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Abstract

Floodplains provide valuable social and ecological functions, and understanding the rates and patterns of overbank sedimentation is critical for
river basin management and rehabilitation. Channelization of alluvial systems throughout the world has altered hydrological and sedimentation
processes within floodplain ecosystems. In the loess belt region of the Lower Mississippi Alluvial Valley of the United States, channelization, the
geology of the region, and past land-use practices have resulted in the formation of dozens of valley plugs in stream channels and the formation of
shoals at the confluence of stream systems. Valley plugs completely block stream channels with sediment and debris and can result in greater
deposition rates on floodplain surfaces. Presently, however, information is lacking on the rates and variability of overbank sedimentation
associated with valley plugs and shoals.

We quantified deposition rates and textures in floodplains along channelized streams that contained valley plugs and shoals, in addition to
floodplains occurring along an unchannelized stream, to improve our understanding of overbank sedimentation associated with channelized
streams. Feldspar clay marker horizons and marker poles were used to measure floodplain deposition from 2002 to 2005 and data were analyzed
with geospatial statistics to determine the spatial dynamics of sedimentation within the floodplains.

Mean sediment deposition rates ranged from 0.09 to 0.67 cm/y at unchannelized sites, 0.16 to 2.27 cm/y at shoal sites, and 3.44 to 6.20 cm/y at
valley plug sites. Valley plug sites had greater rates of deposition, and the deposited sediments contained more coarse sand material than either
shoal or unchannelized sites. A total of 59 of 183 valley plug study plots had mean deposition rates >5 cm/y. The geospatial analyses showed that
the spatial dynamics of sedimentation can be influenced by the formation of valley plugs and shoals on channelized streams; however, responses
can vary. Restoration efforts in the region need to have basinwide collaboration with landowners and address catchment-scale processes, including
the geomorphic instability of the region, to be successful.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Channelization; Floodplain; Geomorphology; Sedimentation; Shoals; Valley plugs

1. Introduction in determining the composition and structure of vegetation

communities and overall biodiversity of floodplain systems

Floodplains have received considerable attention in recent
years because of the valuable social and ecological functions
of these systems, such as flood control, sediment and nutrient
retention, recreational opportunities, timber production, and
wildlife habitat. Contemporary floodplain sedimentation rates
have been the focus of much attention because of their role
in river basin management and their ecological significance
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(Hodges, 1997; Walling and He, 1998; Hupp, 2000; Ward and
Trockner, 2001).

Within-channel and overbank depositions are the primary
processes of floodplain development (Knighton, 1998; Walling
and He, 1998). During overbank flows, sediment can be de-
posited on the floodplain by different mechanisms based on the
quantity and texture of the sediment resulting in generalized
spatial patterns of deposition (Pizzuto, 1987; Knighton, 1998;
Middelkoop and Asselman, 1998; Middelkoop and Van Der
Perk, 1998; Nicholas and Walling, 1998; Walling and He, 1998).
The greatest deposition, consisting of heavier and coarser par-
ticles, occurs near the channel as bedload material is transported
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by traction from the main channel to the floodplain. Floodplain
sites farther away from the channel, that retain slow-moving
or stagnant water, allow fine sediments such as silt and clay
particles to settle out of the water column.

Variations in the quantity and quality of sediment stored in the
floodplain are a result of local factors, such as frequency
and magnitude of floods, distance to the channel, sediment
load, sediment texture, water velocity, floodplain morphology,
and vegetation cover (Knighton, 1998; Hupp, 2000). Basin level
factors (such as position within the fluvial system, climatic
variations, and land use) can also influence overbank deposition
(Steiger etal., 2003). The dynamic nature of these alluvial systems
enables sediment deposited in floodplains to be reworked over
time and potentially create future river management problems
(Walling and He, 1998). Therefore, depositional areas and the
processes associated with them vary both spatially and temporally.

Throughout the southeastern Coastal Plain of the U.S.,
channelization has severely affected fluvial-geomorphic pro-
cesses at multiple spatial and temporal scales (Schumm et al.,
1984; Simon and Hupp, 1987; Simon, 1989; Shankman, 1993,
1996). The increased stream power of channelized streams
typically increases the quantity and coarseness of the sedi-
ment load (USDA, 1970; Simon, 1994; Hopkinson and Vallino,
1995). In the upper reaches of a channelized system, channel
bank failure and sediment transport typically occur. In contrast,
lower reaches tend to accumulate large amounts of sediment
because decreased stream gradients and channel obstructions
(such as debris jams), and slow water velocities cause de-
position of the increased sediment load (Schumm et al., 1984;
Simon and Hupp, 1987; Wyzga, 2001). Aggradation of sedi-
ment in the lower reaches can cause a filling in and widening of
the channel, which has been identified as a recovery process of
channelization (Schumm et al., 1984; Simon and Hupp, 1987;
Bravard et al., 1997). However, increases in deposition rates in
these lower reaches can also disrupt functional processes of
wetland systems (Happ et al.,, 1940; Schumm et al., 1984;
Simon and Hupp, 1992; Brierley and Murn, 1997; Fryirs and
Brierley, 1998; Brooks and Brierley, 2000, 2004).

