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Abstract: The response of rivers and riparian forests to upstream dams shows a regional pattern related to
 

physiographic and climatic factors that influence channel geometry ',',e carried our a spatial analysis of the
 
response of channel geometry [0 35 dams in the Great Plains and Central Lowlands, USA. The principal
 
response of a braided channel to an upstream dam is channel-narrowing, and the principal response of a
 
meandering channel is a reduction III channel mIgration rate. Prior to water management, braided channels
 
were most common in the southwestern Plains where sand is abundant, whereas meandering channels were
 
most common in the northern and eastern Plains. The dominant response to upstream dams has been channel­

narrowing 10 the southwestern Plains (e.g .. six of nine cases in the High Plains) and reduction in migration
 
raLe in the north and east (e.g .. all of Lwelve cases in the Missouri Plateau aud Western Lake Regions).
 
Channel-narrowing is associated with a burst of establishment of native and exotic woody riparian pioneer
 
species on the former channel bed. In contrast. reduction in channel migration rate is associated with a
 
decrease in reproduction of woody riparian pioneers. Thus, riparian pioneer forests along large rivers in the
 
southwestern Plaius have lemporarily increased following dam construction while such forests in the north
 
and east have decreased. These panerns explain apparent contradictions in conclusions of slUdies that focused
 
on single rivers or small regIOns and provide a framework for predicting effects of dams on large rivers in
 
the Great Plains and elsewhere. These conclusions are valid only for large ri vers_ A spatial analysis of
 
channel width along 286 streams ranging in mean annual discharge from 0.004 to 1370 cubic meters per
 
second did not produce the same clear regional pattern, in part because the channel geometries of small and
 
large streams are affected differently by a sandy watershed.
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INTRODUCTION	 ests have typically decreased in Alberta (Rood and 
Mahoney 1990) but increased in Nebraska and Col­

Most large rivers in the Northern Hemisphere 
orado (Johnson 1994). The diversity of dam effects

have been dammed (Dynesius and Nilsson 1994), occurs because channel response is mediated by flu­
and downstream lotic and riparian ecosystems have vial processes that vary in relative importance from 
been greatly altered (Brinson et al. 1981. Stanford site to site. Where the dominant fluvial processes are 
et al. 1996). Prediction of the downstream changes known, methods for predicting the amount and tim­
in channel geometry and biotic community compo­ ing of downstream channel response can be devel­
sition is complicated by the diversity of possible re­ oped (Osterkamp and Hedman 1981, Church 1995), 
sponses. Following dam construction, rivers may be­ and the response of the riparian vegetation can be 
come wider, narrower, shallower. or deeper; time predicted (Scott et at 1996, Johnson 1998). In this 
necessary for the response ranges from months to paper, we explore regional variation in the response 
millennia, and the direction of the response may of channel geometry to upstream dams in the Great 
change over time (Petts 1979, Williams and Wolman Plains and part of the Central Lowlands in the Unit­
1984). Response of the riparian ecosystem is equally ed States. We relate this variation to the geologic and 
complex, even within the Great Plains (Friedman et climatic factors that control local fluvial processes 
al. 1997). For example, downstream cottonwood for- and discuss the consequences for riparian forests. 
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Ecoiogical Char(\(.;teristics of Riparian Pioneer 
Species 

In Great-Plains riparian ecosystems, the naITOW 
zone moist enough to support woody plants is also 
subject to frequent riverine disturbance. As a result, 
Plains riparian forests are often dominated by pioneer 
species, especially plains cottonwood (P. deltoides 
Marshall subsp. monilifera (Aiton) Eckenwalder), 
peachleaf willow (Salix amygda/oides Anderss.), and 
sandbar willow (Salix exigua NutL). In addition, the 
exotic shIub saltcedar (Tamarix ramosissima Lede­
bour) has become a dominant pioneer in the southern 
Great Piains and is naturalized as for north as southern 
Canada (Great Plains Flora Association 1986, Brock 
1994). These pioneers ha ve simi lar seedling-establish­
ment requirements (White 1979). Freshly deposited al­
luvium typically provides ideal substrate for germi­
nation and establishment of abundant wind- and water­
dispersed seeds, which are released beginning late 
each spring in association with peak river flows (Hor­
ton et al. 1960, Scott et al. 1993, Johnson L994). The 
seeds lose germinability within a few weeks (Moss 
1938, Ware and Penfound 1949, Horton et al. 1960). 
Riparian pioneers are intolerant of shade and rarely 
become established from seed under trees or herbs 
(Johnson et al. 1976, Friedman et al. 1995). Seedlings 
require a continuously moist surface during the first 
week or more of growth (Moss 1938), but adults typ­
ically avoid surface drought by extending roots down 
to the water table (Segelquist et al. 1993). 

Riparian sites bare and moist enough for seedling 
establishment of riparian pioneers are usually close to 

the channel and subject to disturbance by the stream. 
Although pioneers are tolerant of burial and able to 
sprout from stems or roots, floods and ice scour typi­
cally cause high mortality of seedlings and saplings 
(Johnson 1994. Scott et al. 1996, Auble and Scott 
1998). Therefore, establishment from seed occurs only 
in locations that are moist. bare, and protected from 
future intense disturbance (Everitt L968. Bradley and 
Smith 1986, Johnson 1994). 

Reproduction via sprouts from roots or stems may 
prolong occupation of a site (Rood et al. 1994). How­
ever, in the absence of physical disturbances such as 
floods, cottonwood and willow tend to be replaced by 
more shade-tolerant plants. [n the eastern Plains, pio­
neer cottonwood and willow are replaced by a diverse 
bottomland hardwood forest (Bruner 193 L, Weaver 
1960, Johnson et al. 1976, Currier 1982). For example, 
in central Kansas, bottomland dominants include green 
ash (Fraxinus pennsylvanica Marsh.), bur oak (Quer­
cus macrocarpa Michx.), American elm (Ulmus amer­
icana L.), box elder (Acer negundo L.), and hackberry 
(Celtis occidentalis L.; Weaver 1960). Compared to 

cottonwood Jnd willow, these species are typically 
slower to disperse to new sites and are less tolerant of 
inundation, huriaL physical damage, or soils low in 
organic matter (Johnson et at. 1976. Teskey and 
Hinckley 1978). Forest di versity decreases westward 
until only pioneer species remain. Thus, in much of 
the western Great Plains, the climax nati ve bottomland 
community is not forest but shruhland or grassland 
(Hefley 1937, Lindauer 1983), and maintenance of for­
est is dependent upon physical disturbance, especially 
Roods (Friedman et a1. 1997, Auble and Scott 1998, 
Rood et al. 1998). 

Downstream Effects of Darns on C lannel Geometry 
and Forest Establishment 

Dams typically decrease downstream peak flow and 
sediment load. Many different changes in channel ge­
ometry can result. For the purposes of this regional 
analysis. we onry consider changes in planform (the 
two-dimensions of the ground surface as viewed from 
above). Vertical changes, especially channel-downcut­
ting, are discussed by Petts (1979) and Williams and 
Wolman ([984). and their effects on riparian vegeta­
tion have been documented by Snyder and Miller 
( (991) and Rood et al. (1995). In the Great Plains, the 
two most common planforrn changes downstream 
from a dam are channel-narrowing and reduction in 
channel migration rate (Osterkamp and Hedman 
1981). These two processes can have different effects 
on riparian pioneer forests. 

If a dam reduces peak flows below that necessary 
to rework the entire channel bed, then vegetation may 
become established on the bed. The newly established 
vegetation promotes deposition of cohesive fine sedi­
ment and increases resistance to erosion (Smith 1976), 
thus stabilizing the channel at a narrower width. Fur­
thermore, because sand and gravel are transported 
along the bed, a dam-related decrease in the load of 
such sediment decreases the equilibrium channel width 
necessary to transport the bedload. Because portions 
of former channel bed are bare, moist, and relatively 
safe from disturbance, they are ideal establishment 
sites for pioneer riparian vegetation. Therefore, post­
dam channel-narrowing is typically associated with a 
pulse of woody pioneer establishment. This pulse ends 
when a new equilibrium width is attained. Further pi­
oneer establishment occurs only to the extent that the 
channel is able to migrate. 

