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Abstract

A catastrophic flood in 1965 on Plum Creek, a perennial sandbed stream in the western Great Plains, removed most of the
bottomland vegetation and transformed the single-thalweg stream into a wider, braided channel. Following eight years of further
widening associated with minor high flows, a process of channel narrowing began in 1973; narrowing continues today. The
history of channel narrowing was reconstructed by counting the annual rings of 129 trees and shrubs along a 5-km reach of Plum
Creek near Louviers, Colorado. Sixty-three of these plants were excavated in order to determine the age and elevation of the
germination point. The reconstructed record of channel change was verified from historical aerial photographs, and then compared
to sediment stratigraphy and records of discharge and bed elevation from a streamflow gaging station in the study reach. Channel
narrowing at Plum Creek occurs in two ways. First, during periods of high flow, sand and fine gravel are delivered to the channel,
temporarily raising the general bed-level. Subsequently, several years of uninterrupted low flows incise a narrower channel.
Second, during years of low flow, vegetation becomes established on the subaerial part of the present channel bed. In both cases,

surfaces stabilize as a result of vegetation growth and vertical accretion of sediment.

1. Introduction

Stream-channel narrowing can occur as a response
to flood-induced widening (Schumm and Lichty, 1963;
Burkham, 1972; Osterkamp and Costa, 1987), climate
change (Schumm, 1969; Gottesfeld and Johnson Got-
tesfeld, 1990), construction of upstream dams (Wil-
liams, 1978; Williams and Wolman, 1984), changes in
land management (Nadler and Schumm, 1981), intro-
duction of exotic riparian plant species (Hadley, 1961;
Nevins, 1969; Turner, 1974; Graf, 1978) or as part of
acyclic, autogenic process ( Patton and Schumm, 1981;
Nanson, 1986). Vegetation contributes to channel nar-
rowing (Schumm and Lichty, 1963; Williams and
Wolman, 1984; Hupp, 1992) by increasing sediment
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deposition and bank stability (Smith, 1976; Hickin,
1984). Where arid conditions limit plant growth rate
and stem density, fluctuations in channel width are rel-
atively large and rates of channel narrowing are rela-
tively slow (Baker, 1977; Wolman and Gerson, 1978).

In arid and semi-arid regions, floods can increase the
width of perennial alluvial streams by an order of mag-
nitude (Schumm and Lichty, 1963; Burkham, 1972).
Such a change is usually followed by a period of nar-
rowing lasting for decades. Several authors have
hypothesized that this narrowing is initiated by estab-
lishment of vegetation on the former channel bed dur-
ing a period of relatively low flow that lasts several
years. Subsequent high flows deposit sediment around
the vegetation, forming a new stable surface adjacent
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to a narrower channel (Schumm and Lichty, 1963;
Burkham, 1972; Nadler and Schumm, 1981; Oster-
kamp and Costa, 1987). Similar processes have been
proposed to explain channel narrowing downstream of
dams (Williams and Wolman, 1984) and following
introduction of non-native shrubs (Hadley, 1961; Graf,
1978).

In most cases the role of vegetation has been inferred
by examination of aerial photographs and repeated
measurements of channel geometry. Such observations
often show that vegetation establishment and channel
narrowing occurred at about the same time, but the
order of these events is difficult to determine because
tree seedlings are too small to observe on aerial pho-
tographs and because aerial photographs are generally
not taken frequently enough. Therefore, this approach
cannot rule out the possibility that vegetation becomes
established on pre-existing surfaces that were formed
by some other process.

One factor that could contribute to channel narrow-
ing is fluctuation in bed-level, a phenomenon that is
particularly common in sandbed channels ( Osterkamp
and Costa, 1987). We propose that as the bed-level
falls, relicts of former channel bed could be left behind
at a relatively high elevation. Vegetation might even-
tually become established on these surfaces but would
play no role in their formation. If this process was
important, the rate of channel narrowing would be in
part determined by the sequence of bed-level fluctua-
tions in the years following a flood. Schick (1974)
argued that terraces along ephemeral desert streams can
be formed as a result of flow-related fluctuations in
bed-level. No investigations of the role of bed-level
fluctuations in the narrowing of perennial-stream chan-
nels have been undertaken.

