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The 2010 Deepwater Horizon (DWH) oil blowout in the Gulf of Mexico began on
April 20, originating in the deep sea 66 km off the Louisiana coast. By early June,
DWH oil had spread to coastal Louisiana, Mississippi, Alabama and western Florida.
An estimated 2,113 km of shoreline were oiled, making DWH the largest marine oil
spill in global history by length of affected shoreline. Additionally, a series of oil spill
response measures were deployed, including diversions of Mississippi River discharge
to forestall oil coming ashore, and the establishment of large-scale fishery closures,
with both affecting coastal resources to varying degrees. Here, we review published
studies and describe additional analyses evaluating long-term impacts of DWH on
coastal/nearshore biological resources. We assembled time-series data collected by
state, federal and academic partners on population abundance and environmental
conditions to evaluate species and community change. Our study focused on plankton,
invertebrates, fishes and dolphins, and 13 “key species” were selected to conduct
semi-quantitative vulnerability-resilience (V-R) analyses. At one extreme, early life stages
of Gulf Menhaden (Brevoortia patronus) were not affected due to seasonal spawning
and larval development preceding the spill. In contrast, demographically independent
populations of the common Bottlenose Dolphin, (Tursiops truncatus) suffered a variety
of severe and ongoing health effects owing to oil exposure. Virtually all of the heavily
oiled salt marsh habitat was in Louisiana, with the majority occurring in Barataria Bay.
Multispecies trawl survey abundances declined post-DWH throughout eastern coastal
Louisiana but remained stable elsewhere. A regime shift in composition of Barataria
Bay trawl survey catches occurred during and following the spill, the persistence of
which was associated with long-term reductions in average salinity and increases in
water clarity. In some cases, fishery closures were associated with measurable but
ephemeral increases in abundance of some targeted and bycatch species. Freshwater
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flooding of marshes was ineffective in preventing coastal oiling and severely affected
benthic euryhaline resources including Eastern Oyster (Crassostrea virginica) and Marsh
Periwinkle (Littoraria irrorata). The flooding response measure experiment also indicates
the directionality of impacts that further planned water diversions may have on ecological
communities of lower Mississippi River basins.

Keywords: coastal impacts, ecosystem resilience, marine oil spills, Deepwater Horizon, Gulf of Mexico

INTRODUCTION

The Deepwater Horizon (DWH) oil spill began on April 20, 2010,
and released a total of ∼750 million liters of oil over an 87-
day period, which formed a surface expression encompassing
over 149 thousand km2 in the northern Gulf of Mexico (GoM;
Figure 1; MacDonald et al., 2015). By April 30, the first coastal
landfall of the oil had occurred in the Mississippi River Delta
of Louisiana, and by early June, had spread to the coasts of
Mississippi, Alabama and the Florida Panhandle (Figure 1;
Deepwater Horizon Natural Resource Damage Assessment
Trustees, 2016; Turner et al., 2019a). Once ashore, DWH oil
was found on an estimated 2,113 km of shoreline, including
beaches and in wetlands, making DWH the largest marine
oil spill in global history by length of shoreline oiled (Nixon
et al., 2016; Figure 1). Virtually all of the heavily oiled wetlands
habitat (>99%) was in Louisiana, with the majority of heavily
oiled shoreline occurring in and around Barataria Bay (Nixon
et al., 2016; Figure 1B). Coastal margins, and particularly salt
marshes, are critical nursery and feeding areas for a wide
variety of estuarine and marine organisms. Hence there was
concern that oiling of these areas would have both acute and
potentially chronic impacts on many species of economic and
environmental importance and degrade the broader array of
ecosystem services they provide (Grabowski et al., 2012; National
Research Council, 2013; Deepwater Horizon Natural Resource
Damage Assessment Trustees, 2016; Powers et al., 2017a; Turner
et al., 2019a; Figure 1).

To mitigate the direct effects of oil on living resources,
several oil spill response measures were deployed during the
spill to remove oil from the marine environment and to impede
its progression into coastal habitats. These measures included
mechanical oil recovery by skimming in offshore and nearshore
waters, and along shoreline habitats, burning of corralled oil
at the surface [generally 5 km (3 miles) offshore and greater],
and the use of chemical dispersants, both at the sea surface in
offshore waters and in novel subsea dispersant injection (SSDI)
at the wellhead (Deepwater Horizon Natural Resource Damage
Assessment Trustees, 2016; National Academies of Science,
Engineering, and Medicine [NASEM], 2020; Figure 2). Other
response measures were also deployed to prevent or obstruct
oil from reaching environmentally sensitive and economically
significant shorelines, including wetlands. These included the
deployment of sorbent booms, the construction of protective
sand berms (Martínez et al., 2012; Suir et al., 2016), and increasing
the discharge of freshwater from the mainstem Mississippi River
into marshlands through freshwater diversion gates at Davis
Pond (leading to Barataria Bay) and Caernarvon (leading to

Black Bay, Louisiana; Figure 1; de Mutsert and Cowan, 2012;
O’Connor et al., 2016; White et al., 2018; Turner et al., 2019b),
though the latter two response measures are not considered
standard practice. Emergency managers also instituted large-
scale fishery closures of state and federal waters to commercial
and recreational fishing (Gohlke et al., 2011; Ylitalo et al., 2012;
Cockrell et al., 2019), at their maximum extending 217,000 km2

in federal waters and including all state waters from affected areas.
The combination of the occurrence and concentration of oil

in coastal habitats and the use of some spill response measures
resulted in a series of complex interactions affecting biota
(Figure 2) but their full impacts remain unresolved. For example,
while common Bottlenose Dolphins (Tursiops truncatus) tolerate
exposures to low salinities for short periods of time, prolonged
exposures caused by freshwater releases can result in adverse
biological and physiological responses. In Barataria Bay, dolphins
use areas with salinities greater than 11 ppt but avoid areas with
salinities below about 5 ppt (Hornsby et al., 2017; White et al.,
2018). Additionally, despite the use of response measures and
extensive shoreline cleanup efforts, significant reservoirs of DWH
oil remained in some coastal areas, with oil concentrations an
order of magnitude higher than pre-spill baselines in Louisiana
marshes even 8 years after the spill (Duan et al., 2017; Turner
et al., 2019a). Initial distributions of oil in affected marshlands
became “smeared” through storms, tidal flushing and periodic
flooding, resulting in an expanding area of influence. Because
some DWH oil is now sequestered in anoxic sediments, levels will
likely remain significantly above background for decades (Reddy
et al., 2002; Turner et al., 2019a).

Numerous previous investigations have evaluated the direct
effects of DWH oiling and indirect effects of response measures
on various coastal and nearshore biota including microbial
communities (Kostka et al., 2011), marsh vegetation (Hester et al.,
2016), marsh invertebrates (e.g., McCall and Pennings, 2012;
Mishra et al., 2012; Silliman et al., 2012; Brunner et al., 2013;
Pennings et al., 2014, 2016; Rozas et al., 2014; Fleeger et al.,
2015, 2018; Deis et al., 2017; Powers et al., 2017a; Zengel et al.,
2017), nearshore decapods and fishes (Fodrie and Heck, 2011;
Moody et al., 2013; Fodrie et al., 2014; van der Ham and de
Mutsert, 2014; Able et al., 2015; Zengel et al., 2016; Martin,
2017), terrestrial and coastal bird populations (Haney et al.,
2014; Walter et al., 2014; Bonisoli-Alquati et al., 2016; Deepwater
Horizon Natural Resource Damage Assessment Trustees, 2016),
and marine turtles and mammals (Lane et al., 2015; Venn-
Watson et al., 2015a; Aichinger-Dias et al., 2017; Kellar et al.,
2017; Smith et al., 2017; Wallace et al., 2017; Frasier et al.,
2020). Syntheses of ecological outcomes of DWH were initiated
within 1 year of the spill, and have been published intermittently
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FIGURE 1 | (A) Geographic footprint of surface oil expression [number of “oil days” i.e., days oil was present at each pixel of the oil surface multiplied by the relative
oil thickness (Murawski et al., 2014)] and shoreline oiling relative concentrations for the Deepwater Horizon (DWH) oil spill in 2010. Shoreline oiling colors indicate
maximum levels observed from the National Oceanic and Atmospheric Administration’s SCAT (Shoreline Cleanup Assessment Technique) results:
(https://catalog.data.gov/dataset/deepwater-horizon-mc252-response-data-from-the-environmental-resource-management-application-er9c019). Color codings
are: blue = no oiling, yellow = light, orange = medium, red = heavy oiling. The boundaries of state territorial waters are plotted as a black line. The Mississippi River
diversions at Davis Pond (blue rectangle) and Caernarvon (red rectangle) are identified. (B) Locations of most recent trawl survey stations for each state and region.
Alternating yellow and white circles indicate identity of adjacent regions or states. Three estuarine systems in coastal Louisiana (Pontchartrain, Barataria, and
Terrebonne) are identified.
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FIGURE 2 | Schematic of the source (in blue), pollutant reservoirs (in red) and impacted species groups, and their interrelationships (black arrows) for the Deepwater
Horizon oil spill affecting coastal and nearshore resources in the northern GoM. Green arrows indicate the directionality of potential impacts of oil spill response
measures on resource species.

hence (Fodrie and Heck, 2011; Fodrie et al., 2014; Beyer et al.,
2016; Deepwater Horizon Natural Resource Damage Assessment
Trustees, 2016; Murawski et al., 2016; Powers and Scyphers,
2016; Rabalais and Turner, 2016; Baker et al., 2017; Powers
et al., 2017b,c; Rouhani et al., 2017). Often in the cases of
marine oil spills, the full measure of environmental impacts is
not apparent in the immediate years following the spill, and
particularly when oil persists in the environment or long-lived
animal populations have been affected (Peterson et al., 2003,
2012; Esler et al., 2018). It is thus appropriate – on the decadal
anniversary of DWH – to yet again synthesize and interpret
information regarding longer-term impacts of the spill on coastal
living marine resources, and to recognize that this will not be the
last synthesis as research on the effects of this spill are likely to
continue for many years.

The specific goals of our study, which are generally consistent
with the three other “ecotype” summaries published in this
Frontiers in Marine Science Research Topic on Vulnerability
and Resilience of Marine Ecosystems Affected by the Deepwater
Horizon Oil Spill, were to:

(a) identify relevant information from previous studies and
long-term data sets to more fully analyze and interpret
DWH impacts,

(b) summarize pre- and post-oil spill patterns in the
abundance, composition and dynamics of species for which
these data are available,

(c) construct a conceptual model of species interactions and
how DWH-caused oiling and spill response measures,

specifically freshwater diversions affected species and
communities,

(d) identify several northern GoM coastal and nearshore “key”
species and evaluate their vulnerability of those species to
effects of DWH and their respective resiliency and recovery
potentials,

(e) provide commentary on the utility of existing ecological
monitoring and modeling programs, particularly in
relation to background variability and co-stressors, and,

(f) recommend additional research to detect oil spill effects
and evaluate the impacts of oil spill response measures (e.g.,
freshwater diversions and berm construction) in the event
of future DWH-scale oil spills.

SYNTHESIS APPROACH

Our synthesis relied heavily on the extensive record of published
literature concerning DWH effects on nearshore biota and,
as well, our re-analyses of long-term data sets. While not
all biota in the coastal and nearshore areas of the northern
GoM are evaluated in long-term continuous or intermittent
monitoring programs, there are ongoing programs to assess
the status of fishes and some invertebrate species for fisheries
management. Each of the affected states maintains a variety
of fishery-independent sampling programs including bottom
trawling surveys for groundfish and shrimp, gill net sampling for
large fishes and, in most cases, quadrat-based surveys of oyster
populations (Table 1). Even within a gear type, the methods were
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TABLE 1 | Data sources used to evaluate the status of living resources in coastal and nearshore areas in the northern GoM affected by the Deepwater Horizon oil spill.

Information type Florida Alabama Mississippi Louisiana Texas

Commercial landings 1950−2018 1950−2018 1950−2018 1950−2018 1950−2018

Recreational catches 1981−2018 1981−2018 1981−2018 1981−2011* N/A

Trawl survey 1996−2016 1981−2018 1973−2005U 1994−2018 N/A

Oyster survey N/A 1976−2018 N/A 1980−2018 N/A

Gill net survey N/A 2002−2018 N/A 1992−2018 N/A

Fishery CPUE & population model Gulf Menhaden stock assessment, 1981−2017 (SEDAR, 2018)

Symbols: ∗ = state of Louisiana changed the data collection method for recreational catches beginning in 2012; U = data not publicly available after 2005.

not consistent across states. For this reason, we did not conduct
analyses of pooled data across jurisdictions (although this has
previously been done, see O’Connell et al., 2019). The time series’
lengths and availability of data to independent investigators
varies by state varies as well (Table 1). Importantly, the most
relevant surveys spanned the time previous to and after the
DWH spill and thus provide information required to assess
ecosystem status coincident with the spill due to their continuity
and establishment of baseline characteristics. In most cases a suite
of environmental measurements (temperature, salinity, water
clarity, etc.) was obtained concurrent with biological sampling
and thus provided information with which to evaluate various
environmental factors that may be driving biological responses.
While fishery-independent surveys are primarily directed to
economically or ecologically significant species, sampling gears,
and particularly trawls, catch a wide variety of species (in the
case of the Louisiana trawl survey >300 species, Supplementary
Table 1, and similar species lists for Mississippi and Alabama,
O’Connell et al., 2019). Thus, these surveys not only serve as
important sources of information for individual species; but also
allow for community-level analyses describing changes in species
composition and abundance, (beta-diversity). We undertook
both relation to the DWH spill.

Data Sets
Primary data sets used in these analyses include fishery
landings information (e.g., from commercial fisheries)
and catch data from recreational fishing surveys (Table 1
and Supplementary Figures 1–7). Additionally, fishery-
independent survey data collected from ongoing trawl, gill
net and oyster sampling programs were evaluated (Table 1).
For fishery-independent surveys conducted in Florida, we
limited our data selection to trawl survey stations west of
85◦W longitude to encompass areas potentially impacted
by the DWH spill (Figure 1). Some Florida trawl data
were collected intermittently from Pensacola Bay, near the
Florida-Alabama border, but the time series information
analyzed were primarily from St. Andrews Bay (Panama City,
FL) and the area west of 85◦ W. longitude, near Cape San
Blas (Figure 1).

