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ABSTRACT

The impact of construction of dams and reservoirs on alluvial rivers extends both upstream and downstream of the dam. Downstream of dams, botl
water and sediment supplies can be altered leading to adjustments in the river channel geometry and ensuing changes in riparian and aquatic ha
The wealth of pre and post-regulation data on the Middle Rio Grande, New Mexico, provides an excellent case study of river regulation, chan
adjustments, and restoration efforts. Cochiti Dam was constructed on the main stem of the Rio Grande in 1973 for flood control and sediment reten
Prior to dam construction, the Rio Grande was a wide, sandy braided river. Following dam construction, the channel bed degraded and coarsen
gravel size, and the planform shifted to a more meandering pattern. Ecological implications of the geomorphic changes include detachment of
river from the floodplain, reduced recruitment of riparian cottonwoods, encroachment of non-native saltcedar and Russian olive into the floodpl
and degraded aquatic habitat for the Rio Grande silvery minnow. Recent restoration strategies include removal of non-native riparian vegetat
mechanical lowering of floodplain areas, and channel widening.

Keywords: Stream restoration; environmental river mechanics; channel geometry; aquatic habitat; river morphology; ecological
management; endangered species.

1 Introduction found from study of 35 dams on large rivers in the Western US
that rivers with braided patterns tended to narrow following dam
The construction of more than 75,000 dams and reservoirs orconstruction, and that meandering rivers experienced reduction
rivers in the United States (Graf, 1999) has resulted in alter-in channel migration rate.
ation of the hydrology, geometry, and sediment flow in many of = The ensuing biological response to dam constructionis equally
the river channels downstream of dams. Additionally, hydrologic complex and varied and can affect both riparian and aquatic
and geomorphic impacts lead to changes in the physical habiabitats. In some regions riparian vegetation increases (Johnson,
tat affecting both the flora and fauna of the riparian and aquatic1994), and in others it declines (Johnson, 1998). Reduction
environments. Legislation for protection of endangered species asf peak flows and disconnection from the floodplain can also
well as heightened interest in maintaining more natural river cor- encourage encroachment of invasive species, such as saltcedar or
ridors has prompted numerous studies of both the historic naturatamarisk (Everitt, 1980; Busch and Smith, 1995; Johnson, 1998).
state and the altered post-regulation state to determine successfAlteration in flow and sediment regime as well as temperature can
management and restoration strategies. The Middle Rio Grand@ncourage the success of exotic fish species and harm the native
in New Mexico is a regulated river caught between the conflicting species (e.g., Van Steeter and Pitlick, 1998; USFWS, 1999). Sim-
goals of maintaining a safe river corridor, supporting native fish plification of river channels, which often occurs following dam
and bird species, and providing water for agricultural, municipal construction, can reduce the number of backwaters that provide
and industrial uses (Richard, 2001). refuge, nursery, spawning and feeding areas for fish (Ward and
Downstream geomorphic and ecological impacts of dams Stanford, 1989).
vary with the operational strategies of dams and with the char-  Given the complexity of ecological and geomorphic response
acteristics of downstream river channels. Studies of regulatedof rivers to dam and reservoir construction, case studies of rivers
rivers have revealed varying responses including narrowing,for which both pre and post-dam data are available are valuable.
widening, degradation, and aggradation occurring at differentUnderstanding the river’s dynamics prior to dam construction can
temporal scales (Williams and Wolman, 1984; Colletral., enhance our understanding of the impacts of a dam on the down-
1996; Friedmaret al., 1998; Xu, 1997). Friedmaet al. (1998) stream river reach. Quantifying the historical water and sediment
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inputs to a river reach and identifying the resulting responses
can aid in understanding the changes induced by dam construc e
tion. Williams and Wolman (1984) highlighted the necessity of
understanding the unregulated water and sediment regimen a
well as changes caused by flow regulation. Such understanding
can provide opportunities to differentiate between natural and zona
anthropogenic induced changes.

Using data collected on the Cochiti reach of the middle Rio
Grande between 1918 and 1992, this paper presents a cas
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study of river regulation, channel adjustments and restoration P

efforts. The active adjustment of the Cochiti reach resulting oo 20 2o kioeters A

from changes in climate, land use, and water and sediment ’

discharge combined with the documentation of these changes ,-liu _# Cochiti Gage

over the last 100 years by state and federal agencies provide
an excellent opportunity to explore the relationships between
changes in channel processes and the resulting channel form Ei? .
Changes in the water and sediment inputs are described, fol-, *,_ {

lowed by a discussion of the ensuing channel adjustments. The o
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2 Sitebackground —middle Rio Grande .
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The Cochiti reach of the Rio Grande, located in north central Hamiria

New Mexico, extends 45 kilometers downstream from Cochiti
Dam (Figure 1) to the Highway 44 Bridge in Bernalillo, NM. L
The Middle Rio Grande, of which the Cochiti reach is a part,
has a long history of regulation, diversion and anthropogenic
activities beginning with the Pueblo Indians diverting water from
the Rio Grande centuries ago. Major regulation of the river l;" : as
. . . . Alsguergue Gage
began in the 1920’s with the construction of numerous diver- :
sion structures, dams, levees, and channelization work (Scurlockfigure 1 Location map Cochiti Reach, Rio Grande, New Mexico.
1998). The dams, built for flood control and sediment deten- Locations of major tributaries and USGS gaging stations are indicated.
tion, were intended to reverse the channel aggradation trend that
commenced as much as 11,000 years ago (Sanchez and Baird,
1997).