In this study we used a dendrogeomorphic approach
(Sigafoos, 1964; Hupp, 1988, 1992) to compare the
influence of vegetation and fluctuations in bed-level on
the process of channel narrowing following a cata-
strophic flood. We related the date and elevation of
establishment of woody plants to the record of change
in bed-level and discharge. If narrowing has occurred
by establishment of vegetation on the channel bed, then
the establishment elevation of existing trees and shrubs
should be equal to the bed elevation. If narrowing has
occurred as a result of fluctuations in bed-level, then
the establishment elevation of trees and shrubs should

be above the present bed-level and the date of estab-
lishment should follow a historic peak in bed-level.

2. Study area

Plum Creek is a sandbed stream in the Colorado
Piedmont Section of the Great Plains physiographic
province (Fenneman, 1931; Madole, 1991). From the
confluence of East and West Plum Creeks near Sedalia,
Colorado, Plum Creek flows north for 14 km along the
base of the Rocky Mountains, and joins the South Platte
River in Chatfield Reservoir south of Denver (Fig. 1).
The Plum Creek valley is approximately 1 km wide
and consists of Quaternary alluvial terraces, frequently
inundated alluvial deposits, and eolian deposits ( Scott,
1963). Pleistocene terraces and the channel bed are
dominated by coarse sand. Most Holocene terraces are
dominated by sand and silt.

Our project focused on a 7-km reach of Plum Creek
from Sedalia downstream to Louviers. The watershed
has an area of 782 km? at Louviers and includes areas
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Fig. 1. Map of Plum Creek basin and vicinity, redrawn after Oster-
kamp and Costa (1987).
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of granite and Tertiary sandstone and siltstone. Eleva-
tion within the study reach ranges from 1702 to 1745
m. Stream gradients measured in 1991 ranged from
0.0063 to 0.0071. Mean annual precipitation in Sedalia
is 445 mm (Colorado Climate Center, no date). Plum
Creek, gaged since 1947, has a median discharge for
water years 1958 through 1990 of 0.382 m*/s at Lou-
viers (Ugland et al., 1991). In most years the highest
flow is sustained for several weeks in March, April or
May as a result of snowmelt, especially in the basin of
West Plum Creek (Table 1). Less often the peak
annual flow is a flash flood resulting from thunder-
storms between mid-May and September.

On the afternoon of June 16, 1965, as much as 360
mm of rain fell in 4 hours on the watershed of Plum
Creek (Matthai, 1969). The resulting peak discharge
at Louviers was 4360 m?/s, and the valley floor was
inundated for 2.5 hours (Matthai, 1969). The recur-
rence interval for this flood has been estimated at 900
to 1600 years on the basis of mixed-population flood-
frequency analysis and examination of terrace flood
deposits (Osterkamp and Costa, 1987). The high recur-
rence interval indicates that this flood was exceptional
for Plum Creek; however, similar floods have been
reported on several streams draining Palmer Divide east
of Plum Creek (Follansbee and Sawyer, 1948; Matthai,
1969). For example, Middle Bijou Creek at Deer Trail
has a smaller watershed (492 km?) than Plum Creek
at Louviers, but a larger proportion of that watershed
is in an area susceptible to intense rainfall (Hansen et
al., 1978). This location experienced floods of 4070
and4110m*/sin 1935 and 1965 (Follansbee and Saw-
yer, 1948; Matthai, 1969).

Before 1965, Plum Creek was a single-thalweg,
irregularly meandering stream with steep, wooded
banks. The flood sheared off or uprooted half of the
trees on the bottomland, removed much of the silt and
clay, and transformed Plum Creek into a wider,
straighter, and steeper braided channel (Table 2;
Osterkamp and Costa, 1987). A discontinuous layer of
coarse sand was deposited on top of the lower-Holo-
cene terraces. The decrease in vegetative cover and fine
sediment reduced bank stability, allowing continued
widening of the stream during the minor high flows of
1969 and 1973 (Table 2; Osterkamp and Costa, 1987).
Channel narrowing began after 1973 (Fig. 2). At pres-
ent Plum Creek is still wider and straighter than it was
before the 1965 flood, and most of the study reach is

