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Spatial and Temporal Patterns of Stream Channel
Incision in the Loess Region of the Missouri River

Reuben A. Heine* and Christopher L. Lant'

. *Department of Geography, Augustana College
"Department of Geography and Environmental Resources, Southern Illinois University

Stream channel incision is severe in the loess-dominated region of western lowa and eastern Nebraska, with
recent incision related to sediment capture by reservoirs on the Missouri River. This study confirms that the
temporal pattern of incision follows the rate law proposed by Graf (1977) with half-lives ranging from two to nine
years and stream channels throughout the affected watersheds approaching a new dynamic equilibrium in one
to three decades. The resulting spatial pattern of incision on tributaries is demonstrated to follow a simple rule
of base-level lowering at the outlet multiplied by a flow-length ratio (R* = 0.71). This rule is used to estimate
depth of channel incision along all tributary streams of the Nebraska reach of the Missouri River and confirms
that Missouri River degradation, along with other local disturbances such as channelization, is an important
cause of tributary stream incision in the study area. Using the flow-length ratio rule, a spatial model of stream
channel incision is developed that accounts for influences of channelization, grade controls, the erodability of
geologic materials, and time. Key Words: base level, flow-length ratio, fluvial geomorphology, map algebra, stream
channel incision.
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La incisién del canal de corrientes es severa en la regién con cobertura de loess en el occidente de Iowa y oriente
de Nebraska, donde la incisién reciente est4 relacionada con la captura de sedimentos por los reservorios del Rio
Missouri. Este estudio confirma que el patrén temporal de incisién estd de acuerdo con la ley propuesta por Graf
(1977), patrén caracterizado por vidas medias que varian de dos a nueve afios y por canales que a través de toda
la cuenca afectada se aproximan a un nuevo equilibrio dindmico entre una y tres décadas. Se demuestra que el
patrén espacial resultante de incisién en los tributarios sigue una simple regla de descenso del nivel de base a
la salida, multiplicado por una razén flujo-longitud (R? = 0.71). Esta regla se utiliza para estimar la profundidad
de incisién del canal a los largo de todas las corrientes de Nebraska tributarias del Rio Missouri y confirma que
la degradacién de este rio, junto con otras perturbaciones locales, como canalizacién, son causas importantes de
incisién de corrientes tributarias en el drea de estudio. Usando la regla de la razén fujo-longitud, se desarroll6 un
modelo espacial de incisién del canal de corrientes que toma en cuenta las influencias de canalizacién, controles
de grado, la erosionabilidad de materiales geoldgicos y el tiempo. Palabras clave: nivel de base, razén fujo-longitud,
geomorfologia fluvial, dlgebra de mapas, incision de canal de corriente.

lluvial stream channels adjust to changes in
A discharge, slope, and sediment supply through
channel bed aggradation or degradation (Lane
1955). Channel incision can occur as a response to
increases in stream power (Simon 1992), decreases in

sediment supply, increases in steam gradient, or a low-
ering of base level. In the case of base level, incision

begins at the site of base-level lowering and migrates
progressively upstream until attenuated by less erodi-
ble material or reduced stream power. These dynam-
ics have been described in theory (Mackin 1948; Lane
1955; Galay 1983), studied experimentally in flumes
(Shepherd and Schumm 1974; Holland and Pickup
1976; Gardner 1983) and in rainfall erosion facilities
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(McLane 1978), numerically simulated (Begin, Meyer,
and Schumm 1981; Slingerland and Snow 1988), and
qualitatively assessed in the field through channel evo-
lution models (Simon and Hupp 1986; M. ]. Daniels
2002).

The temporal and spatial patterns of stream chan-
nel incision at watershed scales, however, are less well
understood. Using data from stream cross sections on
tributaries of the Missouri River in eastern Nebraska
and western lowa, this study examines the rate of chan-
nel incision and develops, tests, and applies a model de-
scribing the temporal and spatial distribution of channel
incision resulting from sediment capture and a lower-
ing of base level. Streams in this area have been sub-
jected to widespread base-level lowering as a result of
degradation of the Missouri River and channelization.
These streams isolate the causes of down cutting be-
cause (1) the study area is underlain predominantly
by erodable loess, (2) stream adjustment to base-level
lowering is rapid, (3) most determinants of base-level
lowering are identifiable in both time and space, and
(4) independent variables such as slope and land use
can be controlled statistically. The study area possesses
an extensive historical record of streambed elevations
in the form of hundreds of bridge cross sections along
fifteen Missouri River tributaries (U.S. Army Corps of
Engineers 1987, 1991; Rus, Dietsch, and Simon 2003).
The Nebraska reach of the Missouri River basin thus
serves as an experimental site in which to test tempo-
ral models of stream incision and to develop a spatial
model of stream incision at watershed scales.

Causes and Effects of Stream Channel
Incision

Over geologic time scales, drainage networks develop
through sustained channel bed incision. Numerous ex-
amples of accelerated bed degradation (Erskine 1999)
can be found from nearly every continent, however
(e.g., Lane 1934, 1955; Stanley 1951; Lane and Borland
1954; Taylor 1978; Williams and Wolman 1984; Pinter,
van der Ploeg, Schweigert, and Hoefer 2006), resulting
in dramatically increased sediment loads; reduced water
quality; lowering of riparian water tables; and damage to
infrastructure such as bridges, pipelines, water intakes,
marinas, and harbors (Lane 1955; Leclerc, MacArthur,
and Galay 1997; Lohnes 1997). In lowa, damages to in-
frastructure caused by channel incision since 1900 have
been estimated at over $1 billion (Hadish et al. 1994).
Channel and water quality changes can further lead to a

reduction in aquatic habitat and loss of riparian biolog-
ical diversity (James 1991; Shields, Knight, and Cooper
1994; Thorne 1999).

Unlike temporary scour and fill, channel incision sys-
tematically lowers the channel bed by erosion (Figure 1)
when stream power produces shear stresses exceed-
ing the cohesion of geologic substrates. This excess
stream power can be caused by enhanced channel
slope, reduced sediment loads, or increases in channel
bed abrasion relative to alluvial thickness (Stock and
Montgomery 1999; Sklar and Dietrich 2000). Incision
occurs either due to upstream factors that propagate
incision downstream or to downstream factors that
propagate incision upstream. Increases in the water
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Figure 1. (A) Typical condition of stream channels in the loess
area of eastern Nebraska and western lowa. Many signs of re-
cent degradation are identifiable in this photograph, including
the near-vertical banks, evidence of bank slumping, and exposed
roots. (B) Changes in a corresponding channel cross section, 1950—

1989.
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discharge or slope, or decreases in the sediment load
or mean particle size, often induced by changes in up-
stream land use or by sediment storage following dam
construction (e.g., Stanley 1951; Leopold, Wolman,
and Miller 1964; Petts 1977; Kellerhals 1982; Williams
and Wolman 1984; Brandt 2000), can initiate channel
incision.