Later, in the mid-1900’s the construction of levees to prevent  Data collection began on the Rio Grande in 1889 with the
avulsions into surrounding agricultural land along the river exac- establishment of the first gaging station in the United States at
erbated the aggradation by confining sediment deposition to aEmbudo, New Mexico by the U.S. Geological Survey (USGS).
smaller area (Scurlock, 1998; Sanchez and Baird, 1997). His-In 1895, the Otowi gaging station (Figure 1) was established
torically the average active channel width was about 275 m andand provides the longest record of discharge and suspended
the Cochiti reach exhibited characteristics of braiding with up to sediment data used in this study. The combination of severe
four channels at some cross sections (Sanchez and Baird, 1997looding and sedimentation along with irrigation needs in the
Lagasse, 1980, 1981, 1994). middle Rio Grande valley in the early 1900’s prompted state

Cochiti Dam was completed in November 1973 for the and federal agencies including the U.S. Army Corps of Engi-
purposes of flood control and sediment detention (U.S. Army neers (the Corps), the U.S. Bureau of Reclamation (USBR), the
Corps of Engineers, 1978). Located 65 kilometers upstream ofUSGS and the Soil Conservation Service (SCS, now the Natu-
the City of Albuguerque, Cochiti Dam controls an entire drainage ral Resources Conservation Service) to begin intensive surveys
area of about 37,800 ki(Bullard and Lane, 1993). The dam of the river. Cross section surveys were collected beginning in
traps virtually the entire sediment load from upstream as well as1918, bed material sampling began in the 1930’s, suspended
controlling the water discharge (Deweyal., 1979). Construc-  sediment measurements were initiated in the 1940’s, and aerial
tion of the dam has resulted in significant impacts on the channelphotography or topographic surveys are available from 1918 to
downstream including degradation of the channel bed and coars1992. The net result of these data collection efforts is com-
ening of the bed from sand to gravel size (Richard, 2001; Leon,prehensive documentation of the Cochiti reach for almost 100
1998; Bauer, 1999; Lagasse, 1980). years.
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3 Hydrologic regime and sediment supply began operationin 1927. The San Felipe gage (1927-present), the
Bernalillo gage (1929-1969) and the Albuquerque gage (1942—
3.1 Hydrologic regime 1997) are located further downstream. The two largest tributaries,

Stream gage data along the Cochiti reach are available from 189§5al|steo Creek and the Jemez River, are also gauged.

to 1997 at several USGS gaging stations with the earliest record ejlfs”ggcirr]r?r\:vrzzl:ise?ﬁ;IZE:!eriiqlgr :‘Tr](;)r?: tﬁir(je\;\g:grrsnns]a'lll'f};
beginning in 1895 at the Otowi station (Leenal., 1999). The P g 9 )

. time series of annual peak flows at the Otowi and Cochiti gages

water-discharge data were collected by the USGS and recorded as . P - 9ag
. . . . combined are presented in Figure 2 from 1918 to 1995.
daily mean discharge measurements. Locations of the gaging sta- _. . .

. . i . Figure 3 shows the post-dam annual maximum daily mean

tions are indicated in Figure 1. The Otowi gage, located upstream . . . i,

. L discharge for the Otowi (above Cochiti dam) and Cochiti (below

from Cochiti reservoir, is used as the non-regulated reference

discharge for the post-dam period. No major tributaries enter theggg:rsazrg)of)ages' Attenuation of the peak flows is evident
Rio Grande between the Otowi gage and Cochiti reservoir. The Statistical procedures (Richtet al., 1996) were used to

Cochiti gage is located just downstream from Cochiti Dam and . . :
compare the water discharge records prior to and following
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Figure 2 Summary of changes in the water and sediment flow and channel adjustments of the Rio Grande, Cochiti Reach, NM from 1918 to 1
(after Richard, 2001).
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Figure 3 Post-dam annual maximum daily mean discharge at Otowi and Cochiti gages.

Table 1 Comparison of the Rio Grande mean daily discharges®ia before and after closure of Cochiti Dam
(November 1973). Pre and post dam values are the mean values for that time period. Average change is the difference
between the pre and post dam means expressed as a percentage of the pre-dam value (after Richard, 2001).

