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DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL RIVERS

By GARNETT P. WiLLIAMS and M. GORDON WOLMAN

ABSTRACT

This study describes changes in mean channel-bed elevation, chan-
nel width, bed-material sizes, vegetation, water discharges, and sedi-
ment loads downstream from 21 dams constructed on alluvial rivers,
Most of the studied channels are in the semiarid western United
States. Flood peaks generally were decreased by the dams, but in
other respects the post-dam water-discharge characteristics varied
from river to river. Sediment concentrations and suspended loads
were decreased markedly for hundreds of kilometers downstream
from dams; post-dam annual sediment loads on some rivers did not
equal pre-dam loads anywhere downstream from a dam. Bed degrada-
tion varied from negligible to about 7.5 meters in the 287 cross sec-
tions studied. In general, most degradation oceurred during the first
decade or two after dam closure. Bed material initially coarsened
as degradation proceeded, but this pattern may change during later
years. Channel width can inerease, decrease, or remain constant in
the reach downstream from a dam. Despite major variation, changes

¥ “ross section in streambed elevation and in channel width with
t.  often can be deseribed by simple hyperbolic equations, Equation

coefficients need to be determined empirically. Riparian vegetation
commonly increased in the reach downstream from the dams, proba-
bly because of the decrease in peak flows.

INTRODUCTION

Many alluvial channels are considered to be systems
in equilibrium. This concept implies that the channel
size, cross-sectional shape, and slope are adjusted to
the quantities of sediment and water transported so
that the streambed neither aggrades nor degrades.
Similarly, the channel cross-sectional shape remains ap-
proximately constant. In this concept, both short-time
changes (scour and fill) and long-term geologic or
evolutionary changes (associated with climatic changes
involving hundreds or thousands of years) are excluded.
Neither the time scale nor magnitude of the changes
involved in these concepts is precise. Nevertheless, the
notion of adjustment and equilibrium implies that allu-
vial channels could be altered by significant manmade
modifications, such as dams, in the regimen of water
and sediment delivered.

This study deals with channel changes that have
t 1 place downstream from 21 dams on alluvial riv-
¢rs. Documentation of these changes can be useful in
evaluating and (or) mitigating the expected effects of
dams.

SCOPE OF STUDY

The primary emphasis of this study is on changes
in bed ‘elevation and width of river channels after alter-
ation of the flow regimen by closure of dams. Informa-
tion availability dictated the degree of study. Evidence
of changes in bed material and in vegetation is pre-
sented where the data permit. Measured water dis-
charges and sediment loads also are discussed because
of their effect on all these features.

This study documents changes as they have occurred,
particularly changes that have progressed for several
decades. We have not been able to develop equations
of sediment transport and erosion that might encompass
the transient processes described, nor to produce a
method of predicting the specific changes likely if a dam
is built on a particular river. However, the data pre-
sented here should be useful for testing theoretical or
empirical approaches. Brief discussion is devoted to the
kinds of assumptions and constraints imposed on predie-
tive models. Environmental impacts have received in-
creasing attention during the past decade (see, for ex-
ample, Turner 1971; Fraser, 1972; Gill, 1973; Sundborg,
1977, American Society of Civil Engineers, 1978; and
Ward and Stanford, 1979) but will not be discussed
separately here.

STUDY SITES AND SELECTION CRITERIA

The preferred selection criteria for a damsite and

downstream reach were: .

1. An alluvial bed at the time the dam was built. Gener-
ally, this meant bed material in the silt-to-gravel
range, as these sizes are more susceptible to ero-
sion.

2. Monumented channel cross sections at various sites
downstream from the dam, with repeat surveys
(one of which was done at about the time of dam
construction).

3. No significant dredging, channelization, or similar
operations in the study reach.

4. No significant backwater effects from downstream
dams.

Data that met the above eriteria were available for

21 dams (fig. 1). Most of these are in the Plains States

and semiarid West. Many other dams, too numerous

1



2 DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

to include in figure 1, also will be mentioned throughout
this paper.

Although resurveyed cross sections were the pre-
ferred source of data for channel changes, gage height
versus discharge relations at U.S. Geological Survey
streamflow-gaging stations also were used to estimate
bed-level changes, if the gaging station had: (1) An
erodible bed in the reach of the gage; (2) a location
within about 10 km (kilometers) downstream from the
dam; (3) gaging records beginning at the time of the
dam closure (and preferably much earlier); and (4) a
channel width that has not changed appreciably in the
gaging-station reach, during the time period examined.
Reaches downstream from 14 dams were found with
a gaging station meeting these requirements. Eleven
of these reaches have resurveyed eross sections and
were among the 21 sites shown in figure 1.

Most of the analysis was based on information from
sites that met the criteria noted above. However,
where specific information was available on bed mate-
rial, special channel characteristics, sediment loads, or
vegetation, this information was used to illustrate spe-
cific changes and to enlarge upon the findings.
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METHODS OF ANALYSIS AND DATA
SOURCES

WATER DISCHARGE

Water-discharge data were available for all 21 sites
from U.S. Geological Survey gaging-station records.
These data were used to determine what effect the dam

had on the magnitude and frequency distribution of
downstream flows. Comparison of pre-dam and post-
dam flow records of the nearest long-term gaging sta-
tion downstream from the dam indicated the overall ef-
fect of the dam on downstream flow. However, any in-
fluence of the dam needs to be separated from other
factors, such as regional climatic changes and upstream
operations of man. Pre-dam and post-dam flow records
were examined for the nearest gaging station both up-
stream and downstream from the dam. The “control”
station upstream from the dam reflects to a significant
degree the flows that would have occurred downstream
from the dam if no dam had been built. A control station
is most useful located as close as possible to the dam,
as long as it is not within the backwater of the dam.

The flow record used for a damsite was the longest
period common to both the downstream gaging station
and the upstream control station. This common period
sometimes was abbreviated to avoid the effects of a
subsequently-built dam on the flow at one of the sta-
tions,

The flow characteristics examined in this paper in-
clude average daily flow (commonly called mean annual
flow}, average annual flood peak, and certain flow-dura-
tion features. The average daily discharge for a given
year is computed by taking the average discharge dur-
ing each day, adding these for 365 consecutive days,
and dividing the total by 365. We averaged these annual
figures for a number of years to get a representative
average daily discharge for that period. Similarly, the
instantaneous annual peak discharges were averaged
for the period of interest. Flow-duration values used
here are the discharges equaled or exceeded 5, 50, and
95 percent of the time, where the duration curve is
based on flow records for the appropriate period. These
statistics represent only an approximate summary of
flow characteristics and will not reveal changes in an-
nual, seasonal, or daily mean flows, Daily variations,
for example, can be large downstream from dams oper-
ated for power production. '

SEDIMENT LOAD

Information about measured " suspended-sediment
loads before and after construction of dams is available
for a few river reaches from U.S. Geological Survey
and U.S. Army Corps of Engineers reports (some un-
published). Such data have been used in specific cases
to show dam-related changes in suspended load.

BED AND BANK MATERIALS

Data on bed and bank materials were available for
selected sites from research investigations or from pre-
and post-engineering surveys for reservoir and dam
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4 DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

planning and design. These data have been supple-
mented by samples collected by the authors. In addi-
tion, the authors made pebble counts (Wolman, 1954)
of coarse particles on the beds of several rivers
downstream from dams. The results of these measure-
ments are used to illustrate some aspects of channel-
and bed-material change.

MEAN BED ELEVATION

Mean hed elevation was determined from: (1) Mea-
sured cross sections; (2) published graphs of bed eleva-
tion at sucecessive times after dam closure (Colorado
River only); and (3) gage height-discharge relations at
gaging stations.

MEASURED CROSS SECTIONS

The preferred method for determining mean bed ele-
vation was based on plots of 248 resurveyed cross sec-
tions provided by the U.S. Army Corps of Engineers
and U.S. Bureau of Reclamation. These 248 cross sec-
tions had been measured a total of 1,202 times. All mea-
sured cross sections were referenced to elevation above
sea level (National Geodetic Vertical Datum of 1929).
For each of the 1,202 cross-section surveys, we took
from 15 to 30 elevation readings at equally-spaced inter-
vals across the entire bed width, then averaged these
readings for mean bed elevation.

Bars and unvegetated islands, indicated in field
notes, aerial photographs, and published topographic
maps, were included as part of the channel-bed data.
In a few cases, the edge of a bar was high enough
relative to the adjacent streambed that problems arose
in defining the edge of the streambed or channel. The
surveyors had the same difficulty.

The four chief sources of error or variability in deter-
mining mean bed elevation from plotted cross sections
are: (1) Locations of placement of the stadia rod; (2)
natural changes in the bed configuration with time; (3)
recognition of the bed as opposed to the bank on the
plotted cross section; and (4) operator error in choosing
and averaging many bed elevations to get a mean value.
Error due to location of the stadia rod can be assumed
to be minor. Bed configurations do change with time,
quite apart from seour and fill, because of passage of
bedforms and redistribution of sediment. River surveys
normally are conducted during low flow (wading condi-
tions). Resurveys associated with the passage of a flood
on the Colorado River near Lees Ferry, Arizona,
showed about 2 m (meters) of change in mean bed level
{Leopold and others, 1964, p.: 228); low-flow resurveys
of the present study undoubtedly involve changes con-
siderably less than this. Exact error from changes in
bed configuration with time is unknown. Recognition
of the streambed and banks on plotted cross sections

was facilitated by the original notes of surveyors.
Operator error was considered by comparing two
operator’s determination of the average of many eleva-
tions across the bed; differences of 0. to 0.4 m appeared,
which is not a geomorphically significant error.

Because mean bed elevations naturally fluctuate with
time at any alluvial cross section, fluctuations of less
than about 0.1 or 0.2 m were considered insignificant
in this study. Significance of a measured absolute
change in bed elevation depends not only on measuring
precision but also on the scatter in elevations, the rate
of change of elevation with time, and the period of re-
cord. For example, for the magnitudes of changes oe-
curring at one cross section downstream from Fort
Peck Dam on the Missouri River, Wolman (1967, p.
90) estimated that about 10 years of record would be
needed to reliably show a degradation rate of 0.08 m/yr
(meter per year), and 30 years would be needed to show
a degradation rate of about 0.01 m/yr. These values
will vary from site to site.

PUBLISHED GRAPHS OF BED-ELEVATION CHANGES

For an additional 39 resurveyed cross sections,
downstream from Hoover, Davis, and Parker Dams on
the Colorado River, U.S. Bureau of Reclamation re-
ports for various years provide graphs of mean bed ele-
vation versus time. We read bed elevations for selected
times directly from the plotted curves, for all sections
downstream from these dams. The authors of those re-
ports derived the curves from measured cross sections
by: (1) Planimetering the cross-sectional area below an
arbitrarily chosen low bank-to-bank horizontal baseline,
the elevation of which is constant with time for each
site; (2) dividing this area by the baseline width (which
stayed virtually constant with time), and (3) subtracting
the mean depth thus obtained from the elevation of the
baseline. In almost every case, no islands were present
at the cross sections. The 39 cross sections in this cate-
gory had been measured a total of 615 times. The total
number of resurveyed cross sections for the study thus
was 287, and these had been measured a total of 1,817
times. On the average, then, each cross section in the
study was measured about € times, at intervals ranging
from about 1 to many years.

GAGE HEIGHT-DISCHARGE RECORDS (RATING TABLES)

Within the criteria listed earlier, the gage height cor-
responding to an arbitrarily chosen discharge is approx-
imately proportional to the bed level. Lowering of such
a gage height with time would indicate lowering of the
streambed. For the reference discharge, a low flow is
better than a high one, because the low-flow part of
the gage height-discharge relation is more sensitive to
changes in bed level and is better defined than the high-

.'/‘_-\A
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uow part of the relation. (The elevation corresponding
to zero discharge probably would be best, but it is not
defined for many gaging stations.) Where possible, we
used the discharge exceeded 95 percent of the time as
the reference discharge. Where this discharge was not
defined on a significant number of rating tables, the
lowest discharge common to most of the tables was
used.

Although this method can show general trends in bed
elevation, it is not as accurate as measured cross sec-
tions. Water-surface elevations can be affected by
changes in charnel shape, channel roughness, and
downstream features, even where width has remained
approximately constant.

Where the rating-table method was used, a controi
station upstream from the dam, if available, alse was
examined. Control stations usually were located more
than 10 km upstream from the dam in an attempt to
avoid any effects of the reservoir.

CHANNEL WIDTH
Channel (banktop) width was measured directly from

plotted cross sections. The survey notes in some cases
were used to help define the banks. Defining the banks

‘usually was not difficult.

Regulation of discharge by several dams reduced the

" ¢nannel-forming flows to such an extent that the post-

dam channel became narrower. The new banks, as well
as the original banks, then appeared on a plotted cross
section. In such instances, we measured the width be-
tween the newer banks, even though occasional flow
releases could overtop those banks.

TIME ORIGIN OF CHANNEL CHANGES

As a preliminary step to constructing a dam across

a channel, major or minor rearrangement of the stream
and its channel usually is made. Thus, the normal move-
ment of sediment and water are interfered with from
the early stages of construction. Such interference can
cause channel changes downstream. The extent of these
changes will vary from one dam to another, according
to the nature and rate of progress on the project. Sev-
eral years usually are needed to complete construction
and officially close a dam. Furthermore, storage in the
reservoir generally begins before the dam is closed offi-
cially. The date of dam closure, therefore, may repre-
sent a rather belated time from which to date channel
changes. A more logical date might be the date con-
struction began. However, channel cross sections gen-
erally were not established at such an early stage. The
vailable original cross-sectional measurements were

aade at times ranging from several years prior to the
beginning of construction to a year or two after the
dam was closed. The year of dam closure is used as

the reference date in this study because it is the only
date commonly available to all sites. A cross-sectional
measurement made no later than about 1 year after
dam closure usually was accepted as representative of
the channel at the time of dam closure.

VEGETATION

Analysis of vegetation changes in this study is limited
to a gross quantitative approach, with little attention
to individual plant types. Differences in vegetation
cover for a number of study sites were determined in
one or more of three ways: (1) Onsite mapping; (2) suc-
cessive aerial photographs; and (3) successive ground
photographs. Onsite, the simple method used consisted
of comparing exposed areas of channel bars and islands
clearly discernible on earlier aerial photographs with
existing stands of vegetation in the same reaches. Map-
ping was confined to the channel itself and did not in-
clude the entire valley bottom.

VARIABILITY OF NATURAL CHANNELS

To evaluate the effect of manmade alterations on nat-
ural environment, the natural variability of an environ-
ment needs to be considered. A few observations of
the characteristics and changes in alluvial rivers virtu-
ally unaffected by manmade structures are reviewed
briefly here to provide a reference for subsequent
analyses of apparent changes associated with dams.

Two kinds of variability are involved in any analysis
of channel changes. First, at any time a channel’s
width, depth, and slope vary in space. For example,
although the mean width of the Missouri River
downstream from Garrisen Dam in North Dakota in
1957 was 415 m for a reach 87 km long, the standard
deviation of 24 measurements was approximately 122
m or 29 percent. The actual width ranged from a mini-
mum of 255 m to a maximum of 845 m. This variability
also shows that, in comparing present and past widths
of the channels, a change needs to be demonstrable
statistically and, thus, outside of the range of natural
variability in any one set of measurements.

The second, more complex type of variability oecurs
with time at a given river cross section. Some selected,
representative data from the literature on naturally-oc-
curring changes in channel width and bed elevation are
summarized in tables 1-3. These changes can be large.
For example, within several weeks the Yellow River
of China at any one spot may widen by as much as
hundreds of meters (Chien, 1861}, Another of the
world’s largest and most sediment-laden rivers, the
Brahmaputra in India, also has extreme changes in
width with time (Coleman, 1969). The rates of change
range from a few meters to hundreds of meters per
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TABLE 1.—Selected examples of rates of change of channel width in alluvial reaches

[+, increase: -, decrease; USA, United States of America)

Flsod changes Long-term changes
Approximate
River, location vidth of Change in widch Fate of chonge Reference
initial Time Years of R ——
?:::::i) (metera) (percent} abservation (m:::rs (pe;:in:
year} year)
Brahmaputra River, Baagladesh " 6,700 — — - B +70 +1.90 Colewan, 1969, p. 161
Brahmaputra River, Bangladesh 11,800 -— - - 8 -65 -.55 Celeman, 1969, p. 161.
Brahmaputra River, Bangiadesh 12,200 - - e 11 0 1] Celeman, 1969, p, 161,
Erahmaputra River, Bangladesh 12,600 - - - 8 +118 +,91 Coleman, 1969, p. 161.
Brahmaputra River, Bamgladesh 11,000 -— -— -— 8 +98 . +.89 Coleman, 1969, p. 161
Bralmaputra River, Bangladesh 6,700 - - e 8 +15 +.22 Coleman, 1969, p. 161.
Brahmaputra River, Bangladesh 3,100 - - -— 8 —42 -1.4 Coleman, 1969, p. 161,
Brahmaputra River, Bangladesh 7,400 - e -— 133 +36 +.49 Latif, 1969, p. 1689.
Katjurl River, India .~ - - - 100 +16 -— Inglis, 1949, p. 67.
Gila River, USA 588 - - - 21 -21 ~3.5 Burkham, 1972, p. 5.
Gila River, USA 98 - -— - 9 +12.5 +12.8 Burkham, 1972, p, 5.
Cila River, USA 225 - - - 1 -64 -28 Burkham, 1972, p. 5.
Gila River, LSA 88 - - - 1 +85 +97 Burkham, 1972, p. 5
Gila River, USA 174 - - -— 1 ~73 ~42 Buriham, 1972, p. 5
Rio 5alado, USA 4.0 -— - — 36 +H.3 +1G8 Bryan, 1927, p. 1B.
Rio Salade, USA 14.9 - - wn 36 +4.2 +28 Bryan, 1927, p. 18.
{imarron River, USA 18 - —_— - 25 +16.4 +91 Schumm and Lichty, 1963, p. 73-24.
Cimarren River, USA 427 - — - 15 -15.3 =3.6 Schumm and Lichty, 1963, p. 73-74.
Cimarron River, USA 198 - - - ] 0 0 Schumm and Lichty, 1963, p. 73-74.
Cimarron River, USA 20 - - — 25 +34.6 +173 Schumm and Lichty, 1963, p. 73-74.
Cimarron River, USA 884 . - - - 15 -42.7 -4.8 Schumm and Lichey, 1963, p. 73-74.
Red River, USA 1,200 - - -— 16 25 -2 Schugs and Lichty, 1963, p. 86.
(average of 20 sites)
Red River, USA 1,070 - - - 4 +33 +3 Schumm and Lichty, 1963, p. 86.
{average of 20 sites)
Patuxent River, USA - 26 hours +6.2 - - —_ —_ Gupea and Fox, 1974, p. 503.
Patuxent River, USA e About 2 0 ° -~ - - Gupta and Fox, 1974, p. 503. -
days

Trinity River, USA 105 - 0 to #45 ) to +43 _ - - Ritter, 1968, p. 17-52. (:‘

(many eites)

TABLE 2.—Jilustrative exomples of long-term aggradation and flood deposition in elluvial reaches unaffected by manmade works
. [USA, United States of America; USSR, Union of Soviet Socialist Republics) ‘

Fload deposition Long-term aggradation
Ri location Rate Refere:
ver, loc ] T4 Depth Yearas of (zeters elerence
: me {meters) observation per
year)
Colorado River, ULSA . R = - 31 .03 . Cory, 1913, p. 1212.
Yellow River, China — - - .03 Todd and Eldassen, 1940, p. 446.
Alexandra-North Saskatchewan River, Canada - - 358-2,400 0007~,003 Smith, 1972, p. 182.
¥odorl River, USSR - wa 32 .03 Mandych and Chalov, 1970, p. 35.
Last Day Gully, USA . N - - 11 G066 Emmett, 1974, p. 58.
Arroyo de Loa Frijoles, USA —~ - . [ .06 Leopold and others, 1966, p. 219.
Nile River, Egypt - — 1,900-2, 800 .D00%6-.0016 Lyons, 1906, p. 315,
Mu ¥wa River, Formosa . - —_— . 3 & Lane, 1955, p. 745-747.
Brahmaputra River, Bangladesh 6 months 0.6-8 — —_ Coleman, 1969, p. 178.
Rio Guacalate, Guatemala 2 hours 1 — - Foley and others, 1978, p. 1l4.
James River tributaries, UsA Several 0-1.5 - - Williams and Guy, 1973, p. 42.
hours )
Van Duzen River, USA About 3 .3-3 - - Kelsey, 1977, p. 284-301.
L days .
Littie Larrabee Creck, USA About 3 2.4 —_ - Kelsey, 1977, p. 284-30%.
. . days .
Trinity River tributaries, USA —_— 0-3.4 — - Ritter, 1968, p. 53-54.
Waiho River, New Zealand : —_ 324 — - Gage, 1970, p. 621,
Centre Creek, New Zealand 8 months G~ 55 — - 0'Loughlin, 1969, p. 6%7.

year; however, most of the changes are less than 1 per- | width more significantly in arid climates than in humid )
cent of the channel width per year. The channel width | climates, but the magnitudes are not well-defined. A

of the Cimarron River in Kansas fluctuated significantly | few instances are noted in table 1 for rivers comparable ™
from 1874 to 1954 (Schumm and Lichty, 1963). Wolman | to those included in the present study.

and Gerson (1978) suggested that floods affect river Natural bed aggradation measured during many
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TABLE 8.—JHustrative examples of long-term degradation end flood erosion in alluvial reaches unaffected by mawmade works
[USA, United States of America; USSR, Union of Seviet Socialist Republies)

Flood erosion

Lomg~term degradatica

River, location

Rate Reference

T4 Depth Years of (meters
e (meters) observation per
year)
Castalc Creek, USA - - Y100 0.03 Justig, 1965, p. B,
Red Creek tributary, USA - - about 815 . 004 LaMarche, 1966, p. 83.
Beattonr River, Canadag -— ~ 250 .01l Hickin and Nanson, 1975, p. 490.
Lena River, USSREI - - 20 .0005 Borsuk and Chalov, 1973, p. 461,
Klardlven River, Sweden - —_ about 7,000 L007 de Geer, 1910, p. 161,
Trinity River and tributaries, USA —-— 0-0.5 - - Ritter, 1968, p. 54.
Wills Cove, USA Several i"'0—:1 - - Williams and Guy, 1973, p. 35.
hours
Yellow River, China About 12 5=9 - - Todd and Eliassen, 1940, p. 376.
hours
Pickens Creek, LSA l"'Abmu: 1 0-6 - - Troxell and Peterson, 1937, p. 93.
hour
Centre Creek, New Zealand B months .2-.5 -— - 0'Loughlin, 1969, p. 697.
Klar#lven River, Sweden About 1 4.7 - - de Geer, 1910, p. 174.

month

llﬁscimated.

zlclassiflcation uncercain.

years can be very small (table 2). Examples are 0.0007
to 0.0034 m/yr, or 1 m every 290 to 1,430 years
(Alexandra-North Saskatchewan River, Canada) and
about 0.001 m/yr, or 1 m every 1,000 years, for the
Nile River near Aswan in Egypt. Values of about 0.03
m/yr (1 m about every 30 years) have been given for
the Colorado River in the United States, the Yellow
River in China, and the Kodori River in the Soviet
Union. The most rapid reported rate is about 4 m/yr
for the Mu Kwa River in Formosa, where sediment
from landslides during 3 years raised the streambed
about 12 m.

In contrast to long-term average rates, bed aggrada-
tion during floods ean be enormous. Some observed
maximum depths of fill for a single flood are about 8
m on the Brahmaputra River and 24 m in the Waiho
River in New Zealand (table 2). Depths of 1 to 3 m
are common for the cases reported in the literature.

Reported measurements of long-term natural degra-
dation (table 3) range from about 0.0005 to 0.011 m/yr.
For example, Borsuk and Chalov (1973) gave an aver-
aged bed lowering of 0.0005 m/yr during 20 years for
the Lena River, Soviet Union. LaMarche (1966) used
vegetation to estimate an average of 0.004 m/yr during
815 years for a small channel in Utah. The longest
period examined seems to be 7,000 years by de Geer
(1910), who counted varved clays and estimated an av-
erage bed degradation of 0.007 mjyr for the River

_ Klaralven, Sweden. Hickin and Nanson (1975) reported
an average degradation rate of 0.011 m/yr for the Beat-
ton River, Canada, for 250 years.

During floods, streambeds in southern California in

a-matter of hours have ereded as much as 6 m (Troxell
and Peterson, 1937), and the Yellow River in China
has degraded by as much as 9 m (Todd and Eliassen,
1940) (table 3). In some cases, the bed refills during
the waning stages of the flood; in others, the bed refills
during a number of years, and along some reaches the
channel seems to be changed permanently.

Some data used in this study of channels downstream
from dams may not demonstrate a cause and effect rela-
tion; instead, they may show a sequential or natural
change. Cause and effect in certain cases needs to be
inferred from the timing of the changes and from their
nature and persistence; such proof can be demonstrated
only occasionally. Commonly, the precise magnitude of
the changes and the separation of manmade causes from
those changes associated with climate and other natural
phenomena may be difficult, as discussed below.

DOWNSTREAM EFFECTS OF DAMS
WATER DISCHARGES

A number of papers in recent years (for example,
Lauterbach and Leder, 1969; Moore, 1969; Huggins and
Griek, 1974: DeCoursey, 1975; Petts and Lewin, 1979;
and Schoof and others, 1980) have discussed the effects
of dams on downstream flows. Because of the various
purposes for which dams are built, there are large vari-
ations from one dam to another in the magnitude and
duration of flow releases. At some dams (for example,
Sanford Dam on the Canadian River, Texas, and Con-
chas Dam on the Canadian River in New Mexico), all
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or almost all the water is withheld from the
downstream reach. Only drainage through the dam,
tributary inflow, springs, ground water, and other
downstream sources provide water downstream from
the dam. At other dams, water is released only a few
times per year. Discharge at hydropower dams may
be stopped or curtailed for part of a day, and then a
relatively large flow released during ancther part of
the day (Fort Peck Dam on the Missouri River, Mon-
tana). At diversion dams, such as Milburn Dam on the
Middle Loup River in Nebraska, large quantities of
water may be diverted during the irrigation season, but
all flows (and some sediment) may be passed directly
through during the rest of the year. Even at dams built
solely for irrigation, water may be released in a variety
of patterns. At one extreme, virtually no water is ever
released, and all irrigation diversions are made directly
from the reservoir (Sanford Dam, Canadian River,
Texas). Near the other extreme, practically no water
is released during the winter storage period, but rela-
tively large flows are released steadily during the irri-
gation season, with irrigation diversions made from var-
ious points downstream (Caballo Dam on the Rio
Grande, New Mexico). Each dam, because of its pur-
poses and the arrival of floods from upstream, has a
unique history of daily, seasonal, and annual flow re-
leases. Whatever the pattern of controlled releases,
they are almost certain to be distributed differently
from the natural flows. _

The uniqueness of release policy at each dam pre-
cludes simple generalizations about the discharge distri-
butions, except that flood peaks will be decreased (table
4). For the 29 dams of table 4, average annual peak
discharges were decreased to 3 to 91 percent of their
pre-dam values (averaging 39 percent). The flow ex-
ceeded only 5 percent of the time was reduced in many
(but not all) cases. High flows may be important, espe-
cially in controlling channel size and vegetation.

Average daily discharge in a reach may increase, re-
main the same, or decrease after a dam has been built
(table 4). Low flows (equaled or exceeded 95 percent
of the time) also were diminished in some instances and
increased in others. Judging from the records at the
control stations (table 4), some, and possibly all, of the
changes in average daily flow (but not necessarily in
other flow statistics) at a number stations in our sample
would have occurred in the absence of regulation.
Changes in climate, ground-water withdrawals, flow di-
versions, vegetation, or combinations of these factors
could have been the causes.

SEDIMENT LOADS

In addition to changing the flow regimen, dams are
effective sediment traps. The curtailment of sediment

supply, as with the change in water discharge, could
have an important effect on the downstream channel.
With some dams, such as those built mainly for hydro-
power generation, the sediment may be trapped as an
incidental consequence of the dam’s overall structure
and operation. On other dams, sediment control may
be a specific intent or purpose in building the dam. For
example, Cochiti, Abiguiu, Jemez Canyon, and Galisteo
Dams have been built on the Rio Grande and its major
tributaries in an effort to reduce or eliminate aggrada-
tion on the Rio Grande.

A dam’s role in trapping sediment can be shown by
periodic reservoir surveys, by sediment-transport mea-
surements, or by both. Sediment-transport measure-
ments generally are given either as sediment concentra-
tions (weight of sediment per unit volume of water-sedi-
ment mixture) or as annual sediment loads, in tons per
year.

Hoover Dam on the Colorade River is a good exam-
ple. Suspended loads in the Colorado River have been
measured upstream and downstream from Hoover
Dam. The upstream station is near Grand Canyon,
Arizona, 430 km from the dam; the downstream station
is near Topock, 180 km downstream from the dam. Two
characteristics of the suspended load under natural con-
ditions— the large quantities and the very large annual
variations—are shown in figure 2. Before closure of
Hoover Dam in 1936, annual loads at the two stations
were similar. After closure, sediment inflow, rep-
resented by the data for the Grand Canyon station, con-
tinued to be large and variable. Downstream from the
dam, at Topock, however, both the load and the annual
variations were markedly decreased.

Data for several other dams also indicate a significant
decrease in sediment load., For Glen Canyon Dam on
the Colorado River (U.8. Bureau of Reclamation, 1976)
the average annual pre- and post-dam suspended-sedi-
ment loads, as measured 150 km downstream at Grand
Canyon, are as follows: Pre-dam (1926-62), 126 million
megagrams; post-dam (1963-72), 17 million megagrams.
This is a reduction of about 87 percent. On the Missouri
River at Bismarck, North Dakota, 121 kin downstream
from Garrison Dam, sediment loads during 194952 av-
eraged 48.6 million megagrams per year. The dam

closed in 1953. During 1955, the sediment was 9.8 mil- .

lion megagrams, and during 1959, it was only 5.3 million
megagrams. At Yankton, South Dakota, 7 km
downstream from Gavins Point Dam, which began stor-
ing water in 1955, the Missouri River’s pre-dam annual
sediment load was about 121 million megagrams. The
load then diminished to 8.1 million megagrams during
1955 and was only 1.5 miilion megagrams during 1960.
Data for the above examples may not reflect accu-
rately the actual trap efficiency, because the measuring

(



s

DOWNSTREAM EFFECTS OF DAMS 9

stations are a considerable distance downstream from
the dam. The entrance of major tributaries, the erosion
of sediment from the bed and banks immediately
downstream from the dam, and various other factors
{Howard and Dolan, 1981) can affect the apparent
trends. Measurements made at or just downstream
from the dam are much more suitable for an indication
of trap efficiency. Such measurements show that the
trap efficiency of large reservoirs commonly is greater
than 99 percent. For example, during the first 19 years
after closure of Canton Dam on the North Canadian
River in Oklahoma, a total of 20.5 million megagrams
of sediment arrived in the reservoir, and only 0.11 mil-
lion megagrams went past the outlet works of the dam
(U.S. Army Corps of Engineers, 1972, p. 6-8). The
dam, therefore, trapped about 99.5 percent of the total
sediment load. The trap efficiency of Denison Dam on
the Red River, Oklahoma-Texas, during the first 12
years after closure was 99.2 percent (U.S. Army Corps
of Engineers, 1960, p. 11).

These examples illustrate the efficiency of dams that
do not sluice appreciable volumes of sediment through
the dam. Many diversion dams and some sediment-stor-
age dams, however, are built and operated to permit

_sediment to be flushed out of the reservoir. For exam-

ple, Milburn Dam on the Middie Loup River and other
irrigation-type diversion dams such are those on the
Rio Grande and Imperial Dam on the Colorado River
are designed for flushing sediment either continuously
or periodically through the dam to the downstream
channel, Less commonly, a reservoir is emptied approx-
imately once per year, such as at John Martin Dam
on the Arkansas River in Colorado. The entire reser-

voir water storage at John Martin Dam typically has

been released each spring during the irrigation season.
The escaping water carves a channel in the stored sedi-
ment and transports sediment out with it. From 1943
to 1972, the annual trap efficiencies at this dam varied
randomly between 0 and 99 percent (U.S. Army Corps
of Engineers, 1973). At John Martin Dam and at similar
dams, annual trap efficiency (sediment storage) can
vary with: (1) Volume of water stored during the winter
and released (mainly a function of rainfail); (2) volume
of sediment entering the reservoir since the previous
year's release; {3) rate at which the reservoir release
in made; (4) bottom topegraphy of the pool (deep versus
relatively shallow); (5) type and location of outlet gates;

and (6} sizes of sediment particles (coarse versus very.

fine) entering the reservoir.
After dam closure, the downstream sediment loads

~ at a particular site do not appear to recover from their

greatly decreased values. Data on pre- and post-dam
annual suspended loads were available for five stations
downstream from Gavins Point Dam on the Missouri

River (U.8 Army Corps of Engineers, unpublished
data, various years). This dam does not sluice appreci-
able quantities of sediment. Further, several major res-
ervoirs were built on the Missouri River upstream from
Gavins Point Dam at about the same time that Gavins
Point Dam was constructed. The post-dam annual loads
for a given station downstream from Gavins Point Dam
were relatively small and showed no significant change
with time, for the 1 to 3 decades after dam closure
for which data are available. Instead, the loads only
fluctuate within the same relatively narrow range from
year to year (as for the Colorado River downstream
from Hoover Dam, mentioned above). Similarly, data
from various sources show that sediment concentrations
for a given discharge at four sites downstream from
Cantor. Dam also have not changed significantly with
time for as long as 3 decades (the period of record)
after dam closure.

What river distance downstream from a dam is re-
quired for a river to recover to its normal pre-dam or
upstream-from-the-dam sediment loads or concentra-
tions? Sediment in the channel bed and banks and in
tributary inflows are major factors in determining the
length of channel needed. This distance for the North
Canadian River downstream from Canton Dam is illus-
trated in figure 3. Upstream from the dam, at Seiling,
Qklahoma, a given discharge transported about the
same volume of sediment before and after the 1948 dam
closure. Reduetion in concentration 5 km downstream
from the dam is dramatic. A significant post-dam de-
crease still is quite noticeable 140 km downstream from
the dam. Even at Oklahoma City, 182 km downstream
from the dam, sediment concentration for a given dis-
charge is not as much as it was prior to dam construc-
tion. Finally at Wetumka, 499 km downstream from
the dam, with a drainage area some 4,640 km? (square
kilometers) larger than that at the dam, sediment con-
centrations have recovered and may even be greater
at high flows. Thus, the river required more than 182
km, and possibly as much as about 500 km, of channel
distance for bed and bank erosion, coupled with tribu-
tary inflows, to provide sediment concentrations equiv-
alent to those transported in the same reach at a given
water discharge prior to closure of Canton Dam.

