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Accelerated marsh erosion
following the Deepwater Horizon
oil spill confirmed, ameliorated
by planting

Scott Zengel'*, Zachary Nixon?, Jennifer Weaver?, Nicolle Rutherford?,
Brittany M. Bernik*® & Jacqueline Michel?

Multiple studies have examined the effects of the Deepwater Horizon oil spill on coastal marsh
shoreline erosion. Most studies have concluded that the spill increased shoreline erosion (linear
retreat) in oiled marshes by ~100-200% for at least 2-3 years. However, two studies have called much
of this prior research into question, due to potential study design flaws and confounding factors,
primarily tropical cyclone influences and differential wave exposure between oiled (impact) and
unoiled (reference) sites. Here we confirm that marsh erosion in our field experiment was substantially
increased (112-233%) for 2 years in heavily oiled marsh after the spill, likely due to vegetation impacts
and reduced soil shear strength attributed to the spill, rather than the influences of hurricanes or

wave exposure variation. We discuss how our findings reinforce prior studies, including a wider-scale
remote sensing analysis with similar study approach. We also show differences in the degree of erosion
among oil spill cleanup treatments. Most importantly, we show that marsh restoration planting can
drastically reduce oiled marsh erosion, and that the positive influences of planting can extend beyond
the immediate impact of the spill.

Marine oil spills continue to be a worldwide concern, reinforced by periodic large incidents such as the Deepwater
Horizon crude oil spill (2010) which affected ~ 1000 km of coastal wetland shorelines in the Mississippi River
Delta, USA'. Coastal wetlands, such as salt marshes and mangroves, are of major conservation and restoration
interest due to human-induced losses and corresponding reductions in ecosystem services such as storm pro-
tection, water quality improvement, fisheries production, and carbon sequestration®’. Coastal marsh shoreline
erosion in the Mississippi River Delta is particularly alarming due to high background rates of erosion linked
with human-related causes, including relative sea level rise, lack of sediment input due to river modifications,
and landscape alteration from oil and gas activities>*. Accordingly, multiple studies have examined the added
effects of the Deepwater Horizon oil spill on coastal marsh shoreline erosion, primarily in salt marshes domi-
nated by Spartina alterniflora and to a lesser degree Juncus roemerianus®-*. Most studies concluded that the
spill increased shoreline erosion (linear retreat) in oiled marshes by ~ 100-200% over 2-3 years, as a result of oil
spill impacts to marsh vegetation and soils (Table 1). However, two studies, Deis et al.'® and Challenger et al."®,
have called nearly all of this prior research into question, based on potential study design flaws and confound-
ing factors, primarily tropical cyclone influences and differential wave exposure between oiled and unoiled or
reference sites'®!®. Here we report on the results of a field experiment (Fig. 1) consisting of 7 years of field data
coupled with an overlapping 62-year record of digital aerial photography, to examine marsh shoreline erosion
and the questions raised by these two papers. Our most interesting results are based on a Before-After-Control-
Impact (or BACI) design*"*2, whereas all preceding papers on this topic, including our own, have employed
Control-Impact or Before-After approaches. BACI experimental designs are considered optimal for isolating
environmental impacts from other sources of variability, including natural variation among impact and control
sites, as well as variability over time. In addition to looking at the effect of oiling on marsh shoreline erosion, we
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DWH oiling Duration of Study methods
Marsh erosion DWH erosion levels with Cleanup Planting Time-period of | DWH erosion (primary Geographic
study effect® erosion effect treatment effect® | treatment effect” | study® effect design)? scale®
Silliman et al.® Yes (125%) Heavy - - 2010-2012 1.5 years Field (CI) Small
i\/tIZngenachan Yes (hypothesized) | Moderate to heavy | - - 2010-2012 zsi,;:é; (hypoth- Field (CI) Small, localized
7 7 o Heavy (very Yes () (partly, . . .
engel et al. Yes (133-250%) heavy) indirect) Yes (+) (direct) 2010-2012 2 years Field (CI) Small, localized
Gibeaut et al.® Yes (44%) Heavy (treated) Undetermined - 2010-2013 2.6 years Fce;lote sensing Large (BB)
Lin et al.’ Yes (elev. loss) Heavy - - 2011-2013 1.5 years Field (CI) Small
Beland et al."? Yes (100%, area) Heavy - - 2010-2012 2.5 years ?éegmte sensing Large (BB)
Moderate to heavy 2 years (direct), .
McClenachan !! Yes (50%) (direct), light to - - 2010-2015 (field), 4-5 years (direct Fleld. (CD), remote Small, localized
D 1998-2013 (RS) g sensing (BA)
none (indirect) and indirect)
Turner et al."? Yes (224%) geili(;)(light- - 1989-2012 2.5 years Fégmte sensing Large (LA)
Rangoonwala Light to heavy Remote sensing
13 Yes (mostly moderate | - - 2009-2012 2.5 years Large (BB)
etal Y ¥y (BA) 8
’ to heavy)
Silliman et al.!* Yes (73-117%) Heavy - - 2010-2013 2-3 years Field (CI) I;T)ge (LA-MS-
Khanna et al.'”® Yes (31-84%, area) | Heavy Undetermined - 2010-2012 1-2 years FCeIr;wte sensing Large (BB)
Beland et al.'® Yes (52%, area) Heavy - - 2006-2016 3 years FBeX;me sensing Large (BB)
Powers et al.'” Yes (133%) Moderate to heavy | No - 2010-2013 3 years Field (CI) k%ge (LA-MS-
Deis et al.!* No - - - 1998-2013 - F;X;"te Sensing | gall
Heavy to very L year (heavy),
Challenger et al."” | Yes (97-107%) h Undetermined - 2010-2015 3-4 years (very Field (CI) Large (LA)
eavy (treated) h
eavy, treated)
Bernik et al.?° - Heavy (treated) Undetermined Yes (+) (direct) 2012-2013 - Field (CI) Small, localized
Zengel et al., N Heavy (very Yes (-) (partly, . 2010-2016 (field), Field (CI), remote .
present study Yes (112-233%) heavy) direct) Yes (+) (direct) 1956-2018 (RS) 2 years sensing (BACI) Small, localized

