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Abstract: The bed texture of a gravel-bed river is related to the size distribution and quantity of source sediments, the
routing of sediment through the reach, and the distribution of flow velocity. A reach morphology that is consistent in
depth with little lateral topographic variation will typically have a bed texture that is characterized by a fairly uniform
grain size distribution. However, spatial variations in source sediments within a given watershed may impact the
distribution of gravel-bed river sediments, even at the reach scale, such that two proximal reaches of the same river having
the same general morphology can exhibit contrasting distributions of surface sediments. We collected extensive
topographic and sedimentological data from two reaches of the Fall River in Rocky Mountain National Park, Colorado.
These were chosen for their simple morphology (both are straight reaches with fairly uniform depths) and contrasting
location relative to alluvial fan deposits that were introduced into the valley in a dam-break event in 1982; the upstream
reach was unaffected by the introduced sediments. Despite the long duration since this event, surveying in 2008 revealed
that the fan sediment continues to coarsen the left and upstream portions of the affected reach relative to other regions of
the channel. The persistent nonuniformity in bed texture in the downstream reach may eventually result in morphological
adjustment by promoting differential routing of fine versus coarse bed load size fractions, which may induce meandering.

Keywords: Bed texture, gravel-bed river, alluvial fan, channel morphology, spatial uniformity, fall river, rocky mountain

national park.

INTRODUCTION

The morphology of a river channel strongly affects the
spatial routing of sediment and its resulting bed texture [1].
Gravel bed rivers typically have a coarse surface layer that
serves to protect a comparatively-finer subsurface sediment
matrix from erosion [2]. The surface grains also provide an
initial source area for the bed load sediment. As larger grains
are picked up in the flow, grains of a similar size will tend to
replace grains that were entrained in the flow. This process is
largely dependent upon the sediment supply available within
the river and upstream supplies [3-7]. If the sediment
entering the reach is not equal to that which is leaving in
volume and size, then the system may undergo geomorphic
change [6].

In curved channels, fine and coarse grains tend to be routed
towards the inside and outside regions of the bend, respectively
[8, 9]. This differential routing of sediment is a function of the
channel shape, and leads to spatial variations in the bed texture
that may persist over a large range of flows [6]. Other examples
of nonuniform reach topography, such as channel bifurcations,
expansions, or other complexities, also play a major role in the
routing of sediment within the channel because these produce
lateral differences in depth that drive flow accelerations across
the channel [10] which, in turn, promote reach-scale surficial
grain size sorting and patchiness [11].

In contrast, for relatively straight, rectangular-shaped
reaches with uniform depths, the spatial distribution of bed
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sediment should be fairly uniform [12]. Straight channels
with no lateral topography lack significant cross-channel
flow and therefore lack mechanisms to substantially alter
streamwise-oriented bed load transport pathways. As a
result, the expected surface texture in straight, rectangular
reaches tends to be a fairly evenly-distributed mixture of the
full range of grain sizes present in the supply from upstream.

However, even for geomorphically-simple channel
reaches with uniform depths, the introduction of local
sediment can strongly influence the distribution of bed grains
[13, 14]. Local sediment sources can greatly alter the
distribution of sediment in a reach, especially if they
significantly differ in grain size distribution from upstream
source areas [15, 16]. This paper explores spatial differences
in surface texture within an individual stream reach that
result from the incorporation of comparatively coarse
alluvial fan sediment along the left margin of the channel,
and are unrelated to channel morphology. Our study builds
upon many reports [15, 17-20] that examine longitudinal
grain size variations by focusing on local supply-induced
variations in bed texture at the subreach scale.

To examine the influence of local sediment sources on
the distribution of bed sediments, we investigated two
straight reaches of the Fall River in Rocky Mountain
National Park (RMNP) (Fig. 1). Reach one (R1) is a
“pristine” site, located roughly one kilometer upstream of a
large alluvial fan that was deposited in a discrete event (from
a failure of an earthen dam on a tributary of the Fall River)
in July of 1982 (see details in [21]). The only apparent
sediment sources are from upstream alluvial material and
from the banks and hill slopes. R1 therefore serves as a
control in this examination of the effect of local supply on
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reach sedimentology. Reach two (R2), is located slightly
downstream from R1 and on the opposite side of the valley
from the alluvial fan (Fig. 1) and was therefore impacted
from the introduction of sediments in the 1982 event and
thereafter. The alluvial fan deposits directly affect the Fall
River in that they comprise much of the material on the left
bank of R2. We describe herein the effect of this spatial
difference in sediment supply on bed sediment distribution,
and we explore potential future adjustments in channel
morphology.

