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Abstract

The 2010 BP Deepwater Horizon (DWH) oil spill damaged thousands of km2 of intertidal

marsh along shorelines that had been experiencing elevated rates of erosion for decades.

Yet, the contribution of marsh oiling to landscape-scale degradation and subsequent land

loss has been difficult to quantify. Here, we applied advanced remote sensing techniques to

map changes in marsh land cover and open water before and after oiling. We segmented

the marsh shorelines into non-oiled and oiled reaches and calculated the land loss rates for

each 10% increase in oil cover (e.g. 0% to >70%), to determine if land loss rates for each

reach oiling category were significantly different before and after oiling. Finally, we calcu-

lated background land-loss rates to separate natural and oil-related erosion and land loss.

Oiling caused significant increases in land losses, particularly along reaches of heavy oiling

(>20% oil cover). For reaches with�20% oiling, land loss rates increased abruptly during

the 2010–2013 period, and the loss rates during this period are significantly different from

both the pre-oiling (p < 0.0001) and 2013–2016 post-oiling periods (p < 0.0001). The pre-oil-

ing and 2013–2016 post-oiling periods exhibit no significant differences in land loss rates

across oiled and non-oiled reaches (p = 0.557). We conclude that oiling increased land loss

by more than 50%, but that land loss rates returned to background levels within 3–6 years

after oiling, suggesting that oiling results in a large but temporary increase in land loss rates

along the shoreline.

Introduction

Coastal wetlands provide a myriad of important ecosystem services, including flood mitiga-

tion, pollution removal, carbon sequestration, wildlife habitat and recreational opportunities,

but they are threatened by an array of human activities, both directly by dredging, channeliza-

tion and construction, and indirectly by sea level rise and reduced sediment input. Intertidal

ecosystems, particularly salt marshes, are resilient to physical disturbances, which has been
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attributed to their high productivity [1,2,3] and their physiological traits for coping with stress-

ful environmental conditions [4,5,6,7,8].

For nearly two centuries, human activities in the northern Gulf of Mexico have altered nat-

ural hydrologic regimes and changed the magnitude of system perturbations beyond salt

marsh resilience thresholds [9,10], resulting in accelerated rates of wetland loss (> 250 km2

yr-1) [11]. Since the 1970’s, land loss has been a major topic of concern with broad manage-

ment implications for the region, particularly for coastal Louisiana [12,13,14,15,16]. Louisiana

alone lost an estimated 4800 km2 of intertidal wetland area from 1932–2010 (∽62 km2 yr-1)

[17]. A combination of natural (e.g. subsidence, sea-level-rise, abandoned river delta decay,

wave energy and storm events) and anthropogenic (e.g. levees, impoundments, canal dredging

and subsequent channel erosion) forces have contributed to the alarming rates of wetland loss,

which has been popularly expressed in media outlets as "a football field per hour" [17].

Barataria Bay, a rapidly eroding abandoned delta where aggradation is no longer keeping

pace with the effects of eustasy and subsidence [18], perhaps best illustrates the challenge of

managing land loss [16,19], as it has been losing 15.1 km2 of wetland area per year since 1932

[17,20]. Yet, these land losses in the Barataria Basin have not increased monotonically over the

past century [17,21]. Episodic disturbances, like oil spills and hurricanes, can accelerate land

loss, particularly along marsh edges, in areas already experiencing marsh degradation or loss

[22,23,24,25,26].

The largest oil spill in U.S. history occurred in the Gulf of Mexico on April 20, 2010, when

an explosion on the Deepwater Horizon (DWH) offshore drilling unit released 780,000 m3 of

crude oil into the Gulf before being capped on July 15 [27]. Oil washed onto approximately

796 km of shoreline comprised of intertidal marshes, disproportionally impacting salt marshes

of Louisiana [28]. Oiling was concentrated along the marsh shoreline edge [25,29,30], causing

plant stress, mortality, and reductions in above- and belowground biomass [26,31]. Exposure

of marsh macrophytes to oil can lead to reduced function (i.e. transpiration and photosynthe-

sis) followed by recovery through new shoot regeneration [32,33], or plant mortality and

reduced biomass production, resulting in destabilization of the root-soil matrix [7,25].

Soil strength and sediment accretion are directly related to belowground biomass as roots and

rhizomes create a binding matrix for sediment accumulation [21,34,35]. Reductions in below-

ground biomass caused by oiling and subsequent remediation efforts increases the vulnerabil-

ity of shorelines to both episodic (i.e. storm surge) and chronic (i.e. subsidence, sea-level rise)

erosional forces [25,26,36,37].

Barataria Bay was among the areas most heavily impacted by oil following the DWH spill

[28]. The threat of accelerated erosion is of particular concern for the rapidly deteriorating

marsh platforms of the lower Barataria Basin [25,26,31,36]. Land loss in the lower basin over

the last century has been caused by a combination of natural and anthropogenic erosional

forces, including reduced sediment deposition from the Mississippi River, compaction

and subsidence of underlying deltaic deposits, flood control practices and canal dredging

[16,23,38]. Oiling from the DWH spill in Barataria Bay was concentrated within the first 15 m

from the marsh edge (maximum of 19m) [29,30], with only 1% reaching beyond 15m [39].