In western Tennessee, Kentucky, and Mississippi, USA, the
geology of the region and land-use practices have exacerbated
the effects of channelization on fluvial-geomorphic processes.
Past agricultural practices have led to erosion of the region’s
thin loess cap and have exposed and eroded the coarse alluvial
sands that lic beneath the loess cap, resulting in massive gully
erosion (Happ et al., 1940; Hupp, 1992; Saucier, 1994; Bettis et al.,
2003). In western Tennessee, erosion over the past 150 years is
estimated to be equal to the erosion that occurred during the
previous several thousand years (Saucier, 1994). Historically,
the high meandering rate and low gradient of the rivers did not
allow for transport of the sand. However, channelization of
all rivers in western Tennessee, except the main stem of the
Hatchie River, has greatly increased their stream power and led
to dramatic geomorphic changes (Dichl, 2000; Oswalt, 2003),
including the formation of over 30 valley plugs and shoals in
the Hatchie River watershed (Diehl, 2000).

Valley plugs (Fig. 1A) are areas where the entire channel
becomes filled to at or above bank elevation with sediment,

forcing floodwater and sand bedload out into the floodplain
(Happ, 1975). Valley plugs typically form in the lower reaches
of systems, where debris jams form or where the stream gradient
decreases causing deposition of sediment (Happ et al., 1940). At
valley plugs, sediment is spread across the floodplain as the
stream splits from the main channel forming anastomosing
streams throughout the floodplain (Happ et al., 1940; Diehl,
2000) (Fig. 2A, B). Currently, little information is available on
the timescale involved in valley plug formation or their pro-
cesses of development. The plugs in the Hatchie River water-
shed are thought to have formed in the 1970s when most of the
tributaries were channelized (Pierce and King, 2007). Valley
plugs may expand upstream as new sediments are delivered to
the plug, but the rates of expansion may be extremely variable
(Happ et al., 1940; Pierce 2005). Field observations suggest that
distributaries that form near the head of the plug are also
unstable and may be reworked or abandoned as the plug evolves
(Fig. 2C). However, distributaries that do persist can create a
new channel that diverts flows around the plug. In these cases,
multiple plugs are typically located over the channelized reach
of the stream. Channel filling, sand splays, and vertical accre-
tion are all thought to be associated with valley plugs in much
greater quantities than in unaltered systems (Happ et al., 1940).
However, the rates and variability of accretion processes asso-
ciated with valley plugs have not previously been investigated
or quantified.
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Fig. 1. Ilustrates the possible processes and impacts of the presence of (A) a
valley plug and (B) a shoal within a channelized stream system.
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(A)

Fig. 2. (A) Aerial view of a large sand splay that has deposited in the floodplain
as a result of valley plug formation, (B) greater deposition rates of coarse sand
bury trees in floodplains affected by valley plugs and cause ponded areas within
the floodplain, and (C) example of a distributary that has formed as a result of a
valley plug.

Shoals (Fig. 1B), which are points in the channel where the
depth decreases downstream from bedload deposition, usually
form at the confluence of tributaries with the main stem of the
river (Diehl, 2000). Shoal sites may be impacted in similar ways
as valley plug sites, but even less is known about the sedi-
mentation processes associated with shoals. Because the stream

channel at shoal sites is not completely blocked with sediment,
less sediment deposition in the floodplain adjacent to shoal
sites may be expected. However, some areas corresponding
to overflow channels and crevasse splays upstream of shoals
may experience high deposition rates. During high flow events,
shoals may force flood waters into the floodplain, with high
velocity flows occurring in isolated areas of the floodplain
where the difference in elevation between the channel and
floodplain is lowest. The high velocity flows carry stream
bedload into isolated areas of the floodplain, where the flows
slow and deposit large amounts of sediment, causing a crevasse
splay effect (Knighton, 1998).

The processes discussed above are consistent with the valley
plugs and shoals located within the Hatchie River watershed
(Diehl, 2000) and throughout the loess belt region of Kentucky,
Tennessee, and Mississippi (Happ et al., 1940). Because of
channelization of the tributaries of the Hatchie River, the main
channel has become shallower and flooding has increased
(USDA, 1986). The formation of valley plugs and shoals in
numerous channelized tributaries (Diehl, 2000) may result in
degraded aquatic habitats, reduced flood storage capacity of
the stream, accelerated development of natural levees, increased
inundation of the floodplain, and burial of fertile soils with
infertile sand and gravel (Happ et al., 1940). Although several
organizations are interested in the restoration of the Hatchie
River tributaries, efforts are hampered by a poor understanding
of the sedimentation dynamics in these altered systems.

The first objective of this study was to determine differences
in sediment deposition rates and texture of deposited sediments
in floodplain forests adjacent to three different features: un-
channelized streams, shoals, and valley plugs. The second ob-
jective was to use geospatial statistics to determine and compare
the direction and degree of spatial continuity of deposition rates
at one unchannelized site, two shoal sites, and three valley plug
sites. If deposition was occurring as classical fluvial geomor-
phology theory would predict, then we would expect a high
degree of spatial correlation among deposition rates across the
floodplain, and the direction of spatial dependence should be
parallel with the stream flow.

2. Regional setting

The Hatchie River originates in the Upper East Gulf Coastal
Plain of Mississippi flowing NW into Tennessee until draining
into the Mississippi River north of Memphis. The Hatchie River
drainage area is ~177 km long and averages 39 km wide to
include over 673,654 ha, 72% of which are located in Tennessee
(USDA, 1986). Our study area is located in Haywood, Madison,
and Hardeman Counties in Tennessee, stretching south from the
Hatchie National Wildlife Refuge in Brownsville to Hickory
Valley. We selected six tributaries of the Hatchie River for
intensive study (Fig. 3). We established three unchannelized
sites along Spring Creek (Table 1), with the first site located at
the confluence of Spring Creek and the Hatchie River and the
two upstream sites at a minimum distance of 2 km between
each site. Spring Creek is a natural meandering tributary of the
Hatchie River and contains extensive floodplain forests. Spring
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Fig. 3. Location of the Hatchie River Watershed and spatial distribution of study sites along selected tributaries of the Hatchie River.

