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Abstract The world’s river deltas may collapse under the combined effects of rising sea levels, subsidence,
and reduced sediment supply. Saving these deltaic environments requires quantifying processes driving
collapse. In the Mississippi River Delta, rapid land loss offers an important opportunity to test existing
theories for marsh collapse. We use Landsat images to examine how pond expansion by edge retreat
contributes to land loss over 34 years in the Atchafalaya-Vermillion, Terrebonne, and Barataria basins of the
Mississippi Delta. Tracking the area changes in ponds on the marsh surface, we find a striking consistency
between pond expansion direction and the dominant wind direction and show that wind-generated
waves are capable of causing edge erosion. Expansion rate increases rapidly for ponds wider than 300 m in
Terrebonne and Barataria basins. From this, we suggest that ponds in Atchafalaya-Vermillion basin are
stable, whereas ponds in Terrebonne and Barataria are unstable.

1. Introduction

The Mississippi River Delta is one of the most threatened deltas on Earth and, on average, a football field’s
worth of land disappears every hour. Given the importance of the Mississippi Delta, it is vital to understand
the processes driving marsh collapse of the delta plain. The Mississippi River Delta Plain (MRDP) is experi-
encing land loss because dam and levee construction on rivers have stopped marshes from receiving the
sediment that offsets relative sea level rise [Blum and Roberts, 2012; Edmonds, 2012; Twilley et al., 2016].
Saving this landscape requires restoration strategies, but success depends on defining and reversing the
processes leading to land loss.

Natural land loss on the MRDP mostly occurs from marsh drowning by rising relative sea level or from
marsh edge erosion by waves impacting bays, lagoons, or ponds on the marsh surface [DeLaune et al.,
1994; Nyman and Delaune, 1999; Penland et al., 2000; Morton et al., 2003; Craft et al., 2009; Blum and
Roberts, 2012; Couvillion and Beck, 2013; Mariotti and Fagherazzi, 2013; Allison et al., 2017]. While marsh
drowning has occurred locally in the MRDP [DeLaune et al., 1994; Morton et al., 2003], total marsh
collapse from drowning is relatively uncommon because positive feedbacks between marsh vegetation
and sedimentation minimize marsh vulnerability to drowning [Morris et al, 2002; Kirwan and
Megonigal, 2013; Kirwan et al., 2016]. Recent work has focused on how increasing connectivity of water-
ways between ponds increases marsh land loss [Schepers et al., 2017]. Similarly, marsh collapse can occur
if water bodies (ponds) on the marsh surface enter a runaway expansion phase [Nyman et al., 1994;
Nyman and DelLaune, 1999; Reed, 2002; Fagherazzi et al., 2013]. Runaway expansion occurs when ponds
are greater than some critical width, because edge erosion by waves increases the fetch (or pond width),
which increases the wave size, and further increases edge erosion [Mariotti and Fagherazzi, 2013; Mariotti,
2016]. Ponds smaller than some critical width can maintain their size or disappear [Wilson et al., 2014;
Mariotti, 2016].

Our goal is to understand pond behavior on the MRDP—that is, whether they are expanding, contracting,
or unchanging—and to determine if the MRDP is susceptible to runaway pond expansion. We conducted a
remote sensing study of pond behavior from 1982 to 2016 on three basins in the MRDP, Atchafalaya-
Vermillion, Terrebonne, and Barataria, because they have varying degrees of land loss and human manip-
ulation [Blum and Roberts, 2012; Twilley et al, 2016] (Figure 1a). The Atchafalaya Basin has received
continuous sediment delivery through time [Blum and Roberts, 2012], whereas Terrebonne and Barataria
basins had water and sediment cutoff in 1903 [Twilley et al., 2016].
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Figure 1. Locations of the 730 ponds tracked in this study. (a) The three study basins are outlined in red and labeled [Twilley et al., 2016] with centroids of
tracked ponds in orange. The basemap is 2014 composite map of the MRDP from Landsat 8. The image is in false color (bands 7, 6, and 4). (b) Example of
pond behavior from the eastern edge of Barataria (yellow box). Centroid position of the pond is plotted from 1983 (dark blue) to 2016 (yellow) along with the
change in perimeter.

