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TheMississippi River Delta Plain has experienced substantial wetland loss from subsidence, erosion, and sea
level rise, threatening coastal communities and the ecosystems that support them. The Atchafalaya River,
the largest distributary of the Mississippi River, has one of the few prograding delta features along the
~200-km deltaic coastline. Understanding changes in the Atchafalaya River Delta complex (ARDC) develop-
ment has critical implications for future prediction andmanagement strategy for theMississippi River Delta
Plain. This study was organized to answer two major questions: (1) how did development of the ARDC
respond to fluctuation in riverine sediment supply over the period 1989–2010, and (2) has vegetation suc-
cession helped stabilize subaerial land? The study quantified annual total suspended sediment yields to the
two ARDC subdeltas—Atchafalaya River subdelta (ARSD) and Wax Lake outlet subdelta (WLSD)—classified
delta land cover using satellite imagery over ~5-year intervals into three classes: barren land, vegetation,
and open water and investigated the relationship of delta land change with sediment yield and vegetation
succession. Over the entire 21-year study period, we found a net land gain of 59 km2, with the ARSD ac-
counting for 58% of this gain andWLSD 42%. Sediment yield to the subdeltas decreased from an average an-
nual of 38 megatonnes (MT) for ARSD and 18 MT for WLSD during 1989–1995 to an average annual of
24 MT for ARSD and 17 MT for WLSD during 2004–2010, corresponding to the decrease in riverine
suspended sediment concentration. Concurrently, total land growth rate decreased from 2.4 km2 y−1 to
1.6 km2 y−1 for ARSD and 3.2 km2 y−1 to 0.6 km2 y−1 for WLSD. However, the ARDC had a net land loss
of 2.1 km2 during 1999–2004 because of tropical system effects in conjunction with the lack of large river
floods (defined as discharge > 13,800 m3 s−1). On average, more than 60% of newly vegetated land
remained vegetated in subsequent years, and when compared with barren areas, vegetated land was less
likely (7.3% vs. 32%) to be converted to water, indicating vegetative stabilization effect. However, during
the period without a major flood, vegetation buffering against tropical system erosion was limited. This
indicates that over the period 1989 to 2010 land growth of the ARDC was dictated by large flood events.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Among coastal margins, deltas may be the most economically impor-
tant regions, serving as transportation hubs and commercial centers
while providing abundant natural resources that support large popula-
tions of people and wildlife. However, many of the world's deltas today
are under unprecedented pressure from land loss because of reduced
riverine sediment supply (e.g., Walling and Fang, 2003), coastal land
erosion (e.g., Smith and Abdel-Kader, 1988; Chen and Zong, 1998),
subsidence (e.g., Day et al., 1995; Syvitski et al., 2009), and sea level rise
(e.g., Day et al., 1995; Gornitz, 1995). As with other delta regions, the
Mississippi River Delta Plain has not been immune from land loss and
has had one of the most significant conversions of land to open water,
with over 4877 km2 submerged since 1932, endangering large coastal

communities (Couvillion et al., 2011). This loss has been attributed to
rapid subsidence of Holocene strata (Törnqvist et al., 1996, 2008), exacer-
bated by the reduction in riverine sediment supply (Kesel, 2003), hydro-
carbon extraction (Morton and Bernier, 2010), local faults, and glacial
isostatic adjustment (Yuill et al., 2009). With much of the delta plain
under stress, research and management interests have been building in
the Atchafalaya River Delta complex (ARDC), the only noticeable
prograding delta feature along the Mississippi River Delta coastline.

The Mississippi River enters the Gulf of Mexico through two dis-
tributaries: the Mississippi River main channel southeast of New
Orleans, Louisiana, and the Atchafalaya River located to the west on
the Louisiana central coast. The Atchafalaya River is ~190 km long,
flowing southward through a levee-confined floodplain area of
4921 km2, much of which is riparian forested swamps (Ford
and Nyman, 2011). Since the early twentieth century, because of
human alterations to the Atchafalaya River and a more favorable
gradient than the Mississippi River, a well-defined channel
began to form, which increased the flow volume going down the
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Atchafalaya River (Fisk, 1952; Roberts et al., 1980). The increased
discharge caused many of the open water areas in the Atchafalaya
River basin to accumulate sediments, losing much of the open
water and swamp habitat to lacustrine delta formations (Tye and
Coleman, 1989). With the open water areas sediment filled, forma-
tion of subaqueous deltas at the two outlets of the Atchafalaya
River, Morgan City main channel (ARMC) and Wax Lake outlet
(WLO), became noticeable in the 1950s (Shlemon, 1975). Subaerial
land started forming in 1972 and was accelerated by large floods
that occurred from 1973 to 1975, forming the Atchafalaya River
subdelta (ARSD) and Wax Lake Outlet subdelta (WLSD) (Roberts
et al., 1980). With subaerial delta formation, vegetation succession
was able to begin with emergent plants colonizing once the delta
islands reached intertidal elevations. By 1979, the Atchafalaya
River Delta had over 16 km2 vegetated (Johnson et al., 1985).

Several factors may have affected deltaic growth of the ARDC:
sediment load, tropical systems, cold fronts, and vegetation coloniza-
tion. Rouse et al. (1978) observed high growth rate of the ARSD
following the 1973, 1974, and 1975 river floods. Barras (2007) found
that hurricane Rita in 2005 removed much of the submerged aquatic
vegetation and floating vegetation in the ARDC, while also enlarging
existing ponds. Hurricane Andrew in 1992 was documented adding,
on average, 16 cm of accumulated sediment to marshes surrounding
the Atchafalaya Bay (Guntenspergen et al., 1995), while Walker (2001)
found that hurricanes can also cause sediment-laden water to be
transported off the coast, away from the ARDC. Cold frontal passage
has also been documented transporting sediment out of Atchafalaya
Bay, with an estimate of 400,000 t per front, which equates to
~10.6 megatonnes (MT) during a year (Walker and Hammack, 2000;
Roberts et al., 2005). This erosion reduces the rate of subaerial delta de-
velopment and leaves the delta features sandy (van Heerden and
Roberts, 1980). Johnson et al. (1985) noted that with the colonization
of plant species (most notably Salix nigra) physical processes were
aided by biotic controls to enhance sedimentation and stabilization of
the ARDC, although the long-term effect of vegetation on delta land
growth in the ARDC is unclear. The above studies identify separate fac-
tors that have affected delta growth, but no systematic longer-term look
into how theARDC subdeltas have responded to varying sediment input
and environmental stressors has been undertaken.