Creek is the only unaltered tributary within our ~50 km study
segment of the Hatchie River (USDA, 1986). The forest at
Spring Creek was dominated by baldcypress (ZTaxodium
distichum (L.) Rich.), water tupelo (Nyssa aquatica L.),
sweetgum (Liquidambar styriciflua L.), river birch (Betula
nigra L.), water oak (Quercus nigra L.), and overcup oak
(0. yrata Walt.) (Pierce, 2005). The three valley plug sites were
on the channelized tributaries of Bear Creek, Jeffers Creek, and
Hickory Creek (Table 1). Although the exact dates of chan-
nelization of these streams are unknown, most of the Hatchie
River tributaries were channelized by the 1970s (Simon and
Hupp, 1992; Simon, 1994). By 1971, the completed channe-
lization projects had directly and indirectly reduced the bot-
tomland hardwood habitat along the affected reaches, including
our study sites, by 60% (Barstow, 1971; Turner et al., 1981).
Channelized valley plug sites were all within 5 km of their
respective tributaries’ confluence with the Hatchie River. Some
private landowners may dredge the channel at the locations of
valley plugs, which allows sediment to be deposited down-
stream of the plugs. Although this may be common within the
western Tennessee region, we are only aware of this occurring
at the Jeffers Creek valley plug site approximately two years

Table 1

before this study was initiated. The forest composition and
structure were similar at all three channelized valley plug sites;
boxelder (Acer negundo L.), green ash (Fraxinus pennsylvanica
Marsh.), black willow (Salix nigra Marsh.), river birch, syc-
amore (Platanus occidentalis L.), red maple (4. rubrum L.), and
sweetgum were the dominant species (Pierce, 2005). The two
shoal sites were located at the confluence of the Hatchie River
and the channelized Porters Creek and Piney Creek (Table 1);
each contained shoals at their confluence with the Hatchie
River. The forest composition and structure at both shoal sites
were similar to that of the unchannelized sites (Pierce, 2005).
Although forest composition differed among site types, stem
density and basal area were similar (Pierce, 2005, Pierce and
King, 2007). No hydrologic data were available for any of the
tributaries.

3. Materials and methods
3.1. Deposition rates

Sediment deposition rates were measured once a year for
three years, during the fall low-water period, from 2002 to 2005

Study sites with identification of site type, the total stream length, stream width at study site, percent of channelization, upstream basin size at the study site, total basin
size of the tributary, and effective floodplain width (flood prone width of the floodplain) at the study site

Site Site type Stream length ~ Stream width ~ Percent channelized ~ Upstream basin ~ Total basin size ~ Floodplain width
(km) (m) (km’) (km’) (km)
Spring Creek (Lower)  Unchannelized 34 21 0 294 294 1.0
Spring Creek (Sain) Unchannelized 34 18 0 272 294 1.2
Spring Creek (GVL) Unchannelized 34 16 0 176 294 1.5
Bear Creek Valley plug 30 10 80 97 105 1.5
Jeffers Creek Valley plug 16 18 80 78 89 1.0
Hickory Creek Valley plug 21 18 60 42 47 1.0
Piney Creek Shoal 27 16 80 152 152 1.5
Porters Creek Shoal 28 19 90 162 162 1.2
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at two of the unchannelized sites (Spring GVL and Lower
Spring) and two of the valley plug sites (Hickory Creek and
Jeffers Creek). Sediment deposition rates were measured from
2003 to 2005 at additional sites, including the third unchanne-
lized site (Spring-Sain), the third valley plug site (Bear Creek),
and both shoal sites (Piney Creek and Porters Creek). At
unchannelized sites, we measured deposition at plots spaced
~100 m apart along transects perpendicular to the stream
channel and spaced ~200 m apart. Sediment sampling plots at
unchannelized sites were spaced at greater distances than those
at valley plug and shoal sites because of lower variability in
deposition rates associated with unchannelized streams, based
on previous studies and field observations (Hupp and Morris,
1990; Hupp and Bazemore, 1993; Kleiss, 1996). Similar sam-
pling designs were used for shoal and valley plug sites, with
plots spaced 50 m apart along transects perpendicular to the
stream channel and spaced ~50 m apart. At valley plug sites,
transects were centered at the head of the valley plug and placed
every 50 m in both directions (upstream and downstream) for a
distance of ~200 m. At shoal sites, transects started at the
confluence of the tributary with the Hatchie River and extended
~300 m upstream. Floodplains on both sides of the tributaries
were sampled at unchannelized and valley plug sites, but only
on one side of the tributary at each shoal site because of a lack of
landowner permission. At all sites, the length of each transect
and number of sampling plots depended on floodplain mor-
phology and landowner permission. A total of 183 plots at
valley plug sites, 62 plots at shoal sites, and 30 plots at un-
channelized sites were sampled.