Oiling accelerated shoreline erosion, contributing to erosion rates at oiled sites that were more

than double that of reference (non-oiled) sites a year after exposure [25,36]. However, existing

studies were conducted over relative small areas (60 m of shoreline in Silliman et al. [25]; 300

m of shoreline in McClenachan et al. [26]; ∽630 m of shoreline in Zengel et al. [36]). Extrapo-

lating results from these small study areas to regional scales can be problematic, due to the var-

iability in shoreline orientation and exposure to wave action, degree of oiling, and variable

responses of aboveground and belowground biomass to oiling [26,31,40]. Consequently, the

Land loss trajectories along oiled shorelines
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magnitude of marsh shoreline retreat and land loss attributed to oiling is difficult to quantify

over regional scales by extrapolating from specific study reaches.

Three recent studies used remote sensing techniques to examine the impacts of oiling on

salt marshes of Barataria Bay on a landscape-scale [41,42,43]. Beland et al. [41] found that only

Spartina alterniflora dominated marshes were extensively degraded and that vegetation classes

converted to an open water class along oiled shorelines at more than double the rate of non-

oiled shorelines from 2010–2012. In comparing pre-oiling (2009–2010) shoreline recession

rates, Rangoonwala et al. [42] documented a fourfold and threefold increase in shorelines

experiencing >4 m recession for the first and second years after oiling. Turner et al. [43]

assessed shoreline loss by measuring the change in width (east-west) and length (north-south)

of 46 marsh islands in Barataria Bay, and reported erosion rates of oiled islands were 3 times

that of non-oiled islands for the first 2.5 years after oiling. To date, however, a bay-wide and

reach-scale assessment of wetland loss attributable to oiling has yet to be conducted. Further,

previous studies have not accounted for variability in background erosion rates for oiled shore-

lines, or determined if land loss rates remained above pre-oiling rates or returned to back-

ground levels beyond the first 2.5 years.

In this study, our objectives were to: a) map changes in land loss along the shoreline in a

bay affected by the DWH oil spill for three time periods: before, 3 years after, and 6 years after

the spill, b) determine if rates of land loss were significantly different before and 3 and 6 years

after the spill, and c) quantify the impact of oiling on reach-scale and bay-wide loss rates, con-

trolling for temporal variability in natural background erosion rates. Land loss rates per unit

shoreline (m2 m-1 yr-1) were calculated to standardize the loss rates for varying shoreline

lengths, and to provide results that can be easily compared with future assessments of marsh

loss along the shoreline in the Louisiana Coastal Zone. The rationale for examining the land

loss rates at three year time intervals derived from the temporal response patterns documented

in prior research [42,43]. Additionally, the time intervals (i.e. length of time between image

acquisition dates) were constrained by the availability of high resolution satellite and airborne

datasets capturing Barataria Bay.

Materials and methods

We used a combination of remote sensing and GIS techniques and simple statistical algo-

rithms to map shoreline change. Marsh shorelines were segmented into non-oiled (i.e. refer-

ence) and oiled reaches, and land loss rates were calculated to determine if loss rates were

significantly different for oiled and non-oiled reaches, and for pre- (3 years before oiling) and

post-oiling (0–3 years, 3–6 years) time periods. Last, we calculated background land loss rates

for oiled reaches, using a combination of oiled (pre-spill) and non-oiled (pre- and post-spill)

shoreline loss rates, to estimate the magnitude of oil-related land losses that are not attributable

to temporal variability in background loss rates.

Study area description

The study area covers approximately 197 km2 in northern Barataria Bay, Louisiana (29.43˚N,

89.88˚W), and consists of 41 km2 of marsh area and 133 km of marsh shoreline (excluding

interior channel and canal banks) (Fig 1). Barataria Bay is an interdistributary bay, formed

between the active Plaquemines delta lobe and Lafourche headland, which is experiencing

some of the highest relative sea level rise rates in the continental United States (0.94 cm/yr

from 1947–2006) [19]. Salt marshes of Barataria Bay are fractions of a meter from sea level and

are being impacted by sea level rise [44], and are highly vulnerable to natural and anthropo-

genic disturbances [16,23,45].

Land loss trajectories along oiled shorelines
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Soils in the lower Barataria Basin form on sediment and are tidally redistributed in the

lower basin [46]. Soils (Timbalier, Lafitte, Bellpass, Clovelly, Scatlake series) are very poorly

drained and consists of a moderate to thick layer (30–310 cm) of muck and fibrous peat

(20% organic content) over clayey (coarse silt) alluvium with 0–0.2% slopes [47]. The lower

Barataria Basin is a microtidal environment with a diurnal spring tidal range less than 0.6 m

[46]. Diurnal tides and wind-driven winter storms account for frequent water exchanges

between the lower Barataria Basin marshes and the Gulf of Mexico, while tropical storms

account for infrequent, yet pronounced flooding of the marsh platform with saline water

[48].

Salt marshes of Barataria Bay are vegetated by dense monotypic stands of polyhaline and

mesohaline macrophytes, with Spartina alterniflora and Juncus roemerianus commonly com-

prising more than 80% of the vegetation cover. Distichlis spicata, Spartina patens, Phragmites
australis, Schoenoplectus americanus and Schoenoplectus robustus are also common [31,41,49].

Non-inundated bare soil (e.g. mudflats, salt pannes, unvegetated marsh edges) cover accounts

for< 2% of the total marsh area [41].

