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The controlled flood in the Colorado River below Glen Canyon Dam,
Arizona, provided valuable information on short-term responses for both the
riverine system and the biotic community, but the long-term effects of the flood
on the aquatic food base were more difficult to assess. The 1274 m3/s discharge
flushed the siltlclay fraction from the channel bottom throughout the river
corridor. There were no significant differences in dissolved oxygen, specific
conductance, and pH before and after the flood compared to during the flood.
However, water clarity was dramatically reduced during the first 2 days of the
flood event, but cleared after 7 days. Over 90% of the phytobenthos and 250% of
the benthic invertebrates were scoured from the Lees Ferry reach, with biota
associated with unstable fine sediment most vulnerable. Most of the dissolved
organic carbon (DOC) and particulate organic carbon (POC) that passed through
the river corridor was entrained in the initial hydrostatic wave; values for DOC
and POC were significantly lower throughout the remainder of the flood. Stable
isotope analyses indicated that riparian and upland vegetation made up most of
the stream drift during the experimental flood, whereas phytobenthos was the
dominant drift constituent during normal dam operations. Recovery rates to preflood levels were fast for phytobenthos (1 mon) and invertebrates (2 rnon). We
propose that the rapid recover rates and current high standing stock of aquatic
benthos in the river corridor is more a function of higher water clarity, due to
higher relatively constant dam releases, rather than solely related to the
controlled flood. Our data indicate that consistent high discharges (2400 m3/s)
from Glen Canyon Dam mitigate the influence of suspended sediments delivered
from tributaries on water clarity. Therefore, optimum conditions for management
of the present exotic food base below Glen Canyon Dam may be achieved by
steady discharges (-450 m3/s) with minimal fluctuation cycles (-50 m3/s).
1. INTRODUCTION

Natural floods play critical roles in the level of standing
crop, community structure, and energy flow in lotic
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ecosystems [Fisher et al., 1982; Resh et al., 19881. Extreme
discharges can rearrange substrata [Allen, 19511, selectively
scour benthic organisms from substrata [Statmer and
Higler, 1986; Power and Stewart, 1987; Robinson and
Rushforth, 1987; Duncan and Blinn, 19891, re-suspend
nutrients and sediments [Fisher and Minckley, 1978;
Newcombe and MacDonald, 1991; Allan, 19951, and

modify geomorphic and riparian features of stream
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channels [Schmidt and Rubin, 1995; Toner and Keddy,
19971. In some instances, high discharges may selectively
benefit certain biota by increasing nutrient exchange within
dense periphyton mats and filamentous algal tufts as well as
reduce interspecific competition and predation from larger
biota that are removed by hydraulic scour [Statzt~erand
Higler, 1986; Duncan and Blintz, 1989; Peterson, 19961.
Prior to the closure of Glen Canyon Dam in 1963, flows
in the Colorado River through Grand Canyon National Park
fluctuated dramatically but predictably over an annual
cycle. Typically, average annual maximum flows were
-2550 m3/s in the spring and early summer, while average
minimum flows in the winter were -1 14 m3/s [Stanford and
Ward, 1986; Carothers and Brown, 1991; Collier et al.,
19961. Every decade or so, a flood of 3400 m3/s raged
through the canyon, with the largest gauged discharge at
-5664 m3/s during the summer of 1921.
After the closure of Glen Canyon Dam, standing crops of
benthic algae and macroinvertebrates were high in the clear
tailwaters and provided a trophy trout fishery in the Glen
Canyon reach below the dam [Leibfried and Blinn, 1986;
Usher and Blinn, 1990; Blinn and Cole, 19911. However,
native fish populations were being threatened due to alterations in habitat, cold water, and perhaps the reduced food
base throughout the canyon [Minckley, 19911. Due to
declining resources in the Colorado River ecosystem,
Congress passed the Grand Canyon Protection Act of 1992.
Later, it was recommended that a "flood" discharge be
released from Glen Canyon Dam to help restore the
sediment and biological resources of the Colorado River
ecosystem. The controlled flood event was conducted
during 22 March to 7 April of 1996 and consisted of a 1274
m3/s discharge with a 4 day pre- and post-drawdown of 227
m3/s [Schmidt et al., this volume].
This study measured selected physico-chemical features,
stream benthos, and drift at selected sites along the 227 mile
river corridor in Glen, Marble and Grand Canyons prior to,
during, and after the controlled flood. Changes in food base
composition below Glen Canyon Dam were also measured
with stable isotopes during the controlled flood.

