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1.0 INTRODUCTION

The Yellowstone River is the longest undammed river in the United States. Because development
of this region has lagged behind most of the rest of the country, the river has largely escaped the
comprehensive channel training that has affected most other major rivers. In recent years, however,
partly as a result of two large consecutive floods and partly due to increased development adjacent
to the river, there has been a substantial increase in the number and size of channel training projects,
particularly near population centers such as Billings. This trend has been controversial for several
reasons. The visual esthetic impacts are obvious. Concrete rubble, stone riprap, and other assorted
materials now cover large reaches of the river banks. Some interest groups are concerned that
wildlife habitat, particularly the fishery, is being negatively impacted. River armoring tends to have
a cumulative effect; i.e., piecemeal armoring of some reaches may trigger accelerated erosion of
unprotected banks. Also, reduction of sediment load resuiting from armoring has caused some rivers
to undergo changes in geometry that affected flood elevations, among other things. This report will
address apparent changes to the Yellowstone River over the past 40 years in the Laurel-Billings area
of Yellowstone County (Location map, Figure 1), and will quantify the extent and effects of channel
training.

The report will attempt to answer several fundamental questions. How much of the river has been
armored? Has there been a measurable loss of stream channel habitat? More fundamentally, is the
river stable in a geomorphic sense? That is, does it have the same general geometry that it had 40
years ago? Answers to these questions will allow river managers and other stakeholders to evaluate
the effects of current training and permitting practices.

[t should be emphasized that the purpose of this work has been to identify and quantify the extent
and effects of channel training, and not to present value judgements. It is our hope that the
information in this report will enhance the management of a valuable and beautiful resource and be
of benefit to those who live and work along the river.

This work has been done at the request of the Yellowstone Conservation District (YCD) and funded
by YCD with assistance from the Montana Department of Natural Resources and Conservation
(DNRC). Womack & Associates, Inc. (WAI), and Aquoneering have worked together to collect data
and prepare this report. Although there was a high level of cooperation and joint effort between the
two firms, in general WAI has been responsible for the geomorphic analysis, and Aquoneering has
been responsible for surveying, description of channel geometry, and hydraulic analysis.

Chclientsidnret\yellowstone.rep.doc 1
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2.0 RIVER STABILITY

It has long been known that stability of a niver system is indicated by consistency of form. In general,
rivers can be defined by a set of geomorphic parameters that are driven by the quantity of flow
(discharge), sediment size, and, to a lesser extent, other factors. These parameters include sinuosity,
channel gradient, width/depth ratio, and degree of braiding. When a river becomes unstable, these
parameters invariably change; i.e., the river widens or narrows, becomes straighter and steeper (or
vice-versa), and develops more or fewer secondary channels. The fact that the river migrates and
erodes its banks is not a sign of instability. It is normal for stable rivers to migrate. However, when
the size and shape of the channel undergo change, it is a clear sign that the river is in a period of
instability. In many cases, rivers change form altogether, for example changing from a meandering
planform to a braided one.

The Yellowstone is different from many “alluvial” rivers, which can migrate more-or-less freely and
which have their geometry controlled primarily by the sediment available to them. The bed and
banks of the Yellowstone are usually armored by gravels and cobbles deposited by very high
velocity flows when the glaciers retreated in the distant past. The river is no longer competent to
move the largest resistant clasts, so it tends to do two things. It wanders back and forth on top of its
gravel armor, reworking the thin veneer of fine-grained soil on its flood plain (which is of great
concern to farmers and others who work and dwell along the river). It also tends to follow the
perimeter of its valley, because it is easier for the river to erode the soft rocks in the valley walls than
the hard stones in its bed. The other factor peculiar to the Yellowstone and other northern rivers is
the effects of ice. [ce jams alter the course of the river in unpredictable ways, particularly in the
lower reaches below the Big Horn River confluence.

3.0 METHODS

The study employed three data sources: air photos, cross-sections surveyed in 1968 by the Corps of
Engineers, and field measurements of cross-sections and armored reaches performed by Aquoneering
with assistance from WAL in 1999.