SITE LOCATION AND BACKGROUND

Located in Rocky Mountain National Park (RMNP) in
northern Colorado, the Fall River meanders through
Horseshoe Park, a long, formerly-glaciated U-shaped valley.
The valley is comprised mainly of late Pleistocene and early
Holocene alluvial sediments [22] and is bounded on both
sides by large lateral Quaternary moraines. The Fall River
has a gravel-bed and stable, lightly-vegetated banks in most
places [23]. The annual hydrograph is dominated by late
spring snowmelt runoff.

Lawn Lake is a naturally-formed, high elevation lake
near the headwaters of the Roaring River, a tributary to the
Fall River that has its confluence in Horseshoe Park at
approximately 2606 m asl [24]. In the early 1900s (prior to
the establishment of RMNP), local farmers decided to
enhance the lake’s storage capacity and constructed an
earthen dam that more than tripled the volume of water
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stored in Lawn Lake. In subsequent years the dam fell out of
regular inspection due, in part, to the nearly 10 km hike
required to visit the site [25]. On the morning of 15 July,
1982, the dam failed, releasing approximately 831,000 cubic
meters of stored water [24]. Peak outflows were roughly 510
m’/s, and floodwaters scoured the Roaring River channel bed
and valley margins, transporting sand to boulder-size
particles and other debris into Horseshoe Park [26, 27],
burying roughly a kilometer of the Fall River [21]. The
majority of flood-transported materials were deposited into a
large alluvial fan, creating Fan Lake (Fig. 1) from the partial
impoundment of the Fall River. For safety reasons, in 1995
the outlet of Fan Lake was enlarged by RMNP personnel to
drain the lake and begin restoring the valley [28].

The abundant supply of sand, gravel, and cobbles
throughout the valley made Fall River an excellent location
to examine the relationship between channel morphology,
bed texture, and local sediment sources. To isolate the
influence of local sediment sources on stream bed texture,
we investigated two distinct reaches of the Fall River. The
first site (R1) was located well-upstream of the alluvial fan
and Fan Lake. This section of the river was therefore
completely unaffected by the flood and served as a control
for the balance between the bed texture and channel
morphology where the only sediment supply is from
upstream sources. The second site (R2) was downstream
from R1 and was located across the valley from the majority
of the alluvial fan deposits; sand and gravel deposited during
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Fig. (1). Satellite image showing the geography of the Horseshoe Park area in Rocky Mountain National Park, including the alluvial fan and
reaches 1 and 2. Image is centered on 40° 24’ 35” N, 105° 38> 23” W and was taken on November 5, 2004, copyright DigitalGlobe®. Flow
direction is indicated with the arrows for Fall River and Roaring River. Obtained from Google Earth®.
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the 1982 event extend to the river’s left bank (Fig. 1). The
confluence of the Fall and Roaring Rivers occurs roughly 0.5
km upstream of R2; sediments derived from the Roaring
River headwater arecas would have become thoroughly
integrated with other Fall River basin sediments before
entering R2. This site therefore serves to examine the effect
of a local sediment source on the texture and morphology of
the Fall River and its relative stability over longer
timescales.

METHODS

Detailed information on channel topography, surface
sediments, and sediment supply was obtained for R1 and R2.
Topographic data was obtained using a Nikon NPL-352 total
station to survey cross sections spaced no more than one-
third channel width apart. These data were later input into a
flow model (U.S. Geological Survey multi-dimensional
surface water modeling system (MD-SWMS), [29]) to
generate a three-dimensional surface for both reaches.
Bankfull height was determined from topographic breaks in
slope and from changes in vegetation. The water-surface
slope was measured with the total station by extending the
survey longitudinally several reach lengths beyond each site.