Table 1. Summary of Deepwater Horizon oil spill (DWH) marsh erosion studies to date. *Percent increase

in linear erosion rate in parentheses unless otherwise noted. Positive (+) or negative (-) effects indicated,
undetermined =studies that included treated marsh but without direct comparisons to untreated sites with
similar oiling levels or with inconclusive results. RS remote sensing. dcr control-impact, BA before-after, BACI
before-after-control-impact. °BB Barataria Bay (Louisiana), LA wider Louisiana, MS Mississippi, AL Alabama,
all smaller-scale studies were in portions of Barataria Bay or associated bays (e.g., Bay Jimmy, Bay Batiste,
Wilkinson Bay).

also report on the potential longer-term influences of oil spill cleanup treatments and subsequent restoration
planting. These topics have been largely unaddressed in prior oiled marsh erosion studies.

Oiled marsh erosion and soil shear strength, field-based control-impact

We start by looking at our field erosion data, collected through 6 years post-spill (7 years total), to determine
the duration of oiling effects, and to look for longer-term cleanup treatment influences. We previously observed
increased erosion in our heavily oiled marsh sites for a 2-year period after the spill, the duration of our study at
that time’. We also observed no major differences in erosion among oiled sites that were untreated versus those
with manual cleanup treatments. In a separate but related experiment, using slightly different methods, there
were indirect indications that mechanical cleanup treatments may have further worsened erosion and direct
evidence that planting limited erosion in mechanically treated sites over a 1 year study period’.

