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Abstract

The impacts of the 2010 Deepwater Horizon (DWH) disaster on deep-sea Gulf of Mexico
benthic communities were analyzed one year after the blowout. Richness, diversity, and
evenness were severely impaired within a radius of approximately 1 km around the DWH
wellhead. However, lower diversity than background was observed in several stations up to 29
km to the southwest of the wellhead. Compared to samples from 2010, abundance near the

DWH wellhead increased in 2011 with some of the highest values found at stations within the 1

© 2017 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0967063716302758
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0967063716302758

24

25

26

27

28

29

30

31

32

33
34

km radius. The increase was mostly caused by the high abundance of opportunistic polychaetes
of the family Dorvilleidae, genus Ophryotrocha. At contaminated stations near the DWH
wellhead, diversity did not change with increased sampling area, whereas a steep increase of
diversity with increasing sampling area was observed at stations farther from the wellhead. The
spatial extent of DWH impacts appeared to decrease from 2010 to 2011. Impacts on diversity
near the wellhead were still observed; however, the large increase in abundance may indicate the
initial stages of recovery, year-to-year variability, or an early stage of succession following a

disturbance; and this can be resolved only with additional temporal sampling.

Keywords: Benthos; Deep Sea; Diversity; Macrofauna; Oil Spill; PAH; Recovery; Succession;
Temporal Variability
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1 Introduction

The Deepwater Horizon (DWH) blowout on 20 April 2010 was an unprecedented
accidental hydrocarbon release into the ocean, both in the quantity of oil released (3.19 million
barrels, according to the United States District Court for the Eastern District of Louisiana (2015),
but other credible estimates are as high as 6.2 million barrels (Griffith, 2012)) as well as the
depth at which the blowout occurred (1525 m) (Griffiths, 2012). The release of large amounts of
oil under great pressure caused the formation of a subsurface oil plume at around 1200 m and
subsequent transportation of oil for several km (Peterson et al., 2012; Ryerson et al., 2012).
Roughly 2.1 million gallons of dispersants were applied during the blowout and much of this was

incorporated into the deep sea hydrocarbon plumes (Kujawinski et al., 2011).

Hydrocarbons in surface waters and the deep-sea plumes reached the seafloor by
adsorption onto particles or incorporation in fecal pellets, which then rapidly sank to the bottom
as marine snow (Passow, 2014). A large Marine Oil Snow Sedimentation and Flocculent
Accumulation (MOSSFA) event occurred during the blowout due to phytoplankton and
zooplankton production as well as microbial mucus formation, which was enhanced by the
elevated discharge of the Mississippi River at the time (Daly et al., 2016). A microbial bloom
occurred during the blowout, which may have increased extracellular polymeric substances
created by microbes and exposed to dispersants, and therefore also increased oil deposition from
flocculation (Fu et al., 2014; Valentine et al., 2014). Advective transport of the deep-sea plume
and direct contact of the plume along the continental slope at depths between 1000 — 2000 m
were also likely responsible for hydrocarbon deposition (Romero et al., 2015). Other possible
mechanisms for deep-sea deposition include onshore-offshore transport, or sinking of heavy

byproducts after burning (UAC, 2010).
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The spatial extent of the impact on abundance and diversity of benthic meiofauna and
macrofauna were conservatively estimated to be about 172 km? around the DWH wellhead
during the 2010 sampling campaign (Montagna et al., 2013). Near the DWH wellhead
meiofauna increased in abundance and had the highest nematode to copepod ratios. Meiofauna
diversity and evenness increased with distance from the wellhead (Baguley et al., 2015).
Abundance of macrofauna decreased near the DWH wellhead and attained the highest values at
intermediate distances, while diversity and evenness increased with distance from the wellhead

(Washburn et al., 2016).

Montagna et al. (2017) found no significant differences in contaminant concentrations
(i.e., total petroleum hydrocarbons, total polycyclic aromatic hydrocarbons, and barium) between
2010 and 2011. These trends indicate persistent contamination one year following the blowout,
while persistent effects on the macrofaunal communities are evident by the approximately 23%
and 36% reduction in taxa richness and diversity (Hill’s N1) at impact stations compared to
background stations (Montagna et al., 2017). While many of the observed impacts on benthic
communities in 2011 were likely due to a lack of recovery from the 2010 spill, Kolian et al.
(2015) found evidence of fresh oil from the DWH well as late as May 2012. This suggests a
continued leakage of hydrocarbons into the deep-sea at least 20 months after the wellhead was
capped and is further justification for the need to continue monitoring communities around the

DWH wellhead.

Deep-sea benthic infauna are integral to decomposition, sediment bioturbation, nutrient
regeneration, trophic transfer of pollutants and nutrients from the sediment to the water column,

secondary production, and other ecosystem functions (Danovaro et al., 2003; Armstrong et al.,
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2010). Changes in deep-sea benthic communities in contaminated areas likely resulted in

alterations to these ecosystem functions.

In this paper we assessed the state of the deep-sea benthic ecosystem by examining the
macrofauna communities of May and June 2011, approximately 14 months after the DWH
blowout and 11 months after the wellhead was capped. Most of the 38 stations had also been
sampled for macrofauna in September and October 2010, allowing for a comparison of the
temporal dynamics and a potential recovery process of the communities. A study using
biological, chemical, and environmental data from 32 of the 38 stations sampled in 2011 was
performed by Montagna et al. (2017). While the study by Montagna et al. (2017) focused on
longer-term (1 year later) impacts of the spill on the deep-sea Gulf of Mexico, the current study
is a more detailed examination of benthic community structure. Macrofaunal community data
were used to explore changes in taxonomic composition due to the spill and progression of time,

changes in vertical zonation, sample size, and the relationships of certain taxa to contaminants.

2. Methods

2.1 Sample Collection and Processing

A total of 38 stations were sampled aboard the M/V Sarah Bordelon between 25 May and
11 June 2011 (Figure 1, Table 1). At 34 of these stations macrobenthic communities were also
sampled in September and October 2010 and analyzed by Washburn et al. (2016). Stations were
located at depths ranging from 997 to 2389 m and at distances from 0.33 to 128 km from the

DWH wellhead (Table 1).

Sediment samples were collected with an OSIL multicorer, which deployed twelve

sediment cores simultaneously. Cores were 10 cm inner diameter and 60 cm long. Three cores
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were used for benthic macrofauna analyses. The remaining cores were reserved for analyses of
meiofauna, polycyclic aromatic hydrocarbons (PAH), heavy metals, sediment grain size, and
sediment carbon and nitrogen content. Methods for chemistry and sediment analyses were
described by Montagna et al. (2013). At each station, the multicorer was deployed three times,
which are replicates, yielding a total of nine cores per station for macrofauna analyses.
Macrofauna cores were extruded in three vertical sections (0-3, 3-5, and 5-10 cm) immediately
following collection and preserved in 4% buffered formalin with Rose Bengal. At the
laboratory, core sections were sieved on 0.3 mm mesh screens, and transferred to 70% ethanol.
Polychaetes, crustaceans, and mollusks were identified to family; echinoderms and oligochaetes

to class; and other taxa to phylum.

