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Abstract: We characterized changes in stream morphology and riparian vegetation cover at eight field sites 
in tributary basins of the upper Arkansas River, Colorado, USA. Three of these sites have experienced flow 
augmentation, while five others are responding to natm-al flow conditions. Data analyzed for the eight field 
sites included hydrologic data from U.S. Geological Survey gaging stations, extensive field surveys of 
riparian vegetation and channel and tloodplain morphology, and land-cover maps colnpiled from historic 
aerial photographs of field sites. Hydrologic analyses indicated that augmented peak annual floods in the 
Lake Creek basin are more than double those of Clear Creek or Cottonwood Creek, similar tributaries where 
flow augmentation does not occur. Likewise, augmented peak floods on Lake Fork are roughly double those 
of a similar tributary basin with a natural flow regime. Flow duration curves from these basins also indicated 
that flows of a given magnitude are sustained over longer periods of time in the Lake Creek and Lake Fork 
basins than in comparable basins lacking flow augmentation. Historic changes in the channel pattern at 
augmented sites indicated a shift from highly sinuous meandering channels to less sinuous or braided chan- 
nels. Data from field sites also indicated that along augmented reaches, bankfull channel width and width- 
depth ratios are greater than in comparable sections that lack flow augmentation. Similarly, substrate size on 
depositional bars at augmented sites is substantially coarser than on streams without flow augmentation. 
Median particle size for the three sites along augmented reaches ranges from 38 to 56 ram. By contrast, 
siles where natural flows occur have median particle sizes between 15 and 26 mm. Historic aerial photograph 
analysis indicated that over the last 56 years, loss of riparian vegetation cover at sites where flow augmen- 
tation occurs was greater than that at sites where natural flows occur. Bottomland areas immediately adjacent 
to the active channel have experienced up to a 10% decrease in riparian vegetation cover at sites affected 
by augmented flows. These losses primarily occur along channel margins, with commensurate increases in 
exposed depositional bars and active channel features. By contrast, along reaches where natural flows occur, 
riparian vegetation cover generally shows a net increase or decrease of less than 2% of the bottomland area. 
Substantial change in channel and floodplain morphology suggests that augmented streams in the upper 
Arkansas River basin are continuing to adjust their shape and channel dimensions to achieve a new equilib- 
rium. The complex response of mountain streams to flow augmentation over a relatively short geologic time 
period makes the prediction of future long-term conditions difticult. Restoration planners working in this or 
similar watersheds must recognize the historic and potential future impacts of flow augmentation when 
evaluating sites for restoration efforts. 
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I N T R O D U C T I O N  

Throughout  the semi-ar id  West, heal thy and produc- 
t ive natural  env i ronmen t s  require r iparian ecosystems 
that form an impor tant  interface between upland and 
aquat ic  ecosystems,  A r iparian corr idor most  of ten 
forms a conspicuous ,  narrow r ibbon that is character-  

ized by dis t inct ive  vegetat ion,  soil, and f requency  of 
f looding (Coward in  et al. 1979). 

Wi th in  the r ipar ian corridor, dynamic  interact ions 
a mong  geomorphic  processes,  landforms,  and vegeta- 
t ion occur on many  spatiM and temporal  scales (Greg- 
ory  et al. 1991). Unti l  recently,  the re la t ionship be- 
tween spatial and temporal  patterns of  r ipar ian vege- 
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tation, floodplain topography, and stream channel 
forms received only limited consideration. Hupp and 
Osterkamp (1985) suggested that patterns of  woody 
riparian vegetation may be associated with observable 
fluvial landforms. These fluvial landforms include de- 
positional bars, floodplains, and terraces and are usu- 
ally distinguished by distinct topographic levels above 
the stream channel. Frequency and duration of flood- 
ing, timing of  inundation, and aggradation and deg- 
radation shape fluvial landforms (Hupp 1988) and 
thereby determine the plant communities capable of  
establishment and survival on these alluvial sur~hces. 

The magnitude of flood impact on channel form and 
the time necessary for recovery often depend on the 
character of streamside vegetation (Gupta and Fox 
1974, Baker 1977, Wolman and Gerson 1978). Much 
of  the variability in plant communities comes from dis- 
turbance caused by flood events and the erosion and 
deposition of material that results from high flows 
(Resh et al, 1988, Friedman et al. 1996). Fluvial pro- 
cesses that form floodplains, point bars, and lateral ac- 
cretion bars create fresh surfaces lor the establishment 
of  new plant communities (Swanson 1980, McBride 
and Strahan 1981). Once established, vegetation be- 
comes an integral part of  the fluvial system (Hupp and 
Osterkamp 1985) and may regulate the movement  and 
temporary storage of  sediment from upstream sources. 

A substantial body of  literature exists describing the 
response of  riparian vegetation and channel patterns to 
stream diversions and dam closures in western North 
America (Williams and Wolman 1984, Andrews 1986, 
Hart'is e ta l .  1987, Schmidt and Graf  1990, Stromberg 
and Patten 1990, Smith et al. 1991, Johnson 1992, 
1994, 1998, Ryan 1994, Friedman et al. 1998). These 
studies show that reduced flows often cause a shift in 
plant community composition and/or distribution. 