Channel migration typically promotes establishment 
of riparian pioneers by providing new bare, moist sur­
faces such as point bars suitable for seedling estab­
lishment. If a dam reduces peak flow and sediment 
load, the rates of bank erosion and bar deposition are 
typically reduced. This effect may be exacerbated by 
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effor1~ to stabllize the channel banks or by channel 
incision resulting from sediment starvation. As chan­
nel migration rate decreases, there is a concomitant 
decrease in the frequency with which new sites suit­
able for establishment are created, which ultimately 
"lows regeneration of pioneer species (Johnson et a1. 
1976. Bradley and Smith 1986, Rood ancl Mahoney 
1990. Friedman et al. 1997). After many decades, ri­
parian pioneers are replaced by more shade- tolerant 
species. 

Interaction Between Channel Morphology and Dam 
Effect 

Channel pattern strongly influences the relative im­
portance of channel-narrowing and reduction in chan­
nel migration downstream from dams. Most Great 
Plains channels can be r:haracterized as braided or me­
andering. Braided s~.·eams have steep gradient, high 
flow variability, and large sediment load dominated by 
coarse silt and sand (Osterkamp 1978). Braided chan­
nels are relatively wide and shallow because coarse 
sediment must be carried along the bed and forms 
banks that are easily eroded. For most of the year, most 
of the channel bed is not covered by water, and flow 
is contained in two to several stream branches that 
shift rapidly across the bed. In contrast, meande ring 
streams are characterized by shallow gradient, low 
flow variability, and sediment load dominated by silt 
and finer particles (Leopold and Wolman 1957, 
Schumm 1960). Meandering channels are relatively 
narrow and deep because line sediment can be carried 
throughout the water column and forms cohesive 
banks resistant to erosion. Most of the channel bed is 
under water year round. 

Channel-narrowing downstream from dams is most 
extensive along braided channels because their wide, 
aerially exposed bed provides a large area suitable for 
vegetation establishment and because the large bed­
sediment load necessary for braiding is usually re­
moved by the dam. Furthermore, because large floods 
typically destroy the non-cohesive banks of braided 
channels, they often have a poorly developed flood­
plain prior to dam construction. Therefore, forest es­
tablished along a braided channel during post-dam nar­
rowing is often more extensive than the pre-existing 
forest (Stinnett et a1. 1988, Johnson 1994, Miller et a1. 
1995) 

Channel-narrowing is least likely to be important 
along meandering channels for two reasons. First, be­
cause the width-depth ratio is small, the area made 
available for vegetation establishment during channel­
narrowing is relatively small. In fact, decreases in sed­
iment load downstream from dams often cause erosion 
and non-equilibrium channel-widening in meandering 

channels (Williams and Wolman 1984). Second, be­
cause the area occupied by the channel is typically 
small compared to that occupied by the floodplain, for­
est established during channel-narrowing is typically 
much smaller than the area of pre-existing forest es­
tablished gradually as a result of channel migration in 
the decades prior to flow regulation (Johnson et a1. 
1976). Therefore, along a meandering channel, the 
principal effecl of reductions in peak flow is not chan­
nel-narrowing but reduced rate of channel migration 
(Friedman et a1. 1997. Johnson 1998). 

In summary, the principal response of a meandering 
channel to ,ill upstream dam is reduced rates of channel 
migration and riparian pioneer establishment. In con­
trast, the principal response of a braided channel to an 
upstream dam is a burst of narrowing and riparian pi­
oneer establishment. Over the long term, narrowing 
and pioneer establishment along the formerly braided 
stream will slow as a narrower equilibrium width is 
approached. Pioneer forests will decrease, and the sub­
sequent ecologlcal succession will be similar to that in 
a formerly meandering channel (Johnson 1998). Such 
declines of pioneer species are now being observed 
along formerly braided rivers whose flow was altered 
in the 19'h century, such as the North Platte, South 
Platte, and Arkansas rivers in Wyoming and Colorado 
(Crouch 1979, Snyder and Miller 1991, Miller et al. 
1995). In some cases, the time necessary for this de­
cline \0 occur may be longer than the life of the dam. 

Physiographic and Climatic Controls on Channel 
Morphology 

Because channel morphology controls the response 
of a stream and riparian forest to an upstream dam, 
regional patterns of response to dams should be related 
to patterns in the environmental factors that control 
channel morphology. The principal factors governing 
channel morphology in the Great Plains are sediment 
supply and flow variability. Braiding is favored by a 
sediment supply rich in non-cohesive, easily trans­
ported sand and coarse silt. and poor in the clay and 
cobbles that build resistant banks; meandering is fa­
vored by sedi ment supply rich in clays (Lane 1957, 
Leopold and Wolman 1957, Schumm 1960, Osterkamp 
and Hedman 1982). Although some braided channels 
in the Plains are known to be associated with sand 
dunes (e.g., Osterkamp and Hedman 1982, Smith and 
Smith 1984), there have been no studies relating the 
overall spatial distribution of braided and meandering 
channels to surficial geology in the Great Plains. 

Four broad classes of surficial sediment deposits 
dominate the study region: glacial deposits, aeolian 
(wind) deposits, ancient fluvial deposits, and locally 
derived deposits (Hunt 1979, Figures I and 2). Be­
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Figure l. Physiographic dl visions and state names for the Grear Plains Physiographic Province and portions of the Central 
Lowlands Physiographic Province in central Unlled States (redrawn after Fenneman and Johnson (946). 

cause erodibility and panicle-size distribution vary 
among these classes, they should influence the regional 
pattern of braided and meandering streams. This inAu­
el'lCe is complicated. however. by the fact that the sed­
iment carried by a river at a given poim may be de­
rived from sources far away in the watershed. 

The glacial deposits in the northeast (Figure 2) are 
mostly ice-laid till and lake-bed sediments of Wiscon­
sin age (the most recent continental glaciation). Till is 
a poorly soned, compacted sediment including consid­
erable amounts of silt and clay; lake-bed sediments are 

also rich in clay. Meandering channels should predom­
inate on these glacial deposits for three reasons. First, 
the abundant clay builds cohesive streambanks. Sec­
ond, the compacted, poorly sorted till yields relatively 
small amounts of the sand and coarse silt that promote 
braiding. Third, the low slopes in this recently degla­
ciated region are not conducive to braiding. 

The aeolian deposits (Figure 2) are unconsolidated 
sand dunes and loess hills mostly of Wisconsin and 
post-Wisconsin age. Aeolian deposits are most abun­
dant in and near the High Plains and are dominated 
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Figure 2. Downstream effects of darns in central United States. Surficial geology is redrawn after Hunt (1979). Numbers 
refer to stream reaches described in Table 1, Red lines indicate streams that narrowed by more than 35%. Blue lines indicate 
streams whose channel migration rate was reduced. Green lines are intermediate cases as described in Table 1. 

by sediment blown out of the flood plains of the major 
rivers by winds from the west (Osterkamp et al. 1987, 
Madole 1995). Sand dunes contain little clay and 
abundant sand, a combination that produces the non­
cohesive banks and abundant bedload necessary for 
braiding, Loess hills include abundant coarse silt, 
which promotes braiding, as weB as some fine silt and 
clay, which promote meandering. 

The ancient fluvial deposits (Figure 2), including the 
Ogallala Formation, are cemented deposits of Pliocene 

age and older dominated by sand and gravel. Where 
the sands released from these deposits are abundant, 
braiding should be promoted. 

The locally derived deposits consist of relatively 
thin mantles of clay, silt, and sand derived from the 
disintegration of local sedimentary sandstone or shale. 
The abundance of clay and sand are related to the pre­
dominance of shale or sandstone in the watershed. As 
a reSUlt, both meandering and braided channels should 
occur. 
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High flow variability favors braiding by retarding 
the development of stable banks (Osterkamp 1978). 
Flow variability increases with aridity (Wolman and 
Gerson 1978). In the Great Plains, rainfall decreases 
from east to west. and evaporation increases from 
north to south (U.S. Department of Agriculture 1981). 
Therefore, climate should favor braided channels in 
the south and west and meandering channels in the 
north and east. Because ground-water discharge and 
montane snow-melt produce peak discharges of longer 
duration than rainfall, rivers dominated by these water 
sources should have low flow variability, which should 
favor meandering channels. 