3.1 AIR PHOTO INTERPRETATION

Stereo air photo pairs taken in 1957 and 1996 were obtained. The 1957 contact prints are at a scale
of about 1:20,000, and the 1996 photos were enlarged to a similar scale. The 1996 photographs were
shot in late August, and represent relatively low flow conditions (about 4,500 cfs at the Billings
USGS stream gauge). The 1957 photos were shot at intervals between mid-June and late July, and
represent flow conditions that varied from 13,000 to 37,000 cfs. The 1957 peak discharge was in
excess of 56,000 cfs at Billings, and the 1996 peak discharge was about 62,000 cfs, so both sets of
photographs were obtained during high flow years. Bankful flow at Billings is about 34,700 cfs.
Active channels were marked and digitized into AutoCadd files. Section corners, roads, and other
cultural features were also marked and digitized. Although there is some distortion, particularly

Ciclients\dnre\yellowstone.rep.doc 3



.along the edges of the photographs, the digitized features were normalized to landmarks such as
section corners, which are reliable control points and can be readily identified on the photos. Air
photos are a common source of information regarding historical positions and changes of rivers.
Although there are certainly limits to the-accuracy, the photo data are adequate for assessing the
broad trends addressed by this study. Active channels interpreted from 1957 air photos are illustrated
on the topographic maps of Exhibit 1-1 through 1-3, and active channels interpreted from 1996 air
photos are illustrated on Exhibit 2-1 through 2-3.

The center of the thalweg identified on the photos and illustrated on Exhibits 1 and 2 was measured
to calculate sinuosity (channel length divided by valley length). Total length of active channels was
measured. Man-made features such as dikes, rip rap armoring, and barbs (hard points constructed
perpendicular to the bank) could be identified in many cases on the air photos. However, trees and
high water sometimes blocked such features, and some were certainly missed by the air photo
interpretation. Channel training structures interpreted from 1957 air photos are illustrated on the
topographic maps of Exhibit 1-1 through 1-3. Air photos were the only source of information
available for the 1957 river interpretation.iAlthough numerous human alterations were observed on
the photos and have been identified on the maps, these are not to be considered a complete inventory.
In particular, smaller armored areas, such as those protected by old car bodies and smaller stone,
could not be seen.

Similarly, identification of secondary channels from air photos involved judgement. If a channel
appeared to contain flowing water or evidence of scouring, it was placed on the map (Exhibits 1 and
2). If a dike or other constructed feature appeared to block a channel, the channel was considered
inactive and not mapped. Where possible, the activity of secondary channels (back channels) was
checked against the cross-sections. Flow occurs in some secondary channels only during unusual
flood conditions, and appearance of channels may have been biased by differences in flow levels
when the photos were taken, as well as by relative flows in the years preceding the air photos.
However, peak flows were similar in 1957 and 1996 (56,200 and 61,900 cfs respectively).

3.2 SURVEYS

3.2.1 Corps of Engineers, 1968
The Corps of Engineers (Corps) surveyed 37 cross-sections in the study reach in 1968, which were
later used in a FEMA flood plain study (FEMA, 1981). Data were available for 22 of the Corps
cross-sections, mostly downstream of the Canyon Creek confluence. The other Corps cross-sections
could not be located. Locations of Corps 1968 cross-sections are illustrated on Exhibit 1-1 through
1-3. The Corps cross-sections are in Appendix B.

3.2.2 Aquoneering, 1999
In 1999, Aquoneering completed a hydrographic survey of the entire study reach, and also surveyed
a group of cross-sections, of which about 30 were considered to be representative of existing channel
geometry. Locations of the 1999 cross-sections are illustrated on Exhibit 2-1 through 2-3. The work
was done using a Trimble Survey Grade GPS unit and Odem Hydrotrac Survey Sounder. Base

Ciclients\dnretyellowstone.rep.doc 4



.stations were established at five locations for control. The Aquoneering cross-sections are in
Appendix B.

The survey data were used to develop longitudinal profiles and width/depth ratios at bankful flow.
In some cases, access problems limited the length of the sections, and those that were judged to be
too short were not used for calculation of width/depth ratios. Aquoneering calculated bankful depth
at each cross-section assuming a discharge of 34,700 cfs for the Yellowstone downstream of the
Clark Fork confluence and 27,500 cfs upstream of Clark Fork.