2. Methods

2.1. Creation of Composite Images

To identify and track ponds from 1982 to 2016, we create 3 year median Landsat composites for each
MRDP basin. The Landsat composites are the per band, per pixel median of all noncloudy pixels for every
Landsat 4, 5, 7, and 8 scene over a 3 year period [Flood, 2013], computed within Google Earth Engine
[Moore and Hansen, 2011; Team, 2015; Dong et al., 2016]. We use the per pixel median value because it is
insensitive to outliers [Roy et al., 2010; Moore and Hansen, 2011; Griffiths et al., 2014; Donchyts et al.,
20164a, 2016b]. We create composite images over 3 year spans to avoid variable water level and vegetation
conditions associated with single scenes at different times. Each composite is transformed into the modi-
fied normalized difference water index [McFeeters, 1996; Xu, 2006; Rokni et al., 2014; Gautam et al., 2015]
and is corrected for illumination and contrast differences before final binarization into land-water maps
via Otsu [1975]. A more detailed discussion of composite image methodology can be found in the support-
ing information [Chander et al., 2009; Kuleli et al., 2011; Steyer et al., 2013; Jiang et al., 2014].

2.2, Pond Identification, Tracking, and Analysis

In the binary images we identify all isolated ponds, also referred to as mudflats, bays, coastal lagoons, or
marsh basins, using the Moore-Neighbor tracing algorithm [Gonzalez et al., 2004]. We use the term pond in
this paper to refer to all isolated, semienclosed, interior water bodies on the marsh surface, and our defini-
tion of a pond is more inclusive than solely a small (1-50 m) isolated depression on the marsh platform.
Our ponds appear isolated at Landsat resolution (30 x 30 m), but subpixel water bodies (like a channel)
may actually connect our ponds. We track ponds through time by minimizing the distance between cen-
troids in successive composite images. We only track ponds that (1) are present in every composite image,
(2) are larger than 7200 m?, (3) have a simple geometry (see supporting information, Shape Factors [Kalff,
2002; Passalacqua et al., 2013]), and (4) have area change over 34 years greater than 3600 m? (4 pixels).
Given Landsat resolution (30 x 30 m), we exclude all ponds smaller than 7200 m? (8 pixels) and any ponds
whose area change over 34 years is less than 3600 m? as 4-pixel change in area is assumed to be within
detection error and excluded from our subset of expanding ponds.

We measure how ponds change area, perimeter, and centroid position through time (Figure 1b) and whether
ponds merge (Figure S1 in the supporting information). The vector of centroid movement is defined by the
change in centroid position between 1983 and 2016 (Figure S1). For merging ponds, we treat each pond as
an individual data point. Area change for merging ponds is the difference between the final area of the
merged pond in 2016 and the sum of the area in 1983 of all merged ponds (Figure S2). Enlargement of
the subpixel waterbodies (like channels) may cause pond merging [e.g., Schepers et al., 2017].
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Figure 2. Change in number and area of ponds from 1982 to 2016. Histogram of total pond area for all basins and for each
basin for 1983 (blue) and 2016 (green) with mean area denoted by filled circles (purple for 1983 and orange for 2016).

From changes in perimeter, we calculate the simple fetch, edge-retreat on each pond, and wave
power. We define simple fetch as the 90th percentile of the magnitude of fetch in the direction of
a given wind for all edge points on the pond [Manual, 1984; Rohweder et al., 2012, Karimpour et al.,
2015] (Figure S1). We choose the 90th percentile simple fetch values as a representative maximum dis-
tance that drives wave generation. Edge-retreat rate for each pond is calculated by dividing the total
area change from 1983 to 2016 by the perimeter in 2016 and the number of years (Figure S1). Based
on our simple fetch values and weighted relevant wind, we calculate fetch-limited wave power for
each pond using Young and Verhagen [1996] method (see supporting information, Wave Equations
[Eckart, 1952; Swart, 1974]).

