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Introduction

The health of coastal environments is at risk due to exploitation of economically valuable
minerals, including oil and natural gas. Impacts to biota occur both directly (e.g., chemical
toxicity, foraging/growth changes, behavioral alterations; McDonald et al., 2022) and indirectly
(e.g., environmental conditions, cleanup/mitigation activities, food web alterations; McCann
et al., 2017; Lewis et al., 2022). Despite acknowledgement of adverse effects, our understanding
of oil spill impacts has been driven by unplanned disasters, including Exxon Valdez (Peterson
et al., 2003), Ixtoc (Soto et al., 2014), Arthur Kill (Burger 1994), Falmouth Harbor (Reddy et al.,
2002), and numerous smaller spills (Rozas et al., 2000; Roth and Baltz 2009). Smaller spills are
frequent, with hundreds reported monthly in the United States (USCG National Response
Center reports >20,000 calls per year) and many are sufficiently small enough to not initiate
management response. In Louisiana (United States), oil spill response efforts are coordinated by
the Louisiana Oil Spill Coordinator’s Office (LOSCO) and in 2021, 90 spills triggered on-scene
response activities by LOSCO (https://data.losco.org/).

On 20-April-2010, an explosion aboard theDeepwater Horizon (DwH) drilling platform off
the Louisiana coast created fires resulting in the uncontrolled release of petroleum into the Gulf
of Mexico (GoM). The depth, ~1500 m, was an obstacle preventing the immediate capping of
the damaged wellhead, which leaked for 87 days. A significant portion of the five million+
barrels released (McNutt et al., 2012) inundated wetlands throughout Louisiana, Mississippi,
Alabama, and Florida (Michel et al., 2013; Nixon et al., 2016). The volume, temporal and spatial
heterogeneity in oil coverage, disproportionate weathering and unknown organism tolerances,
plus unintended impacts frommitigation activities, all limited accurate damage assessments. To
better understand DwH impacts, the Gulf of Mexico Research Initiative (GoMRI) was
established and administered approximately $500 M USD, largely for DwH research, data
archival efforts, and outreach over a 10-year period (Shepherd et al., 2016).

Here, we draw on archived GOMRI studies of DwH impacts in nearshore, coastal
ecosystems to: 1) highlight the volume and diversity of information obtained via funding,
2) discuss major uncertainties and variability in impact determinations, and 3) provide
recommendations to improve future environmental assessments. Given continued and
growing coastal development and exploitation of nearshore resources in GoM waters,
unexpected disasters will likely reoccur, and discussion of major challenges will guide
future experimental and empirical determinations.
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What have we learned? Success stories
post-Deepwater Horizon

Numerous revelations resulted fromGoMRI-funded research. The
GoMRI enterprise, as a funding instrument, was successful in creating
an unprecedented network of researchers focused on coastal issues
ranging from oil/human impacts and petroleum safety to ecological
effects. GoMRI funding supported over 1,500 peer-reviewed articles,
of which almost 400 focused on inshore/nearshore ecosystems
(Figure 1). These studies were used in our assessment below to
further identify variability in study designs.

GoMRI funding improved our understanding of the region’s
physical, biological, and geochemical importance-a demonstrable
success story. This included collections of the first baseline
inventories in decades, critical documentation that can serve as
baseline reference sites for future stressors. Other noteworthy
contributions highlighted the enhanced understanding of deep sea
population dynamics and community resilience following this
disturbance, quantification of nearshore ecosystem properties, and
improved understanding of oil chemistry, especially as it relates to
physical/meteorological forcings, weathering/degradation, and effects
in coastal ecosystems (Hsing et al., 2013; Felder et al., 2014; Prouty
et al., 2016; Rabalais and Turner 2016; Murawski et al., 2021; Overton
et al., 2022).

The unprecedented findings were driven by large, collaborative
research teams (“consortia”). Funding for consortia supported over
4,000 scientists and support personnel, including faculty (1,106),
postdoctoral researchers (367), graduate (1,205) and undergraduate
(1,050) students, and research staff (718). The consortia concept was
novel and intended to create multidisciplinary teams, and linked
researchers from 43 states and 18 different countries. These
consortia also facilitated rapid responses to other disasters
including the Hercules gas well blowout (Joye et al., 2014) and
Hurricanes Isaac and Harvey (Curcic et al., 2016; Steichen et al.,
2020), as well as ongoing research collaborations not related to DwH.
As a result of GOMRI funding, we now have a greater understanding
of the benefits of large and diverse research networks, and the
roadblocks historically limiting product generation.