2. STUDY AREA
The Colorado River flows 460 km through northern
Arizona, between Glen Canyon Dam and Lake Mead. The
general geomorphology and ecology of the Grand Canyon
river corridor as well as the discharge records for those
gaging stations below the dam in operation during the 1996
controlled flood are described by Webb et al. [this volume]
and Schmidt et al. [this volume], respectively.
Glen Canyon Dam impounds Lake Powell, a reservoir
that receives inflow largely from the catchments of the

Colorado and San Juan Rivers [Stanford and Ward, 19911.
The constancy in light, nutrients and thermal properties of
the water released from the upper hypolimnion of Lake
Powell provide an environment for high standing crops of
the filamentous green alga, Cladophora glomerata and
associated epiphytic diatoms as well as chironomid larvae,
Ganzmarus lacustris, and gastropods (namely Physella) in
the upper 25 km tailwaters of Glen Canyon Dam [Blinn and
Cole, 1991; Stanford and Ward, 1991; Blinn et al., 1992;
Blinn et al., 1995; Shannon et al., 1996a1. These biotic
communities are greatly modified and reduced below the
seasonally sediment-laden confluences of the Paria and
Little Colorado rivers [Shannon et al., 1994; Shaver, et al.,
1997; Stevens et al., 1997).
3. METHODS
3.1. Physico-Chemical Measurements
Sediment (ca. 500 g) was collected at Lees Ferry (River
mile, RM 0.0), Nankoweap (RM 52.7), and Spring Canyon
(RM 203) pools with either a Peterson dredge or a Petite
Ponar prior to and post (2 and 6 mon) the controlled flood
to evaluate channel erosion during the 1274 m3/s discharge.
Sediments were oven-dried at 60Â° and mechanically
sieved for percent particle size using the Wentworth Scale
according to C u m i n s [I9621 and Minshall [1984]: silt/
clay (<0.063 mm), sand (0.063-0.5 mm), coarse sand (0.51.0 mm), and gravel (>1.0 mm).
Water temperature (OC), specific conductance (mS),
dissolved oxygen (mg/L), and pH were measured with a
Hydro-Lab Scout II@ prior to, daily during the controlled
flood and post flood at Lees Ferry. We also monitored light
intensity (log lumens/m2) at Lees Ferry (RM 0.0) and
below the Little Colorado River (LCR) at Tanner Canyon
(RM 68) during the experimental flood with submersible
On-Set@ data loggers. These instruments were maintained
50 cm below the water surface during the flood to measure
light attenuation. Secchi depth (water transparency) was
also measured at selected intervals prior to and post the
controlled flood at Lees Ferry, below the Paria River at
Two-Mile Wash (RM 1.9), and at Tanner Canyon.
Samples for dissolved organic carbon (DOC) were
collected at selected intervals immediately below Glen
Canyon Dam (RM -16.0), Lees Ferry, Tanner, and Hells
Hollow (RM 172.7) during the controlled flood. Three 50
ml samples were drawn directly from the top 0.5 m of the
river away from shore in at least 1 m of water with a
Millipore Swinex syringe and filtered through a Whatman
GF/F glass fiber filter into a sterile glass bottle. The sample
was then acidified (pH <2) with concentrated sulfuric acid.
Two hundred fifty pml aliquots were injected into a
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Rosemount/Dohrmann DC-180 Total Organic Carbon
Analyzer at least three times or until the standard deviation
was <lo% of the mean and DOC (mg/L) estimates were
calculated.