With the decline of total suspended sediment throughout the
Mississippi River (Horowitz, 2010; Heimann et al., 2011) it has be-
come imperative to track changes in total suspended sediment dis-
charge to coastal Louisiana and the impacts on coastal processes.
Sediment supply is one the most important components that shape
delta growth (Orton and Reading, 1993). However, uncertainty ex-
ists regarding how much sediment is discharged from ARMC and
WLO to the subdeltas. Previous studies have documented sediment
discharge to the ARDC from sediment data collected from the
upper Atchafalaya River (Rouse et al., 1978), but Xu (2010) reported
that there is a 9% sediment load reduction in the Atchafalaya River
basin before reaching the outlets, fluctuating with the river hydro-
logical conditions. With newmanagement plans that have suggested
diversions from the Atchafalaya River to other coastal areas in Loui-
siana (CPRA, 2012), there is an urgent need to have a comprehensive
assessment on riverine sediment discharge and how the quantity
and fluctuation of the sediment discharge and vegetation succession
may have influenced land growth in the ARDC. This assessment is
critical since different delta progradation at the two river outlets
have been reported (e.g., Barras, 2007; Xu, 2010; Couvillion et al.,
2011).

Using this background information, we conducted this study to
take a longer-term (1989–2010) look at total suspended sediment
discharge to the Atchafalaya River subdeltas below Morgan City
and Wax Lake outlet to assess how this may have affected delta
land change over four ~5-year periods (i.e., 1989 to 1995, 1995 to
1999, 1999 to 2004, and 2004 to 2010). The primary purposes of

the study were to determine the relation of ARDC development to
total suspended sediment discharge from the river's two outlets
and to assess the role that vegetation succession may have played
in stabilizing newly created land. The results are discussed in light
of the influencing factors introduced earlier.

2. The Atchafalaya River Delta complex

The Atchafalaya River Delta complex is composed of two
subdeltas, Atchafalaya River subdelta (ARSD) and Wax Lake outlet
subdelta (WLSD), extending approximately from 29°23′ N. to
29°32′ N. in latitude and from 91°15′ W. to 91°30′ W. in longitude
(Fig. 1). Both of these features are building into the shallow, low en-
ergy (mean wave height ~ 0.5 m), microtidal (mean tidal range
0.35 m) Atchafalaya Bay and display typical lobate delta growth of
a river-dominated delta, based on Galloway's delta classification
(1975). Current subaqueous delta clays extend out to the 8-m
isobath outside of the Atchafalaya Bay (Neill and Allison, 2005).
The ARDC is fed by the Atchafalaya River that carries a portion of
the Mississippi River's flow and the entire flow from the Red River.
The flow portion from the Mississippi River is controlled by a diver-
sion structure, the Old River Control Structure (ORCS) that was
built in 1963 to prevent the avulsion of the Mississippi River into
the channel of the Atchafalaya River. Under normal flow conditions,
the ORCS maintains 24 ± 3% (Horowitz, 2010) of the Mississippi
River discharge but ~30% to 60% of the Mississippi River's total
suspended sediment yield (Mossa and Roberts, 1990; Horowitz,
2010). In recent years, on average, the Mississippi River's water
contributes about two-thirds of the entire Atchafalaya's discharge,
but the Red River could make up to 70% of the river discharge during
the low flow period of the Mississippi River (Xu and BryantMason,
2011). The ARDC is located in humid subtropical climate (Köppen
climate classification Cfa) and is affected by tropical systems (hurri-
canes and tropical storms) and strong cold fronts. Vegetation of the
ARDC varies by elevation and successional stage, but commonly
found genera are Sagittaria, Salix, Typha, Polygonum, Nelumbo, and
Phragmites.

3. Methods

3.1. Discharge, total suspended sediment, and tropical systems

Daily mean discharge data were downloaded from the U.S.
Geological Survey (USGS) website (http://waterdata.usgs.gov/la)
for lower Atchafalaya River at Morgan City, Louisiana (ARMC,
29°41′33.4″ N., 91°12′42.6″ W.; Fig. 1), and Wax Lake outlet at
Calumet, Louisiana (WLO, 29°41′52″ N., 91°22′22″ W.; Fig. 1).
Discharge measurement did not begin at ARMC until October
1995. Missing discharge data for ARMC were estimated back to
1989 based off of a relationship from Xu and Wang (in review)
using data collected by the U.S. Army Corps of Engineers (USACE)
at a gaging station upriver at Simmesport, Louisiana (ARS, 30°58′
57″ N., 91°47′54″ W.). The relationship was (r2 = 0.89):

QARMC ¼ 10894:31977þ 0:53129 QARSð Þ ð1Þ

where QARMC and QARS are the daily discharge passing ARMC and
ARS (m3 d−1). Annual maximum discharge data were also used
from the Atchafalaya River Simmesport, Louisiana, to count the
number of large flood events (discharge > 13,800 m3 s−1, 34%
flood exceedance). Suspended sediment concentration (SSC) data
were downloaded from the USGS for ARMC and WLO. At ARMC and
WLO, suspended sediment data are collected monthly during nonflood
and bimonthly during flood seasons. During severe flood events, sedi-
ment data are collectedmore frequently by USACE and USGS. Suspended
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sediment data comprises both suspended sand and suspended mud and
will be referred to as total suspended sediment.