To evaluate a wider set of species impacts of the spill
and response measures (i.e., freshwater diversions), we also
summarized results of studies using data collected from various
sources, including:

• Marine mammal stranding information,
• Marine mammal aerial and vessel surveys,
• Natural Resource Damage Assessment (NRDA)-supported

post-DWH surveys (Deepwater Horizon Natural Resource
Damage Assessment Trustees, 2016),
• Post-DWH supported surveys of various biota supported

by GoMRI and other research programs.

Fishery-independent sampling surveys supported by the states
are conducted during multiple sampling intervals within the
year. Because the operational details of these programs varied
between states, we chose to evaluate an overall annual abundance
signal by combining station and set information across sampling
intervals within years. The relative abundance of various species
was standardized to catches (numbers) of animals encountered
per gear deployment (e.g., per trawl haul, gill net set, etc.). For
gill net data, the various state surveys use graduated mesh-sizes of
the panels comprising an individual net. We combined the panel-
by-panel data into an overall catch per set index. To account for
the variance of fish catch data from surveys we transformed data
by either applying an inverse-variance weighting technique to
mean catches per set, or by applying a natural log transformation
(ln+ 1) to numbers set−1.

Because of the large number of individual species occurring
in coastal waters affected by the spill and the variety of species
sampled (e.g., Supplementary Table 1) we chose two strategies
to evaluate and summarize both the impacts of the spill, its
associated response measures, and the recovery potential of
affected species and ecosystems. First, we conducted in-depth
analyses of a series of “key species” based on their economic
or ecological significance in coastal areas affected by the spill.
Second, we developed multispecies/multivariate analyses of the
communities observed in multispecies sampling (e.g., trawling
surveys) to evaluate the potential for systematic change or regime
shifts in composition and abundance coincident in time with the
DWH spill and its aftermath.

While there is no single accepted methodology to select
“key species” we chose 13 species or taxonomic groups for
in-depth evaluation due to their importance to commercial
and recreational fisheries, representativeness of trophic levels
from benthic invertebrates to marine mammals, or designation
as species of particular importance to ecosystem function
(Deepwater Horizon Natural Resource Damage Assessment
Trustees, 2016; McCann et al., 2017). A similar approach was
undertaken by de Mutsert and Cowan (2012) in evaluating
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FIGURE 3 | Annual relative abundance of all species catches and three species groups (Supplementary Table 1) caught in fishery-independent trawl sampling by
the Louisiana Department of Wildlife and Fisheries, in three Louisiana coastal basins, 1994–2018. Data are inverse-variance weighted mean catches trawl-1.

the effects of river diversions into the Pontchartrain basin of
Louisiana, and who selected four of the same species as we did
to evaluate in detail as “focus species.” Our selection of key
species also spans the range of interacting species groups and
processes depicted in our schematic of coastal and nearshore
effects of DWH (Figure 2). The 13 key species/groups chosen
were: Eastern Oyster Crassostrea virginica, Blue Crab Callinectes
sapidus, White Shrimp Litopenaeus setiferus, Brown Shrimp
Farfantepenaeus aztecus, Gulf Menhaden Brevoortia patronus,
Spotted Seatrout Cynoscion nebulosus, Red Drum Sciaenops
ocellatus, phytoplankton, mesozooplankton, gelatinous plankton,
ichthyoplankton, benthic infauna, and Bottlenose Dolphin.

We evaluated time series of abundance information available
from standardized surveys and in several cases, the history of
commercial and recreational fisheries catches (which extend for

several decades) and demographic and animal health information
bearing on the evaluation of impacts. Additionally, we conducted
a semi-quantitative vulnerability-resilience (V-R) analysis to
evaluate, on a relative basis, the circumstances of the DWH
spill focusing on how they affected species outcomes, and
the various life-history aspects of the species that make them
more or less resilient to large-scale pollution events such as
oil spills.

Vulnerability-Resilience Analysis
The concept of a two-way evaluation of vulnerability and
resilience of populations to stressors is well founded in existing
literature (e.g., Stobutzki et al., 2001; Field et al., 2010; Patrick
et al., 2010; Hobday et al., 2011) and reviewed within the context
of the DWH spill.
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FIGURE 4 | Annual relative abundance (mean ln [N + 1]) of species caught in trawl surveys in Alabama (top panel), Florida (west of 85◦ W longitude), and Mississippi
(partial time series; bottom panel). Vertical line represents the year that the Deepwater Horizon accident occurred. For Alabama trawl catches, species are divided
into several groups, consistent with categories indicated in Supplementary Table 1. Data are from the Alabama Marine Resources Department, the Louisiana
Department of Wildlife and Fisheries, and the Florida Fish and Wildlife Research Institute. Data for Mississippi were collected by Mississippi Department of Marine
Resources, and are served via the National Centers for Environmental Information (NCEI) at: https://data.noaa.gov/dataset/dataset/fisheries-independent-
biological-and-environmental-trawl-data-from-the-mississippi-department-o.

Briefly, our evaluation of the vulnerability of individual
populations to the specifics of the DWH spill is based on
a series of 13 attributes related to the spatial and temporal
overlap of oil contamination with the population in question,
the duration frequency of acute/chronic exposure to oil, the
ability of the species to detect and avoid such exposures, and
other factors including the impacts of spill response measures
(Supplementary Table 2). For example, spat and adult Eastern
Oyster have no capacity to avoid either toxic concentrations
of oil or fresh waters resulting from marsh flooding because
they are sedentary (Powers et al., 2017a). For each of the

13 attributes, vulnerability was evaluated using a categorical
scoring system as low, medium or high for each of the
key species or groups. Evaluators independently scored each
species or functional group on the 13 attributes. Based on
subsequent group discussion we provided a single vulnerability
categorization integrating attribute assignments of the 13 key
species we evaluated.

Similar to the vulnerability axis, we defined 11 attributes
contributing to resilience potential of key taxa (Supplementary
Table 2). The directionality of resilience scores for each attribute
are generally obvious. For example, highly fecund species are
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likely to be more resilient to perturbations than less fecund
ones, as are ones that are highly networked with adjacent
populations unaffected by the perturbation (e.g., through
immigration). Again, each selected species was evaluated by each
co-author categorizing the 11 attributes, and an overall resilience
determination was assigned as noted for vulnerability. Polidoro
et al. (2020) developed a similar set of attributes describing
aspects of combined vulnerability and resilience to hypothetical
petrochemical contaminant exposures.

Community-Level Analyses
In addition to the population-level summaries for key species,
we undertook community-level analyses of species compositions
and abundances to evaluate DWH effects on overall resource
productivity and to explore the possibility of post-DWH regime
shifts in ecosystems’ beta-diversity. Using the long time series
of trawl survey observations available for three basins in
eastern coastal Louisiana (Figure 3) and the time series in
Mississippi (partial time series), Alabama and Florida (Table 1
and Figure 4) we computed overall abundance (numbers trawl
haul−1) and, in the case of the Louisiana and Alabama time
series, divided the catches into three habitat and taxonomic
groups: (1) freshwater species, (2) invertebrate species, and (3)
all finfishes (Figure 3).

Because virtually all of the heavily oiled wetlands sites
were in coastal Louisiana (Figure 1A; Nixon et al., 2016)
we undertook a series of multivariate analyses with data
from that state to test for community-level shifts in species
dominance both as a means of efficiently evaluating
changes in over the 300 + species indexed by trawl surveys
(Supplementary Table 1) and to detect beta-diversity regime
shifts that may be associated in time with the DWH event.
Since the highest concentration of heavily oiled sites was
within Barataria Bay (Figure 1; Nixon et al., 2016), this
synthesis focused on the analyses of the trawl data set
from that basin (illustrated in Figures 5–8), although some
community-level results from the other two Louisiana basins
considered are described in the Supplementary Material
(Supplementary Figures 8, 9).

Temporal differences in beta-diversity across the Barataria
Bay trawl-survey time series were quantified using Bray-Curtis
similarity for pairwise yearly comparisons; the similarities
were clustered using the unweighted pair-group method with
arithmetic mean (UPGMA), and the statistical significance of
the resulting clusters of similar years was tested using similarity
profile analysis (SIMPROF) with the PRIMER-E + software
system (Clarke et al., 2008; Clarke and Gorley, 2015; Kilborn
et al., 2017). The null hypothesis was that the observed similarity
profile across time was random and did not have consistent
temporal clustering of species communities (Clarke et al.,
2008). Additionally, a second Bray-Curtis, UPGMA-clustering
procedure grouped species with similar temporal trends in their
average annual basin-wide relative abundance (CPUE = numbers
per standardized trawl haul; vertical axis in Figure 5). A fourth-
root transformation of the data was used to minimize the effect
of aberrant large catches.

To further represent the degree of association between
yearly species compositions, we also applied non-metric
multidimensional scaling (nMDS) to the Barataria Bay trawl
survey time series (Figure 6). In our context the nMDS procedure
utilizes a matrix of ranked dissimilarities of abundance data
by species (hence “non-metric” data) comparing year-to-year
trawl catch compositions. The procedure (Borcard et al., 2018)
is conceptually similar to principal coordinates analysis (PCoA)
and collapses the comparisons among a set of independent
variables into m dimensions (typically two) to depict associations
among observations, and particularly related to changes in
beta-diversity. A test statistic (the “stress” level, ranging from 0
indicating perfect fit, to 1, no fit) evaluates the distortion resulting
from representing all non-Eucliden pairwise comparisons (i.e.,
Bray-Curtis) in only two Euclidean dimensions. A stress statistic
<∼0.1 indicates relatively low distortion, providing a useful
representation of the ecosystem’s underlying interrelationships.

Finally, we applied redundancy analysis (RDA) to evaluate the
associations between Hellinger-transformed species catches and a
series of contemporaneously measured environmental variables
(after z-score translation). The RDA procedure first applies
a multivariate multiple linear regression model associating
environmental data and response variables (species abundances)
followed by a PCA of the resultant fitted values (Borcard
et al., 2018). The RDA ordination diagram (Figure 7) provides
the annual depiction of the ecosystem’s state, with respect to
its community response, and the capacity of any associated
environmental drivers to account for the observed variability
in that response. We used the Barataria Bay trawl series and
associated measurements of water temperature, clarity (measured
via Secchi disk), and salinity as environmental correlates (see
Figure 8 for the time series). This analysis was particularly
important in helping to deconvolve long-term oil spill effects
from variation and trends in other potentially determinative
environmental attributes.

RESULTS

Species-Level Summaries
Eastern Oyster – Oyster populations have been the subject
of a variety of post-DWH analyses given their commercial
and cultural importance in the region (Deepwater Horizon
Natural Resource Damage Assessment Trustees, 2016; Powers
et al., 2017a; Supplementary Figure 1). The overall abundance
of natural oyster populations has been in long-term decline
and particularly since the mid-1990s throughout the region
(VanderKooy, 2012; Tunnell, 2017), as reflected both in the
relative abundance surveys (Figure 9) and in fishery landings
(Supplementary Figure 1). Several factors affect inter- and
sub-tidal oyster populations. A series of natural disasters and
especially hurricanes (e.g., Katrina in 2005) as well as flooding
events (and especially in 2019) have negatively affected local
populations (Moore et al., 2020). Oysters are filter feeding
invertebrates, and as such have limited capacity to metabolize
organic pollutants such as polycyclic aromatic hydrocarbons
(PAHs) resulting in their bioaccumulation within tissues.
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FIGURE 5 | Seriated heatmap of annual abundance data for species captured in trawl surveys conducted by the Louisiana Department of Wildlife and Fisheries,
1994–2018. Similarity Profile Analysis (SIMPROF) was applied to Bray-Curtis hierarchical year clusters (group average method), with significant SIMPROF groups
(SFG1) arranged in columns. Shading is the 4th root of the relative abundance indices (mean numbers per trawl tow) by species. Species that were absent in five or
more years were excluded.

Abundance surveys in Louisiana (three eastern basin systems,
Figure 1) and Alabama documented longer-term declines and
short-term impacts coincident with DWH (Figure 9). The
relative abundance of oysters declined between 2009 and 2010
in all estuarine systems (Figure 9), and subsequently increased
in 2011 (2012 for Pontchatrain), although interannual variability
was often large. Relative abundance in the Louisiana basins
remained elevated for several years following the spill, but
abundance in all estuaries subsequently fell, and by 2018 relative
abundance of oyster populations was is in line with long-term
resource trends (Figure 9). Oyster catches off Texas and
western Louisiana remained near decadal averages. In contrast,
landings decreased severely in 2010 in Alabama, Mississippi and
Louisiana, but increased in areas not subject to fishery closures in
2010 (e.g., Texas and parts of Florida; Supplementary Figure 1).
Landings in Alabama and especially Mississippi were among
the time series lows in 2018, with the latter likely affected by
freshwater flooding of Mississippi Sound from heavy rains and
the opening of the Bonnet Carré Spillway. For Florida, most
landings occurred east of the area affected by the DWH spill, and
long-term declines there are likely related to hydrological changes
(Moore et al., 2020).