3.3 1999 CHANNEL TRAINING INVENTORY

An inventory of channel training structures was taken on the river in early November 1999. The
inventory was limited by access, because many secondary channels were dry and could not be
reached by boat, and some private properties were off limits. Therefore, it is believed that some
armored areas and dikes were not observed. Channel training structures identified in 1999 are
illustrated on Exhibit 2-1 through 2-3.

4.0 GEOMORPHOLOGY

The Yellowstone River is a braided gravel bed stream. Through most of the study reach, it hugs the
south valley wall, switching to the north valley wall east of the [-90 bridge at Billings. The bedrock
is shallow and the river is often in contact with bedrock along the south bank. In at least six places
toward the upstream end of the study reach there is bedrock in the bed of the river (Exhibit 2-1) that
apparently provides local grade control. For the most part the bedrock consists of Colorado shale.
East of Billings the river encounters Upper Cretaceous sandstones that are often resistant.

The channel pattern may be characterized as braided with islands (Chorley, et al, 1984). Although
there are multiple channels and the river tends to shift dramatically from channel to channel, many
of the istands are recognizable over long periods of time. The river tends to be sinuous and less
braided where it lies in contact with its valley wall. Sinuosity is low, generally about 1.15. The
meander bend radius ranges from 3,000 to 4,000 feet, with an average of about 3,350 feet upstream
of the Clarks Fork confluence and about 3,750 below.

As is typical for braided gravel bed rivers, the Yellowstone is wide and shallow through the study
reach, as demonstrated by high width/depth (w/d) ratios. The survey data indicate w/d ratios of over
100 in highly braided reaches. Width/depth ratios are much lower at bridges, or where the river is
confined by the valley walls or armoring, typically about 50.

The channel is typically about 800 to 900 feet wide and 8.5 to 10 feet deep at bankful flow upstream
of the Clarks Fork confluence, and 800 to 1,400 feet wide and 9 to more than 20 feet deep
downstream of Clarks Fork. Gradients of 0.0005 to 0.0015 were measured upstream of Laurel. The
bed is deeply scoured at the Laurel bridges and flattens downstream due to aggradation. Downstream
of Clarks Fork the gradients range from 0.0003 to 0.004.

Ci\clients\dnrc\yellowstone.rep.doc 5



The channel is heavily armored. Measurements taken near Laurel indicate that the mean grain size

(d,,) of the armoring layer is about 200 mm (8 inches), and d, of the underlying sand and gravel
alluvium is about 50 mm (2 inches). The gravels and cobbles consist of durable stone from the
Beartooth and Absaroka mountains to the south.

The study reach between Billings and Laurel is approximately 30 river miles long and has been
divided into six reaches based on geomorphic character and apparent degree of human impact
(Figure 1). Beginning at the west end upstream of Laurel the six reaches are:

A.
B.

Carbon County line to Clark Fork confluence.

Clark Fork confluence to approximately | mile west of the Duck Creek bridge, along the east
boundary of section 5, T2S, R25E.

East boundary section 5 to Canyon Creek confluence in section 25, T1S, R25E.

Canyon Creek to about 1 mile south of the Billings water treatment plant, near the north
boundary of section 14, T1S, R26E. .

North boundary of section 14 to 1 mile north of the Billings East Bridge, near the center of
section 26, TIN, R26E.

Center of section 26 to the east edge of the Billings East Quadrangle, about 1 mile east of Dovers
[sland. '

The length and general geomorphic character of the six reaches are described in Table 1.

Table 1: Geomorphic Character by Reach

Reach | Valley | Sinuosity Geomorphic Character
Length | (1996) :
A 25,000 | 1.23 Braided, total channel length about 3 times thalweg length. Confined by bridges,
feet armoring, and canal intakes near Laurel. Highly braided just downstream of Lauret.
Local bedrock control.
B 14,000 | 1.10 Sinuous, slightly braided, total channel length about 2 times thalweg length. Channel
feet not confined against valley wall. Little armoring
C 16,000 | 1.20 Braided, total channel length about 3.4 times thalweg length. Follows south valley
feet wall. Little armoring
D 35,000 | 1.16 Very highly braided, total channel length about 5 times thalweg length. Channel
7 feet generally north of valley wall. Reach heavily impacted by armoring and training.
E 24,000 | 1.135 Swnuous, slightly braided, total channel length about 1.3 times thalweg length. Channel
feet confined against east valley wall. West bank armored. Confined by bridges and
Billings city facilities. ’
F 26,000 | 1.15 Braided, total channel length about 3 times thalweg length. Channel follows north
feet valley wall. Locally confined between bedrock and armoring near the Exxon refinery.