Curves similar to those in figure 3 for the Red River
downstream from Denison Dam (U.S. Army Corps of
Engineers, 1960, plates 64 and 65) indicate the same
order of magnitude of channel distance (or possibly even
a longer required reach) for recovery of pre-dam sedi-
ment concentrations. At Arthur City, Texas, 150 km
downstream from the dam, post-dam sediment concen-
trations for the 17 years after dam closure were only
about 20 to 55 percent of the pre-dam concentrations
for the same water discharge. At Index, Arkansas, 387
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TABLE 4.—Water-discharge data (

[km, kilometers; m¥k, eubic

b ¢ River distance Period used
am ear
number River, dam, State of dam Dovmetrean gaging st;tion ::D:t:::;z? (vater years)
(fig. 1) closure and control station™ Pre—dam Post~dam
" ) {(ka)
1. Celorado, Glen Canyon, 1963 Colorado River at Lees Ferry, Arizona 26 1922-62 1963-~78
Arizona C; No suitable statioa
2, Colorade, Hoover, Arizona 1965 Colorado River near Topock, Arizona 180 1523-34 1935-43
C: Colorado River near Grand Canyon, Arizoma 43¢ 1923-34 1935-49
3. Colorado, Davis, Arizona 1950 Colorade River near Topoeck, Arizona 72 1935—&92"I 1950-78
C: Colorado River below Hoover Dam, Arizona 108 1935—69§j 1950—782!
4. Colorado, Parker, Arizona 1938 Colerado Riv;ar below Parker Dam, Arizona— 0-6.4 1936—37§j 1938~78
California .
C: Colorade R.i;ver near Topock, Arizona 63 1916-—37-2"' 1938—?8—3—1
5. Jemez, Jemez Canyon, 1853 Jemez River below Jemez Canyon Dam, 1.3 1937;1944-52 1953-78
Hew Mexico New Mexico
C: Jemez River near Jemez. New Mexico 43 1931‘—1101;&95(3-5—‘r 1953-78
6. Arkansas, Joha Martin, 1942 arkansas River at Lamar, Colorade 34 1914-41 ig:g:?g’
Colorade ' C: Arkansas River at Lajunra, Colorado ) 10 . 1914-41 ig:g:;;’
7. Missouri, Fort Peck, Montana 1937 Hissourl River near Wolf Point, Montana 100 1929-36 1937-78 (
C: No sultable station
B. Misgouti, Garrison, ) 1953 Missouri River st Bismarck, North Dakota 120 1929-—521/ 1953-78
Horth Dakota €: No suitable station
9. Hiegsouri, Fort Randall, 1952 Missouri River at Fo:l.: Randall, South Daketa 0-11 1948—5121 195278
South Dakota C: No suitable station
1o, Missourd, Gavitw Poine, 1955 Missouri River at Yankton, South Dakota 8 1948—5&‘3" 1955-78
South Dakota €: Missourd River at Yort Rendall, 110 1943-562  1955-78%
South Dakota ] .
11. Medicine Creek, Medicine 1949 Medicine Creek at Cambridge, Nebraska 16=-15 19‘38-48 -
Creek, Nebraska Medicine Creek below H. Strumk Lake, Nebraska 0.8 - 1951-78
. C: Ro suitable station o
12, Middle Loup, Milburn, Nebraska 1955 Middle Loup River at Walworth, Nebraska . 19 1946-54 1955=-60
C: Middle Loup River at Dunuing, Nebraska 31 . 1946-54 1955-60
13. Des Hoines, Red Rock, Yfowa 1969 Ded Moines River near Tracy, lowa 19 | 1941-68 1969-76
. C: Des Moines River below Raccoon River at 94 1941-68 1969-76
Des Hoines, Iowa
.14.. Smoky Hill, Kanopolis, Kansas 1948 - Smoky H:illl River near Langley, Kansas 1.3 1841=47 1948-77
C:; Smoky Hill River at Ellsworth, Kansas 48 1941-47 19&3-7?1,
15. Republican, Milford, Kansas 1967 Republican River below Milford Dam, Kansas 2.7 196466 1967-77
C: Republican River at Clay Center, Kansas 49 1964-66 1967-77
16. Wolf Creek, Fort Supply, 1942 Wolf Creek near Fort Supply, Oklahoma 2.6 1938-41 1942-78
. Oklahoma _ . C: No suitable station
17. North Canadian, Canton, 1948 Worth Canadian River at Caoton, Oklahoma .B 1939-«'0]‘—3-"r 1948~-78

Oklahoma : C: North Canadian River at Woodward, Oklahoma 106 . 1939-—471’ 1948-78



jor pre-dam and post-dam periods

meters per second; C, control station}
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Average dally
discharge (ma.l's)

Average annual peak

discharge (m3/s)

Flow equaled or exceeded
(@>/s)

n_n

X pe.n:ent of the time,

* « 5 percent

x = 50 percent

X = 95 percent

Pre-dam Post-dan Pre-damn Post—dam Pre~dan Peat-dam Pre-dam  Post-dam Pre-dam Post-dam
480 320 2,200 800 1, 800 560 23G 310 100 kDS
520 400 2,200 840 1,800 700 270 400 120 145
520 500 2,300 2,300 1,800 1,800 270 250 105 120
400 340 640 550 700 560 400 140 145 140
410 260 6504/ 154/ 700 590 400 370 155 140
230 340 850 640 360 630 250 350 125 140
230 380 400 600 300 520 25¢ 370 135 155

1.5 1.5 160 39 8.5 6.2 G4 0.5 0.006 0.0
2.0 1.9 50 52 7.0 6.7 .9 .8 .5 N
7.3 4.8 560 190 29 16.0 .2 .6 .05 07
7.4 6.6 500 340 20 20 2.3 1.6 .3 4
. 260 280 7o 690 500 30 140 240 70 40
600 660 3,9003'{ 1,100 1,600 1,100 450 850 140 250
880 680 6,3003/ 1,500 2,000 1,400 820 680 195 155
930 740 5,2002/ 1,200 2,100 1,400 820 760 250 220
860 6§70 5,3.002/ 1,400 1,900 1,300 760 £30 220 145
2.7 - 530 - 4.6 - 1.6 - 0.8 -

- 1.% - 13.5 - 8.2 - 1.0 - .02
23 22 58 53 31 30 22 22 16.5 16.5
11.0 11.5 18 20 13.5 14.5 11.0 11.5 9.1 9.3

140 200 1,200 800 530 560 62 115 7.6 13.0
105 15% 950 00 390 560 46 82 4.5 10.0
8.7 9.9 320 135 35 54 2.4 2.3 .5 .5
7.6 8.9 330 320 27 a7 1.8 2.1 .4 -4
23 24 290 150 69 S¢ 13.5 10.5 4.5 L.2
19.5 23 300 450 60 79 11.5 10.5 4,2 1.4
2.5 1.7 240 35 8.5 6.0 .5 .1 006 009
7.7 4.7 280 44 29 26 1.8 .2 0006 .03
7.2 5.0 400 155 26 19.5 1.2 1.1 . 0006 .0

11
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TarLE 4.—Water-discharge data for prg‘

River distance Period vsed

Dam Year of station (watet years)
number River, dam, State of dam Dowmstream gaging S:it“o“ from damgl
(fig. 1) closure and control station™ k) Pre-dam Post-dam
18, Canadlan, Eufaula, Oklahoma 1963 Canadian River near Whitefield, Oklahema 13 1939-—622/ 1963-18
C: Canadfan River at Calvin, Oklahoma 108 1939-623/ 1963—782!
1%, Red, Denison, Texas—Oklahoma 1943 Red River at Denison Dam near Denison, Texas ¢.5-4.C 1937-42 1943-78
C: Red River near Cairesvilile, Texas 106 1937-42 19&3—782"_
20. Keches, Town Bluff, Texas 1851 Neches River at Evadale, Texas 93 1922-50 1951-64
C: Neches River near Rockland, Texas 63 1922-50 1951-64
21, Chattahoochee, Buford, 1956 Chattalicochee River near Buford, Ceorgla 4.0 1942-55 1956-71
Georgia C: Chestatee River near Dahlonepa, Georgia 73 19642-55 1956-71
-— Rlo Grande, Caballo, 1938 Rio Grande belov Caballe Dam, Hew Mexico 1.3 1939-77
New Mexlco C: HNot needed .
-— Marias, Tiber, Montana 1955 Martas River near Chester, Montana 3-8 1946-47 195678
C: Marias River near Shelby, Hontana 65 1946-47 1956-78
- Canadian, Sanfoxd, Texas 1964 Canadian River near Canadian, Texas 120 1939—63-33‘ 1964-78&"
C: Canadian River mear Amarillo, Texas 47 1939-63%/ 19647837
—— Capnadian, Conchas, Rew Mexico 1938 Canadian Rlver below Conchas Dam, 4.5-5.6 1937-38 19423-72
Hew Hexico -
C: Canadlan River near Sanchez, New Mexico 50 1937-38 1%43-72 (
-- Canadian, Ute, New Mexico 1962 Canadian River at Logan, New Mexico 3.2 1943-62 1963-72 ;
C: Canadian River below Conchas Dam, 112 1943-62 1963-72
New Mexico
- Republican, Trenton, Nebraska 1953 Republican River at Trenton, Nebraska 1.5 19-’-8—521’r 1953-78
C: Republican River at Benkelman, Kebraska 5G 1948-52 1953-78
e .- Republican, Harlan County, 1952 Republican River near Hardy, Nebraska . 115 1943-—512/ 1552-77
Nebraska C: Republican River near Oxleans, Nebraska 37 19&8-51}-/ 1952—7}‘2,
- wWashita, Toss, Okiahoma 1961 Washita River near Clinton, Oklahoma 43 1938-60 1561~78
. C: Washita River near Cheyenne, Oklahoma 11z 1938660 1961-78

1/

="A long-term gaging station upstream from the dam,

2/

“’Hain station 1s downstream from dam and control station %8 upatrear from dem on same river.

al
af
5/
&/
i/

= Only years avallable.

='Flows affected by one or more upstream dams.

—"Highest mean daily flow used, rather than instantancous peak.

Only data for water years 1961-78 available.

—'Only data for water years 1921 and 1946 used {only data avatlable).

8/

are made from the dam.

9/

km downstream from the dam, a given water discharge
after dam construction transported about 50 percent of
the volume of sediment it did before the dam. On the
Red River, too, then, the deficit persists for hundreds

HWater years 1936-39 (before dam clesure) used.

~'All post—dam flow is from seepage at dam and from springs and tributaries downstream from dam; no releases

of kilometers. The actual length of reach required f(:(
complete recovery on the Red River cannot be deter.
mined from the above data.

Five stations downstream from Gavins Point Dam
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dam and poet-dam periods—Continued

Average daily Average annual peak

Flow equaled or exceeded '

(w’/s)

%" percent of the time,

discharge (m3!s) discharge (mjls)

x = 5 percent

x = 50 percent x = 95 percent

Pre-dam Post-dam Pre-dam Post-dam Pre—-dar Post-dam Pre-dam Post-dan Pre-dam Post-dan
175 120 3,600 740 760 480 48 54 a1 1.5
56 29 2,300 1,300 270 120 9.6 6.8 .3 .1
185 120 3,000 950 720 400 56 in 7.1 3.2
120 0 7,400 1,400 540 280 26 19.0 1.1 4.2
200 130 1,100 800 700 500 93 s4 8.8 5.9
77 a8 550 360 290 195 31 17.5 1.2 .7
60 54 660 270 140 156 6 40 19.0 12.0
10.0 10.5 220 260 23 24 7.6 g.2 2.8 3.4
- 24 - 77 - 518/ - 16.0%/ - 038
25 26 ns 90 79 74 11.6 18.0 4.2 2.8
25 27 1sY 560 76 105 11.5 11.5 4.2 4.0
16.0 2.6 1,100 a7 66 7.6 .9 7 01 .003
12.0 5.4 1,100 640 48 2 .7 6 .06 .05
12.0 .8 1,000% 100 35 1.1 .5 | 02 .009

6.5 4.3 5402/ 420 12 16.0 .6 1.0 .08 .02
3,54/ 1.2 550 66 4.9 8.6 2 07 .006 .02
114 .3 145 32 1.7 2 2 1 .01 05
6.0 1.8 290 24 16.0 7.1 4.0 0.08 .001 .02
3.4 2.4 105 60 7.7 4.9 2.8 2.3 3 03
32 11.0 530 185 135 52 16.5 4.8 4.0 1.6
“16.5 8.0 180 125 52 73 9.3 5.4 2.0 .5
4.1 1.6 290 69 15.5 5.4 ¥ 7 o1 1
1.2 4 290 66 4.0 1.4 2 1 .0003 .6

provide an example of the degree of downstream recov-
ery of suspended-sediment loads. Three dams—Fort
Randall (1952), Garrison (1953), and Gavins Point
(1955)—were closed on the Missouri River within 3
years during the 1950°s. Inspection of the yearly sedi-
ment data downstream from Gaving Point Dam shows
that annual loads consistently decreased during this
period (water years 1953-56), as expected. These years
vere excluded here in computing pre- and post-dam av-
erage loads. For the five downstream stations, the
available water years of pre- and post-dam data, respec-
tively, were: Yankton—1940-52, 1957-69; Omaha—

1940-52, 1957-73; St. Joseph, Kansas City, and Her-
mann—1949-52, 1957-76. These stations are 8
(Yankten), 314 (Omaha), 584 (St. Joseph), 716 (Kansas
City), and 1,147 (Hermann) km downstream from Ga-
vins Point Dam. From the annual suspended-sediment
loads, an average annual load was computed for the
pre-dam period and again for the post-dam period. The
ratio of these average loads as a function of distance
downstream from the dam is shown in figure 4. At
Yankton, just 8 km downstream from the dam, the av-
erage post-dam arnnual load was less than 1 percent of
that for the pre-dam period. Even 1,147 km
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FIGURE 2. —Variation in annual suspended-sediment loads before and
after closure of Hoover Dam, Colorado River, Arizona, at a station
upstream from the dam (Grand Canyon) and downstream from the
dam (Topock).

downstream from the dam, the post-dam average an-
nual load was only 30 percent of the pre-dam load. Data
from the Mississippi River at St. Louis, downstream
from the confluence of the Missouri and Mississippi Riv-
ers, and about 1,300 km downstream from Gavins Point
Dam, show that the mean annual suspended load de-
creased from about 320 million megagrams during 1949
52 to 109 million megagrams during 1957-80, after clo-
sure of the dams on the Missouri River. Changes
elsewhere in the Mississippi River basin also may have
contributed to the decrease in sediment load .in the
Mississippi. However, along the nearly 1,300 km of the
Missouri River downstream from Gavins Point Dam,
post-dam average suspended loads have not approached
the much larger pre-dam average values,

Hammad’s (1972, p. 601) data for the Nile River
downstream from Aswan High Dam show that, even
965 km downstream from the dam, annual sediment
loads 2 years after dam closure were only about 20 per-
cent of pre-dam values. The above examples indicate
that, in some major rivers, sediment concentrations and

DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

annual sediment loads may not achieve pre-dam values
for hundreds or thousands of kilometers downstream,
if at all. The cases documented here are large dams
and reservoirs from specific geographic regions. As
noted earlier, a variety of conditions will control the
response on different rivers.

MEAN BED ELEVATION

The results of the bed-elevation analyses based on
resurveyed cross sections are listed in table 13 at the
end of this report. The data for changes in mean bed
elevation determined from gaging-station rating tables
are listed in table 14 also at the end of this report.
From the latter rating tables, changes in mean bed ele-
vation with time were plotted for each gage site (figs.
3649 at the end of this report). (Such graphic relations
proceed in “stairsteps” because a constant bed elevation
is assumed for the period during which a given rating
table is in effect. The change to a new rating table
‘brings what appears in figures 3649 as a sudden switch
to a new constant bed level. The actual change in bed
level with time probably follows a smoother curve.)
Similar plots of change in bed level with time were
made for all resurveyed cross sections from the vol-
uminous data in table 13, and representative examples
are shown below.

GENERAL NATURE OF CHANGES
IN BED ELEVATION

For all 21 channeis {fig. 1) having resurveyed cross
sections, a lowering of the mean bed level—here called
degradation—occurred immediately downstream from
the dam (figs. 5 and 6), unless constrained by very
coarse material or bedrock. Such bed degradation
downstream from dams is a well-known phenomenon
on alluvial streams (Lane, 1934; Gottschalk, 1964, p.
17-5). Analytical studies of open-chanmel bed degrada-
tion include those by Lane (1948), Mostafa (1957), Tin-
ney (1962}, Breusers (1967), Komura and Simons (1967),
Aksoy (1970, 1971), Hales and others (1970), Komura
(1971), Rzhanitzin and others (1971), de Vries (1973},
Hwang (1975), and Strand (1977). Special flume studies
of bed degradation have been conducted by Schoklitsch
{1950), Harrison (1950), Newton (1951), Ahmad (1953),
Willis (1965), Garde and Hasan (1967), Ashida and
Michiue (1971), and others.

In some reaches, degradation can occur simply by
the removal of bars in the absence of replenishment
of sediment from upstream. This was observed on the
Red River in the region about 10 to 15 km downstream
from Denison Dam. Koch and others (1977) reported
a similar removal of bars in the reach downstream from
Yellowtail Dam on the Bighorn River, Montana.

(_
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FIGURE 3.-~Suspended-sediment loads (concentrations) transported by various discharges at successive downstream stations before and after
closure of Canton Dam, North Canadian River, Oklahoma. Control-station curve based on unpublished U.S. Geological Survey data;

other curves redrawn from U,S. Army Corps of Engineers, 1958.

On four rivers—Jemez River, Arkansas River, Wolf
Creek, and the North Canadian River——post-dam flow
releases were so much less than pre-dam discharges
that the channel became considerably narrower. In such
instances, lowering of the mean bed elevation can result
not only from bed eresion but also because the post-dam
narrowed river oecupies only the lowest part of the
original channel.

Should a dam release little or no water, the bed
downstream might not degrade. In fact, local aggrada-
tion sometimes occurs, because the controlled flows are
‘ot strong enough to remove deposits left by tributary
.lash-floods; by main-channel, sediment-removal works
associated with canals; or by wind. Examples are found
on the Rio Grande in New Mexico (Lawson, 1925;

Lagasse, 1980) and on the Peace River in Canada (Bray
and Kellerhals, 1979). Downstream from Elephant
Butte Dam on the Rio Grande the controlled releases
are depleted systematically by irrigation intakes. In a
reach beginning about 265 km downstream from the
dam this decrease in flow strength, together with the
deposits delivered by tributaries, brought the river bed
in many places to an elevation higher than the adjoining
farm area (Lawson, 1925).

DEGREE OF CHANGE ATTRIBUTABLE TO DAMS

The magnitude of the measured changes (as much
as 7 m, as described below) greatly exceeds the expect-
able errors in measurement and analysis. Furthermore,
occurring as they do during periods ranging from a few
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Figurg 4.—Post-dam/pre-dam ratio of annual suspended-sediment
loads versus distance downstream from Gavins Point Dam, Missouri
River, South Dakota.

FiGure 5.—Time progression of bed degradation and channel armor-
ing at the streamflow-gaging station downstream from Jemez Can-
yon Dam, Jemez River, New Mexico. A, 1952; B, 1957, C and
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years to 2 or 3 decades, the changes greatly exceed
those that would be expected as part of a temporal fluc-
tuation around a mean bed level and those generally
observed to oceur naturally (table 3). Several considera-
tions support the view that the measured changes in
alluvial channels downstream from the dams studied
here are due to the dam and reservoir upstream:

1. As the longitudinal profiles discussed below show,
degradation generally was greatest al or near the
dams and usually decreased somewhat progres-
sively downstream, though with local exceptions.

2. From the rating tables for the 14 streamflow-gaging
stations downstream from dams (table 14 and figs.
36—49), the relation of water-surface elevation to
discharge for a reference low flow indicates that
the channels generally were relatively stable prior
to dam construction and began degrading just
after the dams were built. This timing is illus-
trated by the bed changes, as assumed from the
stage-discharge relation, for the Smoky Hill River
near Langley, Kansas, about 1.3 km downstream
from Kanopolis Dam (fig, 7).

3. Whereas the river bed downstream from the dam
tended to erode, the elevation of the bed at eight

7, 1980, Dam was closed in 1953, Station is 1.3 kilometers
downstream frum the dam. White dashed line is at a constant eleva-
tion for reference.
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Ficure 8.—Degradation represented by successively lower water-in-
take pipes for streamflow-gaging station 2.6 kilometers downstream
from Fort Supply Dam, Wolf Creek, Oklahoma. Dam wus elosed
in 1942; photograph was taken in 1951

control stations upstream from dams for which
data were available did not change significantly
during the years after dam closure (fig. 7; table
14).
iFor the channels having resurveyed cross sections,
" and for those with gaging-station records, ex-
trapolation of the post-dam degradation rates back
into the pre-dam years would place the pre-dam
streambeds at unrealistically high elevations.
Thus, the timing, magnitude, and spatial distribution
of the measured changes in the alluvial channels studied
here indicate that the dams and upstream reservoirs
are responsible for the measured degradation.

DEGRADED REACH DOWNSTREAM FROM A DAM

Given the capacity of flow releases to entrain sedi-
ment from channel bed and banks, erosion of the bed
and banks should continue downstream from a dam
until some faector or a combination of factors results
in establishment of a new stable channel. These factors
may include: (1) Local controls of bed elevation
(emergence of bedrock; development of armor by win-
nowing of fines); (2) downstream base-level controls
(ocean, lake, or larger river; manmade structure such
as a dam; barrier of deposited sediment); (3) decrease
in flow competence (flattening of slope by progressive
degradation; expansion of channel width, resulting in
deereased depth, redistributed flow velocities, or both);
(4) infusion of enough sediment to restore the balance

¢ tween arriving and departing sediment (upstream

\._. osion; sluicing from the upstream dam; inflow from

tributaries); and (5) growth of vegetation, Several of
these changes or processes are considered or illustrated
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Furk 7.—Changes in mean bed elevation with time at streamflow-
gaging stations 48 kilemeters upstream and 1.3 kilometers
downstream from Kanopolis Dam, Smoky Hill River. Kansas. Bed
elevations assumed proportivnal to the gage height that corre-
sponds to a constant low discharge of 0.42 cubic meter per second
at the upstream gage and 0.51 cubic meter per second at the
downstream gage,

separately here; any number of them may occur to-
gether along any given reach of river.

GENERAL FUNCTION OF DEGRADATION
WITH TIME AT ASUTE

Except for cross sections underlain only by sand beds
of unlimited depth, the degradation rate at a section
would be expected to decrease with time as the bed
becomes armored, or untii the channel slope in that
reach becomes too flat for the bed material to be
moved. Eventually, an equilibrium bed elevation should
be reached, as postulated in many analytical studies
cited earlier. A number of the sections for which data
are given in table 13 show this trend. At many other
cross sections, however, the rate of degradation with
time varies considerably (table 13). For instance, one
or more temporary periods of aggradation may be in-
cluded within a long-term trend of degradation. Or,
after some initial degradation, the bed level may be-
come constant rather abruptly with time at a certain
depth, probably an indication that bedrock was reached
or that armor had developed. Other sites have an §-
shaped curve, where initial degradation rates were
slow, then increased with time for some years, and then
reversed this trend to decrease in later years. (A possi-
ble cause of such a curve might be minimal releases
the first few years after dam closure to fill the reser-
voir, and greater releases thereafter.) Some of these
irregular degradation-time trends are shown in figure
8. Besides variations in flow releases with time, depar-
tures from a regular degradation curve could be due
to differences in bed material with depth, to changes
in cross-sectional shape, and to development and death
or eradication of vegetation.
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FIGURE 8,-—Examples of irregular rates of bed degradation with time. Data from table 13.

To search for a possible general function of bed de-
gradation with time at a site, all 287 resurveyed cross
sections were used except for those:

1. That did not show a general trend of bed lowering
(84 sections, mostly in the zone of varied bed
changes downstream from the degraded zone);

2. Of the remaining 203 sites that lacked enough data
points to justify fitting a curve, our arbitrary re-
quirement being at least three resurveys after the
onset of degradation, not counting the orlg'mal sur-
vey (49 sites); and -

3. Survivors of the above two requirements that
showed marked aberrations in general degrada-
tion, such as abrupt cessation of bed erosion or

even substantial aggradation after inital erosion
(40 sites, exemplified in figure 8).

One hundred fourteen erass sections were left, after
the above exclusions, for use in the degradation-time
analysis. Plots of bed lowering with time (representa-
tive examples given below) for the 114 cross sections
generally show that the rate of degradation is fastest
immediately after erosion begins and gradually slows
with time, becoming asymptotic toward some new sta-

~ ble bed elevatton. Some of the plots have large scatter

scarcity of points, or an irregular trend; any of seve _
types of functions could be fitted to such data with a "
large standard error. Empirically analyzing the trends
for the more regular, better-defined curves, either of
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two functions appeared to fit most cases: (1)
Logarithmie, with degradation I} (arithmetic scale) as
a function of the logarithm of time, ¢; or (2) hyperbolie,
with 1/D as a function of 1/¢, both on arithmetic scales.

Least-squares regressions were calcolated applying
each of these functions to each of the 114 eross sections.
For the prediction of D (not 1/0) at the observed times,
the square of the correlation coefficient (+*) is as fol-
lows: for the logarithmie function, a range of 0.16 to
1.00 with an average of 0.82; for the hyperbolic funec-
tion, a range of 0.10 to 1.00 with an average of 0.81.
The average of (.82 corresponds to an r-value of about
0.91, and the average of 0.81 corresponds to an r-value
of about 0,90; they indicate a reasonably good fit.

The logarithmic relation had a greater »* for 55 of

the 114 cross sections; the hyperbolic relation had a
greater v for 50 sections; and, at the 9 remaining cross
sections, * was the same for both equations. In most
cases, there was little difference in the two correlation
coefficients for a given cross section. However, at a
few cross sections the hyperbolic equation predicted
values of D) that diverged greatly from the measured
values; whereas, no such grossly disparate predictions
resulted from the logarithmic relation. -
- Analytical considerations indicate that the bed ero-
Jdon should decrease with time. The degradation-time
plots indicate that this decrease or cessation of degrada-
tion tends to occur within decades or a few centuries.
For the data of this study, the hyperbolic equation gen-
erally predicts this approximate time much more closely
than the logarithmic equation, the latter in some in-
stances predicting billions of years for degradation to
cease.

The relative advantages of using each type of equa-
tion seem to be:

Logarithmie Equation:

1. Slightly--but probably not too significantly —greater
correlation coefficient.

2. Reasonable predictions for a few cross sections at
which the hyperbolic equation gives a very poor
fit.

Hyperbolic Equation:

1. Better calculated-versus-measured agreement of the
time within which approximate eventual maximum
degradation occurs, and of the magnitude of this
maximum limiting degradation.

2. The practical benefit of providing a reasonable value
of maximum degradation for planning purposes.

3. Better consisteney in the sign of the first coefficient

. (intercept) of the regression equation. (With de-
gradation considered positive, only 3 of the 114
cross sections have a negative coefficient using the
hyperbolic equation, as opposed to 24 such cross

sections for the logarithmic equation. Reasons for
such negative coefficients are mentioned below.)
On the basis of the previous discussion, the hyper-
bolic equation seems more suitable as a model for bed
degradation with time at the many sites analyzed here.
This equation has the form:

¢
D=C:+C2f-

(D

where

D is degradation, in meters, at { years after the start
of bed erosion; and

¢, and ¢, are constants for a given cross section or
graph. :
Such a hyperbola is asymptotic to a line parallel to the
x axis (time). Its equation (eq. 1} plots as a straight
line on arithmetic scales when written in the form:

(UD) = cotc, (1/E) (1a)
where

¢» is the intercept; and

¢, is the slope of the best-fit straight line.

For convenience, degradation is considered to be in a
positive direction. Degradation can be considered nega-
tive simply by making the signs of ¢, and ¢, negative.
Regression coefficents for each cross section are given
in table 5.

The reciprocal of ¢, is the asymptote on a plot of
I versus t; that is, 1/¢c, is the eventual limit of degrada-
tion. The reciprocal of ¢, on the same plot is the slope
or tangent just after degradation has first begun; that
is, l/c; is the initial degradation rate, in meters per
year. Therefore, both ¢, and ¢, have an important prac-
tical significance.

To fit a curve of this type, the time origin ({=0 years)
needs to be taken as the year at which degradation
began. Degradation at sites close to the dam can be
taken as beginning at the time of dam closure. How-
ever, for some downstream sites, there is 2 response
time or lag time between the date of dam closure and
the start of degradation. In some instances the year
in which degradation began was not determined accu-
rately and had to be estimated from the plots of degra-
dation versus time.

Twelve typical curves, using the hyperbolic function
as the general model, are shown in figure 9. The data
to which the least-squares regressions were applied are
listed in table 13. These particular examples were cho-
sen to reflect the range of +* values of the 114 applicable
cross sections,
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TaBLE 5. —Values associated with fitied degradation cirves’

TakLE 5.—Values assvciated with fitled degradation

curves’ —Continued

biszance Slope Tax- T Distance slope M-
of cross Correl- of imum Lstimated Estimated of cross Correl- ol irum Estimated Estimated
section Resw;je arion Inter- best~  expecred time to  time to section  Response  ation Inter- best~  expected time to  time to
dovnstream time ““—’”', cCpL fir depra- achieve achieve dowmscrean me?-'f coeff-  cept fit degra- achicve  achieve
3 . .
f:om {yecars) icie;:— ty strafght  dstion  0.95 Um;lx 0.5 Dmx from (ycars) i<:ic:stvj-'J €a straight dation  0.9% Boax 0.5 l)m’\
am T line n {yeazrs) {years) dam - line i {xears) (vears)
max LN
(kilometers}) ) {meters) (kilometers}) € {meters)
Lolorade River, Arizenz, Glen Canyon Dam Hssours River, Sputh Dakota, Fort Bandall bam
2.6 0 0. 84 0.30 2.03 3.3 120 7 3.1 4] 0.7 0. 74 4,25 1.4 110 6
4.3 Q .77 W24 .75 4,2 o0 3 4,2 1.1 .90 .70 3.23 1.4 a0 5
6.4 0 93 .52 1.78 1) [ 3 5.1 s .77 1.6 3.6 -B 35 2.9
10.5 2.0 -89 .33 2.54 i.n 150 g bhob 1.0 B L40 4.54 1.5 20 11
19.5 2.0 1.00 28 1.93 1.5 130 H 7.7 1.0 N1 52 A a6 1.9 130 7
11.0 Q .33 .52 48 1.9 18 )
Colerado River,. Arizenz, llovver Mam 1.5 1 .50 .96 1.52 1.0 30 1.6
2.1 5 69 52 ) 19 0 1 9 0 .33 1.67 .25 .60 14 8
1.2 0 .87 e .17 5.
4.5 [ LBl .37 . 13 ;; 1:; z Missouri River, South Dakota, Govirs Pelnt Dum
6.1 o3 -1 41 .18 2.4 8 4 2.3 ] -86 .33 2.37 3.0 140 7
7.1 0 .84 .27 .26 3.7 15 1.0 3.4 0 K .25 3.78 4.0 290 15
8.0 0 .77 2 14 4.3 4 L98 28 3.71 3.0 '—_’3-‘) 13
o7 b G L e b )8 5.3 0 99 L0260 S.86 38 6,500 340
11.0 a .04 4s e 21 2% 1.2 6.8 0 47 -4 10,59 2.3 460 24
12.5 0 W73 .18 2 5.6 24 1.3 7.9 [ 00 ] 7.84 3.3 5006 26
13.5 0 - 34 .32 16 31 10 .5 B.4 o 13 -88 1.04 1.1 22 1.1
15.5 ¢ 93 18 2 A 8.3 3.5 .98 -18 5.76 5.6 610 3z
1.5 s 2 m 2z e 2 e 3.5 o e v 10l 4.4 860 4.5
18.0 5 92 7 Y 33 12 3 1.0 0 .75 .82 6.68 1.2 160 8
19.5 .5 74 .25 23 0o 18 ‘3 12.5 o .45 .82 6.72 L.b 140 7
21 5 84 T3 34 38 18 ‘s 3 0 .48 .60 5.03 1.7 160 8
’ ’ ' 44 0 .00 L.51 12.53 .66 160 8
28 1.5 .98 .20 1.38 5.0 130 7
Zg l.g 92 .22 1.97 4.6 170 9 Middle Loup River, Nebraske, Milbura Dam
. .84 -3 1.62 2.9 90 5
S T S - o o ve e e s s 1o om0 4
57 1.3 .81 .10 . . : T : N : :
s 30 160 440 2 5.6 6.1 o8 78 2.00 1.3 48 2.6
63 2.0 .80 .18 1.31 5.6 140 7
L 1.0 -94 .18 1.05 5.6 110 3 Smoky Uill River, Kansas, Kapopolis Dam
77 2.6 .93 .8 1.9 3.6 130 7 D -
87 s 96 .35 1.50 2.9 100 5 -8 o 526l L8816 39 2.8
94 3.0 .84 .30 171 55 160 4 2.9 2 .97 .66 4.35% 1.5 130 7
104 3.0 .94 L 23 1.65 4.4 1440 7
110 3.2 .86 .08 2.29 12.5 540 28 Wolf Creck, Oklahoma, Fort Supply Dam
& - . -
122 »® oL om 1,200 65 0.3 27 1.00  0.25 121 4.0 %0 5
R 1.0 27 W48 1) .29 2.2 12 .6
Lolorade River, Arizona, Davis Dam 1.3 27 .64 .33 1.92 3.0 110 &
1.1 o 0.97 0.15 0.69 5.7 &5 5 1.6 - .95 231 3.70 3.2 230 12
8.8 .5 .95 .32 2.45 3.1 150 g 2.9 27 .96 WhZ 4. 10 2.4 190 10
.9 27 -70 .51 L.68 2.0 65 k)
Colorado Piver, Arizons, Parker Dam gz 2 1.00 .29 9.67 3.5 630 34
. 27 . - . .
27 o a7 26 1.29 2.9 os 5 96 16 13.44 6.3 1,600 85
39 2.0 .95 .19 1.05 5.3 100 6 X <
46 P 93 17 1.29 5.9 140 ¢ Korth Canadian River, Oklahoma, Canton Dam
66 1.9 .17 .20 1.31 5.0 120 7 1.8 0 .93 .35 .83 2.9 46 2.4
80 1.75 .66 45 1.11 2.2 45 2.5 3.1 Q .79 .63 1.00 1.6 36 1.6
95 1.0 B3 . 43 2.30 2.3 . 100 5 5.0 0 .40 .93 .80 1.1 16 .9
5.6 ¢ .54 .51 2.15 2.0 80 4
Arkansas River, Colorade, Jobn Martin Dam 1.4 ¢ 90 233 2.43 30 140 ?
12.0 [} 1.00 .57 13.29 1.8 440 24 12.¢ 0 .63 .25 6.GL 4.0 460 24
15.5 6 1.90 .66 10.02 1.5 290 15 14.5 1.0 .85 1.95 3.08 .95 55 3
2z 3.0 .77 .73 5.55 1.4 140 8 35 i) .58 2.26 2.77 -3 24 - 1.2
26 7 .91 .54 6.10 1.1 120 6 125 a .99 1.34 1.99 .75 28 1.5
Missouri River, Montana, Fort Peck Dam Red River, Oklahoma-Texas, Denison Dan
9.2 o] .10 1.28 1.97 .78 30 1.5 .6 0 .87 -64 .52 1.6 15 -8
13.0 [+ .4 .74 11.45 1.4 250 15 2.1 [ .97 .36 1.15 2.8 60 3
16.5 ¢ 48 .58 5.33 1.7 210 1 1.2 k! .97 .82 .92 1.2 22 1.1
23 g .83 .49 6.18 2.0 240 21 8.4 o] .84 .59 .87 1.7 28 1.5
11.5 g .98 L45 1.15 2.2 48 2.6
Missouri River, North Daketa, Carrison Dam 15.¢ 0 90 +31 1.20 3.2 5 4
109 [ .19 1.52 2.63 .66 b4 1.7
g.z 1] -99 .13 4.86 7.7 710 38
. o 1.00 .17 2,06 5.9 . 230 12 G i Buford D
E.0 it “ag a3 192 3o 10 p Chattahoochee River, Georgia, Buford Dam
10.5 0 .71 b6 .89 2.2 36 1.9 -5 0 3 .88 1.12 1.14 24 1.3
12.0 2.0 .87 .39 3.00 2.6 150 8 1.9 0 .99 .10 4,32 10.0 820 44
. 0 . -. .96 - - -
15.0 2.0 .92 .60 4.99 1.7 160 8 f.g o _:: __gi 1;_49 . - —
24 G .96 .51 .74 i o] 28 1.5
1z [ .28 1.82 .7 .55 8 .4 1/ .o 4o ( b= . i :
1 9 6o e 2 a1 s 55 5 (1/0} ¢y + ey (16}, vhere measured degradarion, in moters, at
35 0 .37 1.65 3.49 W61 1] 2 t years after start ol degradation.
3 1.0 -3 73 2.09 1.4 5 3 g'iltmars between dem closute snd start of degradation.

A small 7* (presumably indicative of a minimum cor--
relation between variables for the type of function being

used) can result not only from large scatter about the

3/

='Listed 72

is feor estimation of D rather than for 1/D.
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Figune 9. —Representative regression curves (dashed lines) of bed degradation with time at selected sites. Data from table 13.

line, but from other factors, such as: (1) Small depths
of degradation (flat slope of best-fit straight line); (2)
small number of data points (especially during the first
few years after bed erosion begins); (3) errors in es-
timating any response time; and (4) irregularities in the
trend of the curve, such as a rather abrupt cessation
of degradation or an S-shaped curve, These features
also contribute to a negative value of the coefficient
¢, (intercept). A negative ¢, precludes estimation of the
maximum limit of degradation and associated values.
The type equation used here could predict degrada-
t° with time at a cross section if the coefficients ¢,
w. . €y could be predicted. These certainly are functions
at least of bed material and water discharge. A third
factor might be distance downstream from the dam. At

present (1982), the coefficients cannot be determined
in advance. Therefore, prior to dam closure any esti-
mates of bed erosion need to be based on some type
of degradation analysis using measured bed-material
sizes and expected water discharges (Strand, 1977,
Priest and Shindala, 1969a). This approach requires: (1)
Adequate sampling of the bed material with depth, dis-
tance across the section, and distance along the channel;
and (2) accurate predictions of future flow releases. On
the other hand, with a few years of measurements after
the start of degradation, the model deseribed above
might be used with due caution. (References cited ear-
lier include models of degradation based on transport
equations, particle-size measurements, and the assump-
tion of winnowing.)
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MAXIMUM DEGRADATION AND ASSOCTATED TIMFE

At a given cross section within the degraded reach,
the maximum ebserved depth of bed erosion (table 6)
was negligible on some channels but was as much as
7.5 m on others (Colorado River 12 km downstream
from Hoover Dam, Arizona). (Maximum values for a
cross section do not necessarily apply to an entire
reach, as local features can affect the extent of degrada-
tion at any one site.) Had Davis Dam not been built
downstream, more degradation than 7.5 m probably
would have occurred at the Colorado river section just
mentioned. The data (table 13) show that the bed at
this site was still degrading at a rapid rate 13 years
after dam closure, when measurements were discon-
tinued due to backwater from Davis Dam.