Table |

Peak instantaneous annual discharge by water year at U.S. Geological
Survey gaging stations on Plum Creek. Colorado. Locations of meas-
urements are: 1945 and 1991-1992, Sedalia; 1948-1956 and 1990,
Titan Road, 4 km downstream of Louviers; 1957-1989, Louviers

Discharge (m*/s)

Year Month Day

1945 8 8 220
1948 3 14 14.7
1949 6 13 26.8
1950 4 16 1.24
1951 7 30 6.29
1952 5 27 7.22
1953 7 29 76
1954 7 21 110
1955 5 20 115
1956 8 1 54.9
1957 7 13 227
1958 5 9 6.09
1959 4 28 8.50
1960 5 24 317
1961 8 2 48.7
1962 4 22 6.09
1963 9 19 8.21
1964 3 18 8.21
1965 6 16 4360
1966 7 17 51.0
1967 7 7 17.3
1968 5 11 3.88
1969 5 8 125
1970 4 29 6.97
1971 5 5 6.68
1972 6 16 6.57
1973 5 6 110
1974 4 27 20.3
1975 6 11 16.0
1976 4 26 2.10
1977 8 10 10.7
1978 5 17 11.4
1979 4 25 11.4
1980 5 10 23.1
1981 5 28 5.30
1982 7 29 8.64
1983 7 23 739
1984 8 24 80.1
1985 5 1 20.3
1986 4 10 3.71
1987 5 7 37.9
1988 5 27 10.9
1989 7 30 1.90
1990 7 30 9.03
1991 6 13 2.10
1992 4 17 5.75
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Table 2

Changes in width, gradient, and sinuosity of a 4.08-km reach of Plum Creek near Louviers, Colorado. from 1964 into 1983 (from Osterkamp

and Costa, 1987)

Date of aerial photography 10/4/64 6/27/67 8/7/71 6/24/75 7/8/78 7/9/80 10/5/83
Mean channel width (m) 26 68 116 70 54 47
Channel gradient 0.0053 0.0063 0.0062 0.0064 0.0064 0.0063 0.0063
Sinuosity 1.22 1.03 1.01 1.01 1.03 1.03

still braided. The sediment load carried by Plum Creek
is greater than 90% bedload (W.R. Osterkamp, unpubl.
data). The flood contributed to this exceptionally high
percentage by replacing bottomland fines with easily
entrained sand and gravel.

The dominant woody plants at Plum Creek are five
members of the willow family (Salicaceae): plains cot-
tonwood (Populus deltoides subsp. monilifera),
peachleaf willow (Salix amygdaloides), crack willow
(Salix fragilis), sandbar willow (Salix exigua) and
yellow willow (Salix lutea) (Friedman, 1993). These
species produce abundant seeds almost every year at
about the time of peak snowmelt discharge (Scott et
al., 1993). The seeds can germinate immediately, but
remain viable for only a few weeks (Ware and Pen-
found, 1949; Van Haverbeke, 1990). Because seed-
lings have high requirements for light and moisture,
successful establishmentis limited to recently disturbed
sites including flood deposits and portions of the former
channel bed (Scottetal., 1996). Stands of these species
are usually even-aged because the high light require-
ment of seedlings prevents establishment under exist-
ing trees or herbs (Johnson et al., 1976; Friedman,
1993).

3. Methods
3.1. Cross-sections and plots

In 1991 we established eight cross-sections in the 7-
km study reach. Four were sites of previous U.S. Geo-
logical Survey measurements of channel morphology.
The other four were chosen to ensure a representative
sample of geomorphic conditions at Plum Creek. We
located cross-sections on straight reaches, bends,
reaches with single-thalweg flow, reaches with divided
flow, and a reach downstream of a tributary junction.
Two of the cross-sections were in areas grazed by cattle,

two were in areas grazed by horses, and the remaining
four were in areas that had experienced varying
amounts of herbivory by beavers in the previous dec-
ade. Deer were observed occasionally throughout the
study site. The cross-sections ranged in length from
150 to 208 m, encompassing the entire width that has
been inundated since 1965, as well as about 80 m of
the lower adjacent terrace. We installed six staff gages
and eight crest-stage gages within the study reach. We
carried out a rod-and-level survey to determine the rel-
ative positions of the cross-sections, staff gages, and
crest-stage gages.