Approach 

Since the response of a bottomland forest to water 
management is controlled by channel morphology, the 
regional pattern of that response should be influenced 
by the climatic and geologic factors that determine 
channel morphology. Channel-narrowing and transient 
pioneer forest expansion should be the dominant re­
sponse to upstream dams in regions where wide, shal­
low braided channels predominate; conversely, re­
duced channel migration rate and decline of pioneer 
forest should be the dominant response to dams in re­
gions where meandering channels predominate. Fur­
thermore, the regional distribution of meandering and 
braided channels should be related to surficial geology 
and flow variability. We reviewed historical studies to 
document the regional pattern of channel and forest 
change and then carried out a spatial analysis of chan­
nel geometry data in the Great Plains to relate regional 
patterns in channel width to flow variability and phys­
iography. 

METHODS 

We limited our analysis to an area of the central 
United States including the Great Plains Physiographic 
Province and two adjacent Sections of the Central 
Lowlands Physiographic Province, the Western Lakes 
Region and the Dissected Till Plains (Fenneman and 
Johnson 1946, Figure I). These boundaries take ad­
vantage of relatively abundant data in the area and 
simplify the analysis by limiting it to relatively low­
gradient channels. Rivers in this area generally flow to 
the east or southeast. The headwaters of the largest 
rivers are west of the area in the Rocky Mountains. 

We reviewed the literature on downstream effects of 
dams in the Great Plains to document regional patterns 
in the response of channels and riparian forests. We 
classified the pre-dam condition as either braided or 
meandering and characterized the downstream re­
sponse to the darn as a decrease in channel width or a 

reduction in the rate of channel migration; in some 
cases the response was characterized as intermediate. 
Because many studies include data on channel width, 
we were able to use a quantitative threshold (35% de­
crease in width) to determine whether important nar­
rowing had occurred. Because dala on channel migra­
tion are less commonly reported, we had to rely on 
the conclusions of the original authors to determine 
whether an important reduction in migration rate had 
occurred. 

To explore regional patterns in channel morphology, 
we re-examined the data of Osterkamp et a!. (1982), 
the largest data set on channel geometry of Great­
Plains streams. The authors related discharge data 
from long-term USGS gages ro channel geometry 
measured between 1976 and 1980. They avoided sta­
tions subject to extreme modification by water man­
agement. Where a gage was in an atypical location, 
such as a bridge. channel measurements were carried 
out at a more representative location nearby. Channel 
width was measured at the active channel reference 
level, which approximates the width at the mean an­
nual discharge (Osterkamp and Hedman 1982). 

We used channel width, normalized to mean annual 
discharge, as a surrogate for channel pattern. Width 
and discharge data were log-transformed to reduce 
positive skewness (Leopold and Maddock 1953, Os­
terkamp and Hedman 1981. 1982. Kolberg and How­
ard 1995). Ordinary Least Squares regression was ap­
plied to the transformed data to fit the linearized power 
function 

10g(w) = a + b*log(Q) 

where w is channel width, Q is the mean annual dis­
charge, and a and b are constants. We characterized a 
channel as wide if its measured width was more than 
20% greater than that predicted by the regression for 
a stream of the same mean annual discharge (Oster­
kamp 1978). Wide channels are assumed to be more 
likely to be braided and more susceptible to narrowing. 

We characterized flow variability in a similar way. 
For each site, we calculated the ratio of the ten-year 
flood to the mean annual discharge. We applied Or­
dinary Least Squares regression to log-transformed 
data to fit the linearized power function 

10g(QI(/Q) = c + d*log(Q) 

where QIO is the ten-year recurrence-interval flood cal­
culated by Osterkamp et al. (1982). We characterized 
flow variability as high (low) if QIJQ was higher (low­
er) than the value predicted by this regression. We su­
perimposed information about channel width, flow 
variability, and stream responses to dams on maps of 
the surficial geology and physiographic divisions of 
the United States (Fenneman and Johnson 1946, Hunt 
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1979, Wharton 1995) using Arc/Info version 7. l. L 
Geographical Information System (Environmental 
System Research Institute Inc. 1992, 1997) and a 
UNIX operating system. 

RESULTS 

We found 35 studies of channel and forest change 
downstream from dams in the study area (Table 1. Fig­
ure 2). There were eleven cases of channel-narrowing 
that exceeded 35% and thirteen cases of reduced chan­
nel migration rate. There were eleven intermediate cas­
es: one case where both channel-narrowing and re­
duced migration rate occurred; nine cases where chan­
nel-narrowing did not occur but there was no infor­
mation on migration rate; and one case where neither 
channel-narrowing nor a reduction in channel migra­
tion rate occurred. The effect of the dam was strongly 
related to the channel morphology prior to dam con­
struction. Nine of the eleven channels that narrowed 
were braided prior to dam construction, and all thirteen 
channels that experienced a reduction in migration rate 
were meandering. The one channel that experienced 
both effects, the Missouri River below Big Sioux Riv­
er, Iowa, was a formerly mobile channel with many 
islands that was intermediate between the braided and 
meandering conditions. 

There was a strong spatial pattern in the distribution 
of the two syndromes of channel change downstream 
from dams. All cases of narrowing of braided channels 
occurred south of the Nebraska-South Dakota border, 
and almost all were in or near the High Plains Region 
(Figures I, 2). All cases examined north of the High 
Plains were meandering channels that experienced a 
reduction of migration rate. East of the High Plains, 
cases of narrowing graded into intermediate cases and 
one case of reduced channel migration rate. 

Streams in the Great Plains examined by Osterkamp 
et a1. (1982) varied in mean annual discharge from 
0.004 to 1370 m'/s, varied in width from 0.76 to 350 
m, and varied in flow variability (the ten-year dis­
charge divided by the mean discharge) from 2.0 to 
5,110. These data demonstrate the well-known corre­
lations between width and mean annual discharge 
(Figure 3) and between flow variability and mean an­
nual discharge (Figure 4). Ninety-four of 286 channels 
were characterized as wide (more than 20% wider than 
predicted by the regression of width vs. discharge). 

High flow variability was only weakly associated 
with channel width. Where flow variability was high, 
53 (36%) of 147 channels were wide. Where flow var­
iability was low, 28 (24%) of 109 channels were wide. 

Flow variability was not dominated by the west-east 
gradient of increasing precipitation or the north-south 
gradient of increasing evaporation (Figure 5). The 

most important influence on Row variability seemed to 

be the water source, which acts at a more local scale. 
Flow variability was low in snow-melt dominated riv­
ers draining mountainous areas, such as the Black Hills 
of extreme western South Dakota and the westernmost 
sites in Montana and Wyoming. Flow variability was 
also low in streams dominated by ground-water dis­
charge associated with the sandhills and nearby ancient 
fluvial deposits in Nebraska. Finally, flow variability 
was low in the glaciated Western Lake Region (Figure 
I), which combines high precipitation, low evapora­
tion, low gradients. and storage of water in numerous 
lakes. 

The distribution of wide and narrow channels within 
the Great Plains was only weakly associated with the 
local sediment (Figure 6). As expected, wide channels 
were most abundant in areas dominated by aeolian 
sediment (40 of 82 channels or 49%). However, wide 
channels were not more abundant in areas dominated 
by ancient fluvial sediments (10 of 52 channels or 
19%) than in areas of glacial (14 of 52 channels or 
27%) or locally derived sediment (30 of 100 channels 
or 30%, Figure 6). Because abundant sand promotes 
braiding, the widest channels might have been ex­
pected in areas of aeolian sand. However, there were 
few channels in these areas (Figure 6), presumably be­
cause rapid infiltration of precipitation reduces surface 
runoff. 

Consistent with patterns observed in the channel 
change data set (Table I, Figure 2) wide channels were 
common in central Nebraska and the southern plains, 
and narrow channels were common in the Dakotas 
(Figure 6). However, channel width (Figure 6) showed 
some patterns that were not apparent in the channel­
change data set (Figure 2). There were wide channels 
in the loess hills of western Iowa and in both the un­
glaciated and glaciated portions of eastern Montana 
(Figure 6). There were many narrow channels in the 
margins of the Nebraska sandhills, particularly near 
the western, northern, and southern borders of the 
state. Almost all of these narrow channels had mean 
annual discharges smaller than the median (2.04 m3/s 
Figure 6); most were dominated by ground-water dis­
charge and had low flow variability (Figure 5). 