Considerable research has documented the decline of oyster
populations in the Louisiana basins, particularly Barataria

and Pontchartrain, associated with DWH (Deepwater Horizon
Natural Resource Damage Assessment Trustees, 2016; Powers
et al., 2017a,b,c; Figure 1). In particular, releases of freshwater
from the mainstem Mississippi River via the Davis Pond
freshwater diversion, which leads to the upper Barataria Bay
(White et al., 2018), and the Caernarvon freshwater diversion,
which leads to Black Bay, considerably freshened the usually
brackish waters of the middle and lower bays (Figure 1A;
O’Connor et al., 2016; Powers et al., 2017a). While oysters
have substantialtolerance for varying salinity and temperature
regimes (Sehlinger et al., 2019), prolonged exposure to low
salinities of <5 ppt will eventually result in death (Powers et al.,
2017a). Schrandt et al. (2018) in fact demonstrated that in
laboratory conditions, short-term episodes of low salinity water
may mitigate effects of oil/dispersant exposures. However, long-
term fresh water conditions persisted in Breton Sound/Black Bay
and Barataria Bay in much of the spring and summer of 2010,
likely resulting in excess mortalities of 1.16–3.29 billion market
sized oysters due to low salinity stress (Powers et al., 2017a). This
is consistent with reduced population sizes in the Pontchartrain
basin and Barataria Bay, as observed in standardized surveys
(Figure 9). The effects of elevated levels of oil contamination
in these two systems (e.g., Turner et al., 2019a) on oyster
mortalities of various life stages are unknown but intertidal oyster
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FIGURE 6 | Results of non-metric multidimensional scaling (nMDS) of Barataria Bay trawl survey catches, 1994–2018 (data and symbols as in Figure 5). Relative
positions of different years are determined by Bray-Curtis similarities between all possible pairings of years, with 2D stress reflecting the extent of distortion (low
distortion, in this case) created by representing these Bray-Curtis similarities in a two-dimensional Euclidean space.

FIGURE 7 | Results of multivariate redundancy analysis (RDA) relating three important environmental variables (salinity, water temperature, water clarity) to relative
fish and invertebrate abundance from Barataria Bay trawl surveys, 1994–2018. Blue texts are individual years. Common names of the “key species” are underlined.
Data were analyzed from the Louisiana Department of Wildlife and Fisheries trawl surveys.
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FIGURE 8 | Mean water temperature (◦C), clarity (Secchi disk reading in feet) and salinity (parts per thousand) for Barataria Bay trawl stations sampled by the
Louisiana Department of Wildlife and Fisheries, 1994–2018.

FIGURE 9 | Relative abundance of Eastern Oyster sampled in three Louisiana basins, 1980–2020, and off Alabama from 1976 to 2018. Data are the mean (ln + 1)
abundance (numbers) caught in standardized sampling quadrats. Data are from the Alabama Marine Resources Department and the Louisiana Department of
Wildlife and Fisheries oyster sampling quadrat programs.
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cover declined >99% at oiled sites as opposed to unoiled ones
(Grabowski et al., 2017; Powers et al., 2017c), an effect that
persisted for several years after the DWH event.

The vulnerability of Eastern Oyster populations to the effects
of DWH and associated response measures (i.e., freshwater
diversions) was heightened by the sedentary existence of spat and
adult animals but mitigated in part by their reproductive strategy.
As noted above, oyster reefs occurred less frequently at heavily
oiled areas than along non-oiled marsh edges, and prolonged
low salinity exposure as a result of freshwater diversions (in
Barataria Bay and Breton Sound) resulted in considerable excess
mortality. However, oysters have an extended bimodal spawning
period with peaks in May-June and again in September-October
(Tunnell, 2017). Because of the non-uniform oiling of oyster
populations even in areas that were characterized as heavily oiled,
there was residual spawning potential residing in these basins
to support sustained reproduction. In considering the criteria
for characterizing vulnerability to DWH, we evaluated oyster
populations of Barataria Bay to be of medium vulnerability, and
likely medium to lower vulnerability elsewhere where acute oil
effects and freshwater discharges were less intense.

Oysters are highly fecund, capable of reproducing in 30 days
or less following settlement from the planktonic stage and
they can be relatively long lived in the absence of other
stressors including fishing (Tunnell, 2017). They are amenable
to rebuilding strategies that include planting of oyster shell
cultch, and there may be some potential for planktonic
stages to mingle with adjacent populations. In summary, we
consider oysters (in this case the Barataria Bay population)
to be of medium resiliency potential. Summary Evaluation:
Vulnerability – Medium, Resilience – Medium.

Blue Crab – Populations in the U.S. GoM have been
separated into two population units (east and west of Cape
San Blas; Figure 1) for the purposes of stock assessment and
management (VanderKooy, 2013). However, recent analysis
based on microsatellite data reveal high levels of gene flow
throughout the northern GoM, potentially indicating a single
panmictic population (Macedo et al., 2019). Like the Eastern
Oyster, Blue Crabs in the GoM have an extended spawning
period and complex early life history. Spawning (release of
fertilized eggs) occurs from March through December, with
Spring (April–May) and late Summer (August–September) peaks
(Tunnell, 2017, his Figure 8.4). Females mate once in their
lifetime in the upper estuary, then migrate to coastal waters
where they may spawn repeatedly throughout their lives. Mating
occurs when estuarine temperatures exceed about 22◦C (e.g., in
spring) in the upper estuaries but fertilized eggs are released
into coastal waters, thus subjecting the various larval stages
to potentially wide dispersal during their 31–49 day larval
development period, which provides justification to explain the
lack of genetic population differentiation (Macedo et al., 2019).
Overall commercial landings of Blue Crab in the U.S. GoM
have remained relatively stable since about 1990, however, in
some states (Alabama, Florida and Texas) landings have declined
since the late 1990s (Supplementary Figure 2). Modest declines
in Blue Crab landings occurred in states affected by fishery
closures, but in all cases, landings were higher in 2011 than in

2010 (Supplementary Figure 2). Crab abundance, as indexed
in trawl surveys, declined steadily and significantly in Alabama
and Mississippi waters since the 1980s (Figure 10; O’Connell
et al., 2019) likely due to long-term reductions in habitat or water
quality. In Louisiana waters, crab densities in Barataria Bay have
declined since the 1990s, but remained relatively high in the
Pontchartrain and Terrebonne basins (Figure 10). There was no
pronounced change in crab abundance associated with the DWH
event in the Louisiana basins, although recent (2018) abundances
are generally lower than historic averages (Figure 10). Crab
abundance in the Florida Panhandle has been highly variable
throughout (Figure 10).

We considered Blue Crab to be highly vulnerable to the effects
both of the oiling scenario from DWH and the ensuing response
measures (i.e., freshwater diversions). Because mating females
occurred in the upper estuaries during the months when oil
entered coastal marshes (particularly in Louisiana), and their
reliance on benthic prey in areas where oil was sedimented,
a high degree of overlap between crabs and DWH oil in
sediments and the water column likely exists. Also, transport
of larval stages developing from spring spawning locations in
the GoM into the estuaries occurred when oil was present in
coastal waters (June–July). However, we considered the Blue
Crab populations to be moderately resilient to the effects of the
DWH event, and similar pollution-related events, due to the
extended spawning (double peak) duration, long larval period in
oceanic waters and the high potential for larval supplements from
adjacent estuaries. Summary Evaluation: Vulnerability – High,
Resilience – Medium.

Penaeid Shrimps – White Shrimp and Brown Shrimp support
the most valuable U.S. fishery in the GoM, collectively worth
an average $375 million per year to U.S. fishers between 2000
and 2018, and $393 million per year since 20111. Landings of
White Shrimp (Supplementary Figure 3) declined somewhat in
all states except Texas and Florida in 2010, but quickly rebounded
in 2011 after the fishery closures were rescinded. Landings of
White Shrimp varied without trend in all states following 2011
(Supplementary Figure 3). Brown Shrimp landings were more
variable, declining sharply in all states in 2010, followed by rapid
rebounds in Mississippi, Alabama and Louisiana a year or two
after the spill (Supplementary Figure 4). Except for Florida
(a minor participant in the fishery), Brown Shrimp landings
across the Gulf have varied without trend or increased slightly
since the DWH spill.

Extensive research on the environmental impacts of
the DWH spill on Penaeid shrimps has been conducted.
van der Ham and de Mutsert (2014) analyzed trawl survey
abundance data available from the Louisiana Department of
Wildlife and Fisheries for the pre-spill, during-spill (2010), and
just post-spill (2011 and 2012) time periods. They concluded
that the abundances of both Brown and White Shrimps were
significantly higher just after the spill but that the effect
was ephemeral, and by 2012 the effect was negligible. They
hypothesized that increased abundance in the basins most

1https://www.fisheries.noaa.gov/national/sustainable-fisheries/commercial-
fisherieslandings
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FIGURE 10 | Annual relative abundance indices for Blue Crab, White Shrimp and Brown Shrimp sampled from fisheries-independent trawl surveys conducted in
three Louisiana basins, off Alabama and the Florida Panhandle (Figure 1). Data are from the Alabama Marine Resources Department, the Louisiana Department of
Wildlife and Fisheries and the Florida Fish and Wildlife Research Institute’s trawl survey programs.

affected by the spill was either due to the effects of short-term
shrimp fishery closures (thus reducing fishing mortality), or
that the oil spill affected growth rates negatively and restricted
emigration of shrimp out of the estuary and into adjacent coastal
waters. Evidence to support each hypothesis exists. Schaefer
et al. (2016) documented a statistically significant increase in
the abundance of fish species traditionally caught as bycatch in
directed shrimp fisheries off Mississippi, and this trend reversed
once DWH-related fishery closures ended. Likewise, Rozas et al.
(2014) documented reduced White and Brown Shrimp growth
rates in mesocosms exposed to crude oil in areas adjacent to
oil-polluted marsh edges (Powers and Scyphers, 2016).

The relative abundance of White and particularly Brown
Shrimps increased in most assessed regions in the few years
following DWH, but for the most part declined to pre-spill
abundance levels by the late 2010s (Figure 10). Because of
long-term and significant reductions in shrimp fishing effort

(Caillouet et al., 2008; Tunnell, 2017), shrimp (and particularly
Brown Shrimp) abundance has generally increased, and notably
since the mid-2000s (Figure 10; Tunnell, 2017). While the general
life histories of the two species are similar, they differ in details
of spawning and migration of adults and larvae along with
their environmental requirements (Turner and Brody, 1983;
Tunnell, 2017). Both species copulate and the females carry
fertilized eggs until they are released offshore. Also, both species
spawn offshore in relatively deep waters, although Brown Shrimp
release fertilized eggs deeper (46–109 m) than White Shrimp
(7–31 m; Turner and Brody, 1983). Two spawning periods for
Brown Shrimp have been observed off Texas and Louisiana,
with peaks in April–May and again in September–November,
although spawning can occur in most months with the exception
of June-August. White Shrimp generally have one spawning peak
(June–July) and a narrower range of timing (March–October).
Postlarvae, which develop offshore, are recruited back into the
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estuaries where juvenile-to-adult development occurs in both
species. The postlarval immigration from the ocean to estuaries
occurs in all months with a peak in February–April for Brown
Shrimp and more narrow windows of immigration peaking in
June and September for White Shrimp (Tunnell, 2017). Generally
White Shrimp postlarvae migrate farther up estuaries (into more
fresh water) than Brown Shrimp (Tunnell, 2017).

It is likely that there was little interaction between the
spawning cycle of Brown Shrimp and oil in the water column
given the timing of spawning and immigration (of larvae from
the ocean to the estuaries) or emigration (of adults from estuaries
to the ocean to spawn) of the two species. The second spawning
of cohorts (April–May) occurred prior to the majority of DWH
oil coming inshore, and the DWH well was capped in July
prior to the first spawning of the successive cohort (September–
November). In contrast, the peak of White Shrimp spawning
activity typically is in June-July when DWH oil had entered
coastal waters (Figure 11). A large-scale fishery closure, usually
from May 15 to July (variable end-dates), has been in place
since 1960 to improve fishery yields and shrimp sizes in Brown
Shrimp catches (Purcell et al., 2017), and this closure coincides
with the emigration of adults from estuaries. Additionally, fishery
closures due to DWH resulted in decreases in fishing mortality
on adults in the northern GoM, with a concomitant increase
in fishing effort for shrimp off Texas when the annual closure
there expired (Carroll et al., 2016; Cockrell et al., 2019). The
timing of the DWH oil migration to the coast in relation to
the differential distributions of Brown and White Shrimp adults
and larval stages may explain why Brown Shrimp appeared to

show a more positive response during and just after the DWH
episode (Figure 10). Based on the timing of overlap of critical life
stages with the presence of DWH oil and the mitigative effects of
DWH-related fishery closures we consider these species to have
been of moderate vulnerability to the spill. Because of the large
population size, extended and often multiple spawning periods
for the species, short life cycles (maximum age of 18 months)
and the likelihood of metapopulation dynamics among adjoining
estuaries we consider these species to be of high resilience
potential to similar events. Summary Evaluation: Vulnerability –
Medium, Resilience – High.

Gulf Menhaden – Menhaden support the largest fishery,
by volume, of any species in the U.S. GoM. Fishery landings
approached 1 million mt yr−1 in several years in the 1980s
(Figure 12 and Supplementary Figure 5), and prior to the
development of pollock fisheries in Alaska, supported the largest
commercial fishery (by landings volume) in America. In recent
years Gulf Menhaden catches averaged about 500 million mt
yr−1 (Figure 12), with the majority of landings being from
Louisiana and Mississippi (Supplementary Figure 5). Because
of concerns of overfishing this short-lived species, landings were
scaled back from their peak levels in the 1980s with resultant
increases in relative abundance (as measured in commercial
purse seine catch set−1) and in the total population fecundity of
potentially spawned eggs (SEDAR, 2018; Figure 12). Following
the fishery closures in 2010, landings, abundance (CPUE) and
cumulative population fecundity increased sharply in 2011, likely
due to the anomalously large 2010 year-class (Short et al., 2017;
SEDAR, 2018; Figure 12). Several hypotheses have been advanced

FIGURE 11 | Synthetic aperature radar (SAR) image of oil at the sea surface (dark gray) across the mouth of Barataria Bay, Louisiana, June 4, 2010. Details of
instruments and processing methods are given here: https://erma.noaa.gov/admin/layer/32308. Colors represent shoreline oiling categories as in Figure 1.
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FIGURE 12 | Annual fishery landings (thousands of metric tons), relative abundance [measured as mean standardized catch (mt) per purse seine set) and estimated
total population fecundity of Gulf Menhaden, 1983–2017. Graph was developed from information provided in SEDAR (2018).

regarding the drivers of Gulf Menhaden year class strength,
including reductions in predation in 2010 (Short et al., 2017) and
long-term correlations with Mississippi River discharge (Govoni,
1997). In more recent years catches have declined to pre-
2010 levels, concomitant with increases in population fecundity
and CPUE, likely resulting from decreased fishing mortality
(Figure 12; SEDAR, 2018).