C:\clients\dnrc\yellowstone.rep.doc 6



5.0 ANALYSIS

The Yellowstone River has not been channelized and trained to the extent that most other major
rivers have, because it is not commercially navigable, it has not been dammed, and it drains a
sparsely-populated region. The thalweg length through the study reach was essentially identical in
1957 and 1996 (about 30 miles), as interpreted from aerial photographs. Channel stabilization
structures (dikes and armoring) occupied about 41% of the river bank in the summer of 1999,
compared to about 21% in 1957. The degree of channel training in 1957 is probably underestimated
because channel armoring in some cases could not be seen on the aerial photographs.

The greatest measurable change has occurred due to abandonment of secondary channels, primarily
due to construction of dikes and secondarily due to channel armoring. This process is known as
“river simplification” (Benner and Sedell, 1997). Braided streams with extensive back channels have
traditionally been viewed as unstable and undesirable (Rosgen, 1989; Dorward, 1990); and for many
years the Corps of Engineers and others attempted to close off as many “useless sloughs™ as possible
(Corps of Engineers, 1875). Dikes constructed to close off secondary channels can be observed under
construction at several locations in the 1957 air photos, and dikes had been constructed along at least
3.5% of the river bank (about 11,000 feet) by 1957. An additional 5% of the river bank (about
16,000 feet) was altered by dikes between 1957 and 1996.

A relatively short dike at the upstream end of a braided reach can have a disproportionate effect,
because it may effectively eliminate miles of channel. Figures 2 and 3 provide a graphic example
of the effects of dikes. These aerial photographs of a portion of Reach D illustrate the effects of a
dike installed sometime after 1957 that eliminated about 20,000 feet of channel. In this particular
case it would probably be inappropriate to characterize the eliminated south channetl as a secondary
channel. The 1968 Corps cross-sections in this reach indicate that the south channel was about 500
to 1,200 feet wide, compared to a width of 240 to 540 feet for the north channel. By 1999 the active
north channel had enlarged to about 900 feet wide in this area to accommodate the flow that formerly
passed through the south channel. )

Total channel length in the study reach, including high flow channels, decreased from about 490,000
feet (94 miles) in 1957 to about 468,000 feet (89 miles) in 1996, about a 5% overall reduction in 40
years. Although the overall change in total channel length does not appear to be significant, the
change was uneven and some reaches experienced large local changes. In fact, increases in channel
length triggered by river alteration in some reaches tended to counterbalance the losses that occurred
due to dikes and armoring elsewhere.

In Reach A, which includes the bridge crossings and other hard structures at Laurel, the total channel
length increased by about 12,000 feet (13%), apparently due to constriction of the channel at the
bridge crossings and resultant widening upstream and downstream. Figures 4 and 5 are aerial
photographs of the reach downstream of Laurel in 1957 and 1996 respectively, illustrating the abrupt
widening triggered by the constriction at Laurel. Width/depth ratios are abnormally high in the
widened reach. Aquoneering measured w/d ratios of about 300 in this reach (Exhubit 2-1), which is
about twice the maximum values measured elsewhere.

Ci\clients\dnrciyetlowstone.rep.doc 7
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. Total channel length was apparently unchanged in Reach E, which encompasses the [-90 bridge east
of Billings and hard structures around City facilities (Exhibit 1-3 and 2-3). The other reaches
exhibited decreases in total channel length that appeared to roughly correlate with increases in length
of channel training structures. The “braiding parameter” in Table 2 is simply total channel length
divided by reach length, and is analogous to the “total sinuosity” defined by Richards (1982). As
Table 2 illustrates, the degree of braiding decreased along most of the study reach between 1957 and
1996. The most heavily impacted reach (D) lost about 24,000 feet of backchannel, which is about
14% of its total channel length in 1957 (Exhibit 1-2 and 2-2). Simplification is now known to
eliminate river frontage and wildlife habitat, as well as have detrimental hydraulic effects, and is
generally not considered desirable (Galay, et al, 1998).