Gaging station Mean-annual flow 1-day maximuntferc) High pulse duration (days)
(m®/sec)
Pre- Post- Average Pre- Post- Average Pre- Post- Average

dam dam change (%) dam dam change (%) dam dam change (%)

Otowi (1895-1996) 41 48 16 203 173-15 135 303 124
Otowi/Cochiti (1895-1996) 41 42 3 218 136-38 149 2338 60
Albuquerque (1943-1997) 28 42 51 147 141 -4 11.3 261 131

dam closure at the Otowi, Otowi/Cochiti combined and Albu- Cochiti (1971-1988), Bernalillo (1955-1969) and Albuquerque
guerque gages. The mean daily discharge records were grouped 969—-1995) gaging stations as reported in Lebal. (1999)
according to water year and divided between pre-dam (prior tocombined with sediment data from Pemberton (1964), Nordin
1974) and post-dam (1974-1995) periods for the un-regulated1964), Nordin and Beverage (1964 and 1965), Nordin and
flow (Otowi gage), the inflow to the study reach downstream of Culbertson (1961), and Culbertson and Dawdy (1964).

Cochiti dam (Cochiti gage), and the outflow from the study reach  The mean annual sediment concentrations were compared
(Bernalillo/Albuquerque gages). The results of comparing the for pre and post dam conditions at the Otowi, Cochiti and
mean values of the one-day maximum flow, the mean annual flowBernalillo gages using the USGS gage record (Let@h., 1999).

and the duration of the high flows for the pre and post dam periodsThe average annual sediment concentrations for Otowi, Cochiti,
are presented in Table 1. The one-day maximum (annual flood)Bernalillo, and Albuquerque are plotted in Figure 2. Otowi and
decreased at all of the gages, with the greatest decrease being juSbchiti represent the sediment concentration flowing into the
downstream of the dam at the Cochiti gage (38%). The durationreach, and Bernalillo/Albuquerque represents the outflowing sed-
of the high pulse as well as the mean annual flow increased atment concentration. The post-dam concentration at Albuquerque
all gages. Cochiti Dam is operated so that the maximum releaseds up to two orders of magnitude higher than that at Cochiti, indi-
discharge is 142 to 170%s. As a result, operation of the dam cating that the tributaries, and/or the channel bed and banks were
only affects flood peaks in excess of 14¥s(Richard, 2001). contributing to the sediment concentration at Albuquerque. The
annual average suspended sediment concentration at Cochiti was
less than 100 mg/L for 1975—-83, and the concentration increased
to over 500 mg/L at the Albuquerque gage (Richard, 2001).

The suspended sediment data used in this study include Mass and double mass curves can be used for the long-
USGS gaging station records from Otowi (1955-1995), term analysis of trends and changes in sediment transport

3.2 Sediment supply
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characteristics of rivers (Julien, 1998 and 2002). In terms of sus-the average concentration at Albuquerque was less than that at
pended sediment load, Figure 4 shows the mass curves of the Ri®towi. It is interesting that the annual mean suspended sediment
Grande at Albuquerque and Bernalillo. It is shown that the meanconcentration at the Otowi gage decreased by 44% from the pre
annual suspended sediment load decreased from 3.6 to 1.0 miko post dam period. Otowi gage is located upstream of Cochiti
lion tons per year due to the construction of the dam. Figure 5 alsadDam, so this decline is a result of other factors possibly includ-
shows the double mass curves of the Rio Grande at Albuquerquéng climatic shifts, land use changes and other river regulation
and Bernalillo. The slope of the double mass curves indicates thafRichard, 2001).

the average suspended sediment concentration decreased from
3740 to 670 mg/L as a result of Cochiti dam.

Statistical procedures (Richtet al., 1996) were used to
investigate the impact of the dam on the daily mean suspended
sediment concentration data from the Otowi, Cochiti, Bernalillo ,

.41 Lateral adjustments
and Albuquerque gage records. The results of the compari-
son of the pre-dam with post-dam conditions are presented ind.1.1 Channel width
Table 2. The greatest impacts of the dam were seen at thdhe active channel width was measured from digitized cover-
Cochiti gage located directly downstream from the dam, whereages of the active channel delineated by the USBR’s GIS and
the sediment concentration decreased an average of 99%. Prior tBemote Sensing Group from aerial photos and topographic sur-
construction of the dam, the suspended sediment concentration ateys (USBR, 1998). The non-vegetated active channel width is
Bernalillo/Albuquerque was typically about 2 times greater than the total channel width between the outermost banklines minus
the concentration at Otowi. Following construction of the dam, the width of the mid-channel vegetated bars and islands. The
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Table 2 Comparison of Rio Grande suspended sediment concentration (mg/L) before and after closure
of Cochiti Dam (November 1973). Pre and post dam values are the mean values for that time period.
Average change is the difference between the pre and post dam means expressed as a percentage of the
pre-dam value.

