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Abstract

The Mississippi River basin was developed for agriculture at an unprecedented scale and intensity within the
last 200 yr. These changes favored erosion and sediment transport, which were subsequently reduced by soil
conservation practices, the trapping of sediment behind large reservoirs, and channel engineering. We discuss the
relationship between sediment loading and the growth, loss, and stability of wetlands in the Mississippi River
birdfoot delta (MRBD). We report an anthropogenically driven increase in mean suspended sediment
concentrations in the Mississippi River below New Orleans, from a modeled 350 mg L1 (174 X 10° kg yr—1)
at the end of the 18th century to a measured maximum of 675 mg L—! (348 X 10° kg yr—!) in the late 19th century,
followed by a sharp reduction, and then a period of stabilization at 157 mg L—1 (91 X 10° kg yr—1) after 1962.
Changes in wetland area of the MRBD over the past two centuries reflect variations in sediment supply during
periods of increasing, decreasing, and stable sediment loading, and are distinct from wetland loss patterns in other
areas of coastal Louisiana. The rapid growth of the MRBD until the 1930s, which has been used as a reference for
one of the world’s largest wetland restoration efforts, may not be a suitable archetype for the majority of the
coast. Additionally, future variation in sediment supply to the MRBD would likely change the total wetland area

of the MRBD.

Intensive agricultural practices are typically associated
with increased soil erosion (Walling 1999; Dearing and
Jones 2003) that can result in riverine suspended sediment
concentrations increasing up to an order of magnitude
(Meade 1969; Douglas 1997). This increased sediment flux
has muddied rivers, shoaled ports, and accelerated delta
progradation from Greco-Roman and medieval times to at
least 19th-century America. The Mediterranean’s easily
erodible soils and low tidal energy made ports especially
vulnerable to siltation from rivers carrying eroded soils
from the deforested and farmed lands of the ancient Greeks
and Romans (Briickner 1986; Hughes 1996). Centuries
later, as intensive agriculture spread westward, crops such
as tobacco gave birth to a booming export industry in
Chesapeake Bay settlements, but heavy soil erosion from
those fields often formed new wetlands and shoals,
rendering the ports inaccessible (Gottschalk 1945; Hilgart-
ner and Brush 2006). The Plum Island estuary in
Massachusetts also experienced rapid marsh formation in
the 18th and 19th centuries as a consequence of increased
sediment delivery following land clearing and agricultural
development (Kirwan et al. 2011).

The effect of intensive cultivation on erosion and
subsequent suspended sediment transport is more readily
observed in smaller watersheds because much of the
increased sediment load accumulates locally (Trimble
1999). By contrast, much of the soil eroded in large,
continental watersheds is redeposited before reaching the
main stem, dampening the downstream effects of increased
erosion upstream (Costa 1975; Walling 1999). Variations in
the suspended sediment load of large, sediment-laden
rivers, such as the Yellow River in China, however, have
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been attributed to changes in agricultural land use
(hereafter land use) over many centuries, if not millennia
(Xu 1998; Wang et al. 2010).

The Mississippi River basin (MRB; Fig. 1) is unique
among the world’s large watersheds in that agriculture was
introduced more recently and at an unprecedented scale
and intensity than other rivers of comparable discharge.
Severe erosion was commonplace as intensive European-
style agriculture expanded into the MRB, and was
significant enough to necessitate the formation of the Soil
Conservation Service in 1935 (Turner and Rabalais 2003).
Increasingly intensive river engineering, especially reservoir
construction, greatly reduced sediment transport within the
basin beginning in the early 20th century (Meade and
Moody 2010). Other factors that may have also altered
19th-century sediment transport include bank clearing and
channel dredging, as well as engineering to regulate flow
near the river mouth (Winkley 1977; Wells and Coleman
1987; Kesel 1988), but changes in land use are considered to
be the greatest effect, at least until reservoir construction
(Keown et al. 1981; Dardeau and Causey 1990; Saucier
1994).