Channel incision caused by an increase in gradient,
often with rapid upstream progression along a knickpoint
(a convex-upward inflection point in the longitudinal
profile of a stream channel), results from a shorten-
ing of the channel through channelization or meander
cutoffs or by the lowering of the local base level. The
process continues up primary streams and their trib-
utaries until the drainage network has adjusted to a
lower equilibrium elevation. The rate of headward ad-
vance depends on the alluvial properties and basin phys-
iographic, geomorphic, and hydrologic characteristics.
Studies of channel incision have examined semiarid
arroyos (Schumm 1961; Leopold, Emmitt, and Myrick
1966; Melde and Scott 1977; Patton and Schumm 1981;
Balling and Wells 1990) and gully development related
to changes in land use (Ireland and Sharp 1939) or
climate (Graf 1977). Other studies examined incision
in response to channelization and base-level lowering
induced by land use change (R. B. Daniels 1960, 1966;
Pickup 1977; James 1991; M. ]. Daniels 2002), in re-
sponse to structural controls (Morisawa 1968), upstream
of meander cutoffs (Lane 1955; M. . Daniels 2002), and
in flume studies (Holland and Pickup 1976; Gardner
1983).

Of particular interest to this study are the streambed
adjustment models in Lane (1955) and flume experi-
ments performed by Brush and Wolman (1960). Lane
(1955) describes a similar channel response to base-
level lowering, meander cutoffs, or channelization, with
an upstream-migrating knickpoint and an exponen-
tially decreasing rate of channel incision (Figure 2). In
their flume studies, Brush and Wolman (1960) found
that knickpoint development following base-level low-
ering first follows the main trunk stream and then works
upstream into tributaries. In their experiment using uni-
form unconsolidated sand and silt, the degree of inci-
sion decreased upstream into the drainage network in a
uniform manner as a function of distance upstream from
the point of base-level lowering. Simon (1992) also
found this pattern in the low-gradient Obion-Forked
Deer River system of incising channels in west Ten-
nessee. Flume experiments (Schumm and Parker 1973)
and field studies (Petts 1979, 1980; Rinaldi and Simon

1998), however, describe how a “complex response”
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Figure 2. Similar theoretical channel responses to (A) base-level
lowering or (B) meander cutoffs or channelization. This response
is shown to occur in the Little Nemaha River (C) where 55 km
were channelized in the early twentieth century, leading to channel
degradation within the ditched reach and base-level lowering for
points upstream and for tributaries to the Little Nemaha River.
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can occur following a reduction in base level through
sediment delivery feedbacks and downstream aggrada-
tion. In contrast, Schumm, Mosley, and Weaver (1987)
found that the rate of incision simply declines exponen-
tially over time following base-level lowering. Similarly,
Graf (1977) presents a straightforward model of the
headward advance of gullies in response to increases
in summer rainfall intensity where, after a brief reac-
tion time, gully advance is at first rapid and then de-
cays exponentially, asymptotically approaching a new
dynamic equilibrium. Simon (1992) shows that these
geomorphic responses are consistent with the system’s
tendency to minimize the rate of energy dissipation with
time.

Most channel incision studies focus on modeling the
physical processes at work at the channel bed and banks,
including shear stresses and stream power. These ap-
proaches require a great deal of site-specific data. Re-
searchers have tended to deal with the data demands
by limiting the spatial or temporal scope of the anal-
ysis (Pickup 1977; Begin, Meyer, and Schumm 1981;
Schumm, Harvey, and Watson 1984; Simon and Hupp
1986). Few studies examine the spatial pattern of chan-
nel incision at watershed scales. One study conducted
with limited data established that, following construc-
tion of Bagnell Dam, the Osage River in the Missouri
Ozarks incised with degradation proceeding down-
stream along the Osage, lowering base level for trib-
utaries downstream of the dam (Germanoski and Ritter
1988). These tributaries then similarly incised, with
knickpoints propagating upstream until constrained by
root armoring, with periodic collapsing allowing knick-
points to migrate farther upstream. In a more detailed
study, Simon and Rinaldi (2006) strongly confirmed the
Graf (1977) rate law model for stream channel incision
over time on channelized streams as well as below dams.
Their seven-stage model of channel response to distur-
bances that result in a surplus of sediment transporting
power relative to sediment supply includes rapidly mi-
grating knickpoints and a progression from headwater
channels in early phases of adjustment progressing to
latter stages of adjustment in downstream reaches.

Using cross-sectional data from the loess region of
the Missouri River, this article addresses three research
questions: (1) What is the temporal pattern and rate of
stream channel incision in loess-derived silt following a
lowering of base level or reduction in sediment supply?
(2) What is the resulting spatial pattern of channel
incision at a watershed scale? (3) Can a watershed-
scale spatial and temporal model of stream incision be
derived?

Methods
The Study Area

The area of investigation consists of the loess-
dominated watersheds tributary to the Missouri River
between Gavins Point Dam (River Mile 811) and the
Nebraska—Kansas state line (River Mile 490; Figure 3).
This area was chosen because it has (1) a rela-
tively uniform geologic setting consisting primarily of
erodable loess-derived alluvial materials, (2) a well-
documented historical record of stream modifications
for the Missouri River and tributary streams, and (3) nu-
merous repeat cross-sectional measurements at stream
sites that document stream incision over space and time.

The 43,000 km? study area lies in the Dissected Till
Plains of the Central Lowlands physiographic province
(Fenneman 1946). The underlying glacial till is covered
by some of the thickest (5-25 m) Pleistocene loess de-
posits in North America (Luttenegger 1987). Because of
the loess mantle on the uplands, the region is described
as highly erodable by the Soil Conservation Service
(1981). Alluvial soils and stream beds and banks con-
sist primarily of loess-derived silt, silty-clay loam, and
loamy silt (Rus, Dietsch, and Simon 2003).