Geomorphic parameters have been summarized for reaches A through F in Table 2, as well as on
Exhibits 1 and 2. Note that the dates between which varicus parameters have been compared vary.
Parameters measured from air photos are compared between 1957 and 1996. Cross-sections were
available for 1968 and 1999, and channel armoring was inventoried in the field in 1999 and
compared visually where possible to the 1957 airphotos.

Table 2: Channel Training and Geomorphic Parameters by Reach

Reach | Thalweg  Length | Total Channel | Braiding Channel Dikes (%) * | Average
(feet) Length (feet) Parameter Armoring width/depth
(%) * ratio**
1957 1996 1957 1996 1957 | 1996 | 1957 | 1999 | 1957 | 1996 | 1968 | 1999
A 33,000 | 30,000 | 94,000 106,000 | 2.9 3.5 19 32 3 4 NA | 167
B 15,000 15,000 | 32,000 | 32,000 |22 2.1 10 28 0 14 NA | 49
C 18,000 19.000 | 56,000 | 52,000 | 3.1 2.8 21 28 0 2 NA | NA
D 38,000 | 40,000 | 170,000 | 146,000 | 4.5 3.6 15 39 4 15 126 | 48
E 27,000 | 27,000 | 44,000 | 44,000 1.6 1.6 27 41 2 0 55 53
F 29,000 | 30,000 | 99,000 | 88,000 |34 2.9 14 26 9 11 57 NA
Total | 160,000 | 161,000 | 495,000 | 468,000 | 3.1 2.9 18 33 3 8 NA | NA

*Note: In areas where dikes and armoring overlap, precedence was given to armoring, and dikes
were counted as separate items only in places where they were not overlapped by armoring.
Therefore, totaling the percentage of armoring and dikes in a reach gives an approximation of the
extent of total channel alteration. For example, in Reach A, the 1957 channel was armored about
19% and diked about 3%, for a total of 22% alteration. In 1996, 32% of Reach A was armored and
about 4% diked, for a total of 36% alteration.

**Average w/d for entire study reach in 1968 and 1999 are wetghted by thalweg length. The 1968
average w/d is for reaches D through F, and the average 1999 w/d is for reaches A, B, D and E
Reaches C and F have too few 1999 cross-sections to calculate averages.

The width/depth (w/d) ratios were calculated by a simple division of bankful width by maximum
depth. Bankful depth was calculated at each cross-section by Aquoneering using HEC-RAS.
Width/depth ratios at bridges were not included in the averages, because the channels are artificially
confined at those points and the w/d values were considered non-representative. Width/depth ratios
at bridges are lower than normal and exhibit little change with time. The w/d averages must be used
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~with caution. Although they have been utilized in this report to identify trends, in some places there
are too few cross-sections to develop statistically valid averages for w/d.

As shown by Table 2, w/d ratios could be compared between 1968 and 1999 only in reaches D and
E. because the 1968 Corps cross-sections upstream of Reach D are no longer available. Obviously
the largest documented changes in w/d ratio occurred in Reach D, where abandonment and closure
of back channels resulted in relative deepening and narrowing of the remaining channels.

The very high average w/d ratios in Reach A appear to represent a response to the restriction at the
Laurel bridges. Upstream of the bridges, the river is quite wide, with a meander belt 2,000 to 3,000
feet across (Exhibit 2-1). The cross-sections measured in 1999 were too short to determine w/d
upstream of the bridges, although w/d ratios are obviously high. The w/d ratios show considerable
narrowing downstream of the bridge, dropping to about 21 opposite the BBWA irrigation canal
intake (Refer to cross-section 5 on Exhibit 2-1). About 2,000 feet downstream of the bridges and
upstream of the Clark Fork confluence, the river widens considerably and has measured w/d ratios
of about 300 (Cross-section 7 on Exhibit 2-1), which is about twice the maximum values measured
elsewhere in the study reach. Sediment is apparently flushed through the narrow gut at the bridge
and deposited downstream, resulting in local widening and aggradation (Galay, et al, 1998).