Far less is understood about long-term effects of 
flow augmentation, a less common but increasingly 
important practice of  stream modification (Abbott 
1976, Kellerhals et al. 1979, Bray and Kellerhals 1979, 
Bradley and Smith 1984, Henszey et al. 1991, Strom- 
berg and Patten 1992, Church 1995). Flow augmen- 
tation can increase the magnitude, duration, and fre- 
quency of large flows, inhibiting vegetation establish- 
ment and recruitment by excessive erosion, inundation, 
and loss of  topographic surfaces to colonize adjacent 
to the active channel. 

Stromberg and Patten (1992) found that diverted 
water from the Mono Basin through the Mono Tunnel 
lripled the flow volume in the augmented-flow reach 
along the upper Owens River. Similarly, Bradley and 
Smith (1984) calculated pro- and post-diversion mean 
monthly flows on the Milk River and also found a 
threefold increase in flows due to the St. Mary River 
diversion. Both and Bradley and Smith (1984) and 

Stromberg and Patten (1992) found that transbasin di- 
version practices did not substantially change seasonal 
flow patterns, they simply increased the magnitude of  
peak flows. 

Schumm (1969) presented a conceptual framework 
for channel change based on responses of alluvial riv- 
ers in the United States Great Plains and Riverine Plain 
of New South Wales, Australia. This framework de- 
picts changes in channel morphology that occur as a 
result of  a change in quantity of water and/or quantity 
and type of  sediment load. For increases in discharge 
(Qw'), Schumm (1969) relates: 

w~d~k ~ 
Q W  ~ ~ - -  

S 

where a direct relationship exists between Q~+ and 
channel width (w' ) ,  depth (dr). and meander wave- 
length (~+), and an inverse relationship with decrease 
in channel slope. This relationship represents the long- 
term response of  river channels to obtain equilibrium 
in a specific physiographic region and climatic regime, 
and it may apply to many fluvial systems. 

Kellerhals et al. (1979) provided a qualitative de- 
scription of morphological effects on 11 Canadian in- 
terbasin river diversions. They found that the response 
of  drainage networks to flow augmentation depends 
largely on the specific case history and local geologic 
controls. However, some basic trends in riverine sys- 
tems affected by flow augmentation included channel 
en t renchment ,  widening,  decreased  s inuosi ty,  in- 
creased sediment loads, increased substrate size, in- 
creased frequency of bankfull discharge, and loss of 
adjacent vegetation by bank erosion and scour. Bray 
and Kellerhals (1979) showed that channel response to 
augmented flow depends on the particular character of 
the system and described three geomorphic classes of 
diversion routes: bedrock-controlled; steep, unconsol- 
idated materials; and alluvial. Augmented flows on the 
steep diversion route of the Little Jackfish River 
changed mean flow from approximately 5 mVsec to 
110 mVsec. This new flow regime triggered a dramatic 
increase in suspended sediment load, with an initial 
rate of  4 × 106 mVyr in 1943 decreasing over time to 
0.3 X 10 6 nl3/yr  in 1977 (Bray and Kellerhals 1979). 

Likewise, augmented flows on the Lower Kemano 
River caused initial channel over-widening by eroding 
its banks between 1954 and 1975 (Kellerhals et al. 
1979). This 20-year transient state was followed by a 
period of channel degradation once flows breached the 
armored bed layer and established a new period of 
f loodplain  d e v e l o p m e n t  and channel  na r rowing  
(Church 1995). Church (1995) concluded that the 
timescale for primary morphological adjustment is 
shorter (decades) on regulated rivers that experience 
an upward adjustment in channel-forming flows rather 
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than a downward adjustment. The timescale necessary 
for riparian communities to adjust through autogenic 
processes and obtain a new equilibrium may be on the 
order of centuries (Church 1995, Johnson 1998). 

The transient response of  riparian vegetation to flow 
regulation varies widely on rivers, depending on dif- 
ferent geomorphologies, climate, vegetation composi- 
tion, and water-use patterns (Johnson 1998). For ex- 
ample, the Platte River is braided, with a large portion 
of its flow diverted for cropland irrigation, whereas the 
Missouri is a meandering river with substantial hydro- 
electric use and relatively little irrigation use. Initial 
response of the Platte River to flow regulation is chan- 
nel narrowing and woodland expansion through allo- 
genie processes, but on the Missouri River, pioneer 
tree recruitment ceases and autogenic or successional 
processes donfinate (Johnson 1998). 

Loss or mortality of riparian vegetation adjacent to 
the active channel is one common response to trans- 
basin diversion practices, Stromberg and Patten's 
(1992) work compared the density, distribution, and 
radial growth rates of juvenile and mature willows (Sa- 
lix lasiolepis, Benth.) along a control reach and flow- 
augmented reach on the upper Owens River, Califor- 
nia. Flow augmentation dramatically degraded riparian 
environments; areal cover, density, and the ratio of  live 
to dead willow trees were significantly lower in the 
augmented- f low reach than in the cont ro l  reach 
(Stromberg and Patten 1992). Stromberg and Patten 
(1992) observed that willow trees on average occurred 
about 2 m farther from the streamedge within the aug- 
mented-flow reach than in the control reach on the 
upper Owens River. Densities of  juvenile S. lasiotepis 
within streamside recruitment zones were significantly 
lower in the augmented-flow reach than in the control 
reach. Likewise, the ratio of  juvenile to mature indi- 
viduals was threefold higher in the augmented-flow 
reach than in the control reach (Stromberg and Patten 
1992). 