The channel’s bed surface texture was quantified using a
modified version of the Wolman [30] pebble-count method:
each sample included 50, not 100, particles. The use of 50
particles represented a compromise between maintaining a
sample size large enough to produce statistically-reliable
grain size distributions and the need to sample a large
number of locations [9, 11]. Combining both research sites,
58 pebble counts were taken at 33 different cross-sections,
resulting in the characterization of 2900 total grains. For
each count, individual particles were randomly sampled from
the riverbed and their size was measured using a
gravelometer, a metal template with openings at half-phi
intervals designed to measure the size of a grain’s middle
axis. At least two pebble counts were taken at each cross-
section; these were staggered evenly throughout the reach to
adequately characterize the bed texture.

In addition to the pebble counts, four bulk samples of
exposed floodplain sediment were taken at the downstream
location to compare the grain size composition of left and
right bank, as well as upstream, sediment sources. Left bank
samples were located one-third, halfway, and two-thirds the
streamwise distance downstream from the upper end of the
reach (cross sections 4, 8, and 12, respectively), and the right
bank sample was also located at cross section 4. All samples
were obtained roughly one meter away from the top of the
bank. Individual grains larger than 32 mm were sieved and
counted in the field; sufficient material was sampled to
ensure that the largest grain size recorded did not represent
more than 2% of the total weight of the sample [31], and that
samples were not biased by any individual coarse grains.
Grains finer than 32 mm were weighed, and a sample of this
material was preserved for particle size analysis using a Ro-
Tap sieve shaker in the laboratory.

To evaluate differences in the distribution of bed
sediments in the experimental and control stream reaches, we
ran t-tests to compare the Dg4, Dsp, and the D¢ of samples
obtained from the left versus right, and upstream versus
downstream, portions of both channels. The Dg4, D5, and the

The Open Geology Journal, 2011, Volume 5 69

D¢ represent the grain size for which 84, 50, and 16 percent
of the size distribution is finer, respectively. Significant
difference between samples was determined from p < 0.05.

RESULTS

The topographic characteristics of Reach 1 were obtained
from 12 surveyed cross-sections spaced roughly 1.5 m apart;
the reach morphology is illustrated in Fig. (2). Reach-
average bankfull width and depth were 9.6 and 0.4 m,

10m

Fig. (2). View of Reach 1, taken at approximately mid-reach (a),
three-dimensional modeled surface developed using MD-SWMS
software (b), and topographic map of reach using 0.2 m contour
interval (¢). Flow direction is indicated by the arrow. High and low
elevation areas are represented by red to blue colors, respectively,
for (b) and for Fig. (4b).

respectively, and the water surface slope was 0.004. From 23
pebble counts performed in R1, the reach-average Dg4, D5y,
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and D¢ was 34.3, 22.5, and 14.1 mm, respectively. The co-
efficient of variation, or CV (determined as the standard
deviation divided by the mean sediment size, giving a
normalized value of particle size variability) for the sample
Dg4 values was 0.15, suggesting that textural variation was
minimal for the coarse size fractions present on the bed.
Similarly, the CV was 0.17 and 0.23 for the D5y and Dy
values, respectively. All CV values obtained for R1 were
relatively small, indicating that the grain size distribution of
bed sediments did not vary substantially through the reach.
The frequency of sample Dg4 values is shown in Fig. (3).
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Fig. (3). Frequency of Dg4 values from different regions of Reach 1:
left and right portions of the channel (LB and RB, respectively) and
upstream and downstream regions (UP and DN, respectively). Bin
width is 2 mm.