3.2. Tree excavation and calculation of changes in
bed-level

The bottomland at Plum Creek consists of discrete,
relatively flat surfaces separated by breaks in elevation.
This feature made it possible to subdivide the eight
cross-sections into surfaces (Fig. 3). Except on ter-
races, we excavated the oldest woody plants on each
surface, and cut transverse sections of each plant at the
germination point as indicated by the lowest root flare
(Sigafoos, 1964; Hupp, 1988). The 63 excavated
woody plants were mostly plains cottonwood and sand-
bar willow, but included a few peachleaf willow and
leadplant (Amorpha fruticosa). We shaved plant sec-
tions with a sharp knife (Phipps, 1985) and counted
rings in the laboratory using a hand lens or dissecting
microscope. We defined the age of a surface as the age
of the oldest woody plant occupying it. In most cases,
we excavated several stems per surface. We verified
the ages of surfaces in three ways. On surfaces younger
than 5 years, we counted the number of winter bud
scars on the oldest woody plants. On older surfaces we
counted the number of rings in cores taken from an
additional 66 trees. Cores were collected with an incre-
ment bore less than 30 cm above the ground. Finally,
we verified surface ages using historical ground-level
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Fig. 2. Matching photographs illustrating channel narrowing by formation of stable bars along Plum Creek, Louviers, Colorado, (A) September,
1981, (B) September, 1991. The view is upstream; shrubs in the channel in the later photograph are about 2 m high.

and aerial photography. We surveyed the elevation of surveyed the elevation of the channel bed at 3-m inter-
the root flare of all excavated trees relative to the water vals along all eight cross-sections. ‘
surface at the cross-section on April 16, 1991. We also
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If a surface is older than the oldest woody plants
occupying it, then the germination point of the oldest
plants may overestimate the initial elevation of the sur-
face. Therefore, we also examined the stratigraphy at
each excavated tree and measured the elevation of the
lowest sediment layer that was less coarse than channel
sediment. Because patches of silt are occasionally
deposited on the channel bed, this method may under-
estimate the initial elevation of a surface. The true ele-
vation of a surface at the time it was formed should be
between the results produced by the two methods.

All surfaces other than terraces and channel bed sup-
ported woody vegetation. Because many of the terraces
did not, a different method was necessary to date these
surfaces. We used aerial photographs with an image
scale of 1:6000 from 1956, 1965, 1976, and 1986 to
divide terrace surfaces into two groups: those that were
26 years old and those that were older than 26 years.
Terrace surfaces 26 years old were formed during the
flood of 1965. In the 1956 aerial photos, these areas
were occupied by channel bed or low, unwooded bars.
Most of the 26-year-old surfaces were on bends in the
creek that were abandoned and filled with coarse sand
during the 1965 flood. Terrace surfaces older than 26
years were already terraces before the flood.

We reconstructed the history of change in bed ele-
vation at Plum Creek by calculating changes in the
stage-discharge relation as indicated by rating tables
and shift records for the gaging station at Louviers for
water years 1966 through 1990 (Williams, 1978).
Many of the rating tables for the Louviers station do
not extend down to 0 discharge. Therefore, we calcu-
lated changes over time in the stage of the median
discharge, and assumed that the difference between this
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stage and the stage of 0 discharge has not changed. This
procedure assumes that all changes in the stage at
median discharge can be attributed to a change in bed
elevation. The assumption is reasonable for a wide
sandbed stream like Plum Creek, where stage is always
controlied by the bed and the median flow does not
cover the entire bed. The resulting graph is an extension
of the work of Osterkamp and Costa (1987). When we
used the stage corresponding to a discharge of 5, 10, or
90% duration, instead of the median discharge, the
result was essentially the same. We were not able to
extend the record to years before 1965 because the flood
destroyed all of the reference marks at the gaging sta-
tion. Our record ends in 1990, when the station was
moved from Louviers to Sedalia.