The earliest maps of the Mississippi River birdfoot delta
(MRBD) depict channels bounded by marshes slightly
wider than the channels. Later surveys documented a
period of rapid subdeltaic land formation that began in the
mid-1800s, resulting in 560 km?2 of new land (> 3X the area
of Washington, DC) in < 100 yr (Wells and Coleman
1987). These areas of rapid land formation resulted from
breaches in the river’s natural levees, referred to as
crevasses, which allowed direct sediment input into coastal
bays, eventually filling them in. Maps of the 1930s delta
depict this enlarged wetland landscape, much of which has
since eroded. This recent erosion accounted for 10.1% of all
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Fig. 1. The MRB (gray) and the study area used for delta
land area analysis (black) indicated by arrow.

Louisiana coastal land lost between 1932 and 1990, and
accounted for the two highest rates of land loss between
1932 and 1958 (West and East Delta 15-min quadrangles)
(Dunbar et al. 1992). The growth and retreat of these four
subdeltas of the MRBD over the past two centuries has
provided a framework for understanding the subdelta life
cycle and has also served as a smaller-scale model of the six
delta lobes formed by the Mississippi River over the past
several millennia (Fisk et al. 1954; Coleman and Gagliano
1964; Wells and Coleman 1987). The re-creation of these
subdelta processes has been incorporated into restoration
plans for one of the largest ecosystem restoration efforts in
history (LDNR 1998; Kemp et al. 2004).

Here we quantify the relationship between soil erosion in
the MRB, Mississippi River suspended sediment concen-
trations, and variations in land area in the MRBD. We test
the hypothesis that the timing and amount of land gain and
loss in the MRBD is proportional to changes in the
suspended sediment load carried by the river. We analyzed
10 maps from 1778 to 2002 and compiled suspended
sediment records from 1838 to 2002. Additionally, we
compared these records to a model designed to assess pre-
disturbance sediment load and evaluated the results in the
context of land use, population growth, and surrogates of
land disturbance.

Methods

Spatial data compilation and accuracy—We collected
maps and spatial data for the MRBD for 1778 to 2002 from
the Louisiana State University Cartographic Information
Center and various public data servers. We only used maps
with a published survey date for the entire study area.
Privately published maps from before the 1800s were
typically stylized, copied from earlier maps, or, in some
cases, not updated from survey data for several decades.
National Oceanic and Atmospheric Administration
(NOAA) nautical charts were not suitable for this analysis
because they are produced for navigational purposes and

do not necessarily contain uniformly updated topographic
information.

George Gauld compiled several surveys of the Louisiana
coast that included depth soundings and published them in
a 1778 map entitled A Plan of the Coast of Part of West
Florida and Louisiana: Including the River Yazous. This
map was based on surveys from 1764 to 1771 conducted for
the Admiralty in Florida, and its accuracy and background
have been previously discussed (Gauld 1969; Morgan
1973). We did not consider this map entirely suitable for
quantitative analysis because of the surveying technology
used, although we referred to it as the most accurate
depiction of the delta from that period (Morgan 1955).

The first reliable surveys of the region are the
topographic sheets (T-sheets) produced by A. Talcott for
the United States Coast and Geodetic Survey (USC and
GS) in 1838. An 1890 Mississippi River Commission map
of West Bay, based on surveys completed between 1839 and
1845, complements a missing portion of the 1838 survey
(Morgan 1973). Subsequent surveys for individual sub-
deltas were performed between 1859 and 1887 by the USC
and GS and combined into one data set for the overall
analysis, but were kept separate for interpreting changes in
the individual subdeltas. The first photographic surveys
were carried out in 1922 by the Naval Air Service, and were
compiled as T-sheets by the USC and GS. A follow-up
survey was completed in 1932, yielding an entirely new set
of T-sheets.