The maximum possible degradation in some cases can
be limited or restricted by a fixed base level. For exam-
ple, bedrock is encountered in places on the Smoky Hill
River downstream from Kanopolis Dam (Kansas) and
on the Republican River downstream from Harlan
County Dam (Nebraska). On the Rio Grande and along
reaches of the Colorado River, fans of very coarse de-
bris are controlling. In contrast, certain wide, shallow
cross sections in some reaches on the Missouri River
downstream from Fort Randall Dam (South Dakota)
may no longer degrade because flow velocities are too
slow.

If one assumes that the bed does not contain a sub-
surface layer of erosion-resistant material and that the
same discharges will continue, it is interesting to ex-
trapolate the empirical hyperbolic equation for each of
the 114 applicable cross sections discussed above into
the future. With due regard both for the uncertainties

TABLE 6.—Maximum degradation downstream from various dams

[Datz from table 13, except last two entries which are from unpublished sources]

Yeaxs
since
closute

Maximem lowering
of bed elevatien
(meters)

River, dam, State

Celorado, Glen Canyon, Arizona 9 7.3
Colorado, Hoowver, Arizona 13 7.3
Colerade, Davis, Axizona 26 5.8
Colorado, Parker, Arizenn 27 4.6
Jemez, Jemez Canyon, New Mexico 12 2.8
Arkansas, Johna Marcin, Colorado kil .5
Missouri, Forr Peck, Montana 36 1.8
Missouri, Garrisen, Nerth Daketa 231 1.7
Missouri, Fort Randall, South Dakota 23 2.6
Missouril, Gsvins Point, South Dakota 19 2.5
Medicine Creek, Medicine Creek, Nebraska 3 -6
Middle Loup, Milburr, Nebraska 16 2.4
Des Moines, Red Rock, fowa ] 1.9
smoky Hill, Kanopolls, Kansas 23 1.5
Republican, Milford, Kansas 7 .9
Wolf Creek, Forc Supply, Oklahoma 27 3.4
North Canadian, Canton, Oklahoma 28 1.0
Canadian, Eufaula, Cklahoma 6 5.1
Red, Denison, Oklahema-Texas 16 3.0
Neches, Town Bluff, Texas 14 -9
Chattahvochee, Buford, Georgia 15 2.6
South Canadian, Conchas, Hew Mexico 7 3.0
Salt Fork, Arkansas, Grear Salt

Flatns, Oklahoma 9 8

of the assumptions and for the risks of extrapolation,
we have nevertheless done this (table 5) to estimate:
(1) Maximum eventual degradation D..,; (2) years
needed to achieve 95 percent of the eventual maximum
degradation (the function goes to infinity at maximum
degradation); and (3) years needed for the bed to erode
to 50 percent of its eventual maximum degradation. All
estimates were computed from the regression coeffi-
cients ¢; and ¢, and rounded off appropriately.

Dyax values (l/e,) were estimated for all 114 eross
sections. Three of these D, values obviously were un-
reasonable and were not considered further. A fre-
quency distribution of D, for the remaining 111 sec-
tions is shown in figure 10. The distribution is virtually
the same if the 21 cross sections that narrowed consid-
erably are excluded. Ordinarily degradation needs to
be viewed in relation to the size of the channel rather
than in absolute values. Thus, Dy, needs to be ad-
justed by a scaling factor, such as the channel width,
Because widths were not available for 35 cross sections
on the Colorado River (about 33 percent of the total),
the frequency distribution was drawn without applying
any scaling factor. The 111 cross sections used to com-
pile figure 104 are downstream from the following
dams (number of cross sections in parentheses). Glen -
Canyon (5), Hoover (27), Davis (2), Parker (86), John(\ _
Martin (4), Fort Peck (4), Garrison (11), Fort Randall
(8), Gavins Point (13), Milburn (3}, Kanopolis (2), Fort
Supply (8), Canton (9), Denison (7), and Buford (2). A
variety of rivers and channel conditions is reflected in
figure 104,

According to the data in figure 104, the modal or
average maximum expectable degradation for the cross
sections represented on the graph is about 2 m. The
range is from about 0.4 to 38 m; about 98 percent of
the values are less than 10 m. Aecuracy of these predic-
tions is related to the fit from the data themselves,
the number and duration of measurements, the as-
sumed nature of the subsurface sediment, and the valid-
ity of the many other assumptions.

If the coefficients in equation 1 are known, then the
time needed for the bed to degrade to any proportion
of the maximum eventual degradation depth can be esti-
mated quickly by the following method. The actual
depth valte need not be known. Let p = the decimal
proportion of the maximum degradation depth, for ex-
ample, 0.95 if the depth of interest is 0.85 D,,,,. The
time ¢, needed to reach any designated proportion of
Dmax iS

tp:cp C]_/C2 ) ( .
AN

1 .
where c,,=('1_—p)—l. For example, the Colorado River 2,6
km downstream from Glen Canyon Dam, at which
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FiGurE 10.—Frequency distributions based on 111 measured cross sections on various rivers: A, maximum expected degradation depth:
B, years needed to deepen to 95 percent of maximum depth; and C, years needed to deepen to 50 percent of maximum depth.

¢;=2.03 and ¢,=0.30 (table 5), would be predicted to
reach 0.95 D, in 19x2.03/0.30 = 129 years (or about
130 years) after the start of degradation.

This shorteut method is preferable to equation 1 for
estimating times needed to reach a given depth because
rounding of D in equation 1 causes variations in the
computed times, compared to the times calculated from

~ *he coefficients alone. Variations are insignificant for

‘e steeper part of the degradation-time curve (early
years, shallow depths) but can be as much as 60 percent
where the curve flattens in later years.

The number of years predicted for the bed to achieve
95 percent of its eventual total degradation (0.95 tmax)
for the 111 cross sections ranges from 7 to 6,500 years
(fig. 10B). About 91 percent of the values are between
7 and 500 years. The modal time is about 140 years.
Data for many of the cross sections (table 13) indicate
that these individual estimates of 0.95 ¢,,,, are of the
right order of magnitude. Each such computation, how-
ever, is based on the assumption that the remaining
subsurface material does not differ substantially from
the original channel bed sediment and that the same
flow pattern will continue,

The adjustment period at a site, or predicted time
required to reach the new stable depth (0.95 D..,),
does not seem to have any consistent relation to dis-
tance downstream from the dam, for the few reaches
where this aspect could be assessed. Any relation prob-
ably is obscured by the irregular differences in degrada-
tion from one cross section to another along a river.

Most of the 111 cross sections eroded one-half of their
predicted eventual maximum depths within the first
few years after the start of degradation. The range of

2se predicted times (0.5 f,,,,) is from 0.4 to 340 years

- €. 10C); modal value is about 7 years. All distribu-

tions in figure 10 are skewed, with a preponderance
of smaller values within the respective range.

Initial degradation rates (the reciprocal of the coeffi-
cient ¢;) range from virtually negligible to as much as
7.7 m/yr. Even downstream from the same dam, differ-
ent sites show different initial degradation rates. No
direct relation between initial degradation rate and pre-
dicted eventual maximum depth of degradation could
be established.

STANDARDIZED DEGRADATION-TIME PLOY

The degradation-versus-time plots (fig. 9) can be
standardized and made dimensionless by converting the
D axis to D/0.95 Dy, and the t axis to t/0.95 t,,..
(The extrapolated 95-percent value is taken as a reason-
able approximation of the eventual maximum values,
as the latter are unusable because t.., becomes infi-
nite.) By substituting the type function (eq. 1a) for each
of D and 0.95 D,,,, in the ratio D/0.95 D,.,., the coeffi-
cients ¢, and ¢, are eliminated, and D/0.95 D, ,. is pro-
portional to £/0.95 ¢.,,.. This means that if the standar-
dized, dimensionless plot is used, the site-specific coeffi-
cients ¢; and ¢; become irrelevant, and all the various
-versus-f curves collapse onto one general curve. The
straight-line form of the equation for this generalized
eurve, in which the reciprocals of the two variables are
used as in equation 1a, is

0.95DDmax=0'95+0‘05(O.95ttmax)_ (2)

This general curve is shown in figure 11, with the
data for the 12 representative cross sections of figure
9. (Axes in fig. 11 correspond to the form of eq. I rather
than eq. 2 for easier comparison to the plots of fig.
9.) The scatter is greatest for sites having low correla-
tions with the model curve on the unstandardized plots
(fig. 9 and improves as the fit on the unstandardized
plots improves.
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FIGURE 11,.—Standardized degradation-time dimensionless plot of degradation curves in figure 9.

The general curve (fig. 11) represents the bed degra-
dation relative to maximum estimated degradation for
the standardized period, for any eroding cross section
that has the ideal degradation function of equation 1.
According to equation 2, such degrading sections
achieve 50 percent of their miaximum eventual degrada-
tion after only the first 5 percent of their adjustment
period. Similarly, they achieve 75 percent of their even-
tual total degradation after just 13 percent of the ad-
justment period. Thus, the vast majority of bed degra-
dation oceurs within the first 10 to 15 percent of the
adjustment period, as the shape of the general curve
shows. In other words, if normal releases are made
when the dam is closed, the first years after dam clo-
sure tend to be the period of greatest bed degradation,
and later years become relatively unimportant. Some

river engineers previously have reported this in connec- -

tion with specific.dams (U.S. Army Corps of Engineers,
1960, p. 13). ‘

In the preceding paragraphs, we have described an’

empirical relation between degradation and time in a
search for some potentially useful generalization. How-
ever, it is important to remind readers that the degra-
dation at individual cross sections is variable, and that

40 sites with aberrant data and 84 sites that showed
no regular trend (samples shown in fig. 8) were elimi-
nated from the analysis. Assumptions about flow re-
leases, particularly in the absence of high-flow releases,
may well produce significant errors in estimating rates
or depths of degradation, or rates of change of channel
form. Nevertheless, for the class of channels included
in this sample (predominantly sand, but including some
coarser material, and with irregular depths to bedrock
controls), the results may provide some boundaries on
expected depths, rates, and times of degradation.

LENGTH OF DEGRADED REACH

The reach,‘dbwnstream from each dam, in which all
cross sections (except those of obvious bedrock control)
showed significant degradation, was defined as the de-
graded zone. The length of this reach was taken as the
distance from the dam to the farthest inclusive degrad-
ing cross section. '

The length of degraded reach downstream from most
dams increased with time, as expected (table 7). This
downstream progression with time has long been recog-
nized from onsite observations (Stanley, 1951, p. 944;
Makkaveev, 1970, p. 109) and in theoretical studies
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TABLE 7.—Data on the degraded reach doicnstream from dams

[Drams not listed because of lack aof data are Davis, Parker, Medicine Creek, Milburn. an
IS ik
Distance
from dam to
site of maximum

location

of first
meagured seution
dowastyeam from

Lecation

of front of Rate
degraded reach of advance
dowmstream {rom (kilometers

Years after
dam closure

danm per year) dﬁnradatiu? dam
_ (kilometers) (ktlometers) (ki lomarers)
Colorado River, Arizomna, Ulen Canyon bam
3 25 8 4 1
7 — -— 4 -
9 Yoo - 16 -
19 L.ops - 1 -
{olorado Liver, Arizona, lloover Dam
.5 21 42 & 2
1 28 14 3 —
2 50 22 3 -
) &5 a5 3 -—
5 L iz0 - 3 -
7 l"‘>"]20 -- 15 -—
12 ll—»l?ﬂ - 13 -
Jemez River, New lexico, Jemez Ganyou Dam
6 L5 - 5 %
12 Yo — 11 --
22 LU -- 1.0 -
Arkansas River, Colorade, Jobn Marrin Dam
9 26 3 22 4
24 26 0 4 —
30 26 [ 22 --
Hissouri River, Yontana, Fort Peck Dam
1 Yos - 17 9
13 Yo - FE —
23 L5 - 23 -
" 36 .35 - 1 -
.
Missouri River, Worth Dakota, Garrison Dam
1 12 12 28 3
¥ 19 1.2 6 -—
11 18 -.25 & -
17 21 -5 3 -
23 21 o] 6 -—
" Missouri River, South Unkota, Fort Randall Dam
2 5 2.5 11 L.6
5 13 2.3 1.6 -
8 L4 .3 11 -
15 14 ] 11 -
23 15 1 11 —
Missouri River, $outh Dakotn, Gaving Point Dam
5 15 3 2 1.5
10 14 -2 4 -
15 2} 1.8 2 -
19 23 o} z B
Des MNoines River, [owa, Red Rock Dam
9 20 2.2 12 z2.3
Smoky Hill River, Kansas, ¥anopolis Dam
3 5 1.7 -8 .8
4 4 -1.0 .8 -
13 14 1.1 -8 -
23 - - -8 -
Wolf Creck, Oklahoma, Fort Supply Dam
7 Y.y - .3 3
19 £,>? - ] -
27 Loy - .3 -

(Mostafa, 1957; Albertson and Liu, 1957, Hales and
others, 1970). Such lengthening occurred downstream
from 9 of the 11 dams for which this feature could be
Jetermined (table 7). Lengths as of the latest resurvey
" ranged from 4 km on the Neches River downstream
from Town Bluff Dam, Texas, to more than 120 km
on the Colorado River downstream from Hoover Dam,

TaBLE T.-—Pata on the degraded reach downstream fron
dams—Continued '

Location
of front of Rate

location

Discance .
al first

from dam o

Years alter degraded reach o advance o £
3 easured secri
dam closure downstream from  (kilometers site of maximum downstream frZ:
dam per vear) degradation
> i {kilometers) dan
{kilemeters) i (kilometers)
Worth Canadian River, vklahoma, Canton Dum
1 7 - ~1.8 1.8
2.8 H -- T1.8 -
3.4 7 - 1.8 -
11 7 — 1.8 _—
18 7 - T1.8 -
Lomadian River, Oklaboma, Tufzula Dum
G 16 2.7 .8 .8
14 29 1.6 .8 ==
Bed. River, Uklahoma, benison Dam
3 7 2.3 15 &
6 L g, — 15 —
16 Y. - 1 -
27 RS - 15 -
Beches River, Texas, Town Blul{ Haom
g - -
— .2
14 4 - .2 -
Lhattahoochee River, Georpis, Buford Dam
7 ? 1 2 5
9 9 1 2 -—
12 - - 2 ‘ .
15 10 .2 2 =
1/

='Distance of farthest cross section that was eszablished at time of dam
closure,

California-Arizona. In most of these cases, there is no
indication that the reach had stopped lengthening by
the time of the most recent survey. This means that
the zone of degradation can continue inereasing in
length for at least 30 years or more after dam closure,
although it could stop sooner. The migration rate and
the final length of the degradation zone should vary
with flow releases, bed-material sizes, and topography.
Consequently, growth rate and eventual length are
likely to vary from one dam to another. :

Migration of the front of the degraded zone means
that at a downstream site a response time or lag time
oceurs before the bed reacts to the dam, if it is going
to react. For some dams, this response time (and hence
the migration rate of the edge of the degraded zone)
could not be determined, because: (1) Cross sections
were not established far enough downstream; (2)
downstream measurements were not started until too
many years after dam closure; or (3) a downstream base
level interrupted or controlled the normal degradation
process. A probable example of the latter is Wolf Creek
downstream from Fort Supply Dam, Oklahoma. This
stream joins the North Canadian River 6 km
downstream from the dam. Successive profiles showed
a hinge or base-level control at or near the confluence
with the larger river. Similarly, the zero degradation
point downstream from Town Bluff Dam on the Neches
River, Texas, is sea level (Gulf of Mexico). Bedrock
outcrops appear along the Republican River
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downstream from Harlan County Dam, and there are
cobble riffles that act as controls on the Red River
downstream from Denison Dam.

Within a year or two after dam closure, the length
of the degraded reach can range from little or nothing
to as much as 50 km. After 2 or 3 decades, the length
downstream from some dams remained as short as a
few kilometers (and thecretically could be much less),
but downstream from Hoover Dam it was more than
120 km (table 7).

Hales and others {(1970) proposed a method for pre-
dicting the temporary length of the degraded zone,
based on 15 years or less of data for the Missouri River
downstream from Garrison, Fort Randall, and Gavins
Point Dams. This channel length in their treatment is
a function of an average peak discharge, the time dur-
ing which the degradation has been oceurring, the domi-
nant size of the bed material, and the area of the chan-
nel cross section. We have not tested their relation,
mainly because of uncertainties in their definition of the
peak discharge, uncertainties in the location of the cross
section at which the area and particle sizes are to be
measured, and their definition or way of determining
the dominant grain size, Similarly, because of the few
instances in which the degraded reach had stopped
lengthening, a test of the method that Priest and Shin-
dala (1969b) proposed for predicting that ultimate dis-
tance was not possible.

Migration rates of the leading edge ranged from very
little to as much as 42 km/yr (kilometers per year) im-
mediately after dam closure (table 7). Slower rates for
subsequent periods ranged from virtually negligible to
about 29 km/yr. Most of the travel rates range from
about 0 to 2 km/yr. Aceording to Makkaveev (1970, p.
109), his countryman Fedorov determined migration
rates of several kilometers per year on large lowland
rivers, and several tens of kilometers per year on moun-
tain rivers in the Soviet Union.

The rate of advance of the downstream edge of the
degraded zone depends on the flow releases and bed
materials; these vary widely from one stream to
another. According to the data in table 7, the rate on
any river is not.constant; the front oceasionally may
appear to retreat for isolated periods, even though the
long-term trend is downstream. Migration rates appear
to be fastest during the years immediately after dam
closure. The relatively slow rates of subsequent years
might be expected in some cases due to a flattening
of gradient (discussed below); however, varizble flow
releases also will affect the rate with time. Whether

ZONE OF VARIABLE BED CHANGES

Cross sections downstream from the degraded zone
may aggrade, degrade, or stay at the same level (table
13). There is some uncertainty as to whether bed-eleva-
tion changes in this downstream zone are due to the
dam. Cross sections were not established prior to dam
construction; therefore, the investigator does not have
the benefit of this control. Marked trends, such as sud-
den and deep degradation typieal of many cross sections
near the dam and of the time when changes began,
are not readily apparent on many measured sections.
Most bed changes shown by the gaging-station data for
control stations (table 14 and figs. 36-49) do not show
trends. For these reasons, there is little basis for be-
lieving that the dam caused any observed changes in
bed elevation beyond the degraded zone. Availability
of ground and aerial photographs eliminates much of
this uncertainty in regard to channel width and density
of vegetation, but does not help to define bed eleva-
tions. We, therefore, have not evaluated observed fluc-
tuations in bed level in the reach beyond the degraded
zone.

It is possible that degradation results in aggradation
at some point downstream. Borland and Miller (1960,
p. T0) noted that after closure of Hoover Dam in 1935
and Davis Dam about 1950 on the Colorado River, de- ™
gradation downstream from the dams inereased the ag-
gradation in a reach farther downstream at Needles,
California. Similarly, while only small changes in the
overall longitudinal profile of the Rio Grande occurred
after closure of Elephant Butte Dam and reservoir, J.
F. Friedkin (International Boundary Commission, writ-
ten commun., 1959) noted degradation of 1 to 2 m just
downstream from the dam and depesition of about 1.5
m at El Paso, Texas, about 225 km downstream. These
data are suggestive but are too limited to support a
generalization regarding downstream aggradation as-
sociated with upstream degradation. Our study pro-
vides no additional data.

A related intriguing possibility is that enlargements
in channel width {discussed in detail below) could result
in downstream aggradation. On the Missourl River
downstream from Garrison, Fort Randall, and Gavins
Point Dams, and on the Red River downstream from

" Denison Dam, significant increases in channel width at

some cross sections are associated with bed aggradation
near the approximate downstream edge of the degraded
reach.

LONGITUDINAL-PROFILE CHANGES

To analyze changes in bed elevation with distance ( o
downstream (longitudinal proﬁles), we required at least ™ -
four cross sections downstream from the dam and

the rates eventually become constant or continue to get
slower with time cannot be determined from available
data.
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' enough post-dam resurveys, bed degradation, inclusive

time, and total downstream distance to reveal trends
and features. Of the 21 dams (fig. 1), these require-
ments eliminated Davis, Jemez Canyon, John Martin,
Medicine Creek, Milburn, Milford, and Red Rock Dams,
leaving 14 dams for this particular analysis,

Degradation models based on flume studies generally
show maximum bed erosion at or near the dam, relative
to the total reach undergoing bed changes {Ahmad,
1953; Mostafa, 1957; Aksoy, 1970; Hwang, 1975). In a
general way, our data suppert that finding. The cross
section of greatest degradation at a given time was the
closest section to the dam in five cases (Gavins Point,
Kanopolis, Fort Supply, Canton, and Kufaula Dams),
Downstream from seven other dams, the greatest de-
gradation was some distance, generally 2 to 16 km,
downstream from the dam, but still generally nearer
the upstream than downstream end of the degrading
reach. (Variations in the downstream location of
maximum bed erosion were mentioned by Wolman,
1967). For the two remaining dams, the location of
maximum degradation was indeterminate,

Due to the spacing of the cross sections and the natu-
ral variations of bed and bank erodibility with distance
downstream, the data do not reveal how close to the
. ! the maximum degradation will occur when bed ma-
terial is homogeneous with depth and distance, Results
of Ahmad’s (1953) flume study indicate that the greatest
degradation takes place closer to the upstream than to
the downstream end of the degraded zone, but not right
at the dam. Data in table 13 at least show more degra-
dation closer to the upsiream than downstream end of
the degraded zone. Whether maximum degradation oc-
curs immediately downstream from the dam needs to
be determined by new measurements.

Flume studies also indicate progressively less degra-
dation with distance downstream, at a given time. For
our data, this oceurs in some reaches, but others do
not seem to have a well-defined trend of degradation
with distance. Instead, downstream from some dams,
varying depths of bed erosion seem to be distributed
ilmost randomly. For example, the data for the Col-
rrado River downstream from Hoover Dam {table 13)
show considerable variability in degradation depths
¥ith distance downstream. Within the general de-
rraded zone, some cross sections had only minor bed
rrosion, while others degraded many meters by the
ame year. Because flows were the same for al sections
nd channel width did not vary significantly, such de-
radation differences probably are due to differences
* bed erodibility (Stanley, 1951, p. 945).

" lations with time also occur. If degradation is a
W@enum at or near the dam, then the channel’s
ownstream longitudinal profile should flatten with

time as degradation proceeds. This process has been
observed in the laboratory, along with the expected de-
cline in the rate of degradation. At a given cross sec-
tion, the sediment-transport rate decreases progres-
sively with time as the bed slope (and hence stream
competence) decreases. Transport eventually should
cease if the slope becomes sufficiently flat (Tinney,
1962).

Where no bed controls exist, Ahmad's (1953) flume
studies show that the point of maximum degradation
migrates downstream with time. For most of our cross
sections, maximum degradation either stayed at the
same cross section with time (six dams) or varied from
one cross section to another while showing a general
preference for one site (seven dams), with one dam in-
determinate. In several of the seven instances where
the location varied with time, the first resurvey after
dam closure showed maximum erosion at the eross sec-
tion nearest the dam, but for later resurveys, the great-
est bed degradation occurred at some fixed downstream
cross section. In general, then, the site of greatest bed
erosion tends to remain constant with time for the dams
of this study, in which there is probably great variabil-
ity of bed materials at or close to the surface.

In nature, the bed profile downstream from a dam
Is affected by differences in bed material with both
depth and distance, the presence of local controls, the
history of flow releases, tributary contributions of
water and sediment, and other factors., The profile
downstream from a dam varies irregularly with time,
and a uniform flattening of slope is not common. In
most cases, the rate and depth of degradation are great-
er closer to the dam, but, in other respects, each dam
is unique in regard to profile adjustment. Four exam-
ples are shown in figure 12,

The Smoky Hill River downstream from Kanopolis
Dam perhaps most closely approaches laboratory re-
sults and theoretical expectation, at least for the first
10 km or so downstream from the dam. Beginning at
or immediately downstream from the dam, depradation
decreases progressively downstream (fig. 12).

The profile of the Colorade River downstream from
Parker Dam is remarkably different in that only to a
very slight extent is the expected flattening of the slope
evident (fig. 12). Instead, degradation seems to be al-
most uniform throughout a reach at least 60 to 70 km
long.

In contrast, the channel profile downstream from
Fort Randall Dam on the Missouri River, though gener-
ally tending to flatten with time, has widely varying
degrees of bed-level change with time from one Cross
section to another (fig. 12). Degradation, no change,
and aggradation all have happened at different
downstream locations.
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KILOMETERS DOWNSTREAM FROM DAM

FiGURE 12.—Longitudinal-profile changes downstream from four dams.

Finally, the Colorado River channel throughout about
a 25 km-long reach downstream from Glen Canyon Dam
has undergone both a decrease and increase in slope
with time (fig. 12). By 3 years after dam closure, the
expected trend in degradation and flattening of slope
had developed. However, degradation then ceased near
the dam and, despite local irregularities such as cobble
rifiles, increased in the downstream direction. By 9
years after dam closure, this process had produced an
average slope steeper than the slope at the time of dam
closure. No change in the profile occurred during the

following 10 years. Coldwell (1948) shows other exam-
ples of variability in the development of post-dam lon-
gitudinal profiles.

The profile along the Green River downstream from
Flaming Gorge Dam, Utah, is changing due to the de-
velopment of rapids (Graf, 1980). The reduced {post-
dam) high flows are no longer able to move the coarse
material. Some bed degradation near the rapids migh
accentuate the profile changes. .

Detailed records from the Rio Grande (J. F. Frled—
kin, written commun., 1959) provide one of the best



illustrations of the variability of degradation and aggra-
dation and their effect on the longitudinal profile. The
reach for this example extends from Elephant Butte
Dam, New Mexico, to and including a cross section
downstream from El Paso, Texas; however, the upper
reaches of the Rio Grande have similar problems
(Lagasse, 1980). This complex case demonstrates both
the effects of man (diversion dams) and the effects of
sediment contributions from tributaries. From 1917 to
1932, immediately downstream from Elephant Butte
Dam, the streambed degraded to a depth of about 1.8
m, Similarly, downstream from each of a number of
diversion dams that contrcl the channel elevation but
provide little storage, degradation during 1917-32
ranged from 0.3 to 2.0 m. Due to this degradation and
the downstream controls, the slope flattened
downstream from each diversion structure. For exam-
ple, in a reach 17 kmm long downstream from Percha
Dam (46 km downstream from Elephant Butte Dam),
from 1917 to 1932, the slope decreased from 0.00080
to 0.00065. Maximum depth of scour downstream from
Percha Dam was about 2.0 m. In addition to the effects
of these diversion dams, a number of steep arroyos,
with intermittent large flows and large quantities of

rse material, periodically deliver that sediment to
“wue Rio Grande. Because Elephant Butte Dam virtually
eliminated downstream floods along the Rio Grande,
the main channel can no longer transport the coarse
material brought in by the arroyos. These sediment ac-
cumulations along some reaches block the channel and
divert it completely. Along other reaches, such as those
controlled by bank-protection works and jetties, such
sediment accumulations provide a control by raising the
elevation of the main stream at the confluence. This,
in turn, induces deposition in the main channel for short
distances upstream. The gradient of the Rio Grande
is about 0.00028 to 0.00076, so deposition of coarse ma-
terial can significantly flatten the local gradient.

A river’s longitudinal profile and slope also can be
affected by changes in river length or sinuosity. An
increase in sinuosity (or in river length) has been noted
in connection with local aggradation and vice versa
(Hathaway, 1948; Ahmad, 1951; Frederiksen, Kamine
and Associates, Ine., 1979).

BED MATERIAL AND DEGRADATION

THEORETICAL EXPECTATIONS

Few if any natural channels are underlain by per-
. iy uniform sediments. Because magnitude and fre-
quency of high flows are significantly decreased by
dams, and because released flows may not be able to
transport sizes previously moved by higher flows, sue-

BED MATERIAL AN DEGRADATION
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cessive flows ean winnow finer materials from the bed.
Progressive winnowing concentrates the coarser frac-
tion. As degradation proceeds, the average particle size
on the bed increases, possibly eventually resulting in
a surface covering or armor of coarse particles alone.
This idealized theory has long been accepted in en-
gineering planning.

Onsite and laboratory studies (Pemberton, 1976; Har-
rison, 1950; Little and Mayer, 1972} have demonstrated
the importance of armoring in limiting degradation. In
a general way, the number or extent of coarser parti-
cles should govern partly the depth of degradation in
the cross section. Livesey (1965) has shown that as little
as 10 percent coarse material in a standard sieved sam-
ple may be sufficient to provide the bed armor. (This
underlines the importance of adequately sampling the
surface and subsurface material for predictive purposes,
before the dam is built. Representative sampling is dif-
ficult.) Livesey’s observations show further that a post-
dam armored bed need not-be covered entirely by
coarse material, and that the percentage covered is
about 50 percent. The estimated gravel cover for the
bed of the Red River downstream from Denison Dam,
as obtainred by pebble counts throughout long reaches
of the river, indicates that 30 to 50 percent cover limits
or controls degradation.

Armor is a veneer underlain by normal or unwin-
nowed material. To date, onsite studies have not pro-
vided any proven examples of unravelling or unrolling
of the veneer and reexposure of the subsurface sands.
Assuming releases of large discharges from a dam, one
would expect some unravelling of the surface. The ex-
tent should depend on the magnitude and duration of
such excessive flows. Presumably restabilization and re-
armoring of the bed should follow.

The progressive changes in particle size in the verti-
cal should have their counterparts slong the longitudi-
nal profile, as degradation moves progressively
downstream with time. Thus, armoring of the bed
should appear first close to the dam, then disappear
somewhere downstream.

VARIATIONS IN BED-MATERIAL SIZES
WITH TIME AT A CROSS SECTION

An unpublished U.S. Army Corps of Engineers re-
port gives median grain size (d5,) at different years for
two sites downstream from Gavins Point Dam on the
Missouri River. Various U.S. Bureau of Reclamation
reports, for example U.S. Bureau of Reclamation
(1948}, show size-frequency curves for the bed material
at different locations downstream from Hoover, Davis,
and Parker Dams on the Colorado River. The variation
of dso with time for these Missouri River and Colorado
River sites is shown in figure 13.
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- YEARS AFTER DAM CLOSURE

FIGURE 13.—Variation in bed-material size with time at a site, after dam closure,

Initially, dso increased with time following dam clo-

sure, at least at cross sections near the dam. The mag-
nitude of this increase can be more than a factor of
100 (and thearetically much more) in the value of dso,
dependmg on the sizes and number of coarse particles
in the reach. Within about 1 to 10 years after the start
of the coarsening, the particle sizes seemed to stabilize.
From the graphs in figure 13, stabilization occurred rel-
atively abruptly rather than gradually, but such an im-
pression may be due to the sampling intervals. In a

few instances, the data suggest a subsequent reversal.

of the trend, that is, a decrease of dy, with time follow-
ing the initial increase. Possible explanations, all
speculative, are the arrival of finer material from up-
stream or from tributary inflow, the uncovering of finer

material at some depth below the original surface, lat-
eral movement of the channel, and sampling inac-
curacies. Such a decrease in d;; may or may not reach
a new stable value, judging from figure 13. Thus the
changes in median size of bed material at these sites,
while initially tending to coarsen as expected, did not
follow an ideal or common pattern thereafter, but var-
ied in several ways during later periods.
Near the downstream end of the degraded zone, an
increase of dsy with time may or may not occur. Where
it does occur, it may lag behind the time of dam closure.
Coarsening at these downstream sites seems to be less

tively limited coarsening is partly a function of distance

- from the dam, in addition to the distribution of particle

than that occurring near the dam. Whether this rela- .



n CHANNEL WIDTH 31

sizes in the subsurface material and other factors, can-
not be determined from the available data,

Particle-size distributions given in U.S. Bureau of
Reclamation publications for Colorado River reaches
show that sorting as well as median size of streambed
material downstream from dams varies with time. Some
finer material is present in all samples, but later sam-
ples tend to have larger sizes (hence a wider range of
sizes) than the earlier ones, as well as a greater percen-
tage of coarse particles. Sorting, therefore, decreases
with time. The presence of fine material in all samples
may mean that such small grains really are on the bed
surface, or it may result from the sampling technique,
that is, the sample could include both surface and sub-
surface material.

VARIATIONS IN BED-MATERIAL SIZES
WITH DISTANCE DOWNSTREAM

Some streams, such as the North Canadian River,
have nearly constant sediment sizes for long distances
downstream. Others, such as the Republican River
downstream from Harlan County Dam in Nebraska and
the Salt Fork of the Arkansas River downstream from
reat Salt Plains Dam in Oklshoma, show great

( ‘wnstream variability in bed-material sizes. Such var-
1ability in these last two examples results in part from

the sediment contributed by cliffs that abut the channel
in places. Thus local geology can mask changes that
might occur from dam construction.

Where bedrock controls are absent and the bed of
the river has a mixture of grain sizes, the postulated
succession of particle size with distance occurs. Kira
(1972, fig. 11) showed a gradual decrease in the mean
diameter of bed-surface particles with distance
downstream from Huchu Dam on the Aya River, Japan,
as of b years after dam eclosure. Downstream from
Kanopolis Dam on the Smoky Hill River and Denison
Dam on the Red River, pebble counts of the sediment
on gravel bars exposed at low water were obtained in
1960 throughout long reaches. Sieve analyses also were
available for the bed material of the Colorado River
downstream from Hoover Dam from U.S. Bureau of
Reclamation sources. For these three rivers, the upper
part of each of the three plots in figure 14 shows rela-
tively coarse particles nearest the dam and a gradual
grain-size decrease in the downstream direction. Bed-
sediment analyses (discussed below) made when Hoover
Dam was closed show that the bed material at that
time was much finer than it was 6% years later (the
~"ar of the data plotted in fig. 14). The post-dam de-
\. 4se of particle size with distance downstream, there-
fore, is reasonably attributable to the dam.
Downstream from Kanopolis and Denison Dams, bed-
material sizes were not measured at the time of dam

closure. Therefore, one cannot say with certainty
whether the post-dam trend resulted from the dam or
whether it occurred naturally, However, the similarity
of the two grain-size versus distance curves to one
another and to that for the Hoover Dam data, along
with qualitative agreement with theoretical expecta-
tions, indicate that the decrease in grain size probably
is due to the dams.

The lower plot for each dam in figure 14 shows varia-
tion in bed elevation with distance downstream. using
the data of table 13 for the same year as the sediment-
size data. The relative changes in grain size, degrada-
tion, and distance downstream then can be compared,
If one assumes that the sizes of pre-dam channel sedi-
ment downstream from these three dams did not vary
significantly with distance within the reach examined,
then the relation between bed-material changes, degra-
dation, and distance downstream agrees with the
theoretical model described above.

Reading the associated values of grain size and degra-
dation at successive distances from the smoothed curves
in figure 14, the curves in figure 15 were drawn to
show the increase in bed-material grain size with degra-
dation for each study reach. This shows more graphi-
cally the increase in bed-material sizes relative to the
depth of bed degradation. The curves in figures 14 and
15 might have been different in position on the graph
if the data had been measured at some other time after
dam closure; however, the trend would not be affected.

U.S. Bureau of Reclamation data permit an evalua-
tion of how the grain size—distance relation varies with
time for the Colorade River downstream from Hoover
Dam (fig. 16). During the first year or so after dam
closure, the reach that underwent changes (coarsening)
in bed-sediment sizes was somewhat less than 10 km
long. After 3 years, coarsening was quite noticeable at
20 km but not at 70 km downstream from the dam;
and by about 6 or 7 years after closure, coarsening was
apparent 70 km, but not at 135 km, downstream from
the dam. Coarsening did not seem to progress to the
site 135 km downstream from the dam until about 13
years after closure.

CHANNEL WIDTH

GENERAL NATURE OF WIDTH CHANGES

Channel widths downstream from the dams of this
study narrowed, widened, or remained constant, de-
pending on the site, in the years following dam closure
(table 13). In general, the post-dam changes in channel
width at a cross section as documented by measured
cross sections, photographs, and maps, can be divided
into five categories.
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The first category is a statistically constant width,
in which the width at successive times is within about
+4 percent (an arbitrary figure) of the width at the
time of dam closure. In table 13, 231 cross sections
downstream from 17 dams have meaningful width data.
The width has remained virtually constant at 51 of
these sections (about 22 percent of the total). {Such per-
centages are affected by the number of measuring sec-
tions downstream from the various damsz and do not
necessarily reflect relative frequency of the five
categories of width change.)