However, Stromberg (1993) also showed the oppo- 
site effect where an increase in seasonal flow volume 
led to an increase in riparian stand width and basal 
area on streams in the semi-arid southwest, Verde Riv- 
er basin, Arizona. Stromberg's (1993) study supports 
the idea that change in discharge volume and riparian 
water avaiIability produces measurable changes in the 
distribution of  riparian vegetation, but the positive cor- 
relation between riparian width and mean discharge 
applies m a undisturbed flow regime in an otherwise 
arid climate_ 

Channel and riparian plant community response to 
a new flow regime depends on many factors, including 
the nature of disturbance, water-use patterns, sediment 
supply, and the geomorphic character of  the particular 
river system (Bray and Kellerhals 1979, Friedman 

1997, Johnson 1998). Few studies of  geomorphology 
and/or plant community ecology have examined the 
downstream effects of flow augmentation on montane 
river systems. This study attempts to document effects 
of  flow augmentation on channel morphoIogy and ri- 
parian plant communities on tributaries of  the Arkan- 
sas River, Colorado by comparing present channel and 
hydraulic characteristics on non-augmented and aug- 
mented streams and mapping historic change of the 
stream channel morphology and the distribution of ri- 
parian plant communities. 

STUDY AREA 

The project area encompasses the uppermost portion 
of the Arkansas River watershed, an area that includes 
approximately 3,155 km ~ from the headwaters just 
north of  Leadville to Salida, Colorado, USA (Figure 
1). The Arkansas Valley is the northern end of  the Rio 
Grande Rift (Karnuta 1995) and is characterized by a 
tong, structural down-faulted trough. The main topo- 
graphic features bordering the valley are two mountain 
ranges that are parallel in a north-south direction, the 
Sawatch Range on the west and the Mosquito Range 
on the east. 

The main tributaries of  the ,arkansas River include 
Lake Creek, Lake Fork, Clear Creek, Cottonwood 
Creek, and Chalk Creek. These streams drain east from 
the continental divide through glacial U-shaped valleys 
filled with coarse alluvium that originate in the Sa- 
watch Range at elevations over 4,300 m above sea 
level (ASL). A detailed description of plant commu- 
nity types in these tributaries is presented in Dominick 
(1997). 

Over the past century, the Arkansas River valley has 
been transtbrmed into an intricate plumbing system 
controlled by an extensive network of  aqueducts, tun- 
nels, canals, and reservoirs. Beginning in 1910, trans- 
mountain diversions have moved water from the Col- 
orado River basin across the continental divide to the 
Arkansas River basin (USFWS 1993). Expansion of 
hydrologic projects over the last several decades was 
implemented to provide supplemental water for irri- 
gation and to serve growing demands of urban centers 
in the lower Arkansas River basin or Front Range, 
primarily the cities of  Pueblo, Colorado Springs, and 
Aurora, Colorado. Further east in Kansas, the Arkan- 
sas River has experienced depleted flow volumes 
caused by river impoundment and irrigation (Cross 
and Moss 1987). The opposite effect has occurred in 
some of  the tributaries to the upper Arkansas River 
examined in this study. 

Transmountain diversions and reservoirs are used to 
transport and store spring and early summer runoff  to 
serve the water demands of downstream users later in 
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Figure 1. Study area, upper Arkansas River basin, Colorado. Field sites are iocated on tributaries of the Arkansas River: 
Lake Fork (site 19), Lake Creek (sites 14, 15, 16), Clear Creek (sites 8, 10), and Cottonwood Creek (sites 3, 4). 

the year (Crouch et al. 1984). Completed in 1935, the 
Twin Lakes Tunnel enters the North Fork of Lake 
Creek approximately 18 km upstream from Twin 
Lakes Reservoir  (Figure 1). Max imum daily discharge 
f rom the tunnel may exceed 18 m ~ sec a, over  half the 
mean annual discharge of  Lake Creek recorded near 
the head of  reservoir. Likewise, the addition of  trans- 
basin flows in Lake Fork below Turquoise Reservoir  
has tripled the magnitude and duration of peak flows 
(Abbott 1976). Maximun~ flow volumes are most  often 
diverted in June and early July during the annual peak 
floods when water  is most plentiful. Generally, over  
the last two decades, the total volume of  transbasin 

water has increased as development  along the Colo- 
rado Front Range expands and the demand for water 
increases. 

M E T H O D S  

Twenty two field sites within the upper Arkansas 
River basin were examined as part of  a project to iden- 
tify potential restoration sites for riparian wetlands 
(O'Neil l  et al. 1997). Here, we report data from eight 
of  these sites (see Figure 1) selected from four tribu- 
tary basins: Lake Creek (drainage area = 194 krn~), 
Clear Creek (174 kin2), Cot tonwood Creek (168 km:), 
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and Lake Fork (87 km-). Study reaches were chosen 
using the following criteria: 
1. availability of  high quality historic aerial photo- 

graph coverage; 
2. access through public or in some cases private 

lands; 
3. consistency of  c~ntributing basin area, elevation, 

natural hydrology, and channel morphology; 
4. absence of  on-site anthropogenic activity such as 

the construction of roads, railroads, or other struc- 
tures; and 

5. availability of  long-term discharge data. 
Independent watershed and channel controls at each 
field site are described in Table 1. 