Fig 1. Upper Barataria Bay study area. Shows shoreline reach oil fractions, NDVI validation locations (red x’s), water level

measurement site (blue circle).

https://doi.org/10.1371/journal.pone.0181197.g001
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Oil fraction cover maps

The oil maps used here were generated using MESMA applied to Airborne Visible/Infrared

Imaging Spectrometer (AVIRIS) imagery and published in Peterson et al. [39]. AVIRIS data-

sets were radiometrically calibrated, converted to apparent surface reflectance using Atmo-

spheric Correction Now (ACORN 6.0, ImSpec LLC, Seattle), and ground-reflectance spectra

from a calibration site (airport tarmac) were used to remove residual atmospheric features

[39]. Peterson et al. [39] used iterative endmember selection (IES) [50] to produce a spectral

library of green vegetation, non-photosynthetic vegetation, soil and oiled marsh endmembers.

Stable Zone Unmixing (SZU) [51], the InStability Index (ISI) [52] and synthetic mixture

modeling were used to identify an optimal subset of nine bands for discriminating endmem-

bers, particularly bands that effectively separated spectrally similar oiled marsh and non-pho-

tosynthetic vegetation. Finally, two, three and four endmember models were run on each

image, followed by an automated extraction process in which endmember combinations with

the lowest RMSE and least complexity (fewest endmembers) were selected for each pixel and

merged into a multiple endmember fractional cover dataset. The models were run on images

from July 31, August 15, September 14, October 4, 2010 and May 4, 2011 to capture the move-

ment of oil around Barataria Bay [39]. Accuracies for the image dates ranged from 87.5% to

93.3% with zero false positive detections [39]. Here, we created marsh oiling zones of 0-21m

from the shoreline edge, and extracted the maximum oil fraction (per 3.5 m pixel) over a

multi-temporal data set of oil maps (i.e. July 31, August 15, September 14, October 4, 2010

and May 4, 2011). Overall, the oil maps used here were consistent with the Shoreline Cleanup

Assessment Technique (SCAT) maps used in previous studies [28,42], however, some discrep-

ancies in oil coverage along shorelines were apparent. These variations were likely due to dif-

fering methodologies, reach extents and oil surface cover categories.

Mapping shoreline change: Remote sensing techniques

High resolution (0.30–0.64 m) orthorecitifed image datasets were acquired from DigitalGlobe

(https://www.digitalglobe.com) and Aerometric Inc. (http://gis.aerometric.net/dirlists.htm)

for the four dates used in this study (S1 Table). The DigitalGlobe products were captured on

the QuickBird-2 and WorldView-2 & 3 instruments (panchromatic and multispectral) at

ground sample distances (GSD) ranging from 0.31m to 0.64m (Table 1). Aerometric Inc.

four band (blue, green, red, near infrared) stereoscopic photographs have a GSD of 0.30m

(RMSE < 1.2 m). A relative image-to-image accuracy of 0.77 m (RMSE) was achieved across

all image dates.

We generated binary classification maps of marsh cover and open water for each image (S2

Fig). Marsh vegetation cover and open water are easily distinguishable in bands 4 (NIR) and 3

(red), so we utilized the Normalized Difference Vegetation Index (NDVI), and a binary thresh-

old of -0.03 to create marsh land and open water cover classification maps. A -0.03 threshold

was used to include mudflats in the marsh land class. Maps were assessed using field observa-

tions made contemporaneous with image acquisition dates (n = 289) from six field sites

located along the marsh edge (Fig 1). Land and water were classified accurately for 97% of the

observations. Mudflats and lakes located within the marsh interior that had no connectivity

with large channels and bays were removed by converting the raster of water pixels into a poly-

gon. This process was followed for all four image dates. Post-classification change detection

analysis was performed to determine if marsh area was retained from the previous imaging

date, or if a conversion from marsh to open water (i.e. land loss) had occurred.

Image acquisition time could affect the amount of water mapped due to tides, therefore,

image data captured at or below mean low water (MLW) are ideal and acquisition at 1–2 feet

Land loss trajectories along oiled shorelines
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(0.31–0.62 m) above MLW is acceptable for the northern Gulf of Mexico [53,54]. Here, acqui-

sition times for the data were at 17:10 (2006), 17:00 (2010), 21:25–21:31 (2013) and 16:44 UTC

(2016), corresponding to tidal heights of 0.007, -0.031, 0.140 and 0.185 m from MLW (S1

Table). The tidal range (0.22 m) over all image acquisition periods is relatively small, and the

maximum tidal height of 0.185 m above MLW (2016) is well within the preferred tidal range

(< 0.31 m) stated previously [53,54]. In addition, the ratio of erosion in oiled and non-oiled

reaches should be insensitive to tidal effects because the background rate for non-oiled reaches

is determined from the same image pair as the oiled reaches (see Land loss analysis section).