We obtained six of the 10 data layers used for this
analysis in a usable digital format. The remaining data were
digitized using the same procedure used to develop the
layers created by NOAA. Five data sets were obtained
digitally in vector format from NOAA (1870s, 1932, and
1959) and the Louisiana Oil Spill Coordinator’s Office
(1992 and 2002). The 1978 data were acquired digitally as a
bi-level raster from the United States Geological Survey,
who developed it from United States Fish and Wildlife
Service data (Barras et al. 2004). Data from 1838, 1922, and
1971 were obtained from maps that were scanned and geo-
referenced to a minimum of four control points and had a
maximum root mean square error of 0.002 degrees. Specific
map projection information was not available for digitiza-
tion of the 1778 survey, and so we used the Bonne
projection—a popular projection for surveys prior to 1853
(Daniels and Huxford 2001). Area measurements from
Airy, Bessel, and Bonne projections were compared to
account for possible errors caused by using a different
projection, and only negligible differences in area were
observed. The 1838 and 1922 surveys were on-screen
digitized at an average scale of 1:7500. The 1971 USGS
maps, originally printed as photographic quadrangles, were
scanned and converted to a bi-level image in Adobe
Photoshop before being vectorized using ArcScan, which
is an extension of ArcGIS software (Environmental
Systems Research Institute). All data were re-projected in
ArcGIS to the North American Datum 1983 Universal
Transverse Mercator zone 16-north to measure land area.
All polygons smaller than 0.02 km?2 were omitted to
compensate for potential differences in mapping scale.
The change in total area resulting from this filtering was
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recorded for each map, and calculated as a percent loss due
to processing. This loss was generally < 1%, but was up to
6% in maps surveyed during periods of marsh breakup, and
was considered inconsequential to our goal of identifying
periods of increasing, maximum, decreasing, and stable
land area.

The study area included all land downstream of a line
drawn between Bay Tambour and Grand Coquille Bay,
approximately equal to all land downstream of St. Phillips
Bend in the Mississippi River located 32 km above Head of
Passes. All polygons were clipped to the study area, and
their areas were recalculated in the final projection.
Initially, the study area was divided into smaller hydrologic
units, but we determined that changes in one area were not
independent of changes in another unit. For example, if
river discharge increases in one area, it comes at the
expense of river discharge to another area. The study area
was, therefore, examined as a single system changing with
time.

We also compared wetland soil type in the MRBD to
other areas of the coast. The percent mineral matter for the
top 24 cm of soil at Coastwide Reference Monitoring
System (www.ocpr.louisiana.gov/crm/coastres/monitoring.
asp) sites was analyzed in ArcGIS. The data were highly
spatially autocorrelated (n = 716, Moran’s I: 0.96) and
were, therefore, appropriate for kriging to interpolate
between sites. The final output was clipped to National
Wetlands Inventory data (www.fws.gov/wetlands/Data/
DataDownload.html).

Suspended sediments—Suspended sediment concentra-
tion data for the Mississippi River at New Orleans were
compiled from a variety of sources dating back to 183§;
portions of this data set have been discussed previously
(Turner and Rabalais 2003; Thorne 2008). Data before
1877 are sparse, and there were various methods used in
their collection (Humphreys and Abbot 1876; Vogel 1930;
Keown et al. 1981). Two full years of suspended sediment
data were collected at Carrollton, Louisiana, starting in
February 1851, and ending February 1853 (Humphreys
and Abbot 1876). The first year of these data was
comprised of daily mass ratio observations (except Sunday)
at three depths and three distances from the riverbank, and
the second year consisted of only surface readings, under
the assumption that the relationship between first-year
depths could be used to estimate the mass ratios in the
second year. One additional full year of concentration data
exists for 1850 (Vogel 1930), but was collected at Fulton,
Tennessee. The Fulton station location was about 275 river
kilometers below Cairo, Illinois (Winkley 1977), and
downstream from both the largest sediment and water
inputs to the river (Keown et al. 1981). To test for
differences between sampling location or methods, over-
lapping monthly data from 1879 and 1880 were compared
to observations from Carrollton, Port Eads, and Fulton.
These were also used to establish a ratio that was used to
estimate the sediment concentration at Carrollton, using
the Fulton data. Mean monthly sediment concentrations at
Fulton were more dampened than at Carrollton, and
tended to be higher during low discharge flows, but were

lower in high-flow months, and averaged 7% greater than
the concentrations measured at Carrollton.