2.2 Univariate analyses of benthic macrofauna communities

Macrofaunal abundance at the sampling stations was determined by averaging
abundances of all nine cores and extrapolating the counts to an area of 1 m? by multiplying the
abundance by 125.5. Richness (S) was calculated by averaging the number of taxa per core.
Macrofauna diversity and evenness were calculated using Hill’s diversity number one (N1) (Hill,
1973) and Pielou’s evenness index (J”) (Pielou, 1966), respectively. Hill’s N1 is used because it
is a measure of the number of dominant species. The diversity calculations were performed in
two different ways. First, N1 was calculated for each of the nine cores per station individually
and the values were averaged (core level, N1/78.2 cm?). Second, the macrofauna counts of all
nine cores were summed (or pooled) together, and a single N1 value per station was calculated
(station level, N1/704 cm?). The first method allows for comparison with earlier studies, and the

second method was performed to determine if diversity increased with area sampled.
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Stations were grouped into five diversity levels, based on gaps in the range of N1 values,
and plotted in an ArcGIS map (Figure 1). N1 values below 8.0 were defined as very low
diversity, 8.0-11.0 as low diversity, 11.0-14.0 as moderately diverse, 14.0-19.0 as diverse, and
above 19.0 as very diverse. Stations were assigned a color based on diversity level: dark green
for very high diversity, light green for high diversity, yellow for moderate diversity, orange for

low diversity, and red for very low diversity (Figure 1).

To analyze the extent of change in the communities from the previous year, stations were
divided into impact zones (IZ) based on the magnitude of hydrocarbon effects from 2010
samples (Montagna et al., 2013), including: 1 = severely impacted, 2 = moderately impacted, 3 =
uncertain impacts, 4 and 5 = background conditions. None of the stations collected in 2011 were
located in zone 5. Four stations included in the present study (HIPRO, LBNL10, S36, and
VK916) were not available for macrofauna analysis in 2010. These stations were assigned to an
impact zone based on their geographic position. A k-dominance plot (Lambshead et al., 1983)
was prepared to help visualize the diversity of benthic communities within the four impact zones.
A nested analysis of variance (ANOV A) with stations nested within impact zones and Tukey’s
pairwise comparison tests among impact zones were performed to test for significant differences
in abundance, richness, diversity, and evenness using PROC GLM in SAS 13.1 (SAS, 2013). A
2-way partially hierarchical ANOV A model was used to test for differences among benthic
community responses with changes in sediment depth (i.e., the 0 - 3,3 - 5, and 5 - 10 cm vertical

sections) and impact zone, with station nested within impact zone.
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2.3 Multivariate analyses of benthic macrofauna communities

Macrofauna community structure of the different sampling stations was examined with
non-metric multidimensional scaling (MDS) in Primer 6. For this analysis, we pooled the
species lists at the station level, i.e., the second way to calculate diversity, as specified above.
We then performed a logarithmic transformation of the count data and calculated a Bray-Curtis

similarity matrix among samples. This matrix was plotted in an ordination plot, using MDS.

A two-way nested ANOSIM analysis was performed in Primer 6. The top-level factor
that we tested for significant differences was impact zone. Individual stations represented the
second factor. A one-way SIMPER analysis was performed in Primer 6 to investigate which of

the taxa contributed to differences or similarities among the different impact zones.

2.4 Links between environmental variables and macrofauna communities

The gradient of environmental and chemical variables with distance from the DWH
wellhead was explored. Cores from each drop were assigned for hydrocarbons (oxidation
reduction potential, Dioctyl sodium sulfosuccinate, total extractable hydrocarbons (C9-C44), and
polycyclic aromatic hydrocarbons (sum 44 toxic PAHs), heavy metals (Aluminum, Antimony,
Arsenic, Barium, Beryllium, Cadmium, Calcium, Chromium, Cobalt, Copper, Iron, Lead,
Magnesium, Manganese, Mercury, Nickel, Potassium, Selenium, Silver, Sodium, Strontium,
Thallium, Vanadium, and Zinc), pore-water chemistry (pH, oxidation reduction potential,
sulfides, and ammonia), and other sediment properties (total carbon, total organic carbon, total

nitrogen, and grain size). Data were downloaded from

https://www.diver.orr.noaa.gov/deepwater-horizon-nrda-data/ on 9 September 2016. Methods

for the chemical analyses are described in the report found at
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http://www.nodc.noaa.gov/deepwaterhorizon/ship.html. Pore-water was collected from the top 0

— 5 cm of sediment. All other chemical and sediment measurements were made on vertical
sections from the 0 - 1, 1 — 3, and 3- 5 cm of sediment. These vertical sediment fractions were
pooled by sediment volume to compare the porewater, chemistry, sediment, and macrofauna to a
sediment depth of 5 cm. The macrofauna were summed to a depth of 5 cm for comparison with

sediment chemistry.

A principal components analysis was performed on the sediment chemical variables to
explore gradients in these variables associated with distance from the DWH wellhead. A
stepwise search for the best combination of environmental variables to explain the macrofauna
distribution was performed in Primer 6 (BEST: BVStep). Regression analyses between PAH44
concentrations and abundances of the common polychaete, crustacean, and bivalve families were

performed, to find suitable taxa as indicators for hydrocarbon contamination.

3. Results

3.1 Univariate analyses of macrobenthic communities

A total of 31,702 animals were collected and identified into 159 different taxa. The most
abundant 20 taxa comprised 85% of the total abundance (Table 2). Annelida, Mollusca,
Nemertea, and Crustacea were the dominant phyla. Organisms belonging to the polychaete
families Maldanidae, Paraonidae, Capitellidae, Spionidae, Cirratulidae, Acrocirridae, and
Syllidae, as well as the phylum Nemertea were found in at least one core at every station (Table
2). Polychaetes accounted for 79% of all organisms found, but only for 27% of the taxa.
Fourteen of the 20 most abundant taxa were polychaete families, and the 5 most abundant taxa,

all polychaetes, accounted for over 50% of the total abundance. Crustaceans accounted for only
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5% of all organisms but made up 41% of the taxa. Mollusks accounted for 8% of all organisms
and made up 20% of the taxa. Echinoderms accounted for 3% of all organisms and made up 4%
of the taxa while nemerteans also accounted for 3% of all organisms. The remaining taxa were

comprised of 9 different phyla, which were not identified below phylum or class.

The highest abundance of polychaetes was found in impact zone 1, while abundances of
crustaceans and mollusks were lowest in impact zone 1 and highest in the undisturbed impact
zone 4. This corresponds to the dominance of polychaetes in impact zone 1, comprising 89% of
the organisms. This dominance decreased to 69% in impact zone 2, and 39% and 57% in zones
3 and 4, respectively. Molluscs comprised 7-8% of the total counts in impact zones 2-4,
compared to 4% in zone 1. Crustaceans comprised 1% of the total in impact zone 1, 4 % in

zones 2 and 3, and 10% in zone 4.

The average abundance of macrobenthic organisms over all sampling stations was 11,632
n/m?. The lowest value (2,942 n/m?) was found at the deepest station D002S, the largest number
(22,046 n/m?) at station D0318S, close to the wellhead (Table 1). The high abundances found in
some of the stations within a radius of approximately one km of the wellhead were largely
caused by the high counts of polychaetes from the family Dorvilleidae. These polychaetes
belong to an undescribed species of the genus Ophryotrocha. At station DO31S, Dorvilleidae
reached abundances of 17,110 n/m?, accounting for about 78% of the total macrofauna count.
Macrofaunal abundances were significantly different among impact zones. Abundance was
highest in impact zone 1 (13,818 n/m?), the area closest to the DWH wellhead and lowest in zone
4 (9,949 n/m?), but abundance was not statistically significantly different among impact zones (P

=0.07) (Table 3).

10



210 The station with the highest taxa richness, FFMT4, was the station farthest from the

211  wellhead. The station with the lowest taxa richness, DO38SW, was the station closest to the

212 wellhead (Table 1). The nine stations within a one km radius of the wellhead had lower taxa
213 counts than any other sampling locations, ranging from 21 to 44. The lowest number of taxa (47)
214 outside this zone was found at the deepest station DO02S, which also had the lowest abundance

215  of macrofauna.