Tropical systems that impacted the region were determined
from Roth (2010). Hurricanes and tropical storms were counted
to determine the total amount of tropical systems that impacted
Louisiana for each period during the study (Table 1).

3.2. Total suspended sediment discharge calculation

Using SSC and daily dischargemeasured on the same dates, daily
total suspended sediment load (SSL) was calculated as follows:

Daily SSL tonnes d−1
� �

¼ Q m3s−1
� �h i

SSC mg l−1
� �h i

0:00864ð Þ: ð2Þ

Long-term daily total suspended sediment loads for ARMC and
WLO were estimated using log–log linear regression and log–log
second order polynomial regression equations relating measured
daily total suspended sediment load to discharge:

Linear regression : ln SSLð Þ ¼ ln að Þ þ bln Qð Þ þ ε ð3Þ

Second order polynomial regression : ln SSLð Þ
¼ ln að Þ þ bln Qð Þ−cln Q2

� �
þ ε ð4Þ

where SSL is daily total suspended sediment load; Q is discharge;
a, b, and c are constants; and ε is lognormally distributed error
(e.g., Miller, 1951; Glysson, 1987; Helsel and Hirsch, 2002). Both
linear and second order polynomial sediment rating curves were
calculated with and without smearing correction. Smearing correc-
tion was followed using the methods of Duan (1983). Long-term
(using all the data) and three-year sediment rating curves were de-
veloped separately for each station using linear and second order
polynomial regression. Three-year intervals were used because of
no SSC values for 2006 at ARMC and WLO and only six SSC values
available at WLO for the year 2007. The accuracy of the estimated
values were evaluated by percentage difference between measured
loads, calculated from Eq. (2), and estimated total suspended

sediment load calculated from the sediment rating curves, based
on Horowitz (2003):

% difference ¼ predicted valueð Þ− measured valueð Þ½ �= measured valueð Þf g � 100:

ð5Þ

The rating curveswith best-fitting parameters (see Appendix A)were
selected to estimate total suspended sediment load (t d−1) and subse-
quently summed in order to obtain total suspended sediment yield
(t y−1) on the annual scale from 1989 to 2010. Trend in long-term SSC,
discharge, and total suspended sediment yield was determined by
SeasonalMann–Kendall test for trend using a DOS-based program devel-
oped by the USGS (Helsel et al., 2006).

3.3. Spatial data sets

For spatial land change analysis, cloud-free Landsat 5 images
(Path 23, Row 40) for the years 1989, 1995, 1999, 2004, and 2010
(Table 2) were obtained from the USGS, Earth Resources Observa-
tion and Science Center. Dates of these images were also chosen
based on river discharge (low discharge — September and October)
and tide conditions to minimize water level effect on subaerial land
assessment. Reported tide levels for the images were obtained from
National Oceanic and Atmospheric Administration (NOAA) tide gage
at Grand Isle, Louisiana (29°15′24″ N., 89°57′24″ W.; Table 2). Daily dis-
charge data was used from ARMC (introduced earlier). River stage was
not used because of its variability over time from changes in the river
channel profile. Discharge was assumed to be consistent because it is
recalibrated every several years to account for changes in stage. The
study area was limited to both delta features and marsh areas that
were proximal to the ARDC (Fig. 1).

3.4. Classification

Unsupervised classification was completed for each image using
the ISODATA clustering method in ERDAS IMAGINE. The ARDC area
was selected out from the original images based on the farthest
extent of land and included some adjoining areas surrounding the
deltas (Fig. 1). Twenty-five classes were derived in the classification

Fig. 1. Map of study area, AOI (area of interest) is the area subsetted for analysis. Light gray area is land and dark gray is water, and the dashed white line demarcates the
subsetted areas for the Wax Lake outlet subdelta (WLSD) and the Atchafalaya River Morgan City subdelta (ARSD). The ARMC is Atchafalaya River Morgan City station
and WLO is Wax Lake outlet station, where discharge and suspended sediment concentration were collected. Old River control structure (ORCS) controls water flow
from the Mississippi River (MR) to the Atchafalaya River (AR).
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with the maximum number of iterations set to 12 and the conver-
gence threshold set to 0.99. The 25 classes were subsequently cate-
gorized in three basic cover types: (i) water, (ii) vegetation, and
(iii) barren. These classes were derived based on true color Landsat
imagery as well as plotting the classes over feature space images of
Landsat bands 3 and 4. The vegetation cover type did not discrimi-
nate between vegetation on land or floating on water and from
here on is discussed as vegetated land. After initial classification,
mixed classes were identified using a cluster busting technique
that used a mask to select the mixed class from the original image
so that reclassification of the mixed class could be completed.

3.5. Land change analysis

Land change was determined by completing a matrix analysis in
ERDAS IMAGINE using consecutive images. This was done for image
pairs of 1989 vs. 1995, 1995 vs. 1999, 1999 vs. 2004, 2004 vs. 2010,
and 1989 vs. 2010. A land change image was produced for each time
frame with classes that fell into nine different categories: water no
change, water to vegetation, water to barren, barren no change, barren
to water, barren to vegetation, vegetation no change, vegetation to
water, and vegetation to barren. Areas were calculated to determine
changes over the different time frames. In all analyses, land gain is the
addition of the areas for water to vegetation and water to barren; land
loss is the addition of the areas for vegetation to water and barren to
water. To complete separate area calculations for each subdelta, the
land change images were subset to select out the ARSD and the WLSD
(Fig. 1).

New land stability was determined in two steps: (i) selecting
pixels that were converted from water to barren and water to vege-
tation, and (ii) assessing if the classified pixel value changed back to
water in the subsequent image. To complete this, a matrix analysis
was run using the matrix analysis land change images with the
next consecutive classified image, for instance, the 1989 vs. 1995
matrix analysis was done with the 1999 classified image. This
allowed for the identification of whether new subaerial land was
maintained or lost. This was completed for both subdelta subsets
and as an additional analysis for land that was lost.