Deposition rates at all sites were estimated by two different
methods, depending on the situation. First, sedimentation pads
made of white feldspar clay were installed at all sampling plots
(Bauman et al., 1984; Cahoon and Turner, 1989). Pads were 2—
3 cm thick and ~1 m in diameter and were marked with a
vertical 1.5 m PVC pipe on the north side of the pad. In addition,
we marked a nearby tree and measured the direction and dis-
tance from the tree to the pad center to document pad location
(Hupp and Bazemore, 1993; Hupp, 2000). We monitored
sedimentation rates by measuring the amount of sediment that
accumulated on the highly visible white marker pad; measure-
ments were taken once a year, in triplicate, and averaged to-
gether. Refer to Cahoon and Turner (1989) for details on this
method.

Initially, sediment pads were used for all sites. However,
apparently this method was inappropriate for high deposition
sites because pads could not be relocated. Thus, at locations
experiencing high deposition rates, we used PVC pipe to de-
termine deposition rates. A 1.5 m section of PVC pipe was
driven into the ground, and we recorded the distance from the
top of the pipe to the ground surface. This distance was re-
measured once a year (when sediment pads were checked) to
determine the amount of deposition. These two methods were
used to measure annual sediment deposition rates.

We used the texture-by-feel analysis to evaluate sediment
deposition texture in the field (Thein, 1979). Sediment texture
was estimated at 183 valley plug plots, 62 shoal plots, and 30
unchannelized plots. Textures were classified as silt, sand/silt,

or sand. These measurements were laboratory checked by ob-
taining sediment samples next to sediment pads or poles at
104 valley plug plots, 41 shoal plots, and all 30 unchannelized
plots. Sediment samples were submitted to A&L Laboratories
(Memphis, TN) for textural analysis of percent sand, silt, and
clay.

3.2. Analysis

To validate grouping sites of the same type together, we
conducted ANOVA or #-tests, depending on the number of sites,
to determine differences in deposition rates among sites of the
same type. These analyses justified the grouping of study plots
by site type for the site-level analysis. Site-level analyses of
sediment deposition included ANOVA tests to determine dif-
ferences in sedimentation rates among site types (valley plug,
shoal, and unchannelized). Differences in sediment texture by
site type were tested using randomization tests (Sokal and
Rohlf, 1995).

Kruskal-Wallis tests were used in cases where ANOVA
assumptions were invalid, and Tukey—Kramer multiple com-
parison tests were used to distinguish differences among groups
(2=0.05) (Sokal and Rohlf, 1995). Statistical analyses were
conducted with SAS Version 9.1 (SAS Institute Inc., 2004) and
NCSS (Hintze, 2001).

3.3. Geostatistical analysis

To determine spatial patterns of sedimentation rates, we
performed a geostatistical analysis on deposition rates at all
three valley plug sites, both shoal sites, and one unchannelized
site (Spring Creek-GVL) using the Geostatistical Analyst in
ArcGIS Version 9.0 (ESRI, 2004). Small sample size and low
variability in deposition rates at the other unchannelized sites
excluded these sites from this analysis. Data sets were examined
for normal distributions and local stationarity (Isaaks and
Srivastava, 1989; Aurenhammer, 1991). Non-normal data were
corrected using a normal score transformation that ranks the
data and matches the ranks to ranked values of a normal dis-
tribution (Hohn, 1999).

First, omnidirectional variograms (no directionality) were
calculated to determine the average degree of similarity of
deposition rates between sample plots (Le Corre et al., 1998).
Variograms were calculated using distance classes (Barbujani,
1988), such that the number of distance classes (lags) multiplied
by the size class (lag size) was less than one-half the maximum
distance between pairs of sample plots (Le Corre et al., 1998).
Number of lags and lag size were adjusted for size of each study
site to validate the distance class rule.

Variogram model fit was determined by cross-validation on
the residuals of the predicted values (Isaaks and Srivastava,
1989). We also calculated an index of spatial dependence, based
on the inverse of the relative nugget effect or the ratio of the
partial sill to the total sill (Gross et al., 1995). Variograms were
then adjusted for anisotropy to determine the maximum di-
rection of spatial continuity (Isaaks and Srivastava, 1989). The
directional axis for maximum spatial continuity was based on
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Table 2

Study sites with the number of plots used to estimate mean annual deposition rates (+ 1 standard error) and the percentage of plots at each site for each texture category

of sediment deposited at the site

Site Site type Number of plots Number of times sampled Mean annual deposition (cm/y) Percent sand Percent silt/sand Percent silt
Spring Creek (Lower) Unchannelized 10 3 0.67 (0.20) 0 10 90
Spring Creek (Sain)  Unchannelized 9 2 0.09 (0.05) 0 0 100
Spring Creek (GVL) Unchannelized 11 3 0.38 (0.10) 0 0 100
Bear Creek Valley plug 64 3 4.15 (0.38) 34 44 22
Jeffers Creek Valley plug 54 3 3.44 (0.54) 30 24 46
Hickory Creek Valley plug 65 3 6.20 (1.03) 40 17 43
Piney Creek Shoal 31 2 2.27 (1.15) 16 23 61
Porters Creek Shoal 31 2 0.16 (0.03) 0 0 100

a 0-360° scale. Kriging was used in conjunction with the
variogram to predict deposition rates at unsampled locations
(Isaaks and Srivastava, 1989; Le Corre et al., 1998) and produce
the predicted deposition maps of each floodplain.