The reach of the Missouri River that forms the east-
ern border of Nebraska has been altered by human ac-
tivities that have narrowed and deepened the river and
thereby lowered base level for tributary streams. Six
large dams were constructed upstream by the U.S. Army
Corps of Engineers between 1937 and 1963 for flood
control, power production, irrigation, water supply, re-
leases of water for navigation, recreation, and fish and
wildlife (Figure 3). The reservoirs flood over 400,000
hectares, contain 92 billion m’® of storage space, and
extend 1,200 km, leaving only 525 km of flowing river
between the reservoirs. Below the most downstream of
these dams (Gavins Point), the Missouri River flows
1,300 km to the confluence with the Mississippi River.
Prior to dam construction and reservoir sedimentation,
an annual average of 135 billion tonnes of sediment
was transported by the river (Mellema and Wei 1978).
In particular, the closure of Fort Randall and Garrison
Dam in 1954 and Gavins Point Dam in 1955 corre-
sponded with a dramatic drop in sediment load 310 km
downstream at Omaha (Figure 4). In addition to the
greatly reduced sediment supply, much of this reach
of the Missouri River has been altered to accommodate
barge navigation. Wing dams have been installed down-
stream of Nebraska’s Ponka State Park (River Mile
754, Figure 3) to maintain navigable depths of 2.7 m.



00:41 4 May 2009

Downl oaded By: [Augustana Col |l ege] At:

Spatial and Temporal Patterns of Stream Channel Incision in the Loess Region of the Missouri River 235

Ny pue .
Non-Glaciated
Glacial Till
e— 3 ® Deep Loess

a.
niton Ponka State Park
Gavins ) ‘.
S el W * o W Sioux City
L ]
s*s, _ Channalized ®* | o .':;-. e
** Missouri River [ ¢ 2 Je N Y
, Cross-section [®'® ¢ , % otte,,
b. Locations 0 25 50 Kildneters  ®

Figure 3. (A) The Missouri River basin showing regions of glacial till, loess, and nonglaciated regions as well as the six mainstem Missouri
River dams: (1) Fort Peck, (2) Garrison, (3) Oahe, (4) Big Ben, (5) Fort Randall, and (6) Gavins Point. (B) The location of the five Missouri
River gages (Yankton, Maskell, Sioux City, Decatur, Omaha) and tributary sites used for model calibration in this study.
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Figure 4. Annual sediment loads for the period 1940 to 1977 at
Omaha, Nebraska, 310 km downstream from Gavins Point Dam
(based on data from U.S. Army Corps of Engineers 1991). The
great reduction in sediment load coincides with the closure of Fort
Randall and Garrison Dam in 1954 and Gavins Point Dam in 1955.

The reach below Ponka has thus been transformed
from a complex multichannel system into a much more
uniform, single-thread channel (Figure 5) with greater
depth and narrower width (Branyan 1974; Hallberg,

Harbaugh, and Witinok 1979; Schumm, Harvey, and
Watson 1984; Lohnes 1997).

Severe channel incision has been documented in
the loess region streams tributary to the Missouri River
since the early 1900s. Researchers have used exam-
ples from this region to describe erosional processes
(R. B. Daniels 1960; Brice 1966; R. B. Daniels
and Jordan 1966), channel widening (Lohnes 1997;
Bravard, Kondolf, and Piegay 1999), channel evolution
(Hadish et al. 1994; Simon and Rinaldi 2000), chan-
nel stabilization (Lohnes 1997), and the effect of hu-
man alterations to stream channels (Ruhe and Daniels
1965; U.S. Army Corps of Engineers 1991; Simon
1994; Schneiders 1996; Simon and Rinaldi 2000).
Causes of historic incision include (1) nineteenth-
century land clearing and poor soil conservation prac-
tices (Simon and Rinaldi 2000), (2) channelization
completed primarily in the early twentieth century

(Simon and Rinaldi 2000, 2006; Rus, Dietsch, and
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Figure 5. (A) This example of the effect of a wing dam (dike) constructed in August 1891 near the mouth of the Osage River on the
cross section of the Missouri River shows how the dike narrowed and deepened the channel over a period of two years (based on U.S. War
Department 1885). (B) Changes in the water-surface area (dark gray) and sandbar area (light gray) of the Missouri River, Monona County,
lowa, 1923 to 1976, as the result of a dike field (after Hallberg, Harbaugh, and Witinok 1979).
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Figure 6. Stream segments tributary to the Nebraska reach of the
Missouri River with documented incision histories.

Simon 2003; Figure 6), (3) long-term geologic pro-
cesses, (4) changes in climate (R. B. Daniels and
Jordan 1966; Bettis 1990), and (5) tributary inci-
sion caused by the degradation of the Missouri River
(U.S. Army Corps of Engineers 1991; Schneiders 1996;
National Research Council 2002; Rus, Dietsch, and
Simon 2003). The net result is a severely eroded land-
scape in which streams have degraded by as much as
eight meters over the past hundred years (U.S. Army
Corps of Engineers 1991; Rus, Dietsch, and Simon
2003).

Data Sources and Site Selection

Measurements documenting changes in streambed
elevations were assembled for the Nebraska reach
of the Missouri River (U.S. Army Corps of Engi-
neers 1991, 1996; U.S. Army Corps of Engineers-
RCC 1998; Figure 7) and for sites along 128 tribu-
tary stream segments (R. B. Daniels and Jordan 1966;
U.S. Army Corps of Engineers 1987; Rus, Dietsch, and
Simon 2003; Figure 8). The Missouri River data come
from gaging station records and bathymetric surveys.
Tributary cross-sectional data were originally obtained
from hydrographic survey records, U.S. Geological
Survey stream gage records, and bridge design and main-
tenance records. Using these six sources, we amassed
a database containing 324 cross sections over time for
the Nebraska reach of the Missouri River and 208 cross-
section sites along tributaries.

From the cross-section sites, different sites were se-
lected for various components of this study includ-
ing: (1) determining locations and depth of base-level
lowering; (2) analysis of temporal trends and rates
of incision; (3) calibrating the relationship among
depth of incision, base-level lowering, and basin pa-
rameters over space; and (4) determining the ef-
fects of channelization and grade controls on incision
(Figure 8). To establish points of base-level lower-
ing, all forty sites located downstream of other cross-
section points with a similar period of record were se-
lected. To assess the rate of response to disturbance, all
thirty-six sites were selected that had multiple cross-
sectional measurements over the period of incision. To
assess spatial patterns, all sixty-three sites upstream of
sites with established base-level lowering or upstream
of the confluence with a degraded reach of the Mis-
souri River were selected. To establish spatial patterns,
two regressions were performed, first excluding sixteen
sites containing known channelized reaches and grade
controls to isolate overall spatial patterns, then rein-
troducing them to determine the effects of channel-
ized reaches and grade control on channel incision.
A catalog of gage sites, characteristics, and role in
these analyses is available at http://www.augustana.edu/
users/ggheine/incision_proj.htm.