3. Results
3.1. Identifying, Tracking, and Quantifying Pond Behavior

We tracked 730 ponds from the three basins and visually confirmed the centroid of each pond in Google
Earth. We found that 64% of ponds are expanding (n = 469), 19% are contracting (n = 142), and 16%
change less than 3600 m? (n = 119). At a basin scale, in Atchafalaya-Vermillion (n = 208) 34% of ponds
are expanding and 31% are contracting. In Terrebonne (n = 250), 81% are expanding and 7% are
contracting. In Barataria (n = 272), 87% are expanding and 6% are contracting. For the 469 expanding
ponds in the three basins, total pond area and average pond size increase—even though pond number
decreases—because ponds are expanding and merging (Figure 2). In fact, 25% of the 469 expanding ponds
merge into larger ponds (115 ponds merge into 39 ponds). However, only 10% of the ponds (n = 7) in
Atchafalaya-Vermillion merge, while in Terrebonne and Barataria basins 30% and 25% (n = 55 and 53) of
ponds merge.

The change in pond area, calculated as expansion minus contraction, over the 34 year period accounts for
17% (250 km?) of net land loss across the whole MRDP from 1983 to 2015 (1425 km?) [Couvillion et al.,
2011]. The 354 nonmerging expanding ponds account for 2.2% (34 km?) of net land loss, while the 115 mer-
ging expanding ponds account of for 15% (218 km?).

Ponds are expanding in a preferential direction of 201° (Figure 3). Expansion direction, defined by centroid
movement, is distributed nonuniformly around the circle, and the resultant direction is statistically
significant (V-test, p = 9.5 x 10~* n = 469) [Zar, 1999; Berens, 2009] (Figure 3). Similarly, ponds in individual
basins are expanding 270° 198°, and 252° in Atchafalaya-Vermillion, Terrebonne, and Barataria, respectively
(n = 69, 185, and 215, respectively). We treat merging ponds individually when we calculate
centroid movement.

Remarkably, we find that ponds are expanding in a direction similar to the dominant winds (Figure 3). The
resultant mean wind magnitude and direction, weighted by wind velocity square, is 7.0 m/s blowing toward
251° (see supporting information for more information on Wind Data [Jensen and U. S. A. C. of Engineers, 2010]).
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Figure 3. Pond centroids are moving in a similar direction as the dominant winds. Rose diagrams of centroid move-
ment. Centroid movement is defined as the angle between the 1983 and 2016 centroid position. The 30 year wind
rose for each basin is inset. The solid arrows indicate mean direction of centroid movement for all ponds (teal). The
dashed arrows indicate weighted mean wind direction for all winds (teal) and winds greater than 10 m/s (magenta).
Note that wind rose diagrams are displayed in standard meteorological convention depicting the directions that the
winds are coming from.

The weighted resultant mean magnitude and direction of strong winds (>10 m/s) is 11.9 m/s blowing toward
191° (Figure 3). These directions bracket the pond expansion direction of 201° (Figure 3). Moreover, there are
few ponds expanding toward the NE quadrant, which contains low wind energy. In Terrebonne, the ponds
are expanding in a direction similar to the maximum winds, while in Barataria, ponds are expanding in a
direction similar to the mean wind.

We find that larger ponds have faster rates of centroid movement, which creates the larger area change
(Figure 4a). The largest area ponds are dominated by merging ponds (indicated by ponds with the same
2016 area and same total area change as denoted by the same color) for all three basins. This occurs because
as pond size increases, ponds frequently merge with other waterbodies on the marsh [Mariotti, 2016]. Pond
merging defines the data range but not the pattern. If we remove all pond merges, the functional relationship
is the same.