4. Results
4.1. Fluvial surfaces

Each cross-section at Plum Creek included 10 to 47
m of channel bed—a bare or sparsely vegetated surface
of recently deposited channel sediment (Fig. 3). Chan-
nel sediment is a poorly sorted mixture dominated by
gravel and sand. At high flow the channel bed is com-
pletely inundated; however, during most of the growing
season, this surface is only partly inundated by the
shifting anabranches of Plum Creek. The channel bed
ranges in relative elevation from —0.20 to 0.14 m,
although a point in the thalweg of a tributary at the
confluence with Plum Creek had an anomalous eleva-
tion of —0.63 m (Fig. 4).
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Fig. 3. Sample cross-section of Plum Creek, in Sedalia, Colorado, on June 18, 1991. Elevation is relative to the water surface on‘April 16, 1991.
Fluvial surfaces and the ages in years as of 1991 are indicated above the cross-section.



J.M. Friedman et al. / Geomorphologv 14 (1996) 341-351 347

1.0 T T T T T
o
£ 05 oflp & T
S 00
5 sfs 8
E & gy
> 8 °gg°
YWoo00 + oo 8 .
w
w
2
E ° o
3
]
T 05 b -
o
1.0 1 L ] 1 !
. SURFACE ROOT SEDIMENT ROOT SEDIMENT
FLARE FLARE
0 years 14 years 5-18 years

Fig. 4. Elevation of the channel bed surface (age 0), the root flare
of woody plants growing on surfaces aged 1 through 4 and S through
18 years, and the bottom of overbank sediment deposits adjacent to
the excavated plants. Ages are in years before 1991. Elevation is
relative to the water surface on April 16, 1991,

Adjacent to the channel bed are stable bars that have
been deposited since the onset of postflood narrowing,
and that now occupy from 43 to 104 m of the cross-
section (Fig. 3). These surfaces consist of channel
sediment covered by several layers of well-sorted over-
bank sediment ranging from silt to sand. In a few cases
channel sediment occurs between two layers of over-
bank sediment. Stable bars are sparsely to densely veg-
etated and range in elevation from —0.14 to 0.79 m.
The stable bars and channel bed are dotted by stream-
lined islands formed downstream of woody debris at
high flow (Osterkamp and Costa, 1987). Beyond the
stable bars is a steep slope up to a terrace 0.94 to 3.41
m above the channel bed (Fig. 3).

4.2. Excavation of root flares

The elevation of the germination point of excavated
trees was strongly related to the age of the associated
surface. All but two of the 33 root flares of woody
plants excavated on surfaces aged 1 through 4 years
were within the range of elevations occupied by the
present channel bed (Fig. 4). Similarly, all but two of
the 29 pits that were dug around these root flares
revealed an elevation for the bottom of overbank depos-
its that was within the range of elevations occupied by
the present channel bed (Fig. 4). This evidence sup-
ports the hypothesis that surfaces now aged 1 through

4 years were created by establishment of vegetation on
the present channel bed (Schumm and Lichty, 1963).
An average of 4.2 cm of silt has been deposited around
these plants since establishment.

Twenty of the 25 root flares of woody plants that
were excavated on surfaces aged 5 through 18 years
were above the range of elevations of the present chan-
nel bed (Fig. 4). Similarly, 15 of the 27 pits that were
dug around these root flares reveaied an elevation for
the bottom of overbank deposits that was above the
range of elevations occupied by the present channel
bed. This evidence contradicts the hypothesis that sur-
faces now aged 5 through 18 years were initiated by
establishment of vegetation on the present channel bed.
Some other process raised the elevation of these sur-
faces before vegetation became established. An aver-
age of 14.7 cm of sediment has been deposited around
these plants since establishment.

4.3. History of fluctuations in bed-level

Since the 1965 flood, bed-level has fluctuated over
arange of 0.8 m in response to variation in discharge
(Fig. 5). Bed-level has risen during periods of high
flow, especially in 1969, 1973, 1983, and 1984, and
fallen during periods of sustained low flow. Although
the period of record is short, the data suggest that fluc-
tuations in bed-level have decreased in magnitude over
time since the flood (Fig. 5).