Land loss analysis

Image change analysis often uses pixel-wise comparisons over time. For analysis of marsh land

loss along shorelines, both total area loss and the distance of shoreline retreat are important, so

we aggregated the pixel data by shoreline reaches with a single orientation and oil fraction. A

vector of the 2006 marsh shoreline was used as a baseline for generating transects every 100m

using an onshore transect sampling algorithm. The sinuosity of the marsh shorelines and

number of small marsh islands (< 1000m2) in the southern Barataria Basin resulted in fre-

quently overlapping onshore transects and created shoreline reaches that were variable in

length (S1 Fig). Where overlapping transects generated longshore reaches that were less than

15 m, the transects were manually removed, resulting in reaches that ranged in length from

15–172 m (S2 Table). We then examined land loss in relation to oil fractional cover along the

segmented longshore reaches (N = 1443, 133 km of marsh shoreline) (S2 Table). The ArcGIS

zonal statistics tool was used to calculate the area of land loss per reach over each time period,

and to calculate the mean oil fractional cover over the same shoreline reaches. Finally, the Arc-

GIS spatial join tool was used to link all the reach attributes (shoreline reach length, land loss

area for each time period and mean oil fraction) to a single shoreline vector file.

To account for the variable lengths of the created longshore reaches (15–172 m), we nor-

malized the total land loss by the reach length to get a standardized loss rate (slr) in m yr-1:

slr ¼
a
lð Þ=t ð1Þ

where slr is calculated as the land area loss (a) over the segmented longshore reach length (l)
divided by the number of years between image acquisitions (t). The time intervals (t) between

Table 1. Annual land loss rates by reach oiling category and time period. Rows (oiling categories) and columns (time periods) also include background

annual loss estimates and resulting p-values for the reach-level pair-wise T-tests for Period 1 (2006–2010), Period 2 (2010–2013) and Period 3 (2013–2016)

and for each oil category.

oil

category

shoreline

length (m)

Annual land loss

rate 2006–2010

(m2 yr-1)

Annual land loss

rate 2010–2013

(m2 yr-1)

2010–2013

background

Annual land loss

rate 2013–2016

(m2 yr-1)

2013–2016

background

Periods

1 & 2

Periods

2 & 3

Periods

1 & 3

no oiling 82,446 43,348 58,762 58,762 51,904 51,904 0.129 0.249 0.581

>0–10 629 29 402 39 132 34 0.146 0.302 0.095

10–20 2,033 385 1,070 522 1,074 461 0.253 0.910 0.143

20–30 6,046 2,254 7,351 3,056 2,378 2,699 0.001 0.002 0.849

30–40 5,669 1,923 9,481 2,607 2,313 2,302 <0.001 0.002 0.484

40–50 8,515 6,973 20,461 9,453 5,550 8,350 0.006 <0.001 0.368

50–60 12,602 9,771 29,840 13,245 9,701 11,699 <0.001 <0.001 0.357

60–70 8,710 6,022 16,748 8,163 7,626 7,211 <0.001 <0.001 0.616

70+ 6,533 4,087 9,792 5,540 4,749 4,894 0.023 0.046 0.248

Total: 133,183 74,792 153,909 101,387 85,427 89,553 <0.001 <0.001 0.56

https://doi.org/10.1371/journal.pone.0181197.t001
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imaging dates were 3.4 (2006–2010), 3.6 (2010–2013) and 2.5 (2013–2016) years. We per-

formed reach-level pair-wise T-tests, and then summarized the p-values for each oiling cate-

gory to determine if post-oiling land loss rates were significantly different from the pre-oiling

rates (Table 1).

Post-spill land loss rates were higher for all shoreline reaches, including non-oiled reaches,

presumably due to normal erosion forces affecting all reaches, such as wave energy, currents,

tides and sediment supply. Additionally, storm surge from Hurricane Isaac, which made land-

fall in the study area in August 2012, likely contributed to increased land losses during the first

post-oiling period (2010–2013). Therefore, we estimated background loss rates (blr) for a

given oiling category (j) for the post-oiling periods as:

blrj ¼ kðslrpre
j Þ ð2Þ

where k is the ratio of slr for post-oil (slr post,no.oil) and pre-oil (slr, pre,no.oil) periods for

non-oiled reaches (oil cover = 0):

k ¼
slrpost; no:oil

slrpre;no:oil
ð3Þ

For instance, the post-oiling (2010–2013) change coefficient (k1 = 1.36) was calculated by

dividing the post-oiling (2010–2013) period slr (0.36 m2 m-1 yr-1) by the pre-oiling slr (0.26 m2

m-1 yr-1) for non-oiled reaches. The oil-related loss rate (olr) is the difference between the

observed slr and the blr. All three loss rates were converted into an area loss rate by multiplying

the loss rate by the length of shoreline for each oiling category.

Results

General land loss patterns over the three periods

Sixty-two percent of the shoreline (N = 993; 82,446 m) exhibited no detectable oiling (i.e. oil

cover = 0) from July 2010—April 2011 (Fig 1, Table 1, S2 Fig). Twenty-one percent of the

shoreline had mean oil fractions greater than 50%, and the remaining 17% had mean oil frac-

tions between 3 and 49% (Fig 1, Table 1). Shorter reaches (< 50m) could have a disproportion-

ate effect on land loss rates along the shoreline, however, these reaches only accounted for 7%

of the total shoreline length. Additionally, 91% of the shorter reaches (< 50m) were along

non-oiled shorelines.