4. Results
4.1. Deposition rates

Mean annual deposition rates varied little among sites of the
same type (Table 2). No differences were found in the overbank
deposition rates between the two shoal sites (N=62, T=1.84,
P=0.07) or among the three valley plug sites (N=183, df=2,
X?=432, P=0.12). The three unchannelized sites did differ
(N=30, df=2, F=4.40, P=0.02). The unchannelized Spring-Sain
site had a lower deposition rate (x=0.09+0.05 cm/y, X =mean=1
standard error) than the Lower Spring site (x=0.67+0.20 cm/y).
However, differences in deposition rates between the Spring-Sain
and Lower Spring sites did not affect the overall ANOVA based
on site type. The results of these analyses justified the grouping of
sites by type for the remainder of the analysis.

Sedimentation rates were greater at valley plug sites (X=4.67+
0.43 cm/y) than shoal (X=1.21+0.59 cm/y), and unchannelized
sites (X=0.39+0.09 cm/y) (N=275, df=2, F=15.98, P<0.001).
The greatest amount of sediment deposited at a plot in one year
occurred at the Hickory Creek valley plug site in 2003, measuring
79.5 cm. Of the 183 valley plug plots, 22 plots averaged over
10 cm/y of deposition during the study period and 58 plots
averaged over 5 cm/y. The deepest deposition measured at a shoal
plot was 32 cm in 2004 at the Piney Creek shoal site. Both shoal
sites only had two plots with deposition rates >5 cm/y; both
occurred at the Piney Creek shoal site. The largest deposition
event we measured at an unchannelized plot was 1.65 cm on the
floodplain at the Lower Spring Creek site.

The laboratory textural analysis confirmed the accuracy of
our texture-by-feel analysis. The laboratory analysis showed
that sediment classified in the field as sand, contained an aver-
age 80% sand. The silt/sand classification averaged 67% sand
and 33% silt and clay. The silt classification averaged 52% silt
and clay and 48% sand. Randomization tests determined dif-
ferences in the proportion of plots of each site type that ex-
perienced deposition of each textural classification (Table 2).
A greater proportion of plots at valley plug sites contained
sand and silt/sand deposits than at unchannelized sites (N=213,

T2=6.033, P<0.001) and shoal sites (N=245, 72=5.986,
P=0.001). Shoal sites also had a greater proportion of plots
containing sand and silt/sand deposits than unchannelized sites
(N=92, 7T2=2.128, P=0.041).

4.2. Geostatistical analysis

For all study sites examined with geostatistical methods, the
best-fitting variogram models produced standardized mean
residuals ranging from 0.015 to 0.060 and root-mean-squared
standardized errors from 0.841 to 1.112, indicating good model
fit. All study sites had a major range near the maximum of
distance classes examined, showing that deposition rates were
correlated within each study site. All variograms showed an
increase in value with increased distance and presence of a
sill, demonstrating spatial dependence. Anisotropy was evident
among variograms of each study site, but the direction of spatial
dependence varied among sites. The index of spatial depen-
dence varied among study sites, but was high for all sites except
the Piney Creek shoal site (Table 3).

For the Spring Creek-GVL unchannelized site, an exponen-
tial model was the best fit to calculate the variogram of depo-
sition rates (Table 3). The direction of spatial dependence was
similar to the direction of stream flow (Fig. 4). The prediction
map of Spring Creek-GVL (Fig. 4) showed that the greatest
deposition rates, which did not exceed 1 cm/y, occurred along
the main stream channel and a secondary stream channel.

The index of spatial dependence for the Porters Creek shoal
site was high at 99.9%, showing strong spatial correlation of

Table 3

Variogram models, index of spatial dependence of sediment deposition, and
orientation of the direction of maximum spatial continuity to the direction of
streamflow (parallel=+/—20° of streamflow, acute=between 20 and 70° of
streamflow, and perpendicular=-+/—20° of orthogonal orientation to streamflow)

Site Site type Variogram  Spatial Orientation relative
model dependence to streamflow
Spring-GVL  Unchannelized Exponential 81.4% Parallel
Porters Shoal Rational 99.9% Parallel
quadratic
Piney Shoal Gaussian 24.9% Acute
Hickory Valley plug Exponential 82.9% Acute
Jeffers Valley plug Gaussian 64.4% Perpendicular
Bear Valley plug Exponential 64.6% Perpendicular
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Fig. 4. Prediction map of sediment deposition occurring at the Spring Creek-
GVL unchannelized site from 2002 to 2005.

deposition rates (Table 3). Similar to the unchannelized site, the
direction of spatial dependence corresponded with the direction
of stream flow (Fig. 5). The kriged map (Fig. 5) predicted that
no areas experienced deposition rates exceeding 0.50 cm/y.

The Piney Creek shoal site had the lowest index of spatial
dependence at 24.9% because of the large relative nugget effect
(Table 3). The prediction map (Fig. 6) showed that the direction
of spatial dependence was at a 65° angle to the stream flow
of Piney Creek. The prediction map included approximately
144,290 m? of the Piney Creek floodplain. Approximately 31%
of this area was receiving >2.00 cm/y of sediment deposition.

Similar to the Porters Creek shoal and the unchannelized
Spring Creek-GVL sites, the variogram calculated for the Hickory
Creek valley plug site had a high index of spatial dependence at
82.9% (Table 3). The most interesting result for this geostatistical
analysis is the direction of spatial dependence, which is at
approximately a 50° angle to the stream flow (Fig. 7). The
prediction map also illustrates that approximately 81% of the
238,840 m? area included in the prediction map was receiving
>1.50 cm/y of sediment deposition, and 50% of the area was
receiving >5.00 cm/y.

At the Bear Creek valley plug site, the prediction map
showed that approximately 70% of the 170,740 m? area in-
cluded in the map (Fig. 8) received deposition in excess of

3.00 cm/y. Moreover, the direction of spatial dependence at the
Bear Creek site was perpendicular to stream flow.