Gaging station Mean sediment 1-day maximum (mg/L)
concentration (mg/L)

Pre-dom Post-dam Average Pre-dam Post-dam Average

change (%) change (%)
Otowi (1956-1994) 1,460 819 —44 20,542 15,097 -27
Otowi/Cochiti (1956-1984) 1,455 64 —96 20,542 235 —99
Albuquerque (1956-1995) 2,823 622 —78 43,289 11,786 —73

active and total channel widths were measured at cross sectionseach shifted as flow energy and sediment supply changed from
every 500 meters along the channel and then reach-averageti918 to 1992 (Richard, 2001).
using one-half the distance to the nearest upstream and down- To quantify the changes in channel pattern, the sinuogity,
stream cross sections as the weighting factor. Figure 2 illustratesnd braiding indexs, were computed from the digitized maps of
the changes in active channel width with time and distance down-the active channel. The results of the reach-averaged computa-
stream. The width of the Cochiti reach decreased with time sincetions are presented in Figure 2. The sinuositywas computed
1918 (Richard, 2001). by dividing the thalweg length by the valley length. The sin-
uosity was low through the entire time period but increased
after construction of the dam. The number of channels at each
4.1.2 Channel planform cross-section line was measured from planform maps digitized
Planform maps of the Cochiti reach active channel are presentedrom aerial photos by the USBR (1998). A weighted average of
in Figure 6. These maps show the non-vegetated active channghe number of channels per reashwas calculated. The average
from 1918 through 1992 and illustrate the decrease in numbemnumber of channels remained below two for the entire time period
and size of mid-channel bars and islands as well as the size ohnd generally declined during the entire study period (Richard,
the active channel. Increased sinuosity is evident following dam2001).
construction and is most pronounced in reach 2. Channel pat-
tern is often considered to be a function of stream power, or 0f4.1.3 Lateral stability
a slope-discharge relationship combined with sediment supplyUsing the overlay GIS coverages of the active channel for dif-
(Bledsoe, 1999). Accordingly, the channel pattern of the Cochiti ferent years, the percentage of the active channel that remained

Pre:dam Pos

i . i Al
1818 4 1034 1349 1982 1872 1825 1582
o 5 0 Kiometerm e b

-

:l'l:_"._._'..
'\._.l_
b1
-

Figure 6 Example of planform adjustments of the Cochiti Reach, Rio Grande, New Mexico (after Richard, 2001).
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Figure 7 Lateral stability index = Unchanged active channel area/previous active channel area (after Richard, 2001).

in the area of the previous active channel was measured as illusmedium sands overlying a bed pavement of cobbles and peb-

trated in Figure 7: bles. Downstream the gravel becomes less abundant and below
Lateral Stability Index Albuquerque seldom consftltutes mgre than a few per cent in the
upper 5 feet of the deposits.” Nordin and Beverage (1965) cor-

_Unchanged Active Channel Area
" Previous Active Channel Area

(1) roborate these observations. Between Cochiti and Albuquerque,
the channel deposits consisted of fine to medium sands overlying
A value close to one indicates that the channel has not movedy bed pavement of cobbles and pebbles. The gravel became less
and is relatively stable. Small values of the index indicate that ghundant further downstream from Cochiti. Galisteo Creek con-
the channel has moved from its original location. Figure 2 showstributed notably coarser sediment than that in the main stem, and
the values of the lateral stability index for the entire time period the Jemez River bed sediment was similar to that of the main stem.
for the four reachesThe trend is toward increasing stability in A representative median grain size was determined for each
all reaches through the entire study period (Richard, 2001).  time period and reach by averaging the available median grain
size data. The reach-averaged results are plotted in Figure 2.
There is a shift from a primarily sand-sized to a gravel-bed fol-
lowing construction of Cochiti Damin 1973. The small variations
The Cochiti reach did not exhibit significant changes in channelin grain size between 1918 and 1972 are within the variability
slope resulting from the completion of Cochiti Dam (Figure 2). observed in the bed of the Rio Grande between storm events
From 1936 to 1972 generally, the entire study reach aggradedtnd during different periods of the spring-runoff hydrograph
more than it degraded, which is supported by observations of(Richard, 2001).
the channel during this time period (Graf, 1994). Figure 8
iIIustra_ltes changgs in cross—sgction geomgtry and channel_t_aeg Ecological management issues
elevation. Following construction of Cochiti Dam, the Cochiti