With the exception of the portion of Reach A described above, the changes in morphology appear
to correspond to added channel armoring and dikes. The river apparently responded to the increase
in the length of armored or diked banks by abandoning secondary channels, becoming simpler in
planform, or more “canalized” (Hey, 1998), particularly in Reach D. It is obvious from a visual
comparison of the 1957 and 1996 air photos that much of the channel loss can be attributed directly
to construction of dikes across the inlets to secondary channels. It is also likely that armoring has
reduced formation of new back channels.

As illustrated by Table 2, the average w/d ratios in heavily armored reaches also decreased as the
total channel length and degree of braiding decreased. This trend reflects closure of back channels
and shift toward a dominant single channel. Decreases in w/d ratio are often accompanied by
decreases in discharge capacity and altered stage/discharge relationships. The documented changes
imply that existing flood plain maps should be revised in some cases.

The longitudinal profiles (Figure 6) reveal some interesting patterns. The scouring at the Laurel
bridges is obvious, as is the flattened reach downstream. Bedrock control creates steps in the channel
in three places upstream of the Duck Creek bridge. The river bed profile measured by the Corps in
1968 and used for the FEMA flood study is similar to the Aquoneering profile, although
Aquoneering’s profile is more detailed and reveals riffles, pools, and sediment waves more clearly.

Ci\clients\dnrelyellowstone.rep.doc 13
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. The largest change in longitudinal profile between 1968 and 1999 appears to be in the reach between
the Canyon Creek confluence and the South Billings Boulevard (Blue Creek) bridge, where the
profiles indicate about 8 feet of aggradation downstream of Canyon Creek, and about 7 feet of
degradation upstream of the bridge. The degraded reach appears to extend about 13,000 feet
upstream of the bridge, and corresponds to the portion of Reach D affected by the long dike
illustrated on Figure 3 and Exhibit 2-2. In this reach where the river has been confined to a single
channel, it has deepened the remaining channel. The w/d ratios have shown a corresponding
decrease, as shown on Table 2. The FEMA flood plain profiles and maps may not be current in this
reach.

6.0 POTENTIAL AND ACTUAL IMPACTS OF CHANNEL TRAINING

Channel training (dikes and armoring) typically has local as well as upstream and downstream
effects that have been documented along many rivers. The intent of this study was to examine the
Yellowstone and identify trends that indicate whether phenomena associated with river training in
other places are occurring here. i

6.1 INCREASED EROSION OF UNPROTECTED BANKS

As the extent of channel armoring increases, the river may attack those areas that are unprotected,
in order to acquire the sediment load needed to satisty its hydraulic energy requirements. Increased
erosion rates have not been documented by this study. However, the acceleration in channel
armoring in recent years may be an indication that landowners are responding to increased erosion
rates.

6.2 CHANGES IN GEOMETRY

A stable river exhibits a consistency of geometry and channel pattern. Stability does not imply that
the river is not meandering and eroding its banks. In fact, a stable river must erode its banks and
move sediment downstream in order to satisty the energy requirements of the moving water.
Consistency of form--i.e., relatively constant channel gradient, sinuosity, and width/depth ratio--
implies stability. Channel pattern should also be consistent. A common sign of instability is a major
change in pattern; e.g., if a meandering river becomes braided or vice versa.

Local changes in geometry as expressed by w/d ratios and degree of braiding have been documented
by this study. These changes have apparently altered stage-discharge relationships, with the result
that flood levels may be higher in some areas. At this point in time the changes in flood stage are
localized. However, it is reasonable to assume that these changes will become more widespread if
the trend of increasing the degree of channel training continues.

6.3 LOSS OF BACK CHANNELS AND HABITAT

Channel armoring and training often leads to a loss in total channel length, because the smaller side
channels are artificially blocked off or abandoned by the river due to a change in form. Back
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.channels may be important fisheries habitat, providing spawning sites and migration routes. These
sites are also used intensively by land animals and waterfow]l and may be critical for dampening
flood effects. Dramatic loss in back channel capacity has been documented in modern times on the
Willamette River (Sedell and Froggett, 1984) and the Missouri River (Morris, et al, 1968; and
Keller, 1976).