T-test analysis of differences in the bed texture between
left and right portions of R1 indicated that the sample Dgy
and Dsy values were not statistically different (Table 1),
which is consistent with expectations for a straight reach and
uniformly-distributed sediment supply. Contrastingly, there
was a significant difference in the distribution of fine grain
sizes (Dy¢) between left and right portions of the reach (p =
0.018), which may be related to the short reach length, the
bar-pool morphology of proximal reaches of the river, or
some other factor.
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Table 1. Probability Values Associated with t-Tests
Comparing Grain Size Percentiles of Surface
Samples Taken at Left and Right Portions of the
Channel (L and R, Respectively), as Well as for
Upstream Versus Downstream Regions (U and D,
Respectively)

Grain Size Percentile
Location
D84 DSl] D16
Reach 1: L,R 0.209 0.058 0.018
Reach 1: U,D 0.765 0.689 0.684
Reach 2: L,R 0.022 0.001 0.016
Reach 2: U,D 0.011 0.010 0.001

The values in bold are for samples that were not significantly different (i.e. where there
was spatial uniformity in bed texture), while the other values correspond to significant
differences between samples (i.e. where spatial variations in bed texture were
significant).

We also compared the character of the surficial
sediments from upstream and downstream portions of R1.
Given the channel’s rectangular and straight morphology,
our expectation was that the distribution of sediment sizes
ought to be fairly consistent in both the lateral and
longitudinal directions. For RI1, the probability values
associated with the t-tests comparing upstream and
downstream portions of the channel were 0.765, 0.689, and
0.684 for the Dg4, Dsp, and Dy grain sizes, respectively
(Table 1), which is consistent with our suggestion that
straight reaches of this type lack mechanisms to
preferentially sort particles into discrete patches or other
non-uniform textures.

Reach 2 was somewhat larger than Reach 1, with a
bankfull width and depth of 12.5 and 0.8 m, respectively,
and water surface slope of 0.005 (Fig. 4). Seventeen cross-
sections were spaced roughly 4 m apart through the 70 m
long reach. We performed 35 pebble counts in R2, giving
reach-average Dg4, D5, and Dy values of 68.9, 42.6, and
22.8 mm, respectively. All represent increases from reach-
average grain size percentiles obtained from Reach 1 (Fig.
5). The CV for the reach-average Dg4, D5y, and D¢ values
was 0.20, 0.18, and 0.19, respectively. These suggest that
even though there was an increase in the actual size of
sediment being transported in the channel, there was only a
marginal increase in the relative range of values.

Probability values associated with t-tests comparing left
and right portions of the channel for R2 were 0.022, 0.002,
and 0.016 for the Dg4, D5y, and D¢, respectively, implying
that samples from these two regions are significantly
different for all grain size fractions considered (Table 1).
This spatial difference is illustrated in Fig. (6) which gives
the frequency of sample Dg, values for left and right portions
of the channel. Moreover, the Dg4, Dso, and D;¢ values for
the bulk sample taken from the exposed floodplain sediments
at cross section 4 along the right bank of the channel were
22.5, 7.2, and 0.9 mm, respectively. These potential source
sediments for the right portion of the channel are
significantly finer than floodplain sediments exposed along
the left side of the reach; the mean of the Dgy4, Dso, and Dyq
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10m

Fig. (4). View of Reach 2, taken at approximately mid-reach (a),
three-dimensional modeled surface developed using MD-SWMS
software (b), and topographic map of reach using 0.2 m contour
interval (c¢). Flow direction is indicated by the arrow. XS 4, 8, and
12 refer to cross-sections where substrate grain size distribution
samples were collected.
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values associated with the three samples of exposed
floodplain sediment from the left side of the channel were
44.2,9.6, and 0.7 mm, respectively.
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Fig. (5). Grain size distributions for Reach 1 and 2. These are

reach-average values from individual grain size distributions
obtained from the 58 total pebble counts.

Not surprisingly, the coarse size fraction of the floodplain
sediments (represented by the Dg4) became rapidly finer with
distance from the alluvial fan, ranging from 61.4 mm at the
upstream end to 12.3 mm near the downstream end of the
reach. The rapid decline in grain size percentiles through the
reach seems well-explained by the orientation of the reach
(and floodplain samples) relative to the alluvial fan (Fig. 1).