;%%CB degraded up to two meters in some regions (R'Chard’l'he responses of river ecosystems to dams are complex and

depend on a variety of factors including sediment supply, geo-

morphic adjustments, climate, dam operation strategies and water
4.2.1 Bed material temperature and water quality impacts. The reduction of flood
Prior to the construction of Cochiti Dam, the size of the bed mate- peaks and removal of a sediment supply have implications for
rial did not change significantly with time. Rittenhouse (1944, both the aquatic and riparian habitat of alluvial river systems.
p. 165), when discussing the Rio Grande from Cochiti to the Reduced peak flows and incision of the channel bed result in
mouth of the Jemez River, states: “In the upper part of the Mid- detachment from the floodplain and reduced later migration rates.
dle Valley the Rio Grande channel deposits consist of fine to Changes in the magnitude, frequency and timing of peak flows

4.2 \Vertical adjustments
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(after Leonet al., 1999).

affect the diversity of habitat features, which in turn affects the of dams should include: restoration of peak flows to recon-

biodiversity and sustainability of the ecosystems (Raffil.,
1997; Ward and Stanford, 1995; Weetdal., 1999; Poweket al .,

1996). Generally, successful restoration strategies downstream996).

nect channel and floodplain habitats, stabilization of baseflows,
and restoration of seasonal temperature pattern (Stasfetd
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In 1993, an interagency team of scientists produced a manfederally-listed endangered Rio Grande silvery minnbihog-
agement plan for the Middle Rio Grande valley that addressednathus amarus). In July 1999, the U.S. Fish and Wildlife Service
management of both the riparian and aquatic habitat, characterflUSFWS) designated the Middle Rio Grande from just down-
ized the historic and current conditions, and proposed strategiestream of Cochiti Dam to the railroad bridge at San Marcial as
for improvement of the habitat in the river corridor. The plan critical habitat for the silvery minnow. Alterations in the hydro-
identified water as the key variable driving processes in thelogic regime and the hydraulic and sediment character of the
riparian ecosystem and proposes that water management activehannel during the last century through construction of diversion

ties should mimic typical natural hydrographs (Crawfetal., dams and channelization have reduced the quality and quantity

1993). of habitat for the minnow. The silvery minnow prefers shallow
water with a sandy and silty substrate. Recent changes inthe chan-

5.1 Riparian habitat nel have produced a narrower, deeper and armored configuration

(USFWS, 1999). The channel widening efforts described above
Q/ill also create backwaters that may provide suitable habitat for
the minnow (Hanscom, 2001).

The biological management plan proposed that management an

improvement of the riparian habitat along the middle Rio Grande

should include: management of livestock grazing, prevention of

unmanaged fires, management of recreational activities, use of

native plant species in revegetation efforts, enhancement an@ Summary and conclusions

creation of wetland areas, enhancement and creation of native

cottonwood communities, and restriction of the expansion of The 45-kilometer long Cochiti reach of the Rio Grande, NM,

non-native vegetation (Crawfoet al., 1993). provided an excellent case study in response of an alluvial river
Additionally, in February 1995, the U.S. Fish and Wildlife tO natural and anthropogenic alterations in water and sediment

Service (USFWS) listed the southwestern willow flycatcher inflows. The database utilized in this study (Leeiral., 1999)

(Empidonax traillii extimus) as an endangered species. This is one of the most comprehensive sets of data available for an

species is a small, grayish-green migratory songbird found On|yalluvial river in the western United States. Daily water discharge

in riparian habitats characterized by dense growths of willows, Fecords on the Middle Rio Grande began in 1895 and sediment

arrowweed and other species that provide foraging and nestingg@mpling commenced in the 1940’s, creating one of the longest

habitat. The loss of southwestern cottonwood-willow riparian hydraulic and sediment records available in the United States.

habitat has been the main reason for the decline of the populatio" addition, documentation of channel response began in 1918

of the southwestern willow flycatcher (USFWS, 1997). with a topographic survey followed by aerial photos in 1935, and
The decreased spring peak flows and the incision of the bed ofommencement of cross-section surveys in the 1930's.

the Rio Grande following construction of Cochiti Dam resulted in

ariver channel thatis detached fromiits floodplain. Over 2 metersg 1 \\ater discharge

of degradation at the Santa Ana Pueblo (about 40 km downstream

from the dam) has isolated the cottonwood bosque forest from?® decline in annual peak flows since 1895 occurred indepen-

the floodwaters that are necessary for regeneration of the cottondently of Cochiti Dam as evidenced by the significan&(p.02)

woods. In the place of the native cottonwood seedlings, exoticnegative trend in peak flows at the Otowi gage located upstream

species are thriving, including Russian olive, Siberian elm andfrom Cochiti Dam. Peak flow attenuation caused by the dam also

Asian saltcedar, or tamarisk (Hanscom, 2001). increased the peak flow period (high pulse duration) an aver-
Beginning in 1996, the Santa Ana Pueblo initiated a restora-age of 60 to 130% from the pre-dam to post-dam periods. The

tion project that has resulted in restoration of 115 acres of native™&an annual flow increased from the pre-dam (1895-1973) to

grassland and 235 acres of cottonwood bosque through removdhe Post-dam (1974-96), from 3% at the Cochiti gage to 51% at

of exotic species. The project also included lowering of the flood- the Albuquerque gage.