The life history and spawning dynamics of Gulf Menhaden
resulted in minimum spatial overlap with oil coming ashore
from DWH and the distribution of sensitive early life stages of
the species (Figures 13, 11). Menhaden have a short life cycle
with 1- and 2-year-old individuals comprising the bulk of the
adult population (SEDAR, 2018). They spend their first year of
life within the upper reaches of estuaries and are thus prey for
a wide variety of bird, fish and invertebrate predators. Adult
Gulf Menhaden emigrate from the estuaries to the coastal ocean
to spawn from October through March, with a spawning peak
in December to February (Figure 13; Lewis and Roithmayr,
1981; SEDAR, 2018).

Spawning occurs in relatively shallow coastal waters, as Shaw
et al. (1985) found the highest densities of eggs in 10–23 m water
depths. Fertilized eggs hatch rapidly, followed by yolk-sac and
advanced larval development in 6–10 weeks, when postlarvae
migrate into the upper parts of estuaries, and where they finally
metamorphose into juveniles. Furthermore, while in the upper
estuary, juveniles are highly tolerant of relatively low salinity
conditions (Figure 13; Shaw et al., 1988; Deegan, 1990; SEDAR,
2018). It is likely that the bulk of Gulf Menhaden postlarvae
migrated from coastal waters and into juvenile rearing areas in
the upper estuary by the time DWH entered the lower estuaries
(Figure 13). If the peak of offshore spawning ended in February,
a 6–10-week development period to postlarval stage occurred by
late April to early May. Since appreciable quantities of oil did not

appear in coastal areas of Louisiana until late May and early June
(Figures 11, 13; Deepwater Horizon Natural Resource Damage
Assessment Trustees, 2016; Turner et al., 2019a), the bulk of Gulf
Menhaden larvae, postlarvae, and early juveniles would not have
been exposed to DWH oil. While large juvenile and adult Gulf
Menhaden were initially exposed to relatively high levels of PAHs
presumably from DWH oil (Olson et al., 2015), by 2013 the PAH
levels were diminished, probably because these later sampled
fish were spawned after the DWH event. Given the timing of
spawning and lack of spatiotemporal overlap of larvae with DWH
oil, along with the fact that Gulf Menhaden are considered to be a
single panmictic population, we concluded their vulnerability to
the DWH spill to be low. Because of their large population size
comprising a unit stock, high rate of intrinsic population growth,
and high population fecundity, we consider Gulf Menhaden to
be highly resilient. Summary Evaluation: Vulnerability – Low,
Resilience – High.

Sciaenid Fishes – Spotted Seatrout and Red Drum are,
arguably, the dominant target species of recreational anglers
fishing in estuarine waters of the northern GoM. Spotted Seatrout
usually account for the highest recreational harvest annually in
the northern GoM, and Red Drum (aka Redfish) are highly prized
by anglers (Perret et al., 1980; VanderKooy, 2001; Supplementary
Figures 6, 7). State fishing regulations and degree of management
control vary widely for the two species, which contributes to
their variable population status as managed entities (Murphy and
Crabtree, 2001; Bortone, 2003; Herdter et al., 2019). Although
both species are members of the family Sciaenidae (i.e., drums
and croakers), Spotted Seatrout and Red Drum differ in the
essentials of their life history and exhibit some degree of estuarine
habitat partitioning (Wakeman and Ramsey, 1985; Moulton et al.,
2017). Spotted Seatrout can live up to ages 8–9, but the majority
of animals in catches are age 4 and younger (Nieland et al., 2002;
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FIGURE 13 | Schematic of the spawning and early life history of Gulf Menhaden in the northern GoM. Peak spawning occurs between December and February, with
growth to the advanced larval largely completed by early-mid May, prior to the earliest dates Deepwater Horizon oil came ashore in coastal Louisiana. Menhaden
color graphics with permission of the artist Diane Rome Peebles R©.

DeVries et al., 2003; Herdter et al., 2019), whereas Red Drum
are capable of living in excess of 30 years (Wilson and Nieland,
1994). Sexual maturity of females is essentially complete by age
1 in Spotted Seatrout (Nieland et al., 2002; Herdter et al., 2019)
but not until age 6 or greater in Red Drum (Wilson and Nieland,
1994). Spawning seasons also differ between the species, with
Spotted Seatrout primarily spawning from May to August (Helser
et al., 1993) with peaks varying across the GoM (Brown-Peterson
et al., 2002). In Louisiana, there are two peaks in Spotted Seatrout
female GSI (gonadosomatic indices): in April-May and again in
August (Brown-Peterson et al., 2002). Red Drum have a spawning
peak in mid-August to early September in the northern GoM
(Wilson and Nieland, 1994) and September-October off the west
Coast of Florida (Lowerre-Barbieri et al., 2019). Tagging data
for the species indicate highly localized populations of Spotted
Seatrout, with excursions beyond natal estuaries being infrequent
(VanderKooy, 2001; Zarada et al., 2019). While Red Drum spawn
in the ocean more seaward than Spotted Seatrout (Saucier and
Baltz, 1993; Lowerre-Barbieri et al., 2016, 2019; Moulton et al.,
2017; Zarada et al., 2019), straying of spawning Red Drum among
estuarine populations is also infrequent (Lowerre-Barbieri et al.,
2019). Post-spawning, Red Drum adults may extend their oceanic
distributions over∼150 km alongshore and up to 90 km offshore
(Lowerre-Barbieri et al., 2019), whereas Spotted Seatrout rarely
occur in oceanic waters beyond passes and channels (Saucier
and Baltz, 1993). Neither species was collected during winter nor
in the spring larval sampling of Sciaenids in ocean waters off
Louisiana (Cowan and Shaw, 1988), which is reflective of their
strong affinity for estuarine nurseries.

The abundance of Spotted Seatrout and Red Drum has been
tracked in gill net-based fishery-independent sampling for several
decades (Figure 14). Spotted Seatrout have been in long-term
decline throughout the northern GoM (Figure 14; Herdter et al.,
2019), likely due to intensive fishing and habitat degradation.
Red Drum were subject to a commercial moratorium beginning
in 1988 in EEZ waters (i.e., during their late summer-autumn
spawning season and post-spawning dispersal) and abundance
off Louisiana and Alabama has increased since about 2005
(Figure 14). The abundance of Red Drum increased in all
monitored estuaries we evaluated between 2009 and 2010
(Figure 14) and peaked in Barataria Bay and off Alabama prior
to 2015. In contrast, Spotted Seatrout abundance decreased
everywhere between 2009 and 2010, and increased only in
Barataria Bay post-2011 (Figure 14).

Because of the estuarine dependence of juveniles and adults
of both species, they were subject to exposure in marsh areas
contaminated with oil. Pulster et al. (2020) documented high
concentrations of PAH metabolites in bile (indicative of recent
exposure) of large juvenile and adult Red Drum sampled in
Barataria and Terrebonne Bays in summer 2011. Likewise,
Powers and Scyphers (2016) documented significantly depressed
juvenile Red Drum growth in mesocosms deployed adjacent to
oiled marsh edges, as compared to control sites. The differential
population trajectories of Spotted Seatrout and Red Drum post-
DWH (Figure 14) may be indicative of the relative tolerance to
pollution-related effects (Figure 14), but because both species
spend so much of their life cycles in areas potentially impacted
by DWH oil, we considered both to be of moderate vulnerability
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FIGURE 14 | Annual relative abundance of Spotted Seatrout and Red Drum in fishery-independent gill net surveys off Alabama and in three Louisiana basins. Data
are from the Alabama Marine Resources Department and the Louisiana Department of Wildlife and Fisheries gill net sampling programs.

to DWH effects. It is unclear if there were differential impacts of
freshwater discharges on the species, although Spotted Seatrout
generally can be found in deeper and more saline areas of
estuaries than Red Drum (Moulton et al., 2017; Livernois et al.,
2020). We judged both species to have moderate resilience
potential but for different reasons. In the case of Spotted Seatrout,
spawning near the mouths of estuaries occurs over an extended
time period with two apparent spawning peaks (Brown-Peterson
et al., 2002), the second of which (August) would have occurred
after fresh DWH oil was absent from the water column. Most
Spotted Seatrout are capable of spawning at the end of their
first year of life, and their reproductive strategy appears to be
r-selected. While Red Drum have an extended juvenile stanza of
up to 6 years, their longevity and spawning peak (late summer-
autumn), after DWH oil had transited coastal ocean spawning
locations, potentially mitigate DWH impacts on Red Drum
populations. Summary Evaluation: Vulnerability – Medium,
Resilience – Medium.

Plankton – Plankton is a broad term used to describe aquatic
and marine species that cannot swim against water currents.

Plankton are cosmopolitan and taxonomically and functionally
diverse. Taxa are often subdivided by taxa according to their
size and how they assimilate energy. For the vulnerability-
resilience analysis, we focused on three planktonic systems
critical to estuarine and coastal food webs and ecosystem
functioning: phytoplankton, mesozooplankton (200–2,000 µm),
and gelatinous plankton (>2 mm).

Northern GoM phytoplankton abundance in coastal and
nearshore waters is primary influenced by river discharge,
dissolved nitrogen and phosphorous concentrations,
photosynthetically active radiation (i.e., light availability),
and water temperature. Phytoplankton concentrations vary
seasonally with these factors, typically peaking in summer and
at minimum in winter (Redalje et al., 1994). While there are
numerous, temporally focused and spatially discrete studies
on phytoplankton in northern GoM estuarine and coastal
waters (e.g., Hu et al., 2011; Chakraborty and Lohrenz, 2015;
Gomez et al., 2018), there are few time-series that bookend
the DWHOS in these ecosystems (but see Parsons et al.,
2015). One reason is that interpretation of remotely sensed
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chlorophyll-α (an established method for estimating ocean
primary productivity) in coastal and nearshore water requires
caution due to complexity introduced by colored dissolved
organic matter and suspended solids (Gilerson et al., 2007;
McKee et al., 2007; Blondeau-Patissier et al., 2014). The best
proxies are estimates from the adjacent shelf that include edges
of coastal waters; though, these too have some uncertainty (D’Sa
and Miller, 2003; Hu et al., 2003).

These time-series reveal variable responses by northern
GOM phytoplankton in space and time to DWH oiling.
Weekly estimates using coupled satellite and numerical modeling
indicated anomalously high chlorophyll-α concentrations along
Louisiana’s central coast 3 weeks after the oil well was capped (Hu
et al., 2011). Inter-annual studies show primary productivity in
impacted waters southeast of the Louisiana Delta were below-
average in 2011–2013 even after accounting for non-DWH
environmental factors including river discharge (Li et al., 2019).
This finding corroborates the 85% reduction of in situ chlorophyll
May–October 2010 from monthly data off the central Louisiana
coast relative to a 20-year baseline (Parsons et al., 2015).

Reduced phytoplankton production may be linked to crude
oil toxicity. Exposure to crude oil’s chemical constituents can
cause specific physiological harm to phytoplankton, including
damage to photosynthetic processes and nuclear mechanisms
regulating growth (see Ozhan et al., 2014 and references
therein). However, the contrasting observations of increases
(or decreases) in phytoplankton at different spatiotemporal
scales strongly suggests not all phytoplankton taxa respond the
same to oiling. Some groups like diatoms and cyanobacteria
tolerate exposure to oil and dispersants better than ciliates and
phytoflagellates. Even within a group (like diatoms), toxicity
sensitivity is heterogeneous, possibly influenced by factors like
cell size (González et al., 2009).

Overall, phytoplankton are considered highly vulnerable to
crude oil exposure based on their inability to move away
from oiled areas, their direct acute and chronic exposure,
their overlap in space and time with oiled waters, and their
demonstrated sensitivity to crude oil’s chemical constituents.
A key takeaway from the numerous studies on crude oil exposure
on phytoplankton is that taxa responses are dissimilar. These
differences, combined with their life history and ecological
traits, suggested that phytoplankton, as a whole group, are
highly resilient to oil spills. Phytoplankton are numerous (r-
selected), have short generation times (i.e., hours-days), high
dispersal rates and connectivity, and are somewhat resilient to
co-varying stressors such as freshwater inputs. These V-R scores
are conditional as we lack a baseline, in situ phytoplankton
time-series to measure post-DWH data against in northern
GoM coastal and nearshore waters. Summary Evaluation:
Vulnerability – High, Resilience – High.

Mesozooplankton are heterotrophic grazers and carnivores.
Assemblages in northern GoM nearshore and coastal waters
include the larvae of six of our 13 key species (i.e., sciaenid
fishes, Menhaden, Oysters, Brown and White shrimp, and Blue
Crab). Copepods numerically dominate—accounting for over
80% of total abundance (Carassou et al., 2014; Selle, 2020).

Mesozooplankton are the primary trophic energy transfer
pathway between phytoplankton and plankton predators like
larval fishes and Gulf Menhaden. Seasonal production typically
tracks with phytoplankton, with maxima in summer and minima
in winter. The most robust mesozooplankton time-series on the
inner shelf is the Fisheries Oceanography of Coastal Alabama
(FOCAL) data set, which includes near-monthly (and depth-
discrete) plankton collections along a transect extending from
the mouth of Mobile Bay to the 35 m contour (Hernandez et al.,
2010a; Carassou et al., 2012). Using a portion of the FOCAL
time series, Carassou et al. (2014) found that mesozooplankton
assemblage during the early part of the oil spill (May and June
2010) was different relative to baseline conditions (May and
June 2005–2009); however, recovery was rapid, and the baseline
assemblage structure was observed by July and August 2010.
Changes in mesozooplankton abundance during the oil spill
(May–August 2010) relative to the pre-oil spill period (May–
August 2005–2009) varied by taxa, with numerous taxa (e.g.,
calanoid and cyclopoid copepods, ostracods, bivalve larvae and
cladocerans) having higher densities during the oil spill. Overall,
their results suggest that the mesozooplankton community was
relatively resilient to oil spill impacts.