Suspended sediment concentrations in 1838 and 1846
were estimated based on sampling during the three and four
spring months, respectively, thus capturing the period of
the highest and most variable sediment discharge (Keown
et al. 1981). The concentration data for 1838 were collected
at South Pass by A. Talcott for the Army Corps of
Engineers and included surface and subsurface samples.
The 1846 sediment concentration data were derived from
surface water collected at New Orleans by Professor
Riddell, Tulane University (Humphreys and Abbot 1876).
The mean annual suspended sediment concentrations for
1838 and 1846 were estimated by prorating the missing
monthly values using observations for 1851-1853 and
forming a sediment concentration ratio for each month.
These estimated concentrations are probably the least
accurate of all of the data used, but their variation and
discharge-to-concentration ratios were comparable to that
of the two consecutive years of data collected at Carrollton.
Five other sampling occasions between 1838 and 1867
consisted of insufficient records or sampling information to
include in this analysis. The Army Corps of Engineers
maintained a continuous record of suspended sediments
between 1877 and 1895 at Port Eads (Turtle 1884; Quinn
1894, 1896), and the New Orleans Water and Sewerage
Board has the longest continuous record of suspended
sediment concentrations, which began in 1910. Suspended
sediment data were calculated as a 3-yr moving average
because of our objective of summarizing long-term trends
in the data.

We compared annual loads and mean annual suspended
sediment concentrations for the 33 yr ranging from 1851 to
1988 when detailed discharge data were available. A simple
linear regression of suspended sediment concentration and
discharge confirmed the suitability of using mean annual
suspended sediment concentration as a proxy for annual
load (mg L—! = 0.0439 X Q, + 107.73, r2 = 0.85, Fi 3, =
169.08, p < 0.0001 [Q; = annual sediment load in kg s—1]).
We also estimated annual load based on annual discharge
(Poore et al. 2001), but since detailed discharge data were
not available before 1933, we could not pair daily sediment
observations to discharge data. We kept this calculation
consistent throughout the study period.

We used the Area Relief Temperature (ART) model to
estimate the suspended sediment concentrations before the
1800s (Syvitski et al. 2003). The ART model was calibrated
using a database of 340 watersheds worldwide. This model
is based on the physical characteristics of the basin at four
latitude divisions, with specific constants for each division,
and estimates the pre-disturbance annual load (Q; in kg
s—1) using this equation:

QS:“3AOL4R06581(T (1)

We used constants specific to temperate Northern
Hemisphere river basins (o3 = 6.1 X 1075, oy = 0.55, o5
= 1.12, k = 0.07) and three input parameters specific to the
MRB (A4: basin area = 3.22 X 10 km2, R: maximum basin
relief = 4402 m, and 7: average basin temperature =
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9.77°C). The average temperature was based on a 29-yr
record from the NOAA Earth System Research Lab-
oratory (www.esrl.noaa.gov/psd/data/usclimate/tmp.state.
19712000.climo), and was weighted for the area of each
state that lies within the watershed, assuming equal
temperatures inside and outside. The annual suspended
sediment load was converted to a mean annual concentra-
tion using the linear regression of annual load against the
sediment concentration noted above. Most of the uncer-
tainty in the ART model output arises from rivers with
smaller sediment loads, or watersheds that are greatly
affected by reservoir construction (Syvitski et al. 2003). The
ART model predicts sediment load within a factor of 2 for
75% of the 340 rivers included, but error is less than a
factor of 2 for all of the 15 largest loads reported, and the
model may underpredict for the largest basins (Syvitski et
al. 2003). While there is inherently no observed sediment
load to test the model estimate for the period before
European settlement, we examined the results in the
context of other indicators of disturbance as well as
sediment observations collected at various points during
watershed development.

We investigated the relationship between suspended
sediment concentration and the percentage of the Mis-
sissippi River watershed under cultivation to see how well
the ART model estimate (zero cultivation) compared. The
United States Census Bureau collected data on the area of
land improved for agriculture starting in 1850 (Historical
Census Data Browser, mapserver.lib.virginia.edu). We
prorated these data for the percent of each state that lies
in the watershed, assuming a homogenous distribution of
farmland inside and outside the watershed for each state.
Population data are available for the period beginning in
1790 and were prorated amongst the watershed boundaries
as was done for the agricultural data. To estimate land
improvements prior to the 1850 census, the percent of
improved land for the years 1850 to 1920 was linearly
regressed against population size (2 = 0.99, F} s = 721.6, p
< 0.0001) to estimate land use for the period between 1790
and 1850. We compared watershed land use to the observed
suspended sediment concentrations and to the pre-distur-
bance estimate from the ART model. We also included
MRBD subdelta volume (Wells and Coleman 1987) in this
analysis.