In the present study, our field-based comparisons of oiling/treatment categories included reference, oiled and
untreated, oiled and manually treated, and oiled and mechanically treated sites. Untreated sites had no active
cleanup (i.e., natural recovery), an approach which is commonly prescribed for oiled marshes (see Zengel et al.”
for background on the trade-offs of typical oiled marsh treatment tactics). Manual cleanup treatment involved
raking, cutting, and removal of oiled wrack, oiled vegetation mats (laid over oiled and dead vegetation that was
still rooted), and underlying thick oil on the substrate by small crews using hand tools, to remove surface oil-
ing to the extent possible and to better expose remaining oil to natural weathering and degradation processes’.
Hand crews used walking boards to minimize foot traffic on the marsh surface. Mechanical cleanup treatment
involved mechanized grappling to remove oiled wrack and mechanized raking, cutting, and scraping to remove
or reduce oiled vegetation mats and oil on the substrate. The mechanical treatments were applied using long-
reach hydraulic arms mounted on shallow-draft barges and large airboats stationed just seaward of the marsh
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Figure 1. Field experiment map with study sites by marsh oiling/treatment class, including reference. The study
area is salt marsh dominated by Spartina alterniflora, located on Barataria Bay, part of the Mississippi River
Delta, Southeast Louisiana, USA. Inset map includes tracks for Hurricane Katrina (2005, east of study site) and
Hurricane Isaac (2012, south and west of study site). Figure generated by the authors for this research using
ArcGIS v10.8.1 (https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview).

shoreline””. Mechanical treatment was aimed toward the same goals as manual cleanup but with anticipated
increases in speed and scale; however, mechanical treatment can also be less precise, resulting in removal of soils,
mixing of oil into the substrate, etc. Oiling conditions were highly consistent across all the oiled sites, character-
ized as heavy oiling using Shoreline Cleanup Assessment Technique (SCAT) methods’, although we agree that
oiling in our sites could be considered “very heavy” as proposed by others'. Oiling conditions consisted of a
continuous 6-13 meters (m) wide oiling band along the marsh shoreline, with heavily oiled wrack and vegetation
mats overlying a 2-3 centimeter (cm) layer of emulsified oil on the marsh surface with ~90-100% oil cover’. The
heavily oiled sites all experienced complete or near complete vegetation die-oft, with vegetation recovery span-
ning multiple years”*. Nearby reference sites on the same shoreline had lighter to no oiling, intact vegetation
structure, and no cleanup treatments’. Further details on oiling conditions, cleanup treatments, and vegetation
response are included in our prior papers (including photographs)”?.

Annual shoreline erosion rates were determined each year by ground surveys using tape measures and dif-
ferentially corrected GPS (+10 cm horizontal accuracy) to measure shoreline position along established transects.
In the present study, we observed 147-198% greater marsh shoreline erosion for the oiled versus reference sites
over 2 years (2010-2011 and 2011-2012), with no clear differences among oiled sites with or without cleanup
treatments (Fig. 2, Supplementary Table S1). There was some indication that mechanical treatment may possibly
have worsened erosion in some sites in 2011-2012, which matched our field observations and prior experiments’,
though our sample size was small and highly variable in this case.