216 Diversity values of the 38 stations tended to increase with the size of the area sampled,
217  but the effect of the sampling area did not affect all stations equally (Table 1). N1 values

218  generally increased from core (average of nine cores) to station (sum of nine cores) areas.

219  DO002S, the deepest station by more than 500 m, had the highest increase with sampling area.
220  Exceptions to this rule were the five least diverse stations near the DWH wellhead, whose N1

221  values slightly decreased with increasing sampling area.

222 All five stations with very low diversity (N1=2.9 - 5.6) were located within a radius of
223 approximately one km of the wellhead (Figure 1, Table 1). Three of the stations with low

224 diversity (8.3 - 10.6) were also within 1 km of the wellhead. Among the eleven sampling

225  stations within approximately 3-5 km from the wellhead, two to the southwest had moderate

226  diversity levels (N1 = 12.2 - 13.2), whereas the others had high diversity levels (N1 = 14.1 -

227  19.5). Stations that were located farther from the wellhead had mostly high diversity levels (N1
228 =14.2-22.9). The exceptions were HIPRO with moderate diversity (N1 = 12.6) located 29 km
229  to the southwest of the wellhead, VK916 with low diversity (N1 = 10.3), located 62 km northeast
230  of the wellhead, and D0O02S with low diversity (N1 = 10.3), located 63 km southeast of the

231 wellhead.
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In the k-dominance plot (Figure 3), the taxa accumulation curve of impact zone 1 started
at about 51%, illustrating the strong dominance of the polychaete family Dorvilleidae. The curve
is consistently and distinctively above the three other curves, with impact zone 2 above 3, and 3
above 4. Overall, the trend indicates that impact zone 4 has the most evenly distributed benthic
communities, closely followed by impact zones 3 and 2. The differences between impact zones

2, 3, and 4 are small relative to impact zone 1.

Taxa richness, diversity, and evenness were significantly different among the four impact
zones (Table 3). All three variables were significantly lower in impact zone 1 than in the other
three zones. Evenness was at least 25% lower; richness at least 35% lower; and diversity at least
55% lower in impact zone 1, when compared to the other zones. Impact zone 4 had the highest
values for richness and diversity, but was not significantly different from zone 3 for any of the

variables tested (Table 3).

The 2-way partially hierarchical ANOVA examining impact zone and vertical sediment
sections found significant differences (a < 0.05) among zones for taxa richness, diversity, and
evenness, but not abundance. There were significant differences among vertical sediment
sections for all variables, and all interaction terms were significant (Table 4). The highest values
for all variables were found in the surface O - 3 cm sections while the lowest values were always
found in the deepest 5 - 10 cm sections. Abundances were eight times greater in the surface
sediment compared to the 3-5 cm sections when all samples were examined together. Taxa
richness was more than four times greater in surface sediments and diversity more than three
times greater. Only evenness was not significantly different between surface and deeper
sediments (Table 4). While total abundances were highest in cores from impact zone 1,

abundances below the surface 0-3 cm of sediment were lowest in zone 1. Significant interactions

12
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were caused by different patterns in vertical sediment distribution among zones. A larger
proportion of total abundance is confined to 0 — 3 cm in zone 1 compared to other zones while
richness, diversity and evenness are lower in surface sediments in zone 1 compared to other
zones (Figure 2). Diversity, evenness, and richness were all significantly lower in the surface 0-
3 cm and intermediate 3-5 cm of sediment of impact zone 1 compared to all other zones, which

were not different.

3.2 Multivariate analyses of macrobenthic communities

In the MDS plot of our multivariate community analysis, a trend was observed where
stations with the lowest diversity levels and the highest PAH44 values were placed on the left
hand side. Towards the right side of the plot diversity was steadily increasing and hydrocarbon
contamination steadily decreasing (Figure 4). The MDS plot visualizes the strong influence of

impact zones on benthic community diversity.

The benthic assemblages in impact zones 1 and 2 were significantly different from each
other and from impact zones 3 and 4 (ANOSIM, p-values between 0.0001 and 0.002). The
macrobenthic communities of impact zones 3 and 4 were not significantly different from each
other (p = 0.716). The polychaete family Dorvilleidae contributed most to the distinctness of
impact zone 1 (SIMPER analysis). The macrofauna communities of the other impact zones were
mainly characterized by the polychaete families Maldanidae, Paraonidae, Capitellidae, and

Spionidae.

3.3 Environmental variables and macrofauna

The first three principal components (PC1 — PC3) explained 56.6 % of the variability in

the data set. PC1 explained 24.8%, PC2 18.6 %, and PC3 13.2 %. PCI1 was heavily loaded for

13



277  the metals potassium, aluminum, beryllium, magnesium, vanadium, chromium, and cobalt. The
278  only physical feature that loaded highly on PC1 was porewater content (Figure 5a). The metal
279  barium and ammonium concentrations were negatively loaded on PC1. PC2 was heavily loaded
280  for calcium, total carbon, and strontium content, and inversely loaded for arsenic content. PC1
281  and PC2 appear to be driven by differences in the natural background. PC3 was positively

282  loaded for polycyclic aromatic hydrocarbons, total hydrocarbons, barium, and antimony, and to a
283  lesser degree to beryllium, total organic carbon, chromium, zinc, and dispersant (Figure 5b).
284  Thus, PC3 represents contamination from the oil spill.

285 Neither the first nor second principal component (PC1 and PC2) for sediment chemistry
286  correlated with distance from the DWH wellhead, the nearest hydrocarbon seep, or water depth,
287  nor any benthic community metric (Table 5). The third component (PC3), however strongly
288  correlated with distance from the wellhead, whereas there was no correlation between seep

289  distance and depth. Thus, PC3 does represent chemical contaminants from the wellhead, and not
290  natural seepage nor differences in depth zonation because as distance from the wellhead

291  increases, the contaminants decrease. Whereas macrofauna abundance increases with PC3, all
292 the diversity metrics decrease.

293 When comparing environmental variables to macrofaunal patterns in Primer, variables
294  were log transformed because of their right-skewness and then normalized. Calcium was

295  excluded from the analysis because it was strongly correlated with strontium (p > 0.95). Of the
296  remaining variables, the combination that explained the macrofauna distribution best included
297  the concentrations of PAH44, barium, lead, manganese, sodium, strontium, and thallium. The
298  correlation between the environmental variables and the macrofauna distribution was p = 0.450

299  (BEST analysis). The best indicator was the concentration of PAH44. Abundances of several

14
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taxa were correlated with PAH concentrations in the regression analyses. The most distinct
positive and negative correlations were found with dorvilleid polychaetes (p = 0.69) and
peracarid crustaceans (p = -0.31), respectively (Figure 6).

4. Discussion

4.1 Macrobenthic communities one year after the blowout

The benthic macrofauna communities within one km of the DWH wellhead were
impoverished, in terms of species richness, diversity, and evenness. Moderate diversity levels
outside the one km radius were detectable southwest of the wellhead, one of the main trajectories

of the subsurface oil plume (North et al., 2011).