4. Results

4.1. River discharge and total suspended sediment yield

Over the 21-year period, the Atchafalaya River had an average
annual total flow volume of 200.0 km3, varying between 122.7 km3

(2000) and 252.8 km3 (2009). About 118.7 km3 of the average
annual total flow volume (i.e., nearly 60%) passed through the
ARMC outlet, with a low of 74.0 km3 (2000) and a high of
164.1 km3 (1993) (Fig. 2). The river's other outlet, WLO, had an aver-
age annual flow volume of 81.3 km3, varying between 48.8 km3

(2000) and 115.2 km3 (2009) (Fig. 2). At the beginning of the
study period (1989), ARMC discharged 65% and WLO 35% of the
total flow volume, and the flow portions gradually changed to 53%
for ARMC and 47% for WLO by 2010. The increasing trend of flow at
WLO was significant (p = 0.0504, seasonal-Mann–Kendall). This
increase was triggered by a weir removal in 1994 that had
previously constricted flow down WLO. During the entire 21 years
of this study a total of 10 major flood events occurred (when
discharge was >13,800 m3 s−1 at Atchafalaya River Simmesport, LA).
Five of the flood events occurred during 1989–1995, two during
1995–1999, none from 1999 to 2004, and three during 2004–2010
(Table 3).

Average suspended sediment concentration was higher at ARMC
(242 mg l−1) than at WLO (227 mg l−1) (Fig. 2). Annual average
SSC at ARMC varied between 145 mg l−1 (2000) and 449 mg l−1

(1998), while annual average SSC at WLO varied between
136 mg l−1 (2000) and 351 mg l−1 (1998), with typically higher
concentrations during high flow springs and lower concentrations
during low flow summers and falls (data not shown). Over the
study period, SSC decreased significantly at both ARMC (p =
0.0235, seasonal Mann–Kendall) and WLO (p = 0.0337, Seasonal
Mann–Kendall). Over the entire 1989–2010 period, the Atchafalaya
River discharged 1121.0 MT of total suspended sediment to the
ARDC, averaging annually 51.0 MT with a range from 21.9 MT
(2000) to 94.8 MT (1998). The ARMC discharged a total of
661.5 MT of total suspended sediment, averaging annually 31.8 MT
and varying between 13.6 MT (2000) and 60.4 MT (1998) (Fig. 2).
TheWLO total suspended sediment discharge was 405.8 MT, averag-
ing annually 19.2 MT, and ranging from 8.3 MT (2000) to 34.4 MT
(1998) (Fig. 2). The ARMC accounted for 71% and the WLO 29% of
the total suspended sediment discharged in 1989, while by 2010
ARMC accounted for 55% and WLO 45% of the sediment discharged.
Over the 21-year period, the ARMC showed a significant decreasing
trend in total suspended sediment yield (p = 0.0276, seasonal
Mann–Kendall), while no clear trend was observed at the WLO.
Between the four periods used in the spatial analysis, total suspended
sediment yield decreased from an average annual high of 67 MT y−1

(1995–1999) to an average annual low of 41 MT y−1 (2004–2010)
(Fig. 2).

4.2. Deltaic land change

From 1989 to 2010 the ARDC had a total new subaerial land gain
of 62.0 km2. The net subaerial land gain was 58.9 km2 because of a

Table 2
Tide and discharge (Q) data for the time of Landsat image capture, and annual tide
(MSL (min; max)), and annual Q (mean (min; max)) for the year the image was
captured.

Date Tide (m) Q (m3 s−1) Annual tide (m) Annual Q (m3 s−1)

9/2/1989 0.11 2828 0.03 (−0.67; 0.52) 4004 (1436; 7616)
10/21/1995 0.19 3475 0.13 (−0.41; 0.71) 3614 (1541; 7916)
9/14/1999 0.21 2403 0.14 (−0.42; 0.64) 3509 (1135; 8022)
9/27/2004 0.37 4604 0.16 (−0.41; 1.03) 4043 (1752; 6804)
10/30/2010 0.13 2938 0.22 (−0.38; 0.83) 4006 (1586; 6939)

Table 1
Names and strengths of tropical systems that impacted Louisiana from 1989 to 2010.

Name Year Period Categorya Distanceb (km, direction)

Andrew 1992 1989–1995 3 20, W
Opal 1995 1989–1995 3 408, E
Josephine 1996 1995–1999 TS 184, E
Danny 1997 1995–1999 1 85 E
Frances 1998 1995–1999 TS 532, W
Georges 1998 1995–1999 2 286, E
Allison 2001 1999–2004 TS Direct impact
Isidore 2002 1999–2004 TS 145, E
Lili 2002 1999–2004 1 63, W
Matthew 2004 2004–2010 TS 70, E
Katrina 2005 2004–2010 3 180, E
Rita 2005 2004–2010 3 236, W
Humberto 2007 2004–2010 1 246, W
Gustav 2008 2004–2010 2 70, E
Ike 2008 2004–2010 1 324, W

Category 3 = 178–208 km h−1.
a Category is the Saffir–Simpson scale and identifies the wind strength of the storm

at landfall. TS = Tropical storm, 63–118 km h−1; category 1 = 119–153 km h−1;
category 2 = 154–177 km h−1.

b Distance is the approximate distance the landfall was from ARDC.
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loss of 3.1 km2 (Table 4). The delta complex experienced a decrease
in total land change rate from a high of 5.6 km2 y−1 (1989–1995) to
a low of −0.4 km2 y−1 (1999–2004) (Table 4). The most recent pe-
riod (2004–2010) saw a total land change rate of 2.1 km2 y−1. The
period 1999 to 2004 had the largest amount of land lost, 16.6 km2,
and least amount of new land created, 14.5 km2. The largest land
gain, 37.3 km2, and smallest amount lost, 3.7 km2, occurred from
1989 to 1995. Over the entire 21-year period, annual land growth
rate averaged 2.8 km2 y−1.