Channel width in canyons, such as occur along some
reaches downstream from Colorado River dams, obvi-
ously is constrained. Such sections were excluded from
the total of 231 considered here. However, Howard and
Dolan (1981) report that fine-grained terrace materials
in  depositional -reaches on the Colorado River
downstream from Glen Canyon Dam are being re-
worked by flow releases, resulting in slight channe}
widening.

A second category of channels widened, where widen-
ing arbitrarily is defined here as the most recently mea- -
sured width being at least 5 percent greater than the
width at the time of dam closure. About 46 percent
(105 cross sections) are in this category. Although
sometimes the channel has become about twice as wide
during the post-dam period, most increases as of the
latest resurvey were less than about 50 percent. Pro-
nounced widening occurred at some cross sections
downstream from Fort Peck, Gavins Point, Medicine
Creek, Town Bluff, and Fort Randall Dams, but widths
at other sites downstream from these dams did not
change significantly. Also, changes in width were not
consistent with distance downstream. Minor increases
in width (less than about 15 percent) happened at a
number of cross sections downstream from Milburn,
Milford, Kanopolis, Red Rock, and Buford Dams. How-
ever, the magnitude varied considerably with distance
along the river.

Category three consists of channels that have become
narrower. Using the arbitrary 5 percent eriterion, 59
cross sections (about 26 percent) are in this group.
About one-half of these are located downstream from
Yemez Canyon, John Martin, Fort Supply, and Canton
Dams (figs. 17-20). These channels are now only about
17 to 50 percent of their pre-dam widths.

The fourth category includes channels that widened
initially after dam closure, but later reversed this
trend, and were most recently narrower than at the
time of dam closure. Twelve cross sections (about & per-
cent) are in this group. The North Canadian River
downstream from Canton Dam, Oklahoma, has several
such sections.

The fifth category, including only 4 of the 231 cross
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FIGURE 17.—Jemez River downstream from Jemez Dam, New

Mexico, A, April 1936; B, spring 1951; €, June 1980, Dam was
closed in 1953,

sectjons, shows an initial channel narrowing followed
by widening. The channel as of the latest resurvey was
wider than at dam closure. '

Changes in width seem to have occurred at least from
the time of dam closure; such changes tend to accom-
pany changes in bed elevation. However, as with bed

DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

FIGURE 18.—0ld streamflow-gaging site on Arkansas River 3 kilome-
ters downstream from John Martin Dam, Colorado. A, March 1946;
B, September 1959; C, July 1980. Dam was closed in 1943,

degradation, there can be a considerable lag time before
effects become noticeable at some of the downstream
sections. Examples occur along the Red River

downstream from Denison Dam.
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F1GURE 20.—North Canadian River about 0.8 kilorneter downstream
from Canton Dam, Oklahoma. A, about 1938; B, July 1980. Dam
was closed in 1948. Both scenes are looking downstream at the
highway bridge.

DISTANCE AFFECTED

For those rivers having significant increases or de-
creases in width, the changes extend at least to the
farthest measured cross section. (In most instances this
was well beyond the zone of bed degradation.} Thus,
the extent of a reach over which width has changed
cannot be determined due to lack of data; however, it
can be many tens of kilometers.

"No downstreamward trend in the magnitude of
) change in width is discernible for most reaches, This
(GURE 19.—Wolf Creek about 2.6 kilometers downstream from Fort is true whether one considers the degraded zene alone
Supply Dam, Oklahoma. A, April 1940; B, September 1958; C, Au- | OF the entire reach for which data are available. For
gust 1972, Dam was closed in 1942, example, width changes do not seem to be greater near




36 DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS (

the dam. Rather, changes in most cases appear to vary
randomly with distance or to remain about constant.

FACTORS AFFECTING CHANGES
IN CHANNEL WIDTH

ALLUVIAL-BANK MATERIALS

Data on bank materials were not available for most
of the cross sections and reaches deseribed here. How-
ever, some analyses and onsite observations illustrate
the variety of bank-material factors that affect channel
widening.

At different locations aiong the Missouri River
downstream from Garrison Dam, two distinctive types
of channel bank oceur. In one location (fig. 21) about
10 km downstream from the dam, the entire bank is
composed of almost uniform sand {median diameter 0.17
mm (millimeter), standard- deviation 0.627 mm). Ero-
sion of these sugar sands, as they are called, appears
to be a function of the shear of the flow against the
surface of the bank. The rate of erosion is likely to
be, proportionate to the discharge and time the bank
is subjected to the flow. Moderate fluctuations in flow,
without major high flows, result in erosion of the sand
deposit at the -base of the bank, forming z narrow
beach. With minor changes in water stage, this beach
provides some protection against further erosion of the
bank. The river bank in figure 21 eroded at a rate of
about 3.6 m/yr between 1946 and 1957. (This approxi-
mate rate is' mentioned only in a general sense and is
not meant to show any effect of. Garrlson Dam, which
was closed in 1953.)

In contrast to the uniform sands in the bank in figure
21, the banks. at other cross sections consist of layers
of sand interbedded with finer-grained strata (fig. 22).
The sand, about 1 m thick, is overlain by stratified silts
{median diameter 0.009 mm, 99 percent finer than 0.074
mm) about 5 m thick. Low water on the outside of the
bend impinges directly upon the sand, which is eroded
readily by the continuing flow, even at low stages. The
bank collapses by undercutting, with large blocks drop-
ping vertically into the flow. Such silt-clay blocks retard
bank erosion for a time, but eventually disintegrate and
then are transported by the continuing flow. The bank
in figure 22 eroded at a rate of 73.2 m/yr during 1946
57. Similar banks composed entirely of sand erode even
more rapidly. This is a very rapid rate of erosion, but
even at other cross sections downstream from Garrison
and other Missouri River dams, the erosion rates gener-
ally exceed 20 or 30 m/yr (table 13; Rahn, 1977).

All manner of permutations and combinations of bank
materials and stratigraphy occurs on the Plains rivers,
which dominate the sample of rivers studied here. On
the Missouri River in the 100 km reach downstream

Ficure 21.—Sandy bank of Missouri River about 10 kilometers
downstream from Garrison Dam, North Dakota.

FIGURE - 22.— Stratified sand and silt bank, Missouri River

downstream from Garrison Dam, North Dakota.

from Garrison Dam, the percentage of silt (particles less
than 0.074 mm) in the banks ranges from 3 to 100 per-
cent. The bank commonly has thin strata containing
large percentages of siit and some clay; however, op~
the average,. silt and smaller sizes constitute no mor(
than 33 percent. In this reach, the average of samples
of bed material econtained less than 2 to 10 percent silt
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size or finer. In contrast, a representative sample of
bank material from 1 m above low water on the Smoky
Hill River downstream from Kanopolis Dam had 75 per-
cent of the particles finer than 0.074 mm.

Samples from the bed and banks of the Salt Fork
of the Arkansas River illustrate both the stratigraphy
of the flood plain or channel banks and the contrasting
character of bed and bank materials. As the data in
table 8 show, 54 percent of the bed material is larger
than 0.5 mm (coarse sand). With increasing distance
above the bed, the proportion of silt-clay in the channel
perimeter increases; that is, the percentage of coarse
and medium sand decreases. Only in the upper 0.5 m
of the flood plain is the percentage of siit and clay ap-
preciable, a fact clearly evident in the stratigraphy of
the bank ‘as seen at the site. For the 2 m-high bank
as & whole, 756 percent of the vertical section is com-
posed of sand coarser than 0.125 mm. The remaining
25 percent is very fine sand or smaller. Considering
the entire bank as a whole, the percentage of silt and
clay (weighted according to the proportion of the verti-
cal section described by the sample) is about 12 percent.

For the few rivers where bank materials were
examined in detail, no general and simple correlation
7/ 1d be made between erosion rates and the percen-
s D'é of sands or silt and elay in the banks, except for
isolated examples along the Missouri River and for
straight reaches several kilometers downstream from
Kanopolis Dam on the Smoky Hill River, where erosion
of the silty banks appeared minimal. (Bank erosion on
the Smoky Hill River, however, was significant at
bends or where the thalweg of the chanmel meandered.)
Although cohesive banks retard erosion, tests of stabil-
ity eriteria based on a weighted silt-clay content in bed
and banks, using the method proposed by Schumm
(1960, fig. 10, p. 23}, indicate that measured channel

sections known to be either aggrading, widening, sta-
bie, or unstable are not distinguishable on the basis
of the width-depth ratio and weighted mean percentage
of silt and clay. The difficulty appears to be that weight-
ing of the particle size of the sediments by the channel
width significantly distorts a controlling relationship be-
tween actual differences in bed and bank sediments.
Generally, a cohesive bank will limit both channel width
and the tendeney to bank erosion or lateral migration;
however, many other factors occurring simultaneously
appear to dominate in the eontrol of bank erosion.

BEDROCK-BANK CONTROLS AND DOWNSTREAM EFFECTS

Several cross sections on the Missouri River
downstream from Garrison Dam indicate that channel
shifting and bank erosion may increase downstream
from cross sections at which bank erosion is controlled
or retarded. Bedrock on one or both sides of the valley
constricts the valley and channel in places. Lateral ero-
sion at such censtrictions usually is minimal, but in the
expanding valley width downstream from such controls,
erosion of one or both banks is relatively much greater.
Further work is needed to determine whether the lat-
eral erosion downstream from the constricted sections
is greater than it would be without the constrictions.

WATER FLOW

In a detailed analysis, Chien (1961, p. 751) showed
that the shifting of a river’s course varies directly with
the rate of rise and fall of flood flows, bed shear stress,
relative width of water surface at peak floods and at
bankfull stage, width-depth ratio at bankfull stage, and
varies inversely with particle size. Chien also noted
(1961, p. 744) that channel shifting is related to the

TaBLE 8.—Particle-size distributions of bed and bank material, Salt Fork, Arkansas River, downstream from Greal Salt Plains Do,
Qllakoma

[Tatal height of flood plain above water surface is L8 meters)

River bank and

Percent finer than indicated size

bed features
(Distance below

(millimeters)

fleood plain, in

(0.002 0.004 0©.008 0.016 0.031 0.062 0.125 0.25 0.50

1.¢ 2.0 4.0

meters)
Top surface of clay band in 42 50 59 69 79 87 a3 99 0 - - -
silt
0.30-0.43 9 9 11 16 24 44 68 80 99 100 - ==
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1.47-1.22 - -— - - — 1 6 77 100 e- = -
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Channel bed:’ - — - - — - 0 10 46 88 99 100
{ r at water level - - - -- - -= 0 7 81 98 100 -~
1/

='gand sample beneath shallow water in braided channel.
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downstream spacing of control points. These relation-
ships probably are not precise correlatives of bank ero-
sion, but channel shifting is related closely to bank ero-
sion. It has not been possible to obtain sufficiently com-
plete data with which to verify equations provided by
Chien. However, many observed phenomena in the allu-
vial channels described here qualitatively support his
conclusions.

Observations on the Missouri River downstream from
Fort Peck Dam in Montana indicate that bank erosion
increases markedly with discharges equal to or greater
than about 500 m®*s (cubic meters per second). This
is equivalent to flows that occurred equal to or less
than about 12 percent of the time prior to closure of
the dam (U.S. Army Corps of Engineers, 1952, p. 37).
The increase in erosion accompanying increases in flow,
particularly at or near the bankfull stage, also is
documented elsewhere (Chien, 1961, p. 741; Leopold
and others, 1964, p. 88).

Net erosion in terms of enlargements in cross-see-
tional area (width and depth increases) ean occur even
with decreases in certain flow statistics. A decrease in
mean daily discharges and in peak discharges during
the years immediately after dam closure on the Red
River downstream from Denison Dam nevertheless was
accompanied by about a 25 percent increase in the aver-
age bankfull cross-sectional area of the downstream
channel. Reductions in those same flows in the North
Platte River downstream from Guernsey Dam in
Wyoming were accompanied by a doubling of the aver-
age cross-sectional area throughout a 5 km-long reach
downstream from the dam. Thus in these cases the
mean daily flow and the annual peaks do not reflect
adequately the erosive flows.

Along other channels, decreases in flows have been
accompanied by decreases in cross-sectional area and
in width. Flow reductions due largely to various dams
probably have caused the observed decrease in width
of the Platte River in much of Nebraska to as little
as 10 to 20 percent of its 1865 width (Williams, 1978).
Where the decrease in flow has been significant, as in
the lower Rio Grande, J. F. Friedkin (International
Boundary Commission, written commun., 1959) has
shown that the channel almost may disappear as. vege-
tation, windblown sand, and sediment deposited by low
flows clog the channel. Comparable changes on the
Canadian River downstream from Sanford Dam, Texas,
are described later in this report.

Sandstone Creek near Cheyenne, Oklahoma, provides
one of the better-documented examples of cross-section
decreases and channel narrowing due to dams, in this
instance, a combination of dams (Bergman and Sullivan,
1963). Sandstone Creek has a drainage area of 277 km?.
Land-treatment measures were begun during the

1940's; by 1952, 24 floodwater-retarding structures an\d
17 gully plugs had been built in the watershed. Further
construction continued during the 1950°s and 1960's.
During the 1950’s the hydrologic regimen of the stream
was altered significantly (table 9). From 1951 to 1959,
mean daily flow tended to increase as the number of
days of zero flow decreased from almost two-thirds of
the year to zero. In addition, a significant increase in
the number of peak flows occurred during 1953-56,
suggesting a brief period of increased rainfall. In 1954,
the channel cross section still retained the box-like form
characteristic of an arroyo (fig. 23). By 1961, however,
a much narrower channel (about one-third the former
width), stabilized by vegetation (grass, shrubs, and
some trees} had formed within the original cross sec-
tion. A new flood plain had been created, virtually as
an inset fill. The effect of the new channel cross section
and vegetation is illustrated by the decreases in cross-
sectional area and flow at successive stages (fig. 23).
The metamorphosis of Sandstone Creek seems to fol-
low a pattern typical of a number of other dammed
streams (see Frickel, 1972, p. 29; Gregory and Park,
1974; Petts, 1977). Once the larger flows are eliminated,
the flows occupy a somewhat narrower channel.. Vege-
tation commonly tends to become established on th
lesser-used part of the old streambed. This plan._
growth probably traps sediment during any inunda-

TaBLE 8.—Flow data for Sandstone Creek wnear Cheyenne, Ok-
lahoma, 1851-58

Tm%s = cubic meters per second]
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FiGURE 23.—Changes in channel cross section of Sandstone Creek,
Oklzhoma, at the streamflow-gaging station, 1954-61, caused by ~
many upstream flood-detention dams (modified from Bergman and
Sullivan, 1963).
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tions. The vegetated zone thereby aggrades (fig. 23)
and becomes a new flood plain. The old flood plain be-
comes inactive (a terrace), rarely or never flooded. In
this manner, the stream channelizes itself, commonly
in more stable banks frem the binding properties of
the vegetation.

Although it is intuitively obvious that the magnitude
and frequency of flows must affect bank erosion, a pre-
cise characterization of such flows for purposes of a gen-
eral equation has not yet been obtained. Some prelimi-
nary efforts to develop a general equation are deseribed
later in this discussion.

WIDTH-DEPTH RATIO

Analysis of a number of cross sections indicated that
wide, shallow channels tend to increase in width at a
somewhat greater rate than relatively narrow, deep
sections. A large initial width-to-depth ratio indicates
that bank material in such sections may be more erodi-
ble, and that these sections are likely to predominate
in braided reaches. Because such a process cannot con-

_*+inue forever, channels may narrow by taking a new

urse or by developing several distributary sections.

WIDTH

TIME TRENDS OF CHANNEL
WIDENING AT A SITE

A dimensionless relative change in width can be de-
fined as W/W,, where W, is the bankfull channel width
at the time of dam closure at the cross section of inter-
est and W, is the bankfull channe! width t years later
at the same section. A plot of this ratio with time was
made for each cross section downstream from the 17
dams for which data (table 13} were available. On these
plots, nearly 50 percent of the 105 cross sections that
became wider have either too many aberrations, no
noticeable pattern, or insufficient data to warrant an
attempt to fit a line to the points (see fig. 24A for some
typical exampies of such cross sections).

The trend of relative increase in width with time for
the remaining 54 cross sections can be described by
a simple hyperbolic equation of the same type used for
bed degradation. As applied to relative channel-width
changes, this equation has the straight-line form

(WW)) = ezt ey (1) 3
where

¢z is the intercept; and

¢, is the slope of the fitted straight line on a plet of

W,/W, versus 1/¢.
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FIGURE 24.—Examples of relative increase of channel width with time: A, irregular rates; B, regular rates with fitted regression curves
(dashed lines). Data from table 13.
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The coefficients are positive where width has increased,
as in the present discussion, and negative where width
has decreased. The reciprocal of ¢, is the initial rate
of change, in relative-change (W,/W}) units per year.
The reciprocal of ¢ ordinarily would be the asymptote
or eventual new value of W/W,. However, with the
present application, the value of W/W, at t = 0 is 1.0
rather than 0. To adjust the data to an origin of 0,
1.0 first needs to be subtracted from each W/W, before
performing the regression. Consequently, the
asymptote or final predicted W/W; is (1/c) + 1.0. Simi-
larly, the value of W,/W, at any time, t, is

(Wg[Wl): +1.0

C
(03+_:‘)

Values associated with these chanmel-width regres-
sion eurves, such as coefficients ¢y and ¢4, estimated
final equilibrium values of W/W,, time needed to com-
plete the estimated total change (here given as 95 per-
cent of the estimated change), time needed to attain
50 percent of the estimated total change, and the square
of the correlation coefficient (%) are given in table 10.

As discussed in connection with bed degradation, sev-
eral features that do not directly affect the goodness
of fit influence the value of ¥°. For example, the value
of 7% is somewhat sensitive to the location of the origin;
that is, to the specification of the response time where
such a lag period occurs. Hence, measurements in the
first few years after (and before) dam closure are very
important in defining the curve.

The asymptote of the curve, or extrapolated eventual
value of W,/W,, needs to be treated with caution.
Where the basic data fit the curve, the extrapolated
final value is valid. However, in several instances, the
data show enough departures from 2 smooth curve that
illogical values of the asymptote obtain. These few cases
are noted in table 10.

Based on the coefficients and the observed fit of the
curve to the data points, the equations for 10 of the
54 sections are questionable. The remaining 44 cross
sections, listed by dam and number of sections, were
downstream from Fort Peck (3), Garrison (11), Fort
Randall (3), Gavins Point (20), Medicine Creek (1),
Kanopolis (8), and Denison Dams (3).

The regression features for these widening cross sec-
tions show a wide range in initial rate of increase of
channel width, predicted (or observed) final relative in-
crease, and time required for the new width to develop.
Some representative trends are shown in figure 24B.
The initial rate of increase (reciprocal of the coefficient
¢y for the 44 cross sections ranges from 0.0032 to 4.0
relative-change units per year.

The predicted final values of W,/W, (called (Wy/W1)max

in table 10) as extrapolated trom the regression curves
(again keeping in mind the risks of extrapolation) range
from very slight (1.05) to about 2.8. (The latter number
would indicate that the final width would be 2.8 times
the width at the time of dam closure.) The frequency
distribution of these 44 values (fig.  25A) shows most
of them closer to the smaller end of the range, with
the mode at about 1.12. ' .

The estimated time needed for completion of 95 per-
cent of the eventual change in width (see bed-degrada-
tion section for computation details) ranges from about
2 to nearly 1,900 years (table 10). The modal value of
the 44 estimates is about 35 years (fig. 25B). Assuming
no radical changes in the flow regime, most sections
are predicted to need from about 1 decade to 600 years
to complete their widening. Within this range, the
longer durations (as much as hundreds of years) of
course are mathematical results. We have no evidence
that channel widening continues for such durations, and
there is considerable evidence of discontinuity and
change.

As with bed degradation, much of the estimated
widening occurs relatively quickly. One-half the total
estimated overall increase in channel width can occur
in as little as 1 or 2 months (table 10). For the 44 eross
sections, the maximum estimate of the time needed for
a section to complete 50 percent of its widening was
100 years. The distribution within this range (fig. 25C)
has its mode at about 1% to 2 years. At most cross
sections, 50 percent of the total eventual increase in
width probably occurs within 2 or 3 decades after dam
closure, according to these data. :

The above estimates of magnitudes of eventual wid-
ening and of adjustment time also apply to many cross
sections for which the data were not fitted by a regres-
sion curve, judging from plots of W,/W; versus time
(fig. 24).

Curves of relative increase in width with time (fig.
24B) can all be combined onto one general, dimension-
less curve (fig. 26) similar to the one for bed degrada-
tion. The ordinate in this case is the ratio of observed
relative change in width (W,/W;) at a given time to the
extrapolated maximum expectable relative change, the
latter being approximated by 0.95 (WyWypax. The
abscissa on the plot is the proportion of total adjust-
ment time that has elapsed, £0.95 ¢..,.. Here the de-
nominator (0.95 t,..) is 19 cy/cs (as explained earlier).
The dimensionless equation, referred to as the derived
equation in figure 26, is identical to equation 2, for de-
gradation, with the new dependent variable inserted.

To the extent that the data fit the standardized
curve, the same tendencies that deseribed bed degrada-
tion with time also apply to the rate of channel widen-
ing. One-half the total change occurs during the first
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of cross lesponse . A& 5f Tiame to reach Time to reach
section 22/ 3 Yy s/ 5/
time T eq™ 4 F 0.95(&1’r!w1)— 0540, /1)
downstream - " nax t max
(yr) nax {yr) )
from dam ¥r e
(k) e _
Jemez River, New ilexico, Jemez Canyon Pam
i.0 0 0.37 -1.041 -2.66 ¢.03% 49 2.6
1.3 0 .79 ~.943 -2,32 — - -
1.6 O W77 -.565 -8.51 - - -
1.8 G .83 -.941 ~-5.87 —— - -
2.4 o] .52 .00 -1%.2 - -~ --
3.1 0 .64 -1.279 -1.77 .22 26 1.4
Arkansas River, Colorade, .John Marcin Dam
15.3 07 .99 ~.92¢6 -10.74 - - -
22 0? .99 -.602 -11.35 -- — --
3 0?7 .79 ~1.15 -13.83 .13 210 12
36 07 .91 -1.62 -12.78 .38 15¢ &
Hissouri River, Montana, Fort Peck Dam
9.2 0 .79 4.89 26,36 1.20 100 5
16.5 0 .62 1.51 31.39 1.66 395 21
75 o] .90 3.12 308.8 1.32 1,880 100
Missouri River, North Dakota, CGarrisom Dam
12.0 o 0.65 11.48 5.62 1.09 g 0.5
15.C o] .81 2.16 10.51 1.46 0 5
17.5 [} .48 . 801 .306 2.11 6 .3
21 o .61 19.4 31.64 1.05 30 1.4
32 0 .94 9.01 3.52 1.11 7 4
38 0 .36 4£.24 2.16 1.24 10 .5
&4 0 .98 . 764 10.33 (2.31) (260) (14)
47 0 .91 .780 2.09 2.28 50 3
54 0 .57 1.05 L350 1.85 6 .3
58 0 .83 5.67 8.73 1.18 29 1.5
78 0 .68 4,95 6.36 1.26 24 1.3
87 Y .56 2.46 249 1.41 2 W1
Missouri River, Scuth Dakeota, Fort Randall Dam
7.7 0 .84 5.62 42.1 1.18 140 7
43 0 .90 1.38 7.01 1.53 70 4
58 G .59 16.2 42.2 1.06 50 3
Missouri River, South Nakota, Gavins Point Dam
4.3 0 .58 4,19 3.04 1.24 14 7
3.3 0 L.00 11.5 196.1 1.09 320 17
6.8 0 .27 5.03 3.03 1.20 1% .6
11.¢ "] .85 4.37 9.71 1.22 42 2
12.5 Q .95 2.18 17.00 1.46 150 8
14,5 0 0.79 1.79 41.90 1.56 440 23
16.5 5 1A 2,24 4,50 1.45 38 2
22 4] .97 8.77 2190.5 1.11 460 24
26 0 .81 -552 9.71 2.81 330 18
27 o .84 3.17 7.59 1.32 45 2
28 V] 1.00 2.03 13.6 1.49 136 7
30 Q 1.00 3.81 1.80 1.26 9 .5
32 o] .85 3.54 14.0 1.28 75 4
34 o] .90 1.88 63.6 1.53 640 34
48 a? .99 2.69 6.28 1.37 44 2
52 Q7 .98 .990 23.9 (2.01) (440) (23)
€1 5? 1.00 9.80 22.9 1.10 44 2
64 4.57 .85 2.90 23.5 1.35 150 8
69 37 -39 15.5 21.6 1.06 26 1.4
72 47 .97 2.37 47.6& {1.42) (380) (20}
82 57 1.00 4.68 1443 .21 590 31
85 47 .95 1.75 5.91 1.57 65 3
93 47 .86 .250 4.95 {4.45) {320} n
Medicine Creek, Webraska, Mediciue Creek Dam
.8 0 .33 4.78 13.5 1,21 54 3
13.0 ¢ .35 .937 32.4 (2.07) (1,060) (55}
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TABLE 10.—Values associated with hyperbolic curves fitted to changes in chawnel width with time., af a cross section’ —Continged

TﬁE&an&;_
of cross Response 2/ " 4/ 5/ Time to reach Time to reach
. el e v - -
section time r” CBAI c, FE 0,95(w /NI)EI 0.5(W /Hl)éj
downstrean : * "1 o e B e
(¥r) fax {er) (vt}
from dam yr yr
L e e e e e o
Smoky Mill River, Ransas, Kangpolis Dam
6.8 o 0.64 1.8%9 -338.9 - - ==
8.7 0 .80 .866 45.1 (2.15) (990) (50}
13.0 0 1.00 6.75 4,42 1.15 12 .7
25 ¢ .00 6. 03 9.9 1.17 350 13
73 0 W75 3.49 7.26 1.18 25 1.3
bolf Grovk, Oklahow, Fort Supply bam
2.9 0? L 94 -1.22 -1.47 L8 23 1.2
3.9 07 .34 -1.24 ~1.28 .19 0 1.0
4.7 0? .90 -.912 -8.35 () - =
6.6 a7 .99 ~.901 -5.47 {0} == -
North Canadian River, Dklahoma, Canton Dam
1.8 4 .81 ~1.13 -4,82 .12 80 4
5.6 2.5 .71 -1.93 -2.8C 48 28 1.5
14.5 1.0 .95 -1.01 -7.48 (.01 (140) [€)]
114 2.8 .75 ~3.00 -1.37 .67 9 .5
125 2.8 .72 ~3.64 -2.80 .73 15 .8
134 ¢ .30 -5.99 -1.33 .83 4 .2
Red River, Oklahoma-Texas, Denison Dam
.6 0 .63 1.74 34.0 (1.57) (370) (20)
18.5 o] 1.00 8.33 125.1 1.12 285 15 .
27 0 .83 2.28 11.1 1.44 90 5 (
34 0? 0.82 0.416 39.0 (3.40Q) (1,780 (95)
48 07 .97 .725 3.42 {2.38) (90} (5)
g0 0? .60 4.52 40.5 1.22 170 ¢
132 0? .93 1.52 63,5 (1.66) (790) (a2)

1/ _
= (wl/wt) = g + <y {1/t).

2
—!Listed r2 is for wt/wl_ not the reciprocal.

3 .
—/All values of Wthl were adjusted to an origin of O by subtracting 1.0 prior to the regression.
i"iThe predicted final values of wt/wl {called wtjul in table) are computed as (IICE) + L.0.
max

2/Values in parentheses seem unreasonable. Leaders mean that a value cannot or was not
listed due to curve-fitting difficulties.

the first resurvey and changed little thereafter. Other

5 percent of the adjustment period. Three-fourths of
sites show fluctuations in width with time.

the total increase takes place within the first 13 percent

of the adjustment period. Channel changes are most
pronounced in the early years after the onset of wid-
ening.

TIME TRENDS OF CHANNEL
NARROWING AT A SITE

Fifty-nine cross sections became narrower, and 39 of
these have a sufficiently irregular trend of relative
width with time that no smooth curve can be fitted
to the points; some representative examples of such
cases are shown in figure 274. At some cross sections,
the new width already was established by the time of

At the remaining 20 of the 59 narrowed cross sec-
tions, the data of table 13 again indicate the hyperbolie
curve of the type used earlier in this report (eq. 3).
The regression statisties (table 10) indicate that only
11 of these cross sections are suitable for estimating
final channel widths and adjustment periods. The 11
cross sections are downstream from Jemez Canyon,
John Martin, Fort Supply, and Canton Dams. Six typi-

- cal regression curves are shown in figure 275,

Initial rates of narrowing ranged from 0.05 to 0.78
relative-change units per year. The extrapolated final
values of W/W, (table 10) ranged from 0.83 to 0.04 for
the 11 curve-fitted cases that could be assessed reliably.
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G1'rw 26.—Dimensionless plot of relative increase in channel width
{ :ime, for the 6 representative cross sections of figure 24B.

Dava from table 13,

\t sections not describable by a hyperbolic curve

ywnstream from these same four dams, the new width

generally was only about 25 to 50 percent of the initial
width, except for a few of the cross sections
downstream from Canton Dam.) Theoretically, the rela-
tive decrease in width for a channel can range from
almost 1.00 to 0, depending on flow regulation.

The estimated time needed for the channel to reach
its new, narrow width varies from 4 to 230 years for
the 11 cross sections (table 10). Most estimates from
the fitted curves are about a few decades or less. One-
half the total adjustment can occur virtually im-
mediately or within as much as about a decade. Less
than 1 or 2 years is typical for the available data.

The dimensioniess standardized curve of the type ap-
plied above to bed degradation and channel widening
is shown in figure 28. The derived equation is that of
equation 2 with the appropriate dependent variable
(proportional relative decrease in width).-

PREDICTION OF POST-DAM
CHANNEL-WIDTH CHANGES

Channel width depends primarily on water discharges
and the boundary sediment. A multitude of regime- and
hydraulic-geometry equations relate width to discharge.
Unfortunately, most of those that are not site-specific
require a resistance coefficient, a characteristic or domi-
nant discharge, or both. Bed-material sizes change with
time during the armoring process downstream from
many dams (fig. 13), so even in the rare case where

‘the size distribution had been measured adequately, it

would be hard to build this changing particle-size vari-
able into a resistance coefficient to predict eventual
channel width. Similarly, identification of the most diag-
nostic or dominant discharge to use in an equation for
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FIGURE 27.—Examples of relative decrezse in channel width with time: A, irregular rates; B, regular rates with fitted regression curves
(dashed lines}. Data from table 13.
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channel form remains an unsolved problem. An empiri-

cal effort was made (no acceptable theory being avail-
able) to determine those measures of discharge best re-
lated to width and to changes in width. Due to lack
of data on bank cohesiveness, the search involved only
water discharge,

We used stepforward multiple regressions to test
possible correlations between channel width and mag-
nitudes, frequencies, and characteristics of discharge,
namely: (1) Mean daily discharge; (2) average annual
mstantaneous peak flow; (3) single highest and lowest
instantaneous annual peak flow; (4) highest average
daily flow for consecutive periods of I, 3, 7, 15, 30,
60, 90, 120, and 183 days for each year; (5) flow equaled
or exceeded 1, 5, 10, 25, and 50 percent of the time;
and (6) variability of flows within periods ranging from
1 to many years. Many different possible expressions
for flow variability (item 6) involving the ratio of a high
flow to a standardized flow were tested. Variations
within a day, however, could not be considered, and
such variations could be important on channels where

flows are regulated by dams for hydroelectrie power, -

3easonal sequences were not explored. All of the above
lischarges, including ratios thereof, were examined for
P re- and post-dam periods, separately. The many
L arge statistics, plus the log of each, amounted to
15 independent variables.

For each river, the average width for all eross sec-
ions as a group was taken as the representative chan-
el width for the particular year. These reaches in gen-
ral have little significant tributary inflow throughout
leir lengths. Average width was caleulated for the
ear of dam eclosure (first surveys of cross sections),
ielding W,, and for the year of the latest resurvey,
's. The relative change in width is then Wo/W,. Nine
085 sections had special local topographic features and
ere not included in the calculation of the average
iange in width for the entire reach downstream from
dam. These nine sections are downstream from atotal

6 dams and probably do not affect significantly the
gression results described here.

Along some reaches, sparseness of cross sections is
drawback of this sampling approach to generalizing
¢ change in width of a reach. Locations of cross see-

ns is another possible disadvantage, in regard to: (1
sition around or near meander bends versus straight
aches, and (2) spacing  with river distance

wnstream. Usually, the sections are cloge together

mediately downstream from the dam and become
ther apart with distance downstream.

K ly, the length of river reach within which the

ihy,¢ applies needs to be standardized for the entire

up of rivers. The first standardized length of reach
considered was 47 channel widths (from the most
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récent resurvey), this being the longest distance com-
mon to the 15 reaches for which enough data were avajl-
able. Second, we tried defining the standard reach as
the zone of bed degradation, again from the most recent
resurvey. A third reach used-—the entire distance cov-
ered by the measured cross sections—was not standar-
dized for the group. Best correlations came from this
last approach, probably because the greater number of
cross sections provided a better representation.

A general estimate of W, downstream from the 15 _

dams is given by

Wa=13+0.5Q, +0.19, “h

where

W, is the average bankfull width at the time of
the latest resurvey, in meters; _

@ is the arithmaetjc average of the annual mean
daily flows during the post-dam period from dam
closure to the latest resurvey, i cubic meters
per seeond; and

Q,, is the arithmetie average of annual 1-day highest
average flows for the pre-dum period of record,
in cubic meters per second.

Thus, both pre- and post-dam flows are represented,
though by different flow statistics. As with many em-
pirical expressions, the relation is not correct dimen-
sionally. The r* for the regression equation is 0.99, and
the average absolute error in the predicted W, is +
19 percent. Computed versus observed values of W,
are compared in figure 29.

The ranges of values used in determining equation

4 are 30 = W, = 939 m, 22 = @Qp = 5,000 m¥s; and
L6 = @m = 830 m*s (table 11). Average daily dis-
charges differ slightly from those of table 4 because
only flow data up through the latest channel resurvey
were used for equation 4. Also, filling of the reservoirs
for Fort Peck, Garrison, Fort Randall and Gavins Point
Dams was not completed until about 1964, so mean
daily discharges were computed beginning with 1965
for these dams. The period of reservoir filling for the
other dams was assumed to be negligible. This empiri-
cal equation applies only to the ranges of data ineluded
in the analysis. For example, the equation may not be
valid for dams which release little or no flow. We have
no explanation for why the post-dam mean daily flow
and pre-dam average annual I-day high flow turned out
to be the significant variables,

Two sites with the required flow data were found
to test equation 4. The tests are only approximate be-
cause the measurement or estimate of post-dam width
is not made for a long reach of the river. The Canadian
River at 3 km downstream from Ute Dam (closed in
1963) is shown in figure 30. Three measurements of
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NUMBER DAM AND STATE
1 Jemez Canvon, Mew Mexico
2 John Martin, Colorado
3 Fort Peck, Montana
4 Garrison, North Dakota
5 Fort Randali, South Dakota
6 Gavins Point, South Dakota
7 Medicine Creek, Nebraska
8 Red River, lowa
k] Kanopolis, Kansas
10 Fort Supply. Oklahoma
n Canton. Oktahoma
12 Eufaula, Oklahoma
13 Denison, Oklahoma-Texas
14 Town Bluff, Texas
15 Buferd, Georgia

FIGURE 29.—Computed (by the equation Wo=13+0,5Q,,+0.1 &) ver-
sus measured values of post-dam average channel widths.

channel width were made in 1981 at different sections |

along a nearly uniform Q.3-km reach (fig. 30). This reach
is typical in regard to present channel width, according
to the local U.S. Geological Survey engineers. The mea-
sured widths ranged from 43 to 46 m, averaging 44
m. According to equation 4, the width should be 55
m (Q, = 1.2 m%s, @, = 410 m%s). This estimate is
therefore slightly (25 percent) too large.

The second test area is the Republican River
downstream from Trenton Dam, Nebraska (fig. 31).
The flow records provide @,, = 1.8 m?/s and @, = 112
m®s, for which equation 4 yields a width of 25 m. Judg-
ing from figure 31, the present width is an estimated
30 percent less than 25 m.