We characterized change~ in stream morphology 
and riparian vegetation cover  at the eight field sites 
shown on Figure 1. Three of these sites (14, 15, 191 
have experienced flow augmentation, while five others 
(3, 4, 8, 10, 16) are responding to natural flow con- 
ditions. The present channel on augmented streams has 
destroyed most  remnants of  pre-augmented channel 
conditions; therefore, non-augmented streams were 
used to compare  channel dimensions and shape. Lake 
Creek (16), Clear Creek (8, 101, and Cottonwood 
Creek (3, 4) were used as control sites to illustrate the 
condition of  drainages with no upstream flow aug- 
mentation. Lake Creek (14, 15) and Lake Fork (191 
have augmented flow regimes and represent two drain- 
ages with altered hydrology. Our hydrologic analyses 
use mean daily discharge data recorded at U.S.G.S. 
gaging stations located on Lake Creek, Clear Creek, 
Cot tonwood Creek, Lake Fork, and Hal fmoon Creek. 
Unless otherwise noted, we report unit discharges (Q/ 
A) in our hydrologic analyses. Data f rom aerial photos, 
U.S.G.S. gaging stations, and extensive field surveys 
of  channel and floodplain cross-sections were com- 
piled to document  historic changes in the stream sys- 
tem and adjacent riparian corridor. 

Field Survey Methods 

Floodplain and channel cross-sections were sur- 
veyed with a geodetic total station in late summer  
months at low flow when wading the streams was pos- 
sible. At each site, three to five cross-sections were 
surveyed, spaced along the channel at approximately 
50 m increments. Descriptions of  dominant vegetation 
types were made at 1- to 2-m intervals along each 
cross-section. Major plant communi ty  types identified 
from aerial photographs were used as mapping units 
to show historic change in land cover. Channel profiles 
were measured across stream segments characterized 
by a relatively straight channel and riffle/run complex. 
Meander  bends and areas presently colonized by bea- 
ver generally were avoided. 

During a flood on 22 June 1995, mean daily dis- 
charge was 67 m;sec --z at the Lake Creek gaging sta- 
tion, and on 25 June 1995 the mean daily discharge 
was 21.6 m3sec -~ at the Clear Creek gaging station. 
Our estimate of  the 10-year flood event at the Lake 
Creek gage is 55 m'sec  ~ and that at the Clear (2reek 
gage is 22 m~sec -~. The 1995 peak flows approached 
or exceeded the 10-year flood event on both Lake 
Creek and Clear Creek. During these peak flows, the 
water-surface elevation was measured and drawn on 
each channel cross-section at these field sites. 

The size of  bed material on active mid-channel and 
lateral bars at each field site was estimated using Wol- 
man 's  (1954) pebble count method. The median par- 
ticle size (D~) was calculated and used to characterize 
differences in bed material size between streams with 
natural and augmented flows. 

Aerial Photograph Analysis and Geographic 
Information Systems 

Maps of riparian plant communit ies  and channel 
morphology along eight segments of  Lake Creek~ Lake 
Fork, Clear Creek, and Cottonwood Creek were pre- 
pared at a scale of  1:8(1(1(I (Dominick 1997). The maps 
were constructed from 1988 color infrared aerial pho- 
tographs (1:40,000) and 1939 and 1956-57 black-and- 
white (1:20,0001 aerial photographs (Dominick 1997). 
For each year of  coverage, the same bottomland area 
was mapped, and appropriate mapping units were con- 
verged to three land-cover types to help identify gen- 
eral patterns in river metamorphosis  and subsequent 
change in riparian vegetation cover. Mapping units are 
expressed in terms of  area (ha) occupied by each land- 
cover  type. For each year of  photo map coverage, the 
total area of  the land-cover type divided by the total 
bottomland area (%) is presented. Land-cover  types 
are defined as follows. 
1. Total unvegetated channel area (BF) colxesponds 

with approximate bankfull conditions and equals 
the sum of  exposed depositional bars and the active 
channel area, excluding beaver  ponds. 

2. Total riparian vegetation area equals the sum of  all 
riparian community  types and includes riparian for- 
cst, riparian shrub, and sedge meadow mapping 
units. 

3. Total depositional bar area equals the sum of ex- 
posed mid-channel bars and lateral bar surfaces at 
base flow conditions. 
Average channel width on historic photographs was 

measured as total channel area divided by total channel 
length. Channel pattern was analyzed by calculating 
sinuosity obtained from map coverages at the 1:8000 
scale. Finally, channel characteristics, including chan- 
nel area, bankfull width, mean depth, max imum depth, 
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Figure 2. Annual hydrographs for selected gaging stations 
in the upper Arkansas River basin for 1957 and t983 com- 
paring augmented and non-augmented streams. A. 1957 wa- 
ter year B. 1983 water year. 

and the width-depth ratio were measured for each sur- 
veyed cross-section. 

RESULTS 

Hydrology 

Examples  of  annual unit discharge hydrographs for 
the five tributaries appear in Figure 2. Augmented 
flows released f rom Sugartoaf Dam to Lake Fork  dra- 
matically increased the magnitude of  peak mean daily 
unit discharge (Figure 2A). Similarly, flow augmen-  
tation on Lake Creek has resulted in the peak mean 
daily unit discharge three to four times greater than 
contemporaneous peaks on Clear Creek and Cotton- 
wood Creek (Figure 2B). 