3.2. Connecting Pond Behavior to Wind-Driven Waves

The striking correspondence between pond expansion directions and dominant wind directions suggests
that the two are related. To connect pond behavior to wind-driven wave edge-erosion, we calculate the
simple fetch in the direction of weighted maximum mean wind (191°). If ponds are deforming by
wind-driven waves, the length of simple fetch should increase with time. Indeed, we see that for increasing
centroid movement, the simple fetch also increases (Figure 4b). Using simple fetch measured in 2016 and
weighted mean maximum wind speed (11.9 m/s), we calculate potential wave power [Young and Verhagen,
1996], assuming a characteristic pond depth of 0.5 m [Mariotti, 2016]. We find that ponds with longer
simple fetch may have larger centroid movement because the waves can erode the marsh edges (Figure 4c)
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Figure 4. Connecting pond behavior to wind-driven wave dynamics. (a) Centroid movement versus 2016 area for all
expanding ponds for each basin. (b and c) Centroid movement is positively correlated to changes in simple fetch and
wave power. Change in simple fetch is the difference along the direction of weighted mean maximum winds from 1983 to
2016 for all expanding ponds. Wave power is calculated from 2016 simple fetch and weighted mean maximum wind
(11.9 m/s). In every plot, evenly distributed, log-spaced mean values (orange circles) illustrate trends in data, and data
points are colored by magnitude of area change.

based on critical shear stress (0.1 Pa) for erosion [Mariotti and Fagherazzi, 2010, 2013; Leonardi et al., 2015;
Mariotti, 2016].
3.3. Pond Behavior and Runaway Expansion

Recent theory predicts that ponds larger than a critical width of 200 to 1000 m are susceptible to runaway
expansion due to the positive feedback between increasing fetch and wave size [Mariotti and Fagherazzi,
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Figure 5. Edge retreat increases rapidly for ponds wider than 300 m. (a) Edge retreat rate for all expanding and contracting
ponds versus simple fetch for 2016. Notice break in y axis scale. The solid lines are theoretical predictions [Mariotti and
Fagherazzi, 2013] for a range of wind speeds (U) and sea level rise rates (RSLRs) with sediment concentration of 30 mg/L and
tidal range of 1.4 m. Evenly distributed, log-spaced mean values (orange circles) illustrate trends in data. (b and c) Rose
diagrams of pond expansion for all expanding ponds with simple fetch less than 300 m and greater than 300 m using same
color scheme as Figure 3.
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2013; Mariotti, 2016]. To find the critical pond width in our field data, we examine the change in edge-retreat
rate as a function of simple fetch, which is the relevant pond width. We calculate edge-retreat rate (Figure S1)
for all expanding and contracting ponds that change by more than 3600 m? (Figure 5a). We find that
edge-retreat rate is near zero for ponds less 300 m wide and rapidly increases above 300 m and reaches
an edge-retreat rate of 5 m/yr (Figures 5b and 5¢).

Because marsh edge erosion increases rapidly above a simple fetch of 300 m, we designate it the critical
width (Figure 5a). Consistent with this interpretation, we see that the expanding ponds wider than 300 m
are more clearly moving in the dominant wind-direction (Figure 5¢) compared to the distribution of all
expanding ponds (all basins; Figure 3). Ponds smaller than 300 m have a uniform distribution around the
circle and no statistically significant expansion direction, based on circular statistics at the 95% confidence
level (V-test, p = 0.077, n = 238). Admittedly, the P value is close to critical. The lack of a clear expansion
direction for small ponds suggests that they are not controlled by wind-driven wave edge-erosion and
instead are dominated by other processes, such as soil creep, which may lack a preferential direction [Day
et al., 2011; Mariotti et al., 2016]. Mariotti [2016] found that isolated small ponds (<100 m) may be drained
when hydrologically connected by a tidal channel similar to Wilson et al. [2014] finding a “pond cycle” of
formation, expansion, drainage, and recovery of smaller ponds.

4, Discussion

We interpret our data to show that ponds are expanding due to wind-driven wave edge-erosion (Figure 4).
After all, ponds are predominantly moving in the direction of the dominant winds (Figure 3), and ponds
with larger areas and longer simple fetch distances moved faster (Figures 4a and 4b) because they are
generating larger waves that erode the edges more quickly (Figures 4c and 5a). That said, we cannot rule
out the importance of drowning. Pond expansion from drowning is likely due to subsidence [Morton et al.,
2003]. Using regional subsidence measured from 1922 to 1995 across the MRDP, we calculate an average
subsidence of 11-13 mm/yr for our three basins (data from Figure 5 [Zou et al., 2015]). The average basin
rate of subsidence does not explain the differences in average basin edge-erosion rates (Figures 3 and 4).
Nonetheless, subsidence may be enhancing our measured edge-retreat rates, which are higher than
theoretical predictions under similar sediment input and wind conditions (compare data points and solid
lines in Figure 5a).