4.4. Local factors promoting establishment of
vegetation on the channel bed

During the summers of 1991 and 1992, we observed
establishment of vegetation on relatively undisturbed
areas of the channel bed (age 0). Such areas included
locations that were relatively high, locations that were
protected from scour by upstream debris islands or by
irregularities in the channel bank, and locations that
happened to be missed by the shifting anabranches of
Plum Creek. All such surfaces along the cross-sections
were disturbed by snowmelt, and possibly by ice scour
(Johnson, 1994), during the winter and spring of 1992—
93. Therefore, no surfaces aged 1 year occurred in
1992. However, matched aerial and ground-level pho-
tographs show that surfaces 1 through 4 years old in
1991 were channel bed in 1987 and 1988.
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Fig. 5. Bed-level and mean monthly discharge at the U.S. Geological Survey gaging station on Plum Creek near Louviers, Colorado. Elevation

is relative to the arbitrary datum of the gaging station.

Debris islands occupy a small proportion of the bot-
tomland, but play an important role in channel narrow-
ing by controlling lateral movement of anabranches and
by influencing scour and deposition (Osterkamp and
Costa, 1987). For example, the divided flow around an
island may result in filling on one side, and the rela-
tively high bedforms produced in this way are suscep-
tible to establishment of vegetation. Many islands have
become attached to the banks or to other islands in this
way (Osterkamp and Costa, 1987).

5. Discussion
5.1. Causes of bed-level fluctuations

Plum Creek is a perennial stream with ephemeral
tributaries. Sediment input occurs only during high
flow, when tributaries are active and discharge is high
enough to enable Plum Creek to erode laterally into
terraces deposited or exposed by the flood of 1965. As
a result, bed-level rises during periods of high flow;
then, during periods of base flow, a narrower channel
may be incised, leaving behind relatively high portions
of the former channel bed (Fig. 5). These surfaces are
available for colonization by vegetation. Fluctuations
in bed-level appear to have been damped in recent years
(Fig.5), perhaps because vegetation has stabilized sed-
iment deposited and exposed by the 1965 flood.

5.2. Bed-level fluctuations and channel narrowing

The bed-levels in 1974 and 1984 were, respectively,
40 and 15 cm above the present level (Fig. 5). The
germination points of the woody plants excavated on
surfaces aged 5 through 18 years were an average of
28 cm above the present bed-level. These results are
consistent with the hypothesis that the oldest plants on
surfaces aged 5 through 18 years were established on
remnants of the channel bed from the mid-1970’s and
mid-1980’s. This proposed mechanism for the devel-
opment of new surfaces by fluctuations in bed-level is
related to the mechanism proposed by Schick (1974)
for formation of inset terraces along desert streams.
However, in the desert streams studied by Schick base
flow does not occur; bed-level rises during moderate
floods and falls during catastrophic floods.

Surfaces aged 26 years were also formed by a fluc-
tuation in the bed-level. As the 1965 flood subsided,
sediment in transport was deposited in the channel.
Two days later, a U.S. Geological Survey team
observed a headcut 2 m high proceeding up Plum Creek
within the study reach (M.S. Peterson, unpubl. flood
measurements, 1965). This headcut, which is visible
on aerial photographs taken the same day (Fig. 6),
established the present channel location of Plum Creek.
The rise and fall in bed-level were more rapid and
greater in magnitude in 1965 than in 1973 through
1976. In addition, the agent of erosion during down-
cutting in 1965 was probably water draining from the
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Fig. 6. Aerial photograph of Plum Creek at Louviers, Colorado, June
18, 1965. This photograph was taken 2 days after the flood. Flow is
from bottom to top. The arrow indicates a headcut on the main
channel.

sandy banks, not the sediment-poor base flow that
caused downcutting after 1973. However, the pattern
of bed aggradation during high flow and degradation
during low flow is the same for both cases.

An additional process could help explain the high
initial elevation of surfaces aged 5 through 18 years
relative to the present channel bed (Fig. 4). The range
in elevation of the channel bed at a particular time may
be correlated with the range in discharge in the preced-
ing months. The high peak flows in 1973, 1983, 1984,
and 1987 (Table 1) may have produced higher bed-
forms than have been produced by the low flows since
1987.

Although vegetation was not responsible for the for-
mation of surfaces aged 5 through 18 years at Plum
Creek, the substantial amount of sediment deposition
around the vegetation suggests that it may have helped
to raise the elevation of these surfaces. Osterkamp and

Costa (1987) found that the presence of fine sediment
at Plum Creek was strongly associated with vegetation.