The Jeffers Creek valley plug site exhibited a similar spatial
pattern in deposition rates as the Hickory Creek and Bear Creek
valley plug sites, as the direction of spatial dependence was
perpendicular to stream flow (Fig. 9). Approximately 50% of
the 244,560 m? area included in the prediction map of Jeffers
Creek was subject to deposition >3.00 cm/y. Interestingly, at the
Jeffers Creek valley plug site, the area downstream of the valley
plug experienced the highest rates of deposition (Fig. 9), unlike
the other valley plug sites where the highest rates of deposition
occurred upstream of the valley plug.

5. Discussion
5.1. Deposition rates

Deposition rates and the types of deposited sediment have
been strongly affected by the formation of valley plugs and
shoals in the channelized tributaries of the Hatchie River. The
formation of valley plugs seems to have a more dramatic impact
than shoals on deposition rates; however, our results do suggest
that shoals may also affect deposition rates in at least some
distinct areas. The results also suggest that there can be con-
siderable variability in sedimentation responses to the formation
of valley plugs and shoals.

L}
Prediction map (!_]_‘I_‘_Q,O—“!(I‘;'Ieters
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[_Jooo-010 @ = Sampling plot
[ Jo11-0.20
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<4—p = Direction of spatial
[ 0.31-0.40 b
continuity
I 0.41-050 =—Jp = Hatchie River

Fig. 5. Prediction map of sediment deposition occurring at the Porters Creek
shoal site from 2003 to 2005.
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Fig. 6. Prediction map of sediment deposition occurring at the Piney Creek shoal site from 2003 to 2005.

o
Prediction map 0' |—|45 I_Igo 18'3'18tem
Deposition (cm/y)
[ Jo.00-150
] 1.51-3.00 - Va!ley‘plug
- 3.01 - 6.00 . = Sampllng pEOt
I 6.01 - 10.00 ——> = Stream/direction
I i0.01-15.00 <4—p = Direction of spatial
B 15.01-30.00 continuity

Fig. 7. Prediction map of sediment deposition occurring at the Hickory Creek valley plug site from 2002 to 2005.
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Fig. 8. Prediction map of sediment deposition occurring at the Bear Creek valley plug site from 2003 to 2005.

Mean deposition rates at unchannelized and shoal sites were
within the range of deposition rates reported in previous studies
(Table 4). The type of sediment deposited at unchannelized sites

was typical of most overbank floodplain deposits, consisting
of mostly silt and clay particles. Although the shoal and un-
channelized sites did not differ in mean deposition rate, our
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Fig. 9. Prediction map of sediment deposition occurring at the Jeffers Creek valley plug site from 2002 to 2005.
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results suggest that channelization and presence of a shoal may
influence sedimentation rates. For example, the Piney Creek
shoal site experienced greater deposition of coarse sand (two
deposition measurements greater than 5 cm/y) in certain distinct
areas. These areas corresponded to low areas in the spoil bank or
natural levee along the channel where crevasse splays formed
during overbank flood events. Shoals may encourage the for-
mation of crevasse splays by increasing within-channel depo-
sition upstream of the shoal as a result of reduced water flows,
slowed by the presence of the shoal at the confluence. Channel
deposits fill in the channel with sediment; and reduce the
distance between the channel bed and low points in the spoil
bank or natural levee, increasing the frequency of high velocity
overbank flows that can transport and deposit coarse sediment
on the floodplain.

Deposition rates measured at valley plug sites were sig-
nificantly greater than deposition rates at shoal and unchanne-
lized sites. The greater deposition rate at valley plug sites
compared to shoal sites also suggests that the greater deposition
rates may be the result of the valley plug, not just a result of
channelization of the stream. In addition, sediment deposited at
over one-third of the valley plug plots consisted of coarse sand.
In contrast, deposition at shoal and unchannelized sites was
composed mostly of silt with only 5 out of 92 plots having sand
deposits. Sand is typically transported as bedload and would
only be deposited on floodplains during overbank flooding
with high velocity flows. This condition is probably much
more common at valley plug sites, where the channelized
system can sustain high velocity flows and the valley plug
completely blocks the channel, forcing all stream flow into the
floodplain (Happ et al., 1940). At unchannelized and shoal
sites, the channel is not blocked and overbank flooding only
occurs during high flood events that inundate the floodplain for
long time periods, promoting the deposition of fine sediments
like silt and clay (Happ et al., 1940; Hodges, 1997). Overbank
flows at unchannelized and shoal sites are probably not
powerful enough to transport large amounts of coarse sediment
onto the floodplain, except in areas associated with crevasse
splays.