The heavily impacted stations in impact zone 1, DO31S, D034S, D038, D040S, and
ALTNFO001, were dominated by polychaetes from the genus Ophryotrocha (family
Dorvilleidae). Because of the very high counts of dorvilleid polychaetes, macrofauna
abundances at stations near the wellhead were relatively high. Dorvilleids are known to inhabit
heavily polluted areas, such as harbors (Paavo et al., 2000) and aquaculture farms (Salvo et al.,
2015), as well as reducing environments such as hydrothermal vents (Blake 1985) and
hydrocarbon seeps (Hilbig & Fiege, 2001). Furthermore, dorvilleids dominate sediments that are
saturated with petroleum hydrocarbon (Grassle, 1985; Petrecca & Grassle, 1990) and were found
to be dominant at stations near the DWH wellhead immediately after the blowout (Washburn et
al., 2016). The abundance of Dorvilleidae in this study was positively correlated with PAH44
concentration (Figure 6). Near vents and seeps they feed on bacterial mats (Wiklund et al.,
2009). The bacterial composition of the oiled sediment near the DWH wellhead resembled that

of cold seeps (Liu & Liu, 2013), which might have acted as a cue for pelagic dorvilleid larvae to

15
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settle. Rapid population turnover rates, found in some opportunistic dorvilleid species
(Kingston, 1987), may explain the high population numbers in polluted areas where other
organisms struggle to survive and to establish populations. We hypothesize that the dorvilleids
in the northern Gulf of Mexico have a higher tolerance level for the toxic effects of the
hydrocarbon contamination than most other benthic organisms there and are useful as indicators

of oil pollution in the deep GoM.

Several taxa appeared to be disproportionately excluded from the heavily impacted zone
1. Washburn et al., (2016) found over 20 taxa that had significantly higher abundances in
background areas than in areas impacted by the DWH blowout. These taxa, such as the
superorder Peracarida and the polychaete family Spionidae, appear to be negatively impacted by
PAH concentrations (Figure 6). There are no cosmopolitan species or families that are
bioindicators of impacted or background conditions. Because different regions are subject to
countless biogeochemical factors, indicator taxa can only appropriately be used within the region

of a specific study (Dean, 2008).

There were also stations that remained impacted by the DWH blowout, and were farther
from the wellhead, than some stations that returned to background conditions. Station HIPRO,
29 km from the wellhead, had low diversity and hydrocarbons from the DWH blowout may have
accumulated there. One station in impact zone 1 (D034S) had a 261-fold increase in total PAHs
from 2010 to 2011 illustrating the patchy nature of contaminants on small scales (Montagna et
al., 2017). Another possible reason for the lower diversity at HIPRO may be that relatively high
nutrient levels, caused by high surface primary production in the years 1998 — 2000 (mean
chlorophyll concentrations 0.66 mg/m?) in this area (Rowe and Kennicutt, 2009), which favored

a less diverse macrofauna community of opportunistic taxa. Low diversity levels at DO02 were
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caused by the low abundance at this, the deepest station (2388 m) sampled. Increasing the
sampling area by pooling the species of all nine cores increased the diversity measurement
dramatically, in contrast to the polluted stations where pooling did not increase diversity (Table
1). Therefore, the low N1 values at station D002 are a result of the low abundance, rather than

low diversity.

The station with the lowest diversity outside the one km radius of the DWH wellhead was
VK 916, which is 62 km northeast of the wellhead. VK 916 was an oil and gas exploration site
in the Viosca Knoll (VK) Block 916 where a single exploration well was drilled in 2001. No oil
was produced at this site; however, drilling muds and cuttings were deposited around the
exploration well, with layers up to 45 cm thick, covering an area of 13.37 ha (Continental Shelf
Associates, Inc. 2006). Barium levels, an indicator of drilling activities, were very high (1273
ppm, averaged across replicates), comparable to stations near the DWH wellhead. VK 916 was
heavily dominated by polychaetes of the family Capitellidae, unlike stations near the DWH
wellhead where Dorvilleidae prevailed. This corroborates the finding of a post-drill impact study
in 2002, which found Capitellidae polychaetes to be dominating in this area (Continental Shelf
Associates, Inc. 2006). Thus the environmental impact of the drilling muds and cuttings appear
to remain nine years later, comparable to findings surrounding production sites in shallow water
(Montagna and Harper, 1996). One important difference between oil spills and drilling activities
is that drilling releases higher quantities of toxic metals that do not degrade (Peterson et al.

1996).

One year following the DWH blowout, the macrobenthos around the wellhead appear to
be exhibiting an enrichment effect, where heavily polluted communities have high abundances

but are composed of fewer pollution-tolerant and opportunistic taxa, in this case primarily
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dorvilleid polychaetes of the genus Ophryotrocha. There is also decreased diversity in the upper
section of the sediment relative to the lower sections of the sediment (Figure 2). This pattern
(high abundances of low diversity communities, restricted to surface sediments) resembles the
benthic community response to organic enrichment (Pearson and Rosenberg, 1978; Berge, 1990)

and physical disturbance (Rhoads et al., 1978) in shallow marine water ecosystems.

4.2 Changes in the macrofauna communities between 2010 and 2011

There were many similarities in benthic community patterns among impact zones
between samples collected in 2010 and 2011 as well as some differences. Richness and evenness
were highest in impact zone 3 in 2010 (Washburn et al., 2016), but highest in impact zone 4 in
2011. While year-to-year variability is possible, this change could be caused by a decrease in
enrichment in impact zone 3 one year after the spill due to burial or uptake of organic matter. It
may also have been caused by the fact that several of the deepest stations sampled in 2010 in
impact zone 4 were not included in 2011, resulting in a lower average depth in the present study.
Macrobenthic abundance often decreases with depth (Rex et al., 2006) while the effects of depth
on diversity may differ between geographical regions and different taxa (Wilson, 2008; Carvalho

et al., 2013).

Impact zone 1 had the lowest diversity, richness, and evenness immediately after the
blowout in the fall of 2010, and all of the diversity metrics remained the lowest in impact zone 1
in 2011. Abundances in 2010 were lowest in impact zone 1, but in 2011 they were highest in
zone 1. Impact zone 2 was moderately impacted in 2010; however, abundance, richness and
diversity were not different between zones 2 and 3 in 2011, indicating that some recovery may

have occurred. The rapid sedimentation of material directly after the blowout (Brooks et al.,

18



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

2015) may have buried much of the organic material and toxic substances in zone 2 or it may
have had a dilution effect on the sediment. Likewise, much of the hydrocarbons may have been

biologically degraded between 2010 and 2011.

The similarity in abundances of macrobenthic organisms among impact zones may
indicate that the toxic conditions have improved to a point where at least the most pollution
tolerant taxa have successfully repopulated the benthos. Thus, it appears that opportunistic taxa
were able to take advantage of spatial and nutritional resources in 2011. Montagna et al. (2017)
found signs of recovery in areas impacted by the DWH blowout one year following the blowout.
Meiofauna abundance and the nematode-to-copepod ratio (a commonly used variable for
assessing impacts) were not significantly different between impacted and non-impacted areas.
This is most likely an effect of the sediment depths where different sizes of benthic animals are
found. Montagna et al. (2016) found that 87% of total meiofaunal abundance was located in the
top 3 cm of sediment while 97% of the abundance of the more pollution sensitive harpacticoid
copepods was located in the top 3 cm. In contrast, 97% of total macrofaunal abundance was
located in the top 10 cm of sediment. Thus sedimentation will lead to burial of pollutants beyond

the zone of meiofaunal communities much more quickly than macrofaunal communities.

In early organic enrichment studies (e.g. Pearson and Rosenberg, 1978; Roads et al.
1978), macrofauna abundances are generally minimal at the source of enrichment then peak near
or a short distance from the pollution source, and decrease further from the source due to
decreased enrichment and r-selected species. Diversity generally increases with distance from
the pollution source until it reaches a maximum at intermediate distances, within the area of
enrichment but outside the heavily impacted area (Pearson and Rosenberg, 1978). Because

abundances were highest closest to the DWH wellhead in 2011, the physical, chemical, and
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toxicological conditions in impact zone 1 may have improved enough to allow the most pollution
resistant organisms to repopulate the benthos. Berge (1990) found that benthic communities
recover from oiling more quickly in areas experiencing more eutrophication before the event.
The natural hydrocarbon seepage from the vast number of cold seeps in the GoM may have

favored organisms that can adapt to oiled conditions, allowing for a rapid succession.