DISCUSSION 

Our analysis of channel change (Table I, Figure 2) 
shows that there is a regional pattern in the response 
of rivers to upstream dams in the Plains that is related 
to geologic and climatic factors known to influence 
channel geometry. The principal response of a braided 
channel is narrowing, and the principal response of a 
meandering channel is a reduction in the migration 
rate. Prior to water management, braided channels 

-
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Table I. Downstream effects of dams on channel geometry in the Great Plains. Number refer~ [Q a labeled reach in Figure 
2. Channel type Jndicales whether a channel was braided (B) or meandering (M) plior to flow regulalion 

Num­ Channel 
ber Stream Reach Description Type Citation 

Channel narrowing by more than 35 percent (red in figure 2) 

1 Arkansas River John Martin Dam, CO to Edwards B TomelIen 1984, Williams and Wolman 1984 
County, KS 

2 Canadian River Sanford Dam, TX [Q western Ponawa­ B Williams and Wolman 1984. Stinnett eL ai. 1988 
tomie County Line, OK 

.3 North Canadian Canton Dam to McLoud, OK B Williams and Wolman 1984 
River 

4 North Platte Rawhide Wildlife Management Area, B Williams 1978, Miller et a1. 1995 
River WY, to Lake McConaughy, NE 

5 Platte River North Platte, NE to confluence with the B Williams 1978, Johnson 1994 
Missouri River, NE 

6 Republican River Trenton Dam to McCook, NE B Williams and Wolman 1984 
7 RepUblican River Harlan County Dam to Riverton, NE B Williams and Wolman 1984 
8 South Plane Greeley, CO 10 North PlaLte, NE B Williams 1978, Johnson 1994 

River 
9 Wolf Creek Fort Supply Dam to confluence with B Williams and Wolman 1984 

the North Canadian River, OK 
to Sandstone Creek near Cheyenne, OK ? Bergman and Sullivan 1963 
11 Washita River Foss Dam to Clinton, OK M Williams and Wolman 1984 

Reduced channel migration rate (no channel narrowing; blue in figure 2) 

12 BLghorn River Boysen Dam to Big Hom Lake, WY M Akashi 1988 
13 Bow River Calgary to confluence with Highwood M S.B. Rood, pers. comm. 

River, Alberta, Canada 
l4 Brazos River Waco to Interstate 10, TX M Gillespie and Giardino 1996 
15 Cheyenne River Angostura Dam to Custer County, SD M w.e. Johnson, pers. comro. 
16 Grand River Shadehill Dam to highway 65, SD M W.e. Johnson, pers. comro. 
17 Marias River Tiber Dam to confluence with the Mis- M Rood and Mahoney 1995 

souri River, MT 
18 Milk River Fresno Dam to Havre, MT M Bradley and Smith, 1984, 1986 
19 Missouri River Canyon Ferry Dam to confluence with M M.L. Scott, pers. obs. 

the Marias River, MT 
20 Missouri River Fort Peck Dam, MT to Lake Sakaka- M Williams and Wolman 1984 

wea, ND 
21 Missouri River Garrison Dam to Lake Oahe, ND M Williams and Wolman 1984, Johnson 1992 
22 Missouri River Oahe Dam to Lake Sharpe, SD M Williams and Wolman 1984, WC. Johnson, pers. 

comm. 
23 Missouri River Fort Randall Dam to Lewis and Clark M WiJliams and Wolman 1984, W.e. Johnson, pers. 

Lake, SD comm. 
24 Missouri River Gavins Point Dam, NEJSD to conflu- M Williams and Wolman 1984, W.e. Johnson, pers. 

ence with the Big Sioux River, SDf comm. 
NElIA 

Channel narrowing by more than 35% and reduced channel migration (green in Figure 2) 

25 Missouri River Big Sioux River. SDfNEIIA to conflu- MIB Lane 1957, Funk and Robinson 1974, Hallberg et 
ence with the Mississippi, MO al. 1979 

No channel narrowing; no information on channel migration (green in Figure 2) 

26 Canadian River Eufaula Dam to confluence with Ar- ? Williams and Wolman 1984 
kansas River, OK 

27 Colorado River From Lake J. B. Thomas through Run- M Lamer et aJ. 1974 
nels County, TX 

28 Des Moines Red Rock Dam to Ottumwa, IA ? Williams and Wolman 1984 
River 

29 Neches River Town Bluff Dam to State road 1013,? Williams and Wolman 1984 
TX 
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Table t. Continued. 

Num- Channel 
ber Stream Reach Description Type Citation 

30 North Platte Guernsey Dam to 5 km downstream, .) Williams and Wolman 1984
 
RIver WY
 

31 Medicine Creek Medicine Creek Dam to 5 km down- ? Williams and Wolman 1984
 
stream, NE
 

32 Middle Loup Milburn Dam to 7.4 km downstream. B Wilhams and Wolman 1984
 
River NE
 

33 Republican River Milford Dam to 4 !un downstream, KS ? Williams and Wolman 1984
 
34 Smoky Hill River Kanopolis Dam to Chapman, KS ? WLllIams and Wolman 1984
 

No channel narrowing, and no reduced channel migration rate (green in figure 2) 

35 Red River Denison Dam to Albion, TX MIB Williams and Wolman 1984, Whitesell et a1. 
1988 

were most common in and near the High Plains, and 
meandering channels were more common elsewhere 
(Table 1, Figure 2), a conclusion that is consistent with 
observations of 60 channels in the region by Lane 
(1957). As a result, the principal response of rivers to 
upstream dams has been narrowing in the High Plains 
and reduction in migration rate in the northern and 
eastern Plains. This pattern explains apparent contra­
dictions between conclusions of studies that focused 
on single rivers or small regions (e.g., Stinnett et al. 
1988, Rood and Mahoney 1990) and provides a frame­
work for predicting effects of dams in the Great Plains 
and elsewhere. 

I 
~ 10
 
o
 
~ 

1 
10" ~~~""'''''-'~-~r-'-·~' ~,.,.,,-~~~~="-~-r-< 

10-3 10-2 10. 1 to 102 103 10' 

MEAN ANNUAL DISCHARGE (mJ/s) 

Figure 3. Active channel width as a function of mean an­
nual discbarge for Plains streams sampled by Osterkamp et 
al. (J 982). The line separates streams characterized as nar­
row from those characterized as wide (width more than 20% 
greater than predicted by the regression: log(w) = l.01 + 
0.48 * 10g(Q». 

Pleistocene Sediment Transport and Channel 
Geometry 

Prior to water development, large rivers tended to 
be braided in and near the High Plains and meandering 
in the northern and eastern Plains (Table 1, Figures I 
and 2). The abundance of braided rivers in an area 
whose surficial sediments are largely ancient fluvial 
deposits could be interpreted to mean that sand derived 
from these deposits is responsible for the braiding. 
This is true for some small streams. However, most of 
the sand in the flood plains of the larger rivers, such 
as the North Platte, South Platte, Arkansas, and Ca­
nadian, was eroded from the Rocky Mountains during 

10' 

103 

102 

10 . , 

lO-J 10.2 10" 1 10 102 10J 10' 

MEAN ANNUAL DISCHARGE (mJfs) 

Figure 4. Flow variability (lO-year flood divided by mean 
annual discharge) as a function of mean annual discharge 
for Plains streams sampled by Osterkamp et a1. (1982). The 
line is the regression 10g(Q,JQ) = 2.11 - 0.53 * 10g(Q) and 
separates streams whose flow variability is characterized as 
higb from those whose flow variability is characterized as 
low. 
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Figure 5, Flow variability and surficial geology (Hunt 
1979) of Plains streams sampled by Osterkamp et at (1982). 
Bluc triangles (red circles) are streams with flow variability 
less than or equal to (greater than) the value predicted by 
the regression between flow variability and mean annual dis­
charge (Figure 4), 

the Pleistocene (Osterkamp et a1. 1987, Madole 1995), 
For hundreds of thousands of years during the Pleis­
tocene, these rivers carried and sorted heavy loads of 
sediment. Cobbles were deposited at the base of the 
mountains, clay was transported out of the Plains, and 
sand and silt were left along the rivers and blown into 
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* Narrow: Q ~ 2.04 m3/s 

A Narrow: Q > 2.04 m3/s 

o Wide: Q ~ 2.04 m3/s 

o Wide: Q > 2.04 m3/s 

Figure 6. Channel width and surficial geology (Hunt 1979) 
of Plains streams sampled by Osterkamp et at (1982). Blue 
stars (triangles) are streams characterized as narrow, whose 
mean annual discharge is less than or equal to (greater than) 
the median for all strcams, 2.04 m'/s. Red circles (crosses) 
are streams characterized as wide, whose mean annual dis­
charge is less than or equal to (greater than) the median. 
Streams are charactcrized as wide (narrow) if their width is 
more (Icss) than 20% above the value predicted by the re­
gression between width and mean annual discharge (Figure 3). 

the aeolian deposits now common in the region (Figure 
2). The distant source of sand for rivers in the High 
Plains explains why they were typically braided up­
stream and upwind (Osterkamp et al 1987) of the an­
cient fluvial deposits (Figure 2). 