Potential causes for increased shoreline erosion in oiled marshes may lie most directly with the die-off of
marsh vegetation, which baftles wave energy and binds marsh soils. Die-off of vegetation at the marsh edge was
likely caused by several related factors, including thick persistent oiling covering all or most of the aboveground
vegetation and soil surface, repetitive oiling, and penetration and mixing of oil into the soils, resulting in fouling
and smothering effects on the plants such as interference with photosynthesis, gas exchange, thermal regulation,
etc., leading to plant death. Our prior work showed substantial reductions (77-100%) in aboveground total plant
cover (all species) and Spartina alterniflora cover (the dominant marsh species) in our oiled sites versus reference
over 2010-2011 (and 45-99% reductions over 2011-2012). Belowground plant biomass was likely also reduced,
although this was not measured in our study. However, belowground biomass was reduced in similarly oiled sites
in studies by others>>!*?*. Significant relationships have been established between marsh belowground biomass
and soil shear strength (a measure of erosion potential)®, including in oiled marshes’, and belowground bio-
mass is the main vegetation trait that resists erosion in coastal marshes®. Working in collaboration with us, Lin
et al.’ conducted ancillary sampling in a subset of our study sites over the 2011-2012 period and provided their
unpublished soil shear strength data (0-6 cm) for our use (their sampling did not include our planted sites). There
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Figure 2. Field measured marsh shoreline erosion rates 2010-2016 (m yr™"). Data are means with 90%
confidence intervals, n=5 for Reference, 9 for Oiled-Untreated, 5 for Oiled-Manual, and 2-6 for Oiled-
Mechanical treatments (n=14-20 for Oiled sites combined) depending on year. Due to missing values, the
desire to use as much data as possible, and the lack of clear differences among cleanup treatments, we pooled the
oiled site data for statistical analysis. Marsh erosion rates differed among Reference and Oiled sites (F, ;,=9.751,
p=0.006); among years (F, 3, 3 49=2.703, p=0.072); and for the interaction of oiling and year (F, 3, 3 40=2.648,
p=0.076). Pairwise differences (Tukey’s test) among Reference and Oiled sites were observed for 2010-2011
(p=0.003) and 2011-2012 (p=0.001), but not for other years. See Supplementary Table S1 for detailed two-way
mixed ANOVA results.
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Figure 3. Field measured marsh soil shear strength 2011-2012 (KPa). Data are means with 90% confidence
intervals, n=4 for Reference and 13 for Oiled sites. Soil shear strength differences were observed among the
Reference and Oiled sites (tg,o=—3.877, p=0.007, Welch’s t-test). See Supplementary Table S2 for further details.
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was a 42% reduction in soil shear strength in the oiled sites relative to the reference sites (Fig. 3, Supplementary
Table S2). Our reference site mean values are very similar to marsh soil shear strength values reported by others
in our study region®”, whereas our oiled site values are much lower. Thus, there is evidence that oiling affected
both the marsh vegetation and the erodibility of the marsh soils, which likely led to the observed differences in
marsh erosion between the reference and oiled sites. Oyster beds were not present near the marsh edge in our
study area; thus, oyster cover impacts did not contribute to observed erosion differences between our oiled and
reference sites (see Powers et al.'”).

Oiled marsh erosion reconsidered, remote sensing before—after-control-impact
Criticisms'®! of prior Deepwater Horizon oiled marsh erosion papers, including ours’, would apply to the results
above as well. The most interesting of these criticisms was that Hurricane Katrina (2005) increased baseline ero-
sion rates in the region, and that this signal was mistaken for oil spill effects'®. This criticism could apply if prior
studies applied a potentially misleading baseline while either: (a) comparing pre-spill erosion rates among oiled
and reference sites to justify a Control-Impact approach; or (b) comparing erosion rates in oiled sites pre- and
post-spill in a Before—After design. In both cases, this concern may have potentially applied to studies using a
longer-term historical baseline (as in our prior paper”) but could also apply to studies using a shorter baseline,
such as 1 year'®1.

To explore the above idea in our own study, we extracted shorelines from a time-series of digital aerial pho-
tographs and used the U.S. Geological Survey’s Digital Shoreline Analysis System? to model annual erosion
rates for our field sites over the following time-periods: pre-Katrina/pre-spill (1956-2004), Hurricane Katrina
(2004-2005), post-Katrina/pre-spill (2005-2010), spill impact (2010-2012), and post-spill (2012-2018) (see
Supplementary Methods Table 1 for details on the aerial imagery used in our analysis). Our time-periods were
similar but slightly different than those used by Deis et al.'® in that we used a longer “historical” pre-Katrina/pre-
spill baseline, a shorter spill impact period (2 years vs. 3 years, based on our field data above and similar annual
patterns in the remote sensing data over 2010-2016), and included longer term post-spill data. Our post-Katrina
baseline period matched closely with Deis et al.'®. In addition, with the remote sensing data, we were able to
include comparable erosion data for the different cleanup treatments as well as for the planting sites (which were
similarly oiled, mechanically treated, then hand planted in 2011 with transplanted local wild Spartina alterniflora
bare root stems at a density of ~2-3 stems m™2 7%°).