While it appears that there are differences in the response of macrobenthic communities
to distance from the DWH wellhead between 2010 and 2011, the effects of natural temporal
variability cannot be ignored. Samples were collected over the course of a few weeks in both
2010 and 2011, effectively taking a snapshot of the deep-sea benthic communities. Moreover,
samples were collected in different seasons during 2010 and 2011. Benthic communities in the
deep GoM have been shown to greatly vary with season. Reuscher and Shirley (in review) found
polychaete abundances doubled between fall 1983 and spring 1984 while decadal changes were
not observed. In the current study samples were collected in 2010 during the fall and in 2011
during late spring. Other studies have found changes in benthic abundances between different
seasons or years due to changes in phytoplankton production and thus changes to the amount of
organic matter reaching the deep sea (Galéron et al., 2001; Frid et al., 2008). Continued
sampling and analysis in subsequent years are required to determine whether trends observed in

2011 were due to recovery or natural variation.

The much impaired richness, diversity, and evenness in impact zone 1 show that the
environmental impact of the oil spill was persistent as of 2011. The increased abundances near
the wellhead in 2011 may be the result of succession, with abundances drastically increasing due
to increased recruitment following the blowout. The lack of animals below the surface

sediments near the wellhead (Figure 2) is indicative of a community in the early stages of
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succession following a disturbance (Rhoads et al., 1978). Assuming the shallow water model of
organic enrichment and disturbance can be applied to deep water, then the pattern observed
within one km of the wellhead may actually not be caused by recovery but instead be an
indicator of continued disturbance. That is, the increase in abundance of low diversity species in

2011 is an indicator of a stage of disturbance succession.

The vertical distribution of benthic communities between shallow and deeper sediments
also matches patterns expected from disturbance. In spatial or temporal proximity to a
disturbance, animals are typically confined to surface sediments while deeper sediments become
anaerobic. As time passes or distance increases from the disturbance, larger animals that live
deeper in the sediment replace early colonizers. Bioturbation from these larger animals
oxygenates deeper sediments, allowing smaller organisms to survive deeper in the sediment
(Rhoads et al., 1978). In an experimental oil spill, several polychaete species shifted their
burying activities to deeper sediment depths (Gilbert et al., 2015). In contrast, benthic organisms
within close proximity to the DWH wellhead still appeared to be mostly restricted to surface
sediments approximately one year after the blowout. With increasing distance from the wellhead
macrofauna abundance in deeper sediments increased (Figure 2). The lack of differences among
zones 2-4 in surface and intermediate sediments indicates that impacts from the DWH blowout

may have a limited extent in surface sediments one year following the spill.

4.3 How sampling area affects community analyses

Measurements of species richness and diversity depend on the size of the area sampled
(Arrhenius 1921). Measures of diversity at most of our sampling stations were higher when the

sampling area increased from the area of a core (nine cores averaged) to the area of a station (all
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nine cores pooled). However, the increase of N1 with sampling area was not uniform across all
stations. N1 values of stations in impact zone 1 were similar or slightly decreased when the
sampling area increased, illustrating the very low variability in community structure in highly
polluted areas (Figure 3, Table 1). In contrast, at stations furthest from the wellhead diversity
measures where higher by over 50% when N1 was calculated from core sums as compared to
from core averages. Highly polluted areas are often dominated by one or a few pollution-tolerant
taxa (Pearson and Rosenberg, 1978; Rhoads et al. 1978). This leads us to believe that the benthic
macrofauna of these stations were so impoverished that one single core may have been sufficient
to represent the communities. The pooled data may be more representative of the community at

a particular station, but they also greatly reduce the degrees of freedom available in the analysis.

4.4 Conclusion

One year after the DWH blowout hydrocarbon contamination still affected deep-sea
macrobenthic communities. However, the extent of impact appears to have decreased from 2010
to 2011 and impacts close to the wellhead seem to have diminished. Impact zone 2 appeared to
return to background conditions in 2011 and abundances were highest in 2011. In 2011
abundances were still lowest near the wellhead for deeper sediments (< 3 cm) indicating that
effects from the DWH blowout in 2011 may still be very similar to those observed in 2010, but
the effects have been buried. Benthic communities found in surface sediments throughout the
GoM during 2011 may be exhibiting intermediate disturbance because they were less exposed to
the buried contaminants, than they were in 2010 when contaminants were at the surface. While
the increase of diversity and evenness between 2010 and 2011 indicate some degree of recovery,
they may also be caused by community succession under relatively constant impact from

contamination. If no recovery took place between 2010 and 2011 macrobenthic communities
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could still have changed due to the recruitment of r-selected taxa into polluted areas over this

time period.

Continued monitoring of areas around the DWH wellhead is imperative if we hope to
understand the long-term consequences of the 2010 blowout. While studies examining effects of
the spill shortly after the event are key for determining the extent of possible damages, follow-up
studies are needed to address how these damages will persist, change, or recover over time.
Because of the relatively static environmental conditions and limited availability of organic
matter, deep-sea organisms are often long lived and may be highly susceptible to disturbances.
Slow deposition rates and low rates of metabolism in the deep sea may also lead to long
residence times for pollutants (Gage and Tyler, 1992). However, the lack of knowledge on deep-
sea biogeochemical processes prevents accurate predictions of how the deep sea will respond to
human disturbances. Studies examining the DWH blowout effects years after the event will not
only greatly increase our understanding of this blowout but also help improve policies and

responses to future deep-sea drilling world-wide.

5. Acknowledgements

Funding of this study and production of this publication was provided by the Federal and
State Natural Resource Agencies’ (Trustees’) Natural Resource Damage Assessment (NRDA)
for the Deepwater Horizon (DWH) oil spill through the National Oceanic and Atmospheric
Administration (NOAA) Damage Assessment, Remediation and Restoration Program (DARRP)
(NOAA Contract No. AB133C-11-CQ-0050). The scientific results and conclusion of this
publication, as well as any views or opinions expressed herein, are those of the authors and do

not necessarily represent the view of NOAA or any other natural resource Trustee for the

23



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

BP/Deepwater Horizon NRDA. Any use of trade, firm, or product names is for descriptive
purposes only and does not imply endorsement by the U.S. Government. Sample collection on
M/V Sarah Bordelon was funded by British Petroleum (BP) and National Oceanic and
Atmospheric Administration (NOAA). Sample processing and data management were funded in
part under contract DG133C06NC1729 from NOAA’s Office of Response and Restoration
(ORR) via subcontract 1050-TAMUCC and 1050-UNR from Industrial Economics (IE), and
through an internal transfer of funds from NOAA’s Office of Response and Restoration (OR&R)
to NOAA’s National Centers for Coastal Ocean Science (NCCOS), as part of the DWH Natural
Resource Damage Assessment. Data analysis and production of this paper grants from the Gulf
of Mexico Research Initiative through its consortia: Center for Integrated Modeling and Analysis
of Gulf Ecosystems (C-IMAGE) via a subcontract from the University of South Florida. The
authors do not have any sources of conflict of interest or relationship, financial or otherwise, in
the outcome of this research. All data are publically available through the DIVER website

(https://dwhdiver.orr.noaa.gov/).

24



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

6. References

Armstrong, C.W., N. Folely, R. Tinch and S. van den Hove (2010). HERMIONE (Hotspot
ecosystem research and man’s impact on European seas), Deliverable D6.2: Ecosystem
goods and services of the deep sea. WP6: Socioeconomics, ocean governance and science-

policy interfaces, 68 pp.