In the glaciated northern Plains, development of ex­

•
 



---

Friedman er aI., REGIONAL PATTERN IN THE EFFECTS OF DAMS 629 

tensive, well-sorted sand deposits was prevented by 
repeated incursions of continental glaciers, which re­
located ri vers and deposited poorly sorted glacial t: ll. 
Along most of the rivers in this region. the smaller 
quantity of sand, presence of cobbles and clay, and 
low flow variability (Figure 5) limit the occurrence of 
braiding. 

In the Unglaciated Missouri Plateau (Figure I), the 
relative scarcity of aeolian deposits and braided chan­
nels suggests that the large rivers such as the Yellow­
stone and Missouri were competent enough to trans­
port most sand and silt out of the region. This may 
have prevented the development of broad sandy val­
leys and aeolian deposits that characterize the major 
rivers of the High Plains. 

Differences Between the Data Sets 

The channel-geometry data set (Figure 6) does not 
show the clear regional pattern demonstrated by the 
channel-change data set (Figure 2) for several reasons. 
First, the channel-geometry data set (Osterkamp et al. 
1982, Figure 6) includes streams whose mean annual 
discharges range over five orders of magnitude (Figure 
3). Where the influence of environment on channel 
morphology is scale-dependent. small streams may 
show a different spatial pattern from large streams. 
This source of variability is absent from the channel­
change data set (Figure 2) because it is almost entirely 
limited to large streams. 

For example, streams with watersheds in sandy ar­
eas of the High Plains in Nebraska have an abundalll 
supply of bed material, which should promote a wide, 
braided channel (Figure 6). On the other hand, infil­
tration of rain in these sandy watersheds is so rapid 
that runoff is minimal, streamflow is dominated by 
ground-water discharge, and flow variability is low 
(Figure 5, Osterkamp and Hedman 1982), which 
should promote a narrow channel. In the large streams 
(mean annual discharge above the median), the effect 
of abundant bedload predominates and channels are 
wide and braided (Figure 6). In the smaller streams, 
the effect of low flow variability predominates, and 
channels are narrow (Figure 6, Osterkamp and Hed­
man 1982). Because the channel-change data set (Fig­
ure 2) is dominated by large rivers, it shows in Ne­
braska mostly rivers that were braided prior to water 
management. 

A second factor obscuring regional pattern in the 
. channel-geometry data set is the late date of sampling, 

1976-1980, which followed construction of most dams 
in the Plains. Therefore, patterns of channel width due 
to geologic and climatic factors are confounded with 
patterns in channel width caused by flow regulation 
and land management. Water development has been 

more intense in the southern Plains than in the nOl1h­
ern Plains (Hitt 1984), a factor that has reduced the 
regional contrast in channel width. 

A third \..,mtrast bctween the data sets is a difference 
in sampling bias. Whereas analyses of downstream ef­
fects of dams (Table L, Figure 2) have tended to grav­
itate toward the ex.treme or archetypal cases, Oster­
kamp et al. (1982) avoided such ri vers because of their 
interest in relatively undisturbed channels. For exam­
ple, there are no samples in the data set of Osterkamp 
et a1. (1982) from the regulated North Platte and Ar­
kansas rivers. 

A fourth factor is the use of the width-discharge 
relation as an indicator of susceptibility to narrowing. 
Several factors can influence channel width without 
affecting the susceptibility to narrowing. For example, 
because of ice scour, channels in Alberta tend to be 
larger for their discharge than channels in the United 
States (Smith 1979). This greater width does not make 
Canadian channels more susceptible to narrowing 
downstream from dams unless the dams are operated 
to reduce ice effects. In addition, as gradient decreases, 
velocities decrease and channel width increases; the 
reSUlting large width of some very low-gradient chan­
nels does not render them more susceptible to narrow­
ing. 

Although the channel-change data set indicates that 
narrowing of braided channels was essentially limited 
to the vicinity of the High Plains (Figure 2), there were 
wide channels in the loess hills of western Iowa and 
in both the unglaciated and glaciated portions of east­
ern Montana (Figure 6). The differences between Fig­
ures 2 and 6 in western Iowa result in part because no 
large dams have been built in the region (Hitt I984). 
Thus, although braided channels occur, the absence of 
major dam construction means that there has been little 
opportunity for downstream channel-narrowing. In ad­
dition, soil loss resulting from intensive cultivation of 
steep slopes apparently increased bed sediment loads 
in these streams prior to collection of channel-geom­
etry data (U.S. Department of Agriculture 1981, Os­
terkamp et al. 1982). Some of these channels appear 
to be near a transition between braided and meander­
ing conditions. High regional slopes and high flow var­
iability favor braiding in these streams. They also have 
an abundant source of coarse silt, which is transported 
largely as bedload but is cohesive enough to stand in 
vertical banks. Channel-widening related to increased 
erosion from agricultural lands was common in the 
eastern plains in the early 1900s, although this wid­
ening has been reversed by soil conservation practices 
in many cases (Knox 1977, Johnson et a1. 1980, Trim­
ble and Lund 1982, Magilligan 1985). 

In eastern Montana, several wide channels are pres­
ent (Figure 6) even though the only reported response 
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to darn construction in the area has been reduced mi­
gration of meandering channels (Figure 2). The chan­
nel-morphology data of Lane (1957) confirm that 
strongly braided channels are uncommon in this area, 
which is consistent with the lack of large aeolian de­
posits (Figure 2). The streams in this area that have 
the greatest tendency toward braided conditions are 
those with high flow variability whose watersheds con­
tain loosely consolidated sandstones that provide abun­
dant bedload. Examples include the Powder, Tongue, 
Yellowstone, and possibly Bighorn rivers (Hunt 1979). 
The::;e rivers often develop multiple channels; however, 
the channels are fewer and shift less rapidly than the 
classic braided channels of the High Plains; in addi­
tion, the channels often migrate across a broad forested 
bottomland. A darn on such a river would be expected 
to lead to both a reduction in channel migration rate 
and a significant burst of narrowing. The channel­
change data set (Figure 2) includes only one example 
from these four rivers: Boysen Dam on the Bighorn 
River has reduced channel migration rate and caused 
moderate narrowing of less than 35% of the original 
channel width (Table 1; Akashi 1988). 

Any coarse-scale analysis of pattern requires sim­
plifying assumptions. Understanding the limitations of 
those assumptions is important in interpreting and gen­
eralizing the results. A central assumption of our anal­
ysis is that Great-Plains channels all fall along the 
braided-meandering continuum. Although most chan­
nels in the region can be characterized as braided or 
meandering. some cannot (Schumm 1977, Nanson and 
Croke 1992). An important class of exceptions is rel­
atively narrow channels that migrate little because they 
are constrained by bedrock or sediment particles too 
coarse to be easily moved by the stream. This class of 
channels dominates mountainous areas; such channels 
are less numerous in the plains but include important 
examples such as incised channels within the Llano 
Estacado of New Mexico and Texas and montane 
channels in the Black Hills of South Dakota. Because 
width of constrained channels can be influenced more 
by degree of confinement than by sediment supply or 
flow variability, such channels are not adequately ac­
counted for by our characterization based on width 
(Figure 6). Along constrained channels, a reduction in 
peak flows may have little effect on width or migration 
rate; however, riparian pioneer forests may still be af­
fected. For example, along a constrained section of the 
Missouri River flowing through the Missouri Breaks 
in Choteau, Fergus, and Blaine counties, Montana, ri­
parian pioneers occur only in a discontinuous narrow 
band along the channel and usually become estab­
lished following large floods that deposit bare moist 
sediment at positions high enough on the bank to avoid 
subsequent scouring by ice jams and floods (Scott et 

al. 1997, Auble and Scott 1998). Scott et at. (1997, 
have argued that maintenance of the present forest de­
pends upon maintaining the magnitude of peak flows 
with a recurrence interval of 9 years or greater. 

Factors Influencing Forest Abundance 

Channel-narrowing as a result of water management 
has led to expansion of pioneer riparian forests in the 
southwestern Plains where braided channels were for­
merly common. On the other hand, in the northern and 
eastern Plains, losses of bOltomland forest due to land­
clearing and other factors have been greater than any 
gains from channel-narrowing. In the remaining for­
ests, pioneer species are being replaced by smaller, 
shade-tolerant species (Friedman et al. 1997). 