plain more than one meter in some areas of the 10 km of river

within the pueblo. The floodplain-lowering project, which was 62 sediment supply

designed and constructed by the U.S. Bureau of Reclamation . N . )
included stabilization of the channel bed and mechanical widen-Completion of Cochiti Dam (1973) resulted in a 99% reduction

ing of the river channel. Similar restoration efforts including " sediment concentration flowing into the study reach. The sus-
non-native vegetation removal efforts, revegetation with native pended sediment concentration also declined around this time at
species and river channel widening and floodplain lowering areth® Otowi gage located upstream from the dam. The impact from
being initiated further downstream at the Sandia Pueblo, Cities ofin€ dam is less pronounced at the Albuquerque gage indicating
Albuguerque, Belen, and Socorro, and in the Bosque del Apacheamother source of sediment, either tributary inflow or erosion of
wildlife refuge (Hanscom, 2001). bed and banks.

5.2 Aqguatic habitat 6.3 \ertical response

Some of the restoration efforts aimed at the aquatic habitat of\ertical response to pre-dam changes in water and sediment
the Middle Rio Grande have been influenced by protection theinputs consisted of small aggradational changes in the bed and
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minor slope adjustments. The bed of the entire Cochiti reach wasReferences

primarily sand and reaches 1 and 2 exhibited a bi-modal distribu-
tion with gravel overlain by fine and medium sand (Rittenhouse, 1.
1944; Nordin and Culbertson, 1961). Following construction of
the dam, the lower peak flows combined with depleted sediment
supply resulted in degradation of up to 1.9 meters and coarsening
of the bed to gravel/cobble size. 2.

6.4 Lateral response

Lateral changes in the river were measured from the digitized 3,
coverages of the non-vegetated active channel from 1918 through
1992. Channel width declined during the entire study period by

as much as 76%. The channel pattern shifted from a braided,
multi-channel pattern to a meandering, single-thread pattern. 4.
Post-dam lateral responses were not as pronounced as the ver-
tical changes. The sinuosity of the channel increased during
the post-dam period and some channel widening occurred dues,
to bank erosion. Use of a lateral stability index showed that
the channel became less mobile and more stable as it contin-
ued to occupy more of the same channel area during the study
period. 6.

6.5 Ecological response
7.
Changes in the water and sediment regime of the Rio Grande and

the resulting channel adjustments in both the vertical and lateral
dimensions have altered the riparian and aquatic habitats. The
floodplain is disconnected from the river channel and no longer
floods at peak flows. Regeneration of the native cottonwood g
forest is affected and encroachment of non-native vegetation is
occurring. The channel pattern has shifted from a wide, braided
configuration with mid-channel bars, to a single-thread straight
and meandering planform. Channel planform changes decreased
the available habitat for the Rio Grande silvery minnow, a ¢
federally listed endangered species.

Restoration efforts have been aimed at removal and eradi-
cation of non-native vegetation, lowering of the floodplain to
allow inundation at high flows, and widening of the chan-
nel to increase the diversity of in-channel habitat. Biological

management plan recommendations suggest that adjustment qfg_

the flow regime to more closely mimic the natural hydrograph
is an integral piece of protecting and rejuvenating the river
ecosystems.

Acknowledgements

This study was completed at the Engineering Research Center at2.

Colorado State University. Financial support by the U.S. Bureau
of Reclamation is gratefully acknowledged. Deepest thanks are

extended to D.C. Baird for his encouragement and support. Ourl3.

gratitude is extended to C. Leon and T. Bauer for their efforts
in development of the database. The technical assistance of

V. Sanchez, P. Makar, J. Oliver, and T. Massong during this study14.

is also appreciated.

11.

ALBERT, J. (2004). Hydraulic analysis and double mass
curves of the Middle Rio Grande from Cochiti to San
Marcial, New Mexico, MS Thesis, Colorado State Univer-
sity, Fort Collins, CO.

BAUER, T.R. (1999). Morphology of the Middle Rio Grande
from Bernalillo Bridge to the San Acacia Diversion Dam,
New Mexico, MS Thesis, Colorado State University, Fort
Collins, CO.

BLEDSOE, B.P. (1999). “Specific stream power as an indi-
cator of channel pattern, stability, and response to urban-
ization,” PhD Dissertation, Colorado State University, Fort
Collins, CO.

BULLARD, K.L. and LANE, W.L. (1993).Middle Rio Grande
Peak Flow Frequency Sudy. U.S. Department of Interior,
Bureau of Reclamation.