In our analysis, we observed 112-173% greater marsh shoreline erosion for the oiled and unplanted sites
versus the reference sites in the spill impact period; whereas erosion in the reference and planted sites did not
differ (Fig. 4, Supplementary Table S3). We also observed 47-90% greater erosion in the oiled and unplanted
sites versus the oiled and planted sites (i.e., much less erosion was observed in the planted sites, even though
they were not planted until 2011). There was also 29% greater erosion in the mechanical versus the manual
treatment sites within the spill impact period, a stronger indication of cleanup treatment differences than in the
field data, perhaps due to greater sample size. In contrast to the spill impact period, erosion differences were not
observed among any oiling/treatment classes, including reference, in the post-Katrina/pre-spill baseline period
(2005-2010), nor in any other time-periods, pre- or post-spill, with one important exception, the planted sites had
less erosion than two of the three oiled and unplanted classes in the post-spill period (2012-2018) (Fig. 4, Sup-
plementary Table S3). Differences in erosion were not observed between the post- Katrina/pre-spill (2005-2010)
and spill impact (2010-2012) time-periods (the main before-after comparison) within either the reference or
planted sites; whereas erosion increases of similar magnitude to our oiled versus reference comparisons were
observed between these time periods within each of the oiled classes that were not planted. For instance, ero-
sion in the oiled and mechanical treatment sites without planting increased by 233% between the post-Katrina/
pre-spill period and the spill impact period (Fig. 4, Supplementary Table S3). This example re-emphasizes the
clear importance of planting in reducing substantial shoreline erosion.

Several Deepwater Horizon oil spill marsh erosion studies referenced Hurricane Isaac (2012) as another major
influencer on marsh erosion!®!1313161819 Thege papers argued that oiling may have weakened the marsh, lead-
ing to even greater erosion during Hurricane Isaac, or that Hurricane Isaac alone may have resulted in erosion
impacts that were incorrectly attributed to the oil spill'*!°. The latter argument included references to our prior
findings’. We addressed this question directly using digital aerial photographs taken several days before and after
the passage of Hurricane Isaac. We re-ran our annual erosion models and the corresponding analyses, omitting
the shoreline extracted from the post-Isaac photography at the end of the spill impact period (2010-2012). This
removed approximately 1 week of data from the end of this period, but also removed any erosion influence caused
by the hurricane. The results from this alternative analysis (Supplementary Fig. S1, Supplementary Table S4)
were indistinguishable from the original result that included Hurricane Isaac (compare to Fig. 4, Supplemen-
tary Table S3). Rangoonwala et al.'* came to the same conclusion in their independent analysis, indicating that
Hurricane Isaac had little erosion influence in our specific study area. Turner et al.'? also found that Hurricane
Isaac had little influence on salt marsh shoreline retreat in the region. This is not to say that oiling impacts and
hurricane influences cannot interact to increase marsh erosion; they certainly could, but it does not appear this
was the case for our study sites and Hurricane Isaac.

Wave exposure modeling, before—after-control-impact continued

Differential wave exposure among oiled and unoiled or reference sites was the other major confounding factor
raised by both Deis et al.'® and Challenger et al.' for most Deepwater Horizon marsh erosion studies, includ-
ing our prior work’. We examined this question for our study sites and time-periods by modeling wave power
after Allison et al.?>. We computed wave power for numerous scenarios of wind direction and speed based upon
modeled significant wave height (Hs) and then calculated weighted mean wave power values over the different
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Figure 4. Remote sensing measured marsh shoreline erosion rates 1956-2018 (m yr™'). Data are means

with 90% confidence intervals, n =5 for Reference, 9 for Oiled-Untreated, 5 for Oiled-Manual, 9 for Oiled-
Mechanical, and 5 for Oiled-Mechanical-Planted treatments. Marsh erosion rates differed among oiling/
treatment categories (F, 53 =9.368, p=0.000); among time-periods (F, 44 ¢ 4;=62.210, p=0.000); and for the
interaction of oiling/treatment and time-period (Fg g, g9 47 =4.593, p=0.000). In the post-Katrina/pre-spill
period (2005-2010) erosion differences were not observed among any oiling/treatment classes, including
Reference (p=0.868 to 1.000). In the spill impact period (2010-2012) erosion differences were observed
between: Reference versus all oiled classes (p=0.000 to 0.001) except Planted (p=0.410); between the Manual
and Mechanical treatments (p=0.063); and between Planted versus all other oiled classes (p=0.000 to 0.065).
In the post-spill period (2012-2018) erosion differences were observed between: Planted versus Untreated and
Manual treatments (p=0.066 and 0.072). Between the post-Katrina/pre-spill and spill impact time-periods,
erosion differences were not observed within the Reference (p=0.989) or Planted (p=0.340) classes; however,
differences were observed between these time-periods within each of the other oiled classes (p=0.000 in all
cases). See Supplementary Table S3 for detailed two-way mixed ANOVA results. Tukey’s test was used for all
pairwise comparisons after ANOVA.