Several factors other than dams have greatly influ­
enced regional abundance of forest in the Great Plains 
since settlement. Shrubs and trees have been planted 
on uplands to reduce wind erosion in agricultural and 
residential areas (Read 1958). Large areas of bottom­
land forest in the Great Plains have been cleared for 
agriculture, mostly along formerly meandering chan­
nels in the northern and eastern Plains (Bragg and 
Tatschl 1977, Friedman et al. 1997). Ground-water 
pumping has been associated with decreased stream­
flows and tree mortality along many Great Plains 
streams (Jordan 1982, Kromm and White 1992). Re­
ductions in fire frequency beginning around the time 
of settlement in the mid-1800s allowed westward ad­
vancement of trees (Bruner 1931). Floods, droughts, 
and intrinsic processes of channel change have caused 
extensi ve changes in channel geometry and riparian 
forests (Albertson and Weaver 1945, Schumm and 
Lichty 1963, Friedman et al. 1996, 1997). Reservoir 
construction has probably inundated more than 5% of 
the length of major streams in the United States (Brin­
son et a1. 1981) and eliminated many bottomland for­
ests associated with those streams (Anderson 1971); 
however, as reservoirs fill with sediment, some new 
land suitable for tree establishment i::; created. 

Ecosystem Effects 

Riparian forests are important animal habitat in 
landscapes that contain few other trees. In the Great 
Plains, the proportion of vertebrates found mostly in 
riparian areas is far greater than the proportional rep­
resentation of these areas in the landscape (Brinson et 
a1. 1981); therefore, the regional pattern in the effect 
of dams on downstream forests has implications for 
related plant and animal communities in the Plains. 
The balance among the many factors influencing forest 
change varies from region to region within the Plains. 
For example, in eastern Colorado, trees were so scarce 
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prior to settlement that explorers traveling the conidor 
of the South Plane River typically had to burn bison 
dung for fuel (Fremont 1988). Flow regulation along 
the South Platte and Arkansas rivers led to develop­
ment of continuous riparian forests along these for­
merly braided channels (Williams 1978, Johnson 1994, 
Figure 2). Along many of the smaller streams includ­
ing the Arikaree and Republican rivers and Bijou and 
Kiowa creeks, extreme floods in 1935 and 1965 led to 
channel-widening and then post-flood nan-owing and 
forest development, greatly increasing the area of for­
est (Friedman et a1. 1997). Finally, settlement of the 
area included extensi ve tree-planting in shelterbells 
and near homesites. These increases in forest have 
greatly changed the fauna of the region. Almost 90% 
of the 82 breeding bird species predictably present 
each spring on the steppe of eastern Colorado were 
not present in 1900 (Knopf 1986). The new species 
are typically habitat generalists of forest edges that 
have expanded into the Plains as forests have expand­
ed (Finch 1989). Many animals specializing in grass­
lands are in decline, in part because they are suscep­
tible to predation and competition from animals that 
use trees (Knopf 1992, Burger et al. 1994). 

Increases in forest species in eastern Colorado are 
contrasted by decreases in much of South Dakota. Pri­
or to settlement, the meandering Missouri River in 
South Dakota supported broad, continuous riparian 
forests. Most of these forests have been removed as a 
result of land-clearing and inundation by reservoirs, 
and pioneer species on the remaining flood-plain forest 
have decreased as a result of reduced channel migra­
tion (Johnson et al. 1976). These forest declines have 
been only partially offset by tree-planting on uplands, 
and decreases in some forest vertebrates have resulted 
(Anderson 1971, Brinson et a1. 1981). 

The processes of channel change and forest devel­
opment are ongoing. The burst of channel-narrowing 
and tree establishment following dam construction 
along formerly braided streams is completed after sev­
eral decades when the channel approaches a new nar­
rower equilibrium width (Johnson 1998). Over time, 
the riparian pioneers are replaced by grasses or shade­
tolerant trees. Thus, over the long term, the response 

'of formerly braided channels to upstream dams ap­
proaches that of foonerly meandering channels. Con­
struction of dams in the United States has decreased 
since the 1970s. In the next several decades, the pio­
neer forests established downstream from dams in the 
High Plains will experience a decrease in regeneration 
as channel-nanowing slows. The inevitable decline of 
these forests will be exacerbated by continuing draw­
down of the High Plains aquifer (Luckey et at. 1988). 
These changes in the forest can be expected to influ­

ence populations of many other organisms In the re­
gion. 

ACKNOWLEDGMENTS 

We thank P Shafroth. J. Roelle, C. Trettin, and two 
anonymous referees for constructive reviews. Victor 
Lee can'ied out most of the data analysis. W. C. John­
son and S. Rood provided valuable information about 
the response of specific rivers to dams. This manu­
script was prepared by employees of the U.S. Depart­
ment of Interior, U.S. Geological Survey and, there­
fore, may not be copyrighted. 

LITERATURE CITED 

Aka,hi. Y. 1988. Riparian vegetation dynamics along the Bighorn 
R,ver. Wyonling. Masters TheSIS. University of Wyoming. Lara· 
mie. WY, USA. 

Alber1>on. F w. and J. E. Weaver. 1945. Injury and death or recov­
ery of trees in praIrie climate Ewlogical Monographs t5:395­
4JJ 

Anderson, B. W 1971. Man's Influence on hybridization in two avi­
an species In South Dakota. Condor 73:342-347. 

Auble. G. T and M. L. Scott. 1998. Fluvial disturbance patches and 
cottonwood recruitment along the upper Missouri River. Montana. 
Wetlands 18:546-·556. 

Bergman. D Land C. W. Sullivan. 1963. Channet ehanges on Sand­
stone Creek near Cheyenne. Oklahoma. U.S. Geological Survey 
Professional Paper 475·C. 

Bradley. C. E. and D. G. Smith. 1984. Meandering channel response 
to altered flow regime: Mtlk RI ver. Alberta and Montana. Water 
Re~ources Re~earch 20'1913-1920. 

Bradley. C. E. and D. G. Slnlth. 1986. Plains cOllonwood recruit­
ment and survival on a prairie meandering river floodplain. Milk 
River. southern Alberta and northern Montana. Canadian Journal 
of Botany 64: 1433-1442 

Bragg, T Band A. K Tatschl 1977. Changes in flood-plain veg· 
etall0n and land use along the Missouri Ri ver frorl) 1826 to 1972. 
Environmental Management 1:343-348. 

Brinson. M. M.. B. L. Swift. R. C. Plamico. and J. S. Barclay. 1981. 
Riparian ecosystems: their ecology and status. U.S. Fish and Wild­
life Service Biological Services Program. Washington, DC, USA. 
FWS/OBS-81117. 

Brock. J. H. 1994. Tamant spp. (Salt Cedar). an invasive exotic 
woody plant In arid and semi·arid riparian habitats of western 
USA. p. 27-44. In L C. de Waal. L. E. Child. P M. Wade, and 
J. H. Brock (eds.) EcoJogy and Management of Invasive Riverside 
Plants. John Wiley and Sons, Ltd .. New York, NY. USA. 

Bruner, W. E. 193 J. The vegetation of Oklahoma. Ecological Mono­
graphs I :99-188. 

Burger, L. D.. L. W. Burger. Jr., and J. Faaborg. 1994. Effects of 
prairie fragmentation on predation on anificial nests. Journal of 
Wildlife Management 58:249-254. 

Church, M. 1995. Geomorphie response to river flow regulation: 
ease studies and time-scaJe Regulated Rivers: Research and Man­
agement 11 :3··-22. 

Crouch. G. L. 1979. Long·term changes In eOllonwoods on a grazed 
and an ungrazed plains bOllomJand in northeastern Colorado. U.S. 
Foresl Service. Rocky Mountain Forest and Range Experiment 
Station. Fort Collins. CO. USA. Research Not.e RM-370. 

Currier. P. J. 1982. The floodplain vegetation of the Plalle River: 
phylOsociology. forest development. and seedling establishment. 
Ph.D. Dissenation. Iowa State Umversity, Ames, lA, USA. 

DynesLUS.	 M. and C. Nilsson. 1994. Fragmentation and flow regu­
lation of nver systems in the nonhern third of (he world. Science 
266:753-762. 