Arrhenius, O. (1921). Species and area. Journal of Ecology, 9, 95-99.

Baguley J.G., P.A. Montagna, L.J. Hyde, R.D. Kalke and G.T. Rowe (2006). Metazoan
meiofauna abundance in relation to environmental variables in the northern Gulf of Mexico

deep sea. Deep Sea Research Part I, 53, 1344-1362.

Baguley, J.G., P.A. Montagna, C. Cooksey, J.L. Hyland, H.W. Bang, C. Morrison, A.
Kamikawa, P. Bennetts, G. Saiyo, E. Parsons, M. Herdener and M. Ricci (2015).
Community response of deep-sea soft-sediment metazoan meiofauna to the Deepwater

Horizon blowout and oil spill. Marine Ecology Progress Series, 528, 127-140.

Berge, J.A. (1990). Macrofauna recolonization of subtidal sediments. Experimental studies on
defaunated sediment contaminated with crude oil in two Norwegian fjords with unequal
eutrophication status. I. Community responses. Marine Ecology Progress Series, 66, 103-

115.

Blake, J.A. (1985). Polychaeta from the vicinity of deep-sea geothermal vents in the eastern
Pacific I: Euphrosinidae, Phyllodocidae, Hesionidae, Nereididae, Glyceridae, Dorvilleidae,

Orbiniidae, and Maldanidae. Bulletin of the Biological Society of Washington, 6, 67-101.

Brooks, G.R., R.A. Larson, P.T. Schwing, I. Romero, C. Moore, G.-J. Reichart, T. Jilbert, J.P.

Chanton, D.W. Hastings, W.A. Overholt, K.P. Marks, J.E. Kostka, C.W. Holmes and D.

25



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

Hollander (2015). Sedimentation pulse in the NE Gulf of Mexico following the 2010 DWH

blowout. PLoS ONE, 10, e0132341.

Carvalho, R., C.-L. Wei, G. Rowe and A. Schulze (2013). Complex depth-related patterns in
taxonomic and functional diversity of polychaetes in the Gulf of Mexico. Deep-Sea

Research Part I, 80, 66-77.

Continental Shelf Associates, Inc. (2006). Effects of Oil and Gas Exploration and Development
at Selected Continental Slope Sites in the Gulf of Mexico. Volume II: Technical Report.
U.S. Department of the Interior, Minerals Management Service, Gulf of Mexico OCS

Region, New Orleans, LA. OCS Study MMS 2006-045. 636 pp.

Daly, K.L., U. Passow, J. Chanton and D. Hollander (2016). Assessing the impacts of oil-
associated marine snow formation and sedimentation during and after the Deepwater

Horizon oil spill. Anthropocene, 13, 18-33.

Danovaro, R., C. Gambi, A. Dell’Anno, C. Corinaldesi, S. Fraschetti, A. Vanreusel, M. Vincx
and A.J. Gooday (2008). Exponential decline of deep-sea ecosystem functioning linked to

benthic biodiversity loss. Current Biology, 18, 1-8.

Frid, C.L.J., P.R. Garwood and L.A. Robinson (2008). Observing change in a North Sea benthic

system: a 33 year time series. Journal of Marine Systems, 77, 227-236.

Fu, J., Y. Gong, X. Zhao, S.E. O’Reilly and D. Zhao (2014). Effects of oil and dispersant on
formation of marine oil snow and transport of oil hydrocarbons. Environmental Science &

Technology, 48, 14392-14399.

Gage, J.D. and P.A. Tyler (1992). Deep-sea biology: A natural history of organisms at the deep-

sea floor. Cambridge, UK, Cambridge University Press.

26



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

Galéron, J., M. Sibuet, A. Vanreusal, K. Mackenzie, A.J. Gooday, A. Dinet and G.A. Wolff
(2001). Temporal patterns among meiofauna and macrofauna taxa related to changes in

sediment chemistry at an abyssal NE Atlantic site. Progress in Oceanography, 50, 303-324.

Gilbert, F., G. Stora and P. Cuny (2015) Functional response of an adapted subtidal
macrobenthic community to an oil spill: macrobenthic structure and bioturbation activity

over time throughout an 18-month field experiment. Environmental Science and Pollution

Research, 22, 15285-15293.

Grassle, J.F. (1985). Hydrothermal vent animals: distribution and biology. Science, 229(4715),

713-717.

Griffiths, S.K. (2012). Oil Release from Macondo Well MC252 following the Deepwater

Horizon accident. Environmental Science & Technology, 46, 5616-5622.

Hilbig, B. and D. Fiege (2001). A new species of Dorvilleidae (Annelida: Polychaeta) from a
cold seep site in the northeast Pacific. Proceedings of the Biological Society of Washington,

114, 396-402.

Levin, L.A., R.J. Etter, M.A. Rex, A.J. Gooday, C.R. Smith, J. Pineda, C.T. Stuart, R.R. Hessler
and D. Pawson (2001). Environmental influences on regional deep-sea species diversity.

Annual Review of Ecology and Systematics, 32, 51-93.

Liu, Z. and J. Liu (2013). Evaluating bacterial community structures in oil collected from the sea
surface and sediment in the northern Gulf of Mexico after the Deepwater Horizon oil spill.

MicrobiologyOpen, 2, 492-504.

Kingston, P.F. (1987). Field effects of platform discharges on benthic macrofauna. Philosophical

Transactions of the Royal Society of London, Series B, Biological Sciences, 316, 545-565.

27



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

Kolian, S.R., S.A. Porter, P.W. Sammarco, D. Birkholz, E.-W. Cake Jr. and W.A. Subra (2015).
Oil in the Gulf of Mexico after the capping of the BP/Deepwater Horizon Mississippi

Canyon (MC-252) well. Environmental Science and Pollution Research, 22, 12073-12082.

Kujawinski, E.B., M.C.Kido Soule, D.L. Valentine, A.K. Boysen, K. Longnecker and M.C.
Redmond (2011). Fate of dispersants associated with the Deepwater Horizon oil spill.

Environmental Science & Technology, 45, 1298-1306.

Lambshead, P.J.D., H.M. Platt and K.M. Shaw (1983). The detection of differences among
assemblages of marine benthic species based on an assessment of dominance and diversity.

Journal of Natural History, 17, 859-874.

Montagna, P.A., J.G. Baguley, C. Cooksey, 1. Hartwell, L.J. Hyde, J.L.. Hyland, R.D. Kalke,
L.M. Kracker, M. Reuscher and A.C.E. Rhodes (2013). Deep-sea benthic footprint of the

Deepwater Horizon blowout. PloS ONE, 8, €70540.

Montagna, P.A., J.G. Baguley, C. Cooksey and J.L. Hyland (2017). Persistent impacts to the
deep soft-bottom benthos one year after the Deepwater Horizon event. Integrated

Environmental Assessment and Management, 13, 342-351.

Montagna, P.A. and D. E. Harper, Jr. (1996). Benthic infaunal long-term response to offshore

production platforms. Canadian Journal of Fisheries and Aquatic Sciences, 53, 2567-2588.

North, E.-W., E.E. Adams, Z. Schlag, C.R. Sherwood, R. He, K.H. Hyun and S.A. Socolofsky
(2011). Simulating oil droplet dispersal from the Deepwater Horizon spill with a Lagrangian
approach. In: Liu, Y., A. Macfadyen, Z.-G. Ji and R.H. Weisberg (eds.) Monitoring and
modeling the Deepwater Horizon oil spill: a record-breaking enterprise, pp. 217-226.