Total land loss during post-oiling period 1 (2010–2013) more than doubled the losses from

the pre-oiling period (2006–2010) (Fig 2A), and then returned to near the pre-oiled rate in the

post-oiling period 2 (2013–2016). Total land loss for all reaches increased from 74,702 m2 yr-1

(0.49 m2 m-1 yr-1) to 153,676 m2 yr-1 (1.44 m2 m-1 yr-1) from 2010–2013, and decreased to

85,388 m2 yr-1 (0.58 m2 m-1 yr-1) from 2013–2016 (Fig 2A). For non-oiled reaches (82,446 m),

the slr was highest during the first post-oil period (2010–2013, 0.71 m2 m-1 yr-1), however,

there were no statistical differences in slr between 2010–2013 and the pre-oiling period (0.53

m2 m-1 yr-1, p = 0.129) or the 2013–2016 period (0.63 m2 m-1 yr-1, p = 0.249) (Table 1). Even

though the land loss rates for non-oiled reaches were highest during the 2010–2013 period,

their relative contribution to the total losses were low (Fig 2B). Land loss within non-oiled

reaches contributed to 38% (58,762 m2/yr) of the total land loss during 2010–2013, despite

accounting for 62% of the shoreline length (Table 1). In comparison, land loss within non-

oiled reaches accounted for 58% (43,348 m2 yr-1) and 61% (51,904 m2 yr-1) of the total land

loss during the 2006–2010 and 2013–2016 periods, respectively (Table 1), which is comparable

to the percent shoreline length, suggesting non-oiled and oiled shorelines had similar relative

Land loss trajectories along oiled shorelines

PLOS ONE | https://doi.org/10.1371/journal.pone.0181197 August 2, 2017 7 / 20

https://doi.org/10.1371/journal.pone.0181197


contributions to land loss in pre- and the second post-oiled periods (Fig 2B). Furthermore,

there was no statistical difference observed for any reach oiling categories from pre-oiling and

post-oiling period 2 (2013–2016), suggesting land loss had returned to background rates by

the second post-oiling period (2013–2016) (Table 1).

Land loss trajectories along oiled reaches

Reaches with oiling, particularly mean oil fractions�20%, exhibited noticeably higher land

loss rates during post-oiling period 1 (2010–2013) (Fig 3). Further, the trajectory of land loss

rates during this period is significantly different than either the pre-oiling or post-oiling period

2 (2013–2016) (Figs 2 and 3, Table 1). The loss rates during the first post-oiling period are con-

sistently and significantly higher (p< 0.05) than the pre-oiling period and post-oiling period 2

(2013–2016) for reaches with�20% oiling (Fig 3, Table 1), though land loss rates in post-oiling

period 1 (2010–2013) do not increase monotonically with oiling and reached a maximum at

40–60% oiling. The decrease in loss rate for shorelines with >60% oiling may partly be a prod-

uct of remediation efforts along the heaviest oiled shorelines as discussed in Zengel et al. [36].

For instance, the island in Bay Jimmy in Fig 4 (red box) received extensive treatment following

Fig 2. Cumulative land loss plots. Shows land losses in m2yr-1 (A) and percent of cumulative losses (B) over reaches with increasing oil fractions for

the three time periods.

https://doi.org/10.1371/journal.pone.0181197.g002
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oiling, including both mechanical and manual treatments, which may have contributed to

suppressed shoreline erosion [36]. The average loss rates in post-oiling period 1 (2010–2013)

for reaches with�20% oiling are more than three times the rates of both the pre-oiling and

the post-oiling period 2 (Table 1). Reaches with�20% oiling (36% of shoreline length)

accounted for 93,674 m2 yr-1 of land loss, or 62% of the total land loss for the post-oiling period

Fig 3. Land loss rates over reach oiling categories. Pre-oiling (2006–2010), post-oiling (2010–2013), post-

oiling (2013–2016), and background land loss rates over reach oiling categories.

https://doi.org/10.1371/journal.pone.0181197.g003

Fig 4. Maps of shoreline oiling category and corresponding land loss in Bay Jimmy (map location is shown in Fig 1). Map A shows shoreline

zones and reach mean oil fractions, and map B shows marsh land loss along the same reaches over the three time periods. Narrow strip of the Bay

Jimmy island (red box) is an area that experienced extensive oiling treatments for remediation.

https://doi.org/10.1371/journal.pone.0181197.g004
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1 (2010–2013). In comparison, the land losses from the pre-oiling period (31,030 m2 yr-1, 42%

of total loss) and post-oiling period 2 (2013–2016: 32,317 m2 yr-1, 38% of total loss) are more

similar to the relative length of the shorelines. Reaches with�50% oiling contributed 37% of

the land loss during the post-oiling period 1 (2010–2013), while accounting for 21% of the

shoreline length (Table 1).

Background rates and oil-related land losses

Mean background loss rates along the shoreline are 0.65 and 0.58 m2 m-1 yr-1 for oiled reaches,

and range from 0.06–1.11 and 0.05–0.98 m2/m/yr over the two consecutive post-oiling periods

(Fig 3). Background land loss area for oiled reaches are 42,635 and 37,650 m2/yr for the two

post-oiled periods, accounting for 28% and 44% of the total losses (Table 1).

Total land losses along oiled reaches increased by 55%, or 52,521 m2 yr-1, in the first post-

oil period (2010–2013), more than 80% of which are attributable to the 30–70% oiled reaches

(Table 1). The background loss rate for post-oiling period 2 (2013–2016) accounts for all of the

erosion observed. The estimated background loss rates were slightly higher than the observed

loss rates for some reaches in the second post-oil period, which resulted in area loss estimates

that were above the observed losses for the 40–60% oiled reaches (Fig 3, Table 1).