Bed load, the component of sediment transport that
travels along the bottom of a river, is not included in this
analysis. A recent estimate of bed load in the Mississippi
River is 2.5% of the total sediment load (Nittrouer et al.
2008). We did not correct for Mississippi River discharge
entering the Atchafalaya River, which was about 10% in
1900 and increased to 30% by the 1960s (Turner et al.
2007).

Data analysis—We conducted a simple linear regression
analysis of land area vs. 10-yr means of suspended sediment
concentration. Data from the rapid land building period
(1838 to 1867) were excluded because of the delay between
subaqueous land building and when subaerial land appears
(Wells and Coleman 1987). We also examined how the
relationship between sediment concentration and various

5-20-yr lags in land area changed for when suspended
sediment concentrations were rising, declining, or stable
(PROC REG, Statistical Analysis System 9.1; SAS
Institute). We expected to find threshold effects for wetland
colonization and loss at different stages of development
that were dependent on the net sediment accretion, hence
elevation (McKee and Patrick 1988).

Results

Land area in the MRBD closely followed the changes in
suspended sediment concentrations, with a longer response
lag after periods of suspended sediment increase than when
the suspended load was in decline (Fig. 2). Both land area
and suspended sediment concentrations increased to a
maximum, declined rapidly, then stabilized and remained
relatively stable with only minor fluctuations since 1971.
The peak in land area (692 km?2 in 1932, compared to
314 km? in 1838; Fig. 3a) occurred about 47 yr following
the peak in suspended sediments, but the relative stabili-
zation of land area (358 * 13 km2; u = 1 standard error
[SE] for the four data sets from 1971 to 2002) occurred 5 yr
after the suspended sediment concentrations stabilized at a
level that was much lower than the peak in the 1890. Land
area closely followed sediment concentration at uniform
lags ranging from 0 to 15 yr (Fig. 4, p < 0.05, n = 6). The
relationship between annual load and land area was
similarly significant, and the intercepts for the two
regressions averaged 226 km?2.

The suspended sediment concentrations averaged 563 *
79 mg L—1(338 £ 23 X 10° kg yr—!, u = 1 SE) for the three
full years of sampling that started in 1850 (Fig. 2b). If the
estimated concentrations for the earliest two sampling
periods are included, then the mean concentration for 1838
to 1853 is 611 £ 53 mg L—1 (324 = 15 X 10° kg yr—1). The
peak suspended sediment concentrations occurred between
the 1870s and 1890s, averaging 675 = 38 mg L—1 (348 + 27
X 10° kg yr—!) for 19 yr. The decline in suspended
sediments began gradually, but accelerated until significant
reductions occurred around 1955. Following another sharp
drop in the early 1960s, the suspended sediment concen-
trations at Carrollton, Louisiana, remained fairly stable at
157 = 7 mg L-1 (91 £ 7 X 10° kg yr—!). Overlapping
suspended sediment concentrations for 1880 at Carrollton
and Fulton were within the error of suspended sediment
concentration for samples collected at Port Eads (Fig. 2b).
The relationship between mean annual suspended sediment
concentration and annual load was constant throughout
the study period, but periods of increasing, peak, and
diminished sediment loads are distinct from one another
(Fig. 5).