The elevation and abundance of surfaces that formed
in different years can be explained in terms of the
records of bed-level and discharge (Fig. 5). None of
the surfaces examined in this study dated to 1965
through 1973. This is probably because the two highest
flows since the 1965 flood were in 1969 and 1973.
These flows apparently reworked any new surfaces that
developed in that period. As a result of the high flow
of 1973, bed-level peaked in 1974 (Fig. 5); subsequent
incision of a narrower channel made available portions
of the former bed for vegetation establishment. The
high flows of 1983 and 1984 raised the elevation of
pre-existing surfaces and formed new surfaces for col-
onization. Low flows since 1987 (Fig. 5) have allowed
establishment of vegetation on the present channel bed.
This is apparently why woody root flares on surfaces
aged 5 through 18 years are higher in elevation than
root flares on surfaces aged 1 through 4 years (Fig. 4).
The difference between age groups in root-flare ele-
vation is paralleled by clear differences in species com-
position (Friedman, 1993).

Five different age groups of surfaces at Plum Creek
have been described in this paper: 0 years (channel
bed), I through 4 years, 5 through 18 years, 26 years
(deposits of the 1965 flood), and greater than 26 years.
The initial elevation of each age group was a result of

(SIS Boin 5 e

Fig. 7. Photograph of Plum Creek near Louviers, Colorz;do, July 31,
1953; note meter-high banks with abundant woody vegetation.
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a specific sequence of high and low flows and the asso-
ciated fluctuations in bed-level. Because the different
age groups began at different elevations, the vegetation
on these surfaces cannot be viewed as a successional
sequence (Friedman, 1993). For example, moisture
availability limits establishment of many wetland
plants; therefore, the vegetation on newly exposed sites
should depend upon elevation. Herbaceous species
restricted to the low wet sites aged 1 through 4 years
may never have occurred on surfaces that began at a
higher elevation. The woody species that dominate sur-
faces aged 1 through 18 years have never become estab-
lished on surfaces aged 26 years. Cottonwood seedlings
have been observed on these high surfaces in some
years (W.R. Osterkamp, unpubl. observation), but all
have died, apparently because of stress from summer
drought.

5.3. Future changes in channel geometry and
vegetation

The developing flood plain at Plum Creek has not
reached a steady-state elevation; the moderate flows of
1983 and 1984 deposited up to 0.3 m of sediment on
surfaces aged 5 through 18 years. In the absence of
future large floods the rise in elevation should eventu-
ally slow because inundation duration decreases with
elevation, and because the roughness of vegetation will
decrease as dense willows are shaded out by widely
spaced cottonwoods (Nanson and Beach, 1977).
Ground-level photographs and cross-sections used to
measure discharge both indicate that Plum Creek had
banks over a meter above the channel bed before the
flood (Fig.7) (U.S. Geological Survey, unpubl.
results). This geometry is consistent with the obser-
vation of Kilpatrick and Barnes (1964 ) that inundation
of the flood plain is relatively infrequent on streams
with a steep gradient. However, it may be incorrect to
assume that the post-flood geometry is tending toward
the pre-flood condition.

The Plum Creek channel is wider, straighter, and
steeper than it was before the 1965 flood (Table 2). A
wide, straight, braided channel is characteristic of
streams carrying high bedload (Schumm, 1969).
Therefore, the pre-flood geometry is not likely to be
regained until bedload is reduced. This may occur
slowly as bottomland vegetation stabilizes existing
sources of coarse material with the aid of fines intro-

duced from the watershed. The apparent recent damp-
ing in fluctuations of bed-level (Fig. 5) suggests that
this process is underway.

6. Conclusions

Bed-level fluctuations have played an important role
in the process of channel narrowing at Plum Creek from
1973 into 1986. Surfaces formed during this period
began as relict portions of the channel bed stranded at
high positions following the peak bed-levels of 1973
and 1984. On the other hand, surfaces dating from 1987
through 1991 were formed when vegetation became
established in the present channel bed at a time of
relatively stable bed-level and low flow. In conclusion,
channel narrowing along this sandbed stream has
resulted both from fluctuations in bed-level and by
establishment of vegetation on the channel bed.
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