From 1989 to 2010 ARSD at theMorgan City rivermouth had a net
land gain of 34.4 km2 (or 58% of the total new land in ARDC), while
WLSD at the Wax Lake outlet river mouth had a net land gain of
24.6 km2 (or 42% of the total new land in ARDC). Land growth at
ARSD has been net positive throughout the study period, with the
largest net gain of 14.6 km2 during 1989–1995 (Fig. 3A) and the
lowest net gain of 2.5 km2 during 1999–2004 (Fig. 3B). The largest
net land gain could have been partially influenced by the creation
of dredge islands, especially apparent in the 1989–1995 period

Fig. 2. Annual river flow volume (km3), average annual SSC (mg l−1), and annual total suspended sediment yield (MT), for Atchafalaya River Morgan City (ARMC) and Wax Lake
outlet (WLO). Lines delineate between periods, values shown are mean annual values for each period.
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classified as barren land; while the net gain during 1989–1995
and 1995–1999 occurred more prominently as mouth bar island
formation and elongation of channel levee areas. The 1999–2004
and 2004–2010 periods saw more land creation in distal areas.
Land growth at WLSD was much more variable with a net loss of
4.6 km2 of land from 1999 to 2004 and the largest net gain of
19.0 km2 from 1989 to 1995. The net loss during 1999–2004 was
predominantly located in distal areas of the delta away from the
river mouth. Growth during the 1989–1995 and 1995–1999 periods
consisted of total mouth bar island creation, whereas 2004–2010
growth mostly occurred near channel levee areas. The rate of land
area growth for ARSD varied between 0.5 km2 y−1 (1999–2004)
(Fig. 3B) and 2.5 km2 y−1 (1989–1995) (Fig. 3A), and for the entire
period was 1.6 km2 y−1. Land change rates for WLSD fluctuated
from a high of 3.2 km2 y−1 (1989–1995, Fig. 3A) to a net loss of
0.9 km2 y−1 (1999–2004; Fig. 3B); and the entire period had a net
gain of 1.2 km2 y−1.

4.3. Vegetated land change

Of the 62 km2 of new subaerial land gain since 1989, 87% of the
land has been vegetated. For each period, land classified as vegetated
land was converted less readily to open water than barren. The
percent average of barren land converted to water was 32.0% be-
tween years, compared to only 7.3% of vegetated land. On average
57% of barren land was converted to vegetated land, whereas on av-
erage only 3.5% vegetated land was converted to barren land. The
ARDC had a net vegetated land loss over the period 1999 to 2004,
with 12.6 km2 converted to open water (13% of the vegetated land
in 1999). The largest net barren land loss also occurred over the
same period, with 4.1 km2 (39% of barren land in 1999) converted
to open water. The largest net vegetated land gain occurred over
the period 1989 to 1995, with 25.7 km2 added to the deltas. The
largest net barren land gain occurred over the same period with
7.9 km2.

The ARSD accounted for 33.1 km2 (61%) andWLSD accounted for
20.9 km2 (39%) of the total newly vegetated land in the ARDC
(1989–2010). The greatest net gain from open water to vegetated
land in the WLSD was 16.6 km2 over the period 1989 to 1995
(Fig. 3A). Net vegetated land gain was found at WLSD during all
periods except for 1999 to 2004 (Fig. 3B). For the period 1989 to
1995, 87% of the net land gain was vegetated land, 86% for the 1995
to 1999 period, and 66% for the 2004 to 2010 period. Vegetated
land made up 56% to 83% of land lost, although this was on average
only 9% of the total vegetated land. The period 1999 to 2004 was
the exception where WLSD lost 8.0 km2 of vegetated land, account-
ing for 16% of the total vegetated area in 1999. The vegetated land
loss resulted in total net vegetated land loss of 4.9 km2 at WLSD
(Fig. 3B). On the other hand, a net vegetated land loss was not seen

at ARSD throughout all four comparison periods. Net vegetated
land gain accounted for 60% (1989–1995) to 91% (1999–2004) of
the net land gain (Fig. 3A, B). The greatest open water to vegetated
land gain for ARSD was 9.9 km2 for a net vegetated land gain of
8.6 km2 (1989–1995). The least amount of net vegetated land gain
at ARSD occurred from 1999 to 2004 with 2.3 km2 added to the
subdelta (Fig. 3B). Vegetated land accounted for, on average, 62% of
the land loss at ARSD, but this only amounted to 5.8% of the total
vegetated surface.

4.4. Inter-periodic fluctuation of barren and vegetated land

Between the four periods, newly vegetated land was primarily
sustained as vegetated land. At WLSD, 74% of newly vegetated
land (i.e., water to vegetation) in 1995 was sustained as vegetated
in 1999, and 67% of the newly vegetated land in 2004 was sustained
as vegetated in 2010. The exception was the period 1999 to 2004
(Fig. 4). During this period, newly vegetated land from 1999 was
converted to water at a slightly greater degree (47%) than being
sustained as vegetated land (44%). The ARSD newly vegetated
land was sustained as vegetated land for each period (71%, 1995
to 1999 and 94%, 2004 to 2010), although a slight decrease occurred
from 1999 to 2004 (59%, Fig. 4). New barren land was for the most
part converted to vegetated land during proceeding years except at
WLSD. For 1999 to 2004 and for 2004 to 2010, WLSD new barren
land was converted to water to a greater degree than vegetation
(Fig. 4). Vegetated and barren land that was converted to water
remained predominantly water in subsequent years (Fig. 5).

5. Discussion

The Atchafalaya River Delta complex is the only notable prograding
delta feature along the Mississippi River Delta coastline in recent
decades. For the past 21 years, our study found an average growth
rate of the entire delta complex of 2.8 km2 y−1, which was slightly
lower than two other recent estimates: 3.1 km2 y−1 (1984–2004) by
Xu (2010) and 3.2 km2 y−1 (1985–2010) by Couvillion et al. (2011).
The two subdeltas of the ARDC exhibited slightly different growth
rates: 1.6 km2 y−1 for ARSD and 1.2 km2 y−1 for WLSD. Allen et
al. (2012) had a similar estimated growth rate of 1.0 km2 y−1 for
WLSD (1983 to 2010), and Xu (2010) estimated growth rates for
the period 1984 to 2004 of 1.1 km2 y−1 (ARSD) and 2.0 km2 y−1

(WLSD). Overall, differences in these growth rate estimates are
small and can be attributed to different time frames and aerial
coverage.