There is no overall trend in discharge for the study
period (Fig. 2a). The high discharge during the 1927, 1949—
1951, and 1973-1974 flood years, however, corresponds to
spikes in sediment concentration, and the abnormally low
discharge years are co-related to lows in sediment
concentration around 1895 and 1954. Despite this rela-
tionship, however, the mean discharge for the five years
around 1850 was 5% greater than between 1870 and 1890,
even though the sediment concentration was 10% lower.
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Fig. 2. Changes in suspended sediment concentrations in the lower river (principally New Orleans) and land area of the MRBD. (a)
Mean annual discharge at Vicksburg, Mississippi, and 3-yr moving average (Poore et al. 2001). (b) Three-year averages of mean annual
suspended sediment concentration (gray) and annual load (black) at New Orleans (¢ = 1 SE). Triangles show the predicted pre-
disturbance suspended sediment concentration (open triangle) and annual load (solid triangle) determined using the ART model (Syvitski
et al. 2003). Also plotted are 1880 observations from Carrollton (gray diamond), Fulton (gray triangle), and Port Eads (gray circle, partly
obscured by Fulton). (c) The area of subaerial land in the MRBD. The solid lines link accurate surveys, and dashed line connects data
from a 1778 survey. The arrows indicate differing lags between peaks in sediment transport and land area.
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800 -
‘E 600 -
£ 600 - o
$
=]
.=
E o
QB) 400 - = 400 -
< X
= o0
3 <
= 9
3 g 0 1850s
[} —_
£ 2007 E 01877-1895
2 2 200 - )
< A1910-1935
. ©1935-1958
0 200 400 600 ®1958-1993
Sediment concentration (mg L!) and load (kg x 10) 0 T T T T T )
Fig. 4. Ten-year mean suspended sediment concentrations 0 200 400 600 800 1000 1200
(gray) and annuql loads _(black) Vs. lalnd area of the MRBD since Mean annual suspended sediment (mg L)
1922 (concentration: r2 = 0.98, F; 4 = 155.22, p < 0.001; load: 2
= 098, Fi4 = 160.67, p < 0.001). The linear regression is Fig. 5. Mean annual suspended sediment concentration vs.

annual load at the following time intervals: increasing sediment
transport (1850s), peak sediment transport (1880s), early reservoir
construction (1910-1935), rapid reservoir construction (1935-
1958), and decreased reservoir construction (after 1958).

significant for response intervals from 0 (shown) to 15 yr; earlier
points are omitted due to a lag between bay infilling and wetland
formation (see text for explanation). The dotted lines show the
95% confidence intervals.
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Fig. 6.

Comparison of watershed agricultural land use (solid), cumulative reservoir volume (dashed), and 10-yr means of suspended

sediment concentration (gray). Land use is presented as the percent of the whole basin area, reservoir volume is cubic kilometers of
storage within the Missouri River basin (Keown et al. 1981), and sediments are the percentage of maximum observed for the interval.
Other factors that may have influenced sediment transport are not shown (Kesel 1988).

Additionally, the drastic sediment reductions after 1962 do
not correspond to a reduction in discharge. These
differences indicate that there is a changing relationship
between sediment concentration and discharge throughout
the study period that is independent of the variations in
discharge.

Agricultural land use increased in a sigmoidal fashion
between 1800 and 1920, and has remained relatively stable,
at around 40% of the basin, until today (Fig. 6; Raymond
et al. 2008). The period of most rapid land-use change was
between 1870 and 1900 for both the whole basin and also
for only the subbasin states of Kansas, Missouri, lowa, and
Nebraska, which contain the highly erosive Missouri River
basin soils (up to 2 X 106 kg km~2 yr—! with modern land
use; Keown et al. 1981). The reservoir volume in the
Missouri River basin increased in two large increments.
Nineteen percent of the total 1979 reservoir volume was
constructed between 1935 and 1937, and an additional 55%
was constructed between 1952 and 1958. Reservoir
construction between 1958 and 1979 was 12% of the 1979
capacity. The decline in sediment concentration was
coincidental with the increase in reservoir volume (Fig. 6).

The ART model estimate of the pre-disturbance annual
sediment load for the Mississippi River was 174 X
10° kg yr—!, equal to an estimated mean concentration of
350 = 37 mg L-! (u = 95% CI for the regression of
suspended sediment concentration and load).

The land area of the MRBD grew at an average rate of
4.1 km2 yr=1 from 1838 (315 km?2) to its peak in 1932
(692 km?2), when it was 220% of the area present in 1838
(Fig. 2¢). Land loss following this peak was rapid, and
occurred at an average rate of 9.0 km?2 yr—! between 1932
and 1971. The size of the MRBD in 1971 (341 km?2) was
110% its size in 1838, although the distribution of wetlands
following subdelta decay was much more fragmented and

covered a larger area (Fig. 3). There were relatively small
gains and losses of land after 1971, and in 2002 the land
area (387 km?2) was 120% the area present in 1838.