In contrast to the resilience at the mesozooplankton
community-level, numerous laboratory studies have
demonstrated that chemical constituents in crude oil and
dispersants have lethal and sub-lethal effects on individual
taxa, calanoid copepods in particular. Exposure to polycyclic
aromatic hydrocarbons (PAHs) can cause narcosis (Barata
et al., 2005), changes in feeding (Saiz et al., 2009), and
reproduction (Suderman and Marcus, 2002; Bellas and Thor,
2007; Calbet et al., 2007; Seuront, 2011), and development
(Bejarano et al., 2006) in copepods. Acartia tonsa (a common
estuarine and coastal copepod) exposed to PAH compounds
fluoranthene, phenanthrene and pyrene reduced egg production
and recruitment rates by 60–88% (Bellas and Thor, 2007). Pyrene
toxicity on egg production was amplified with exposure to
ultraviolet (UV) light, decreasing recruitment and survival of
females by 3–16 fold. The photoinduced toxicity of PAHs is key
as oiling occurred during boreal summer when UV radiation
in the northern GoM is at its seasonal peak. Lethal effects of
crude oil were also found when field collected mesozooplankton
were exposed to increasing oil concentrations and dispersant in
mesocosms (Almeda et al., 2013). The combination of crude oil
and dispersant was even more lethal to mesozooplankton. At
the 1:20 ratio of dispersant to oil (a common ratio used in the
treatment of oil spills), and based on loading concentrations,
dispersant and dispersant-treated oil were 2–3 times more toxic
than oil alone. Exposure to UV light exacerbated these effects by
increasing mesozooplankton mortality by 35% on top of the effect
found for crude oil and dispersant. Despite the adverse effects
observed under laboratory conditions, direct extrapolations to
effects under field conditions are challenging due to differences
in both exposure conditions and concentrations.

Despite the individual physiological sensitivities to crude oil
and dispersant components, mesozooplankton at the community
level were seemingly resilient. Three hypotheses may explain
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this disconnect. First, fisheries closures resulted in higher
predation rates on small, planktivorous fishes like gulf menhaden
and bay anchovies, releasing mesozooplankton populations
(Carassou et al., 2014). Second, increases abundance of oil-
degrading microbes strengthened microbial-zooplankton trophic
connections (Graham et al., 2010; Chanton et al., 2012),
providing a competitive edge to zooplankton taxa able to
access that resource pool. Third, mesozooplankton may have
adapted to crude oil exposure. Wild populations of the
calanoid copepod Eurytemora affinis seemingly increased their
evolutionary tolerance to crude oil after 8 generations after the
DWH spill (Lee et al., 2017). Post-spill populations showed
increased survival and rapid development in the presence of
crude oil relative to pre-spill populations. Using a 9- to 10-day
generation time (Lee et al., 2017), this timescale suggests E. affinis
populations were more tolerant to oil exposure 2.5 months
post-DWHOS. This timeframe coincides with the July 2010
recovery of mesozooplankton communities (Carassou et al.,
2014). Nonetheless, identifying which hypothesis (if any) may
explain resilience contrasts across mesozooplankton individuals,
populations, and communities may be difficult since it will
require disentangling varying species-specific sensitivity to crude
oil toxicity, predatory and competitive interactions, and inherent
patchiness in time and space (Walsh, 1978).

Mesozooplankton are considered highly vulnerable to crude
oil exposure based their overlap in space and time with oiled
waters, their inability to avoid these waters, their direct acute
and chronic exposure, and the lethal and sub-lethal effects of
crude oil exposure on feeding and reproduction rates. Like
phytoplankton, mesozooplankton responses were taxa-specific
and highly variable, with some showing increased abundances
post-spill. These contrasts, combined with their life history
traits, indicate that mesozooplankton overall are highly resilient
to oil spills. They are numerous (r-selected), have short
generation times (i.e., days-weeks), high dispersal rates and
connectivity, and recover quickly from co-varying stressors such
as freshwater inputs. Summary Evaluation: Vulnerability – High,
Resilience – High.

Gelatinous plankton (“jellies”) are often overlooked in
northern GoM coastal ecosystems; yet, the region supports a
diverse array of taxa who provide numerous ecosystem services
(Graham et al., 2003), including being prey for apex predators
such as tuna, billfish, sunfish, and sea turtles (Arai, 2005;
Houghton et al., 2006; Cardona et al., 2012; Robinson et al.,
2015). Two gelatinous functional groups were considered for
the V-R analysis. The first were large, gelatinous plankton
predators like scyphomedusae (common coastal taxa include
Aurelia spp. and Chrysaora spp.) and ctenophores that are
voracious consumers of mesozooplankton and fish eggs and
larvae (Cowan and Houde, 1993; Purcell, 1997; Shiplett, 2011).
The second group were pelagic tunicates (i.e., salps, doliolds,
pyrosomes, and larvaceans), that play key roles in biogeochemical
cycling. These taxa filter and consume microbes and phyto-
detritus particles as small as 0.1µm (Sutherland et al., 2010),
producing mucus-rich aggregates (i.e., marine snow) and fecal
pellets that are metabolized by a suite of organisms as they sink
(Alldredge, 1976).

Both groups potentially affected the fate of Macondo crude
oil. Dolioletta gegenbarui, an abundant Gulf of Mexico thaliacean,
consumed and released oil droplets in their fecal pellets at
rates that could potentially export 200 g of oil m−3 d−1 to
the benthos (Lee et al., 2012). Gemmell et al. (2016) found
Aurelia sp. scyphomedusae swimming through an emulsified
suspension of crude oil droplets extruded copious amounts of
mucus rich in carbon, nitrogen, and phosphorus as a stress
response and chemical defense (Ducklow and Mitchell, 1979;
Shanks and Graham, 1988; Pitt et al., 2009). This prodigious
amount of mucus contained significantly higher densities of oil
droplets relative to the surrounding waters and hydrocarbon
degrading bacteria relative to control treatments. This outcome
strongly suggests scyphozoan medusa may accelerate microbial
degradation of crude oil by relieving nutrient limitation through
mucus production.

Gelatinous plankton are tolerant overall of crude oil crude
oil and PAH compared to zooplankton like copepods, larval
fish, and other invertebrates (see Almeda et al., 2013 and
references therein). Toxicity tests of Macondo crude oil and
Corexit 9500 dispersant on Aurelia spp. ephyra showed crude
oil alone did not cause acute toxicity, but the combination of
oil and dispersant resulted in marked mortality and physical
and behavioral abnormalities (Echols et al., 2016). Almeda
et al. (2013) found adult Aurelia sp. survived in crude oil
concentrations ≤25 µL L−1 after 6 days of exposure; though,
exposure did cause tissue damage and abnormal swimming.
Larval stages were more vulnerable. Aurelia spp. ephyra and
the larvae of the lobate ctenophore Mnemisopsis leidyi decreased
with increased exposure duration and oil concentration, with
100% mortality at 25 µL L−1. Altered swimming behavior
(e.g., low mobility, slow swimming speed) was also observed
in larval stages.

Limited evidence suggests the negative effects of DWH
oiling on individual gelatinous plankters did not translate
into population effects. Coastal doliolid densities were reduced
significantly relative to historical baselines in coastal Alabama
throughout the summer after the spill but recovered August 2010
(Carassou et al., 2014). However, we are not aware of other data to
corroborate or contrast this finding. The relatively quick recovery
further evidences the challenges in extrapolating DWH effects on
plankton individuals under controlled laboratory conditions and
populations exposed in the field.

Gelatinous plankton life-history traits may partially explain
population recoveries. Gelatinous plankton taxa can quickly
dominant plankton biomass at local scales through rapid rates
of sexual or asexual reproduction. Time to first reproduction
varies from 2 days (in the case of larval ctenophore reproduction;
Martindale, 1987) to 1–3 months for scyphozoan polyps to
produce ephryae (Purcell et al., 1999; Purcell, 2007). Scyphozoans
with benthic polyp stages are highly fecund; an individual polyp
can produce 40 ephyrae per strobilation event (Lucas, 2001). This
rate can translate to 10 billion ephyrae produced annually for a
single port (Duarte et al., 2012). Moreover, polyps can strobilate
repeatedly, are perennial, and produce for years (Arai, 1997).
The individual life span of gelatinous plankter can vary from
weeks (ctenophore) to 1 year (scyphomedusae) in subtropical
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waters. This reproductive strategy can potentially yield millions
to billions of jellyfish per year (Robinson and Graham,
2013). Overall, these life-history traits allow some gelatinous
plankton taxa like the scyphozoans to tolerate and succeed
in otherwise environmentally stressful conditions. Summary
Evaluation: Vulnerability - High, Resilience – Medium.

Ichthyoplankton Nearly all marine fishes in the GoM have
pelagic egg and larval stages (ichthyoplankton) which are
part of the plankton for durations ranging from days to
months, depending on the species. Under “natural” conditions
ichthyoplankton mortality rates approach 100%, primarily due
to predation (Fuiman, 2002; Houde, 2008), therefore a major
concern during the DWH event was the impact of additional
mortality on these vulnerable life stages (Hernandez et al.,
2016). The temporal and spatial patterns of ichthyoplankton
distribution and abundance are largely determined by adult fish
spawning behaviors (e.g., when and where spawning occurs), as
well as oceanographic processes that transport (or locally retain)
eggs and larvae, and larval fish behaviors (e.g., vertical migrations;
Hernandez et al., 2010a). The phenology of larval fish occurrence
in the coastal and nearshore waters of the northern GoM has been
described by numerous surveys and synthesis works (e.g., Ditty,
1986; Ditty et al., 1988; Hernandez and Shaw, 2003; Hernandez
et al., 2003, 2010a,b); therefore we have a reasonable idea of
which species were present and at risk to oil and dispersant
exposure during DWH.

Most laboratory studies examining the impact of oil exposure
on the development and survival of fish eggs and larvae have
reported sublethal or lethal effects (Fodrie et al., 2014), and
collectively suggest a wide range of developmental impacts. For
example, numerous sublethal effects were observed in recently
hatched Red Drum (Sciaenops ocellatus) larvae after eggs were
exposed to weathered slick oil, including reductions in brain and
eye size, and abnormal cardiac and nervous system development
(Khursigara et al., 2017; Xu et al., 2017). Magnuson et al.
(2018) also reported impaired ocular development in Red Drum
and Sheepshead Minnow (Cyprinodon variegatus) larvae, which
resulted in observable reductions in behavioral (optomotor)
responses to external stimuli. In addition, numerous studies
have reported significant impacts at the genomic level after
oil exposure, resulting in alterations of gene expression, organ
development, cellular pathways, and immune responses (e.g.,
Whitehead et al., 2012; Dubansky et al., 2013), as well as the
combined effects of oil exposure with variable environmental
factors, such as dissolved oxygen, temperature, salinity and light
exposure (e.g., Alloy et al., 2017; Serafin et al., 2019; Rodgers
et al., 2020). Collectively, these sublethal effects suggest that fish
larvae exposed to DWH oil in situ would have had impaired
survival abilities needed to evade predators and locate prey. If
these laboratory results are indicative of the actual exposures
experienced by coastal and nearshore ichthyoplankton during
DWH, then it is reasonable to assume that additional mortality
would have resulted.

In spite of the laboratory results, field-based evidence for
detrimental impacts to ichthyoplankton during the DWH oil
spill has been equivocal. Several studies using plankton survey
data have estimated the degree of overlap between DWH surface

oil and larval fishes, but these analyses were largely limited
to offshore pelagic taxa (Muhling et al., 2012; Rooker et al.,
2013). Using SEAMAP plankton survey data, Chancellor (2015)
estimated the proportions of fish larvae potentially exposed to
DWH oil for a suite of taxa. Overall, the exposure probabilities
were relatively low for most taxa with larval stages common
in nearshore waters, such as Atlantic Bumper (Chloroscombrus
chrysurus, 6.15%), Scaled Sardine (Harengula jaguana, 7.3%),
Sand Seatrout (Cynoscion arenarius, 12.84%), Red Drum (0.02%),
Spanish Mackerel (Scomberomorus maculatus, 10.59), and
Harvestfish (Peprilus paru, 4.37%), among others. Interestingly,
the highest estimated proportion of exposure among all taxa
examined was for the larvae of Spotted Seatrout (26.27%),
a common coastal resident and recreational fisheries target.
Overall, the limited availability of nearshore SEAMAP sampling
stations, however, may have resulted in an underestimation of
exposure for many taxa.

Other field-based studies have examined pre- and post-
DWH abundances of fish larvae, as well as potential DWH
effects on larval feeding and growth. Hernandez et al. (2016),
for example, reported the abundances of larval Red Snapper
(Lutjanus campechanus) collected relatively near shore (20 m
isobath) were highly variable, but did not differ between surveys
conducted before (2007–2009), during (2010) and after (2011,
2013) the DWH oil spill. However, the body condition (proxy
for growth) of larval Red Snapper collected in 2010, 2011,
and 2013 was relatively poor compared to pre-DWH larvae. In
contrast, Ransom et al. (2016) found that body condition of larval
Spanish Mackerel was relatively higher during the DWH event
than years before (2007-2009) and after (2011), and reported
no significant changes in larval abundances or diet (based on
stable isotopes of C and N). The contrasting results in body
condition observed during DWH for larval Red Snapper and
Spanish Mackerel suggest that impacts are taxon-specific, and
therefore caution should be used when categorizing impacts on
“ichthyoplankton” collectively.

Like mesozooplankton, ichthyoplankton are considered
highly vulnerable to crude oil exposure based their overlap in
space and time with oiled waters, their inability to avoid these
waters, their direct acute and chronic exposure, and the lethal and
sub-lethal effects of crude oil exposure on larval development.
Ichthyoplankton overlap with oil was taxon-specific and
highly variable in time and space, as were abundances and
responses (e.g., body condition) during DWH relative to baseline
conditions. Overall, ichthyoplankton were highly resilient to the
DWH oil spill. Most of the nearshore and coastal fish species
that may have been impacted by the oil spill are highly fecund,
have extended spawning periods (several months), and are
wide-ranging in their distribution across the northern GoM.
As such, high dispersal rates and connectivity would allow for
relatively quick recovery. Summary Evaluation: Vulnerability –
High, Resilience – High.