Delta growth fluctuation among the periods is of great interest.
Delta growth had a clear decreasing trend from a high of
3.2 km2 y−1 (WLSD) and 2.4 km2 y−1 (ARSD) over the period
1989 to 1995 to a low of 0.6 km2 y−1 (WLSD) and 1.6 km2 y−1

(ARSD) over the period 2004 to 2010. Majersky et al. (1997) esti-
mated similar rates for the earlier periods, 3.2 km2 y−1 (ARSD)
and 3.0 km2 y−1 (WLSD); while Allen et al. (2012), looking at a

Table 3
Large flood events (>13,800 m3 s−1 at Simmesport, LA) with dates of peak discharge.

Date Period Discharge peak (m3 s−1)

6/11/1990 1989–1995 14,971
1/25/1991 1989–1995 16,244
5/18/1993 1989–1995 14,716
5/10/1994 1989–1995 13,895
6/17/1995 1989–1995 14,320
3/27/1997 1995–1999 18,027
2/15/1999 1995–1999 14,518
2/2/2005 2004–2010 14,914
4/24/2008 2004–2010 17,716
5/27/2009 2004–2010 15,650

Table 4
Land gain and loss for each period.

Land change
(km2)

1989–1995 1995–1999 1999–2004 2004–2010 1989–2010

Gain 37.3 24.1 14.5 20.0 62.0
Loss 3.7 9.5 16.6 7.1 3.1
Total change 33.6 14.6 −2.1 12.9 58.9
Annual change
(km2 y−1)

5.6 3.6 −0.4 2.1 2.8
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later period (2002–2010), found that WLSD had no net gain. From
1999 to 2004 the ARDC had a net loss of land, which was driven
by large losses of land from the WLSD. During this period
the growth rates dropped to −0.9 km2 y−1 for WLSD and
0.5 km2 y−1 for ARSD. The declined growth rate at ARSD depicts
a part of a longer trend, where high early rates, estimated at

6.5 km2 y−1 (1972 to 1976) (Rouse et al., 1978) and 5.8 km2 y−1

(1976–1981) (Roberts et al., 1997) fell sharply following 1981
and has continued a slight decline to the latest period (Fig. 6).
The WLSD had much slower development, but eventually eclipsed
ARSD growth rate during the 1980s, but since the mid-1990s
growth rate at WLSD has declined below ARSD growth rate, despite

Fig. 3. Land change for the Wax Lake Outlet subdelta (WLSD) and Atchafalaya River subdelta (ARSD) for (A) 1989–1995 and 1995–1999 and (B) 1999–2004 and 2004–2010.
All values are km2 except for rate, km2 y−1. Gain is the sum of water to barren and water to vegetation and loss is the sum of barren to water and vegetation to water.
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the increased portion of flow and sediment throughWLO. The more
stable growth rates at ARSD could be attributed to the many dredge
spoil islands created from deposits of the Atchafalaya River bar
channel. Further studies are needed to determine the management
effect on land growth in the ARDC.

Among the four study periods, the 1999 to 2004 period was the only
period without a large flood event (discharge > 13,800 m3 s−1)
(Fig. 6). This period also had the highest recorded storm surge (3.75 m)
caused by hurricane Lili in 2002 (SURGEDAT, 2012). During this period
we found a net land loss at the ARDC (Table 4) solely because of the

Fig. 4.Maps of how newly emergent land changed over time for each subdelta. New Veg is newly emergent vegetated land, and New Barren is newly emergent barren land. All
values in km2.
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4.6 km2 loss atWLSD (Fig. 3B). In other periods the transport capability of
large floodswas still able tomaintain positive growth (Fig. 6). Rouse et al.
(1978) indicated that the high growth rates observed during the initial
stages of subaerial delta development (1972 to 1976) were fueled by
two largefloods over a three-year period. The 1975floodwasmuch larger

than normal producing 11.4 km2 of new land, whereas the smaller 1974
flood created only 2.6 km2 (Rouse et al., 1978). It is well known that large
flood events often provide the greatest sediment delivery, and periods
with low flow can result in decreased delta growth, even in rivers with
high SSC such as the Yellow River in China (Chu et al., 2005; Wang et

Fig. 5. Maps of how lost land changes over time for each subdelta. Lost Veg is vegetated land that was converted to water. Lost Barren is barren land that was converted to
water. All values in km2.
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al., 2007). Nittrouer et al. (2008) identified that bedform transport rate of
the lower Mississippi River had a positive exponential correlation with
discharge, indicating the importance of large discharge events for deliver-
ing coarse load. This is evidenced in our study by the increase in
suspended sand loadwith increasing discharge at ARMC and atWLO out-
lets (Fig. 7). The large quantity of coarse sediments provided byfloods can
be important for fueling delta growth by capping fine sediment deposits
with a layer of coarse sediments that creates a substrate elevated enough
for colonization of marsh species (van Heerden and Roberts, 1988). Our
study suggests that river floods are amajor contributing factor to the var-
iation in deltaic growth rate of ARDC and that future growth of the ARDC
will rely on a consistent frequency of large floods to counteract other
stressors such as hurricanes, subsidence, and decreased SSC.