Geophysical Monograph Series, Washington D.C., American Geophysical Union.

28



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Paavo, B., J.H. Bailey-Brock and B. Akesson (2000). Morphology and life history of

Ophryotrocha adherens sp. nov. (Polychaeta, Dorvilleidae). Sarsia, 85, 251-264.

Passow, U. (2014). Formation of rapidly-sinking, oil-associated marine snow. Deep-Sea

Research II, 129, 232-240

Peterson , C.H., S.S. Anderson, G.N. Cherr, R.F. Ambrose, S. Anghera, S. Bay, M. Blum, R.
Condon, T.A. Dean, M. Graham, M. Guzy, S. Hampton, S. Joye, J. Lambrinos, B. Mate, D.
Meftert, S.P. Powers, P. Somasundaran, R.B. Spies, C.M. Taylor, R. Tjeerdema and E.E.
Adams (2012). A Tale of two spills: Novel science and policy implications of an emerging

new oil spill model. BioSience, 62, 461-469.

Peterson, C.H., M.C. Kennicutt II, R.H. Green, P. Montagna, D.E. Harper, Jr., E.N. Powell and
P.F. Roscigno (1996). Ecological consequences of environmental perturbations associated
with offshore hydrocarbon production: A perspective from study of long term exposures in

the Gulf of Mexico. Canadian Journal of Fisheries and Aquatic Sciences 53, 2637-2654.

Pearson, T.H. and R. Rosenberg (1978). Macrobenthic succession in relation to organic
enrichment and pollution of the marine environment. Oceanography and Marine Biology:

An Annual Review, 16, 229-331.

Petrecca, R.F. and J.F. Grassle (1990). Notes on fauna from several deep-sea hydrothermal vent
and cold seep soft-sediment communities. In: McMurray, G.R. (editor) Gorda Ridge. A
seafloor spreading center in the United States’ exclusive economic zone. New York,

Springer.

Pielou, E.C. (1966). The measurement of diversity in different types of biological collections.

Journal of Theoretical Biology, 13, 131-144.

29



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

Rex, M.A. (1981). Community structure in the deep-sea benthos. Annual Review of Ecology and

Systematics, 12, 331-353.

Rex, M.A., R.]. Etter, J.S. Morris, J. Crouse, C.R. McClain, N.A. Johnson, C.T. Stuart, J.W.
Deming, R. Thies and R. Avery (2006). Global bathymetric patterns of standing stock and

body size in the deep-sea benthos. Marine Ecology Progress Series, 317, 1-8.

Rhoads, D.C., P.L. McCall and J.Y. Yingst (1978). Disturbance and production on the estuarine
seafloor: dredge-spoil disposal in estuaries such as Long Island Sound can be managed in

ways that enhance productivity rather than diminish it. American Scientist, 66, 577-586.

Romero, I.C., P.T. Schwing, G.R. Brooks, R.A. Larson, D.W. Hastings, G. Ellis, E.A. Goddard,
and D.J. Hollander (2015). Hydrocarbons in deep-sea sediments following the 2010

Deepwater Horizon blowout in the Northeast Gulf of Mexico. PLoS ONE, 10, e0128371.

Ryerson, T.B., R. Camilli, J.D. Kessler, E.B. Kujawinski, C.M. Reddy, D.L. Valentine, E. Atlas,
D.R. Blake, J. de Gouw, S. Meinardi, D.D. Parrish, J. Peischl, J.S. Seewald and C. Warneke
(2012). Chemical data quantify Deepwater Horizon hydrocarbon flow rate and

environmental distribution. Proceedings of the National Academy of Sciences, 109, 20246-

20253.

Salvo, F., D. Hamoutene and S.C. Dufour (2015). Trophic analyses of opportunistic polychaetes
(Ophryotrocha cyclops) at salmonid aquaculture sites. Journal of the Marine Biological

Association of the United Kingdom, 95, 713-722.

Sanders, H.L. (1968). Marine benthic diversity: a comparative study. The American Naturalist,

102, 243-282.

SAS Institute Inc. (2013). SAS/STAT® 13.1 User’s Guide. Cary, NC: SAS Institute Inc.

30



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

UAC (Unified Area Command) (2010). Deepwater Horizon MC 252 response. Unified Area
Command. Strategic plan for sub-sea and sub-surface oil and dispersant detection, sampling,
and monitoring. November 13, 2010. U.S. Coast Guard and BP Exploration and Production,

Inc. New Orleans, LA. USA.

United States District Court for the Eastern District of Louisiana (2015). In re: Oil spill by the oil
rig “Deepwater Horizon” in the Gulf of Mexico, on April 20, 2010. MDL No. 2179, Section

J. New Orleans, LA, USA.

Valentine, D.L., G.B. Fisher, S.C. Bagby, R.K. Nelson, C.M. Reddy, S.P. Sylva and M.A. Woo
(2014). Fallout plume of submerged oil from Deepwater Horizon. Proceedings from the

National Academy of Sciences, 111, 15906-15911.

Washburn, T.W., A.C.E. Rhodes and P.A. Montagna (2016). Benthic taxa as potential indicators

of a deep-sea oil spill. Ecological Indicators, 71, 587-597.

Wiklund, H., A.G. Glover and T.G. Dahlgren (2009). Three new species of Ophryotrocha
(Annelida: Dorvilleidae) from a whale-fall in the North-East Atlantic. Zootaxa, 2228, 43-

56.

Wilson, G.D.F. (2008). Local and regional species diversity of benthic Isopoda (Crustacea) in the

deep Gulf of Mexico. Deep-Sea Research Part II, 55, 2634-2649.

31



668 Table 1.

669  Sampling stations sorted by distance from the wellhead (W). IZ is the impact zone as defined by

670  Montagna et al. (2013). N is the abundance of macrobenthic organisms. S is the number of taxa

671  per core. N1(C) represents the diversity averaged per core and N1(S) represents the diversity

672  summed over nine cores.
Station IZ Latitude Longitude Depth W N S NI(C) NI(S)

(N) (W) (m) (km) (n/m?