BuscH, D.E. and $1TH, S.D. (1995). “Mechanisms Associ-
ated with Decline of Woody Species in Riparian Ecosystems
of the Southwestern U.S Ecological Monographs, 65(3),
347-370.

COLLIER, M., WEBB, R.H. and $amipT, J.C. (1996). Dams
and Rivers, Primer on the Downstream Effects of Dams,
USGS Circular 1126. USGS, Tucson, AZ.

CrawroOrD, C.S., QurLy, A.C., LEUTHEUSER, R,
SIFUENTES, M.S., WHITE, L.H. and WLBER, J.P. (1993).
Middle Rio Grande Ecosystem: Bosque Biological Man-
agement Plan, U.S. Fish and Wildlife Service, Albuquerque,
NM.

. CuLBERTSON, J.K. and Diwpy, D.R. (1964). A Study of

Fluvial Characteristics and Hydraulic Variables Middle Rio
Grande, New Mexico. “A Study of Fluvial Characteristics
and Hydraulic Variables Middle Rio Grande, New Mexico.”
U.S. Geological Survey.

DEWEY, J.D., RoYBAL, F.E. and ENDERBURG, D.E. (1979).
Hydrologic Data on Channel Adjustments 1970 to 1975,
on the Rio Grande Downstream from Cochiti Dam, New
Mexico Before and After Closure. U.S. Geological Sur-
vey Water Resources Investigations 79-70. U.S. Geological
Survey, Albuquerque, NM.

EveritT, B.L. (1980). “Ecology of Saltcedar — A Plea
for Research,Environmental Geology and Water Sciences,
3(2), 77-84.

FRiEDMAN, J.M., OGsTErRkAMP, W.R., SotT, M.L. and
AUBLE, G.T. (1998). “Downstream Effects of Dams on
Channel Geometry and Bottomland Vegetation: Regional
Patterns in the Great Plain$&tlands, 18(4), 619—633.

&RAF, W.L. (1999). “Dam Nation: A Geographic Census of
American Dams and their Large-Scale Hydrologic Impacts,”
Water Resources Research, 35(4), 1305-1311.

&RAF, W.L. (1994). Plutonium and the Rio Grande — Envi-
ronmental Change and Contamination in the Nuclear Age,
Oxford University Press, New York.

HanscoM, G. (2001). “Bringing Back the Bosqueligh
Country News, 33(22), 1, 10-12.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

DHNSON, W.C. (1998). “Adjustment of Riparian Vegetation 31.

to River Regulation in the Great Plains, USAjktlands,
18(4), 608-618.

DHNSON, W.C. (1994). “Woodland Expansion in the Platte
River, Nebraska: Patterns and Causé&gpdlogical Mono-
graphs, 64(1), 45-84.

JILIEN, P.Y. (1998) Erosion and Sedimentation, Cambridge
University Press, 280p.

JILIEN, P.Y. (2002).River Mechanics, Cambridge Univer-
sity Press, 434 p.

LAGASSE, P.F. (1980)An Assessment of the Response of the
Rio Grande to Dam Construction — Cochiti to Isleta Reach.
U.S. Army Corps of Engineers, Albuquerque, NM.
LAGASSE, P.F. (1981). Environmental Geology and Hydrol-
ogy in New Mexico. New Mexico Geological Society
Special Publication No. 10. “Geomorphic Response of the

Rio Grande to Dam Construction.” Rep. No. 10, New 35.

Mexico Geological Society, Albuquerque, NM.

LAGASSE, P.F. (1994). “Variable Response of the Rio Grande
to Dam Construction, The Variability of Large Alluvial
Rivers, ASCE Press, NY, New York.

Leon, C. (1998). “Morphology of the Middle Rio Grande
from Cochiti Dam to Bernalillo Bridge, New Mexico,” MS
Thesis, Colorado State University, Fort Collins, CO.

LEON, C., RCHARD, G., BAUER, T. and JLLIEN, P. (1999).
Middle Rio Grande, Cochiti to Bernalillo Bridge, Hydraulic
Geometry, Discharge and Sediment Data Base. Colorado
State University, Fort Collins, CO.

NorDIN, C.F. (1964)Aspects of Flow Resistance and Sed-
iment Transport Rio Grande Near Bernalillo New Mexico.
U.S. Geological Survey, Washington, D.C.

NorDIN, C.F. and BVERAGE, J.P. (1965)Sediment Trans-
port in the Rio Grande, New Mexico — USGS Professional
Paper 462-F. U.S. Government Printing Office, Washington,
D.C.

NorDIN, C.F. and BVERAGE, J.P. (1964). Temporary Stor-
age of Fine Sediment in Islands and Point Bars of Alluvial
Channels of the Rio Grande, New Mexico and Texas.
NorDIN, C.F. and @LBERTSON, J.K. (1961). Particle-
Size Distribution of Stream-Bed Material in the Middle
Rio Grande basin, New Mexico: USGS Professiona Paper
424-C, Article 265. U.S. Geological Survey, Washington,
D.C.