Probability values associated with t-tests comparing river
bed sediments in upstream and downstream portions of R2
were less than 0.05 for the Dg4, Dso, and Dy¢ (Table 1),
indicating that differences in the size of sediment from the
upstream and downstream regions were statistically
significant. The mean of the Dgs, D5y, and Dj¢ values
associated with the upstream portion of the reach were 74.5,
45.7, and 25.1 mm, respectively; these declined to 62.9,
39.2, and 20.4 mm, respectively, for the downstream region.
These results strongly suggest that the textural variations
observed in R2 were caused by the introduction of locally-
available sediment from the alluvial fan, and that this
sediment supply continues to affect reach sedimentology.

DISCUSSION

For R1, the field data generally matched our expectations
for the reach. Because the morphology of the channel was
more or less uniform in depth, the flow was hydrostatic with
vectors of fluid stress oriented predominantly longitudinally.
We therefore expected the distribution of sediment to vary
little through the reach. We found both a general uniformity
in the distribution of surficial sediments, and also a small
overall range of sediment sizes present in the reach. Given
the location of R1 well-upstream from the alluvial fan
deposits, there appeared to be no local sources of sediment
affecting the reach, meaning that the feed of sediment to the
reach consists of integrated supply materials from upstream
portions of the watershed and from the streambanks. Given
this context, it served as both a model of what might be
expected where there is a balance of flow, sediment
transport, and channel morphology in a straight, rectangular
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Fig. (6). Frequency of Dg,4 values from different regions of Reach 2. Symbols and bin width are the same as for Fig. (3).

reach and an experimental control against which to compare
spatially-varying surficial sediments in R2.

Conversely, for Reach 2 the left side of the river was
cutting through deposits from the alluvial fan, while the right
side of the river was comparatively unaffected by the 1982
event. The sediment available to replenish entrained particles
in the right-hand portion of the channel would have been
relict outwash (from the stream banks) and upstream
watershed materials, and to a lesser degree, the alluvial fan
sediments. The fan sediment on the left bank was both
coarser and more abundant (Fig. 7); this disparity apparently
continues to drive spatial differences in the channel’s surface
texture. These results also provide evidence that very little
lateral mixing of grain sizes currently occurs within the
reach.

The distribution of grain sizes observed in the channel of
R2 mirror the bulk sediment data from exposed floodplain
sediments on both the left and right bank of the channel,
strongly suggesting that these serve as the principal sources
of bed load sediment for the reach. This analysis indicates
that the alluvial material brought into the valley from the
Lawn Lake failure disproportionately impacts the channel at
the most upstream portion of the reach; with increasing
distance from the area of impact, the average grain size rapidly
decreases. Orvis and Graham [24], Table 1 estimate that the

Fig. (7). Coarse alluvial fan sediments from the 1982 event still
clearly exposed along the left bank of Reach 2. Picture taken during
the 2008 field season. View is upstream.

competent particle size (see also [32]) of floodwaters during the
Lawn Lake 1982 event decreased from roughly 0.411 to 0.035
m over only around 0.7 kilometers of valley length from the
alluvial fan’s origin in Horseshoe Park. R2 is approximately 0.4
km downstream from the fan, indicating that the largest particle
size transported by the 1982 event at R2 would correspond to
0.19 m at the upstream end of the reach and that the competent
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strength of the flow would decline significantly through the
reach, resulting in a maximum competent particle size of 0.15 m
at the downstream end. The maximum grain size we measured
in R2 was 0.180 m (10 total), which falls in between these
values; more subtle differences in competent grain size may
have been lost due to the use of ', phi interval grain size
intervals.

While we lack quantifiable data to evaluate the distance
downstream from R2 required to allow sediments to become
fully laterally mixed, visual observations suggest that full
mixing had occurred within several reach lengths. Lateral
mixing is aided in downstream reaches by the onset of a
migrating channel planform, which is accompanied by
substantial lateral topography and (presumably) cross-channel
sorting of grain sizes. Farther (1 km) downstream, a reach
described in [11] has a well-mixed, fairly uniform gravel bed
texture (reach average Dsp = 30 mm, bankfull width and depth
of 12 m and 0.6 m, respectively) with little, if any, lateral
variability in surface grain size distribution.