Although channelized streams typically carry heavier
sediment loads than unchannelized streams (USDA, 1970;

Table 4
The range in mean deposition rate (cm/y) and overall mean rate for previous
studies conducted in the southeastern U.S. and the rates from our three site types

Study site Range of deposition rate Authors
(cm/y)

Black Swamp, AR 0.01-0.60 (mean=0.28)  Hupp and Morris, 1990

Reelfoot Lake, TN 0.00-2.60 Mclntyre and Naney,
1991

Western TN, after 1960 0.00—0.99 (mean=0.26) Hupp and Bazemore,
1993

Cache River, AR 0.02—2.64 (mean=0.82) Kleiss, 1996

Missouri River, 0.03-0.64 (mean=1.00) Heimann and Roell, 2000

1995-98
Unchannelized sites 0.00—1.65 (mean=0.39) Pierce and King
Shoal sites 0.01-17.80 (mean=1.21) Pierce and King

Valley plug sites 0.00—41.55 (mean=4.67) Pierce and King

Simon, 1994; Hopkinson and Vallino, 1995), lower rates of
deposition have been associated with channelized streams
because of the reduced lateral connectivity between the
stream and the floodplain. Hupp and Bazemore (1993)
reported higher deposition rates on floodplains of the
unchannelized Hatchie River main stem compared to the
floodplain of the channelized Big Sandy River in western
Tennessee. They attributed their results to the reduced lateral
connectivity of the channelized system to the floodplain.
Substantial deposits, such as at our valley plug sites, are
often episodic and correspond to infrequent large flood
events that exceed geomorphic thresholds, resulting in the
mass movement of sediment (Schumm et al., 1984; Asselman
and Middelkoop, 1998; Middelkoop and Asselman, 1998;
Walling et al., 1998; Kasai et al., 2004). Anthropogenic
disturbances, including channelization and land-use changes,
can influence these thresholds by either lowering them or by
facilitating conditions that allow processes to exceed them
more readily (Dietrich et al., 1992; Brooks and Brierley,
2004). Several studies have demonstrated similar geomorphic
adjustments of the semi-alluvial rivers in southeastern
Australia following European settlement (Brierley and
Murn, 1997; Fryirs and Brierley, 1998; Brooks and Brierley,
2000, 2004).

Basin size can also have a significant effect on floodplain
sedimentation rates (Knighton, 1998; Hupp, 2000; Steiger et al.,
2003). Typically, larger basins have the potential for greater
deposition rates. At our sites, basin size did vary greatly (Table 1),
and therefore may have influenced our results. However,
Spring Creek was the largest basin and had the lowest depo-
sition rates. This indicates that channelization and the
formation of valley plugs and shoal may have more influence
on sedimentation rates than some basin-level factors. Valley
plugs and shoals are also not restricted to small basins, but are
also common in large basins within the region, such as the
Forked Deer River basin in western Tennessee (Oswalt and
King, 2005).

Valley plugs and the location of these sites within the basin
are largely responsible for the differences between the results
of our study and previous studies of floodplain deposition
rates that were not influenced by valley plugs (Hupp, 1992;
Hupp and Bazemore, 1993; Kleiss, 1996; Ross et al., 2004).
The formation of valley plugs has reconnected the channe-
lized stream to the floodplain and caused greater deposition
rates in the floodplain. Numerous distributaries, created by
high velocity flows as water was forced onto the floodplain at
the valley plug, were also observed at valley plug sites. These
distributaries, which ranged in width from approximately 0.5
to 2.5 m, facilitate the transport of coarse sand into the
floodplain during overbank flooding events. Future deposition
rates at valley plug sites may be extremely variable, as high
deposition can dramatically change the floodplain morphol-
ogy over short periods and alter depositional patterns. Valley
plugs also have the potential to rapidly expand upstream and
affect new floodplain areas. For example, during our study,
the valley plug at the Hickory Creek site expanded 80 m
upstream in less than one year. Thus, the duration that a
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floodplain may experience high rates of deposition as a result
of valley plug formation and the rate of plug expansion may
be extremely variable among sites, depending mainly on
upstream sources of sediment and the ability of the stream to
transport the sediment downstream.

Models have been developed to understand the geomorphic
readjustments and recovery processes of channelized streams
(Schumm et al., 1984; Simon and Hupp, 1987). Both models
predict fluvial-geomorphic changes after channelization; how-
ever, neither model addresses how the formation of valley
plugs, which are common in western Tennessee and northern
Mississippi (Happ et al., 1940; Diehl, 2000), affect fluvial-
geomorphic processes or how continued dredging activities,
mainly by private landowners, have affected these processes.
Simon and Hupp (1987) and Hupp (1992) developed a model of
vegetation recolonization following channelization. The pat-
terns of vegetation recolonization described in their model
corresponded with geomorphic readjustments. The final two
stages of Simon and Hupp’s model involves aggradation and
widening of the channel (Stage V and VI), leading to the
recovery of both the vegetation and a meandering channel.
Schumm et al. (1984) described similar stages and processes of
channel recovery following channelization; however, their con-
ceptual model of recovery includes all stages of recovery oc-
curring simultaneously along the gradient of the channelized
stream from the headwaters to the confluence with other
streams. The aggradation stage (Stage V) and recovery stage
(Stage VI) of Simon and Hupp (1987) corresponds to low-
gradient areas of the depositional zone in the model described
by Schumm et al. (1984), where the channel widens and be-
comes shallower because of accumulating sediment until the
channel and banks become stabilized. Valley plugs typically
form in these low-gradient areas because of reduced flow ve-
locities. Valley plugs may be a part of the aggradation process of
channel recovery following channelization, but the accumula-
tion of sediment in channelized systems within the region has
been exacerbated by the geology of the region, past land-use
practices, and unstable gullies and stream banks that contrib-
ute sediment to the systems (Happ et al., 1940; Hupp, 1992;
Saucier, 1994), resulting in extremely high deposition rates of
coarse material. Valley plugs and the associated high deposition
rates may therefore be controlled by both basin-level factors
(geology and land use) and site-level factors (stream gradient,
debris jams, and channel recovery processes).