None of the 115 variables correlated particularly well
with the relative change in channel width (Wy/Wy), ‘al-
though some approximate correlations will be men-
tioned below. With respect to Wy/W,, the 15 damsites

6 DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

can be divided into two distinet groups. The first in-
cludes the 11 dams downstream from which the channel
either has undergone a slight widening, on the average,
or has not changed appreciably. All hydropower dams,
and some others, are in this group. The channels in
the second group {downstream from Jemez Canyon,
John Martin, Fort Supply, and Canton Dams) have nar-
rowed considerably (as described earlier). The distine-

‘tive feature of the post-dam flow regime for the latter

group seems to be that these channels convey little or
no flow during a large part of the year. In contrast,
the channels in which the width has remained constant
or has enlarged are rarely dry and generally convey
substantial (though not overbank) flows. Osterkamp
and Hedman (1981) studied regulated Kansas streams
on which the flow releases, though sustained, were not
large and erosive. The channels tended to be narrower
downstream from the dams than upstream. A general
knowledge of a proposed dam’s release policy, there-
fore, might indicate whether significant channel widen-
ing or narrowing is likely to occur. Further study needs
to be given to this possibility.

Some of the narrowed channels may have conveyed
little water during much of the year ever during the
pre-dam era; however, periodic floods then probab)”
kept the channels wider. With the virtual eliminatio\
or marked curtailment, of such high flows (table 4), low-
flow periods appear to have assumed much greater im-
portance. Such prevailing low flows form their own new
(narrower) channel. Those high post-dam flows that are
released may not be sufficient to maintain the former
channel, especially since such flows generally are lower
than pre-dam high flows (table 4). Vegetation has a bet-
ter chance to become established on the lesser-used
part of the streambed, and the course of events de-
scribed above in connection with Sandstone Creek
(table 9; fig. 23) can occur. Northrop (1965) reported
similar processes on the Republican River in Nebraska,
although flows there have been greater. '

W,/W, did show an approximate correlation with flow -
durations of low flows and also of certain high flows,
namely: (1) The percent of time which a low flow equal
to about 0.06 Q,, was equaled or exceeded; (2) the per-
cent of time a high flow equal to 8 Q,, was equaled
or exceeded; and (3) the percent of time a high flow
equal to 0.1 times an estimated bankfull discharge was
equaled or exceeded. In all three cases, correlation was
improved by adding the average bankfull width-depth
ratio as of the year of dam closure as a second indepen-
dent variable. From these tests, it seems quite possible
that flow durations help determine relative chany™
changes (Wo/W,); however, the general cause-and-effé. .-
relation remains unsolved. Part of the difficulty lies in
the fact that the mechanisms are erosional in some
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Tanie 11.—Data ased to devive postam channel-width equation

{F. flusd contrad; 1, wrigation and water cotservation: L, low-fow sanentstion: M. mupicipal and industrial supply: N, navigatuon,
P, hydrapower: R, re-regulation of law: 3, sediment control; i, meters; m* <. qubie meters per second |
: Water years Latest Post-dam Fre-dam
MNain Relative
Year ipgciuded in average average average
Yam purpese ) ) change daily l-day high
1/ Dam of of _analysis wideh in width .
no.= closure —_— " discharge flows
dam Pre-dam Post-dam 2 Hszl Q a
m P
(=) 3 3
(m”/s) (m™fs)
1%37;
S. Jemez Canyon 1953 S, F 1944~52  1954-75 46 0.22 1.64 22.2
6. Jehn Marcin 1943 ILF 191441 1943-72 50 0.31 3.37 283
7. Fore Peck 1937 N,P,F 1929-36 1965~73 299 1.16 332 746
8. Carrison 1953 N,P,F 1929-52 1965-76 103 1.08 795 3,420
9. Ferz Randall 1952 N,P,F  1548-51 1965-7% 820 1.12 779 4,460
10, Gavins Peint 1955 N,P,F 1948-54 1965-74 939 1,18 830 4,990
11. Medicine Creck 1949 L 1938-48 1951-78 47 1.18 1.88 176
13. Red Rock 1969 F,L,I 1941-68 1870-78 167 1.03 170 1,160
14. Kanopolis 1948 L,F 1941-47 1949-71 40 1.03 10.1 228
16. Fort Supply 1542 T, 1938-41 1943-69% 31 0.15 1.93 119
17, Canton 1948 F,M 1839-47 1%49-71 30 0.47 5.32 219
18. Eufaula 1963 P,8,F 1939-62 1965~77 357 0.97 135 2,920
19. Denison 1943 P,F 1937-42 1944-69 373 1.10 120 2,760
20. Town Bluff 1951 R,I,M 1922-50 1952-65 126 1,19 119 1,110
21. Buford 1956 P, F 1942-55 195771 73 1.04 56.4 566
i/

= In figure 1 and table 4.

FIGURE 30.—Canadian River about 3 kilometers downstream from
Ute Dam, New Mexico. A, August 1954; B, April 1980, Dam was
closed in 1963.

channels (those that hav.e widened) but not in others
(those that have narrowed).

ROLE OF A DAM IN EFFECTING
A CHANGE IN CHANNEL WIDTH

Through control of water and sediment flow, the
*hange in hydrologic regime associated with reservoir
releases could result in an increase, decrease, or no
change in downstream channel width. Channel widening
conceivably might result from : {1} A decreased sedi-

ment load in the flow, enhancing the capacity of the
flow to entrain sediment from the bed and banks; (2)
a decrease in the volume of sediment brought te, and
deposited on or near, the banks, due to the reduced
sediment transport and decreased high flows (net re-
moval of material); (3) diurnal flow fluctuations (power
or other controlled releases) causing consistent bank
wetting and promoting greater bank erodibility: (4) bed
degradation, where it oceurs, resulting in flows imping-
ing at a lower level on the banks, undermining vegeta-
tion and the higher section of the banks; and (5) rapid
changes in flow releases (common with power dams)
causing the river position to wander indiscriminately
from one side of the channel to the other, encouraging
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FIGURE 31.-—Republican River downstream from Trenton Dam, Neb-
raska. Dam was closed in 1953, Looking downstream from bridge
‘at Trenton (4 kilometers downstream from the dam), about 1949
(A) and July 1980 {B). Looking downstream. from bridge at Cul-
bertson (19 kilometers downstream from damy), July 1932 (C) and
July 1886/(D). ‘ g :

periodic erosion of first one bank and then the other
without compensatory deposition. Whether the specific
increases in width reported in this study- are due to
the dams cannot be determined because of lack of con-
clusive data, especially pre-dam cross-section measure-
ments, -

The dam’s role on the four channels that have become
narrower is clearer. Photographs of the Jemez River
(fig. 17) show that little if any significant narrowing
of the channel occurred from 1936 to 1951, while a very
marked reduction in width took place sometime be-
tween 1951 and 1980 {dam closure was 1953). Measured
cross sections {table 13) indicate a relatively wide chan-
nel around the time of dam eclosure and a striking de-
crease in width in the years immediately thereafter.
No major reduction in water discharge occurred at the
control station upstream from the dam during the post-
dam period (table 4), and 1978 aerial photographs show
that the channel upstream from the reservoir is still

relatively wide (about as wide as the pre-dam ehannel
downstream from the dam). This upstream-downstream
aefia}-photo'graph comparison of reaches which are
geographically near one another rules out any climatie
effects or other factors that might be noticeable on
other mountain streams in the western United States.
Finally, the data of table 13 indicate that the:overall
bed degradation and charinel narrowing on the Jemez
River downstream from Jemez Canyon Dam have not
been affected significantly by any changes farther
downstream, such as on the Rio Grande. The channel
narrowing since 1951 downstrearm from Jemez Canyon
Dam, therefore, must be due to the dam.

Wolf Creek downstream from Fort Supply Dam (fig.
19} in 1969 was only about 15 percent as wide as it
was when the dim was closed in 1942. Aerial photo-
graphs taken in 1973 show a relatively wide channel
upstream from the reservoir, compared to the narrow
channel downstream from the dam. The similarity of
the present upstream reach to the pre-dam channel up-
stream and downstream from the dam, coupled with
the decreases in width shown by onsite measurements
(table 13) and photographs (fig. 19) indicate that the
radical post-dam decrease in width downstream from
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the dam very probably is due to the altered flow regime
controlled by the dam.

Measured cross sections (table 13) and photographs
{fig. 18) of reaches downstream from John Martin Dam
on the Arkansas River show a pronounced decrease in
width (an average of nearly 70 percent for the WyW,
values) after the 1943 dam closure. Such a radical
change has not occurred upstream. Cableway discharge
measurements at Las Animas, about 25 km upstream
from the dam, show no change in the channel width
during 1946-57, the period for which usable data are
available. At Nepesta, about 100 km upstream from the
dam, a similar analysis of cableway measurements for
194365 shows only about a 5 percent deerease in chan-
nel width, Two ground photographs of the latter site,
-aken in 1938 and 1963, also indicate no significant
*hange in width. Aerial photographs taken in 1950 and
970 seem to show a slight channel narrowing and an
nerease in vegetation for many tens of kilometers up-
stream from the reservoir during that period. The vege-
:ation change had been occurring since at least 1936
Bittinger and Stringham, 1963). Due to man’s exten-
sive effect on the hydrology of the Arkansas River,
some_channel narrowing and vegetation growth proba-
) jould have occurred even without the dam. The
lifferences upstream and downstream from the dam are
arge enough, however, that most of the channel nar-
'owing downstream from the dam probably has resulted
rom the dam,

Bankfull width at the streamflow-gaging station 4.8
im downstream from the site of Canton Dam was about
0 m in 1938, according to the station deseription of
hat year. In 1947, the first cross-section surveys
lownstream from Canton Dam (closed in 1948) showed
hannel widths of 65 m 3.1 km downstream from the
lam and 47 m 5.0 km downstream from the dam. These
igures indicate some, but not a major, decrease in
hannel width in the reach 5 km downstream from the
am during the 9 years before construction of the dam.
iccording to the 1976 resurvey, the channel by then
sas T4 percent and 37 percent of its 1947 width at the
ame two cross sections. No control station at which
‘ater discharges and channel changes are unaffected
y flow regulation is available for the North Canadian
dver at Canton Dam. However, the fairly stable pre-
am width compared to the decrease in post-dam width
wdicates that much of the decrease in channel width
idue to Canton Dam.

( SEDIMENT VOLUMES REMOVED
. J/AND CHANNEL EQUILIBRIUM

Year-to-year estimates of volumes of sediment re-
toved from the entire channel boundary within a finite

reach can be determined from end-area measurements
of cross sections. Such estimates, made by the Corps
of Engineeers and Bureau of Reclamation, show many
of the same features as bed degradation. For example,
U.S. Bureau of Reclamation (1976) computations of this
type for separate reaches on the Colorado River
downstream from Davis Dam show that the largest vol-
umes of sediment removal per year take place soon
after dam closure. As years go by, the estimated vol-
umes removed tend to approach zero net change. These
tendencies agree with observed degradation and chan-
nel-width changes with time, described by the hyvper-
bolic curve discussed above. Large differences. how-
ever, can be found from one year to the next, and in
some years net deposition takes place. Net erosion in
one reach can occur during the same year as net deposi-
tion in an adjoining reach,

Similar data obtained by the U.S. Army Corps of
Engineers for the Red River show how the volume of
sediment removed varies with distance downstream.
Successive times after dam closure also c¢an be com-
pared. A plot of cumulative volumes of sediment re-
moved from the channel boundary as a function of dis-
tance downstream is shown in figure 32. A steep line
on the plot indicates a large inerease in the volume re-
moved from one cross section to the next, or, in other
words, a large volume of erosion has occurred through-
out a unit downstream distance during the inclusive
period represented by the plotted line. The steepness
of the curve is proportional to the erosion rate for the
unit reach, A horizontal line indicates that the cumula-
tive volume removed, as of the survey year, no longer
changes with distance downstream. In the latter case
neither net erosion nor deposition occurs with distance,
presumably an indication of a stable channel unaffected
by the dam.

Both curves in figure 32 show maximum channel ero-
sion in the reaches closest to the dam, with the volume
of erosion (slope of line) decreasing with distance
downstream. In 1948, 6 years after closure, the reach
of appreciable sediment removal extended downstream
about 55 km. By 1958, the steep curve extended to
about 90 km; even 160 km downstream, it had not be-
come horizontal. From 1942 to 1948, the first 6 years
after dam closure, the average rate of sediment removal
from the first 25 km downstream from the dam was
about 863,000 m*yr. By 1958, this rate had decreased
to about 620,000 m*/yr,

The downstream patterns of degradation and channel
widening discussed earlier show that the relative vol-
umes of erosion of bed and banks along a given river
are variable. The contribution from the bed appears to
be greater closer to the dam; therefore, the longer the
eroded reach (or the farther the subreach of interest



ch
f=1

80 71— T T T T T 1T 1

1942-58 1

30 —

1942-48
10 -

IN MILLIONS OF CUBIC METERS

} | ] ] ] ] l !
o 20 40 60 80 100 120 140 160 180

DISTANCE DOWNSTREAM FROM DAM, IN KILOMETERS

0

CUMULATIVE NET VOLUME OF SEDIMENT REMOVED,

FIGURE 32.— Variation in cumulative net sediment volumes of channel
erosion with distance downstream from Denison Dam on the Red
River, Oklahoma-Texas.

from the dam), the greater the relative contribution
from the banks.

Variations from one river to another also are eonsid-
erable, as has been shown by Petts (1979) for British
rivers. The U.S. Army Corps of Engineers (1952, p.
37) examined measured cross sections and estimated
that, of the channel erosion downstream from Fort Peck
Dam, about 60 to 70 percent of the sediment removed
came from the banks and 30 to 40 percent from the
bed. Estimates for the Red and North Canadian Rivers
would make this percentage about 80 to 95 percent from
the banks. In ‘comparison, in certain reaches
downstream from several dams on the Colorado River,
the width is constrained, directing most of the erosion
to the bed alone, )

The persistence of disequilibrium or the reestablish-
ment of equilibrium in the relation of sediment inflow
and outflow in reaches downstream from dams probably
varies considerably from river to river. Clear water re-
leased from the -dam may receive a new supply of sedi-
ment mainly from the channel bed, the channel banks,
or from tributary inflows. Unless tributary inflows sup-
ply a relatively large proportion of the sediment, the
regulated river has difficulty in regaining its former
sediment load from the bed and banks alone.

VEGETATION

OBSERVED CHANGES IN VEGETATION

Vegetation cover in and along channels downstream
from the dams of this study either remained about the
same or {most eommonly) increased, following dam clo-

DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS (

sure. A decrease in vegetation after a dam was built
was reported by other investigators in only one case,
cited below.

Noticeable, and in some cases very extensive, en-
eroachment of vegetation onto former streambeds is ap-
parent downstream from dams on the Jemez River (fig.
17), Arkansas River (fig. 18), Wolf Creek (fig. 19),
North Canadian River (fig. 20), Canadian River (fig.
30}, Republican River (fig. 31), and others shown
below. Considerable vegetation has grown on the Platte
River downstream from Kingsley Dam in Nebraska
(Williams, 1978).

A striking increase in vegetation has occurred on the
Canadian River downstream from Sanford Dam, Texas
(fig. 33), where virtually no releases of any magnitude
have been made since dam closure in 1964. Due to the
scarcity of major tributaries, the effect still is very pro-

‘nounced 120 km downstream from the dam and proba-

bly much farther. Vegetation cover increased in direct
proportion to the reduction in channel width,

Studying the flood plain rather than the channel,
Tohnson and others (1976) reported a post-dam decrease
in overall extent of forest cover and in certain kinds
of trees downstream from Garrison Dam on the Mis—
souri River. Green ash (Fraxinus pennsylvanica), hows(
ever, increased.

Vegetation changes in selected reaches downstream
from 10 dams were mapped in the present study. Vege-
tated zones were marked on aerial photographs taken
about the time of dam closure. About 7 to 13 years
after the date of the aerial photograph, the same sreas
were visited, and vegetated areas again were mapped
on the same aerial photographs. Of the 10 reaches
examined, vegetation had covered as much as 90 per-
cent of the channel bottomiand in some cases (table 12),
Seven of the 10 areas showed an increased growth of
more than 50 percent.

The alternative presence of willow (Saelix sp.) or
saltcedar (tamarisk sp.) for the sites in table 12 appears
to be dictated at least in part by water quality. For
example, saltcedar seems to thrive in the saline water
of the Salt Fork of the Arkansas River in Oklahoma,
while willow covers large areas on the Republican River
in Nebraska. Differences are less apparent between the
Arkansas, Canadian, and Republican Rivers.

Distribution of vegetation in and along channel areas
appears in at least three common patterns. In the first
pattern, the increase in vegetation occurs in a strip
along each bank. Turner and Karpiscak (1980) beauti,~ -
fully document such increases in riparian vegetation 01( ,
the Colorade River between Glen Canyon Dam and
Lake Mead, Arizona. Of their many sets of photo-
graphs, even those that were taken 0 to 13 years prior



VEGETATION bl

FIGURE 33.—Canadian River downstream from Sanford Dam, Texas.
Pam was closed in 1964, Looking downstream from about 400
meters downstream from damsite, October 1960 (A, prior to dam)

to closure of Glen Canyon Dam (1963), compared to re-
cent (1972-76) photographs almost all show a definite
inerease in vegetation. The authors note {p. 19) that
“in the short period of 13 years the zone of post-dam
fluvial deposits has been transformed from a barren
skirt- on both sides of the river to a dynamic double
strip of vegetation.” The Des Moines River downstream
from Red Rock Dam, Iowa, also exemplifies this kind
of distribution. Overbank areas that formerly had rela-
tively frequent flooding now have significantly more
trees. Most of the trees sprouted naturally, the remain-
ing few having been planted by residents who found
the land along the riverside much more habitable after
dam closure upstream.

In the second pattern, vegetation encroachment oc-
curs within and adjacent to the former channel, leaving
¢ 1ch narrower single channel to carry the decreased
Puoi-dam flows. The succession of changes that a reach
undergoes in this transformation is illustrated by the
Washita River 1.4 km downstream from Foss Dam, Ok-

and April 1980 (B). White arrow points to 1980 channel, about 5
meters wide. Looking upstream from railroad bridge near Cana-
dian, about 120 kilometers downstream from dam, October 1960
(C, before Sanford Dam) and March 1986 (D). (Photograph credits:
A and C, U.S. Bureau of Reclamation: B, U.8. Soil Conservation
Service; D, U.8. Geological Survey.)

lahoma (fig. 34). (Other smaller dams, farther up-
stream, also have affected this and other streams in
this part of Oklahoma, as discussed below.)

The Republican River downstream from Harlan
County Dam in Nebraska exemplifies a third charac-
teristic pattern. This is shown on aerial photographs
taken in 1949 and in 1956 {fig. 35). The dam was closed
in 1952. The discharge on the day of the 1949 photo-
graph was 29 m%s, whereas the regulated flow on the
day of the 1956 photograph was only 1.8 m%s. The veg-
etation changes are quite evident, nevertheless, In 1949
the channel shown in the photograph had the typical
island and bar topography of a braided channel, with
exposed expanses of clean white sand. In contrast, in
1956 the channel consisted of thin threads of open water
in channels converging and diverging around “dark” is-
lands fixed by vegetation. The vegetation consists of
2 dense growth of willows that form a virtually im-
penetrable jungle (see also fig. 31, Republican River
downstream from Trenton Dam, Nebraska).
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TaRLE 12.—Change in approximate percentages of viparian vegetation downstream from various dams
Year Post-dam Length Average
River, dam, location of tiTe of Perciztaszznge Type of
dam period ) reach covered by vegetation
closure anglyzed ,-(kllometers) vegetation
Arkansas, John Martin, above 1942 1947-60 40 . g0 Saltcedar
Lamar, Colc-ado o
Republican, Trenton, below 1953 1952-60 6. 50-60 Willow
Trenton, Nebraska 1960-80 6 ‘ 85—95£/ Willow
Republican, Harian County, 1952 1949-56 32 60-80 Willow
near Franklin, Nebraska 1956-80 32 85-95%/ Wiltow
Republican, Harlan County, 1952 1950-56 26 635 Willow
Superior, Nebraska '
Red, Denison, Denison, Texas 1943 1948-55 35 [ —
Salt Fork, Arkansas, Great Salt 1941 1941-5% 31 33 Saltcedar
Plains, Jet, Okiahoma 1960 16 60 Saltcedar
North Canadian, Canten, 1948 1960 16 30-50 Willow
Oklahoma (local)
Wolf Creek, Fort Supply, Fert - 1942 1951-59 5 & -
- 1959-72 s 80-90%/ Grass, shrub,

Supply, Oklahoma

willow

1/

~'Estimated for short reach from ground photographs.

POSSIBLE CAUSES OF VEGETATION CHANGES

The roots of a plant are vital to its survival; there-
fore, the scouring effect of high flows can be devastat-
ing to vegetation. (The root depth and strength, the
age and size of the plant and its trunk flexibility all
affect a plant’s ability to withstand the scouring action
of floods.) Even when a plant is not uprooted com-
pletely by a flood, germination and seedling survival

generally depend on species flood tolerance. This in

turn is a function of flood magnitude, frequency, and
duration (Turner, 1974; Teskey and Hinckley, 1977). A
reduction in such flood characteristics, therefore, often
enhances vegetation survival and growth.

If one deals only with the flood plain as opposed to
the channel and banks, the effect of floods is less clear.
Some trees, for example, may grow better under
periodic flooding, especially where vigorous scouring is
less active or less effective than gentler inundation.
Tohnson and others (1976) attributed a post-dam de-
crease in cottonwood (Populus deltoides Marsh), box
elder (Acer megundo L.), and American elm (Ulmus
americana L.) on the flood plain of the Missouri River
downstream from Garrison Dam in part to the reduction
of floods that formerly brought more nutrients and pro-
duced a higher water table.

C.

An increase in low flows has been thought to increase
riparian plant growth. Such augmentation would raise
the water table and increase the soil moisture, thus
effecting an increase in vegetation. Some of the dams
listed in table 12, such as Wolf Creek downstream from
Fort Supply Dam, seem to support this thesis, insofar
as an increase of both vegetation and low flows has
occurred. However, a number of other dammed rivers,
such as the Jemez and part of the Republican, have
considerably reduced low flows, and yet vegetation also
increased downstream from the dams on these rivers
{figs. 17, 31, and 35). Thus, while increased low flow
can encourage the spread of riparian vegetation along
rivers, it does not appear to be a requirement, provided
moisture is available. '

Ground-water withdrawals downstream from some
dams have increased in recent years. Such withdrawals
theoretically should lower the water table and decrease
soil moisture, tending to inhibit many plant species. The
importance of ground-water withdrawals in regard to
post-dam vegetation changes could not be determined
for the rivers studied here. _

Climatic changes could bring new conditions of tem”
perature, humidity, and rainfall. The reaction of vegeta
tion type and density to such changes may not be
readily apparent. A period of less. annual rainfall, for
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FIGURE 34.—Washita River about 1.4 kilometers downstream from F
D, February 1970. [}am was closed in 1961,

example, could mean fewer flood peaks and an
attendant establishment of vegetation, or it could mean
less moisture in the ground and less vegetative growth,
{(Flood intensity and spatial distribution, whieh in turn
depend on the intensity and distribution of precipita-
tion, may be as important for plant survival as flood
frequency. Total annual rainfall might not show changes
in any of these factors.) In any event, changes in plant
species might accompany climatic changes.

Channel shape also could be a factor in vegetation
¢ ~ges. Little change can be expected on a narrow,
¢. J channel, In comparison, a wide, shallow channel
offers a better opportunity for vegetation to become
established. .

0ss Dam, Oklahoma. A4, F

ebruary 1958; B, May 1862 . March 1967;

Rate of channel meandering has not been treated
separately in this paper. However, if sinuosity is af-
fected by a dam (as mentioned briefly above), then rate
of channel meandering also would change. Gill (1973)
explains that the nature of the flood-plain  plant
community is very closely related to lateral migration
of the channel. Johnson and others (1976) attributed
a lack of young stands of cottonwood (Populus sp.)
along the Missouri River downstream from Garrison
Dam to a lesser rate of meandering after dam construc-
tion. '

The U.S. Fish and Wildlife Service studied the seed
germination and seedling establishment of willows and
cottonwoods "along the Platte River in Nebraska,
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FiGURE 35.—Republican River downstream from Harlan County Dam, Nebraska, before and after dam closure. Reach shown is near
Bloomington, Nebraskz. Flow was 29 cubic meters per second at time of 1949 photograph and only 1.8 cubic metérs per second at
time of 1956 photograph, but the increase in vegetation (dark areas) and the change in channel pattern are nonetheless apparent.

downstream from Kingsley Dam (U.S. Fish and
Wildlife Service, 1981). Favorable features were a sig-
nificant soil-moisture content, bed material in the fine
sand-to-sand size class, at least 1 to 2 weeks of ground
exposure during the time when viable seed is available
(mid-May to August), and moderate water depth during
flooding. New seedlings survived only on bare
sandbars, and not in upland shrub and woodland areas.
Many factors, most of which could be affected or con-
trolled by flow regulation, affect plant growth.

SEPARATING FLOW REGULATION FROM OTHER
FACTORS AFFECTING VEGETATION CHANGE

A downstream increase in vegetation following dam
construction does not necessarily mean the dam caused
the change. As noted above, a number of factors, not
all of which are dam-related, can affect vegetation. In
addition, a particular plant may spread rapidly and even
achieve dominance in a given region. Saltcedar growth,

for example, is highly suspect as an indicator of the
effects of flow regulation. This plant has been spreading
at a rapid rate along innumerable valleys in the south-
western United States since its introduction late in the
18th century (Everitt, 1980). Although many of the val-
leys into which it has spread have been subjected to
flow regulation, reaches or sections of many others have
not. Larner and others (1974} concluded that, in view
of the regional spread of saltcedar in west-central Texas
since about the 1920°s, the observed accelerated in-
crease in saltcedar downstream from various dams in
that area meant that flow regulation by dams contri-
buted to, but was not solely responsible for, the in-
crease in riparian vegetation. On the Arkansas River,
infestation by salteedar is, if anything, more extensive
on flood plain and channel bottom upstream from Johy -
Martin Dam, including several hundred kilometer[_

beyond the backwater reach, than it is downstream
from the dam (Bittinger and Stringham, 1963). Flow
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regulation at John Martin Dam does not appear to be
a sufficient explanation of the spread of saltcedar along
this reach of the Arkansas. Similar growth has been
observed on the Pecos River both upstream and
downstream from Red Bluff Reservoir near the New
Mexico-Texas State line (memorandum and photo-
graphs of Trigg Twichell, U.8. Geological Survey, De-
cember 21, 1961). In low areas along a 25-km reach
of the Gila River valley in Arizona, saltcedar has be-
come a dominant species of vegetation from 1944 to
1964. Turner (1974, p. 10) notes that changes in vegeta-
tion since 1914 have not coincided with channel changes.
Moreover, while natural changes in flow regime have
reduced winter flood frequency, and although increased
summer low flow would enhance saltecedar growth, a
decrease in cottonwoods does not correspond with
changes in hydrologic regime (Turner, 1974 p. 13).
Turner (1974, p. 18) concludes that, for the reach
studied on the Gila River, neither disruption of the
channel nor changes in flow regime account for the as-
cension of saltcedar to dominance over the indigenous

vegetation. Rather, saltcedar competed succesfully with -

native plants and appears to be able to sustain its posi-
tion indefinitely (Turner, 1974, p. 19).

-~ Climatie variability can complicate any attempt to de-

\ /mine the extent of channel changes and of inereased
vegetation growth attributable to dams. For example,
a number of major dams were built in Oklahoma in the
1950°’s and 1960’s. At the same time, hundreds of
smaller flood-detention reserveirs were installed on
tributaries. In the Washita River basin, 476 such reser-
voirs were completed from 1952 to 1972 (Carr and
Bergman, 1976). Average annual rainfall in west-central
Oklahoma during 1961-71 was about 12 percent less
than during 1938-60. This reduced rainfall alone could
have resulted in decreased streamflows and in observed
changes in channels. In fact, streamflows during 1961
70 were decreased by as much as 60 percent, compared
to the earlier period. Both dam construction and less
rainfall probably were responsible for this reduction;
although, given the very large changes in flow regime
associated with the dams, their effect may well have
been more significant than the change in rainfall,

Even discounting possible effects of rainfall variabil-
ity, the extensive simultaneous construction of small
flood-detention dams and of dams on major rivers in
parts of Oklahoma means that observed channel
changes on the bigger rivers in those areas cannot be
assumed to be entirely due to just the one dam im-
mediately upstream. Thus, for example, some of the
(" ‘tic ehanges on the Washita River downstream from
\ .+6 Dam (fig. 34) might have occurred even without
Foss Dam because of the many upstream detention
dams.

Because vegetation can increase regardless of
changes in post-dam low flows, an increase in vegeta-
tion cannot be attributed necessarily to low-flow aug-
mentation from reservoir regulation.

Regulation of high flows (magnitude, frequeney, and
duration) seems to be the only dam-related factor that
is reasonably certain to encourage an increase in vege-
tation. Even with this feature, evidence on the extent
to which the dam is accountable commonly may be ab-
sent. Little information exists on the response of ripar-
ian vegetation to changes in climate and hydrology un-
affected by man. Vegetation changes comparable to
those observed downstream from dams have occurred
in the past in the absence of dams, though not as abun-
dantly. Examples are on the Gila River (Turner, 1974;
Burkham, 1972) and on the Cimarron River (Schumm
and Lichty, 1963). Thus, although an increase in ripar-
jan vegetation due to flow regulation might logically
be expected, the degree of the change ascribable to the
dam cannot always be fixed from available data. Regu-
lation of high flows in some cases could be virtually
the sole cause of the change, while in other cases, it
could be only a contributory part of the cause. In gen-
eral, however, information from this and other studies
indicates that the reduction of high flows by dams, if
not controlling, often contributes significantly to the
downstream growth of riparian vegetation, especially
in cases where the channel has become narrower (figs.
17-20, 3031, 33-35).

EFFECTS OF VEGETATION GROWTH

Channel vegetation blocks part of the channel, result-
ing in reduced channel conveyance, faster flow veloci-
ties in the channel thalweg or both. Conveyance is de-
creased both by physical reduction of flow area by the
vegetation and by impeding the sediment transport pro-
cess and indueing bed aggradation. On the Republican
River in Nebraska, vegetation decreased the channel
capacity by 50 to 60 percent in some reaches (Northrop,
1965). Such reduced conveyance leads to more frequent
and longer-lasting overbank flooding. Faster velocities
in the channel thalweg have been observed in some
California streams, resulting in chutes where riffles
used to be (John Hayes, California Fish and Game Com-
mission, oral commun., 1980).

Vegetation also enhances greater bed stability. Not
only does vegetation impede the flow, but the roots
help bind the sediment, Sediment within vegetated
areas can be extremely difficult to erode.

A potential effect of vegetation, though not
documented specifically in this study, is greater bank
stability, due to the binding and protective effects of
the vegetation. Such bank stability would be enhanced
by decreases in damaging flood flows.
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Another potential major effect of significant new veg-
etation growth is an increase in water losses by evapo-
transpiration. No comparative studies of water losses
from sand channels before and after vegetation growth
have been made. The only work done seems to have
dealt with flood plain rather than channel vegetation.
Similarly, it is still unciear whether more water is lost
from a plain water surface than from one with a plant
cover. On flood plains, comparisons of evapotranspira-
tion before and after phreatophyte removal, as well as
studies using evapotranspirometers, indicate possibly
significant increase in consumptive use of water by
phreatophytes compared to volumes for sand and bare
soil (Van Hylckama, 1970; Culler and others, 1982; Lep-
panen, 1981). Several studies (Meyboom, 1964; Bowie
and Kam, 1968; Ingebo, 1971) suggest that increased
vegetation depletes streamflow, but the variety of con-
ditions under which this occurs is not yet established.
The elevation of the water table also has an effect.
Evaporation is decreased significantly if the water table
is lowered 0.6 m (Hellwig, 1973, p. 106).

CONCLUSIONS

The large data set compiled and examined in this re-
port includes 287 measured cross sections downstream
from 21 dams. Each cross section was resurveyed
periodically, under the auspices of the U.S. Army
Corps of Engineers or the U.S. Bureau of Reclamation,
since about the time of dam closure. We have analyzed
1,817 such cross-section surveys (table 13). For each
resurvey, we .determined the mean bhed elevation and
measured the bankfull channel width. In addition, gage
height-water discharge relations at 14 streamflow-gag-
ing stations (table 14, figs. 36-49) were inspected.
Thirdly, numerous supplementary observations and
measurements (such as time-sequential photographs,
grain-size measurements, and vegetation mapping)
downstream from other damsites have been included
in the study. _

Data published here and in many other reports show
that the construction of dams on alluvial channels, by
altering the flow and sediment regimen, is likely to re-
sult in a number of hydrologic and morphologic changes
downstream. For example, average annual peak dis-
charges for the rivers of this study were reduced by
from 3 to 91 percent of their pre-dam values by the
dams. Mean daily flows and average annual low flows
were decreased in some instances and increased in
others,

On most of the alluvial rivers surveyed, the channel
bed degraded in the reach immediately downstream
from the dam. Channel width in some cases showed
no appreciable change, but in others, increases of as
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Ficure 36.—Changes in mean streambed elevation with time
at streamflow-gaging station on Colorado River 6.4 kilome- -
ters downstream from Parker Dam, Arizona. Plotted points
represent elevation corresponding to a discharge of 90.6
cubic meters per second, as determined from rating tables.
No upstream control station available.

1945

mueh as 100 percent or decreases of as much as 90
percent were observed. At many cross sections, the
changes in bed elevation and in channel width pro-
ceeded irregularly with time. At other cross sections,
however, the average rates of degradation and also of
changes in channel width can be described by a simp]<
hyperbolic equation of the form: .

(IUV)=C+Ca(1/t)
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FIGURE 37.—Changes in mean streambed elevation with time at
streamflow-gaging station on Jemez River 1.3 kilometers
downstream from Jemez Canyon Dam, New Mexico, and at the
control station near Jemez 13 kilometers upstream from dam. Plot-
/" pints represent elevation corresponding to a discharge of 0.034
N Jmeter per second downstream from dam and (.37 cubic meter
per second upstream from dam, as determined from rating tables.
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GURE 38.—Changes in mean streambed elevation with time at
streamflow-gaging station on  Missouri River 13 kilometers
downstream from Fort Peck Dam, Montana, Plotted peints repre-
sent elevation corresponding to a discharge of 85 cubie meters per
second as determined from rating tables. No upstream econtrol sta-
tion available.

here
is either bed degradation in meters or relative change
in channel width:
and C; are empirical coefficients; and
§  ein years after the onset of the particular chan-
\ «e] change.
This model equation at present only describes ob-
rved channel changes. However, it perhaps could be-
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FIGURE 40.—Changes in mean streambed elevation with time at

streamflow-gaging  station on Missouri  River 8 kilometers

downstream from Gavins Point Dam, South Dakota. Plotted points

represent elevation eorresponding to a discharge of 312 cubic

meters per second, as determined from rating tables. No upstream
control station available,

come usable for pre-construction estimates if a way
could be found to predict the two coefficients, at least
where subsurface and bank controls are absent, These
coefficients probably are functions, at least, of flow re-
leases and boundary materials. Research is needed to
find a way of determining the coefficients prior to dam
closure.,

Without a predictive equation, estimates of expected
degradation need to be based on sediment-transport
equations. The applicability of sediment-transport equa-
tions will depend on the channel-bed material, hydraulic
characteristics, and depth to bedrock. The subsurface
conditions are assessed best by detailed éngineering
and geologic surveys, such as excavations and core bhor-
ings. It is difficult, however, to conduct such surveys
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FiGurRE 41.—Changes in mean streambed elevation with time at
streamflow-gaging station on Smoky Hill River 1.3 kilometers
downstream from Kanopolis Dam, Kansas, and at the control sta-
tion at Ellsworth 48 kilometers upstream from dam. Plotted points
represent elevation corresponding to a discharge of 0.51 cubic
meter per second downstream from dam and 0.43 cubic meter per
second upstream from dam, as determined from rating tables.
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FIGURE 42.—Changes in mean streambed elevation with time at
streamflow-gaging station on Republican River 2.7 kilometers
downstream from Milford Dam, Kansas, and at control station at
Clay Center 49 kilometers upstream from dam. Plotted points rep-
resent elevation corresponding te a discharge of 1.2 cubic meters
per second downstream from dam and 3.4 cubic meters per second
upstream from dam, as determined from rating tables.

accurately. Core borings might fail to disclose coarse
sediments at depth, and excavations or more detailed
examinations may be required to find any controls,
Even excavations may be insufficient if not suitably lo-
cated. '

Extrapolation of a fitted hyperbolic curve to estimate
future bed degradation or changes in width at a site
probably will give reliable estimates in a number of
cases, assuming no major hydranlic changes are in-
troduced. However, bed degradation at some (possibly
many)} cross sections will not be as deep as the pre-
dicted bed degradation because of unassessed subsur-
face controls (coarse sediment or bedrock). Similarly,

FIGURE 43.—Changes in mean streambed elevation with time at
streamflow-gaging station on North Canadian River 4.8 kilometers
downstream from Canton Dam, Oklahoma, and at the centrol sta-
tion near Seiling 45 kilometers upstream from dam. Plotted points
represent elevation corresponding to a discharge of 0.031 cubie
meter per second downstream from dam and 0.00067 cubic meter
per second upstream from dam, as determined from rating tables,
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FIGURE 44.-—Changes in mean streambed elevation with time at
streamflow-gaging station on Red River 4.5 kilometers downstream
from Denison Dam, Oklahoma, and at the contrel station near
Gainesville, Texas, 106 kilometers upstream from dam. Plotted
points represent elevation corresponding te a discharge of 3.7 cubie
meters per second downstream from dam and 4.2 cubic meters per
second upstream from dam, as determined from rating tables.

unassessed variations in bank erodibility can affect the
predicted width changes.

