• Developing rapid molecular tools and 
testing procedures to determine expo-
sure, that is, greater use of semiper-
meable membrane devices (SPMDs), 
both to collect baseline contaminant 
data and to monitor pollution during 
and after spills. SPMDs are passive 
devices that may indicate the cumula-
tive relative oil exposure within a par-
cel of water and thus can be a useful 
tool for determining the spatial mosaic 
of exposure concentrations. However, 
since they are inanimate objects, expo-
sure potential is not mediated by physi-
ology (e.g., ability to metabolize pollut-
ants vs. accumulate them).

• Refining models for extrapolating lab-
oratory results to the field, especially 
given the mosaic of differing contam-
inant concentrations (below, at, or 
exceeding critical contaminant concen-
trations resulting in lethal or sublethal 
effects) occurring in real spills.

• Updating and standardizing the pro-
tocols for the manufacture, use, and 
interpretation of WAFS and CEWAFs 
for exposure studies.

• Generating annotated gene maps for 
environmentally relevant, non-model 
organisms likely to be affected in oil 
spill-prone locations (e.g.,  Gulf of 
Mexico).

• Identifying and evaluating the tox-
icity of PAH metabolites and their 
metabolites.

• Evaluating sensory pathways in meso-
pelagic species and effects that oil 
pollution may cause in disrupting 
such mechanisms. 
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