In addition to the cross-section measurement sites,
water surface elevation trends were quantified along the
length of the Nebraska reach of the Missouri River. In
the same manner that sea level controls base level for
rivers draining to the ocean, the water surface of the
Missouri River sets base level for its tributaries. Mis-
souri River water-surface elevation trends have been



00:41 4 May 2009

[ August ana Col | ege] At:

Downl oaded By:

238 Heine and Lant

0
—_ OMAHA (-0.4)
=
< .04 @
=)
s
o MASKELL (-1.31)
Mo
= 1.04 /
2
=
@
5 <15
=
=
SIOUX .
E CITY (2.23) DECATUR (-1.83)
& 2.0 y,
g 2 /
& P
@] 8
w
2.5 =
&
2. YANKTON (-2.74) | Channalized for Barge Navigation
2 I
-3.04 T " : - - - .
0 50 100 150 200 250 300 350 400
“5._\“
Distance Downstream from Gavins Point Dam (km)
358
o -‘:‘J\fss
%] e -~ L
£ 353 Ny, -
K gep o~ 1965
= - = 7 —
=z <|w 1994 -
5346 = 3 1986 (dashed) \‘
Q343 £1U SN
=
G g e |
@337 512 Zz o
<| < =z 5
334_©@| > = e,
0 15 30 45 60 75 90
YANKTON SPECIFIC GAGE MASKELL SPECIFIC GAGE
355
o 3445 =
4 Stable Period
Stablg Period = ——— “f»@
i 353 & \ -
\f\ F‘?ep,?, z 344 \ %é
'\-\40_!};& % Yg-
N e, =) %,
¥ 32 23435 %
k\ B A [* sthble Phriod
Stablg Period = tpole Perio
¥ Y
T 351 343
1940 1950 1960 1970 1980 1990 2000 1955 1965 1975 1985 1995

Figure 7. (A) Missouri River water-surface elevation change from 1957 to 1991 at 849 cms (30,000 cfs) with gage locations based on data
from U.S. Army Corps of Engineers (1991). Stage change determined by specific gage analysis is indicated for each gage in parentheses.
(B) Missouri River water-surface elevation change profiles for 1956, 1965, 1986, and 1994 below Gavins Point Dam based on data from the
U.S. Army Corps of Engineers (1996) and trends for specific gages at Yankton and Maskell. The correlation between profile-derived and
specific-gage-derived data is 0.98; the slightly different estimates are evident at the Omaha gage.

quantified along the Missouri River by (1) using his- 2005) and (2) using existing hydraulic model results
toric data at rated gaging sites (U.S. Army Corps of performed by the U.S. Army Corps of Engineers (1987,
Engineers-RCC 1998; Chen, Rus, and Stanton 1999; 1991, 1996). A 1991 study used two sets of chan-
Pinter, Wlosinski, and Heine 2002; Pinter and Heine nel cross sections (measured in 1957 and 1991) to
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Figure 8. (A) Venn diagram showing criteria for selection of cross-section sites in different components of this study: (1) All 208 sites from
U.S. Army Corps of Engineers (1987) and Rus, Dietsch, and Simon (2003); (2) 63 sites used to calibrate regression model; (3) 47 sites used to
calibrate flow-length ratio; (4) 36 sites used to calibrate rate law analysis; (5) 40 sites used to establish base-level for upstream calibration sites;
and (6) excluded due to insufficient number of cross sections in relevant time period. (B) Location of cross sections for these components of

the study.
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hydraulically model the water surface elevations as-
sociated with the median discharge of 849 cms. The
total reduction in streambed elevation over this pe-
riod shows degradation (1) immediately downstream of
Gavins Point Dam; (2) near Sioux City, lowa, where
wing dams have been constructed; and (3) along the
Nebraska—Missouri reach, where meander cutoffs were
constructed. The streambed is more stable near Om-
aha, Nebraska, where the Platte River delivers a large
influx of sediment (Figure 7A). Using hydraulic mod-
eling and historic channel cross sections, a 1996 Corps
study modeled the water-surface elevation at four time
steps (1956, 1965, 1986, 1994) between Gavins Point
Dam and Ponka State Park (Figure 7B).

Because data were obtained from a variety of sources,
several different sources of uncertainty were introduced.
These uncertainties were a result of differences in meth-
ods of data collection, locations, and dates the data were
collected. For example, most of the streambed-elevation
sites were located at bridge crossings. Although bridges
are known to cause local scour, their construction and
maintenance records provide the only historical record
of channel change on many small rivers and streams.
Bridge data is widely used for determining histories
of channel change (Piest, Elliott, and Spomer 1977;
Kellerhals 1982; Simon and Rinaldi 2000; M. J. Daniels
2002). Although the magnitude of the uncertainties
was unknown, it is realistic to assume that some vari-
ance in the incision measurements could be attributed
to these uncertainties. Despite this, the data compiled
represent the best historical record of stream incision
on tributaries to the Nebraska reach of the Missouri
River.

Rates of Channel Incision on the Missouri and Its
Tributaries

Graf (1977) identified a rate law in which the re-
sponse of a geomorphic system to an exogenous forcing
factor will be delayed and then proceed at a rapid rate.
Once initiated, response will decrease at an exponential
rate until the system asymptotically approaches a new
dynamic equilibrium. We adopt this model as a hy-
pothesis with depth of channel incision as the response
(dependent) variable utilizing this equation:

Inld, = Inld; — bt (1)

where Id; is depth of incision at time ¢, Ids is final
depth of incision, t is the number of years since incision

was first initiated, and b is the rate constant estimated
through regression.

To empirically estimate this model, we draw from
two data sources: (1) Missouri River gage records at
Yankton, Maskell, Sioux City, and Decatur; and (2)
cross-sectional data from thirty-six sites along fifteen
Missouri River tributaries (Rus, Dietsch, and Simon
2003). Most sites used included at least five thalweg
streambed elevation measurements and some had up
to fifty. Together these provide an empirical basis for
assessing the rate of channel incision on the main stem
Missouri River and its tributaries.

Spatial Patterns of Channel Incision

The depth of base-level lowering is a key inde-
pendent variable explaining depth of incision (Pickup
1977; Schumm, Mosley, and Weaver 1987). This was
quantified as either (1) the change in Missouri River
stage at the watershed outlet (see Figure 7A) or (2)
the change in bed elevation of a downstream channel-
ized site. Base-level lowering identified using these two
methods was not significantly different at 95 percent.