Flow duration curves for the five gaging stations 
appear  in Figure 3. These flow duration curves clearly 
indicate that for relatively infrequent events (1 or 2% 
Exceedence Probability), augmented streams have 
m u c h  grea te r  unit d i scha rge  than n o n - a u g m e n t e d  
streams. Similarly, relatively large unit discharges 
(0.15 m~sec-~krn ~) are much more frequent on aug- 

mented streams when compared to non-augmented 
streams. However,  no substantial difference exists in 
the magnitude and duration of low flows on augment- 
ed and non-augmented streams (Figure 3), 

Length of  available flow records varies for each 
gaging station. Most tributaries have flow data from 
1947 to present, but the Cottonwood Creek gaging sta- 
tion was discontinued after 1986. We estimated the 10- 
year flood event  at 9 gaging stations located through- 
out the upper Arkansas River basin using Log-Pearson 
Type III flood frequency curves (Viessman et al. 
1977). An area-discharge rating curve for the 10-year 
flood is shown in Figure 4. The empirical relationship 
for the 9 gage locations, excluding the two augmented 
tributaries is 

Qio = 0.44A72 

where Q,0 is the estimated discharge of the 10-year 
flood for an ungaged study site with drainage basin 
area, A. Contributing drainage area at field sites was 
estimated f rom digital elevation models (O'Neil l  et al. 
1997). This method was used because gaging stations 
are generally located at the bot tom of  the valley, near 
the confluence with the mainstem Arkansas River, 
while many of  our field sites are located much farther 
upstream in the drainage basin. Thus, the 10-year flood 
at the gaging station would not represent stage-dis- 
charge conditions at field sites. On Lake Creek, the 
m a x i m u m  discharge (18 m~sec ') f rom the Twin Lakes 
Tunnel was added to the estimated Q~0 at sites 14 and 
15 (augmented). Flow records indicate that the maxi-  
mum Twin Lakes Tunnel discharge coincides with 
peak floods because the majority of  transbasin water 
is diverted during late spring and early summer  run- 
off  conditions when water is most  abundant. Similarly. 
we added the difference in Q.~ for the Lake Fork and 
Hal fmoon Creek gaging stations (8 m~sec ~) to the es- 
timated Q,u at the Lake Fork site 19 (augmented). The 
estimated 10-year flood event for each field site is list- 
ed in Table 1. 

Morphology of  Present Channels and Floodplains 

Representative cross-sections at four field sites are 
shown in Figures 5 and 6. These cross-sections char- 
acterize floodplain and channel morphology of  non- 
augmented and augmented field sites in both con- 
strained and unconstrained segments of  the valley bot- 
tom. The cross-section at Clear Creek site 10, a non- 
augmented, unconstrained site, is characterized by a 
deep channel with a well-developed thalweg (Figure 
5A). The active floodplain extends approximately 70 
m across the valley bottom and is vegetated by dense 
Salix spp. Slight topographic irregularities and depres- 
sions in the floodplain surface are remnant channels 
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Figure 3. Flow~duration curves for tributaries of the upper Arkansas River. Solid symbols represent data from augmented 
streams; open symbols represent data from non-augmented streams. 

and beaver ponds. The cross-section at Clear Creek 
site 8 is constrained by steep valley walls that limit 
channel migration (Figure 6A), A greater proportion 
of  the active floodplain is unvegetated and consists of 
exposed gravels and cobbles. The cross-section at 
Lake Creek site 15, an augmented, unconstrained 
reach, is characterized by a wide, shallow, active chan- 
nel with numerous large, coarse, mid-channel bar de- 
posits that cause extensive braiding (Figure 5B). It ap- 
pears that the channel at site 15 experienced approxi- 

mately 1 m of incision; l-m vertical channel banks are 
unvegetated and highly erodible. The period of inci- 
sion is not known, but the presence of  an abandoned 
floodplain surface 1 m above the active channel sug- 
gests that the stream responded to the new flow regime 
by initial over-widening and degradation. Mass wast- 
ing and bank failure seem to be the conmaon mecha- 
nisms of  erosion; large woody debris and chunks of 
bank material are found on mid-channel bars at base 
flow throughout the site. The cross-section at site 14, 
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a constrained reach on Lake Creek is characterized by 
a deep active channel next to the left bank (Figure 6B). 
During base flow, water is confined to the main chan- 
nel. The addition of  augmented flows during spring 
runoff probably causes scour in the main channel and 
inundation of the historic active floodplain, an unve- 
getated cobble and gravel bar that extends approxi- 
mately 50 m toward the valley wall. 

Median particle size (D~0) describing the character 
of  bed material on active depositiona] bars at each field 
site is listed in Table 1. In general, the three augmented 
sites are characterized by much larger bed material 

than that at the five non-augmented sites. Median par- 
ticle size for the three sites along augmented reaches 
ranges from 38 to 56 ram. By contrast, sites where 
natural flows occur have median particle sizes between 
15 and 26 mm. 

Channel Geometry 

Floodplain and channel cross-sections were used to 
calculate several stream parameters, including bankfu]l 
channel width and width-depth ratio (Figures 7 and 8). 
Flow-augmented stream channels are most often char- 
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actcrized by bankfull channel width greater than those 
of  streams with similar natural flows. Typical widening 
of  a stream channel as drainage basin area and dis- 
charge increase in the upper Arkansas River basin is 
apparent (Figure 7). The average bankfull channel 
width at non-augmented field sites ranges from 9.8 to 
25.8 rn. By contrast, augmented sites have an average 
bankfull channel width between 27.2 and 50.2 m (see 
Table 1). Width-depth ratios (W/D) for streams with 
augmented flows also are greater than those on non- 
augmented sites (Figure 8). Average W/D for the five 

sites along non-augmented reaches ranges from 13.6 
to 39.4. At the three augmented sites, average W/D 
ranges from 45.6 to 134.3. 