The introduction of larger material affects the distribution of
roughness through the reach because bed roughness (z) is a
linear function of the local Dg4 [33]. Using data from a nearby
site, [6] showed that the bed texture of a gravel-bed river may
persist during large flow events, which reinforces the effect that
local sediment sources may have on the long-term
sedimentology of stream reaches. Persistent roughness
differences between regions of the channel may drive future
shifts in channel morphology, such as the onset of lateral
migration. Many of the coarse grains we measured in R2
appeared to have not moved from their location for some time,
probably since the last bankfull flow. Immobility was suggested
from accumulations of algae on the coarse particles and the
partial infilling of fine sediments in between grains that were
mainly located in the left portion of the channel. Contrastingly,
the right portion of the channel had a finer bed texture, and
surface grains lacked surficial algae, were looser, and appeared
to have been recently mobilized. Other factors being equal, fine
(coarse) sediment patches—at least relative to the reach median
grain size—may be associated with lowered (greater) local
critical Shields stress where they occur in moderately deep areas
of the channel [11]. Given this configuration, it seems likely
that, in the absence of flows capable of mobilizing the coarse
grains found in the left region of the channel, the annual
snowmelt flood will allow the river to progressively scour the
right-hand portion of the bed (similar to experimental result by
[34]). This, in turn, may induce an alternating bar pattern and
eventual planform meandering as long as the reach-scale
topographic perturbation persists [35]. The orientation of the
river relative to the 1982 disturbance may therefore promote an
eventual shift in local channel morphology; this underscores the
role of dam-break floods as landscape disturbances able to drive
persistent morphological change [36, 37].

CONCLUSIONS AND FUTURE RESEARCH

This work builds upon studies of local sediment inputs and
their effect on the longitudinal grain size distribution of gravel
rivers [13, 14, 38], and others, by focusing on spatial variations
that arise in bed texture within a reach when locally available
sediments are limited to one side of the river channel (see also
[39]). Two reaches of the Fall River in Rocky Mountain
National Park with simple morphologies but contrasting surface

The Open Geology Journal, 2011, Volume 5 73

grain size patterns illustrate the effect of local sediment sources
(e.g. alluvial fan sediments) on a river’s bed texture. For the
downstream site, fan-introduced sediments were significantly
coarser than comparatively-unimpaired sections of the channel.
The sediment supply for the upstream site consisted of expected
watershed and channel bed sources, resulting in a fairly even
distribution of sediment sizes throughout the reach.

If the morphology of a channel is rather simple and
rectangular, surficial sediments should be fairly uniformly
distributed throughout the reach because differential transport
induces spatial patchiness in bed texture [40] and is typically
driven by the existence of lateral topography [8-10]. However,
spatial variations in sediment sources lead to lateral and
longitudinal variations in the distribution of sediment- even in
straight river reaches [14]. The magnitude of such spatial
variations in bed texture will be based on the scale of difference
that exists between watershed and local-scale sediment sources.
Additional data regarding the grain size composition of sediment
sources are needed to evaluate such differences in supply.

These results underscore the importance of careful
characterization of the size and distribution of sources of
sediment to a given reach, as spatial variations that exist for
such sources may be reflected in the channel’s bed texture.
Moreover, changes in the balance between these variables may
ultimately affect the equilibrium morphology of the channel.
Sufficiently long field studies or experiment investigations are
needed to thoroughly examine the influence of spatial
differences in reach roughness that arise due to persistent
variations in surface texture on channel planform evolution.

Understanding the mechanisms that drive flow and sediment
distribution in a river has a number of valuable applications,
including the incorporation of process mechanics into physical
river restoration efforts [41, 42], habitat suitability assessment
for benthic invertebrates and other fauna [17, 43], and improved
ability to model the distribution of surface sediments and
channel dynamics in natural gravel-bed rivers [44, 45].
Additionally, these results may help researchers forecast spatial
variations in the grain size distribution of buried sediment beds
and other sedimentological features, with important
implications for geological engineering (e.g. construction of
building foundations, tunneling, and other activities). Possible
future research questions include investigation into the
increased range of Di¢ values in R1, predicting and measuring
future geomorphic changes in R2 as it re-stabilizes from the
introduction of an outside sediment source, and examining the
effects that larger grain sizes have on benthic invertebrate
communities in the channel.
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