Tropical systems (hurricanes and tropical storms) have been docu-
mented causing variable affects to marshes, both physically destroying
large areas (Barras, 2007; Howes et al., 2010) and supplying sediment
(Rejmanek et al., 1988; Nyman et al., 1995; Turner et al., 2006). Over
the four periods in this study, we found the most severe reduction in
growth rate at the ARDC followed hurricane Lili in 2002. It was reported
that the hurricane caused 7 km2 of marsh loss ~21 km west of WLSD
(Barras, 2003). Although there is no documentation of land loss at the
ARDC, Lili and the two additional tropical storms (Table 1) that affected
the area during the 1999–2004 period would have contributed to the
negative growth rate. This is not a newphenomenon as observing growth
rate estimates for previous periods would also seem to indicate that in-
creases in tropical system frequency caused a reduction in growth rates
(Fig. 6). The periods of 1999–2004 and 2004–2010 present an interesting
contrast. The latter periodhad two category 3hurricanesmake land fall in
2005 (Table 1) causing 23 km2 of land loss in the region around theARDC
(Barras, 2006), while the former only had one category 1 hurricanemake
land fall. Evenwith the land loss following the hurricanes during the2004
to 2010 period, largeflood eventswere able to counterbalance this loss to
maintain a positive growth rate (Fig. 3B). This again indicates the domi-
nant role of large flood events for maintaining growth at the ARDC.

Over the study period decreasing suspended sediment concentra-
tions were observed at both subdeltas. The decreasing SSC observed
over the period can be ascribed to decreasing SSC identified

throughout the Mississippi River basin (Horowitz, 2010; Meade
and Moody, 2010). The SSC decline directly affects total suspended
sediment input to the ARDC. The Yellow River in China has also gone
through a reduction in sediment discharge from 1000 MT y−1 to
150 MT y−1 (Wang et al., 2007), contributing to a gradual erosion
phase at the Yellow River Delta since 1996 (Chu et al., 2005). The de-
fining difference between the Yellow River and the Atchafalaya River
is that flow and SSC of the Yellow River have declined greatly (Wang
et al., 2007), whereas flow of the Atchafalaya River has stayed rela-
tively constant over the past 21 years (Fig. 2). This has enabled the
continuation of large flood pulses to occur in the Atchafalaya River.
If total suspended sediment supply to the ARDC does not decrease
further, growth rates of the delta complex should remain constant,
as long as the flood pulse does not diminish.

Vegetation colonization of deltaic land occurred rapidly in ARDC,
with 87% of the new subaerial land since 1989 vegetated. Between the
four periods, vegetated land was not converted to water as readily as
barren areas with, on average, only 7% of the vegetated land converted
to water as compared to 32% of barren land. This may have been caused
by greater sedimentation from vegetation influences and/or from the
stabilizing effect of root density. In an early study on vegetation suc-
cession in newly created land, Johnson et al. (1985) found that biotic
enhancement of sedimentation only occurred with S. nigra (black
willow) on the highest elevation areas of the delta (e.g., levee),
while the majority of delta sedimentation was controlled by physical
processes, indicating different species effect. Even at lower eleva-
tions where sedimentation is controlled by physical processes, vegeta-
tion may still be important because McGinnis (1997) found that soil
strength (ability to resist erosion) in a Louisiana coastal marsh was a
function of live root density.

We found that newly vegetated areas maintained vegetation in
subsequent periods at greater than 60% in the ARDC (Fig. 4). The
only instance where newly vegetated land was converted to water
at higher rates was during the 1999 to 2004 period (Fig. 4), where
WLSD lost 4.4 km2 of newly vegetated land. As discussed earlier,
this period was characterized by a lack of large floods and three trop-
ical system impacts. The combination of these factors could have

Fig. 6. Land growth rates for the Atchafalaya River subdelta (ARSD) and Wax Lake outlet subdelta (WLSD), number of tropical systems, and major floods (>13,800 m3 s−1)
for seven periods starting from 1972 and ending in 2010. Period 1 = 1972–1976, period 2 = 1976–1981, period3 = 1981–1989, period4 = 1989–1995, period5 = 1995–1999,
period 6 = 1999–2004, and period 7 = 2004–2010. Average annual total suspended sediment yield is listed below the horizontal axis in megatonnes per year (MT y−1). Growth rates for
period 1 are from Rouse et al. (1978) (ARSD) and Roberts et al. (2003) (WLSD). Growth rates for period 2 and 3 are from Roberts et al. (2003). Tropical system counts are from Roth
(2010) and average annual total suspended sediment yields prior to 1989 are from Xu (2010).
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generated this loss by salt water stress causing vegetation mortality
while lacking large flood events to provide large quantities of sedi-
ment. Hurricanes can cause extended periods of saltwater
intrusion, which can kill freshwater marsh vegetation in addition
to physically eroding away large areas of land (McKee and
Mendelssohn, 1989; Flynn et al., 1995; Barras, 2007; Steyer et al.,
2007). The land loss caused by tropical systems during the 1999 to
2004 period may not have been counterbalanced by enough sediment
input in subsequent years from the lack of large flood pulses. In
addition, the lower sediment input may not have been able to offset
subsidence rates, which could exceed 6.0 mm y−1 from compaction
of new delta surface (Shinkle and Dokka, 2004). This provides two
important insights on vegetation stabilization of delta land. First,
under reduced flow conditions vegetation alone may not be enough to
maintain delta surface. This is supported by the findings of Neubauer
(2008) that tidal freshwater marsh in active deltas in Louisiana was
maintained through mineral additions. Second, that the stabilization
displayed in other periods could have been land regeneration by large
floods after high energy storm events followed by rapid vegetation
colonization. Because of the lack of field surveys and a comparative de-
sign, our study cannot make a conclusive estimation as to the degree of
vegetation stabilization in newly created land.