Benthic Infauna Considerable research on impacts to
nearshore benthic communities has been published in the
wake of DWH focused primarily on beach sand habitats (e.g.,
Kostka et al., 2011; Bik et al., 2012; Bejarano and Michel,
2016; Michel et al., 2017; Huettel et al., 2018; Bociu et al., 2019)
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and marsh invertebrate infauna (Brunner et al., 2013; Michel
and Rutherford, 2013; Fleeger et al., 2015; Murawski et al.,
2016; Rabalais and Turner, 2016; Zengel et al., 2016; Deis
et al., 2017; Fleeger et al., 2018). Additionally, Schwing et al.
(2020) evaluated impacts and recovery potential for offshore
benthic environments.

Beach environments are unique in that effective and efficient
oil recovery is possible and emphasized in oil spill response
because many are considered “amenity” recreation areas of high
public value and use. Impacts to beaches occur both from the
initial and chronic oiling, but also through escalating levels
of “recovery impacts” (Michel et al., 2017), including manual
pick up of surface oil, augering, beach grooming/tilling with
mechanical devices, submerged oil mat removal, and excavation
of sub-surface oil deposited and thereafter covered. The intensity
of these activities combined with the degree of initial oiling can
retard recovery of beach fauna by months to years (Bejarano
and Michel, 2016; Michel et al., 2017). Indeed, sediment-oil
agglomerates buried in aerobic sediments can take decades to
degrade (Bociu et al., 2019). Microbial composition of sand
beaches experiencing oiling was dramatically different in short-
term contrasts between control and treatment locations (Kostka
et al., 2011; Bik et al., 2012), although microbial populations
returned to pre-spill profiles within a year of the event (Huettel
et al., 2018). Based on a meta-analysis of beach oiling from
historical oil spills, Bejarano and Michel (2016) concluded
that recovery of beach benthic communities is highly variable
and depends primarily upon site-specific conditions (degree
of exposure, sediment grain size, etc.) as well as oil depth
penetration, level of response intervention and species-specific
life history traits. Depending on the combination of such factors,
recovery may take from months to years.

Unlike beach habitats, salt marsh benthic communities
(particularly in the heavily oiled Louisiana marshes) are
not amenable to active oil response measures and natural
attenuation is the recommended method of oil removal.
Michel and Rutherford (2013) ranked a number of response
measures specifically for marsh habitats, concluding that natural
attenuation and the use of sorbents were the least detrimental,
and mechanical oil removal, sediment reworking/tilling and
vegetation cutting had the most adverse habitat impacts. Because
of the transgression of large quantities of oil into the marshes
during the DWH event (Figures 1, 11; Nixon et al., 2016;
Turner et al., 2019a) high levels of PAHs and other oil
components penetrated into soft bottom marsh habitats (Turner
et al., 2019a). Even 8 years after the DWH event, some
locations exhibited PAH concentrations an order of magnitude
or greater than background (Turner et al., 2019a). At the
salt marsh edge, extensive oiling killed above- and below-
ground plant biomass resulting in collapse of the marsh edge.
Fleeger et al. (2015, 2019) noted the importance of these
“foundation” plant species (e.g., Spartina), soil quality and
benthic algae in promoting the recovery of meiobenthos and
burrowing epi-benthos (Zengel et al., 2016). Heavily oiled areas
exhibited significant reductions in most infaunal taxa, including
nematodes, polychaetes, copepods, amphipods, annelids, bivalves
and other species (Fleeger et al., 2019). Whereas nematodes and

some polychaetes rebounded rather quickly in moderately and
heavily oiled sites, kinorhynchs, other polychaetes, ostracods,
and juvenile gastropods recovered more slowly, and were not
fully recovered even 6.5 years after initial oiling (Fleeger et al.,
2019). Poor soil quality was associated with the slow recovery
at these sites. Overall, the effects of oiling on benthic infauna
were highly variable, dependent on the degree of oiling, effects
of recovery impacts, and influenced by the weathering of
oil in sediments. Summary Evaluation: Vulnerability – High,
Resilience – Medium to High (depending on life history, local
conditions and type of habitat).

Bottlenose Dolphin – The common Bottlenose Dolphin is
found across the globe, including within the nearshore and
coastal waters of the DWH surface oiling footprint (Deepwater
Horizon Natural Resource Damage Assessment Trustees, 2016;
Figure 1). Within this footprint, the National Oceanic and
Atmospheric Administration (NOAA) manages this protected
species as 11 “biologically meaningful stocks”: nine resident
stocks within each of the bay, sound, and estuarine (BSE) bodies
of water along the coastline (from Terrebonne and Timbalier
Bays in Louisiana to St. Andrews Bay, FL), and two coastal stocks
that typically range from the coastline to the 20 m-isobath (the
GoM Northern Coastal Stock and the GoM Western Coastal
Stock; Deepwater Horizon Natural Resource Damage Assessment
Trustees, 2016). During the spill, BSE and coastal dolphins
(in addition to continental shelf and oceanic stocks/species)
were observed swimming in DWH oil slicks (Aichinger-Dias
et al., 2017), putting them at risk of inhaling and aspirating
toxic airborne and waterborne oil constituents (Takeshita et al.,
2017). In the years during and following the spill, over 1,000
cetaceans (mostly common Bottlenose Dolphins) stranded dead
along the northern GoM coastline, resulting in the largest
unusual mortality event on record in the northern GoM (Litz
et al., 2014; Venn-Watson et al., 2015b). The dead dolphins
had a high prevalence of lung and adrenal disease, as well
as high prevalence of late-term pregnancy loss (Venn-Watson
et al., 2015a; Colegrove et al., 2016). In the years following
the spill, researchers studying live dolphins in Louisiana and
Mississippi found a variety of oil-related adverse health effects
that were consistent with the observed pathologies from stranded
dolphins. The effects documented in live dolphins included lung
disease, poor reproductive success, abnormal stress response, and
immune system dysfunction (Schwacke et al., 2014; Lane et al.,
2015; De Guise et al., 2017; Kellar et al., 2017; Smith et al., 2017).

Their respiratory physiology and behavior make dolphins (and
cetaceans in general) especially vulnerable to surface oil spills like
DWH because of their deep breaths at the air-water interface,
where the highest concentrations of volatile organic compounds,
and aerosolized and surface oil can be found. Inhaled toxicants
are not filtered through turbinates (as in other mammals) before
absorption into the large blood supply in dolphins’ lungs, which
gets pumped directly to the heart. After DWH, it is also clear that
dolphins did not swim away from or avoid surface oil (Aichinger-
Dias et al., 2017). The BSE dolphins, especially, appear to have
maintained their relatively small usage areas despite DWH oil
contamination (Wells et al., 2017). As compared with Bottlenose
Dolphins comprising coastal stocks, dolphins in Barataria Bay
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exhibit a high degree of site fidelity, are confined to small
home ranges and exhibit year-round residency, all of which
made them particularly vulnerable to the presence of DWH oil
(Wells et al., 2017).

Relative to other marine wildlife, marine mammals have
a low maximum rate of population increase (rmax), and
therefore, have slow recoveries after facing reductions in their
populations (e.g., Davidson et al., 2012). As keystone predators
in the northern GoM marine ecosystem, common Bottlenose
Dolphins are at especially high risk from perturbations in their
habitats. Compared to lower trophic level species, they have
low productivity due to a high body mass at weaning and a
low number of births per year. In combination with their small
usage areas (BSE dolphins) and/or narrow habitat ranges (coastal
dolphins), their k-selected life histories mean that northern
GoM Bottlenose Dolphins are less resilient against large-scale
threats/risks such as DWH. Models of the GoM bottlenose
dolphin stocks within the DWH surface oil spill footprint
projected that most stocks lost over 50% of their population, and
that each stock will require three to five decades to recover to
their pre-spill abundance levels (see Table 4.9-10 in Deepwater
Horizon Natural Resource Damage Assessment Trustees, 2016).
These compromised stocks are likely even more vulnerable and
less resilient against any additional stressors that they may face in
the near future. Summary Evaluation: Vulnerability – Medium
to High (depending on the degree of site fidelity and home
range size), Resilience – Medium to Low (depending on the
range of distribution across stocks).

Community – Level Analyses
We conducted two types of community-level analyses, (1) time-
series summaries of mixed-species catches in fishery-independent
trawl surveys by estuary (Figures 3, 4), and (2) multivariate
analyses exploring species associations and evaluating the
strength of coincidentally collected environmental information
affecting species abundance and distribution patterns (Figures 5–
7 and Supplementary Figures 8, 9). These analyses provided
complementary information on the responses to variability in
environmental conditions affecting abundance and distribution,
as well information on pre- and post-DWH time frames to
evaluate whether changes in species composition were associated
in time with the DWH oil spill.

For the Louisiana and Alabama information, we evaluated
overall abundance (numbers standardized trawl haul−1) for
all species and for three subsets of species, including all
finfishes, invertebrate species, and those typically considered
freshwater-associated (Figure 3 and Supplementary Table 1).
The overall abundance of trawl-caught species was relatively
high during 2010 in all three Louisiana basins (Figure 3)
but in all cases had declined modestly post-DWH. These
changes were primarily driven by lower overall catches of
finfishes and especially invertebrates (Figure 3). Invertebrate
abundance (primarily shrimps and crabs) increased in 2010
in Barataria Bay but declined thereafter to recent time series
lows (Figure 3). Invertebrate abundance in Terrebonne and
Pontchartrain basins peaked in 2011 and 2012, respectively, and
either fluctuated without trend (Pontchartrain) or declined to

time-series lows (Terrebonne). The abundance of freshwater
species, particularly in Barataria and Terrebonne Bay trawl
catches has increased since about 2000 and peaked in
the mid-2010s after DWH (Figure 3). The increase in
abundance of freshwater species was inversely correlated with
the decline in average annual salinity (Figure 8) in Barataria Bay
(r =−0.69, p = 0.001).

Alabama trawl survey catches peaked at near time-series high
in 2010 and had declined somewhat since then (Figure 4).
Likewise, finfish, invertebrate and freshwater species abundance
has remained relatively stable since 2010, similar to the findings of
Moody et al. (2013). Freshwater species abundance has fluctuated
annually with no obvious trend, and the peak in Alabama in
2005–2006 (Figure 4) coincides with hurricane Katrina in 2005
and coastal flooding associated with its aftermath.

The overall species catches in Florida estuaries (Figure 4)
confirmed the general post-DWH trend of catch stability as seen
in Alabama. For those years when Mississippi abundance data
were publicly available (1973–2005) there was similarity between
the Mississippi and Alabama trends, which has been confirmed
in past analyses of trawl survey data, e.g., O’Connell et al. (2019)
found more similarity in trawl survey catches between coastal
Alabama and Mississippi than with Louisiana (Lake Borgne)
catches. Data reviewed in Schaefer et al. (2016) confirmed the
relative stability or short-term increases in fish abundance in
coastal Mississippi pre- and post-DWH. The overall decline
in catches in Alabama, Mississippi and Florida between the
late 1990s and about 2005 reflects a pattern similar among all
three states and is possibly indicative of regionally coherent
environmental drivers.

Results of community-level patterns assessed in the SIMPROF
analyses of Barataria Bay trawl catches revealed coherent changes
in species assemblages and sub-structures of species groupings
over the time series (Figure 5). The SIMPROF clustering of
years with similar species assemblages revealed a few distinct
stanzas since the mid-1990s. There was a notable progression
in beta-diversity over time, with 2010 (the DWH year) through
2012 being relatively distinct from the years before and after
this three-year period (Figure 6). The patterns were so distinct
between pre- and post-DWH Barataria Bay trawl catches that
they may be considered to constitute a regime shift (e.g.,
Lees et al., 2006; deYoung et al., 2008; Levin and Möllmann,
2015). The change in community structure post-DWH was most
prominent in declining abundances of the species constituting
the upper right section of the seriated heatmap figure (e.g., species
from Southern Flounder to Star Drum; Figure 5), and which
contribute to the declining trend in overall abundance for the
region observed since 2010 (Figure 3). The species-clustering
dendrogram (Figure 5) also identified a large group of species
(Sheepshead to Sharptail Goby) that have generally increased in
abundance over time, and especially post-DWH.

Results of the redundancy analyses (Figure 7 and
Supplementary Figures 8, 9) revealed the importance of
environmental variables and how various species align in
multidimensional ecological space. There was a clear pattern of
environmental change, as illustrated by the ordination of years
along the two canonical axes and the relative associations of
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the abiotic factors to those axes visualized as vectors (Figure 7).
In the case of the three environmental variables investigated
(salinity, water temperature, and water clarity), they were
generally opposed to each other. For example, conditions in
the mid-1990s indicated the highest relative salinities and
lower temperatures than the late-1990s through 2010s, and
the post-DWH conditions were characterized by the highest
relative water clarity, similar temperatures to the mid-1990s,
and moderate-to-low salinities. Predominantly freshwater
species such as Blue and Channel Catfishes occur in relatively
warm, low-salinity conditions of moderate water clarity.
Spotted Seatrout are consistently associated with more saline,
relatively cooler waters within Barataria Bay than are Red
Drum. Gulf Menhaden, Blue Crab, and White Shrimp appear
somewhat associated with conditions influenced by ocean-water
intrusions into the bay, whereas Brown Shrimp, Spot, Atlantic
Croaker, and Bay Anchovy occupy neutral space along these
environmental gradients (Figure 7). The time series of mean
annual environmental measurements of temperature, salinity,
and water clarity for Barataria Bay (Figure 8) confirmed a
long-term decline in average salinity, especially after 2001. Water
temperatures were initially relatively low but have fluctuated with
little trend since the late 1990s. Water clarity declined from the
time-series high in the mid-1990s and remained relatively low
throughout the 2000s, and has increased since 2010 to conditions
similar to those in the mid- to late-1990s (Figure 8).