FEMBERTON, E.L. (1964). “Sediment Investigations — Mid-
dle Rio Grande,Journal of theHydraulicsDivision—ASCE,
HY2, 163-185.

Porr, N.L., ALLAN, J.D., BaIN, M.B., KARgr, J.R.,
PRESTEGAARD, K.L., RICHTER, B.D., $ARrRks, R.E. and
STROMBERG, J.C. (1997). “The Natural Flow Regime,”
BioScience, 47(11), 769—784.

Power, M.E., DIETRICH, W.E. and ENLAY, J.C. (1996).

“Dams and Downstream Agquatic Biodiversity: Poten- 44.

tial Food Web Consequences of Hydrologic and Geo-
morphic Change,” Environmental Management, 20(6),
887-895.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

Sream restoration and environmental river mechanics 201

RcHARD, G.A. (2001). “Quantification and Prediction of
Lateral Channel Adjustments Downstream from Cochiti
Dam, Rio Grande, NM,” PhD Dissertation, Colorado State
University, Fort Collins, CO.

RCHTER, B.D., BAUMGARTNER, J.V., POweLL, J. and
BrauN, D.P. (1996). “A Method for Assessing Hydro-
logic Alteration within EcosystemsConservation Biology,
10(4), 1163-1174.

RTTENHOUSE, G. (1944). “Sources of Modern Sands in
the Middle Rio Grande Valley, New Mexico,Journal of
Geology, 52(3), 145-183.

SANCHEZ, V. and BAIRD, D. (1997). River channel changes
downstream of cochiti Dam. Middle Rio Grande, New
Mexico. Proceedings of the Conference of Management of
Landscapes Disturbed by Channel Incision, University of
Mississippi, Oxford, MS.

SURLOCK, D. (1998). From the Rio to the Serra: An
Environmental History of the Middle Rio Grande Basin.
Rep. No. RMRS-GTR-5, U.S. Department of Agriculture,
Fort Collins, CO.

STANFORD, J.A., WARD, J.V., Liss, W.J., RISSeLL, C.A.,
WiLLIAMS, R.N., LcHATOWICH, J.A. and ©uTaNT, C.C.
(1996). “A General Protocol for Restoratin of Regulated
Rivers,” Regulated Rivers, 12(4-5), 391-413.

U.S. A&"my CorPS OF ENGINEERS (1978). Cochiti Lake.
Rio Grande Basin, New Mexico. Water Control Manual.
Appendix C to Rio Grande Basin Master Water Control
Manual. U.S. Army Corps of Engineers, Albuquerque, NM.
U.S. BJREAU OF RECLAMATION (1998). Rio Grande Geo-
morphology Study (1918-1992). USBR, Remote Sensing
and Geographic Information Group, Denver, CO.

U.S. FsH AND WILDLIFE SERVICE (1999). “Final Designa-
tion of Critical Habitat for the Rio Grande Silvery Minnow,”
Federal Register, 64, 36274-36290.

U.S. ksH AND WILDLIFE SERVICE (1997). “Final Deter-
mination of Critical Habitat for the Southwestern Willow
Flycatcher,"Federal Register, 62, 39129-39147.

VAN STEETER, M.M. and RTLICK, J. (1998). “Geomorphol-
ogy and Endangered Fish Habitats of the Upper Colorado
River; 1. Historic Changes in Streamflow, Sediment Load,
and Channel Morphology,Water Resources Research,
34(2), 287-302.

WARD, J.V. and SANFORD, J.A. (1995). “Ecological Con-
nectivity in Alluvial River Ecosystems and its Disruption by
Flow Regulation,"Regulated Rivers: Research & Manage-
ment, 11, 105-119.

WARD, J.V. and $ANFORD, J.A. (1989). “Riverine Ecosys-
tems: The Influence of Man on Catchment Dynamics and
Fish Ecology,” in Dodge, D.P. (ed.Rroceedings of the
International Large Rivers Symposium 1986, Minstry of
supply and Service Canada, Canada, pp. 56—64.

WARD, J.V., TOCKNER, K., and SHIEMER, F. (1999). “Biodi-
versity of Floodplain River Ecosystems: Ecotones and Con-
nectivity,” Regulated Rivers: Research and Management,

15, 125-139.



202 PierreJulienet al.

46. Xu,J.(1997). “Evolution of Mid-Channel Bars in a Braided
River and Complex Response to Reservoir Construction: An
Example from the Middle Hanjiang River, ChingZarth
Surface Processes and Landforms, 22, 953-965.

45, WiLLIAMS, G.P. and VMLMAN, M.G. (1984).Downstream
Effects of Dams on Alluvial Rivers, USGS Professional
Paper 1286. U.S. Government Printing Office, Washington,

D.C.