Two other factors may have affected our delta growth assess-
ment: cold fronts and tidal variations. Cold front passage can
cause water to flush out of the bay area and has been documented
for being able to remove up to 10.6 MT of sediment annually from
the Atchafalaya Bay (Walker and Hammack, 2000; Roberts et al.,

2005). Unlike tropical systems and floods, cold fronts occur every
year and the number that pass through Louisiana varies little be-
tween years, thus making their impacts relatively consistent and
not a driving factor in the overall changes observed (Hardy and
Henderson, 2003). Tides can also affect land estimates by affecting
the amount of land surface visible. At the ARDC tide can cause the
extent of land estimates to vary by as much as 30% (Allen et al.,
2012), and this may have been the main cause for the small
difference in delta growth rate estimates between this study's
and others (Xu, 2010; Couvillion et al., 2011). During our four
study periods, the difference in tides varied from 0.02 to 0.24 m.
For the periods 1989 to 1995 and 1995 to 1999, each subsequent
image had higher tide, which may have made the land estimates
to be conservative. For the period 1999 to 2004, tide was the
highest and may have exaggerated the net loss seen at the time.
For the period 2004 to 2010, tide was the lowest for any image
and thus could have caused a slight exaggeration of extent, adding
to the gain seen during that period. The barren land class would
have been affected by tide the most as these areas are most likely
tidal flats so any variation in tide could have affected classification.
Vegetated land was probably unaffected because the vegetation at
lowest elevations (S. platyphylla, N. lutea and S. latifolia) grows
taller (>0.8 m) than the tides observed, and thus variations in
tides between images would not have caused these areas to be
classified differently.

6. Conclusion

This study shows that the land growth of the Atchafalaya River
Delta complex in the past two decades was dictated by large flood
events, while severe tropical systems temporarily impacted delta
size to a large degree. Large floods were able to transport substan-
tial quantities of sediment needed to create rapid subaerial land
formation, which was followed by vegetation colonization. When
compared to barren land, vegetation succession provided stabiliza-
tion. However, during the period with no large flood events the
buffering effect of vegetation appeared to be limited against higher
energy storm surges. The result implies that future growth and sta-
bilization of the ARDC will mostly depend on sediment supply from
the Atchafalaya River and stormweather conditions in the northern
Gulf of Mexico. If sediment supply does decline in the future, delta
growth will slow further andmay also cause large flood events to be
less effective at building land. Losses will likely be most apparent at
WLSD that, unlike ARSD, does not have the additions of dredge spoil
to create new land. With possible diversions of the Atchafalaya
River water before reaching the subdeltas, future flood volumes
might be reduced, slowing growth and possibly exacerbating ero-
sion. Coastal Louisiana provides an interesting case study for
other coastal regions around the world on how to manage
sediment-starved deltas in the twenty-first century. With human
and environmental factors both influencing delta evolution, crea-
tive and forward thinking river and sediment management will dic-
tate the fate of coastal Louisiana and the millions of people that call
it home.
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Table 1
Sediment rating curves used for estimation of total suspended sediment load (t d−1) and subsequently summed to estimate annual total suspended sediment yield (t y−1) for
Atchafalaya River Morgan City (ARMC) and Wax Lake Outlet (WLO).

ARMC WLO

Year Sed. rating curves r2 % Diffa Sed. rating curves r2 % Diffa

1989 y = −0.4894x2 + 10.317x − 40.489 0.93 −0.58 y = −0.5364x2 + 9.9236x − 33.94 0.79 1.40
1990 y = 2.3654x − 8.3113 0.92 −7.97 y = 2.0552x − 5.3306 0.92 −13.40
1991 y = 1.7549x − 3.2172 0.76 −0.31 y = −0.5364x2 + 9.9236x − 33.94 0.79 −2.43
1992 y = −0.289x2 + 6.4414x−22.148 0.77 −1.39 y = −0.5364x2 + 9.9236x − 33.94 0.79 −18.04
1993 y = −0.3546x2 + 7.7885x − 28.941 0.92 1.01 y = 1.6571x − 2.2451 0.77 −1.18
1994 y = −0.289x2 + 6.4414x − 22.148 0.77 5.22 y = −0.5364x2 + 9.9236x − 33.94 0.79 3.35
1995 y = 0.141x2 − 0.9496x + 9.3784 0.74 −2.12 y = 1.4397x − 0.5 0.80 1.90
1996 y = 1.3711x − 0.1416 0.73 −0.25 y = 1.4397x − 0.5 0.80 1.76
1997 y = 0.141x2 − 0.9496x + 9.3784 0.74 −1.70 y = 1.6571x − 2.2451 0.77 0.94
1998 y = 1.6558x − 2.1868 0.71 0.52 y = 1.7878x − 3.1357 0.83 0.41
1999 y = 1.6558x − 2.1868 0.71 −9.70 y = 1.7878x − 3.1357 0.83 −3.99
2000 y = 1.7549x − 3.2172 0.76 8.73 y = 1.6571x − 2.2451 0.77 −0.32
2001 y = −0.289x2 + 6.4414x − 22.148 0.77 −3.37 y = 1.6571x − 2.2451 0.77 −10.04
2002 y = 1.8979x − 4.4989 0.87 0.32 y = −0.5364x2 + 9.9236x − 33.94 0.79 −1.23
2003 y = 1.8979x − 4.4989 0.87 13.92 y = 1.9341x − 4.5948 0.86 20.06
2004 y = −0.1826x2 + 4.5914x − 14.241 0.92 3.46 y = 1.479x − 1.0929 0.90 −0.28
2005 y = −0.289x2 + 6.4414x − 22.148 0.77 0.69 y = 1.479x − 1.0929 0.90 −1.04
2006 y = 1.6849x − 2.7144 0.91 No data y = −0.4022x2 + 7.6626x − 24.747 0.91 No data
2007 y = 1.7549x − 3.2172 0.76 −3.95 y = 1.479x − 1.0929 0.90 0.59
2008 y = −0.289x2 + 6.4414x − 22.148 0.77 2.65 y = 1.4665x − 1.0222 0.68 −9.22
2009 y = 0.0091x2 + 1.5264x − 2.2121 0.73 −3.45 y = 1.4665x − 1.0222 0.68 −0.21
2010 y = 1.6758x − 2.8236 0.73 −1.62 y = 1.4665x − 1.0222 0.68 8.36

a % Diff is the percent difference between estimated and measured total suspended sediment load.
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