Spatial patterns of land loss

Two distinct spatial patterns are observed in the maps of progressive land loss over the three

time periods (Figs 4–7). First, we observed substantial land loss along non-oiled, north facing

shorelines. In Fig 5, non-oiled reaches (A) along the northern shoreline exhibit shoreline

retreat and land loss over all three periods. A similar pattern of land loss is shown in Fig 6B,

along the northeast facing non-oiled reach. Second, moderate to heavily oiled shorelines show

the greatest losses, particularly in the post-oiling period 1 (2010–2013), and highest rates of

land loss are predominantly along south and southeast facing shorelines as seen in Figs 4–7. In

Figs 4, 5 and 7, the south to southeast facing shorelines exhibit heavy oiling (A), and extensive

land loss from 2010–2013 (B). These reaches exhibited far less shoreline retreat and land loss

during the pre-oiling and 2013–2016 time periods (Figs 4B, 5B and 7B).

Fig 5. Maps of shoreline oiling category and corresponding land loss (map location is shown in Fig 1). Map A shows shoreline zones and

reach mean oil fractions, and map B shows marsh land loss along the same reaches of northern Bay Jimmy over the three time periods.

https://doi.org/10.1371/journal.pone.0181197.g005
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Discussion

Land losses in historical context

The Mississippi River Delta, particularly the Terrebonne and Barataria basins, has among the

highest land loss rates of any deltaic system in the United States [17], which is driven by both

natural and anthropogenic forcings [21,23,55,56,57,58]. Vertical erosion processes have

been attributed to canal dredging, river channelization, land subsidence and sea-level-rise

[21,23,57,58], while wave energy has been the primary contributor to lateral erosion (i.e.

marsh edge undercutting) [55,56,59]. Herein, we report overall land loss rates of 1.03% (2006–

2010), 1.40% (2010–2013) and 1.23% (2013–2016) wetland area per year for non-oiled shore-

line zones (i.e.� 21m from marsh edge), which are consistent with earlier periods of land loss

in Barataria Bay. Similar rates were reported for the 1956–1970 (0.70–1.2%) [15,18,60,61,62]

Fig 7. Maps of shoreline oiling category and corresponding land loss in Bay Batiste (map location is shown in Fig

1). Map A shows shoreline zones and reach mean oil fractions, and map B shows marsh land loss along the same reaches of

southeastern Bay Batiste over the three time periods.

https://doi.org/10.1371/journal.pone.0181197.g007

Fig 6. Maps of shoreline oiling category and corresponding land loss in Bay Batiste (map location is shown in

Fig 1). Map A shows shoreline zones and reach mean oil fractions, and map B shows marsh land loss along the same

reaches of eastern Bay Batiste over the three time periods.

https://doi.org/10.1371/journal.pone.0181197.g006
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and the 1990–2000 time periods (0.90%) [63]. Our findings are higher than the rates reported

from 1933–1956 (0.20–0.37%) [17,18,61] and 2000–2010 (0.49%) [17], but less than the 1970–

1990 peak loss period (1.90–2.04%) [18,61,63], which suggests that 2006–2016 was a period of

intermediate rates of erosion from non-oiling related forces. The lower rates of land loss, dur-

ing the 1933–1956 and 1990–2010 periods, are consistent with rates averaged over geological

time scales that are attributable to sediment compaction and deep crustal loading [58]. The

peak land loss rates during the 1970–1990 period are likely the direct result of accelerated sub-

sidence from fluid extraction for oil and gas production, which increased in the Mississippi

Delta during the 1960’s and 1970’s [58].

Our reported rates (i.e. 1.03%, 1.40% and 1.23% for the three periods) are somewhat higher

than what Barras et al. [63] (0.90%) and Couvillion et al. [17] (0.49%) reported for the most

recent pre-oil period (1990–2010). The observations of land loss conducted during these ear-

lier studies used coarser imagery (Landsat: 30 m), which may account for some of the discrep-

ancy in land loss rates. The difference in rates is more likely a result of our focus on near-shore

marshes (i.e.� 21m from marsh edge). Historically, interior marshes of Barataria Bay have

comparatively low land loss rates [17], therefore, we expect that the percentage of total wetland

loss would decrease to around the previously reported rates attributable to natural processes

(i.e. 0.40–0.90% yr-1), if interior marshes were included in the analysis. A more appropriate

comparison of non-oiled near-shore marsh loss rates is with the bay islands of Barataria Bay,

due to their similar biogeomorphic profiles, which are comprised of low, relatively flat mono-

typic (i.e. Spartina alterniflora dominant) marsh platforms behind 30–50 cm natural levees at

the marsh edge [42,43]. Our annual wetland loss rates post-oiling (2010–2013: 1.40% yr-1 and

2013–2016: 1.23% yr-1) are comparable to the marsh island area loss rates of 1.5–1.6% reported

in Turner et al. [43] for non-oiled islands. Rates of shoreline retreat along non-oiled shorelines

that are reported in our analysis (0.99–1.21 m yr-1) are also similar to the rates reported previ-

ously in specific study sites of Barataria Bay (0.80–1.38 m yr-1) [25,26,38].