Vegetation and Channel Mapping 

Clear Creek (sites 8 and 10), Cottonwood Creek 
(site 4), and Lake Creek (site t6) represent natural 
stream reaches with meandering channel sections and 
well-vegetated floodplains immediately adjacent to the 
active channel. By contrast, the present condition of  
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augmented stream reaches (sites 14 and 15) "along 
Lake Creek and Lake Fork (site 19) are characterized 
by relatively wide and straight or braided channels 
with adjacent floodplain surfaces composed of unveg- 
etated, coarse gravel and cobble bars. 

Land-cover classification maps prepared from his- 
toric aerial photographs at eight field sites showed sub- 
stantial differences in the character of  non-augmented 
and augmented stream systems. Figures 9 and 10 rep- 
resent a sequence of  historic maps that show changes 
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Figure 9. Maps of Lakc Creek (site 15), an augmented, unconstrained reach, show changes m channel morphology and 
vegelation distribution. 

in the spatial distribution of  vegetation and channel 
form at Lake Creek augmented field sites 15 and 14, 
respectively. Table 2 quantifies spatial and temporal  
change in % area for three land-cover types: total un- 
vegetated channel or bankfull area (BF), total riparian 
vegetation area, and total exposed bar area. The three 
field sites where flow augmentat ion occurs all showed 
a substantial decrease in total % area of  riparian veg- 
etation cover  and an increase in the total % area of  
exposed depositionat bars and bankfull channel area. 
In 1939, total riparian vegetation cover, gravel bar 
area, and bankfuU channel area at Lake Creek (site 15) 
were 75%, 6%, and 10%, respectively. By 1988, total 
riparian vegetation cover  had decreased to 65%, and 
gravel bar and bankfull channel area had increased to 
14 and 21%, respectively. The two other augmented 
field sites experienced similar patterns of  change that 
included a loss of riparian vegetation and a subsequent 
gain of  exposed bar surfaces in proximity to the active 
channel (Table 2). 

Loss of  riparian vegetation cover  on floodplains of  
augmented streams occurred along surfaces immedi-  
ately adjacent to the active stream channel. These areas 
were colonized by riparian vegetation in the past but 

have been replaced by unvegetated gravel or cobble 
bars. Historic maps  indicate that the distal portions of  
floodplains on augmented stream reaches are not add- 
ing riparian vegetation in response to losses adjacent 
to the channel. Avulsive channel straightening and the 
physical removal  of  vegetation from near-stream re- 
cruitment sites during high flood flows has caused a 
net loss of riparian vegetation cover and a net gain of  
exposed bars. By contrast, the five non-augmented 
field sites showed little change in the areal extent of 
riparian vegetation and channel features over  the same 
period (Table 2). 

Historic channel adjustment for the eight sites in the 
upper Arkansas River  basin appears in Table 2. Stream 
channels at augmented sites experienced a substantial 
increase of  22 to 25 % in average channel width. Most 
non-augmented sites experienced moderate change in 
average channel width within the last 50 years. An 
exception to this trend was found at upper Lake Creek 
site 16, a non-augmented stream reach. The large flux 
in channel width at this site may be a result of  a back- 
water effect caused by a beaver  dam located on the 
main channel, visible in 1939 and 1956 aerial photo- 
graphs. In 1957, Lake Creek experienced a 5-year 
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Figure 10. Maps of Lake Creek (site 14), an augmented, constrained reach, show changes in channel morphology and 
vegetation distribution. 

flood event. In the 1957 aerial photo, taken during base 
flow conditions, the beaver  dam is absent, suggesting 
that the structure was blown out during peak flows, 
and therefore, the width of the wetted channel de- 
creased by 32%. In 1988, beaver  activity is again pre- 
sent at the site, and the width of the channel subse- 
quen t ly  inc reased  by 24%. Channe l  ad jus tmen t  
through t ime also was measured by calculating sinu- 
osity for each study reach. Sinuosity decreased at all 

augmented sites but remained relatively constant at 
non-augmented stream sites (Table 2). 

DISCUSSION 

Our investigation identified several key changes in 
channel morphology and distribution of riparian veg- 
etation that result f rom flow augmentation on high 
mountain streams. These changes include an increase 
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Table 2. Historic channel adjustment: upper Arkansas River basin, Colorado 

% Channel 
Width 

Land Cover Types: 
% of Total Bottomland Area 

Change Deposi- 
Average from Last Unvegctated Riparian tional Bar 
Channel Mapped Channel Vegetation Area at 

Study Site Flow Regime Date Width (m) Date Area [BF) Area Baseflow Sinuosity 

Lake Fork augmented 1956 7.2 - -  5.0 46.8 0.9 2.0 
(site 19} 1988 9.4 +23 9.0 39.7 2.g 1.6 

Lake Creek augmented 1939 7.0 - -  10,3 75.5 5.8 1.3 
(site 15) 1956 9.4 +25 17,9 69.6 12.3 1.2 