In the sites studied here, rates of degradation during
the initial period following dam closure are about (.1
to 1.0 m/yr, but ranged from negligible to as much as
7.7 m/yr. (Such rapid rates generally did not last for
more than a few months). Rates at many sites became
very slow after 5 to 10 years,

The maximum depth of degradation varied considera-
bly from one cross section to another and ranged from
less than 1 m to as much as 7.5 m., On rivers having
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FIgUke 45.—Changes in mean streambed elevation with time at
streamflow-gaging  station on Neches River 0.5 kilometer
downstream from Town Bluff Dam, Texas, and at the control sta-
tion on Village Creek near Kountze in an adjacent drainage basin.
Plotted points represent elevation corresponding to a discharge of
4.2 cubic meters per second downstream from dam and 1.5 cubic
meters per second at the control station, as determined from rating
tables.
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FIGURE 46.—Changes in mean streambed elevation with time at
streamflow-gaging station on Chattahoochee River 4 kilometers
downstream from Buford Dam, Georgia, and at the control station
on the Chestatee River near Dahlonega 73 kilometers upstream
from dam. Plotted points represent elevation corresponding to a
discharge of 12,2 cubic meters per second downstream from dam
and 3.4 cubic meters per second upstream from dam, as determined
from rating tables.
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FIGURE 47.—Changes in mean streambed elevation with time at
streamflow-gaging station on  Rie Grande 1.3 kilometers
downstream from Caballo Dam, New Mexico. Plotted points repre-
sent elevation corresponding to a discharge of 28.3 cubic meters

- per second, as determined from rating tables. No control station.

slopes of about 1 to 3 m/km, degradation of as little
as 1 m significantly decreases the gradient.
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FiGure 48.—Changes in mean streambed clevation with time at
streamflow-gaging  station on  Marias  River 3.2 kilometers
downstream from Tiber Dam, Montana, and at the control station
near Shelby 65 kilometers upstream from dam. Plotted puints rep-
resent elevation corresponding to a discharge of 2.8 cubic meters
per second downstream from dam and 4.0 eubic meters per second
upstream from dam, as determined from rating tables.
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FiGUrRE 49.—Changes in mean streambed elevation with time at
streamflow gaging station on Frenchman Creek 0.3 kilometer
downstream from Enders Dam, Nebraska. Plotted points represent
elevation corresponding to a discharge of 1.3 cubic meters per sec-
ond, as determined from rating tables. No control station available.

Some of the rates and volumes of degradation in this
study may appear small in the abstract. However, on
a channel only 90 m wide and 15 km long, about 2 billion
megagrams of sediment would be removed within 10
vears from the bed of the channel alone, at the rates
deseribed. The econsequences of such degradation can
include undermiring of structures, abandonment of
water intakes, reduced channel conveyance due to flat-
ter gradients, and a decreased capacity for the trans-
port of sediment contributed by tributaries.

Commonly, the section of maximum degradation in
most cases was close to the dam, and degradation then
decreased progressively downstream. However, large
and small depths of degradation commonly were distrib-
uted somewhat irregularly with distance downstream
from the dam. Also, the downstream location of zero
degradation ranged from several to about 2,000 channel
widths (4 to 125 km). For these reasons a smooth lon-
gitudinal profile is rare. In some cases not even the
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anticipated downstream declire in degradation was ob-
served within the distance covered by the cross sec-
tions. Further, although the longitudinal profile
downstream from many dams tended to flatten with
time as expected, this did not occur in all cases.
Changes in channel elevation limited even to 1 or 2
m can significantly affect the longitudinal profile on
many rivers,

Many analyses were performed in seeking correla-
tions of variables that would characterize conditions be-
fore and after dam closure. No simpie correlations eould
be established between channel size, channel gradient,
particle size, or quantities of flow, with the exception
of a tentative relation for channel width. This reflects
the number of variables and great variability of condi-
tions in the sample.

In several of the rivers studied, bank erosion appears
to account for more than 50 percent of the sediment
eroded from a given reach. Bank erosion is related to
bank composition. Erosion may be particularly severe
where the river impinges on a bank of readily erodible
sand. Fine-grained cohesive sediments may slow the
rate of erosion at specific points. In large rivers flowing
on sand beds, such as those found in many areas of
the western plains of the United States, the location
of controls, discharge, and fluetuations of discharge ap-
pear to be principally responsible for varying rates of
bank erosion.

Many large dams trap virtually all {(about 99 percent)
of the incoming sediment. The erosion of sediment im-
mediately downstream from the dam, therefore, is not
accompanied by replacement. Thus, although the rate
of removal by the post-dam regulated flows may be less
than that prevailing prior to regulation within a reach,
the process does not result quickly in a new equilib-
rium. Both lateral erosion and degradation cease when
the flow no longer transports the available sediments.
Such cessation of net erosion may occur through local
controls on boundary erosion, downstream base-level
controls, decrease in flow competence (generally as-

soclated with armoring), infusion of additional trans- .

portable sediment, and through the development of
channel vegetation. Armoring (increase in ds,) appeared
to be approximately proportional to the depth of bed
degradation downstream from three dams for which
data were available (fig. 15). .

Hundreds of kilometers of river distance downstream
from a dam may be required before a river regains,
by boundary erosion and tributary sediment contribu-
tions, the same annual suspended load or sediment con-
centration that it transported at any given site prior
to dam construction. On the North Canadian River
downstream from Canton Dam, this distance is about
200 to 500 km. On the Red River downstream from

Denison Dam, the distance is about the same or possi-
bly longer. On the Missouri River, 1,300 km
downstream from Gavins Point Dam, the post-dam av-
erage annual suspended loads are only about 30 percent
of the pre-dam loads. The Missouri and some other riv-
ers probably are not long enough for complete recovery.

Evaluation of the effects of dams on downstream
channels is made difficult by the absence of adequate
observations on the changes of natural channels. in dif-
ferent climatic and physiographic regions under unregu-
lated conditions. Natural variability that characterizes
such changes (tables 1-3) may mask the response of
the channel to flow regulation. To the extent that it
is known, the geologic record indicates that small
changes in c¢limatic factors can produce significant alter-
ations in channel morphology. This potential effect also
complicates the identification of those changes in chan-
nel morphology and vegetation that can be ascribed sol-
ely to the effect of manmade structures, Some of the
channel changes documented here might well have oc-
curred during the period of observation even in the ab-
sence of human interference. However, several common
trends should be noted, namely: (1) Frequent occur-
rence of major changés right after dam closure; {2) ap-
pearance in many cases of the greatest change just
downstream from the dam with progressive decrease
or recovery downstream; (3) progressive change toward
an apparent new stability at a site, in the years after
dam closure; (4) continuous or non-reversible character
of the change at many locations; and (5) diversity of
climatic and physiographic regions in which the process
has been observed. These trends point to the installa-
tion of water-regulating dams and reservoirs and to the
consequent elimination or significant decrease of sedi-
ment into downstream reaches as. primary causes of the
progressive channel change in a number of instanees.

Vegetation generally increased in the reaches
downstream from the dams studied here, covering as
much as 90 percent of the channel bars and banks along
some rivers. In some cases, part of this increased
growth might have occurred even without the dam.
That is, vegetation in the region may have proliferated
as a result of climate changes or for other reasons not
fully understood. Decreases of high flows by the dam
seem to contribute to an increased downstream growth
of riparian vegetation in many cases,

Most of the rivers investigated here are in a semiarid
environment where the effective annual precipitation is
between 20 and 40 cm. This is precisely the precipita-
tion zone that Langbein and Schumm (1958, p. 1080)
suggested is the critical point at which sediment yield
may either decrease or increase, depending upon
whether vegetation increases or decreases in response
to a change in precipitation. The changes of the alluvial .
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innels downstream from dams, and, in particular, the
inges in vegetation and channel morphology ohserved
a number of locations, indicate the sensitivity of
se relationships to small changes within short times,
to the effects of unusually large changes at a given
ment in time. These effects may be mitigated or re-
sed in several decades. However, it is still difficult
predict what the effect of a persistent but small
nge in runoff, for example, would be on a given
ch of channel. Interestingly, environmental-impact
lyses require predictions of just such changes.

Vhere downstream channels are surveyed following
n construction, the usual method consists of topo-
phic resurveys of fixed cross sections. These are
asured either at predetermined, approximately equal
e intervals (usually every 5 or 10 years), or on rare
| sporadic occasions as funds permit. Such surveys
ead need to be scheduled at frequent intervals (at
it every 1 or 2 years) during the first 5 or 10 years
:r dam closure, beeause most of the channel changes
ur during this period. Later surveys can be done
:h more infrequently, because much less change
es place during & unit time in these later years. The
ter on a plot of channel change versus time reflects,
¢ yextent, the desirable frequency of resurveys.
€. .ne scatter is large, shorter time intervals (more
1} are needed to define a trend, and vice versa,
Jthough successive surveys of cross sections provide
:ntial data for analyzing sediment and channel
nges, repetitive aerial photography keyed to specific
er stages might well provide more satisfactory data
some purposes at less cost. Consideration needs to
7iven to monitoring some major streams by means
ierial photography, perhaps using infrared tech-
les, where photographs can be taken at specific
er stages and seasons to make successive sets of
‘ography comparable. Such comparability is virtu-
non-existent at the present time,
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TaBLE 13.—Data on channel features, as measured from resurreyed
cross sections

[Funtantes on last page of table]

Year of
data collection

Bistance of cross
section dowmstream

Total chanpe

in mean bed Channel width

TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

Year of
data collection Total chanpe

in mean bed

Bistance of cross
sevtion duwmstream

thaanel width

Years N § Years ;
Year afeer Jdam k{;nm d.m‘.‘ ((:lvaati(m (meters) Year alter dam from dam‘ quuatlion {meters)
o _closere ( ::m'cmr::) o meters) i . elosuze (kilometers) B (weters) L -
telornde River, Arizona, anyon Dam Colorado River, Arizoma, heover Dam--Continued
o.....Year of daw closure 1956% Iear of dam ciosure 1935 .
1956 ¢ 1.1 o] 2_/(]0“ 1939 4 2.3 -1.20 -
1959 3 i1 ~1.75 {137 1940 5 2.3 -1.70 -
15673 ? i.l -1.30 {L41) 1941 3 2.1 -1.80 -
1965 b 1.1 -1.70 (1413 1942 ? 2.3 -2.05 -
1975 19 1.1 -1.90 (141} 1943 & 2.3 ~2.05% -
1956 Q 2.6 3 (181 1944 9 2.3 ~1.65% -
1959 3 2.4 -1.0G {183) 1945 1n 2.3 -1.50 -
1963 7 2.6 ~1.85 {183) 1946 11 2.1 ~1.7¢ --
1965 9 2.6 -2.00 (183) 1947 12 .3 -1.65 -—
1975 1% 2.6 -2.15 (183} 1948 13 2.3 -1.60 -
1956 ] 4.3 g (169} 1935 0 1.2 0 -—
1959 3 4.3 -2.10 {167) 1935 .5 3.2 ~1.95 R
1963 7 4.3 -2.45 (167) 1936 1 3.2 -2.70 -
1965 9 4.3 -3.65 (167) 1937 2 3.2 -3.60 --
1875 19 4.7 -3.70 (367) 1938 2 3.2 ~3.60 -
1956 0 6.4 4 Coam 1939 4 3.2 -3.65 -
1959 3 6.4 -9 (2723 1940 5 3.2 ~5.2% -
1963 7 6.4 -1.20 (2723 1941 6 3.2 . ~5.10 =
1965 2 6.4 ~1.50 {272) 1942 ? 3.2 ~5.1¢ -~
1975 19 6.4 -1.60 {272 1943 8 3.2 -4.90 _—
1956 0 8.0 ¢} (140) 1944 9 3.2 -5.00 —
1959 3 8.0 -1.05 (143) 1943 10 3.2 =4.70 -
1963 7 8.0 -1.70 {146) 1946 11 3.2 ~4.70 -
1965 9 3.0 -4.35 {146) 1947 12 3.2 -4.90 -
1975 19 8.0 -4.10 (146) 1948 13 3.2 =5.20 -
1956 0 10,5 [ (252) 1935 0 4.5 \] -
1959 3 10.5 ~.35 (252) 1935 5 4.5 -1.60 —-—
1963 7 10.5 -1.00 (280) 1936 1 4.5 ~2.15 -
1865 9 10.5 -1.90 {285) 1937 2 4.5 -2.15 -
1975 19 0.5 -2.45 {285) 1938 3 4.5 -2.25 : -
1956 o 13.0 0 (97.5) 1939 4 4.5 -2.25 -
1959 3 13.¢ -, 75 (99.0) 1940 5 4.5 -2.45 -
1962 ? 13.¢ -.25 {95.5) 1941 6 4.5 -2.45 —
1965 9 13.0 -4.05 (99.0) 1942 7 4.5 -2.55 —
1875 ig 13.0¢ —4.50 (99.0) 1943 g 4.5 -2.50 -
Year of Year of

Distance of cross
section downstream

Total change
in mean bed

data collection
Channel width

Tetal change
in mean bed

Distance of cross
section dowmstream

data collection
Channel width

Years Yeuars
from dam elevation {meters) } from dam elevaticn (meters)
Year a{f;z:uf:m {kilometers) (meters) Year dz;::uf‘:m (kilometers) (meters)
Colorado River, Arizona, Glen Canyon Dam--Continued Celorado River, Arizona, Hoover Dam—-Continued
Year ol ¢am cloesure 1956£’f Year of dam clesure 1935
1956 1] 16.0 0 (95,5} 1944 k] 4.5 -2.75 -
195% 3 16.0 -.85 -(95.5} 1945 10 4.5 -2.80 -
1963 g 16.G -7.25 (85.5) 1946 11 4.5 -2.80 -
1975 19 156.0 -7.00 (55.5) 1947 12 4.5 -2.85 --
1956 G 19.5 I (189) 1948 13 4.5 -2.75 -
1959 3 18.5 —.45 (189) 1835 [} 5.5 ¢ -
1965 9 19.5 -2.00 (189) 1935 -5 5.5 -1.10 —
197s 18 19.5 -2.20 {189) 1936 1 5.5 -1.20 -
1956 0 25 0 (209) e z 33 gt =
1959 3 25 0 {107) ) '
1865 ? 25 =5.20 (148) 193% 4 5.5 -1.15 -
1973 1% 25 -3.80 {107) 1940 5 5.5 ~1.25 -
1941 & 5.5 -1.25 -
Colorade River, Arizona, Hoover Dam 1942 7 3.5 -1.30 -
Year of dam closure 1935 1943 8 55 -1.45 -
1935 0 1.9 o 2/ 1944 9 5.5 -L.25 -
1945 1Q 5.5 -1.00 -
1935 .5 1.9 -1.20 -
1946 11 5.5 -.B0 -
1936 1 1.9 -1.30 —
1647 12 5.5 -.95 -
1937 2 .9 -1.33 - 1548 13 5.5 -1.15 -
1938 3 1.9 -.95 - ' -
1939 4 1.9 -1.15 - 1935 ¢ 6.1 o -
1935 .5 6.1 -1.35 -
1940 5 1.9 -1.65 —
1936 1 6.1 =1.45 -
1941 6 i.9 -1.55 - _
1937 2 6.1 -2.25 -
1942 ? 1.9 ~1.50 - 1938 3 o1 3 1% —
1942 8 1.9 ~1.45 - ‘ ‘
1944 9 1.9 -1.3% - 1639 4 6.1 -1.75 -
1940 5 6.1 -2.60 -
1945 10 1.9 ~1.35 — -
1941 6 6.1 -2.60 -
19486 11 1.8 -1.20 -
1942 7 6.1 -2.8¢ -
1947 12 1.9 -1.30 - 1943 8 61 _2.65 .
1948 13 1.9 -1.50 - - '
1935 o 2.3 o - 1944 9 6.1 -2.45 -
1945 i0 6.1 ~2.20 -
1935 .5 2,1 -.19 - -
1946 11 6.1 -2.00 -
1936 1 2.3 ~-.60 -
1547 12 6.1 ~-2.15 --
1937 2 2.3 =-1.25 - 1548 13 6.1 .3.35 —
1938 1 2.3 -1.25 - - :
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TABLE 138.—Data on channel features, as measured from resurveyed
cross sections—Continued

Year of
data cellection Ulstance of cross

section downstream

Tatal change

in mean bed Channel width

cars

TaBLE 13.—Data on channel fealures, as measured from resurveyed
cross sections—Continued

Year ol

daia collection

Years

Pistance of cross

seclion downstream

ToLal change
in mean bed

Channe] width:

- N from dam elevation (neLers) - . from dam eclevation (raiers)
:“'" az;;;uﬂzn o (kilumetnrs}_ (meters) } ‘7 j::-r "{_ ;g;"gzm . {kilomerers) {meters) e
Celurado Kiver, Arizena, Heover Dam—-Cont inued Colorade River, Arizena, Hoover Dam—-Continucd
e Year of dam closure 1935 Year of dam closure 1933

1935 0 1 0 - 1944 g 1.0 -
1935 L3 7.1 ~1.20 -- 1945 10 11.0 -
1936 1 7.1 -2.03 - 1946 11 11.0 -
1937 2 7.1 =210 -- 1947 12 1.8 -
1938 bl 7.1 -3.13 - 19448 13 11.0 -
L9139 3 7.8 -3.03 - 1915 o 2.5 -=
L9450 5 7.1 ~3.00 - 1915 ) 12,9 -
13941 4 7.1 -3.03 - 1936 1 12,5 -
1942 7 7.} -3.85 —— 1947 2 12.5 -
1943 & 7.1 -1.20 - 1938 3 12.5 -
1944 9 7.1 =320 -- 1939 4 12.5 --
1945 10 7.1 -1.25 -= 1940 5 12.3 --
1946 1 7.1 -3.15 - 194) 6 12.5 -
1947 12 7.1 ~-3.15 — 1942 7 12.5 -
1948 11 7.1 -1.10 .- 1943 8 12.5 —
1915 ¢ 8.0 0 — 1944 9 12.5 -
1935 .5 g.0 -2.20 - 1945 10 12.% -
1536 1 8.0 -2.30 - 1946 11 12.5 -
1937 2 8.0 -2.70 - 1947 12 12.5 -
1938 3 8.0 -2.95 - 1948 13 12.5 --
1939 4 8.0 -3.35 - 1935 [+ "11.5 0 -
1940 5 8.0 4,45 - 1935 -5 13.5 -1.90 --
1941 3 &.0 -4.65 - 1936 1 13.5 -1l.70 -
L94z 7 8.0 -4, 10 -= 1937 2 13.5 -1.90 -
1343 8 8.0 ~4.55 - 1938 3 13.5 -1.85 -
1944 9 8.0 —4.35 - 1939 4 13.5 -1.70 -
1945 10 8.0 —-6.35 - 1940 5 13.5 -3.30 -~
1945 i1 8.0 =4.35 - 1941 6 13.5 -3.55 -
1947 12 8.0 =435 = 1942 7 13.5 ~3.45 -
1948 13 8.0 ~4.135 - 1943 8 13.5 -3.65 --
1935 ] 5.7 o - 1944 9 11.5 ~3.65 -
1935 -5 9.7 -5 - 1945 10 13.5 =30 -
1936 1 9.7 -1.60 - 1946 11 13.5 -3.65 ——
1537 2 .7 -i.85 - 1947 12 13.5 =310 -—
1938 3 g.7 -2.35 - 1948 13 13.5 =370 -

Yeor of Year of o

data collection

Distance of cross
section downsf{ream

Toral change
in mean bed

Channel width

data colleclion

Distance of cross
section downstream

Total change
in mean bed

Channel width

Ycars Years
. f{rom dam elevation (meLers) from dam elevation (meters)
Year aifz;ugzm (kilometers) {meters} Year ai;g:uizm {kilometers) (merers)
Colorada River, Arizona, llcover Dam--Continued Colorado River, Arizona, Heover Dam——Continued
Yesr of dam c¢losure 1935 Year of dam closure 1935

1939 4 9.7 -2.75 - 1935 0 15.5 Q --
1540 5 9.7 -3.75 — 1935 .5 15.5 -1,50 —
1941 6 8.7 -1.70 - 1936 L 15,5 -2.15 --
1942 7 9.7 =4.40 - 1937 2 15.5 =-2.50 —
1943 3 9.7 -4.50 -- 1938 3 15.5 -3.30 -
L1944 9 9.7 -4.55 - 1939 4 15.5 =4 .40 -
1945 10 9.7 ~4.50 -- 1940 5 15,5 -4,35 —
1946 11 9.7 -4.33 - 1941 3 15.5 -4.45 --
1947 12 9.7 -4.35 - 1942 7 15.5 -5.50 -
1948 13 9.7 —4.35 — 1943 1 15.% =5.10 -
1935 o 10.3 [H - 1944 2 15.5 -5.20 o
1935 .5 10,5 -.30 - 1345 10 15.5 ~5.10 -
1938 1 10.5 -1.20 - 1946 11 15.5 -5.15 -
1937 z 10.5 -1.10 - 1947 12 15.5 -5.25 -
1918 3 10.5 ~1.05 - 1948 13 15.5 -5.25 --
1939 4 10.5 -.95 - 1935 0 16.5 o -
1940 5 180.5 =1.15 - 1935 .5 16.5 ~.25 -
1941 3 14.5 ~1.15 - 1636 1 16.5 -1.50 -
1942 7 10.5 -1.15 - 1937 2 16.5 -1.90 -
1943 8 10.5 -1.15 - 1938 3 16.5 ~2.00 -
1944 9 0.5 -1.05 - 1939 4 16.5 -2.25 -
1945 10 10.5 =-1.05 - 1540 5 16.5 -3.05 -
1946 1] 10,3 -1.15 - 194l 6 6.5 -3.05 -
1947 12 10.5 ~1.15 - 1942 7 16.5 -3.10 -
1948 13 10.5 ~1.15 - 1541 8 16.5 -3.15 -
1935 o i1.0 0 - 1944 9 16.5 -3.10 i
1935 .5 11.0 -.60 - 1943 10 156.5 -3.10 -
1936 1 11.0 -1.00 - 1946 11 16.5 ~3.10 -
1937 2 11,0 ~-1.20 - 1947 12 15,5 ~3.35 -
1938 3 1.0 -1.40 - 1948 13 14.% -3.63 --
1939 [ 11.0 -1.13% - 1915 0 18.0 0 -
1940 5 11.0 -1.70 -— 1935 -5 18.0 -.25 -
1941 6 1L.0 -1.60 -~ 1976 1 18.0 -1.1% -
1942 7 11.0 -1.85 —-— 1937 2 18.0 -1.85 -
1943 8 11.0 -7.00 - 1918 3 18.0 -2.00 -
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TaBLE 13.—Data on channel features, as measwured from resurveyed
cross sections—Continued

rar of
data collection Total change

in mean bed

Bistance of cross

section Jdownstream Channel width

TaBLE 138.—Data on channel features, as measured from resirveyed
cross sectiens—Continued

T Year of
data collection Distance of cross

section downsteean

Total clange ”
in mean bed

Cluinnel width

Years - Yeurs
, } From dam elevacion (merers) - e from dam elevit ton (meters?
Year after dam (ki lometers) (meters) Yeay alter dam (kilometers) (meters)
T 1 1 T U —— cdesure
Colurado iiver, Arizona, Hoover Dam--Continued Colorade River, Arizana, Boover Dam——Continuecd
_ _— i o Nenr of dam .-
1939 4 18.0 ~2.15% — 1915 o 42 -
1940 5 18.¢ ~2.60 - 1935 .3 a2 _—
1941 h 18.0 -2.55% - 1936 1 62 -
1942 7 1.0 =2.45 -- 1937 2 42 —
19473 3 1#.0 -2.60 - 1938 3 Az -
1544 9 18.0 -2.60 - 1939 4 42 --
1945 10 15.0 ~2.50 - 1940 5 42 -
1946 1 1%.0 =2.40 - 1941 ] 42 -—
1947 12 18.0 =2.45 - 1447 T h2 -
1948 13 5.0 ~2.35 - 1943 8 42 -
1935 0 19.5 [} -- 1944 9 42 —
1935 5 14.5 ~.20 - 1945 p(iJ 42 -
1936 1 19.5 -1.65 - 1946 i1 52 -
1937 z 19.5 -1.65 - 1947 12 42 -
1938 3 19.5 -1.85 - 1948 1 42 --
1939 4 19.5 -2.55 - 19135 [ 51 — -
1840 5 19.5 -3.55 - 1935 .5 51 Ny -
1941 é 19.5 -3.65 - 1936 1.1 51 —”n -
1942 7 19,35 =4.15 -— 1937 2 51 -.15 -
1843 8 19.5 -4, 30 - 1938 3 31 - -.30 e
1944 9 19.5 ~4.,40 — 1939 4 51 -.60 -
1945 10 19.5 -4.50 ~-- 19490 3 51 -.85 -
1946 i1 9.5 -4.50 - 1941 & 51 -1.05 -
1947 iz 19.5 -4.65 - 1942 7 51 ~2.30 -
1948 i3 18.5 -4.80 - 1943 3 51 ~2.20 -
1935 0 21 0 - 1944 g 51 -2.75 -
1935 5 21 g - 1943 10 51 -2.80 -
1836 1 21 -1.0¢ - 1946 1 51 -2.80 -
1937 2 21 -1.5¢ - 1547 12 51 -3.00 -
1938 3 21 -1.65 — 1948 13 51 -3.10 -
1939 4 21 -2.05 - 1935 o 57 - ——
1940 5 Fad -2.40 - 1935 -5 57 3 -
1941 6 21 ~2.55 - 1916 1.1 57 ='o —-=
1942 7 21 ~2.00 - 1937 2 57 -.30 --
1843 8 21 ~2.60 -- 1938 3 s7 ~.65 -
Year of Year of

Distance of cross
section downstream

Total change
in mean bed

data collacrion
Chanuel width

Distance of cross
scction dowastream

data collecrion Total change

In mean bed Channel width

Years

Years
from dam elevatrion (meters) . from dam elevation {meters)
Year alter dam (kilomaters) {meters) Year after dom (kilometers} (meters)
closure closure
Colorado River, Arizona, Hoover Dam--Continued Celorade River, Arizona, tioover Bam--Continued
Year of dam ¢losure 1935 Year of dam closure 1935

1944 g 21 -2.60 - 1939 4 57 ~1.00 -—
1945 10 21 -2.60 - 1940 5 57 -1.50 -
1946 1L 21 -2.65 - 1642 6 57 ~1.35 -
1447 1z 21 ~2.75 - 1942 ? 57 -2.05 -
1948 12 Z1 =-2.75 - 1943 8 S7 -2.93 -
1935 ¢ 28 347" - 1944 9 57 -2.95 -
1935 .5 28 =0 - 1945 i0 37 -3.1¢ -
1936 1 28 ~-.10 -— 1946 1 57 -3.55 -
1937 2 28 ~.35 - 1947 12 57 ~3.00 ~-
1938 3 28 -.75 - 1948 13 57 ~-3.00 -
1939 4 28 -1.0¢ -~ 1935 [+ 83 —-— .
1940 5 28 -1.75 - 1835 -5 63 4 -
1941 6 28 ~1.95 - 1936 1.1 63 =0 -
1942 7 28 =-3.10 - 1937 2 63 -.10 -
1943 8 28 -3.10 - 1938 3 53 =75 -
1944 9 28 -2.95 - 1932 & 63 -.90 -
1945 10 28 -2.95 - 1940 5 63 -1.35 L
1946 11 28 -3.25 - 1941 5 63 ~1.50 -
1947 1z 28 -3.25 Ea 1942 ? 83 -3.55 -
1948 13 28 -3.35 - 1943 8 62 -3.30 —-
1835 0 36 e - 1944 9 63 -3.15 -
1§35 .3 36 . ”0 - 1943 1¢ 43 -3.60 -
1936 1 36 =0 - 1946 11 63 =3.50 -
1937 2 36 -.45 - 1947 12 63 -2.80 -
1918 3 36 -.90 - 1948 13 63 -4.50 -
1939 4 16 -1.20 - 1935 ] 10 0 -
1940 5 36 ~1.20 - 1935 .5 70 +.05 -
1941 3 36 ~1.40 - 1936 1 70 -.15 -
1962 7 36 -2.15 fad 1937 3 70 ~-.90 -
1963 8 36 =2.30 -— 1938 3 70 -1.20 -
1954 14 36 -2.30 - 1929 4 70 -1.45 -
1845 10 36 -2.40 - 1940 5 10 -1.95 -
1946 11 36 -2.30 - 1941 ] 0 =-2.20 -
1947 12 b1 -2.30 - 1942 7 70 ~-%.1% —
1948 13 36 -Z.30 - 194% 8 70 =3.55 -

VI
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TasLE 13.—Data on channe! features, as measured from resurveyed
cross sections—Continued

Year of i
data collection Distanee of cross

section downstream

Total change

in mean bed Lhannel width

Year a[:c:rzam from dam clevation (meters)
e © {kilomecers) {meLers)
closure : R _ B

Colerado River, Arizona, Hoover Pam-=Continued

Year of dam closure 1935

TaRLE 18.—Data on channel features, as measured from resurveyed
cross sections—Continued

Tear of °
data collectien

Distance ol cross Totsl change

section downstream in meag hed Chanone]l widih
{rom dam elevation (meters)

{kilometers) {merers)

Voar afper dam
oLl Sdesure

Colaradn River, Arizona, Hoaver Dam--Conrinued

. Year uf dam closure 1933

1944 9 0 -3.95 - 1939 4 noe -0.735 -—
1645 10 70 .15 - 1940 5 ng -.60 -
14946 11 i0 =4.35 i 1941 & 11¢ -1.1% -
1947 12 70 -4, 35 - 1942 7 1o -1.80 -
1348 13 70 —4, 40 - 1941 § 110 -1.45 —
1935 0 7? - - 1944 9 ne -2.40 -
1935 .5 7 - - 1943 n 110 =2.55% e
1926 L Er w. - 1946 1 10 =2.65 -
1937 2.8 17 20 - 1947 12 1o -2.75 —
1938 1 77 -.20 -- 1948 13 1o -2.95 --
1939 4 L ~.55 - 1933 n 117 - -
1940 5 7 ~. 70 - 1935 <5 Li7 - -
1441 & 77 -.90 - 1936 i 17 - -—
1942 7 77 =1.65 - 1947 ) 117 e -
1943 A 17 -1.10 - 1938 3.2 117 ] -
1%44 9 77 =245 - 1939 4 137 0 -
1945 10 77 -2.45 - 1946 5 117 ~.50 -
1946 11 17 -2.30 - 1941 & 17 -.85 -
1947 12 7 -2.65 - 1942 i 117 -1.85 --
1948 13 7 ~2.50 - 1543 8 17 -1.85 -
1935 o 87 - - 1964 9 “117 -2.45 -~
1935 .5 87 -- - 1945 10 117 =-2.63 -
1936 1 87 3/ -- 1946 11 117 -3.05 -
1937 2.6 87 =0 - 1947 12 117 ~3.55 -
1938 2 87 -.10 -- 1948 13 17 -3,70
1939 4 87 =-.25 - -
1440 5 a7 _.50 . Colorade River, Arfzona, Duvizjnnm
1941 6 a7 .75 - . Year of dam closure 1948-7
1945 : B Sk - 0 0 Y
) 1948 .5 1.1 —-.65 -
1944 9 87 -2.05 - 1949 1 1.1 ~1.20 -
1945 10 87 -2.10 - 1950 2 1.1 -2.20 -
1946 L1 87 -2,15 - 1951 3 1.1 -2,45 -
1947 12 87 -2.20 -
1948 13 87 -2.40 —
Year of Year of
data collection Distance of cross Total change data <ollection Distance of cross Total change
¥ section downstream in mean bed Channel width —me—— section downstrcam in mean bed Channel widch
oars from dam e¢levarion {meters) Tears Erom dam elevation (meters)
Yeat afrer daa bory ( ) Year afrer dam N
e locure { omaLers) metors closure (kilometers) (mecers)
Colofado River, Arizona, Hoover Dam--Continued Colorado River, Arizona, Davis Dam——Continued
Year of dam closure 1935 Year of dam closure ].‘MSE"
1915 c G4 - - 1952 4 1.1 -2.60 -
1335 -5 P - - 1953 3 1.1 =-3.25 -
1936 1 94 3T - 954 Ll 1.1 =3.40 -
1937 2.6 94 =0 - 1955 7 1.1 ~3.80 -
1938 3 94 ~.23 - 1956 8 1.1 -4.85 —
193% 4 94 -.60 - 1957 2 1.1 =4.85 —_
1940 5 94 -.65 e 1958 10 1.1 ~-&.40 -—
1941 6 94 -1.00 - 1959 11 1.1 —4.95 ——
1942 7 94 -1.70 - 1960 12 L.l -5.05 —
1943 L] 94 -2.10 - 1961 13 i.i ~5.10 -
1944 9 94 ~2.55 - 1962 14 1-4 =5.05 e
1945 10 G -2.73 - 1963 15 1.1 —4.90 —_—
1946 11 T4 ~2.80 - 1964 16 1.1 -4.90 -
1947 12 4 -3.00 - 1963 17 1.1 ~5.05 -
1948 13 94 -3i.10 - 1966 18 1.1 -5.10 -
1935 0 104 - == 1967 19 1.1 -5.05 -
1835 45 104 - - 1968 20 1.1 ~5.10 -
1936 1 L04 - - 1969 21 1.1 -5.35 -
1937 2 104 3 - 1970 22 i.1 -5.65 -
1438 3 104 ='¢ - 1571 23 L1 ~5.65 -
1939 4 104 -.63 - 1572 24 1.1 -5.50 -
1940 5 104 -.53 - 1673 25 1.1 -5.60 -—
1941 6 104 -1.05 -— 1974 26 1.1 -3.75 --
1942 7 104 -1.70 - 1975 27 1.1 -5.465 —
1943 8 104 -2.05 -- 1948 ° 8.8 o .
1944 g 104 -2.15 - 1949 L 8.8 -.20 -
1943 10 104 ~2,60 [l 1950 2 8.8 —.45 -
1946 11 104 -3.10 - 1951 3 8.8 ~.50 -
1947 12 104 -3.20 - 1952 ] 8.8 -.65 -
1948 L3 Lo 3.0 - 1953 3 8.8 -1.40 -
1935 0 110 - — 1954 6 8.8 =145 -
1935 .5 110 —_— _ 1955 7 8.8 ~1.45 -
1938 1 110 - - 1956 8 8.8 -1.535 -
T X - - 9 . -1, —
i 32 o 3o = Y > e
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TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

Year of ' TThoTmTm T
data collection Distance ol cross

section dewnstream

Total change
in mean bed

Channel width

Tasie 13.—Data on channel fratures, as measured from resurveyed
cross sections—Continued

Year of

data collection

Years

Distance of cross
section downstream

Total change
in mean bed

Channel width

Years rom d L e
Year afeer dam rom dam elevagion {meters})
§ (kilometers) (meters)
e closure e e - e e
Colorade River, Arizona, Davis Dam--Centinued
e Year of gom clasure 19485
1954 10 3.5 =2.00 -
1959 11 -] -2.00 -
1960 12 3.8 ~2.05 -
1961 3 8.8 -2.05 -
1962 14 %8 =205 --
1963 15 8,5 =215 -
1964 14 .0 =2.40 -
1965 17 ) =2.60 -
1966 18 =270 -
1967 19 8.5 -2.75 -
1968 20 4.5 -2.80 -
196% 21 8.8 ~2.,65 ==
1970 22 8.6 ~2. 40 -
1971 273 5.8 =2.30 -
1972 4 5.3 -2.45 --
1973 25 S8 =2.60 —
1974 26 5.8 ~2.70 -—
1975 27 8.8 ~2.75 -—
Colorade River, Avizona, Parker Dam
Year of dam closure 1938

1938 0 2 3y -”
1933 1 27 -.65 -
1940 2 27 -1.00 -
194 3 27 ~1.50 --
1942 4 27 -1.80 -~
1943 5 27 -2.05 -
1944 -] 27 -2.30 -
1945 ? 27 -2.45 _—
1947 g 27 -2.60 -—
1949 11 27 -2.55 -—
15851 13 7 ~2.60 -
1955 17 27 -2.85 -
1960 22 27 -2.95 -
1965 27 27 -3.00 --
1970 32 21 -3.05 -
1975 37 27 ~3.15 -