Wetland soil inorganic content varied widely, ranging
from 97.1% in the MRBD to as low as 8.3% in the upper
reaches of Barataria and Terrebonne basins (Fig. 7). Mean
inorganic content for the whole coast was 58.3 = 19.1% (u
* 1 0).

Discussion

The conversion of prairie and forest to an agricultural
landscape following European settlement in the Mississippi
River watershed is mirrored in several large-scale changes
in the river system, including the timing and rate of
enlargement of the MRBD. Additional changes that were
synchronous with 19th-century land-use change in the
MRB include increases in offshore nutrient concentrations
(Turner and Rabalais 1994), suspended sediment and
nutrient deposition along the Upper Mississippi River
(Engstrom et al. 2009), and overbank sedimentation in the
Upper Mississippi Valley (Knox 1987). These analyses
confirm that the change in land use had consequences
extending well beyond the area of direct erosion effects, and
are consistent with the results from the ART sediment load
model that identifies a pre-disturbance load lower than the
peak concentrations observed in the late 19th century.
Because of the direct connection of the MRBD wetlands to
fluvial input, which differs from the deltaic and chenier
plains, wetland area in the MRBD would be expected to
vary with sediment input (Blum and Roberts 2009).

The rapid increase in MRBD size between 1838 and 1932
is consistent with similar observations of land building
resulting from changes in land use, including at least nine
Mediterranean deltas and ports (Briickner 1986; Hughes
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The percent soil inorganic matter (0-24 cm) across the Louisiana coast. There is highly inorganic soil in the birdfoot delta

compared to more organic soil in the deltaic plain. The area used for this analysis lies southeast of the white line; the dark gray denotes

upland areas.

1996; Vella et al. 2005), two northern European river deltas
(Hoffmann 1996), and eight deltas and upper estuaries in
eastern North America (Cronon 1983; Bierman et al. 1997,
Hilgartner and Brush 2006). This example at the mouth of
the Mississippi River represents the largest and most recently
developed watershed where this link has been quantified.

Wetland formation lagged 47 yr behind the peak in
sediment discharge, whereas the reversion back to open
water lagged 5 yr following the decline in sediment loading,
indicating a hysteretic relationship between sediment
loading and wetland area. The difference in lag times
between growth and decline is expected because sediments
filled shallow bays ranging from 2 to 9 m deep before
wetlands “capped” the sediment accumulation in the final
stages of land building. Wetland loss, however, is much
more sensitive to changes in elevation because plants are
adapted to a narrow range (a few centimeters) of tidal
variation on this coast (McKee and Patrick 1988). The area
of all four of the subdeltas peaked around 1930, even
though these subdeltas were initiated over a span of 50 yr,
indicating that the land formation and loss were influenced
by a process operating at a larger scale than the growth and
decay of a single subdelta. The areal decline in the Baptiste
Collette subdelta was slightly more delayed than the other
three subdeltas, possibly because deltaic subsidence rates
decline with distance from the continental shelf (Roberts et
al. 1994). The increasing proportion of Mississippi River
discharge entering the Atchafalaya River starting around
1900 likely exacerbated this land loss.

The total volume of sediments in the four MRBD
subdeltas increased by 0.15 km3 yr—! between 1875 and
1895, which is twice the rate of increase for the whole
growth period (0.07 km3 yr—!; Wells and Coleman 1987).
The rate of land-use change was also greatest during this
period for both the whole basin and the states containing
the highly erosive soils of the Missouri River basin (up to 2
X 106 kg km—2 yr—1 after land-use change), and increases in
MRBD volume and land use both slowed in the early 20th

century (Keown et al. 1981). Changes in Missouri River
reservoir capacity and suspended sediments followed
similar trends, and the rapid increases in reservoir capacity
correspond to sediment concentration reductions. Reser-
voir construction slowed after 1958, and was mirrored by a
decline of suspended sediment concentrations (Fig. 6).