Lessons learned: Improving oil impact
assessments

Incorporating confounding variables

Due to the mensurative, observational nature of field
measurements, the possibility of unconsidered/unmeasured drivers
exists and potentially obfuscated DwH impact assessments (sensu
Osenberg and Schmitt 1996; Stewart-Oaten et al., 1992). In other
words, the lack of controlled comparisons reduces the ability to assign
causality. Potentially confounding variables include the
inconsistencies in oiling intensity, weathering, and inconsistent
analytical methods, including often-overlooked indirect connections
(e.g., food web alterations, changes in connectivity, habitat loss, and
other environmental responses). Here, we provide a few examples of
possible confounding variables that should be considered in future
assessments.

DwH oil (e.g., Sweet Louisiana Crude, MC-252, etc.) was a unique
blend of >10,000 chemical compounds, ranging from more toxic,
lighter aromatics to less toxic, heavier, and stable compounds
(Overton et al., 2022). Lighter compounds (e.g., naphthalenes)
precipitate rapidly during the weathering process (via wave action,
ultraviolet light degradation, and other chemical processes), while
more stable compounds (e.g., asphaltenes) resist weathering. Remedial
management actions following the release of oil offshore were largely
focused on increasing oil weathering (e.g., Corexit dispersant
application to increase oil surface area and expedite microbial
degradation, burning of surface oil, and application of booms for
oil collection). As oil moved inshore, its chemical composition
changed, with some exceptions. Oil protected inside of tar balls

FIGURE 1
Publications deposited in the online GoMRI publication repository
database were searched for nearshore studies using the Boolean search
terms coastal OR nearshore OR marsh OR wetland OR oyster OR
seagrass. The resulting 367 publications were then categorized by
data collection methodology, with publications that could be described
as “Field collections and experiments” and “Laboratory and mesocosm
experiments” subsequently categorized by general study theme. Field
collection/experiment and lab/mesocosm studies that investigated
DWH impacts were then further categorized by comparison design,
resulting in five general comparison categories for each of these two
collection methods. Note: Although not listed out in this figure, the
‘Other’ collection method category consisted of the following method
descriptions: public outreach (4 publications), perspective
(2 publications), dataset (1 publication), and technical advancement
(1 publication). Additionally, DWH was a study theme in all other
collection method categories, with 9 DWH themed publications in
“Human impact survey,” 36 publications in “Literature review/Research
synthesis,” 25 publications in “Oceanographic modeling/Remote
sensing,” and 7 publications in “Other.”
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and later resuspended from buried sediments were less weathered, as
documented in remobilized oil after Hurricane Isaac in 2012 (Zengel
et al., 2015; Bam et al., 2018). Overall, however, oil that arrived inshore
became highly weathered and compositionally different than when
initially released at the wellhead. This variable oil weathering is an
important aspect that merits consideration in future impact
assessments and accounting for during lab-based trials, as
important differences in responses can result (Martin 2017).
Moreover, oil characterization techniques (total petroleum
hydrocarbons, fingerprinting, etc.) varies considerably among
studies, making cross-study comparisons difficult. Compounds
measured in total petroleum estimates can also vary among labs
and employed instruments have variable detection limits and
accuracy.

Several non-oil factors can also introduce confounding variables.
Prevailing meteorological and hydrological conditions controlled
DwH oil delivery to coastal wetlands, and deposition may thus
occur in areas already prone to erosion from wind/wave energy or
in areas where recruitment of specific benthic organisms may be
prevalent. To keep oil out of coastal wetlands, the State of Louisiana
diverted Mississippi River water into estuaries, an action of great
importance because salinity is a key driver of biological composition,
and this also caused physiological stress to estuarine organisms (e.g.,
oysters, Powers et al., 2017). Crews conducting remedial (Martinez
et al., 2012) or cleaning activities of oiled marshes often trampled
vegetation causing additional harm unnecessary in lightly oiled areas
(Zengel et al., 2015). At higher trophic levels, cessation of commercial/
recreational fishing likely had important cascading effects throughout
GoM food webs (Fodrie et al., 2014; Schaefer et al., 2016; Martin et al.,
2020). Thus, not all effects were due to oil toxicity.

Of the total 177 DwH-related GoMRI publications that focused on
nearshore habitats (excluding literature reviews), field-based and
laboratory/mesocosm comparisons respectively comprised just 42%
and 38% of published research (Figure 1), making the need for
consideration of previously mentioned study concerns even more
important. Revealing field patterns is often difficult due to
multicollinearity (Graham 2003), but reduced realism in laboratory
environments offers a philosophical tradeoff for determining true
effects (Diamond, 1986). We suggest that pluralistic approaches can
take advantage of positive aspects of each technique (e.g., pairing field
and lab to account for variability while retaining realism) and provide
more definitive results.