This study has demonstrated that channel lengths have decreased in some reaches due to channel
training. Overall, the total channel length through the study reach has decreased only about 5% since
1957. However, this statement may be somewhat misleading, because large reductions in channel
length along much of the study reach were offset by a sizeable local increase in channel length in
the reach downstream of Laurel triggered by constriction of the channel at the bridges.

7.0 CONCLUSIONS AND RECOMMENDATIONS
The following conclusions have emerged from this study:

e The extent of channel training (dikes and armoring) has increased from approximately 21% in
1957 to 41% in 1999.

o Dikes and armoring have simplified the channel, leading to significant reduction in total channel
length in some reaches.

e The river is much more braided where it is not confined against its valley wall.

e The more heavily braided reaches are the least stable in terms of channel migration, and have
experienced the most intensive channel training efforts.

e Width/depth ratios are typically on the order of 50 at bridges and in reaches confined by valley
walls or training, and upwards of 100 in more braided reaches. Channel armoring has caused a
tendency for braided reaches to become narrower and have lower w/d ratios. Changes in
geometry have caused local changes in flood-discharge relationships.

e The bridges are short compared to the width of the meander belt, and confine the river, causing
widening of adjacent reaches.

The following recommendations are offered as potential starting points for discussion and ways to
improve our knowledge of the river and reduce negative impacts:

» Public policy regarding river training, as expressed by the permitting process, should address
- overall effects to river morphology. It may be helpful to require geomorphic analyses for

permits.

e There is a need to develop a public policy regarding development in the meander corridor.
Fisheries experts should review the potential effects on fisheries caused by channel loss.

e New bridges should be longer. Galay, et al (1998) suggest that the length of new bridges should
be a minimum of 1.5 times the “regime” width (i.e., bankful width).

* Blocking secondary channels should be unacceptable.

¢ Rapid airborne reconnaissance would be a usefu! tool for inventory of channel training structures
and channel conditions, as well as detection of violations of river management regulations.

Ciclients\dnrc\yellowstone.rep.doc 16



.o Channel armoring and training should be consistent with river morphology, maintaining channel
geometry, meander radius, etc. Eroding banks should not simply be armored in their existing
condition. Instead, the normal meander radius in the reach should be evaluated and the work
should be matched to that value.

¢ Long riprap lengths are not recommended. Weirs and spurs are preferable to riprap.

e It may be appropriate to update floodplain maps in areas where significant change has occurred.

8.0 REFERENCES
Benner, P.A., and J.R. Sedell, 1997, Upper Willamette River Landscape: A Historic Perspective in
River Quality, Dynamics and Restoration (A. Laenen and D.A. Dunnette, ed), Lewis Publishers, p.
23-47.

Bradley, J.B., 1983, Transition of a Meandering River to a Braided System Due to High Sediment
Concentration Flows in River Meandering: ASCE, New York, p. 89.

Brice, J.C., 1975, Airphoto Interpretation of the Form and Behavior of Alluvial Rivers: Final Report
for the U.S. Army Research Office.

Brice, J.C., 1977, Lateral Migration of the Middle Sacramento River, California: NTIS Report PB-
271662/A8.

Burke, T.M., 1983, Channel Migration on the Kansas River in River Meandering: ASCE, New York,
p. 250.

Chorley, R.J., S.A. Schumm, and D.E. Sugden, 1984, Geomorphology: Metheun, New York.
Dorward, S., 1990, Design for Mountain Communities: Van Nostrand Reinhold, New York.

Emmett, W.W., 1974, Channel Aggradation in Western United States as Indicated by Observations
at Vigil Network Sites: Zett. Geomorph. Supplementary v. 21, p. 52-62.

Fraser, J.C., 1972, Regulated Discharge and the Stream Environment: River Ecology and Man, p.
263-285.

Galay, V.J., K.M. Rood, and S. Miller, 1998, Human Interference with Braided Gravel-Bed Rivers
in Gravel-Bed Rivers in the Environment (ed. P.C. Klingeman, R.L. Beschta, P.D. Komar, and J.B.
Bradley), Chapter 22, p. 471-511: Water Resources Publications.