Impact of oiling on land loss trajectory

Several recent studies have used remote sensing techniques to assess the impacts of oiling on

salt marsh vegetation [30,41,64,65,66] and marsh land loss [41,42,43,67]. Herein, we take a

unique approach to quantifying the impact of oiling on reach-scale and bay-wide loss rates,

while controlling for temporal variability in natural background erosion rates. The most nota-

ble results from our analysis are: 1) the differences in land loss trajectories reported for the first

3-years post-oiling (2010–2013) and the other two periods, and 2) the magnitude of land loss

beyond background rates. The curves of cumulative land loss by oiled fraction are relatively

similar for the pre-oiling period and 3–6 years after oiling (2013–2016), and exhibit no signifi-

cant differences across all reaches (Fig 2, Table 1). There is a striking increase in land loss rates

during the 2010–2013 period for all reaches with oiling�20% (Fig 3). As expected, the sub-

stantial increase in loss rates contributed to total land losses that are more than double the

period before (2006–2010) or after (2013–2016) (Table 1).

Heavy oiling has complex and interactive effects on the structural and physiological traits

of marsh macrophytes that likely influence recovery success [32,40,68]. Plant community com-

position (i.e. stem density, above- and belowground productivity) may influence residual oil

concentrations and ecosystem response [7,31,33,40]. Most petroleum crude oils (e.g. south

Louisiana crude) are nonionic, and therefore, associate more readily with organic particles

[40]. Consequently, soil organic matter (SOM) in a marsh substrate impacts oil concentrations,

and SOM content varies depending on plant species composition [7]. Lin and Mendelssohn [7]

reported both higher SOM content and higher oil residual concentrations in plots dominated
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by Spartina patens than those dominated by S. alterniflora. In both field and mesocosm experi-

ments, S. alterniflora has exhibited a greater recovery rate than Juncus roemerianus, indicating a

higher tolerance limit for oil contamination [31,69]. Live aboveground biomass and stem den-

sity were about 10 times greater for S. alterniflora than J. roemerianus after 18 months under

heavy oiling conditions [31]. Recently, Beland et al., [41] reported that only S. alterniflora domi-

nated marshes were extensively degraded following the DWH spill, losing 15% (354,604 m2)

cover along oiled shorelines, suggesting that marsh degradation may have been worse if the oil-

impacted marshes were dominated by other species i.e. (J. roemerianus or S. patens).
For heavily oiled shorelines (>50% oil fraction), we report loss rates 2.7 times greater (2.1

times for all oiled reaches) than that of non-oiled shorelines for the first 3-years after oiling.

This magnitude of impact from oiling is consistent with observations of land loss on Barataria

Bay marsh islands from Turner et al. [43] and from site-specific studies [25,36], which have

reported erosion rates at heavily oiled plots that were 2–3 times that of reference, non-oiled

plots within 2 years of initial oiling. Our bay-wide results show that oiled shorelines experi-

enced 2.1 times the loss rate of non-oiled shorelines over 3 years, which is in agreement with

Turner et al. [43] observations of oiled island shorelines that were 2.0 times greater than non-

oiled islands over 2.5 years. Accounting for bay-wide background land losses from natural pro-

cesses (42,625 m2 yr-1), we determined 52,521 m2 yr-1 of land was lost due to oiling, increasing

the land losses by 52% over the background rate.

Two marsh erosion processes, driven by heavy oiling, were presumably contributing to the

accelerated rates of land loss that we observed. Exposure to heavy oiling obstructs critical, adap-

tive mechanisms for reducing oxygen stress in anoxic soils [40], and for controlling tissue salt

(Na+ or Cl−) concentrations through osmotic adjustment [68]. Further, long-term (months to

years) exposure to heavy residual oiling has resulted in reduced aboveground primary produc-

tivity and root matrix mortality, which are critical components of soil strength [70,71,72,73,74].

Consequently, above- and belowground plant loss and reductions in primary productivity have

resulted in substrate instability and increased potential for shoreline erosion [25,26,36,69].

Early assessments following the DWH spill reported widespread vegetation mortality and dete-

rioration of the aboveground vegetation structure and function at heavily oiled sites [25,31,36],

resulting in slow rates of recovery with aboveground biomass reaching only 50% of that in ref-

erence sites after 3.5 years [36,69], and accelerated surface subsidence (vertical erosion) [25,69].

Further, heavily oiling in marsh soils have also resulted in losses of belowground biomass,

weakening soil shear strength and accelerating the undercutting along marsh edges [26,36].

The influence of other factors, including: oiling characteristics

[7,22,33,40,75,76,77,78,79,80,81] and treatment methods [36,82,83,84,85], environmental

stressors (e.g. salinity, flooding, nutrients, predation) [2,86,87,88], as well as complex and

interactive marsh biogeochemical processes [89,90,91,92] make attributing the landscape-scale

progression of marsh deterioration and land loss to oiling difficult [43,93,94]. We attempt to

control for the influence of these factors on land loss by calculating reach-scale background

rates over the three periods between image acquisition dates.

This analysis is the first to show that land loss rates returned to pre-oiling levels within 3–6

years after oiling, and that no significant differences in land loss rates are exhibited for any oil-

ing category between the pre-oiling and latter post-oiling periods (p� 0.095) (Table 1). Land

loss was higher in the second post-oiling period (2013–2016) compared with pre-oiling, but

non-oiled reaches accounted for 81% of this increase, which suggests that any increases in land

loss related to oiling is negligible from three to six years after initial contamination.