From the literature, other variables were identified
that have been found to influence channel incision.
These include distance upstream from location of base-
level lowering (Brush and Wolman 1960; Simon 1992),
basin area (M. ]. Daniels 2002), extent of agricultural
development upstream from the point of estimated
incision (Piest, Elliott, and Spomer 1977), geologic
considerations such as cohesiveness of bed and bank
materials and presence of bedrock (Thorne 1999), and
the presence of channelized reaches and grade control
structures. Consistent with previous studies, explana-
tory variables selected for inclusion in this model were
based on spatial representations of topography, climate,
and land use as geographic information system (GIS)
layers. The change in percentage of upstream area in
agricultural production from 1950 to 2000 was derived
from county-level historical data (Waisanen and Bliss
2002). Slope was derived from digital elevation mod-
els (DEMs). Using the D8 algorithm (O’Callaghan and
Mark 1984), DEM data also were used to determine
upstream drainage area.

To create a measure that captures the process of
upstream propagation of incision, we developed a
flow-length ratio that represents the proportion of the
flow distance from the point of measured base-level
lowering to the drainage divide along the flow line as
determined from DEM data (Figure 9). The flow-length
value is 1 at the point of base-level lowering and 0 along
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Figure 9. A ratio of upstream and downstream flow-length raster
layers are combined using map algebra to form a flow-length ratio
FLR = Ly/(Lu+ Lp), where Ly is the upstream flow length to
the farthest divide and Lp is the flow length to the basin outlet
(defined here as the point of base-level lowering). As shown in this
hypothetical watershed, the resulting layer possesses values that
range from O at the basin boundaries to 1 at the outlet, independent
of basin size.

the entire watershed divide, with intermediate values
along the channel network that can be determined
using DEM data for any point on a stream. Flow-length
ratio therefore represents relative hydrologic distance
from the watershed boundary to the basin outlet.
Raw flow-length ratios resulted in gaps at tributary
junctions. To enforce accordant junction levels, we
wrote an ArcView Avenue script that applies the flow-
length ratio in an iterative manner by stream order.
The Avenue script is available for download at http://
www.augustana.edu/users/ggheine/incision_proj.htm.
Mean and standard deviation values for all variables
used in the analysis are shown in Table 1. Variables
that were not normally distributed were transformed
and found to be log-normal.

Ordinary least squares (OLS) multiple regression
procedures were used using JMPIN statistical software
(2000) to develop a model explaining streambed el-
evation change. Depth of incision was normally dis-
tributed with a mean of 127.4 cm (Figure 10). To
isolate the effects of the flow-length ratio, sites upstream
of known grade control structures and channelized
reaches were omitted in the first model. Considering the

Table 1. Dependent and independent variables used in
regression models predicting streambed elevation change

Variable M SD
Measured at point-specific locations
Streambed elevation change (m) -1.27 0.85
Base-level lowering (BLL) (m) -2.32 122
Flow-length ratio (FLR) 0.61 0.24
BLL*FLR -1.32 0.85
Contributing area (30 x 30 m cells) 203 388
Log contributing area (base;o) 1.91 0.58
Downstream length (m) 18,638 15,746

Log downstream length (base.) 938 1.09
Upstream length (m) 27,145 29,113
Log upstream length (base.) 9.88 0.77
Measured for tributary watershed
Average slope (degrees) 333 0.78
Maximum slope (degrees) 23.0 9.22
Log maximum slope (base.) 3.06 0.38
Measured for flow-accumulation area of cross-section sites

Mean slope (degrees) 3.23 091
Mean change in SCS curve number 146 1.6
Upstream row crop (% of area) 56.1 18.4

Percentage change in agricultural land (1950-2000) -5.95 3.26

Note: SCS = Soil Conservation Service.

small sample size in this analysis (n = 47), traditional
split-sample validation was not possible. Instead, uncer-
tainties for the equations were quantified by the average
standard error of prediction (ASEP). This methodology
has been widely used in similar studies carried out by
the U.S. Geological Survey in flood-flow estimation
at ungaged stream sites (e.g., Eash 2001). In addition
to the uncertainty analysis, the four measurement sites
within the Weeping Willow Creek drainage network
were withheld from model calibration for the purpose
of model validation. Validation was performed by com-
paring model predictions to measured values at the four
sites using root mean square error.
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Figure 10. Normal distribution of measured streambed elevation
change on sixty-three tributary streams.
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Figure 11. Steps used in the research design emphasizing spatial
relationships in GIS data layers. Step 1: Stream-site GIS layer cre-
ation. Step 2: Locating points of base-level lowering. Step 3: Overlay
analysis between stream sites and other x variables. Step 4: Regres-
sion model extrapolation to all other sites along stream reaches.

Map algebra was subsequently used to estimate
incision associated with Missouri River degradation
throughout tributary channel networks by (1) convert-
ing cross-section sites to a point file using GIS soft-
ware (ArcMap 2004), (2) locating points of base-level
lowering, and (3) creating GIS layers of potential ex-
planatory variables (Figure 11). Significant explanatory
variables were applied to calculate predicted depth of
incision for all locations along the tributary drainage
networks within the study area through map algebra
(Figure 12). Analyzed tributary networks were based
on the medium-scale National Hydrographic Dataset
(NHD), but this revealed a well-known data quality
issue common to these published channel networks:
The NHD data (in which stream channels are based on
the blue-line hydrography on the topographic maps)
are found to be inconsistent between adjacent map
sheets. Methods described in Heine, Lant, and Sengupta
(2004) were used to create an improved representation
of stream channels based on the average drainage area
above the source of each blue line. Once the channel
network was resolved, a spatial representation of point-
specific estimates of tributary incision was completed
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Figure 12. Simplified cartographic model showing data, GIS layers, and processing steps in creating the stream incision map from the product
of base-level lowering and flow-length ratio. There were no other significant explanatory variables for depth of incision.
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Figure 13. Results of log-linear regression of rate of incision over
time for representative locations on (A) the Missouri River (De-
catur) and (B) New York Creek tributary near Spiker, Nebraska
(U.S. Geological Survey stream gage number 06608700).

by using the map algebra functionality in ArcGIS and
extrapolating the statistical model to all streams in the
study area with a raster cell spacing of thirty meters.