Hey, R.D., 1998, Management and Restoration of Gravel-Bed Rivers in Gravel-Bed Rivers in the

Environment (ed. P.C. Klingeman, R.L. Beschta, P.D. Komar, and J.B. Bradley), Chapter 20, p. 435-
452: Water Resources Publications.

Ciclients\dnre\yellowstone rep.doc 17



Keller, E.A., 1976, Channelization: Environmental, Geomorphic, and Engineering Aspects in
Geomorphology and Engineering (D.R. Coates, ed), Dowden, Hutchinson, & Ross Publishers, p.
115-140.

Lagasse, P.F., 1994, Variable Response of the Rio Grande to Dam Construction in The Variability
of Large Alluvial Rivers (S.A. Schumm and B.R. Winkley, ed.), ASCE, p. 395-422.

Morisawa, M., 1985, Rivers, Form and Process: Geomorphology Text 7, Longman.

Morris, L.A., RN. Langemeier, T.R. Russell, and A. Witt, Jr., 1968, Effects of Main Stem
Impeundments and Channelization upon the Limnology of the Missouri River, Nebraska: Amer.
Fisheries Trans., v. 97, no. 4, p. 380-388.

Nadler, C.T., and S.A. Schumm, 1981, Metamorphosis of the South Platte and Arkansas Rivers,
Eastern Colorado: Physical Geography, v. 1, p. 95.

H
Noble, C.C., 1976, The Mississippi River Flood of 1973 in Geomorphology and Engineering (D.R.
Coates, ed), Dowden, Hutchinson, & Ross Publishers, p. 79-98.

Oregon State Water Resources Board, 1972, Oregon’s Flood Plains; a Status Report and Proposed
Flood Plain Management Program: Salem, Oregon.

Palmer, L., 1976, River Management Criteria for Oregon and Washington in Geomorphology and
Engineering (D.R. Coates, ed), Dowden, Hutchinson, & Ross Publishers, p. 329-346.

Richards, K., 1982, Rivers: Form and Process in Alluvial Channels: Methuen.

Rosgen, D., 1989, Short Course on Stream Classifications and Applications: Course Notes, Pagosa
Springs, Colorado.

Schumm, S.A., 1973, Geomorphic Thresholds and Complex Response of Drainage Systems:
Proceedings of the 4™ Annual Geomorphology Symposium Binghamton, p. 299-310.

Schumm, S.A., LD. Rutherfurd, and J. Brooks, 1994, Pre-Cutoff Morphology of the Lower
Mississippi River in The Variability of Large Alluvial Rivers (S.A. Schumm and B.R. Wirkley, ed):
ASCE, p. 13-44.

Sedell, J.R., and J.L.. Froggatt, 1984, Importance of Streamside Forests to Large Rivers: the Isolation
of the Willamette River, Oregon, U.S.A. from its Floodplain by Snagging and Streamside Forest
Removal: Verh.-Internat. Verein. Theor. Ange. Limnol. (International Association of Theoretical and
Applied Limnology), v. 22, p. 1828-1834.

Serrad, J.E., and J.K. Howard, 1983, Sacramento River Bank Erosion (problem statement) in River
Meandering: ASCE, New York, p. 271.

Ci\clientsidnrciyellowstone.rep.doc 18



U.S. Army, 1875, Report of the Chief of Engineers: Quotation from Benner and Sedell (1997), op
cit.

Woalman, M.G., and L.B. Leopold, 1957, Floodplains: USGS PP 282-C.

Ciclients\dnrc\yellowstone. rep.doc 19





















APPENDIX A:

PHOTOGRAPHS




Photo 2: Example of armoring — Dumped concrete rubble spur.



Photo 4: Example of armoring — Cabled trees.




Photo 5: Example of armoring — Miscellaneous junk.

Photo 6: Example of armoring — Car bodies.



Photo 7: Example of armoring — Wiers.

Photo 8: Example of armoring — Hand placed sandstone.



Photo 9: Boat with sounding and logging equipment.

&

Photo 10: Example of development close to river.



Photo 11: Bedrock outcrop in river near Laurel.

Photo 12: Old power dam abutment.
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