time-periods. We found that mean wave power (watts [W m™']) did differ for our reference versus oiled sites,
similarly across all time-periods, whereas the oiled sites with various treatments (including planting) did not
differ from each other within any time-periods (Fig. 5, Supplementary Table S5). It should be recognized that
mean wave power values were relatively low in both the reference and oiled sites (3 and 7 W m™ on average,
respectively), and the differences in wave power were small. For instance, the range of mean wave power values
for coastal marshes across Louisiana is 0 to 100 W m™, with the bulk of values in the 0 to 40 W m™' range®.
We would expect a 4 W m™! difference in wave power to result in minor differences in marsh edge erosion. We
also found differences in mean wave power among our study time-periods, however, these changes were even
smaller, 0.3-0.4 W m™ by oiling/treatment class for the post-Katrina/pre-spill period (2005-2010) versus the
spill impact period (2010-2012). We also similarly modeled maximum wave power (e.g., wave power associ-
ated with large storms, including hurricanes, occurring over very short time-periods), which indicated much
higher wave power values, but with similar relationships and even smaller differences between the reference
and oiled sites. Despite the relatively consistent differences in wave power among the reference and oiled sites
across time-periods, the only time-period where large differences in erosion were observed overall, was the spill
impact period (2010-2012). Moreover, our Before-After-Control-Impact study design specifically controls for
these types of consistent differences among impact and reference (control) sites.

For readers wary of our Before—After-Control-Impact approach who may still be concerned with differences
in wave exposure between our reference and oiled sites, we offer our Before—After findings as an alternative
(Fig. 4, Supplementary Table S3, see the time-period contrasts for each of the oiled categories), which can be
viewed without considering our reference sites (Deis et al.'® took a similar Before-After approach in the inter-
pretation of their data). A Before—After view of our data does not change our findings. Furthermore, as oiled
marsh vegetation impacts are the likely primary cause of increased erosion effects from the spill, our planted sites
offer another type of “reference” or “control” where wave exposure differences were not a factor. Our vegetation
planting results offer powerful evidence that increased erosion was caused by the spill, that vegetation impact was
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Figure 5. Modeled mean wave power in oiled marsh versus reference sites 1956-2018 (W m™). Data are means
with 90% confidence intervals, n =5 for Reference, 9 for Oiled-Untreated, 5 for Oiled-Manual, 9 for Oiled-
Mechanical, and 5 for Oiled-Mechanical-Planted treatments. Mean wave power differed among oiling/treatment
categories (F, ,3="52.166 p=0.000); among time-periods (F, ;3 3, ;; =396.386, p=0.000); and for the interaction
of oiling/treatment and time-period (F, 53 3, ;; = 15.503, p =0.000). Within each time-period mean wave power
differences were observed between Reference versus each oiled class (p=0.000) but were not observed among
any of the oiled categories (p=0.153-1.000). Between the post-Katrina/pre-spill (2005-2010) and spill impact
(2010-2012) time-periods, erosion differences were observed within each of the oiled/treatment classes
including reference (p=0.000 to 0.004). See Supplementary Table S5 for detailed two-way mixed ANOVA
results. Tukey’s test was used for all pairwise comparisons after ANOVA.

a major mechanism for increased erosion, and that relatively simple and low-cost restoration planting methods
can be used to substantially decrease marsh erosion following oil spills.