Sixteen sites were reintroduced in a second regres-
sion model to test the effects of grade control struc-
tures and channelization on stream channel incision.
Model parameters were derived using the same meth-
ods as in the first spatial pattern regression model. Note
that these variables could not be included in the map al-
gebra extrapolation because the location of each chan-
nelized reach or grade control structure throughout the
Nebraska—Iowa loess region would have to be known
so that their upstream effects could be accounted for at
each raster cell containing a stream. These data exist
only for the gaging sites, not for each stream in the loess
region.

Results
Temporal Patterns and Rates of Channel Incision

Following the closure of large reservoirs in 1954
and 1955, channel degradation on the Missouri River

closely followed the rate law function described in Equa-
tion 1 (Figure 13A) with R? ranging from 0.82 to 0.91
at the four sites studied (Table 2). Half of total degra-
dation takes place in about five years starting in 1955
at Yankton and in 1960 or 1965 at downstream loca-
tions. Approximating Graf’s (1977) concept of relax-
ation time, 95 percent of incision (4.32 half-lives) took
place in eighteen to twenty-five years and 99 percent
(6.65 half-lives) took place in twenty-eight to thirty-
nine years. On tributaries, most results also confirm the
Graf (1977) rate law model (Figure 13B), with twenty-
six of thirty-six sites achieving an R? of 0.8 or greater.
Half-lives vary from 2.0 to 9.0, years with correspond-
ing relaxation times ranging from eight to thirty-nine
years for 95 percent of total incision or thirteen to sixty
years to achieve 99 percent of total incision (Table 2).
Simon and Rinaldi also found very strong confirma-
tion of Graf’s model on the West Tarkio Creek on the
Iowa—Missouri border within the loess region, with R?
ranging from 0.96 to 0.98. Their study, however, shows a
somewhat longer eighty-year period of adjustment with
half-lives of ten to twenty years.

Spatial Patterns of Channel Incision

Considering first the regression model using only
the forty-seven cross sections on reaches lacking chan-
nelization and grade controls, the correlation matrix
shows that depth of incision is positively correlated with
flow-length ratio (r = 0.34), and with downstream
base-level lowering (r = 0.61), and highly positively
correlated with the product of these two variables (r =
0.86; Table 3). Depth of incision is not significantly
correlated (0.05) with other watershed parameters such
as slope, land use, or land use change. Several inde-
pendent variables are intercorrelated at a 0.01 level of
significance where variables are used in both linear and
log forms (e.g., mean basin slope), where they are com-
ponents of an interaction term or ratio (e.g., base-level
lowering and BLL*FLR, flow-length ratio, and down-
stream length), or where they have a strong hydrologic
association (e.g., log contributing area with log up-
stream length and log max basin slope). In addition,
highly significant positive correlations occur among
mean change in Soil Conservation Service (SCS) curve
number, percentage of upstream area in row crops, and
log max basin slope, variables that reflect the vulnera-
bility of lands in the watershed to sheet and rill erosion.

For model calibration, we used forward, backward,
and combined stepwise methods to identify combi-
nations of significant explanatory variables. We in-
cluded only explanatory variables that were statistically
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Table 2. Regression results based on application of rate law Equation 1 from Graf (1977) for the Missouri River and tributaries

Site Total
Site no. name incision (m) sections (n)

No. of cross

coefficient (b) R? (years)

Rate Half-life  Years for 95% Years for 99%

of total incision  of total incision

Missouri River

1 Yankton 2.7 10
2 Maskell 1.3 8
3 Sioux City 2.2 9
4 Decatur 2.4 9
Tributaries
7 New York Cr. 0.9 49
10 Kezan Cr. 0.3 4
27 N. Nemaha R. 1.3 8
26 Yankee Cr. 2.5 4
9 N. Big Blue 0.9 6
36 Lit. Nemaha 2.0 6
8 Lit. Papillion Cr. 2.2 5
41 W. Papillion Cr. 5.3 8
32 Spring Cr. 1.4 5
30 Muddy Cr. 6.6 5
14 Coon Cr. 1.7 5
21 S. Omaha Cr. 2.3 42
23 Rock Cr. 1.9 6
20 Lit. Papillion Cr. 0.6 31
25 S. Fk Lit. Nemaha R. 0.6 22
11 N. Fk Lit. Nemaha R. 0.9 5
38 Weeping Water Cr. 1.1 48
16 Rock Cr. 0.4 4
37 Weeping Water Cr. 1.0 49
15 Muddy Cr. 5.3 5
24 Mid. Br Big Nemaha R. 1.5 5
22 N. Fk Big Nemaha R. 1.5 7
39 Wahoo Cr. 0.6 30
17 Olive Br. 0.6 10
6 Lit. Nemaha R. 0.9 6
13 Lit. Salt Cr. 2.3 18
19 Elkhorn R. 1.2 48
12 Salt Cr. 0.7 21
29 Sand Cr. 1.8 6
35 Oak Cr. 34 8
33 Yankee Cr. 2.6 8
31 Wolf Cr. 3.0 80
34 S. Fk Lit. Nemaha R. 5.4 6
28 Elk Cr. 3.7 8
18 Rock Cr. 2.2 6
40 Maple Cr. 2.5 31

0.163 0.82 43 18.6 28.6
0.177 0.91 4.2 18.1 28.0
0.152 0.85 5.3 22.9 35.2
0.120 0.76 5.8 25.1 38.6
0.342 0.85 2.0 8.6 13.3
0.295 0.99 23 9.9 15.3
0.260 0.82 2.7 11.7 18.0
0.244 0.94 2.8 12.1 18.6
0.224 0.99 3.1 134 20.6
0.207 0.68 3.4 14.7 22.6
0.207 0.99 3.4 14.7 22.6
0.202 0.80 3.4 14.7 22.6
0.194 0.98 3.6 15.6 23.9
0.188 0.85 3.7 16.0 24.6
0.182 0.50 3.8 16.4 253
0.182 0.96 3.8 16.4 253
0.176 0.85 3.9 16.8 259
0.172 0.90 4.0 17.3 26.6
0.170 0.81 4.1 17.7 213
0.170 0.99 4.1 17.7 213
0.161 0.68 43 18.6 28.6
0.156 0.93 4.5 19.4 29.9
0.150 0.99 4.6 19.9 30.6
0.139 0.82 5.0 21.6 333
0.129 0.69 5.4 233 35.9
0.129 0.69 5.4 23.3 359
0.128 0.56 5.4 23.3 359
0.128 0.95 5.4 233 35.9
0.124 0.94 5.6 24.2 37.2
0.113 0.81 6.1 264 40.6
0.113 0.81 6.2 26.8 41.2
0.109 0.89 6.4 21.6 42.6
0.105 0.62 6.6 285 439
0.104 0.76 6.7 28.9 44.6
0.100 0.81 6.9 29.8 45.9
0.099 0.91 7.0 30.2 46.6
0.091 0.83 1.7 333 51.2
0.088 0.72 7.9 341 52.5
0.084 0.78 8.2 35.4 54.5
0.077 0.96 9.0 389 59.9