We provided a landscape-scale, bay-wide quantification of land loss, while documenting

the return to background erosion rates 3–6 years after oiling. Yet, several obvious questions

remain unaddressed, such as what is the relative importance of lateral erosional forces from
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wave action in comparison to vertical forces (i.e. reduced sediment accretion and subsidence)

in Barataria Bay? Wilson and Allison, [38] estimated that 25% of wetland losses in southeastern

Louisiana are due to lateral erosion from wave action, particularly along shorelines exposed to

long fetches and predominant direction of wave approach. Over the last century, shoreline ero-

sion has likely accelerated in Barataria Bay as the conversion from marsh platform to open

water has increased the fetch and wave energy on exposed marsh edges [38]. Oiling in Bara-

taria Bay occurred most frequently on the southside of landmasses and marsh islands [29,30],

and we anticipated oil distribution might be correlated with pre-oiling shoreline erosion rates,

due to the strong influence of currents, wave energy and tides on both processes [43]. Yet, the

land loss along non-oiled shorelines was substantial and relatively similar during all three time

periods, and these loss rates were at least equal to the rates of oiled reaches during the pre-oil-

ing period. Future research will need to explicitly investigate the compounding role wave

action has on lateral erosion and overall land loss rates.

The impact the use of marsh treatments had on bay-wide land losses is still largely

unknown. Clean-up and treatment efforts affect the recovery process, both positively and neg-

atively [82,83]. Aggressive treatment strategies, including the use of large cleanup crews or

heavy machinery, have delayed marsh recovery or increased degradation by trampling live

vegetation and churning oil into underlying sediments [83,84,85]. Conversely, less intrusive

treatments, which include the use of sorbents, bioremediation, and restricted cutting, have

been shown to accelerate the rates of recovery [79,82]. Two years after the DWH spill, Zengel

et al. [36] reported both mechanical and manual treatments exhibited greater improvements

in oiling conditions and vegetation characteristics than the natural recovery (reference sites).

However, mechanical treatments increased oil mixing in soils and accelerated shoreline ero-

sion [36]. Other analysis has indicated that shoreline erosion was similar on both treated and

non-treated shorelines [42]. Due to the potential impact of treatments, the location and treat-

ment type should be regarded as a factor in a future analysis of marsh responses to oiling.

Finally, we showed that land losses increased significantly for the first three years after oil-

ing, followed by a return to background erosion levels after three years. To date, this process of

returning to background rates of erosion remains unexplained, and should be addressed in

future research. Hester et al. [94] reported evidence of vegetation stress (chlorosis), lower stem

densities and productivity for the first 2.5 years, but few significant impacts to plant above-

ground productivity (for plots that did not erode away) for heavily oiled plots 3.5 years after

the DWH spill, which may suggest that vegetation recovery and presumably substrate stability

had returned to heavily oiled marshes that were not eroded in the first three years. Conversely,

Lin et al. [69] reported that belowground biomass (0–12 cm) at heavily oiled plots was 76% less

than reference sites after 3.5 years, which may suggest substrate instability is an ongoing prob-

lem. Further research is required on the interactions among belowground biomass recovery,

resistance to wave-driven erosion, the sequence and magnitude of wave events, and subse-

quent shoreline erosion.

Conclusion

We examined the relative land loss rates of oiled shoreline reaches compared to non-oiled

reaches of Barataria Bay over three consecutive time periods. Oiling increased total land losses

by 52,521 m2 yr-1, in the first post-oil period (2010–2013), more than 80% of which are attrib-

utable to the 30–70% oiled reaches. No statistical difference was observed for any reach oiling

categories from pre-oiling and post-oiling period 2 (2013–2016). Oiling increased land loss by

more than 50%, but land loss rates returned to background levels within 3–6 years after oiling,

suggesting that oiling results in a large but temporary increase in shoreline loss.
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We attempted to control for effect of other erosional forces (i.e. wave energy, variability in

landscape position and geomorphic profile) on land loss by calculating the background rates

(blr) derived from pre-oiling land loss patterns and post-oiling land loss in non-oiled reaches.

Our calculation of blr assumes that the ratio between the loss rate in the pre-oil and post-oil

period is the same under non-oiled conditions for all shoreline orientations and locations in

the bay. Wave modeling could be included in future analysis to control for changes in shore-

line orientations, wind direction and fetch between periods.

This study does not examine the relative contributions of oiling as it relates to other driv-

ers of land loss, or efforts to suppress shoreline erosion following oil contamination. For

instance, Rangoonwala et al. [42] showed that storm surge from Hurricane Isaac (August

2012) contributed to a 2.5x increase in the shoreline length that experienced lateral recession

of >12 m over a 4-month period. Further, Zengel et al. [36] documented significant differ-

ences in the ecological responses of oiled marshes that received manual and mechanical

treatments, and those not receiving remediation. Going forward, a spatially explicit model

could determine the relative importance of multiple factors, including oiling (oil fractional

cover), wave energy (significant wave height, period and length), vegetation composition

(green and non-photosynthetic vegetation, aboveground biomass) and treatment type (man-

ual, mechanical and no remediation) on predicting land loss. The results from this analysis,

along with a spatially-explicit predictive model, would help inform future management deci-

sions regarding coastal wetland ecosystems.
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