Based on pond behavior, we suggest that the Atchafalaya-Vermillion basin is quasi-stable, whereas the ponds
in Terrebonne and Barataria basins are undergoing runaway expansion (Figure 5a). Terrebonne and Barataria
have a net land loss from pond expansion of 185 km? and 61 km?, respectively, compared to only 4 km? in
Atchafalaya-Vermillion. Over the study period, ponds in Atchafalaya-Vermillion have an average edge-
erosion rate of 1.0 m/yr and average simple fetch of 328 m (n = 69), near the critical width (Figure 5a), sug-
gesting that ponds are quasi-stable. In Terrebonne and Barataria, the average edge-erosion rates are
9.3 m/yr and 2.7 m/yr, while the average simple fetch distances are 1340 m (n = 185) and 590 m (n = 215),
respectively. These average fetch distances are well above the critical width, suggesting runaway expansion
for these ponds. These results agree with theory [Mariotti, 2016] that also predicts runaway pond expansion
for sites in Barataria and Terrebonne basins while predicting pond recovery for sites in Atchafalaya-Vermillion.
Schepers et al. [2017] found that the area on the marsh containing larger ponds (larger fetch) has the highest
proportion of land covered by open water. This result agrees with the behavior of the larger fetch ponds
dominating total land loss.

The difference in pond behavior between these basins is certainly due in part to higher sediment supply in
Atchafalaya-Vermillion compared to Terrebonne or Barataria [Reed, 2002; Blum and Roberts, 2012; Mariotti,
2016; Twilley et al., 2016]. However, another important attribute may be pond density on the marsh surface.
Pond density (defined as the number of ponds relative to total land area) in Barataria and Terrebonne was 4
times higher in 1983 than Atchafalaya-Vermillion. Regardless of sediment supply differences, favorable con-
ditions existed for frequent pond merging, leading to larger ponds and higher edge retreat rates (Figure 5a).
Previous work has correlated higher connectivity of ponds to increased land loss [Schepers et al., 2017]; even
though Landsat resolution is too coarse to accurately measure pond connectivity, higher pond density for
Terrebonne and Barataria than Atchafalaya-Vermillion may indicate increased pond connectivity in 1983
for both basins compared to Atchafalaya-Vermillion.
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5. Conclusions

We tracked 730 ponds on the Mississippi River Deltaic Plain (MRDP) from 1982 to 2016 to understand how
they are changing shape and size. Our results show that 64% of ponds (n = 469) are expanding. The
expansion direction is predominantly toward the SW (201°), which is similar to the dominant wind direction.
To connect pond expansion direction to wind-driven wave edge-erosion, we calculate the wave power
generated by the dominant winds on each pond. Ponds with larger fetch distances experience more expan-
sion because they have higher wave power that erodes the marsh edge. Not all ponds in the MRDP are
rapidly expanding, however. Measuring all 730 ponds, we find that 300 m is a critical width because
edge-retreat rate is near zero for ponds less 300 m wide and rapidly increases above 300 m. Moreover, ponds
with a fetch larger than 300 m (n = 218) account for 94% of total net land loss on the marsh (236 km? of
250 km?). Furthermore, expanding ponds in Atchafalaya-Vermillion basin within the MRDP have slow edge
retreat rates of 1.0 m/yr and the average pond width measured along the wind direction is 328 m.
Whereas in Barataria and Terrebonne basins the average edge-retreat rates are 9.3 m/yr and 2.7 m/yr, respec-
tively, and the average simple fetch distances are 1340 m and 590 m. These results suggest that Atchafalaya-
Vermillion may be quasi-stable to edge erosion in ponds, whereas Barataria and Terrebonne may experience
accelerating rate of edge erosion.
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