WETLANDS, Volume 18, No.4, 1998632 

lOnvlronmental Syslem Resear.:h lnstltutc. Ine. 1'1<)2. ArcUSA I :2M. 
CD-ROM. EnvIronmental System Research lnSllnllc. Inc. Red· 
lands. CA. USA. 

EnvIronmental System R,'search Institnte, Inc. 1997. Arc/Info ver­
>Ion 7.1.1. Envlronmcmal Systcm Research ln~tllute. Ine. Red­
land;,. CA. USA. 

Everitt. B. L. 1968 Use of the cotlonwood in an onvesligalion of 
the recent hIstory of a flood plain. Amencan Journal of Science 
266:417 -439. 

Fenneman. N, M. and D W. Johnson. 1946 PhY~lcal dlvi~lons of 
the Untied States. l\-Iap. 1:7.000.000. US GeologIcal Survey 
WashIngton, DC. USA. Physiographic divisions of the comermi­
nous Cnited States Onhne htlp:l/nsdi.n'igs.gov/nsdi/wais/walerl 
physio.HTML. 18 June 1997. 

Finch, D. M. 1989. Habitat usc and habilat overlap of riparian hirds 
in Three elevational zone,. Ecology 70:866-880. 

Fremont, J. C. 1988. The Explonng Expedition to the Rocky Moun­
tains. Smithsonian Institute Press. WashingTon, DC. USA. 

Friedman. J. M .. w. R. Osterkamp. and W. M. Lew", Jr 1996. 
Channel narrowing and vegetalion developmem follOWIng a 
Great-PlaIns flood. Ecology 77:2167-2181. 

Friedman. J. M .. M. L. Scotl. and G. T. Auble. 1997. Water man­
agement and coltonwood forest dynamics along praine streams. 
p. 49-71. In F J. Knopf and F. B. Samson (eds.) Ecology and 
Conservation of Greal Plains Vertebrates. Springer-Verlag. New 
York, NY. USA. 

Friedman, J. M., M. L SCOll, and W. M. Lewis, Jr. 1995 Restoration 
of nparian forest using irrigation, artificial disturbance. and natural 
seedfall. Environmental Managemem 19:547-557. 

Funk, J. L. and J, W. Robinson. 1974. Changes In the channel of 
lhe lower Missouri River and effects on fish and wlldhfe. Missoun 
Department of Conservalion Aqualic Senes No. II. Jefferson 
Cny, MO. USA. 

Gillespie, B. M, and J, R. Giardino. 1996. DetenninJng the migra· 
tory actIvity index for a river: an example from the Brazo, River, 
Texas. Zeitschrift fur Geomorphologle 40:417-428. 

Great Plains Flora Associalion. 1986. Flora of the Great Plains. UnJ~ 

versily Press of Kansas, Lawrence, KS. USA. 
Hallberg, G. R.. J. M. Harbaugh, and P. M. WitnJok. 1979. Change, 

in the channel area of the Missouri River in Iowa, t879-1976, 
Iowa Geological Survey, Iowa City, lA, USA, Special Report Se­
nes No, l. 

Hefley. H. M. 1937, Ecological studies on the Canadian River flood­
plain in Cleveland County, Oklahoma, ECOlogical Monographs 7: 
345-402. 

Hirt,	 K. 1984. Surface-water and related-land resources de ....elupment 
in the United States and Puerto Rico. Map. 1:3,168,000 scale. U, 
S. Geological Survey, Reston, VA, USA. 

Horton. J. S., F. C. Mounts, and J. M. Kraft. 1960. Seed germination 
and seedling esrabJishmem of phreatophyte species. U,S, Forest 
Service. Rocky Mountain Forest and Range Experiment StatIon, 
Fort Collins, CO. USA. Paper No. 48. 

HUn!. C. B. 1979. Surficial Geology. Map, I :7,500,000 scale, Na· 
tional Atlas of the United States of America, U.S. Geological Sur­
vey. Reston, VA, USA. 

Johnson, W. C. 1992. Dams and riparian forests: case study from 
the upper Missouri River. Rivers 3:229-242. 

Johnson. W. C. 1994. Woodland expansion 111 the Plalte RIver, Ne­
braska: patterns and causes. Ecological Monographs 64:45-84. 

Johnson. W. C. 1998. Adjustment of riparian vegetaTion to nver 
regulation in [he Great Plains, USA, Wetlands 18:608-618. 

Johnson, W. C .. R. L. Burgess, and W. R. Keammerer. 1976. Forest 
overstory ....egeration and environment on the Missouri Rivcr 
floodplain in North Dakota. Ecological Monographs 46:59-84. 

Johnson. W. C.. H. D, Cantwell, and T A. Dean. 1980. The impaer 
of agricultural settlement on Canadlan Sandy Creek, Ok~ahoma. 

Proceedlngs of the Oklahoma Academy of Sciences 60:82-88. 
Jordan, P. R. 1982. Rainfall-runoff relations and expected streamflow 

in western Kansas. Kansas Wat.er Office, Topeka, KS. USA. Bul­
letin Number 25. 

Knopf, F	 L. 1986. Changing landscapes and the cosmopolltism of 
the eastern Colorado avifauna. Wildlife Society Bullerin 14: 132­
142. 

hnopf. F L 1992 Faunal miXIng. faunal mtegrity, ,lnd the blOpo, 
\llIe,,1 tcmplate ror dIversity conscrvallon. Tran,aellon, of thL' 
North American Wildlife and Naruml Resources Confo::rence 57: 
330-.H2. 

Kno.',.J C 1977. Human Impacts on Wisconsin ,trcam channel<; 
Annals of the Assoclacion of American Geographer~ 67'323-342, 

Kolherg. F. J. and A. D. Howard. 1995. Active ehannel geometry 
and dIscharge relations of U.S. piedmont and mjdweslern streams: 
the "anable exponent model revi,ited. Water Rc,ources Research 
_~ I :2.153-2365 

Kromm. D. E, and S. E. While. 1992. Groundwater problems. p 
44 -63, In D. E. Kromm and S. E. White (eds ) Gronndwater Ex­
ploitation In the High Plains. Umversity of Kansas Press. 
Lawrenee. KS, USA 

Lane. E. W. 1957. A study of the shape of channels formed by 
natural streams flowing ln erodible material. U.S Army Engmeer 
DIvision. Missouri River, Corps of Engineers, Omaha, NE, USA. 
M R, D. Sediment Series No.9, 

Lamer. D. C" R. M. Marshall, A. E. Pfluger, and S. C. Bnrnitt. 1974. 
Woody phreatophytes along the Colorado River from southeast 
Runnels County to the headwaters in Borden Connty. Texas. Texa, 
Water Development Board, Austin, TX, USA. Report 182. 

Leopold, L. B. and T. Maddock, Jr. 1953, The hydraulic geometry 
of ,tream channels and some physiographic implications. U.S. 
Geological Survey Professional Paper 252, 

Leopold. L. B. and M. G. Wolman. 1957. River channel patterns: 
braided, meandering and straight. U.S. Geological Survey Profes­
"onal Paper 282-B. 

Lindauer, l. E. 1983, A comparison of the plant communities of lhe 
South Platte and Arkansas River drainages in eastern Colorado 
Southwestern Naturalist 28:249-259. 

Luckey. R R., E. D. Gutenlag, F. J. Heimes, and J. B. Weeks, 1988, 
Effects of future ground-water pumpage on the High Plains AqUi­
fer in pans of Colorado. Kansas, Nebraska, New Mexico. 
Oklahoma. South Dakola, Texas. and Wyoming. U.S. GeologIcal 
Sur....ey Professional Paper 1400-E. 

Madole. R. F. 1995. Spatial and temporal parterns of late Quaternary 
eolian deposition, eastern Colorado, U.S,A. Quaternary SCience 
Review;, 14:155-177. 

Magilllgan. F J. 1985. Historical floodplain sedimentation in the 
Galena River Basin. Wiseonsin and Illinois. Annals of the Asso­
CIation of American Geographers 75:583-594. 

\11I1er, J. R., T T. Schulz, N. T Hobbs, K. R, Wilson, D. L. Schrupp, 
and W. L. Baker. 1995. Changes in the landscape structure of a 
southeastern Wyoming riparian zone following shifts in STream 
dynamics. Biological Conservation 72:37l-379. 

Mo~" E. H. 1938. tongeviry of seed and establishment of seedlings 
in species of Populr,s. Botanical Gazette 99:.529-542. 