D038SW 1 28.740121 88.368133 1508 0.33 10,124 11.7 5.6 5.5
DO034S 1 28.734340 88.362394 1561 0.52 14,488 11.8 3.8 34
ALTNFOO1 1 28.734550 88.370076 1554 0.58 12,578 14.6 54 5.0
D040S 1 28.742285 88.362701 1517 0.59 15,590 13.1 4.2 3.8
D042S 1 28.742302 88.370713 1499 0.66 10,723 16.1 8.3 9.5
NFOO6MOD 1 28.744784 88.359812 1517 1.00 14,935 19.0 10.6 13.0
DO031S 1 28.731636 88.359198 1585 1.01 22,046 11.7 2.9 2.7
D044S 2 28.744524 88.374421 1491 1.11 13,652 204 11.8 16.8
LBNLI1 1 28.732098 88.376777 1565 1.26 10,751 16.6 95 113
ALTNFO15 2 28.709752 88.366436 1615 3 10,835 249 163  23.1
NF008 2 28.719989 88.388758 1591 3 8,827 20.8 132 19.0
NF009 1 28.738091 88.397459 1495 3 12954 234 146 2038
NFO010 2 28.757251 88.522042 1440 3 12913 294 195 272
NFO11 1 28.765173 88.366656 1440 3 13,944 27.1 16.6  22.1
NF012 2 28.757857 88.344246 1528 3 12,954 26.2 16.1 223
NFO013 2 28.738870 88.335635 1569 3 10,319 27.3 175 259
NF014 3 28.719982 88.344640 1588 3 9,399 249 16.0 24.1
LBNL14 2 28.730118 88.417347 1545 5 9,440 19.8 122 17.8
LBNL17 3 28.696626 88.385168 1616 5 9,301 25.0 16.1 235
LBNL3 2 28.705278 88.402037 1583 5 8,729 21.6 14.1 204
DO050S 2 28.792493 88.348558 1440 6 14,377 269 17.1 227
DO019S 4 28.672787 88.368802 1662 7 11,950 30.0 17.5 244
LBNL4 4 28.687908 88.418396 1465 8 16,887 25.8 16.0 245
2.21 3 28.784700 88.453846 1359 10 16,036 31.1 19.5 253
FF010 2 28.667819 88.430058 1357 10 11,253 244 153 214
LBNL7 2 28.639087 88.471193 1544 15 8,604 222 154 233
D024S 4 28.774613 88.167853 1709 20 8,673 260 194  30.1
FF005 3 28.803038 88.564810 1000 21 13,889 323  20.7 29.1
HIPRO 3 28.551521 88.579092 1578 29 12,425 232 12.6  16.6
LBNL9 3 28.514040 88.600484 1521 34 11,532 223 142  20.2
LBNL10 4 28.415556 88.704154 1408 48 10,096 25.2 16.7 239
D043S 4 28988977 87.934540 1499 51 11,895 28.3 183  26.0
VK916 4 29.106744 87.888737 1132 62 16,664 20.9 103 12.1
D002S 4 28.556952 87.760436 2388 63 2,942 129 103 219
S36 4 28918526 87.672135 1835 69 6,889 26.1 199 35.6
D062S 4 28.265489 88.923301 1313 76 8,841 24.2 16.7 249
FFMT3 4 28.218610 89.491843 998 125 8,646 314 229 380
FFMT4 4 27.828145 89.164753 1410 128 5968 25.0 19.1 385
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673  Table 2.

674  The 20 most abundant taxa collected during the spring 2011. Number of stations (n) where that
675  taxon was found, average abundance (n/m?) per core, percent of total abundance, and cumulative
676  percent abundance. Abbreviations: P = Polychaeta, N = Nemertea, M = Mollusca, E =

677  Echinodermata.

Rank Family Stations Abundance Percent Cumulative

(n) (n/m?) Percent
1 Dorvilleidae (P) 36 2288 19.67 19.67
2 Maldanidae (P) 38 1178 10.13 29.79
3 Paraonidae (P) 38 1019 8.76 38.56
4 Capitellidae (P) 38 996 8.56 47.12
5 Spionidae (P) 38 737 6.33 53.45
6 Cirratulidae (P) 38 512 4.40 57.85
7 Acrocirridae (P) 38 462 3.97 61.83
8 Nemertea (N) 38 353 3.03 64.86
9 Thyasiridae (M) 34 328 2.82 67.68
10 Bivalvia (M) 35 272 2.34 70.02
11 Syllidae (P) 38 259 2.23 72.24
12 Echiura (E) 28 231 1.99 74.23
13 Sigalionidae (P) 35 212 1.82 76.05
14 Prochaetodermatidae (M) 34 189 1.62 77.68
15 Terebellidae (P) 37 187 1.61 79.29
16 Nereididae (P) 35 169 1.45 80.74
17 Lumbrineridae (P) 35 142 1.22 81.96
18 Hesionidae (P) 37 135 1.16 83.12
19 Ampharetidae (P) 37 115 0.99 84.11
20 Cossuridae (P) 33 98 0.84 84.95
139 Other Taxa 1750 15.05 100.00

Total 38 11632 100
678
679
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Table 3.

Analyses of significant differences in abundance (n/m?), richness, diversity (N1), and evenness
(J') between different impact zones. A) Results for the nested ANOV As. B) Tukey tests. Impact
zones are listed from highest to lowest, and underlined categories are not significantly different
at the 0.05 level. Abbreviations: df = degrees of freedom; IZ = impact zone.

A) ANOVA P-Value for Macrofauna Trait

Source df Abundance Richness N1 T

Zone 3 0.0696 <0.0001 <0.0001 <0.0001

Station(Zone) 34 <0.0001 <0.0001 <0.0001 <0.0001

Error 304

B) Tukey Tests

Abundance Zone 171 173 172 17 4
Mean 110 96.4 88.3 79.3

Richness Zone 17 4 173 172 171
Mean 26.5 25.1 24.2 16.5

N1 Zone 17 4 173 172 171
Mean 17 16.5 15.5 8.1

J Zone 17 4 172 173 171
Mean 0.87 0.86 0.85 0.68
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688 Table 4.

689  Analyses of significant differences in abundance (n/m?), richness, diversity (N1), and evenness
690  (J') among different vertical sediment depths and impact zones. A) Results for the 2-way

691  partially hierarchical ANOV As. B) Tukey tests. Impact zones are listed from highest to lowest,
692  and underlined categories are not significantly different at the 0.05 level. Abbreviations: df =
693  degrees of freedom; IZ = impact zone.

ANOVA P-Value for Macrofauna Trait
Source df Abundance Richness N1 T
Zone 3 0.0802 0.0004 <.0001 0.0037
Station(Zone) 34 <.0001 <.0001 <.0001 <.0001
Sec 2 <.0001 <.0001 <.0001 0.0033
Zone*Sec 6 <.0001 <.0001 <.0001 0.0035
Sec*Station(Zone) 38 <.0001 <.0001 <.0001 <.0001
Error 912
694
B) Tukey Tests
Abundance Zone 0-3 3-5 5-10
Mean 77 9.3 6.4
Richness Zone 0-3 3-5 5-10
Mean 20.7 4.7 3.2
N1 Zone 0-3 3-5 5-10
Mean 13.2 3.9 2.8
J Zone 0-3 3-5 5-10
Mean 0.82 0.80 0.76
695
696
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697  Table 5. Spearman correlation coefficients (r) between principal component scores for sediment
698  chemistry and physical and biological metrics, and probability that Ho: r = O for n = 38 stations.

699
PC1 PC2 PC3

Variable r P r P r P
Wellhead distance -0.25 (0.1327) 0.01 (0.9402) -0.73  (<0.0001)
Seep distance -0.25 (0.1325) 0.12 (0.4914) 0.06 (0.7245)
Depth 0.18 (0.2900) 0.07 (0.6751) -0.03 (0.8449)
Abundance 0.18 (0.2707) -0.10 (0.5533) 0.52  (0.0007)
Richness 0.24 (0.1523) 0.02  (0.9055) -0.55 (0.0003)
N1 Diversity 0.13  (0.4386) 0.11 (0.4934) -0.65 (<0.0001)
H” Diversity 0.12  (0.4600) 0.12  (0.4591) -0.65 (<0.0001)
J” Evenness -0.07 (0.6699) 0.22  (0.1948) -0.77 (<0.0001)

700

701
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Figure captions

Figure 1. Location of sampling stations. A. All stations. B. zoomed view of stations within a 5
km radius of the wellhead.

Figure 2. Mean abundance (n/m?) and diversity (N1) values for each vertical sediment section
across impact zones.

Figure 3. K-dominance plot of the four impact zones. Abbreviation: IZ = impact zone.

Figure 4. MDS ordination plot of the 38 sampling stations. Abbreviation: IZ = impact zone.

Figure 5. A) Sediment chemistry variable loads for the first (PC1) and second (PC2) principal
components and B) Sediment chemistry variable loads for the second (PC2) and third (PC23
principal components. Axis label presents percent of variance explained by the principal
component. Abbreviations as in Table S1.

Figure 6. Relationship between PAH44 concentration and abundances of A) Dorvilleidae and B)
Peracarida. Blue lines represent the predicted values while red lines represent 90% confidence
limits.
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741  Figure 6
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