5.2. Geostatistical analysis

The geospatial analysis was effective in revealing the dif-
ferences of valley plugs and shoals on the spatial dynamics of
overbank sedimentation. Channelization and the subsequent
formation of valley plugs can have a profound effect on the
spatial dynamics of deposition rates in addition to typical factors
such as sediment load and frequency and magnitude of floods.
Shoals also influenced the spatial dynamics of overbank sedi-
mentation; however, the responses were more variable.

The index of spatial dependence was relatively high at all
study sites, except for the Piney Creek shoal site, indicating a

high degree of spatial correlation of deposition rates within
floodplains with respect to both distance and direction. The low
index of spatial dependence at the Piney Creek shoal site
indicates a large amount of spatial variability in deposition
rates within the floodplain. As discussed earlier in the
deposition section, most of the deposition occurring at the
Piney Creek shoal site was within the range of previous studies.
However, as estimated through kriging, nearly 30% of the
floodplain experienced sedimentation rates >2.0 cm/y as a
result of their association with crevasse splays. The crevasse
splays break up the spatial continuity of the otherwise average
deposition rates found in floodplain forests. The impact of
crevasse splays is also evident by the skewed direction of
spatial dependence, which is at a 65° angle to the direction of
stream flow (Fig. 6).

One of the most interesting results from the geostatistical
analyses is the direction of spatial continuity, which varied by
site type ranging from parallel to stream-flow to perpendicular
to stream-flow. Based on our current understanding of sedi-
mentation, one would expect the direction of spatial
continuity to be in the direction of stream flow because the
stream is the conduit for sediment transport causing most
deposition to occur along the channel (Knighton, 1998). The
spatial patterns found at the Spring Creek unchannelized site
and Porters Creek shoal site were similar to each other and
supported the spatial patterns that were predicted based on our
current understanding of sedimentation in floodplains. They
had a high degree of spatial dependence (81.4% and 99.9%,
respectively) in the direction of stream flow. At these sites,
some isolated areas did receive greater deposition rates
(=2 cm/y), which correspond to depressions within the
floodplain that experience longer periods of inundation than
the rest of the floodplain. Deposition rates over the entire
prediction map, however, are within the range of previous
studies. The similarities in spatial patterns of deposition at the
Spring Creek and Porters Creek sites suggest that under some
circumstances deposition dynamics may not be influenced by
the formation of a shoal; however, this may change in the
future if the shoal continues to develop.

At the three valley plug sites, valley plug formation has
influenced the sedimentation dynamics at the site. The valley
plugs forced sediment several hundred meters into the flood-
plain on both sides of the channel, resulting in a direction of
spatial dependence that is perpendicular instead of parallel to
stream flow. The contour maps produced through kriging also
demonstrate that the excessive sedimentation resulting from
valley plug formation can impact a large portion of the flood-
plain, not just isolated areas near the plug. In the case of the
Hickory Creek and Bear Creek valley plug sites, the deposition
maps (Figs. 7 and 8) showed that the greatest deposition rates
occurred in floodplain areas upstream of the valley plugs. In
contrast, the Jeffers Creek valley plug site had greater rates of
deposition in floodplain areas downstream of the valley plug.
Dredging and within-stream channel alterations by private
landowners, which would allow sediments to move farther
downstream, may be the reason for this discrepancy. Such
activity that has occurred at the Jeffers Creek valley plug site
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would reset the development of the valley plug and allow for the
accumulation of sediment downstream of the dredged plug.

6. Conclusion

Channelization of streams in the Hatchie River watershed
has significantly altered fluvial-geomorphic processes on a
basinwide scale (Boulton, 2005; Pierce, 2005). Valley plugs and
shoals within these channelized systems are symptoms of
fluvial-geomorphic processes that have been altered as a result
of channelization and the geological and past land-use practices
of the region (Happ et al., 1940; Diehl, 2000; Pierce, 2005). The
formation of valley plugs in channelized tributaries has resulted
in greater overbank deposition rates with deposits consisting of
more coarse material than the deposits in floodplains adjacent to
unchannelized streams both within the Hatchie River watershed
and throughout the southeastern United States (Hupp and
Morris, 1990; Hupp and Bazemore, 1993; Kleiss 1996;
Heimann and Roell, 2000). The spatial patterns of overbank
sedimentation also differ from the patterns expected and ob-
served in unchannelized systems. Shoals may also influence
overbank sedimentation in certain situations where crevasse
splays develop, but the responses seem more variable than
floodplains affected by valley plugs.

The formation of valley plugs and shoals may be a part of the
recovery process from channelization. However, the timescale
needed for the system to repair itself and the associated
costs from excessive sedimentation on integrity of the flood-
plain system and on the functions provided by the floodplain
(including flood storage, water quality enhancement, wildlife
habitat, and timber value) (Happ et al., 1940; Diehl, 2000;
Oswalt and King, 2005; Pierce, 2005) may be unacceptable
from a conservation perspective. Restoration efforts on trib-
utaries in this study and in similar watersheds need to focus on
stabilizing sediment supply into these systems, reducing flow
velocities that transport sediment to the sites and onto the
floodplains, and stabilizing bed-level adjustments over the
entire drainage network. Individual dredging of within channel
sediment deposits and other site-specific disturbances may
hamper restoration efforts by setting back recovery processes;
thus, cooperation on the watershed scale is needed for res-
toration efforts to be successful. The geomorphic instability of
the region also requires that restoration efforts take a catchment-
scale approach and recognize the importance of enhancing
natural recovery mechanisms to restore floodplain functions and
rehabilitate the ecosystem (Hillman and Brierley, 2005; Palmer
et al., 2005).
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