Nanson, G. C. and 1. C. Croke. 1992. A genetic classification of 
floodplains. Geomorphology 4:459-486. 

Osterkamp, W. R. 1978. Gradient, discharge. and particle-size rela­
tions of allUVial channels in Kansas, with observations on braid­
ing. Amenean Joumal of Science 278: 1253-1268. 

Osrerkamp. W. R., M. M. Fenton, T. C. Gustavson, R. F Hadley, V. 
T HollIday, R, B. Morrison, and T. J. Toy. 1987. Great Plains. p. 
163-210. In W. L. Graf (ed.) Geomorphic Systems of North 
America. Geologieal Society of America. Boulder, CO, USA, 
Centennial Special Volume 2. 

Osterkamp. W. R. and E, R. Hedman. 1981. Channel geometry of 
regulated streams in Kansas as related Lo mean discharge, 1970­
19-80. Kansas Water Office. Topeka. KS. USA. TechniZal Report 
No 15. 

Osterkamp, W R. and E. R. Hedman. 1982. Perennial-streamflow 
<:haracteristics related to channel geometry and sediment in Mis­
souri River Basin. U.S. Geological Survey Professional Paper 
1242. 

Ost.erkamp, W. R., E. R. Hedman, and A. G. Wiseman. 1982. Ge~ 

ometry. basin-characteristic, discharge, and particle-size dat.a from 
gaged stream-{;hannel sites. western United States. U.S. Geologi­
cal Survey Hydrologic Data Open-File Report 82-93. 

Pells. G. E. 1979. Complex response of river channel morphology 
~ubsequent to reservoir construction. Progress in Physical Geog­
raphy 3:329-362. 

•
 



633 Friedman el al., REGIONAL PATTERN IN THE EFFECTS OF DAMS 

Read. R A 1958. The Great Plain, 'hdterbclts in 1954. Great PI,lIn, 
Agnculrural Council. Lincoln. NE. USA. Publication No. 16 

Rood. S. B., C. Hillman. T Sanche. and J. M. Mahoney 1994. 
Clonal reproduction of ripanan cottonwoods in southern Alberta. 
Canadian Journal of BOUlny 72: 1766-1770. 

Rood. S B.. A. R. Kalischnk, and J. M. Mahoney. 1998 Initial 
cOllonwood seedling recruitmeOl following rhe flood of the cen­
rury of the Oldman River. Alberta. Canada. Werlands 18'557-570. 

Rood. S. B. and J. M. Mahoney. 1990 Collapse of riparian poplar 
forests downsrream from dams in western prairies: Probable caus­
es and prospects for mitigation. Environmental Managemem 14: 
451-464. 

Rood, S. B. and J. M. Mahoney. 1995. River damming and nparIan 
cottonwoods along the Marias River, Montana. Rivers 5'195-207. 

Rood, S. B.. J. M. Mahoney. D. E. Reid. and L. Zilm. 1995. [nSlream 
flows and the decline of riparian cottonwoods along the SI. Mary 
River, Alberta. Canadian Journal of Borany 73:1250-1260. 

Schumm. S. A. 1960. The shape of alluvial channels In relation to 
sedlment Iype. U.S. Geological Survey Professional Paper 352-B. 

Schnmm. S. A. 1977. The Ruvlal Sysrem. Wiley-Imerscience. New 
York. NY. USA. 

Schumm, S. A. and R. W. Lichty. 1963. Channel widening and 
floodplain construction along Cimarron River in southwestern 
Kansas. U.S. Geological Survey Professional Paper 352-D. 

Scott, M. L., G, T Auble. and 1. M. Friedman. 1997. Flood depen­
dency of cottonwood establishment along the Missouri River. 
Montana, USA. Ecological Applications 7:677·-690. 

SCOtt M. L., J. M_ Friedman. and G. T Auble, 1996. Fluvial process 
and the establishment of bottomland trees. Geomorphology 14: 
327-339. 

Scott, M. L.. M. A. Wondzell. and G. T Auble. 1993. Hydrograph 
characteristics relevant to the eStablishment and growth of western 
riparian vegetation. p. 237-246. In H. J. Morel-Seytoux (ed.) Pro­
ceedings of the 13th Annual American Geophysical Umon Hy­
drology Days. Hydrology Days Publications, Atherton, CA, USA. 

Segelquist. C. A., M. L. SCott, and G. T Auble. 1993. Establishment 
of Populus delloides undcr simulated alluvial groundwater de· 
clines. American Midland Naturalist 130:274-285. 

Smith. D. G. 1976. Effect of vegetation on lateral migranon of anas­
tomosed channels of a glacial meltwater river. Geological Society 
of America Bulletin 87:857-860. 

Smith. D, G. 1979. Effects of channel enlargement by river ice pro­
ccsses on bankfull discharge 10 Alberta, Canada. Water Resources 
Research 15:469-475, 

Smilh. N. D. and D. G. Smith. 1984. William River: an outstandIng 
example of channel widening and braiding caused by bed-load 
addition. Geology 12:78-82. 

Snyder. W. D. and G. C. Miller. 1991. Changes in plains cOlton­

'...-_.._---------_._-----­

woods along thc Arkansas and South Plane [lVers--eastcrn Col­
orado. Praine Naturalist 23: 165-176 

Stanford. J. A.. J. V. Ward, W. J .• LIS;. C. A. Fnssell, R. N. Wililams, 
J. A. LichalOwich. and C. C. Coutant. 1996. A general protocol 
for resloration of regulated rivers. Rcgulated Rivers: Research and 
Management 12:391-413. 

Stinnell.	 D. P. R. W. Smith. and S. W. Conrady. 1988 Riparian 
areas of western Oklahoma: a case study of (hc Canadlan RIver. 
p. 22-29. In P J. Stuber (coord.) Proceedings of the Nallonal 
Symposllltn on Prmection of Wetlands from Agricultural Impacts. 
U.S. Fish and Wildlife Service. Washington. DC. USA Blologlcal 
Repon 88( 16). 

Teske). R {\ ar.d T. M. Hinckley. I\I io. i'Il(J<td of wmer Icvel 
changes on woody riparian and wetland c.:ommUOllles; Vol. VI: 
Plains grassland region. U.S. Fish and Wildlife Service, Biological 
Services Program. Washington. DC, USA. FWS/OBS-78/89. 

Tomelleri. J. R. 1984. Dynamics of the woody vegetation along the 
Arkansas River in western Kansas. 1870-1983. Master~ TheSIS. 
Fort Hays State University. Hays. KS. USA. 

Trimble. S. W. and S. W. Lund. 1982. Soil conservation and the 
reduction of erosion and sedimentation in the Coon Creek Basin. 
WisconSIn. U.S. Geological Snrvey Professional Paper 1234. 

United Stales Department of AgncullUre. 1981. Soil. watcr. and re­
lated resourees in the United States: sratus, condition, and trcnds. 
1980 Appraisal. Part l. U.S. Departmcnt of Agriculture, Washing­
ton DC. USA. 

Ware. G. H, and W. T. Penfound. 1949. The vegetarion of the lower 
levels of the floodplain of the South Canadian River In ccntral 
Oklahoma. Ecology 30:478-484. 

Weaver. J. E. 1960. Flood plain vegetation of the central Missouri 
valley and contacts of woodland with prairie. Ecological Mono­
graphs 30:37-64. 

Wharton. G. 1995. The channel-geometry method: guidelines and 
applications. Earth Surface Processes and Landfomls 20:649-660. 

White. P S. 1979. Pattern. proeess, and natural disturbance in veg­
etation. Botanical Review 45:229-299 

Whitesell, B. L.. J. D. Vitek. and D. R. Butler. 1988. Changes in 
the planform of the Red River, McCurtain COUnty. Oklahoma. 
1938-84. Oklahoma Geology Notes 48:196-211. 

Williams. G. P_ 1978. The case of the shrinking channels-the North 
Platte and Platte rivers in Nebraska. U.S. Geological Survey Cir­
cular 781. 

Williams, G. P. and M. G. Wolman. 1984. Downstream effects of 
dams on alluvial rivers, U,S. GeologIcal Survey Professional Pa­
per 1286. 

Wolman,	 M. G. and R. Gerson. 1978. Relative scales of time and 
effectiveness of climate in watershed geomorphology. Earth Sur­
face Processes 3:189-208. 

Manuscript received 20 March 1998; revision received 7 September 
1998; accepted 28 September 1998. 