Appropriate study designs

The unpredictable spatial/temporal heterogeneity of unplanned
disturbances make robust assessments difficult (Stewart-Oaten et al.,
1992; Schmitt and Osenberg 1996). DwH studies often lacked
unimpacted baseline information (only ~23% of field studies
incorporated baseline data, Figure 1) thus relying on control-
impact comparisons, many of which lacked appropriate controls
and/or sufficient experimental designs to conduct impact
assessments. Few field assessments employed before-after-control
impact (BACI) studies, or their suggested alternative approaches,
often preferred for determining impacts (~3%, Figure 1). Given the
lack of baseline data, characterizing temporal variability in oiling is
critical as many comparisons were made years after DwH. Many field
studies (~52%) inferred oiling status from anecdotal or broad oil

categorization assessments (e.g., Shoreline Cleanup Assessment Team,
SCAT; Michel et al., 2013) to determine treatment identities. In other
cases, researchers leveraged prior available information to serve as
surrogate baseline (pre-impact) data. These before-after studies
represented only ~20% of publications in our survey of nearshore
GoMRI publications (Figure 1). Given the numerous anthropogenic
stressors affecting GoM estuaries, coupled with oil response/
mitigation impacts (described above), before-after comparisons
should be considered as the successional trajectory of many
ecosystems change naturally (Schmitt and Osenberg 1996). The
presence of multiple, interacting, and often non-additive stressors
also challenge the power of studies sacrificing time or space
components. Thus, other stressors (e.g., dredging, climate factors,
etc.) may be incorrectly attributed to oil impacts. This supports the use
of paired laboratory experiments to investigate potential confounding
factors.

Similarly, the design of laboratory assessments requires careful
consideration. Oil has a variety of effects, making it difficult to design
rigorous laboratory studies. For example, degrading oil can produce
air-borne chemicals that influence non-oil treatments leading to
questionable replicate independence (Hurlbert, 1984). Moreover, oil
can interact with plastics used in tanks to produce novel toxic
chemicals that may impact the survival of experimental organisms
(de Soysa et al., 2012). Oil treatments should be reflective of natural
conditions, with relevant concentrations, compositions, and
weathering to mimic impacted areas (Overton et al., 2022). Trial
duration should also be considered, as oil effects in contained systems
may overestimate exposure by reducing oil dilution or preventing
emigration that occurs in nature. Representative species that minimize
handling stress, an important experimental artifact, while maximizing
ecological relevance (e.g., species that are appropriate as indicators, or
have some other intrinsic value due to abundance or importance)
should be considered. Done appropriately, lab studies provide great
insight and supplement field observations, thereby lending increased
confidence in mensurative field patterns (Diamond, 1986; Schmitt and
Osenberg 1996).

Discussion: A way forward and future
considerations

In the years following DwH, researchers have made significant
contributions to our understanding of nearshore GoM ecosystems,
and in the process made advances in diverse areas of study. Petroleum
exploitation in the GoM will only increase due to international
tension, and thus it is in the best interest of researchers, managers,
conservationists, and the general public alike to reflect on the DwH
experience, both positive and negative, to better improve the response
to future spills. Given this, we conclude with these recommendations
based on our assessment of work to date on nearshore GoM
ecosystems.

• The novel use of large consortia stimulated multi-institution
collaboration, and future efforts should determine when and why
these efforts were successful (or not), including best practices,
obstacles, and optimization of group dynamics and participation.

• While a greater understanding of oil chemistry has been
achieved, significant variability in measurement techniques,
groupings (e.g., total petroleum hydrocarbons), and analytical
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detection limits can be improved by adopting standardized
approaches. This will facilitate future cross-study comparisons
and meta-analyses.

• Attribution of oil concentrations in field conditions can be
problematic without appropriate caution. For example, large
scale oil patterns (e.g., SCAT) may be inappropriate when used
to determine small plot impacts or inappropriate oil treatments due
to temporal factors when oil concentrations are known to change.

• Field assessments are hampered by multiple unmeasured/
unconsidered variables and these additional stressors require
consideration and acknowledgement.

• A system of environmental monitoring, including experiments, to
determine baseline conditions across a broad geographic area
should be implemented to avoid lack of pre-disturbance
information which led to suboptimal designs during DwH. This
will facilitate preferred designs (e.g., BACI) and is especially true
given the continued shifting baselines and frequency of
disturbances.

• Laboratory studies should seek appropriate species, methods,
and oil concentrations/weatherings to maintain realism.

• The pairing of observational field data with appropriate lab
studies can generate robust assessments.
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