The RDA diagram for the Pontchartrain basin illustrated
the dominance of water clarity and also emphasized that water
temperature and salinity were important in structuring the trawl
catch communities (Supplementary Figure 8). Unlike Barataria
Bay, however, there was no consistent environmental changes
over time or in system-wide organization; for example, 1999
and 2018 had similar environmental and species assemblage
conditions (Supplementary Figure 8). In the Terrebonne
basin, water clarity and salinity were the dominant co-variates
determining species distribution, with water temperature being
a far weaker covariate than either water clarity or salinity
(Supplementary Figure 9). In Terrebonne Bay, the years since
the 2010 DWH oil spill generally exhibited higher water clarity
and salinity than in previous years (Supplementary Figure 8).

DISCUSSION

While the DWH oil spill did not originate in the
coastal/nearshore region, within six weeks large quantities of
weathered oil had reached the coasts of affected states, impacting
beaches, entering estuaries and resulting in a patchwork of oiling
ranging from no-oil observed to heavy (Deepwater Horizon
Natural Resource Damage Assessment Trustees, 2016; Turner
et al., 2019a; Figures 1, 2, 11). The oil transport scenario and
the ensuing use of protective fishery closures and oil spill
response measures, enacted ostensibly to slow the progression
and lessen the severity of impacts from DWH, resulted in a
complex set of interacting effects on coastal and nearshore biota
(Figure 2). Disentangling population and community-level
effects of oil contamination and associated response measures

from other factors such as fishing, climate change, habitat
loss and increasingly managed hydrology represents a difficult
challenge in synthesizing oil spill impacts. This challenge was
exacerbated by the dearth of comprehensive, synoptic baselines
of oil contamination and related species life history data pre-spill,
as has been noted by many previous authors.

A number of previous studies have conducted short-term,
BACI-type (Before-After-Control-Impact) analyses of DWH
effects (e.g., Moody et al., 2013; van der Ham and de Mutsert,
2014; Schaefer et al., 2016) using pre- and relatively short post-
DWH time series from abundance surveys, but these studies were
not designed to specifically index oil-spill effects. Such analyses
may not fully capture the complexity of coincident drivers
affecting the organization of species or the inherent variability of
animal abundance and recruitment. Short-term analyses may be
particularly problematic for longer-lived species (e.g., Red Drum,
Bottlenose Dolphin, etc.), and longer-term and extended post-
event monitoring can provide broader perspectives of how such
events may have interacted with or interrupted normal variability
and trends, particularly where significant human control of
ecosystems occurs (as in the northern GoM). For example,
ongoing analyses of the effects of the Exxon Valdez oil spill,
even three decades hence continue to allow re-evaluation of the
impacts and threats posed by large scale spills and the proximal
drivers of population and ecosystem change (Peterson et al., 2003;
Bodkin et al., 2014; Esler et al., 2018). In this regard, our syntheses
of DWH-associated effects should be viewed not as definitive, but
as contingent upon the collection of yet longer time-series data
over varying spatial scales to provide more meaningful temporal
context (e.g., short-term fluctuations vs. longer term trends) for
the observations we are summarizing.

The key species we analyzed exhibited a wide range in
vulnerability to the effects of DWH and potential population
resiliency. As we note above, differences among species are
determined by a number of factors (Supplementary Table 2).
Vulnerability of populations to spill effects is in large part
due to the spatiotemporal overlap of particularly sensitive life
stages (eggs, larvae and postlarvae) with toxic concentrations
of oil in the water column and in sediments (Deepwater
Horizon Natural Resource Damage Assessment Trustees, 2016).
Most of the species we characterized either had sensitive life
stages spawned and developed prior to oil overlapping their
distributions (e.g., Gulf Menhaden, Red Drum) or extended
spawning intervals resulting in significant fractions of annual
larval production outside the temporal overlap with the spill
(e.g., shrimps, Spotted Seatrout, Eastern Oyster). For several
species there are complex interactions between the use of the
coastal ocean for spawning and recruitment back into estuaries
(e.g., shrimps, Gulf Menhaden, Blue Crab and Red Drum)
which may translate to increased potential for limited exposure
of vulnerable life stages and enhanced connectivity among
adjacent estuaries thereby buffering spill impacts on individual
populations. While there was high vulnerability of plankton
(phyto- and zooplankton) to oil in the water column, the
affected population fractions were small and recruitment from
outside the spill area combined with rapid population turnover
limited extensive negative impacts. Where overlap of toxic
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concentrations of oil with significant portions of populations
did occur, the impacts were more profound (Bottlenose Dolphin
BSE). The combination of high vulnerability to DWH and low
resilience potential of affected Dolphin populations resulted in
BSE Bottlenose Dolphins being the most negatively affected by
DWH of the key species we evaluated in the coastal/nearshore
area. An important contribution of the present synthesis is the
further recognition that taxonomically closely related species
(e.g., Brown and White Shrimp; and Spotted Seatrout and Red
Drum) and even demographically independent populations of
the same species (e.g., Barataria Bay BSE and coastal stocks)
can have differing vulnerabilities resulting from life-history traits,
habitat preferences and behavioral adaptations (e.g., high site
fidelity). Thus, extrapolating impacts from a small subset of
closely related species should be done cautiously.

Because of the large number of species occurring in northern
GoM coastal areas and the diversity of their life histories, it is
important not only to consider differential impacts of DWH on
a small number of key species but in community-level analyses
as well. Trawling surveys in coastal estuaries of the northern
GoM typically catch several hundred species or species groups
(e.g., Louisiana Department of Fisheries and Wildlife trawl
surveys documented 308 species or groups in the three basins
we evaluated; Supplementary Table 1). The high biodiversity in
coastal regions is reflective of the transition zones that estuaries
play between freshwater and oceanic conditions. As well, these
regions serve as productive nursery areas for species that, as
adults, may spend the majority of their lives in the ocean, and
especially those supporting the most productive fisheries in the
GoM (Cowan et al., 2008). Changing environmental conditions
due either to disruptive events or long-term environmental
trends will necessarily result in changing distributions of animals
relative to the habitats in which they have evolved.

Long-term trawl survey data documented both declining
trends in multispecies abundance (Barataria and Terrebonne
Bays, Pontchartrain basin; Figure 3) and relative stability
(Alabama, Florida, Figure 4) post-DWH. In Barataria Bay
(the estuary with the highest concentration of heavily oiled
marshlands, Figure 1), SIMPROF analyses and associated nMDS
plots documented significant changes in species composition
coherent in time with DWH and driven by a number of species
that we did not consider to be key species because of their direct
economic importance (Figures 5, 6). The changes in the relative
abundance of species we document are similar to those observed
by Chesney et al. (2000) after the initiation of operations of the
Caernarvon freshwater diversion in Black Bay in addition to
continuing freshwater inputs from the Bohemia Spillway south
of Caernarvon, and emptying into Breton Sound. Differences
in the composition of the finfish and epi-benthic invertebrate
communities, as revealed in trawl survey catches (Figure 5),
pre- and post-DWH were so pronounced that the changes fit
criteria generally associated with ecological regime shifts. In 2008,
deYoung et al. (2008) noted that “Regime shifts are abrupt changes
between contrasting, persistent states of any complex system.”
Clustering of species compositions sampled post-DWH abruptly
shift beginning in 2010 (Figure 6) and data collected through
2018 do not show the system reverting to pre-DWH abundance

or compositional characteristics (Figure 6). The question remains
as to what is driving the apparent regime shift in Barataria Bay –
the effects of DWH and its aftermath or longer-term changes
in extant environmental conditions (or both)? Additionally,
there are also apparent long-term shifts in productivity and
organization at the GoM large marine ecosystem (LME) scale
likely caused by ocean basin environmental forcing and changes
in fisheries management policies (Karnauskas et al., 2015;
Kilborn et al., 2018).

With the opening of the Davis Pond freshwater diversion
channel in 2002 (Cowan et al., 2008; Das et al., 2012; de Mutsert
and Cowan, 2012; Rose et al., 2014; Coastal Protection and
Restoration Authority of Louisiana, 2017; de Mutsert et al.,
2017; White et al., 2018; Turner et al., 2019b), the hydrology
of Barataria Bay has changed, as reflected in the yearly average
salinity and water clarity sampled coincident with trawl survey
stations (Figure 8). The shunting of water and sediment through
the Davis Pond diversion during 2010 was exceptional in volume
and duration (O’Connor et al., 2016) leading to seaward shift
of the salinity gradient and large-scale mortalities of species
such as Eastern Oyster and Marsh Periwinkle, along with others
incapable of movement out of low salinity areas (Powers et al.,
2017a; Zengel et al., 2017). Our RDA investigation for Barataria
Bay documents the importance of salinity, water clarity and
temperature in structuring the estuarine fish and invertebrate
communities as sampled by trawls (Figure 6). Modeling of the
effects of the Davis Pond freshwater diversion on structure and
beta-diversity of fish and invertebrate communities predicted
some of the changes we document here, including increases
in the abundance of freshwater species as well as declines
in Spotted Seatrout and other species dependent upon higher
salinities (de Mutsert and Cowan, 2012; Rose et al., 2014).
The lack of recovery of the species assemblage to pre-DWH
conditions, perhaps, indicates that the freshwater surge in 2010
combined with the direct effects of oiling was sufficient to flip
the system into a new productivity regime from which it has
yet to return. As additional sediment diversions are planned
both for Barataria Bay and the adjoining Breton Sound/Black
Bay complex (Coastal Protection and Restoration Authority of
Louisiana, 2017; White et al., 2018) the regime change initiated
in 2010 may be a permanent feature of the system and in
fact additional seaward shifts in salinity-dependent species and
changes in productivity may ensue. As Cowan et al. (2008)
mused “Will the Louisiana coastal ecosystem and its related fish
production respond to restoration efforts as if the region has
experienced a regime shift or a shift in the ecological baseline?”
Our analyses indicate that one such shift was initiated coincident
with the DWH event in Barataria Bay. species and changes in
productivity may Our RDA analysis of community composition
in the Pontchartrain basin did not show a similar pattern of
directional change in the time series of environmental conditions
(Supplementary Figure 8), as with Barataria Bay (Figure 7).
In the Pontchartrain basin, water clarity and temperature were
more closely associated with species composition than salinity.
However, the Pontchartrain basin (Figure 1) is comprised of a
number of relatively distinct sub-basins (e.g., Breton Sound/Black
Bay along the eastern side of the Mississippi River, Lake
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Borgne and Lake Pontchartrain) that have unique hydrologies
and are subject to differing impacts of flooding and water
management scenarios. For example, like Barataria Bay, the
Caernarvon freshwater diversion channel at the head of Breton
Sound was opened during 2010 in a similar effort to forestall
oil dispersion into salt marshes (O’Connor et al., 2016). The
Caernarvon diversion and additional planned diversions for the
eastern side of the Mississippi River are key elements of the
restoration plan aimed at diverting sediments to stem land loss
in Louisiana coastal marshes (Coastal Protection and Restoration
Authority of Louisiana, 2017; Turner et al., 2019b). Rose et al.
(2014) modeled movement potential of salinity-sensitive species,
projecting down estuary movements of 15–35 km in response
to increased water volumes from diversions into Breton Sound,
and they noted the importance of salinity in structuring that
community. Additional research subdividing the Pontchartrain
basin into several component systems is needed to identify
systematic changes in species composition that may be associated
in time with DWH and other alterations to the hydrologic regime
(as for Barataria Bay).

The RDA for Terrebonne Bay (Supplementary Figure 9)
differed from both the Barataria and Pontchartrain basins in
that water clarity and salinity were the major environmental
parameters accounting for the structure of fish and invertebrate
communities. Although not as clear as for Barataria Bay, there
was a pattern of increasing water clarity over time, with clearer,
lower-salinity waters occurring post-DWH (Supplementary
Figure 9). No freshwater/sediment diversions are currently
operating or planned in the Terrebonne basin (Coastal
Protection and Restoration Authority of Louisiana, 2017), and
thus large-scale changes in the salinity gradient will likely
not occur.

In our analyses of species abundance and associated
environmental conditions, we computed annual averages from
multiple seasonal surveys to depict long-term change. Within
these regions there is strong seasonal forcing (e.g., spring
floods, hurricanes, etc.). Thus, more detailed seasonally based
analyses are feasible to evaluate a range of questions, especially
with respect to timing of life history events in relation to
environmental fluxes (e.g., O’Connell et al., 2019).

The analyses described above illustrate the difficulty of
attributing species and ecosystem change to the direct effects
of the DWH oil spill and the ensuing response measures,
including fishery closures. Some impacts, however, were severe
and obvious. For sedentary species including Eastern Oyster the
combination of the toxicity of oil and the effects of freshening
the marshes not only resulted in mass oyster mortalities (Powers
et al., 2017a), but oiling of the marshes was also was associated
with collapse of the marsh edges and the loss of oyster bars,
which in turn resulted in increased soil erosion and other negative
consequences for marsh ecosystems (Grabowski et al., 2012;
Powers et al., 2017c; Hughes et al., 2018). Likewise, Bottlenose
Dolphins’ exposure to toxic oil concentrations presented a variety
of negative health effects including reduced reproduction and
associated morbidities and mortalities (Schwacke et al., 2014,
2017). The association between changes in the salinity gradients
in Barataria Bay and Breton Sound, the distributions of dolphin

populations therein, and their exposures to oil remain conjectural
(White et al., 2018), but nonetheless they are important to resolve.

The use of freshwater diversions and the construction of
sand berms to forestall oil progression into sensitive estuarine
habitats may have at best been ineffectual (Figure 11; Martínez
et al., 2012; Suir et al., 2016) but more likely, as in the case
of freshwater diversions, they exacerbated the negative impacts
of oil exposure. For example, despite the high freshwater flow
rates through the Davis Pond and Caernarvon diversions during
the DWH spill, large quantities of oil readily progressed into
the marshes of Barataria Bay and Breton Sound, resulting in
oil contamination several orders of magnitude in excess of
background concentrations (Turner et al., 2019a). The transition
of oil through the channels near Grand Isle, LA and into lower
Barataria Bay is clearly seen in Figure 11. Other management
measures associated with the DWH spill, including inshore
and offshore fishery closures (Cockrell et al., 2019), likely
had more positive impacts on a variety of estuarine species,
especially including short-life cycle species such as shrimps, Gulf
Menhaden, and Blue Crab. However, fishery closure effects were
ephemeral and the balance of impacts from the combination of
response measures and fishery closures remains uncertain and
highly species-specific.