Year of
data collecrion

Years

Distance of cross
section downstream

Total change
in mean bed

Channel width

from dam elevation {reters)
Year az;szugim {kilometers) {meters)
Colerado River, Arizona, Parker Dam--Continued
Year of dam closure 1938

1918 0 39 4] -
1929 1 39 -.05 h
1940 2 39 -. 10 -
1941 k] 39 ~.75 -
1942 ] 39 -1.50 -
1943 5 39 ~2.05 --
L1944 ] 39 -2.460 --
1945 7 29 -2.45 --
1947 9 39 -2.75 -
1949 1l . 39 -2.80 -
1951 12 39 ~3.50 —
1955 17 39 —-3.80 -—
1960 22 39 -3.85 -—
1965 23 39 -3.65 B
L970 32 39 -4.35 -~
1975 37 ig ~4.35 -—
1938 ] 46 0 --
1939 1 46 ~.15 -
1940 2 46 -.65 -
194} 3 46 -1.30 =
L1942 4 11 -2.25 -
1942 5 46 =245 -—
15944 6 46 2,60 -~
1945 7 46 -2.70 -
L1547 9 46 ~Z.85% -
1949 11 46 -2.85 -
1951 13 46 -2.85 -
1955 17 13 -3.65 -
1960 22 (13 =-4.20 -
1965 27 23 -4.60 --
1970 32 46 -4.15 -
1975 37 (13} -4.25 -
1938 Q 66 0 -
1939 1 &6 -.30 -
1949 2 66 -.60 _
1541 3 66 -1.35 -
1942 4 66 =2.25 -

. from dam elevaction {meters)
Vear '12 ::;u:m (kilometers} (meters)
Calerado River, Arizona, Parker Dam—-Continued
Year of dam closure 1938

1943 5 66 -2.30 -
1944 3 66 -2.55 -
1945 7 66 -2.90 -
1947 9 &6 -Z.85% -
1949 11 66 -2.70 -
1951 13 66 =3.00 -
1955 17 (13 =2,75 -
1960 22 66 ~3.30 g
1965 27 60 -2.70 -
1970 32 66 -1.30 --
1975 37 66 -3.45 -
1938 a 80 0 -
1919 1 {3 -.10 -
1940 2 80 -.20 -
1941 3 80 -1.05 -
1942 4 80 -1.40 -
1943 5 80 ~1.75 -
1944 6 80 ~1.50 -
1945 7 20 -1.50 --
1947 9 80 ~1.40 -
1949 11 80 - ~1.05 -
1951 13 80 ~1.60 -
1855 17 80 -1.50 -
1960 22 80 -1.70 -
1965 27 80 -2.05 -
1979 iz &0 -2.05 —
1975 37 80 -2.40 -
1918 0 95 0 -—
1939 i a5 +.05 -
1940 2 95 -.35 -
1941 3 5 --65 -
1942 4 85 ~.80 —
1943 5 5 =1.50 -
1964 [ 95 -1.90 -—
1945 ? 95 -1.35 -
1947 9 35 -1.20 -
1949 11 95 ~1.25 -

Year of

date collection

Years

Distance of cross
section downstream

Total change
in mean bed

Channel width

from dam elevation {meters)
Yaar after dam
clogura (kilometers) (meters)
Colorade River, Arizona, Parker Dam—-Continued
Year of dum closure 1938
1951 13 5 =-1.35 -
1955 17 95 -1.00 -
1960 22 95 -1.95 -
1965 27 85 -2.05 -
1970 32 95 -2.20 -—
1975 37 95 -2.05 -
Jemez River, New Mexico, Jemez Canyon Dam
Year of dam closure 1353

1952 Q 1. a 142
1959 -1 1.0 2.7 49.0
1965 12 1.0 2.7 11.5
1875 22 1.0 -1.7 1.0
1952 o 1.3 0 212
1959 6 1.3 -2.4 70,0
1965 12 1.3 -2.7 17.0
1875 22 1.3 -1.5 24.0
1952 Q 1.6 o2 20
1958 3 1.6 -1.8 138
1965 1z 1.6 -2.8 1.5
1975 22 1.6 -2.1 20.0
1952 0 1.8 ] 216
1959 & 1.8 -2.2 105
1963 12 1.8 -3.0 48,5
1973 22 1.8 ~1.9 49.5
1952 &3 2.4 0 190
1959 & 2.4 -1.4 133
1065 12 2.4 =2.7 18.5
1975 22 2.4 -1.6 29.5
1952 0 2.7 0 220
1959 [ 2.7 -1.8 39,5
1965 12 2.7 -2.1 42.0
1975 22 2.7 -1.3 59.0
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TABLE 18.—Data on channel features, as measured from resurveyed
cross sections—Continued

TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

e et m——— e -
data collection
e scction dowmstrcam

Discance of cross Total change

in mean bed Channel width

Year of
data collection Distance of cross

section downsiream

Total change

in mean bed Channel width

Years

Years
from dam elevation {meters) from dam elevation (meters}
Year after dam Year aftez dam
elosure (kilometers) {meters) closure {kilcmeters}) {meters)
Jemez River, Mew Mexico, Jemez Canyon Dam--Continued Missouri River, Montana, Fort Peck Dam
) - Year of dam closure 1953 Year of dam closure 1937-6-"'
1952 a 3.1 0 234 1536 0 9.2 [ 348
1959 ] 31 -1.5 75.5 1950 13 9.2 -.80 298
1965 12 3.1 ~-1.8 4.5 1955 18 9.2 -.65 402
1975 22 3.1 -1.0 47.0 1956 19 9.2 -.70 402
1952 Q 3.4 Q 178 1958 21 9.2 ~. 70 408
1959 6 3.4 -1.1 T4.5 1960 23 9.2 -.65 408
1965 1z .4 -1.3 100 1966 29 9.2 =13 408
1975 22 3.4 -6 lic 1673 36 9.2 -.90 408
Arkansas River, Colerade, John Martia Dam }323 lg Bg ?.65 g;;
Year of dam cleosure 1942 1955 18 13.0 -.80 238
12441 L 35 i, 106 1956 19 13.0 .75 218
2744 1958 21 13.0 -.60 236
1951 9 3.5 ~-.10 142 1960 23 3.0 -.75 236
1966 24 3.5 =-1.95 30.5 1966 29 11.0 -1.0¢ 238
1972 30 3.5 - 40 27.0 1973 36 13.0 ~1.85 218
12743~ 1 5.0 g 128 1936 8 16.3 o 268
2744 1930 12 16.5 -1.00 04
1951 9 5.0 -.10 131 1955 18 6.5 -1.20 336
1966 24 5.0 -1.05 46.5 1956 19 16.3 ~1.00 136
1972 i 3.0 0 44.0 1958 21 16,5 -1.00 336
12/43- 1 8.5 =0 6.0 1960 23 16.5 -1.08 336
2744 1966 29 16.5 -1.15 340
1951 9 8.5 -.30 69.5 1973 36 16.5 ~1.7% 340
1966 24 8.5 -.80 39,5
1936 0 23 0 256
1972 Elg 8.5 3"-.35 34.0 1950 13 23 2,50 262
12743~ 1 2.0 =0 100 1955 18 23 -. 10 268
2764 1956 19 23 -1.00 268
1951 9 12.0 =.20 95.5 1958 21 23 1.05 272
1966 24 12.0 - 50 30.0
1672 30 12.0 i85 5.0 1960 23 23 -1.15 272
" Y, : " 1966 29 23 -1.15 272
12743~ 1 15.5 =g 157 1973 6 23 -1.50 2T4
2fah
1951 9 15.5 -.25 83.C
1966 24 15.5 -.85 40.5
1972 30 15.5 .50 38.5
Year of Year of

Distance of cross
section downstream

data collection Total change

in mean bed Channel width

Distance of cross
section downstream

data collection Total change

in mean bed Chennel width

Years Years
Year afrer dam ki:om dan ) elevation {meters) Year after dam (ki;om :ams) ile:a;:ic)m (merers)
clasure {kilometers. (meters) closure ometer: neters
Arkansas River, Colorade, John Marxtin Dam-~Continued Miggouri River, Montana, Fort Peck Dam--Continued
Year of dam closure 1%42 - Year of dam clesure L937§~"
12/63- 1 19.0 E 144 1936 o 45 o - 190
2/44 1950 13 45 -.15 202
1951 9 19.0 -.05. 144 1955 18 45 =, 45 212
1966 24 9.0 -.15 96.5 1556 13 43 -.60 212
1972 30 19.0 3!—.50 43.5 1958 21 45 -.10 212
12/43- 1 2z =9 288 1960 23 45 -.20 216
2/44 1966 29 45 -, 40 238
1951 9 2z —.60 165 1973 36 45 .75 238
1 24 -1,
1966 e z 18 e 1936 o 75 o 274
/ ) N 1950 13 75 ~.20 286
12763~ 1 26 ¥o 230 1855 18 75 —.40 286
2744 1956 1% 75 -.25 288
135 H % -2 241 1958 2 75 +.05 280
1966 24 26 -.85 127 75 10 293
1972 6 76 _.75 86.5 1960 23 -, 9
3 ' ' 1965 29 75 -.20 292
12/63- 1 29 =0 168 1973 36 75 -.25 298
2/he
1951 9 29 +.20 163 Missourl River, North Dakets, Garrisen Dam
1966 24 29 +.25 46.0
1972 30 24 1.0 50.0 Year of dam closure 1353
_ 3 1946 (0} 2.7 4 530
e 1 3 = zol 1954 1 2.7 <10 550
1951 9 33 -85 130 1960 7 ) s 505
1966 24 33 -.40 99.5 i
1972 30 33 -45 59 0 1964 1 T e 303
2. LN
12743 1 16 0 110 1970 17 7 o 2.30 5035
2/64 1976 23 2.7 ~=2.80 500
1951 g 36 =.15 75.5
1966 24 36 —-.20 56.5 1946 [ 6.4 Q 450
1972 30 16 -.20 59.0 1954 1 B.4 ~.45 525
1960 7 6.4 Y0 388
1964 11 6.4 o395 390
1370 17 6.4 1’-3.65 392
1/

1976 23 b.h <-3.95 402
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TABLE 13.—Data on channel features, as measured from resﬁweyed
eross sections—Continued

TaBLE 13.—Data on channel features, as ineasured from resurveyed
cross sections—Continued

Year of
data collection Distance of cross

section downstream

Total change

in mean bed Channel width

Yoars

Yesr of
duta collectien Distance of cross

section downstxeam

Total change
in mean bed Channel width
Years

from dem elevation {moters) from dam elevation {meters)
tear ai;s:uf:m (kilomerers) {meters) Year ai;i;u::m (kilometers} {meters)
Hissoyri River, North Dakota, Garrisen Dam--Continued Missouri River, MWerth Dskota, Garrison Dam—-Continued
Year of das ¢losure 1953 Year of dom closure 1953
1946 ) 8.0 0 458 1949 (0 47 o 525
1954 1 8.0 -.65 424 1954 1 43 +.45 730
1960 7 8.0 -1, 70 428 1960 7 47 +.45 930
1964 1l 8.0 -2.20 428 1964 11 47 +.25 1,140
1970 17 8.0 «2.70 428 1970 17 &7 -.35 1,145
1976 23 8.0 ~3.25 428 1976 23 47 ~1.05 1,150
1946 {03 10.5 o 585 1949 (0} 51 ¢ 840
1954 1 10.5 =73 520 1954 1 51 +.05 84S
1960 7 10.5 -1.35 525 1960 7 51 -1.03 488
1564 .11 10.5 -1.60 540 1964 11 51 -.85 550
1970 17 10.5 -2.35 555 1970 17 51 -1.05 600
1976 23 10.5 -2.75 SES5 1976 23 51 ~1.65 625
1946 (0} 12.¢ 0 492 1949 {0) 54 Q 376
1954 1 12.¢ +.05 520 1954 1 54 +.90 645
196¢ ? 12.0 -1.00 520 1960 7 54 +.65 690
1964 11 12.¢ -1.35 530 1964 11 24 +.95 ico
1970 7 12.0 -1.5¢ 545 1970 17 54 +.35 725
1976 23 12.0 -2.10 540 1976 23 54 -.28 780
1946 [LV)] 15.¢ ] 505 1949 {0} EL 9 635
1948 ()] 15.¢6 -.35 535 1954 1 58 . +.25 680
1954 1 15.0 +.05 580 1960 7 58 ' ~-48 715
1960 7 15.0 -.65 630 1964 11 58 -.15 725
1964 11 15.0 -.75 715 1970 17 58 -.35 740
1570 17 15,0 =1.15 780 19716 23 58 -.50 765
1976 23 15.90 ~1.25 B35 1949 o) 61 o 565
1946 {0 17.5 0 310 1954 1 6L 0 510
1954 1 17.5 0 570 1960 7 33 +.30 595
1960 7 17.5 .65 600 1964 11 61 +.30 620
1964 11 17.5 -5 610 1970 17 61 ~.45 635
1970 17 17.5 =1.45 &80 1976 23 28 =-.30 610
1976 23 17.5 -.90 705 1949 @ 70 0 46
1946 {0} 2] o] 895 1954 1 0 +.05 420
1954 X z1 -.35 915 1960 7 70 +.25 424
1960 7 2% +.65 925 1964 11 70 -.15 422
1964 1L 21 +.45 930 1970 17 70 ~.45 428
1970 17 21 +.10 945 1976 23 70 -.50 430
1976 23 21 +.05 960
Year of Year of

datz collection Distance of cross Total change

data collectien Distaace of cross Total change

section downstream in mean bed Channel widzh section dewnstream in mean bed Channel width
Yeaxs Years
Year after dem from dam elevation (meters) Year afeer dam from dam elevation (meters)
closure {kilometers} ({metarsa) closure {kilometers) (meters}
Misscuri River, Worth Dakota, Garrison Dam—-Continued Missouri River, Worth Daketa, Garrison Dom—Continucd
Year of dam closure 1953 Year of dam closure 1953
1946 (3] 24 0 - 1949 {e) 78 4] 448
1954 1 24 -.80 1,295 1954 L 78 +.45 490
1960 7 24 -1.80 1,300 1960 7 78 +.45 505
1964 11 24 =-1.60 1,305 1964 11 78 +.25 525
1970 17 24 -1.90 1,316 1970 17 78 -.20 545
1976 21 24 -1.95 1,315 1976 23 78 .35 560
1949 (0> 28 <] 06 1946 (0 a7 0 434(7)
1454 1 28 -1.00 300 1954 1 87 +.75 595
1560 7 28 -.70 296 1960 7 87 +.65 505
1964 11 28 ~L.0% 298 1964 11 87 +.60 605
1970 ir 28 =2.15 300 1970 17 87 +.10 610
1976 23 28 -3.05 306 1976 23 87 +.20 615
iggz (2) gi f_l.o ;:;gg Missourd River, Souch Dakota, Fort Randalil Dam
1960 7 32 -.35 1,425 Year of dam closure 1952
1964 1l 32 -.50 1,430 1952 0 1.6 0 486
197G 17 32 -.65 1,435
1976 23 32 —. 80 1430 1954 2 1.6 -1.00 484
- ' 1957 5 1.6 ~L.30 472
1949 {0) 36 0 1,325 1960 -3 1.6 -.85 448
1954 ! 3 e 363 1962 10 1.6 -.80 458
1960 7 36 -1.00 835
1967 15 1.6 -.9% 458
1964 11 36 - 885
197¢ 18 1.6 -.25 585
1970 17 36 -1.6¢ . 955 1975 23 1.6 Y 590
1976 23 36 ~1.50 1,005 " "
1949 0} 38 0 448 1952 0 3.1 0 645
1954 2 3.1 ~-.35 G645
1954 1 38 ~.20 520
1957 5 3.1 =70 650
1960 7 38 -.30 525 1360 8 1] 60 650
1964 11 38 .40 5440 ‘ -
1970 17 38 -7 555 1962 10 3.1 -.95 650
1976 23 38 ~1.50 595 1967 15 3.1 -.90 655
1870 18 3.1 -1.90 655
1949 (G) 44 0 462
1954 1 44 .10 508 1875 23 3.1 -1.45 655
1560 7 44 -.20 685 1552 a 4.2 o 675
1564 11 44 ~.05 740 1954 2 4.2 -.25 675
1970 17 44 =20 790 1956 4 4.2 -.65 673

1976 23 44 -85 805
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TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

TasLe 13.—Data on channel features, as measured from resicrveyed
cross sections—Continued

Year of
data colleecticn Distance of cross

T section dowmstream
Years

Total change

in mean bed Channel width

Year of
data colleccion

Distance of cross
section downstream

Total change
in mean bed

Channel width

£ N from dam elevacion (meters) ¥ al da [rom dam elevarion (meters)
Year atrer dam {kilometers) {meters) ear attrer dam {k1)lometers) {meters}
clesure closurg _
Missouri River, South Dakotra, Fort Randall Dam--fentinued Hissouri kiver. Svuth Dakota, Fort Randall Dam——Centinued
Ycar of dam clesure 1952 R Year ol dam closure 1852
1962 10 .2 -0.50 685 196z 10 29 -0.50 1,065
1967 15 4,2 -.90 640 1967 15 29 -.50 1,675
1970 18 4.2 ~1.05 605 1870 16 29 -.75 1,075
1975 23 4.2 -1.35 690 1975 ks 19 -.65 1,075
1952 Q 5.1 Q 720 1952 [¢] 35 0 695
1954 2 5.1 +.20 745 1954 2 33 +.05 635
1957 ] 5.1 -, a0 730 1957 5 15 +.10 695
1960 8 5.1 —. 40 735 1960 & 15 +.05 £&95
1962 10 5-1 -.60 40 1962 10 is =-.10 695
1967 15 5.1 -.60 750 1967 15 35 -.25 685
1970 18 3.1 -.80 755 1970 18 15 0 695
1975 23 5.1 —. 80 155 1975 3 35 -.45 695
1952 o 6.6 o 1,060 1952 o 43 0 760
1954 2 6.6 -.20 1,075 1954 2 43 +.35 895
1956 4 6.6 -.50 1,095 1957 5 43 -.55 1,035
1960 8 6.6 -1.15 1,115 1960 8 43 -.45 1,050
1962 10 6.6 -1.30 1,130 1562 10 43 ~.05 1,055
1967 15 6.6 -1.15 1,130 1965 13 43 +.20 1,060
1970 I} 6.0 -1.15 1,135 1967 15 43 +, 10 1,060
1975 23 6.6 ~1.85 1,165 1970 15 43. +.70 1,070
3 +.10 1,115
1952 o 1.7 0 1,070 1973 23 43 '
1954 2 7.7 -.25 1,115 1952 a 53 0 685
1957 S 7.7 -.75 1,130 1954 2 53 +.35 690
1960 8 7 -1.10 1,145 1857 5 33 +.60 g90
+.60 a0
1962 16 7.7 -1.35 1,160 1950 8 32
1967 15 7.7 -1.15 1,245 1962 10 53 +.70 705
1970 18 7.7 -1.05 1,260 1965 13 53 +.75 705
1975 23 7.7 -1.60 1,280 1967 15 53 +Sg ;?g
51 1.
1952 0 11.0 I 404 1om0 ;g - RS Lt
1954 2 i1.0 ~1.30 406
1956 4 11.0 -1.75 406 1952 0 58 o 81C
1960 8 i1.0 -1.50 408 1954 2 58 +.50 835
8 .25 835
1962 10 1.0 “1.50 410 ig:: : b N o
1967 15 1.0 -1.65 420
1975 23 i1.0 -2.60 462
Year of Yecar of

Distance of cross
section downstream

data cellection Tetal change

in mean bed Channel width

Years

Distance of cross
section downstream

data collection Taotal change

in mean bed Channel widch

Years

frowm dan elevation (meters) from dam elevarion ({meters)
Year afzer dam {kilometers) {meters) Year after dam (kilemeters) {meters})
closure clogure
Misgouri River, South Da‘knta, Fort Randall Dam--Centinued Migseuri River, South Dakota, Fort Randall Dam-—-Continued
Year of dom clesure 1952 Year of dam closure 1952
1952 0 12.5 0 565 1962 0 58 +0.70 845
1954 z 12.5 1] 565 1967 15 58 +.75 860
1956 4 12.5 -.60 - 570 1970 18 S8 +.75 870
1960 g 12.5 ~ 75 570 1975 23 58 +.85 885
i;g? ;g g? :gg ;;g Missouri River, South Daketa, Cavéns Point Dam
1975 23 12.5 -1.40 605 Year ol dam closure 1955—"
1952 Q 14.5 o] 1,080 1955 Q 2.3 0 374
1954 2 14.5 +.50 1,070 1960 5 2.3 -1.30 374
1957 5 4.5 +.20 1,060 1965 10 2.3 -1.50 80
1960 8 14.5 +.25 1,065 1570 15 3.3 -2.15 380
1962 10 14.5 +.35 1,065 1974 19 2.3 -2.30 374
1967 15 14.5 +.20 1,065 1955 o 3.4 ¢ 525
1570 18 14.5 +.10 1,065 1960 5 3.4 ~1.00 325
1975 23 14.5 4 1,035 1965 10 3.4 -1.50 525
1570 15 3.4 -2.00 525
1952 0 19.0 0 366
1954 2 19.0 10 366 1974 19 3.4 -2, 30 525
1957 5 19.0 ~.05 406 1455 0 4.3 o 344
1960 8 19.0 45 645 1960 5 4.3 -.25 416
1962 10 19.0 -.20 700 1963 o 4.3 si-20 420
197¢ 13 4.3 ~1.45 420
L1967 15 19.0 +.35 735 1974 18 Pass 1.90 496
1975 23 13.0 =-.15 750 ° -
1952 o 26 ° $40 1955 0 5.3 0 630
1960 5 5.3 -.5% 645
1954 2 24 -.30 640
1965 10 3.3 -1.20 650
1957 5 24 +.10 £50
1960 8 2 +.30 £45 1970 15 5.3 -1.50 655
1974 i9 5.3 -2.00 660
1962 10 24 +.25 H45 1955 o 6.8 0 980
1967 15 24 -.35 6435
1975 23 24 .75 645 1960 3 €8 —40 1,13
: 1965 10 6.8 -.60 1,160
1952 0 29 Q 1,040 1970 15 6.8 -.80 1,170
1954 2 25 —.45 1,070 1974 19 6.8 ~-1.25 1,175
1956 4 29 -.50 1,075
1960 8 29 -.50 1,070
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TaBLE 13.—--Data on channel fealwres, as measured from resurveyed
crogs sections—Continued

Year of
data collectlon Distance of cross

section downstream

Total change

in mean bed Channel width

vear nf:z:rjam from dam elevation {meters)
(kilomeLers) (neters}
closure e
Missouri River, Scuth Dakota, Gavins Point Dam—-fontinued
 vesrofgmeleswregsss
1955 0 7.9 0 85
1960 5 7.9 -.53 885
1965 10 7.9 -.80 885
1370 15 7.9 -1.35 5835
1974 . 19 7.9 =1.50 835
1555 o 8.4 0 478
1960 5 8.4 -1.10 478
1965 0 B.4 -.065 478
1970 15 B4 -1.05 478
1974 19 8.4 -1.60 L3
1955 0 8.5 b} 366
1960 5 8.5 —.15 © 68
1965 10 8.5 -.B0Q 166
1970 13 8.5 -}.70 368
1974 19 8.5 -I.05 362
1955 4] 4.5 (3 466
1960 5 9.5 .45 456
1965 10 %5 -.63 464
1970 15 9.5 -1.15 466
1974 1% 9.5 -1.53 46%
1955 o] 1.0 0 880
1960 5 11.0 -.50 1,020
1965 10 Li.0 -.50 1,035
1970 15 11.0 ~.30 1,060
1974 19 11.0 -1.05 1,065
1955 0 12,5 Q 348
1960 5 12.5 -.45 412
1965 10 12.5 —.65 438
1970 15 12.5 -.50 446
1974 1% 12.5 -1.33 470
1955 o 14.5 Q 790
1960 5 4.5 Q 880
1965 10 14,5 +.43 880
1870 15 14.5 -.45 1,045
1974 19 4.5 ~.50 1,050
Year of

Distance of cross
section downstream

Total changa
in mean bed

data coliection
Channel width
Years

from dom elevation (meters)
Yoar after dan (kilometers) {marers}
closure
Missouri River, Scuth Daketa, Cavins Point Dam--Continued
Year of dam closuxe L955§'r

1955 0 16.5 0 845
1960 5 16.5 -1.00 850
1965 pdi] 16.5 -.50 1,125
1970 15 16.5 . o=.48 ‘1, 160
1974 19 16.5 -.%0 1,190
1955 ] 18.0 14 905
1960 3 18.0 +.05 805
1965 ] 18.0 . -.20 520
1970 15 18.0 -.20 920
1974 19 18.0 -.25 930
1955 Q 22 s} 6135
1960 5 22 +.10 625
1965 10 22 +.15 635
1970 15 22 ~.25 845
1974 19 22 =-.60 645
1955 Q 23 0 320
1360 5 23 +.05 605
1963 10 23 +.50 780
1970 15 23 +.05 950
1574 19 23 +.10 975
1955 0 26 a 326
1960 5 26 +.63 466
1965 10 26 +.50 480
1970 15 26 +1.30 675
1974 19 26 +.80 630
1955 0 z7 0 260
1960 5 27 +.40 1,165
1665 10 27 +.10 1,215
1970 15 27 -.20 1,215
1974 19 27 =-.05 1,2:¢
1955 Q0 28 0 805
1960 5 28 -1.05 475
1265 10 28 -.05 1,050
1970 15 28 - 10 1,080

1974 19 28 -.25 1,095

-~
1

TapLe 13.—Data on channel features, asx measured from resurveyed
cross sections—Continued

Year of
data collection Nistance of cross

section dounstream

Total change
in mean bed

Channel wideh

Years § 4 L
Year after dam kircm'v am elevation (meters)
o closura ¢ lomeccr;i {meters) L
Missouri River, Scuth Dakota, Cavins Point Dam--{ont{nued
- Year of dam cleosure lQSSEI
1955 4] 30 ] 460
1960 5 30 +.15 570
1965 i0 30 --15 575
1970 15 30 +.35 575
1974 19 ki 4.35 580
1955 0 32 0 505
1960 5 32 +.25 585
1965 H 32 +.50 600
1570 15 32 +.60 620
1974 19 32 +.05 625
1955 0 34 0 790
1960 5 34 -5 B43
1965 i0 34 +.05 880
1970 L3 34 +.05 310
1974 1% 34 ~. 20 98¢
1955 \] 36 o] 1,780
1960 5 36 ~.60 1,785
1965 16 36 -1.20 1,815
1570 15 36 -.80 1,835
1674 19 36 -1.30 1,840
1955 0 ag 0 655
1560 5 38 +.05 660
1965 10 38 -.10 665
1970 15 38 +.30 670
1974 i9 38 +.10 680
1955 0 39 0 368
1560 5 39 +,25 378
1965 10 29 +.40 380
1970 15 39 +.35 380
1974 19 3% -.10 380
1955 G 41 0 890
1960 5 41 -.10 890
1565 10 41 -.15 305
1970 15 41 -.20 825
1974 19 41 -.6G 935
Year of

Total change
in mean bed

Distance of cross
section downstyeam

data collection
Channel width

Ytears from dam elevation {meters)
tear efrer dam {kilometers) {meters)
closute
Missouri River, South Dakota, Caving Point Dam--Continued
Year of dam closure 1955§’
1955 0 44 ] 1,600
1960 5 44 -.25 1,600
1963 10 44 -.35 +,600
1970 13 &4 —-.45 1,605
1974 19 44 -.45 1,605
1957 2(07) 48 3y 945
1960 5 46 -.45 960
1965 10 46 -.45 970
1970 15 46 ~.35 §75
1974 19 46 =1.00 975
© 1957 2 48 Efo 895
1960 5 48 +.15 1,080
1963 10 48 +.35 1,145
1970 15 48 ~-.10 1,180
1974 1% 48 +.15 1,190
1958 3 52 S : 1,040
1960 3 52 -.10 1,125
1965 10 52 .15 1,290
1970 15 52 -.05 1,415
1974 1% 52 —.60 1,440
1957 2 55 g 675
1960 3 53 -.05 755
1965 10 55 +.20 1,030
1970 15 55 +.25 1,103
1974 19 55 -.30 1,120
1957 2 57 3y -
1960 5 .57 +.20 -
1965 10 57 +.10 -
1970 15 57 -.35 -
1974 19 57 -.50 it
1958 3 61 E 885
1960 5 61 =.35 865
1965 10 61 -.20 925
1970 15 61 ~.20 935
1974 19 6l -.80 940



76 DOWNSTREAM EFFECTS OF DAMS ON ALLUVIAL FANS

TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

Year of
data collection Nistance of cross

sectlon dowmsiream

Toral change

in mean bed Channel width

Year of
data collection Tetal change

in mean bed

Distance of Cross

section downstream Channel widch

—_—

. Years from dam elevaclion {merers} Year: from dam elevation (reeters)
vear after dam (kilomzters) (neters} Year afrer dam (kilometers) (meters)
_ closure ¢closure
Missouri Wiver, Scuth Dakota, Gavins Point Danm—-Continued Middle loup River, Nebraska, Milbusrn Dam
Year of dam closure 19SS§I Year of dam closure 1955 o
. _ 7
1959 4 84 My 960 1950 (0} 0.2 Ay 2
1960 5 [ +.05 975 1955 .2 .2 ~.60 7.6
1965 10 64 +.05 1,110 1956 1.3 .2 -1.20 29.0
1970 15 [ +.10 1,140 1957 2.3 .2 -2.30 44.5
1974 19 64 +.73 1,140 1557 2.7 .2 -2.36 44,5
1958 3 69 3y 755 1957 2.8 2 -1.135 57.5
1960 5 89 -.45 785 1961 5.3 .2 -1.45 96.5
1965 10 59 -1.00 785 1961 6.6 .2 -1.80 96.5
1970 15 59 -1.85 795 1962 7.5 .2 -1.90 109
1574 19 £9 S1.45 840 1964 9.3 .2 ~2.15 110
1959 4 72 L 1,415 1964 9.7 2 -2.15 111
1960 5 72 +.10 1,445 1967 12.3 .2 -2.65 114
1965 10 72 —.20 1,535 1969 14.1 .2 ~2.15 117
1970 15 7 -.35 1,640 1971 16.3 W2 ~2.40 124
1974 19 72 3/-.65 1,645 1961 6.3 1.6 My 230
1959 3 5 o 535 1962 7.5 1.6 -.35 234
1960 5 18 -.25 535 1964 9.3 1.6 -.60 232
1965 10 78 -3 535 1964 9.7 1.6 -.60 238
1970 15 % -.65 543 _ 214
1967 12.3 1.6 1.00
1o 1 7 371'15 545 1969 16,3 .16 -1.10 234
1959 3 B2 Ay 1,300 1971 16.3 1.6 3/~1.20 234
1960 5 B2 -.05 1,300 3 30 118
1965 10 82 +.05 1,335 }gg: 33 o (0’ 118
1970 15 82 +.25 1,365 1967 1703 " Z 20 120
1974 19 82 !+.20 1,390 1068 R 1 s 118
1959 4 as H¥g 1,355 1971 16.3 31 y -.25 123
1960 5 85 +.20 1,535 " Mep 90.5
1965 w0 85 +.65 1,905 ;32]1- 53 i (_3,‘0 1.0
1570 15 85 +.40 1,925 . s 310
85 10 1915 1964 9.3 5.6 .
1974 1 . ’ 1964 9.7 5.6 -.70 91.0
1959 4 89 2ip 680 6 —.90 92.0
1960 5 89 +.30 585 1967 2.3 3 o as
1969 14.3 5.6 .90 .
1965 10 89 ~.35 765 1971 163 ie 1,08 920
1970 15 ag .25 865 3/
1974 19 89 +.33 895 1967 12.3 7.4 2 163
1969 14.3 7.4 -.05 166
1971 16.3 7.4 -.25 174
Year of Year of

Distance of cross
section downstream

data collection Teral change

in mean bed Chamnel width

Distance of cross
secrion downstream

data collection Total change

in mean bed Channel width

Yaears Years
Year after dam (kiizzef::s) ?le:ﬂcign {meters) Year af ter dam (k§i°:egﬂrs) ?lf;atign (meters)
closure meters closure emete meters
Missouri River, South Dakota, Gavins Point Dam——Continued Smeky Hill River, Kansas, Kanopolis Dam
Year of dam closure 195_‘:&" Year of dam closuce 1948
1959 4 93 7 130 1946 ) 0.8 o 46.5
1960 5 93 -.15 92 1951 3 .8 -.80 45.0
1965 10 93 +1.70 10 1952 4 -8 -1.10 44.5
1970 15 93 +1.15 140 1961 13 .8 -1.30 45.0
1974 19 93 +.83 155 1971 23 .8 ~1.45 48.90
e 1946 (03 2.9 [+] 41.0
dedicine Creek, Nebraska, Medicine Creek Dam 1851 3 2.9 .20 42.0
Year of dam closure 1949 1952 4 Z.9 -.35 42.0
; ms | B3 B ke e
1952 3 -8 -.10 93.0 : N !
1962 13 -8 -.20 107(7) 1946 [ 4.8 0 40.0
1963 14 " _2 a5 1951 3 4.8 +.05 40.5
1952 ) 4.8 +.15 39.0
1971 22 .8 ~-.20 99.0 8
1977 28 M g 107 1961 13 4 -.50 39.5
" 1971 23 4.8 -.50 42.0
1950 {0) 13.0 [ 30.5 1946 o) 6.8 0 50.0
1952 3 13.¢ —.05 32.0
1962 13 13.0 .50 38.5 1931 3 o2 o0 43.5
" N 1652 4 6.8 4 49.5
1%$63 14 13.0 +.30 36.5 1961 13 6.8 ~.45 46.5
1971 22 13.0 +.45 36.5 1571 23 6.8 -.20 47.0
1977 28 13.¢ +.40 35.5 1946 ©) B.7 o 195
1950 (C) 16.0 0 - 1951 a 8.7 +.25 4.5
1952 3 16.0 -.55 20.5 1952 4 8.7 0 46.0
1962 13 1.0 -.30 21.0 1961 13 8.7 -.25 47.0
1964 15 16.0 -5 20.5 97 3 8.1 --20 50.0
1971 22 6.0 +.20 21.5 1946 (1)) 11.0 0 34.5
1978 29 16,0 +.25 21.9¢ 1951 3 13.0 -.03 38.5
4 12.¢ -
1950 ) 16.5 0 25.5 el 1 e T o
1952 3 16.3 -.25 25.5 )
1962 13 16.5 +.30 26.0 1946 (0} 15.5 0 39.5
16.5
1964 15 16.5 -0 25.5 1951 : +.35 41.0
97 22 16.5 +.45 25.5 1852 : o3 g 41.0
1971 . - 3 1961 13 16.5 +.35 60.5

1978 29 16.5 +.15 25.5
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TABLE 18.—Data on channel features, as measured from resurveyed
¢ross sections—Continued

TABLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

Yeatr of

data collection Total change

Distance of cross

Year of

data collectivn Distance of ¢ross Total change

section downstroam in mean bed Channel width T Vearn section downstream in mean bed {hammel width
Years from dam elevation (meters) vear a“z:rjam from dam elevatjon (meters)
Year az;::ui:m {(kiiometers} {merers) ra closure (kilometers) L meic,r.si____.___m._._ .
Smoky Hill River, Kansas, Kanopolis Dam--Continued Welf Creck, Oklahoma, Fort Supply “am-Continued
Year of dam closure 1948 e Year of dam glosure 1
1946 {0) 18.5 [+ 39.5 1944 2 1.8 296
1951 3 8.5 .10 39.5 1943 7 1.8 -- —
1852 4 18.5 +.15 5.5 1961 19 1.8 -J‘._35 l?ll
1961 13 18.5 +.10 38.¢ 1969 27 1.8 =2.30 29,0
0 107
1946 (0} 23 0 35.5 1944 2 2.6 0
1951 3 23 -.05 38.0 1%49 7 2.6 -.45 88.5
1952 4 23 +.15 3.0 1961 1% 2.0 -1.05 12G
1961 13 23 - 10 36.5 196% 27 2.6 - -
0 242
1946 (0) 25 o 38.5 1944 2 2.9
1951 3 25 -.05 9.5 1949 7 2.9 -.80 S:l).s
1952 & 25 -.13 40.0 1961 19 2.9 -1.60 52.5
18361 13 25 -.25 41.5 1969 27 2.9 -1.60 55.¢
246
1846 (0) 35 4 36.5 1944 2 1e o 4
1851 3 35 +.05 36.¢ 1949 7 3.9 -1.20 ."99
1952 4 35 +.20 34.5 3961 19 3.9 -1.45 ?43
1961 13 35 +.15 37.0 1969 27 3.9 ~2.00 24,5
0 272
1946 (0) 42 0 30.0 1944 2 4.7
1951 3 42 +.05 30.0 1949 7 &7 .45 16?
1952 4 42 0 33.5 1961 1% ka7 -1.15 97.0
1961 13 42 =10 32.5 1969 27 4.7 . =-1.50 26.0
L} 240
1946 {0) 50 0 3.5 1944 2 5.6
1951 3 50 -.08 6.5 1949 7 6.6 -.35 121
1952 4 50 ~.25 35.0 1961 19 6.6 -1.15 38.0
1961 13 50 - - 1969 27 6.6 ~1.30 30.0
1946 © 56 0 4.5 North Canadian River, Oklahome, Caaton Dam
1951 3 56 +.05 3.0
1952 4 56 - 63.0 Year of dam closure 13948
1961 i3 56 +.05 33.0 1947 0 1.8 o 64.5
~.30 61.0
1946 (0} 73 0 34.Q 1949 1 1.8 B
1951 3 Fe) +.05 38.0 1951 2.8 1.8 -1.20 62.0
1952 4 73 -.15 39.0 1951 3.6 1.8 -1.55 67.0
1961 B I 0 3.3 1958 11 1.8 -2.50 29.5
1966 18 1.8 -2.75 17.5
1976 28 1.8 -3.60 18.5
Year of Year of

data cellection Distance of cross

section downstresm

Total change

in mean bed Channel width

Distance of cross
section dawnstream

data coliection Total change

in mean bed Channel width

¥
Year af:ﬁzr:am (H{;om :um , elevation (meters) Year afzijr:am grum dam elevation (meters)
clogure omerers (moters) closure (kilometers) (meters)
Smoky Bill River, Kansas, Xanopelis Dam--Continued Worth Cansdian. River, Oklahoms, Cunton Dam~-Continued
Year of dam closure 1948 Year of dam closure 1948
1946 (@) 92 G 35.0 1947 Q9 k) 0 65.0
1851 3 92 0 35.0 1948 1 3.1 ~.60 53.0
1952 4 92 -.20 40.0 1951 2,8 3.1 -1.00 47.0
1961 13 92 - . - 1951 3.4 3.1 -1.30 56.5
1946 (D) 108 0 30.0 1959 11 3.1 ~1.50 55.5
1951 3 108 +.25 30.0 1966 18 3.1 -1.20 56.5
1852 4 108 +.20 29.5 1976 28 31 -1.50 48.0
1961 13 108 +.25 3l.0 19647 0 5.0 o 47.0
1949 1 5.0 -.50 48.5
Republican River, Kansas, Milford Ram 1951 2.8 5.0 et £6.5
Year of dam closure 1867 1951 3.4 5.0 -1.05 45.5
1967 g 2.7 0 156 1959 11 5.0 —-.80 49.0
1974 7 .7 —.85 165 1966 18 3.0 -.95 27.5
1967 ¢ 4.0 o 98.0 1976 28 5.0 -1.65 17.5
1975 3 4.0 -.15 116 1947 o 5.6 0 45.5
1949 1 5.6 -.35 44.0
Wolf Creek, ODklahoma, Fort Suppiy Dam 1951 2.8 5.6 -1.05 44.0
Year of dom closure 1842 1951 3.4 5.6 -1.35 33.0
1944 2 3 ¢ 242 1959 11 5.6 ~.85 29.5
1966 18 5.6 ~1.60 16.5
1949 7 .3 =2.05 26.5
; 1976 28 5.6 -1.50 20.0
1961 19 .3 -3.15 32,5 10/ 10/
1969 27 -3 =3.40 23.90 1947 0 10,5 =0 —35.5
1949 1 10.5 +.75 53.5
1944 2 1.0 0 137
1949 ? 1.0 -1.90 30.5 1951 2.8 10.5 +1.05 9L.5
1861 19 1.0 ~2.20 56.0 1951 3.4 10.5 +1.05 8l.5
1969 27 1.9 -2.00 57.5 1959 11 1G6.5 +.85 97.0
1944 z 1.3 o 158 L1966 ) 18 10.5 +.90 6.0
1949 7 1.3 =-1.40 46.0 1847 Q 2.0 a 75.0
1961 19 1.3 =-2.10 53,5 1949 1 i2.¢ -.15 7.0
1969 27 1.3 -2.60 28.5 1951 2.8 12.0 -.65 63.5
1944 2 1.6 0 172 1951 3.4 12.0 -.75 61.0
1949 7 1.6 «.25 163 1959 11 12.0 -.55 £5.0
1961 19 1.6 ~1.50 90.0 1966 18 12.0 -1.45 12.5
1969 27 1.6 -2.45 15.0
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TABLE 13.—Data on channel features, as measured from resurveyed
eross sections—Continued

TaBLE 13.—Data on channel features, as measured from resurveyed
cross sections—Continued

Year of
data collection Distance of cross

section downstyeam

Total change

in mean bed Channel width

Yoar of
data collection Total chanpe

in mean bed

Distance of cross

soction downstream Thannel width

Ll s P Years
Year af:Z:rdam kf;om dam N clevnt:on {meters) Year after dam (kiiom ﬁam , iieznt:?n (merers)

closure {kilomcters {meters) . closure. i ometers . m.o eI e

North Canadian River, Oklahoma, Canton Dam--Continued North Cavadian River, Uklahona, Caunton Dam--Continued

Year of dom closure 1948 . . (ear_ ol dam glosure 19
1947 0 14,5 0 93.0 1947 o 154 9.0
194% 1 14,5 -.10 93.5 1949 1 154 =03 3%.5
1951 2.8 14.5 -.35 746.0 1951 1.8 154 +.05 39.5
1651 3.4 4.5 =-. &5 12.0 1951 3.4 154 +,05 38.5
1959 il 14.5 -.85% 2.9 1959 1 134 ~.33 8.3
1966 14 4.5 ~.70 23.0 1966 18 1534 -.50 n.o
1ol ¢ bt ¢ ¥ Canadian River, Oklahoma, Eufaula Dam
1951 2.8 27 +.05 105  Xear ui gam vlosery 1963
1951 1.4 27 +.05 106 1964 1 R 0 252
1959 11 27 .63 39.5 1969 o .8 -5.05 173
1966 18 27 ~-.55 40.0 1377 14 -8 -h.95 234
1947 o] 35 0 52.5 1964 1 T 0 469
1949 1 35 -.20 57.5 19683 ) 2.1 =2.30 208
1951 2.8 35 -.25 57.5 1377 14 [ § -3.20 134
1951 3.4 35 =45 56.5 1964 1 3.4 ] 284
1959 11 kk) -.35 49.5 1969 6 3.4 -2.10 183
1966 18 35 -.45 30.0 1977 14 J.b -2.ED 220
1947 [ 50 0 76.0 1964 1 4.7 Q 560
1949 1 50 -.10 70.5 1969 6 [ -1.1% 560
1951 2.8 50 ~.10 69.0 1977 14 4.7 ~2.15 400
1651 3.4 50 +.05 99.5 1964 1 6.5 o 218
1959 1L 50 +.45 100 1969 3 6.6 ~.55 280
1966 18 50 ~-.05 59.5 1977 14 6.6 -1-20 284
1947 sl 58 0 96.3 1964 1 8.0 0 362
1949 1 58 -.30 95.0 1969 [ 8.0 -.35 51%
1851 z.8 5B -.10 113 1977 14 8.0 -1.00 402
1951 34 58 -.15 106 1964 1 11.5 ] a4
1959 11 58 ~-1.05 £0.5 1969 & 11.5 -1 462
1966 18 58 ~.85 39.5 1977 14 11.5 -1.40 420
1947 [ 68 ¢ - 1964 3 14.0 0 505
1549 1 68 +.45 -— 1969 ] 14.0 -.35 620
1951 2.8 68 +.15 - 1977 14 14.0 -1.15 494
Yeaxr of Year of

Distance of cross
section dewnstrean

data cellection Total change

in mean bed €Channel width

Discance of cross
section devnstream

Total change
in mean bed

data collection
—_ Channel width
Years

Tears

. . from dan elevation (meters) from dam elevation {meters)

Veav afrer dam (kilometers) {merers) Year after dam (kilometers) {meters)

clesure clggure
Nerth Canadian River, Oklahoma, Canton Dam~-Continued Canadian River, Cklahoma, Eufaula Pam--Conrtinued
Year of dam closure 1948 Year of dam clogure 15963

1951 3.4 68 -0.65 - 1964 1 16.0 [+ 422

1959 11 68 +.0% -— 1969 [ 15,0 ] 438

1966 18 68 +.35 -- 1927 14 16.0 -.60 374

1947 0 92 o - 1964 H o 18.5 o 149(?)

1949 1 %2 .10 -- 1959 ] 18.5 -.90 198

1951 2.8 92 .10 - 1977 14 18.9 -1.10 280

1951 3.4 92 .30 -- 1964 1 20 0 446

1959 11 92 -, 30 - 1969 6 20 ~. 70 454

1966 18 92 +.25 - 1977 14 20 ~1.35 428

1947 0 104 0 - 1064 1 23 0 Ko

1949 1 104 -.35 -— 1969 [ 23 -.45 133

1951 2.8 104 -.20 - 1977 14 23 -.60 580

1951 3.4 104 -.10 - 1964 1 34 0 260

1959 11 04 -.50 - 1569 6 3 -.30 260

1566 18 104 -.55 - 1977 14 3 +.40 187

1947 0 114 0 46,5 1964 1 37 0 360

1949 1 14 -.10 45.0 1969 4 a7 L] 350

1951 2.8 114 -.20 4.0 1977 14 37 o 346

1951 3.4 14 -.05 15.5 1964 1 40 0 406

1959 11 14 -.05 31.5 1969 6 40 +.05 410

1966 18 114 -.20 27.5 1877 1t 40 +1.20 ars

1947 0 125 ] 38.5 R : 1 som Pam

194G B 125 ~.30 35.0 Zed River, Oklahoma-Texas, Denisen Pam

1651 2.8 125 ~.50 38.5 . .__vear oi dam closyre 1042

1951 3.4 125 -.50 4.0 1942 ) .6 0 22?

195% 11 125 -.65 26.5 1945 3 .6 -1.25 2-';5

1966 18 125 -7 20.0 1948 6 .6 -1.35 28“
1958 16 .6 ~1.45

1947 0 134 0 40.0 : R 282
1969 17 6 1.60

1949 b 134 0 13.0 236

1951 2.8 134 +.10 16.5 1942 t 1.1 o 730
1945 1 1.1 ~L.40

1951 3.4 136 -.03 33.5 1908 . 1 o --

1959 11 134 ~.15 33.0 ) 13/

1966 18 134 -.3% 27.5 1958 16 1.1 -3.00 Ry
1969 27 1.1 -2.40 =
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TABLE 13.-—Data on channel features, as measured from resurveyed
eross sections—Continued

Year of
data collection

Total change
in mean bed

Bistance of cross

serLion Jownslream Vissane 1 width

TanLE 13.—Data on chanuel features, as measired from resurveyed
cross sections—Continued

Near of
data collectivm

Total change
in mean bed

bistance of cross

guction downstrecam Channel width

“Nears
" . " from Jdam clovation (meters) " . frem dam clevation {meters)
Year afcer das (kilomerers}) {nwters) Vear after dun (kilomerers) {meters)
[ e . 2 e e . othosUre L
el River, nison Dam--{ontinuwsed Red River, Oklahoma-Texas, lenigom Dam--Cont inued
LU Year of dom closure 1942 Year of dam closure 1941 . _
1947 B 2.1 ) 218 1946 4 50 ET 19
1945 5 il ~1.35 230 1948 3 20 ~.80 198
1945 ) ) - - 1956 16 o - 10 226
1956 16 2.1 -2.45 240 1970 28 94 -.55 214
M B Zal, A
1968 s i 250 o 1946 4 101 Hy 168
1942 0 T 0 g 1948 [ 101 -.20 182
1945 3 3.2 -.80 284 1958 16 101 +.45 408
1944 o 3. -1.60 4 1970 28 101 -.10 60
1954 16 3.2 -2.4 284 3
1969 a7 1o -2 ;3 G 1946 4 309 ‘o o
" - - 194% 1 109 -.35 268
1942 & 3.1 o 21 19538 6 108 -.635 262
1945 3 5.1 s 28 1970 28 109 -.55 266
1948 N 3.1 - - 1946 4 122 3 1,085
1954 m 5.1 -2.20 322 : ;
1969 27 5.1 -1.65 2is 1948 6 122 -ho 1195
- - ! i 1958 16 122 +.20 91
1942 ¢ 7.2 [\ 274 1970 28 122 ~1.35 1,025
1343 1 7.2 -t 250 1046 . 112 3, 12
1948 6 7. - Fh 280 ; .
: 1948 6 132 -.05 122
1958 16 7.2 ~1.30 280 b
1969 27 12 i 296 1958 16 132 +.30 166
’ ’ h 1970 28 132 B -.50 374
n ;
1942 ¢ a4 o 396 1946 4 142 My 464
1945 3 B.4 -1.15 198
1948 o 84 C i 1948 6 142 ~.35 336
1958 16 B4 -1.85 400 1900 1 i o b
1969 27 u.4 175 400 1970 3
1942 0 1.5 ) 151 1946 o 150 =e 270
1905 3 .5 -1.20 135 1948 6 150 +-40 34
1848 M 1.5 o . 1958 16 150 +.10 k1
1958 16 11.5 -1.85 -- 1970 4] 150 -2 238
1863 2 M3 219 143 Neches River, Texas, Town Bluff Dam
1942 0 15.0 0 224
1945 3 15.0 —1.45 149 Year of dam closure 1951
1948 6 15.0 -1.85 149 1951 [\ .2 0 94,5
1958 16 15.0 -2.45 151 1965 14 .2 -2.25 127
1969 27 15.0 -3.25 152
Year of N Year of

Distance of cross
scction downstream

data collection Total change

in mean bed Channe )l width

Tota} change
in mean bed

Distance of cxoss
section dewnstream

data collection
Channel width
Years

Years
from dam elevation {meters) from dam elevation {meters)
¥ frer d :
ear aciiéur:m (kilonerers}y (meters) N Year a:;:;uﬂ:"' (kilometers? (meters)
Red River, Uklahoma-Texas, Penison Lam-—Continued Reches River, Texas, Town Bluff Dam--Continued
Year of dam closure 1942 Year of dam clogsure 1951
1942 0 18.5 [ 118 1951 0 1.4 0 111
1945 3 18.5 +.15 324 1960 9 1.4 -.20 127
1948 [ 18.5 - - 1955 14 1.4 -.90 127
1958 16 18.5 -1. 3
1968 27 18.5 Lo 32 1951 o 2.2 0 o4
N 1960 9 2.9 -.10 100
1942 0 22 [ 2hd 1965 14 2.9 -.60 100
2 -. 2
igﬁg 2 2% -20 a4 1951 o 4.7 0 90.5
1960 9 4.7 -.90 97.5
1958 16 22 -1.20 256 ’
1969 27 2 e 56 1965 T4 4.7 +.50 101
1942 o 27 o 282 1951 o 6.3 0 117
1960 9 6.3 -.60 133
1945 3 27 ~.30 328 & 4 6.3 65 145
1943 s 27 —.45 360 1965 * ' -
1958 16 2 ~.40 382 1951 0 8.0 0 121
1969 27 17 -.20 372 1960 g 8.0 -.25 151
1946 4 34 }/0 218 1965 14 8.0 -.05 157
1 -
iggg 12 3: 12; ggg Des !foines River, Iowa, Red Rock Dam
1969 27 M4 -.2C 296 Year of dam clesure 1969
1946 4 4l Hy 108 1962 (03 2.3 0 185
1948 6 41 .35 308 1978 9 2.3 -1.00 214
1958 16 41 -4 2
1969 27 a1 T 333 1962 03 4.7 ° 155
37 1578 g 4.7 -3.15 162
48 2
1946 4 0 376 1962 [ 6.1 0 180
196y [ 4% +.10 530 2 61 1.05 171
1358 16 48 +.75 725 1978 ? : i
1969 27 44 +.75 780 1962 {0} 12.0 o 184
1546 4 65 N 480 1978 9 12.6 -1.75 -
1648 & 65 ~.10 488 1962 (G) 14.0 O 13
1958 16 65 -.10 630 1978 3 14.0 -.60 145
1969 27 65 .”+.10 640 1962 @ 22 5 199
1946 4 By o 705 1978 5 22 +.20 212
1548 6 50 +1.05 1,050 -
- ' 1962 L0 25 0 158
1938 16 89 1o 950 1978 9 25 +.05 168

136% 27 80 +.35 1,023

(

)
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TABLE 13.—Data on channel features, as measured from reswrveyed
cross sections—Continued

TABLE 13.—Data on channel features, as measwured from resurveyed
eross sections—Continued

R TrTarT: e
data cellection Discance of cross

sectinn downstream

Total change

in mean bed Channel width

Years

Year of
data collection Distsnce of cross

section dounstream

Total change

in mean bed Channel width

Years

. . from dam elevation ¢ £
Year after dam metars) Tom dam elevation {moters}
i < losure (kilomerers) ) (merers} Year ai;z;u:?“ {kilometers) (moters)
Des ‘loines River, lowa, Hed Rock Dam--Continued Chattahoochee River, Georgia, Buford Dam--Continued
Year of dam closure 1969 Year of dam closure 1956
1962 {0) 29 4 153 1956 0 11.0 s} 10.5
1978 9 29 +.65 185 1963 7 11.0 ~.90 70.9%
1962 (0} 19 o 160 1964 8 11.0 +,05 0.5
1978 g 33 . 1965 9 1.0 +.05 71.5
.10 181
1971 15 11.0 +.10 ——
1902 {0y 30 0 154
1978 9 36 - 45 165 1937 1 13.5 30 69.5
1961 7 11.5 =-.20 64.0
1962 (@) b o 146 1964 8 13.5 -.10 67.5
1978 g k3 -.63 154
i 1965 9 13.5 -.10 68.0
1962 {0y 40 0 200 1968 12 13.5 -.35 72.0
1978 ¢ 40 -1.85 166 1671 15 13.5 .05 74.0
1962 (@ a2 0 171 1957 1 16,5 30 59.0
1978 g 42 -.35 172 1964 8 16.5 =40 6%.0
1967 ) 45 9 148 1965 9 16,5 -.60 67.0
1974 9 48 T 155 1968 12 16.5 ~.55 68.0
1962 L 50 4 108 1957 1 15.0 o 57,5
1974 9 50 -.40 110 1963 ? 18.0 +.20 £0.0
1364 3 18.0 +.20 61.0
1962 (0) 52 0 14)
1978 9 52 =-1.30 119 1965 kl 18.0 +.25 63.5
. 1968 1z 18.0 +.15 62.6
1962 © 55 o 129 1971 15 12.0 +.30 -
1928 9 53 -.05 152
1957 1 21 Ao 57.0
1962 (0) 52 0 206 1963 H 21 +.25 54.0
1978 9 52 +.25 208 1964 8 21 15 55.0
1962 (0} 58 0 179 1965 g 21 +.05 54.0
1978 g 68 +1.00 185 196§ 12 33 +.15 55.0
1862 {0) 72 o 162 1971 15 21 +.25 -—
1978 ¢ 72 +1.05 164 1957 1 24 Mo 60,5
1962 7 24 +,15 58.5
Chattahoochee River, Georgia, Buford Dam 1964 8 24 +.2% 59.0
Yoear of dam closute 1956 1965 9 24 +.15 61.0
1956 a .5 o 95.0 1968 12 24 +.10 60.0
1963 7 .5 .95 96.0 1971 15 24 +.15 58.5
1964 8 -5 ~-1.0¢ 98.5%
Year of FOOTNOTES TO TABLE 13
data collection Distance of cross Total chenge 1/

section downstream in mean bed Channel width

Year afii?xzam (k:;om gam ; elevation {meters}
closure omeLers (meters)
Chattahoochee River, Georgia, Buford Dam-~Continued
Year of dom tlosure 1956

1965 9 0.5 -0.95 99.0
1968 1z -5 -1.10 100
1971 15 .5 ~1.00 - 103
1956 1.9 1] 76.0
1963 7 1.9 -1.40 17.0
1964 8 1.9 -1,50 4.0
1965 9 L9 -1.80 76.0
1968 12 1.9 -2.15 77.5
1971 15 1.9 -2.55 15.5
1956 2.9 ] 71.5
1963 ? z.9 -.90 74.0
1964 & 2.9 -.95 79.5
1963 9 2.9 ~1.30 4.0
1968 12 2.9 -1.60 4.5
1571 15 2.9 -1.85 76.0
1956 0 4.0 [+ 63.0
1963 7 4.0 -.75 67.0
1964 8 4.0 -, 60 68.0
1963 9 4.0 -.50 68.5
1968 12 4.0 -1.35 67.0
1871 15 4.0 -1.45 —_
1956 ¢ 5.8 0 68.5
1963 ? 5.8 -3¢ 67.0
1964 8 5.8 .20 8.6
1965 9 5.8 .45 67.0
1968 iz 5.8 -.7% 69.5
1971 15 5.8 -.70 69.0
1956 [ 7.6 0 91.90
1963 7 7.6 +.05 98.0
1964 8 7.6 +.10 97.0
1965 9 7.6 -.05 95.5
1968 12 7.6 -.20 98.0
1371 15 7.6 ~.30 -

L oofferdam closure 1956; official closure of Glen Canyon Dam was 1963.

glchannel confined in rock-walled canyom. Widths, if 1lisced, meaningful
only for general order of magnitude.

lIFirst measurement of this cross section was lazer than year of dam
closure. Total changes in bed elevarion were measured from this later year.

ﬁ'f\rt:ar of imitial diversion. Officlal closure was in 1931.

i"l\ diversion dam {Headgate Reck Dam}, located about 24 kilometers below

Parker Dam and clesed in 1942, may have some unknown influence on the cross
sections listed here from about 1942 on.

ﬁ"‘lear storage began. Dam completed in 1939.
l/r!or_ all is bed degradation; arrival of bar or spit near left bank severed

part of previous channel.

—SIStoragz began 1952.

g'rhll data for this cross sectfon apply only to the thalweg rather than

to the entive channel. During dam construction most of the flow was diverced
inte the thaiweg, and Lt gradually grew to pecome the new main channel.

E"\’x-cunounced jateral migration of channel at this section &t least from
1947 through 1966.

ly}‘\ighl: bank washed out by tributary changing course in 1957.

H"ll’nridugc secrion; width constrained.
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TABLE 14.—Changes in streambed elevations as estimated from
streamflow-gaging-station rating tables

TABLE 14.—Changes in streambed elevations as estimated fromn
streamflow-gaging-station rating tables—Continued

[Footnotes on last page of table]

Change in Change in
River streambed River streambad
Hame of distance :zfe;ence elevation # Name of distance :iiu;ence elevation 2
dewnstream gaging station of station scharge Period change from downstream gaging station of station charge Period change from
and control station from dam (euble mecers initial and control statien from dam (eubie mec:rs fnitdal
(kilometers) PeT second) aage height (kilomezers) PeT second) gage height
(moters) {meters)
Colorade River, Arizona, Parker Dam Missouri River, South Dakota, Fort Kandall Dam--Continued
Year of dam closure 1938 Year of dam clesure 1952
Colorado River below 6.4 5,90.6 10/36-11/35 a 10/66G-12/63 =0.40
Parker Dom 12/35-2/37 +.18 12/63-9/64 -.43
2/37-12/37 +.061 10/64-11/65 - 40
12/37-3/38 +.18 11/65-10/67 ~.43
10/38-1/3% -.91 10/67-6/69 -.61
1/39-12/39 ~1.92 Mo suitable control
1/40-12/40 ~1.74 station
1/43-9/41 -2.07
10f41~5/42 ~2.59 Missouri River, South Daketa, Gavins Point Dam
Year of dam closure 1955
Mo suitable contrel station HMissouri River at 2 2!312 3/32-%/33 ]
Jemez River, lew Mexico, Jemez Canyon Dam tankton 12;;2:;5;; :-égi
Year of dam closure 15953 3/37-9/38 »:18
Jemez Biver belou 1.3 o as1-wsz ) 10/38-3/39 18
Jemcz Canyon Dam 3/55-1/55 -.55 5/39-3/40 .27
B/55-9/55 =95 3/40-3/41 -5
10/55-2/56 ~.98 3416741 -
2/56-8/56 -3 09t
* 6/a1-9/41 -.06L
8/56-5/57 -.98 10/41-5/42 -.12
5/52-10/57 -1.49 §/42-3/61 1
10/57-3/58 -2.07 /43 340k e
3/58-6/58 -2.32 . :
10/45-3/47 -.61
Jemez Rivex near 43 .37 6/36-9/36 0 3141-9,48 .61
Jemez {control station) ) 10/36-5/37 -.18 10/48-2/51 -.37
S
10439-5 141 s 5/53-11/54 -.58
11/54-4/55 ~.61
8/49-5/52 =-.40 5/55~9/55 ~.46
4/58-4/60 -3 10/55-9/56 -.55
werse T
10/57-1/58% =70
1/59-12/60C -.76
12/60-9/61 -.82
10/61-9/62 -.88
Change in Change in
River streambed River streambed
Hame of distance ::fe;ence elevation = Kame of distance iife;ence elevation &
downstream gaging station of sration Scharge Period change from downstream gaging statien of station scharge Period change from
and contrel station from dar (cubte met:rs infcial and control station from dam (eubic merers iniriel
(kilometers) PET SecoR ) gage height (kilometers) PE¥ second) gage helght
(merers) (mecers)
Missourl River, Montana, Fort Peck Dam Missouri River, South Dakota, Gavins Point Dam--Continued
Year of dam clesure 1937 . Year of dam closure 1955
Missouri River below 13 Hes.0 4/38-10/38 0 10/62-12/63  -0.98
Fort Peck Dam 10/38-4/139 -.030 12/63-9/65 -1.01
10/39-9/40 .21 10/65-9/68 -1.19
10/40-9/41 - 24 18/68-9/71 -1.25
10/41-10/44 -.30 10/73-9/16 -1.92
10/44-9/45 -.52 10/76-9/13 2.6
10/47-5/48 -.67 Yo sultable control
10/48-9/52 -85 station
10/51-9/52 -1.61
2/54-9/55 -1.19 Smoky Hill River, Kansas, Kanopolis Dam
10/55-2/56 _1.2% Year of dam closure 1948
3/56-9/56 -1.37 Smoky Hill River near 1.3 0.51 10/40-9/41 ]
10/57-9/58 -1.31 Langley 10/41~9/42 +.1Z
10/5%-2/61 -1.34 10742-10/46 +.30
10/61-9/65 -1.37 10/46=5/47 +.12
10/65=11/66 ~1.46 5/47-9/47 -.030
11/66~9/79 -1.49 104473049 o
No suitable control 10/49-9/5C -.24
staticn 9/50-3/51 —-.40
4/52-12752 -.91
Missouri River, South Dakota, Fort Randall Dam 10/53-6/54 -.91
Year of dam clo:;re 1952 /540754 .88
Missouri River below 11 —~ b4 5/47-9/51 ] 10/54-10/55 -.91
Fort Randall Dam 10/52-11/52 +.030 10/55-7/57 -.88
3/33-5/53 +.030 10/59-4/60 -1.01
7/53-11/53 -.30 4/60-6/61 -1.04
5/34-8/54 --30 10/61-9/64 104
10/54-3/55 ~-.37 10/64-9/68 -1.07
1/55-9/55 - 24 10/68-5/70 ~1.10
10/55-9/56 -.30 10/70-10/71 ~1.10
10/56-9/59 - 24 10/71-3/13 ~1.13
16/58-9760 --3 373-16/73 119
10/73-1C/74 ~1.34
10/74-9/76 -1.40
10/76-12/77 -1.37

I
e
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TapLE 14.—Changes in streambed elevations as estimated from TaaLe 14.— Changes in streambed elecations as estimated from
streamflow-gaging-station rating tables—Continued streamflow-gaging-staiion rating tables—Continued
Change in T ’
Tiver Reference streambed iver s erenee
rame o distance Js harge elevarion 2 Name of distance e
downstream paging station of statiea . scharg Period change from Jdowmstream paging station of station L "“‘“’I ) Poriod
and control station Trom dam {eubie meters initial and contrel station Tron dan (‘“h'ﬁ T“:'rﬁ
(kilomecers) PEF second) page height (eilometersy T wecand)
e e e i e e s = —_ (rerers) [ P P .
Smokv i1l River, hansas, anopolis ! m-—-Continued jver, “klahoma, Uianton i
e _ ... _Year of dam closure 1948 _ L Xear, pf dam clpsute 1948 -
Smokxy HILl River at 48 Q.43 T/60-9/4% Q 10/50-9/31
Ul 1swarth (control 10/45=7/44 +. 030 104514435
station) i766-9/49 0 1Wi53-545
16/49-8/50 +.030 af34-w15
§730-4/3} el Horth Canadian River a5 PR R TV SRS
4751-9751 +.030 near Sullivg
10451-9/53 0 {control station)
10/53-6/55 +.030 °
10/56-7157 ~-. Q30
16/57-9/61 ~.061 ,
10/61-9/62 -.G30
10/63-9/62 +,030
10/63-6/64 -.030
6/66=5/65 Q rm—-
716311163 +.15 Hed River near {olbery,
3/66-8/66 o thlatona l:;;;_;i:;
7/67-11/0E +.030 L07656756
11/68-4/69 s} . 6hb-70t1
6/69-12/69 +.12 ‘
1/70-6/10 +.061 - 10f4F-1i58 -.51
6/70-10/70 .2) A G
10/70-3/11 +.18 107486725 T
o=h/ B L
TLI=1/72 +.061 LO/6G-9¢31 -1.16
Lf72-10/73 o )
2775~ +.091 10/33-8/54 -1.13
5/54=3/55 ~1.16
- Repubiican River, Kansas, lilford Dam 3/55-9/35 -1.19
( yoar of dam closure 1967 10/55-7757 -1.13
Republican River below 2.7 1.2 10/63-9/64 o 10/57-8/55 1.3
Milforxd Dam 10/64-7/65 +.27 §/58-11/38 ~1.)4
7163-2/066 +.15 11/58-4/59 ~1.28
2/66-1767 +.12 9/59-2/60 ~1.28
7/67-11/67 +.091 2/60-4/60 -1.34
4760-7/60 -1.37
Change in Change in
River srreambed River sereambed
Kame of distance Zife:ence elevation @ Name of distance Reference elevation =
downstream gaging station of staciem ¢ b?c arge . Peried chanpe from dovnstrean gaging station of statien dx?charge Period change from
and control station from dam e lf ne:zru initial and contrel station from dam (cubic meters initial
{kilometers} per secand) papge height {kilometers) per second) gage height
(meters) (reters)
Republican River, Kapsas, Hilisrd Dam—-Continued Red Fiver, Texas-Oklahoma, Denisen Dam--Continved
Year of dam elosurc 1967 Year of dam closure 1943
11/67-2/69 [ Red River aear 106 4.2 16/36-5/38 0
2/69-5/70 -.27 Gainesville, Texas 5738-5/40 +.21
10/70-6/72 —-.49 {control station) 5760-9740 +.30
S 6/72-4/73 ~.58 10/40-5/41 +.37
5/13-11773 -.95 AI63-5/43 -.061
1L/73-4/74 -1.25 10/43-4704 ~.061
Gf74-6{75 -1.34 6/46-1/486 [
6/75-1/76 =-1.37 6/46-7/47 +.24
1/76-9/717 -1.40 FH4T-6/48 +.030
10/17-5/78 =1.43 7/48-10749 +.27
6/78-3/79 -1.4 .
Srearmn ] 107491 +.13
10/50-5451 +.30
Republicao River at 4% 3.4 10/53-2/55 0 6/52-6/57 +.091
Clay Center 2/55-6/55 -.030 6/57-11/57 +.37
(contrel station) 6/55-9/55 -.061 5/58=7 +.73
10/55-9/56 —-. 030 10/58-5/59 +.70
10/56-9/58 -.061 6/59-11/59 +.95
10/58-2/5% -1 12/59-5/62 +70
135?3_3;2,3 _ig Neches River, Texas, Town Bluff Dam
1/60-8/62 18 Year of dam clusure 1951
10/62-9/63 -.061 Keches River at Town .5 [ 3/51-5/%2 ’]
10/63-1768 - 091 Bluff 5/52-11754 -.061
2/68-7/69 -2 11/54-9/55 --13
10/69-5/71 15 10/55-9/58 -.37
5/7i-5/72 -z 10/58-12/59 -4t
5/12-9/7) -.15 12/549-9761 -.33
. 16/73-3/17 -.27 10f62-9/63 -.67
e 10/77-1/80 ~. 34 10/63-9/70 =73
| 10/70-10/71 -.F5
. Korth Canadian River, Oklahoma, Canton iam 10471- -.95
. Year of dam closurc 194 1948 Yillage Grueek néar Kountze &/ 1.5 4139-12747 0
yreh Canadian River 4,8 031 10/37-9/4) bl {control scation) 12/47-9749 -.061
at Canton 10742-9/43 +.21 1/51-4/31 -.030
117a6-5/47 +.21 10/31-2/56 a
2/48-5/09 +.18 /36-11/61 -. 061
§/49-9/50 -.41 11/61-%/66 -.15
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TaBLE 14.—Changes in streambed elevations as estimated from
strecnflow-gaging-station rating tables—Continued

B “Change in
River KLrean
Xame of distiance §€fe;ence c;zE::ngdi
dowastream gaging sration of station (o ;:L‘JZTiz- Period change from
and goncrol station from dam ubie m * initial

kil B per second}

(kilometers) page height

(meters)

Chavtahoochee River, Georgla, Buferd Dom
Year of dam closurz 1856

Chatiahoocbee River near 4.0

12.2 10/50-9/53
Buford 10/53-9/55
10/55-5/57
5/57-9/57
10/57-10/58
16/58-9/59
10/59-12/060
1/61-5/61
5/61-9/62
10/62-11763
11/63-1/64
1/64-2/64
2/64-7/64
Ti64-3/65
3/65-4/65
4/65-5/65
6/65-8/65
§/65~10/66
10/66-9/68
10/68-1/70
L/70-4/71
Chestatee River near 73 3.4 LLG-12/40
Dahlonega (control 3/41~12/42
station) 12/42-3/43
3/43-10/43
10/43-2/44
2/44-11744
11/44-12/45
1/47-11/53
11/53-9/54
10/54-9/71 =40
10/71-9/73 -.37
Change in
River Reference streambed
Name of distance discherge elevation 2
downstream gaging station of station b1 mELErS Poriod change from
and contzol station from dam teu " inicial
(kilometers) per second) gage height
{meters}
Rio Grande, Lew Mexico, Caballo Dam
Yeaxr of dam closure 1538
Rio Grande belew Caballo 1.3 1I23~3 2/38-10/38 ]
Dam 10/38-12/3%9 0
1/40-5/40 -.061
1942 -.001
1944 - 12
1945 -.15
1946-48 .46
3/55-12/55 -.40
1957 ~.43
1958 ~ 40
1958-60 - .64
1961-62 -0
1963-64 -.73
1965 -.70
1966 -.76
1967 =70
1972 -.67
1974 -7
1979 -.7%
Ko suirable control
station
Marias River, ilontana, Tiber Dam
Year of dam closure 1553
Marios River near 3.2 2.8 10/55-9/79 0
Chester
Marias River near 65 4.0 6/48-4749 0
Shelby (contrsol 4149-4750 -.030
station) 10/51-6/51 ~,061
10/54-7 ~.15
10/57-9/59 .21
10/59-9/61 .24
10/61-9/63 -.27
10/63-6/64 -.21

6/64-3/16 ~.18

TaBLE 14.—Changes In streambed elevafions ax estimaled from
streamlow-gaging-station rating tablex—Continued

T ) —('.I:-u.n_g-c—f.-um
Biver Eelerence streambed
Jistance J;u'h1r'c elevation =
denm station o station (-nb}l ;ctcrs Period change from
irom dam . second) initisl
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Frenchimin Creck, hSebraska, Enders Dam
....Year of dam clesure 1930
man dreck aeir 0.3 JII.J Tfa6-9/68 0
10/48-1/5C -.061
1750-9/51 ~.15
10/51-9/54 -.lz
10/94-1459 -.18
1/59-9/00 -2
L0/60-4/62 -.27
L/62-9162 -.30
10/62-9/63 - 34
10/63-4/67 -.37
4167-5/68 -.43
5/68-9/72 -.46
Sf12-10/78 -.49
Yo suitable contra)
station
1/

= Lewest Jischarge common to zll rating tables,
H The Tlow excecded 75 percent of the time,
lf1he fluw cxceeded about 85 percent of tho Lime.
af
5/
of

The flow exceeded abour 68 percent of the time.
The [low cxceeded about B3 percent of the time.
In ad}acent drainage besin.

i,Thc flow exceeded about 40 percent of the time.
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