1988 12.0 +22 21,3 65.4 14.4 1.1 
Lake Creek augmented 1939 8.6 - -  10.6 40.8 4.4 1.4 

(site 14) 1956 9.0 +4 12.4 38.2 5,7 1.2 
1988 12,0 +25 18.7 33.9 10,7 1.2 

Lake. Creek natural 1939 8.6 - -  12.0 81.2 2.4 1.7 
(site 16) 1957 6.5 -32  10.8 82.8 4.8 1.6 

1988 8.6 +24 11.2 78.8 3.9 1,6 
Clear Creek natural 1956 6.6 - -  5.7 40.8 2.0 1.6 

(site 10) 1988 6.8 +4 5.9 40.3 2.0 1.6 
Clear Creek natural 1939 9.7 - -  9.2 28.4 4.2 1.2 

(site 8) 1956 9.0 -7  8,4 28.7 3.9 1.2 
1988 9,5 +5 9.0 27.8 4.4 1.2 

Cottonwood natural 1956 7,9 - -  9.4 49.9 0,4 1.3 
Creek I988 6.7 - 18 5.2 56. l 0.3 1.3 
(site 4) 

Cottonwood natural 1956 5.5 - -  3.3 38.4 0.5 1.1 
Creek 1988 5.5 0 3,7 36.3 0.2 1.1 
(site 3) 

in width-depth ratios of the active stream channel, an 
increase in the median particle size of bed material on 
exposed mid-channel and lateral point bars, an in- 
crease in total % area of  exposed bars, and a decrease 
in total riparian vegetation cover. These changes oc- 
curred in the last 50 + years, and some of  these con- 
ditions may represent a short-term response to a new 
flow regime. Nearly 'all present studies are limited by 
a relatively short period of observation (25 50 years) 
that often does not reflect long-term channel equilib- 
rium or vegetation conditions (Church 1995). The tem- 
poral dynamics related to riparian vegetation succes- 
sion and channel adjustment to a new flow regime are 
complex. Our observations on the Lake Creek drain- 
age indicate that the channel has morphologically ad- 
justed to establish new equilibrium conditions. The 
ability of pioneer riparian species to re-establish along 
typical recruitment sites along zhe channel perimeter 
in augmented tributaries appears inhibited by the un- 
natural flow variability. Long-duration high flows pre- 
vent establishment, and base flows cannot support new 
vegetation because the water table is too low, 

Similar to the Kemano River in British Columbia 
(Church 1995), Lake Creek and Lake Fork have not 
experienced any known changes in sediment delivery 

from adjacent upland sources. It seems likely that aug- 
mented reaches of  Lake Creek and Lake Fork have 
experienced an increase in sediment load caused from 
accelerated erosion along the floodplain margins. The 
ability to transport larger material and a greater sedi- 
ment load would suggest that augmented streams may 
initially carry more bedload and suspended sediment 
load than similar streams with a natural flow regime. 

Change in channel and floodplain morphology 
caused by an increase in discharge along augmented 
tributaries of  the upper Arkansas River seems to be 
controlled by local geologic and morphological param- 
eters and distance downstream of transbasin diver- 
sions. These results are consistent with those reported 
by Kellerhals el al. (1979) for several rivers affected 
by transbasin diversions in Canada. They found that 
extensive bank erosion and slumping, increased sedi- 
ment loads, braiding, and channel entrenchment oc- 
curred in moraine and other unconsolidated Pleisto- 
cene sediments. Kellerhals et al. (1979) also observed 
substantial channel widening and alteration of the 
floodplain on the Cheslatta River, British Columbia. 

In the upper Arkansas River basin, flow augmenta- 
tion does not alter seasonal flow patterns but dramat- 
ically increases the magnitude and frequency of dis- 
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turbances caused by flood events, similar to results de- 
scribed by Bradley and Smith (1984) and Stromberg 
and Patten (1992), The most  substantial changes in 
flow regime were found on Lake Creek. Peak annual 
flows on Lake Creek are four times greater than similar 
non-augmented streams, Clear Creek and Cottonwood 
Creek. High flows are maintained for a much longer 
duration and occur with greater frequency on aug- 
merited stremn reaches. 

The implications of these results are a change in 
channel dimensions and geomorphic characteristics of  
the affected stream reaches. It should be noted, how- 
ever, that during years when the largest peak flows 
occurred (i.e., 1957, 1983), floods on augmented 
streams were not as large relative to those on non- 
augmented streams. These results suggest that mod-  
erate floods show greater impacts of  flow augmenta-  
tion and may  render relatively greater amounts of  geo- 
morphic change. 

In our study, the Lake Creek drainage basin showed 
the most  dramatic effects of  flow augmentation. Chan- 
nel widening, entrenchment,  and armoring of  the bed 
is most  prevalent immediately downstream from the 
diversion tunnel because the valley floor is narrow and 
the channel is confined by steep valley slopes. Trans- 
basin flow may be called " h u n g r y "  water because it 
lacks a sediment load, which makes the reach directly 
below the tunnel more susceptible to scour and ero- 
sion. Bradley and Smith (1984) also examined the 
downstream width effects caused by a diversion on 
two meandering reaches of  the Milk River and found 
that average channel width increased by 5.5 m and the 
rate of  meander migration increased by 0.85 trdyear. 
Along augmented tributaries of  the upper Arkansas 
River, average channel width increased as much as 
42% between 1939 and 1988. 