Further discussion and conclusions

Several benefits of our tightly controlled study, such as: (a) well-documented continuous and consistent heavy
oiling across all our oiled study sites; (b) known standardized cleanup and planting treatments intermixed across
the oiled study area; (c) oiled and reference sites located as near to one another as possible along the same marsh
shoreline; and (4) closely coupled field and remote sensing measurements, also relate to the main drawback of
our work—our study area was small and localized and the results may not be widely transferable to larger areas
(although ~73-109 km of marsh shorelines had oiling conditions similar to our study area and ~ 27 km of those
had intensive marsh cleanup’?**°). We think a main value of our field experiment and Before-After-Control-
Impact approach is that they contribute important fine-scale reinforcement to the various similar wider-scale
studies, such as Gibeaut et al.%, Silliman et al.'%, and Beland et al'®. We considered the next step of expanding our
study across a wider geography; however, for the examination of Deepwater Horizon oil spill effects on marsh ero-
sion (but not cleanup treatment or planting influences), we feel this has largely been done by others, particularly
in one specific case'®. The Beland et al.!® remote sensing study, spanning northern Barataria Bay salt marshes,
looked at a multiyear post-Katrina/pre-spill period (2006-2010), a spill impact period (2010-2013), and a post
spill period (2013-2016), including a range of oiling levels from unoiled to heavily oiled marshes, and arrived
at similar erosion rates and conclusions to our present work. The Beland et al.'® study was largely dismissed in
one recent review'® along with other remote sensing studies, due to concerns about the accuracy of their shore-
line mapping methods, particularly the possible inability to identify the seaward edge of marsh shorelines that
were oiled and denuded of vegetation. However, in our review of Beland et al.'é, including specific discussions
of their shoreline extraction and ground-truthing methods (Michael Beland, pers. comm.), we are confident
they were able to accurately reflect shoreline position, including for oiled and unvegetated marsh platforms
(e.g., they used finer-scale imagery than many other studies, they were aware of and able to accurately classify
unvegetated marsh shorelines, and they conducted appropriate field-based data validation). Our present work,
in conjunction with Beland et al.’®, provides compelling evidence that the Deepwater Horizon oil spill resulted in
substantially increased marsh erosion over 2 to 3 years in heavily oiled marshes. In addition, our current work
confirms differences in erosion among oiled marsh cleanup treatment methods, with lesser erosion observed
for manual versus mechanical treatments. Importantly, our study directly shows that shoreline stabilization or

Scientific Reports |

(2022) 12:13802 | https://doi.org/10.1038/s41598-022-18102-1 nature portfolio



www.nature.com/scientificreports/

emergency restoration by vegetation planting can be highly effective in reducing oiled marsh shoreline erosion,
and that positive influences of planting can extend beyond the immediate spill impacts. Logical next steps may
include using remote sensing Before-After-Control-Impact approaches to examine marsh erosion in other loca-
tions affected by the Deepwater Horizon oil spill, as well as examining wider-scale influences of oil spill cleanup
treatments and post-spill restoration on marsh erosion.

Methods

Brief methods are included above under each component of the study coupled with corresponding results and
discussion. Statistical analyses for erosion rates and wave power used two-way mixed ANOVAs with oiling/
treatment class as the between-subjects factor and time-period (year or groups of years) as the within-subjects
factor. ANOVA pairwise comparisons were made using Tukey’s test. Welch’s two sample t-test was used for the
comparison of soil shear strength. We considered statistical significance as p<0.10. Descriptive statistics, ANOVA
tables and t-tests, and post-ANOVA pairwise test results are reported in full in Supplementary Tables S1-S5.
See the Supplementary Methods for background and details on the study area, data collection, data sources,
and analysis. Authorizations and permits to conduct the marsh cleanup treatments, restoration planting, and
subsequent monitoring and research were provided by and through the Deepwater Horizon Unified Command
and Emergency Response (U.S. Coast Guard, the State of Louisiana, and BP). The study area is privately owned;
access permits were obtained from the landowner prior to conducting all work.

Data availability
Data are publicly available through the GoMRI Information & Data Cooperative (GRIIDC) at https://data.gulfr
esearchinitiative.org/ (https://doi.org/10.7266/VF524143).
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