In their review of the environmental consequences of the
Exxon Valdez oil spill, Peterson et al. (2003) noted the importance
of an evolving understanding of “. . .delayed, chronic and indirect
effects of petroleum contamination.” In this regard, early reviews
of the effects of the DWH oil spill on nearshore communities of
organisms may have been too sanguine (e.g., Fodrie and Heck,
2011; Fodrie et al., 2014; Schaefer et al., 2016). For example,
while oil contamination in marsh sediments has declined from
the initially 100–1,000 times background, levels have remained
an order of magnitude above pre-spill levels 8 years post-
DWH, and will likely remain so for decades (Turner et al.,
2019a). How this reservoir of highly weathered and biodegraded
oil contamination will interact with estuarine biota depends
on how rapidly it becomes biologically unavailable. This was
particularly the case for benthic infauna. Likewise, the extended
mean generation times of a number of coastal species impacted
by the spill, including Bottlenose Dolphin, Red Drum, Black
Drum, and some bird species, means that the consequences
of spill impacts on population demography are yet to be
fully realized.

The Peterson et al. (2003) review also emphasized two
important aspects of the oil spill scenario that, until then,
had been underappreciated in oil-spill research. These include
understanding that oil-spill response measures (e.g., freshwater
diversions) can be as deleterious as oil contamination itself,
and evolving perspectives regarding how spills can affect the
structure and functioning of interacting species, communities
and ecosystems. As noted above, response measures such as
freshwater flooding and creation of sand berms were probably
ineffective, and in the former case enhanced mortality of
sedentary species. In the case of Exxon Valdez, response
measures such as steam-washing beach cobbles may have
resulted in driving oil deeper into sediments and volatizing
toxic compounds. In both the DWH and Exxon Valdez spills,
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the problematic response measures were not standard practice2,
further suggesting that their future use be carefully considered.
Furthermore, the potentially negative implications of these and
related response measures should be clearly acknowledged before
they are suggested in the politically charged heat of battle.

Peterson et al. (2003) also noted that perspectives on oil
spill impacts had evolved from primarily being a focus on
contamination of a few key species based upon extrapolation
from laboratory studies, to a broader consideration of impacts
on habitats and species associations within affected communities.
Our work illustrates the complementary perspectives that can
be gained from both looking at population consequences for
key species and the broader multispecies community effects that
may occur (e.g., Figures 5–7). Our work indicates that that
population trajectories varied substantially for a number of the
key species with obvious DWH-related impacts to some. The
community-wide perspectives, as illustrated for Barataria Bay,
show a complex series of post-DWH effects including declining
overall abundance (Figure 3) and a regime shift in species
dominance that would not have otherwise been detected through
more traditional approaches to oil-spill impacts monitoring.
Attribution of these effects solely to DWH oil contamination and
associated response measures remains elusive, however, because
of the changing environmental conditions and evolving natural
resource management schemes at play in the northern GoM
coastal environment. Nevertheless, with respect to large-scale oil
spills, an evolving ecosystem-scale approach to understanding
complex effects and interactions provides important new
perspectives and approaches for assessing the cumulative impacts
of human activities (e.g., Baker et al., 2017).

PRIORITIES FOR MANAGEMENT AND
RESEARCH

With respect to cumulative impacts from large-scale stressors,
one might consider how to increase the resiliency of ecosystems
and their component species to better withstand future shocks
to the system from oil spills, hurricanes, harmful agal blooms,
and other serious threats. Because there are other management
levers that can be manipulated, one might consider, for example,
strategies to improve the volume and quality of reproduction
of species, emphasizing the build-up of multiple age classes of
animals contributing to the age structure. There is precedent
for such strategies in the northern GoM. Due to reductions in
fishery catches by about half, the cumulative spawning output
and population density of Gulf Menhaden were relatively high
when DWH occurred and have increased still to near time-
series record values (Figure 12). One might also consider similar
management tactics for other species of economic or ecosystem

2Response measures that are considered standard practice include physical
recovery, dispersant applications, in situ burning and monitoring natural recovery
on open water, and manual oil collection, flushing, cleaning agents, pressure
washing, bioremediation and monitoring natural recovery on shorelines. Each
response measure has advantages and disadvantages, and their values depend
on the situation. Typically, an analysis is undertaken in order to select the best
response strategy that mitigates oil impacts.

importance. Management tactics for Spotted Seatrout vary widely
among GoM states. For example, in the Panhandle of Florida,
2020 sport fishing regulations for Spotted Seatrout include a
bag limit of three fish with a slot size-limit from 15 to 19
inches, and one fish allowed to be >19 inches per vessel (Florida
Wildlife Commission, 2020). By contrast, regulations in eastern
Louisiana allow a bag limit of 25 fish ≥12 inches with no more
than 2 fish >25 inches (Louisiana Department of Wildlife and
Fisheries, 2020). The difference in management tactics could
easily be translated into the relative spawning escapement and
thus resilience potential for various management strategies, given
information on fishing effort, bycatch mortality and a few other
parameters (e.g., eggs/recruit analysis).

The dendrogram on the Barataria Bay trawl catch heatmap
(Figure 5) divides the species into two main sub-groups. The
group from Southern Flounder to Star Drum is comprised
of species preferring more saline, less eutrophic waters (and
is becoming less abundant over the decades). Conversely, the
species group from Sheepshead to Sharptail Goby is generally
found in less saline, more eutrophic waters (and is becoming
more abundant). The overall patterns also support the thesis
that nutrient loading/retention in Barataria Bay has increased
on a decadal scale, and that eutrophication is contributing to
the regime shift, as a number of eutrophication-sensitive species
have changed in abundance. Management strategies that more
effectively control nutrient enrichment may thus be important in
managing for estuarine community structure.

Other strategies to increase the resiliency of the northern
GoM coastal/nearshore system to future perturbations through
reductions in co-stressors might include greater use of marine
and coastal protected areas and/or restoration of critical nursery
habitats, as is the objective of billions of dollars in habitat
restoration funding resulting from the fines imposed on the
parties responsible for DWH (Coastal Protection and Restoration
Authority of Louisiana, 2017; Wallace et al., 2019; Boesch, 2020).

Our research has focused on a re-examination of multiple
long-term time series of data that describe the state of the
northern GoM coastal/estuarine systems for decades prior to, and
after the DWH event. These data present a nuanced and variable
picture of DWH impacts on species, populations, communities
and ecosystems within the region. Because none of the series pre-
dating the spill were collected with the specific intent of creating
oil spill baseline information, the individual surveys have limited
power to detect change, particularly over short time intervals.
The increased length of the time series of many of these surveys
post-DWH and general coherence across surveys now reveals
important patterns that have emerged from the noise of the data.
As a result, we propose a number of research recommendations to
collect information necessary to be more predictive of large-scale
oil spill impacts. These include:

Evaluating Connectivity Among
Populations at Increasing Spatial Scales
in Coastal/Estuarine Regions of the GoM
While the broad patterns of population demography for coastal
and nearshore populations and their interactions are generally
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understood, much remains unknown regarding the degree of
meta-population connectivity among adjacent groups. Because
the degree of oiling of coastal marshes and beaches was so
sporadic (e.g., Figures 1, 11), it is likely that rather than
presenting uniform population-level effects, DWH resulted in
a mosaic of impacts ranging from low to substantial, even
within a single estuary (Figure 11). In order to evaluate the
degree to which population connectivity ameliorates population
or community effects of oil spills (and other such events) and
promotes resiliency, more focused research on these issues is
of great practical importance. Using modern genomic tools,
advanced tagging and movement data and hydrodynamic
modeling would allow an evaluation of the applicable scales
of population connectivity and thus the degree to which
contaminant effects may transfer across landscapes ranging from
local to large marine ecosystems.

New Tools to Evaluate Cumulative
Effects of Environmental Co-stressors
As Peterson et al. (2003) and others have emphasized, it is of
increasing importance to evaluate the effects of large oil spills—
such as Exxon Valdez and DWH – in the context of the full
range of stressors affecting marine and coastal resources. In
particular, GoM living marine resources are subject to long-
term, pervasive stress from drivers such as intensive fishing
and chronic inputs of pollutants from point and non-point
sources including oil-related compounds, pathogens, pesticides,
heavy metals and a series of industrially generated toxins such
as PCBs and PFAS compounds. Additionally, aperiodic events
such as hurricanes, harmful agal blooms, disease outbreaks, and
chemical releases as well as increasingly managed hydrologic
regimes result in a complex set of interacting factors affecting
the demographics and health of species and communities. Thus,
it is difficult to isolate the effects of a particular spill on
resources, and in particular, to identify tipping points when
the cumulative impacts of chronic and acute events undermine
adaptive capacities. Rather than simply chronicling the list of
such stressors, new experimental, monitoring and modeling
paradigms (e.g., Ainsworth et al., 2015, 2018; Chagaris et al.,
2020) are necessary to understand the totality of cumulative
effects across space and time scales relevant to GoM living
resources and their sustainable management.

Longer-Term Monitoring of
DWH-Affected Populations, Species and
Communities
We have noted that while a decadal assessment of DWH effects
provides important perspectives on the direct and indirect
impacts of the spill, continued monitoring of particularly
vulnerable species (especially the long-lived ones) is required
in order to fully evaluate the consequences to species and
ecosystems. Such was the case for the Exxon Valdez, and we
expect that with ongoing, targeted monitoring and evaluation,
yet new insights into the delayed, chronic and cascading
impacts of DWH will be revealed over time. The GoMRI-
funded research program (that existed from 2010–2020)

provided a large fraction of research investments directed
at understanding ecosystem impacts of the spill during the
past decade. While ongoing ecosystem restoration activities
will have some monitoring component, it is imperative that
important surveillance elements of the long-term research
established in the aftermath of DWH be sustained in order
to evaluate and interpret not only the ongoing impacts of
the spill, but also how the cumulative impacts of multiple
restoration projects affect the related resources. Furthermore,
collection of additional chemical pollutant baselines (in
biota, water and sediments) will facilitate more rapid
and precise evaluation of effects of future spills and other
catastrophic events.

Monitoring and Modeling of the Effects
of Water Diversions and Other Habitat
Restoration Activities
Billions of dollars in settlement moneys from the DWH accident
are now being invested in large- and small-scale projects to
change primarily coastal and nearshore habitats. Some of these
projects address the specific injuries to ecosystems accruing from
DWH, while others (e.g., Coastal Protection and Restoration
Authority of Louisiana, 2017) address long-term environmental
degradation from the historical development of the oil and gas
industry, climate change (specifically sea level rise), wetlands
loss and other impacts. As we have noted, apart from individual
species impacts of DWH, which were variable, there was an
apparent regime shift in community composition in one of the
major estuaries most impacted by the DWH spill. The degree
to which ongoing changes to the hydrology regime and salinity
manipulation are contributing to this shift are not fully resolved
but are likely an important factor. It is imperative that longer-
term and more focused research on the ecological impacts of
these investments be made in order to understand, predict and
monitor how these ecosystems will actually change and the
cumulative benefits and impacts that may accrue from such an
enormous investment.

SUMMARY

We provide an evaluation of population and community change
in coastal and nearshore environments of the northern GoM
following the DWH oil spill of 2010. The coastal areas of
the northern GoM had been monitored for decades prior
to DWH through a series of state- and federally sponsored
research programs that primarily support fisheries management.
These surveys were augmented by a wide variety of research
programs initiated during and after the DWH oil spill, that
provide important species and site-specific information. Our
evaluation highlights impact to 13 “key” species of economic
and ecological significance to the GoM, as well as community-
level analyses of multispecies impacts. We examined each of the
“key” species/populations using a series of predefined criteria and
classified their relative degree of vulnerability to the specifics of
the DWH spill, and the likely resilience potential of populations
to future disturbance events.
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Of the 13 species/groups evaluated, a few failed to show effects
that could be distinguished from the background variability
exhibited by these populations. Others, including Bottlenose
Dolphin and Eastern Oyster were heavily impacted due to a
combination of direct oil exposure and the effects of oil spill
response measures. Furthermore, recovery rates vary significantly
depending on species life histories. In particular, Bottlenose
Dolphin (BSE stocks) may take decades to recover given their
long-life cycle and reduced reproductive and health status even
a decade after the DWH spill. Some short-lived species, including
Brown and White Shrimps, exhibited ephemeral population
increases probably due to the effects of large-scale but short-term
fishery closures.

The degree of oiling and impacts of spill response measures
varied substantially across coastal areas impacted by oil transiting
from the offshore spill into coastal waters. In particular, areas of
coastal Louisiana and specifically Barataria Bay were subjected to
the highest prevalence of heavily oiled shoreline. As compared to
coastal areas in Alabama and Florida, the impacts to Louisiana
coastal resources were more severe. We document post-DWH
declines in multispecies trawl catches in three Louisiana coastal
basins as well as what appears to be a regime shift in species
composition in trawl survey catches in Barataria Bay. This regime
shift appears to be related in time to the direct effects of DWH
and freshwater diversions intended to forestall oil entry to the
estuary, although some trends in community composition and
environmental conditions and regime-state changes were evident
prior to the spill (Figures 5–8). Post-DWH changes in the
hydrology, eutrophication and salinity of Barataria Bay may be
maintaining the shift in community composition.

Water diversions into marshes and the creation of sand berms
used in an attempt to ameliorate oil spill impacts to coastal
areas, were at best ineffectual and in the case of water diversions
exacerbated negative population outcomes for sedentary species.
Their use for future oil spill response is highly discouraged.

Because of lessons learned following the DWH oil spill, future
efforts outlined in the preceding section should focus on better
evaluating population connectivity across the many landscape
scales of coastal regions, as well as development of new tools
for evaluating co-stressors, longer-term monitoring of affected
regions and species, and ongoing evaluation and modeling of the
impacts of habitat restoration projects.
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