Our research indicates that W/D ratios are greater 
on augmented streams than non-augmented streams, 
reflecting channel changes similar to those described 
by" Kellerhals et al. (1979). Differences in the bed- 
material size distribution on tributaries of  the Arkansas 
River also show the effects of  flow augmentation. 
Winnowing of fine material by high magnitude flows 
leads to a coarsening of substrate on exposed lateral 
and mid-channel bars along augmented stream reaches. 

We found that formation of  large mid-channel grav- 
el and cobble bar deposits is common  in unconstrained 
reaches of  augmented streams. These bars alter stream 
pattern by dividing flow into multiple channels. Often, 
the development  of  a new bar may redirect flows and 
initiate erosion of  unconsolidated terrace banks (Kel- 
lerhals et al. 1979), causing downstream deposition 
and braiding. Bradley and Smith (1984) determined 
that accelerated rates of  sediment transport caused by 
flow diversions on the Milk River may be attributed 

to increased rates of  erosion on meander  bends that 
has led to increased rates of  lateral channel migration. 
Unfortunately, no sediment transport data were col- 
lected in this study. Successful prediction of long-term 
channel adjustment requires knowledge of  how natural 
and augmented streams differ in terms of  sediment 
load (Schumm 1969). 

In confined, narrow reaches of  Lake Creek, loss of  
riparian vegetation appears to be a result o f  the channel 
adjusting to a new equilibrium to accommodate  the 
larger flows. A larger active channel in a narrow wdley 
floor inhibits vegetation establishment by occupying 
pre-existing recruitment sites. Established seedling 
habitat appears to be reduced, ,and an increase in seed 
mortality probably occurs due to extreme flow fluc- 
tuations and excessive water associated with transbasin 
diversions (Scott et al. 1993). In unconfined reaches 
of  Lake Creek. the loss of  riparian vegetation and the 
subsequent increase in exposed depositional bars may 
be more complex. In these reaches, the development  
of  a new floodplain may  lead to a new phase of  chan- 
nel narrowing and vegetation establishment that is in- 
dicative of  long-term equilibrium conditions (Church 
1995). However,  after nearly six decades of augmented 
flow practice, it appears that the augmented channel 
has morphological ly  adjusted, but the establishment of  
a new riparian plant communi ty  on a new floodplain 
surface has not readily occurred. This transient state 
may be a result of water-use patterns where augmented 
flows dramatically increased the duration and magni-  
tude of high flows but did not affect base flow con- 
ditions. Thus, long-duration high flows probably kill 
vegetation near the channel, and low base flows pre- 
vent vegetation establishment on floodplain surfaces 
perched well above the water  table. A more thorough 
examination of riparian communi ty  dynamics would 
help predict if geomorphic adjustment caused by an 
altered flow regime also causes a shift in riparian veg- 
etation composit ion (i.e., flood-tolerant riparian spe- 
cies with deep rooting capacity for low flow conditions 
replace pre-existing riparian species). 

Results of  our study indicate that encroachment  of  
the stream into the floodplain and the equivalent loss 
of  streamside vegetation and subsequent gain of  ex- 
posed bars has occurred along augmented flow reaches 
of  Lake Creek and Lake Fork. The loss of  recruitment 
areas for riparian vegetation has not been compensated 
by an addition of  riparian vegetation on the distal por- 
tions of  the floodplain in the last several decades. His- 
toric maps of  flow augmented reaches in the upper 
Arkansas River basin show that channel meanders 
have straightened or braided, a response to the new 
flow regime. The erosion and mass wasting of  banks 
physically removes  the lateral accretion point bars as- 
sociated with meandering channels, typical recruitment 
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sites for riparian vegetation adjacent to the active 
channel. 

C O N C L U S I O N  

This research focused primarily on hydrologic  and 
geomorphic  processes  and the effects o f  f low augmen-  
tation on channel form and the distribution of  riparian 
vegetation. However,  many other causal factors such 
as climate, l ivestock grazing, historic mining, unnatu- 
ral barriers (highway/railroad tracks) that restrict chan- 
nel migration, and natural geomorphic  disturbances are 
all probable mechanisms of  spatial and temporal 
change in stream systems. 

Analyses  o f  hydrologic data, geomorphic  character- 
istics, and historic aerial photographs suggest that f low 
augmentation in the Lake Creek and Lake Fork drain- 
age has resulted in the ~bllowing condit ions down-  
stream: 1) an increase in width-depth ratios o f  the 
channel,  2) an increase in median particle size o f  bed 
material, 3) an increase in total % area o f  exposed 
bars, and 4) a decrease in total riparian vegetation cov-  
er. The preceding conditions are attributed to a dra- 
matic increase in stream energy associated with f low 
augmentation. On a geologic  timescale,  these condi- 
tions may be a short-term response that does  not affect 
the overall direction o f  channel and floodplain evolu-  
tion. Our results are based on measurements and ob- 
servations in the last 5 0 +  years and may represent a 
transient state o f  geomorphic  and ecological  adjust- 
ment towards a more long-term equilibrium condition. 
Clearly, effects o f  changes in stream-flow regimes on 
channel morphology  and riparian ecosystems on ex- 
isting or proposed water-transfer projects should be 
studied more closely.  Research ~hat focuses  on link- 
ages between geomorphic  processes  and riparian eco-  
systems is necessary to facilitate better management  o f  
our natural resources for the future. 
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