Note: Sites are ordered from shortest to longest half-life. Relaxation times are shown for 95 percent and 99 percent of total incision. Site numbers are shown

in Figure 8B.

significant at the 95 percent confidence level and that
(1) maximize the adjusted R? and (2) minimize the Mal-
lows Cp statistic (Mallows 1973) designed to achieve
a compromise between the number of included vari-
ables and explained variance in the model. Each of the
variable selection procedures provided the same result:
a one-variable model in which the interaction term of

base-level lowering times flow-length ratio (BLL*FLR)
is the only significant variable. The model is highly sig-
nificant and achieves an R? value of 0.73 (Figure 14).
The residuals of the calibrated regression are normally
distributed and homoscedastic. Given that the intercept
is small and negative, and an intercept of O makes sense
theoretically (incision should be zero at the drainage
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Figure 14. Regression lines fitted between measured channel incision and Base-Level Lowering * Flow-Length Ratio for the forty-seven
sites using the calibrated model (R? = 0.73), the model with an intercept of zero (R? = 0.72), and a model with an intercept of zero and a

coefficient of 1 (y = x) (R* = 0.71).

divide or with no base-level lowering), we also devel-
oped a model forcing the intercept to zero. This model
performed nearly as well (R? = 0.72) and resulted in a
regression coefficient on BLL*FLR of 0.98, very close to
1 (Figure 14). Thus, the simple equation:
I; = BLL* FLR (2)
where [; is depth of incision, provides a very close
approximation to the empirically derived model using
the forty-seven cross sections. In the next section, we
discuss the theoretical implications of Equation 2.

As an additional form of validation, one tributary
watershed (Weeping Willow; see Figure 8) was withheld
from the model and the calibrated model was used to
estimate depth of incision as a comparison to measured
depth. The results show a root mean square error of
0.395, less than the ASEP of 0.45 m, suggesting an
accurate assessment of error (Table 4).

Spatial Extrapolation

The calibrated regression model shown in Figure
14 was applied to all tributary drainage networks in
the study area using map algebra by creating a GIS
raster layer for base-level lowering and flow-length
ratio and then calculating the calibrated regression
equation at each 30 m raster cell along the length of

all tributary drainage networks. At stream junctions,
the estimated incision of the truck stream was used as
the base-level lowering for the tributary stream, and
flow-length ratio was recalculated for the tributary
watershed. The incision map thus takes the form
of a spatial data layer of point-specific streambed
elevation change at every 30 m cell location along the
length of all tributary drainage networks of the middle
Missouri River (Figure 15). The complete results are
contained in an Atlas of Incision available at http://
www.augustana.edu / users / ggheine / incision_proj.htm.
Using the resulting information, we find that 4,100 km
of stream channels are predicted to have incised by

Table 4. Analysis of errors at four streambed elevation sites

(SBE = 0.897(BLL*FLR) — 0.150)

Site Measured streambed ~ Modeled streambed ~ Square
ID elevation change (m) elevation change (m) errors (m)
MRT-13 -0.8 -0.50 0.106
MRT-14 -0.6 -1.20 0.403
MRT-15 -1.0 -1.30 0.109
MRT-16 -2.1 -2.20 0.007
SSE 0.625
RMSE 0.395

Note: Note that results are slightly different than in Figure 14 because
four stations are withheld for model validation. SSE = sum square errors;
RMSE = root mean square error.
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Figure 15. Spatial patterns of stream incision on tributaries of the Nebraska reach of the Missouri River caused by lowering of base level at
the Missouri River confluence. Panel 21 of the Atlas of Incision developed using map algebra is shown. The complete map is available at
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Table 5. Results of regression analysis on depth of incision
using sixty-three sites and including channelization and
grade control structures as dummy variables

Term Estimate SE tratio Prob > |[¢]

Intercept -0.051 0.125 -0.41  0.686

BLL*FLR 0.805 0.066 12.17 < .0001
Grade control structure (0/1) -0.492 0.085 -5.77 < .0001
Channelization (0/1) 0.331 0.074 445 <.0001

Note: N = 63, R? = 0.76, adjusted R* = 0.74; root mean square error =
0.42 m. BLL = base-level lowering; FLR = flow-length ratio.

one meter or more due to Missouri River degradation,
whereas 16,600 km are predicted to have incised by at
least the standard error of prediction value of 0.45 m.

When sixteen sites upstream of grade control struc-
tures or channelized reaches are reintroduced to total
sixty-three sites, the regression model achieves a slightly
higher R? of 0.76, with BLL*FLR as the most significant
explanatory variable. In this model, channel incision is
0.49 m less when there are downstream grade control
structures and 0.33 m greater when there is downstream
channelization (Table 5).

Discussion

In this study, the rate law proposed by Graf (1977)
effectively captures the temporal dynamics of stream
channel incision in the loess-dominated region of the
Missouri River and its tributaries. Incision was induced
on the Missouri River downstream of reservoirs and by
wing dams and meander cutoffs. Knickpoints have pro-
ceeded up tributaries with the total magnitude of down
cutting at a given point predominantly controlled by the
lowering of base level at the Missouri confluence times
the flow-length ratio (the proportion of flow distance
from the basin boundary to the outlet). Channels have
responded to base-level lowering due to channelization
of a downstream reach by incising in the same manner.
A model using the single interaction term (BLL*FLR)
and no coefficients captures 71 percent of the vari-
ance in stream incision. We found no evidence of a
complex response; there were no periods of aggradation
downstream of areas of active incision and knickpoint
migration.

These results reflect geomorphic dynamics cap-
tured by the flume experiments described in Schumm,
Harvey, and Weaver (1987). Like a flume, the study
area contains relatively simple conditions, including a
geologically uniform erodible loess substrate in which
channel readjustment to base-level lowering is nearly

completed in just one to three decades. These results
are also consistent with the work of other fluvial geo-
morphologists such as Galay (1983), Germanoski and
Ritter (1988), and Simon and Rinaldi (2006). This sug-
gests that, in the absence of complex geology and when
the process of stream channel adjustment to base-level
lowering approaches completion, the spatial and tem-
poral complexities involved in the process of incision
and knickpoint propagation can be largely encapsulated
in the simple equation I; = BLL*FLR.