There may have been several periods of subdelta lobe
growth and decay before the 19th-century growth period
(Coleman 1976). An earlier study (Coleman and Gagliano
1964) surmised that there was an intermediate delta north
of the modern delta and south of the Plaquemine delta
below present-day New Orleans. The marsh fragments
interpreted as indicators of previous subdelta cycles (Cole-
man 1976) could be remnants of this intermediate delta, or
portions of the modern delta as it prograded away from the
former Plaquemine delta. Knowing the number of subdelta
cycles, however, does not inform us about the areal extent
or timing of processes for the entire MRBD. Additionally,
the complex relationship between the two processes of
changing sediment supply and land area serves as a
reminder that such land change processes are rarely a
consequence of purely geological or purely anthropogenic
processes, but rather are a result of the interaction between
the two (Brookfield 1999).

The difference between the ART model estimate of annual
sediment loads, peak loads (1890s), and for the earliest
records (1850s) is proportional to changes in the MRB
occurring then, which included land use and perhaps bank
clearing and channel dredging (Winkley 1977), and is similar
to changes observed in other watersheds. The ART model
parameters are based on physical features of the basin
(bottom-up), and the comparison to agricultural development
represents a different approach (top-down), yet both analyses
support a pre-disturbance sediment concentration that is
lower than the maximum observed (late 19th century) mean
annual suspended sediment concentrations in the Mississippi
River. This pre-disturbance value also falls within the range
of historical background to maximum disturbance concen-
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tration ratios previously reported (Dearing and Jones 2003),
of up to 1:3 for a basin of this size. Although this estimate
may be improved by future research, it represents our best
estimate based on all available data and models.

The present-day sediment load of 115 X 10° kg yr—!
(1987-2006) reaching the MRBD is 66% of the pre-
disturbance load estimated by the ART model (Meade
and Moody 2010). The estimated current sediment load for
the whole river system, including discharge into the
Atchafalaya River, is 83% of the ART model estimate of
pre-disturbance sediment load. We report a lower post-dam
sediment load than Meade and Moody (2010) that may be
an artifact of different sampling procedures or deposition
between the Tarbert Landing and Carrollton stations
(Winkley 1977; Kesel 1988). While our analysis confirms
that there has been a significant reduction in Mississippi
River sediment transport since the 1890s, the pre-distur-
bance estimate by Meade and Moody (2010) is based on data
collected after basin-wide changes had already occurred, and
does not account for effects from changing land use or river
dredging that favor sediment transport. Sediment transport
analyses for the Mississippi River basin have concluded that
changes in land use had a significant, if not the greatest,
historical effect on sediment transport (Keown et al. 1981;
Dardeau and Causey 1990; Saucier 1994).

The two highest land loss rates on this coast between the
1930s and the 1950s occurred in the 15-min quadrangles
covering the MRBD. The beginning, peak, and reduction
of wetland loss rates in other coastal areas are not
synchronous with the changes observed in the MRBD
(Dunbar et al. 1992) and are not correlated with the
changing suspended sediment concentration or load in the
river. The highly inorganic wetland soils of the MRBD are
distinct from the highly organic wetlands that occupy most
of the deltaic plain (Fig. 7). These differences in soil type
and wetland loss rates indicate that processes regulating
wetland loss and gain in the MRBD are distinct from the
deltaic plain. The MRBD, therefore, may not be a suitable
archetype for most of this coast.

The results from this study are consistent with the hypothesis
that the rapid growth, decline, and stabilization of mineral-rich
wetland area in the MRBD are driven by the fluctuations in
Mississippi River sediment load. These observations are
consistent with the anticipated consequences of land-use
changes in the MRB and elsewhere in the world. Anthropo-
genic reductions in sediment transport have become the
dominant factor determining whether relative sea-level rise is
positive or negative in many deltas (Syvitski and Kettner 2011).
The MRBD is one of the most dramatic of such deltas and an
indicator of what may occur in other developing watersheds
around the world. Because of the positive relationship between
suspended sediments and land area in the MRBD, we predict
that future variation in suspended sediments delivered to the
mouth of the river, higher or lower, would likely lead to
proportional land area changes in the MRBD, but not
necessarily in the more organic soils of the deltaic plain.
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