Conceptual Model of Stream Channel Incision

These results can be captured in a conceptual model
of stream incision as illustrated in Figure 16. Following
sediment capture, incision proceeds rapidly down the
trunk river (the Missouri in this study) and proceeds
with a half-life of about five years. This process estab-
lishes a lower base level for tributary streams. Following
base-level lowering, knickpoints travel upstream, ad-
vancing up tributaries following Playfair’s Rule, which
calls for tributaries to join their master streams at ac-
cordant elevations (Figure 16A). The overall rate of
incision decreases exponentially over time, asymptoti-
cally approaching a new dynamic equilibrium. Time re-
quired for knickpoint migration (Figure 16B) is a func-
tion of the erodability of geologic substrates and can
vary by orders of magnitude in different environments
ranging from loess to granite. Once this new equilib-
rium is established, incision depths follow the simple
equation of Iy = BLL*FLR. From a theoretical per-
spective, use of the flow-length ratio suggests that the
incision of a drainage network is scale-independent;
a point 50 percent of the distance up an affected
drainage basin would be expected to exhibit 50 per-
cent of the magnitude of the base-level lowering at its
outlet.

Where it is not uniform, however, geology plays a
critical role in making the spatial pattern of incision
more complex. The occurrence of less erodable sub-
strates, or their deliberate introduction through such
means as grade control structures, has the effect of
greatly slowing upstream propagation of incision knick-
points (Figure 16C). Depth of incision upstream of such
a barrier equals BLL*FLR with a smaller base-level low-
ering determined at the less erosive structure. Chan-
nelization or meander cutoffs have the reverse effect,
increasing base-level lowering and propagating an in-
cision wave upstream from that point as determined
by the flow-length ratio calculated from the upstream
end of the affected reach (Figure 16D). Rus, Dietsch,
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Figure 16. (A) The watershed-scale spatial pattern of incision based on I; = BLL*FLR. Expected longitudinal pattern is shown on the left
and corresponding spatial manifestations of stream incision are shown on the right with relative depths of incision indicated by grayscale.
Variations to the pattern of longitudinal adjustment to a base-level lowering in response to (B) time, with incision at any one point following
the rate law, (C) geological variability, and (D) channelization.

and Simon (2003) documented eight meters of incision
on the heavily channelized upper Nemaha, five meters
on the Little Nemaha (see Figure 2), and five meters
on the Papillion Creek; and Piest, Elliott, and Spomer

(1977) found six meters of degradation on the Tarkio
Drainage System, all upstream of channelized reaches in
western lowa. Each of these depths of incision exceeds
twentieth-century Missouri River degradation and
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Figure 17. Published trends in water-surface elevation from the Gavins Point Dam to the Gulf of Mexico using specific gage results from
preexisting studies. Black dots are locations of gages; the gray line is an artistic spline merely connecting the gages along the profile. The bars
at bottom are the location and magnitude of human-caused meander cutoffs. Sources are shown with respect to river reach studied.

suggests additional causes of channel incision in the
region, such as local channelization.

Most watersheds affected by stream incision have a
combination of these factors at work, and other streams
may exhibit additional complexities and feedbacks that
were absent from our study area. Nevertheless, we pro-
pose that this model captures the primary factors af-
fecting the watershed-scale pattern of stream channel
incision.

Further Research

Given that stream channel incision is a widespread
and damaging phenomenon, there is a need for stud-
ies in regions that lack the flume-like simplicity of
the Missouri River loess region. Other reaches of the
Missouri-Mississippi River system also exhibit severe
stream channel incision (Figure 17). For example, on
the White River, which enters the Mississippi from

the west near Arkansas City, severe stream channel
incision has recently resulted in the need for a $262
million lock and dam (U.S. Army Corps of Engineers
1993) and replacement of damaged bridges. Changes
in streambed elevation since 1930 from Gavins Point
Dam 2,800 km downstream to Natchez, Mississippi
(Figure 17), show that Mississippi River channel degra-
dation along the Arkansas border (below Memphis,
Tennessee, to above Vicksburg, Mississippi) exceeds
that of the Nebraska reach of the Missouri River.
Channel degradation on the lower Mississsippi River
and on the Missouri River near Kansas City, Missouri,
are associated with twentieth-century meander cutoffs,
but these relationships and other possible contributing
mechanisms such as wing dams (dikes) and levees have
not been fully explored. Moreover, there is widespread
evidence of tributary incision in Arkansas and Missis-
sippi, such as on the White and Homochitto Rivers.
The spatial association between tributary incision and
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Mississippi degradation, taking into account time and
the more complex geology of the region, has also not
been well established.

Conclusions

Understanding the geomorphic processes, cause-
and-effect linkages, and spatial patterns of channel inci-
sion has significant implications for aquatic and riparian
ecology, river engineering and management, and effec-
tive stream restoration. Focusing on the incised trib-
utaries of the Missouri River from Gavins Point Dam
to the Nebraska—Kansas state line, it was found that
the Missouri River, following a rate law function with
a half-life of only about five years, has degraded its bed
by as much as four meters due to reservoir sedimenta-
tion. Incision of tributary channels is strongly associ-
ated with the lowering in elevation of the mainstem
Missouri and proceeds at rates with half-lives ranging
from two to nine years. The flow-length ratio estimates
the proportion of this base-level lowering that prop-
agates to any point upstream, supporting the findings
of previous flume studies at this larger scale. When six-
teen sites with downstream grade control structures and
channelized reaches are excluded, the product of base-
level lowering and flow-length ratio captures 71 per-
cent of the variance in depth of incision with a root
mean square error of 0.42 m. This result suggests that
Missouri River degradation is the dominant cause of
tributary stream incision in the eastern Nebraska and
western lowa region. A map algebra technique was de-
veloped to extrapolate the regression-based estimates to
each thirty-meter raster cell along all tributary streams
of the Missouri River, producing a map of estimated
stream incision due to Missouri River degradation.
Regression analysis also confirms that grade control
structures reduce upstream migration of incision, and
channelization produces local incision following the
same base-level lowering times flow-length ratio model.
Therefore, in variable geologic settings, or where ad-
justment to base-level lowering is incomplete, spatial
patterns of observed incision will be more complex, re-
flecting the influences of channelization, the erodability
of geologic materials, and time.
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