3.2. Benthic Collections
Collection sites for the benthos were selected in reaches
with relatively high numbers of exotic andlor native fishes,
as well as, above and below tributary confluences that
seasonally deliver large loads of suspended sediments to
the mainstem. General locations for these collections
included: 1) Lees Ferry, 2) Two-Mile Wash, and 3) Tanner.
Six Hess substrate samples were collected from cobble
bars during March 1995, October 1995, February 1996, 1
day prior to the controlled flood, and post flood (1, 2,4, and
6 mon) at Lees Ferry, Two-Mile Wash and 2 and 6 mon at
Tanner. All samples were placed on ice and processed
within 24 hrs. At the time of each collection the following
data were recorded: general habitat conditions, depth,
current velocity, time of day, and discharge estimated on
site and later verified from U.S.G.S. gauging station data.
Biotic samples were sorted into the following 11
categories: C. glonierata, cyanobacteria algal crust (Osclllatoria spp.), miscellaneous algae and macrophytes,
detritus, chironomid larvae, Gammarus lacustris,
gastropods, lumbriculids, tubificids, simuliids, and miscellaneous macroinvertebrates. The latter category included
trichopterans, terrestrial insects, and unidentifiable animals.
Each category was oven-dried at 60Â° to a constant mass.
Ash-free dry mass (AFDM) conversions were estimated
from dry weight to AFDM regression equations [Shannon
et al., 1996al.
3.3. Organic Drift Collections

Drift samples (n=6) were collected at Lees Ferry, TwoMile Wash, Tanner Canyon, and Hells Hollow at pre(October 1995, March 1996, 1 and 4 days before) and postcontrolled flood (4 days, June, and October 1996), once
during the hydrostatic wave (river water in front of Lake
Powell reservoir water), and three periods during the steady
1274 m3/s discharge [Schmidt et al., this volume].
Personnel were stationed at each site in order to collect
organic drift from the same parcel of water as it passed
through the river corridor. Collection times during the
controlled flood were based on the speed of water travel
according to equations established by Wiele and Smith
[1996].
Near-shore drift samples (n=6) of fine particulate organic
matter (FPOM) were collected in the river column between
1000 and 1500 hrs with a plankton net (30 cm diameter
opening with 153 pm mesh) at each site. Samples were
preserved in 70% ETOH and sorted in the lab with a

dissecting scope into the following categories: detritus,
Copepoda (Calanoida, Cyclopoida, Harpacticoida),
Cladocera, Ostracoda, and miscellaneous zooplankton
which included early instars of chironomid larvae and
Ganzn~aruslacustris, planaria, and hydra. Large samples
were split with either 1 ml, 5 ml or 10 ml subsamples sorted
from a 100 ml dilution. FPOM was sieved to remove >1
mm material, then sorted for organisms (<1.0 mm), with the
remaining material filtered onto glass fiber filters
(Whatman@ GFIA) with a Millipore Swinex@ system.
These filters were oven-dried at 60Â° and combusted for 1
hr at 500Â°CZooplankton was sorted and dried for dry mass
estimates and converted to AFDM using a regression
equation [Shannon et al., 1996% 1996bI.
Near-shore surface drift samples (n = 6) of CPOM (0-0.5
m deep) were taken at the above sites with a conical tow net
(48 cm diameter opening, 500 pm mesh) held in place
behind a moored pontoon raft or secured to the river bank.
Samples were placed on ice and processed live within 48
hrs and sorted into seven categories including: Gammarus
lacustris, chironomid larvae, simuliid larvae, miscellaneous
invertebrates, C. glomerata, miscellaneous algaelmacrophytes, and detritus. Detritus was composed of both autochthonous (algal/bryophyte/macrophyte fragments) and
allochthonous (tributary upland and riparian vegetation)
flotsum. Drift samples were analyzed for size fractions after
dry mass was obtained. Material from each collection
interval and site was dry sieved into <1 mm, 1-9 mm and
210 mm size fractions. Each sample was manually shaken
for 30 s which allowed for the separation of size fractions
without particulate degradation. Samples of each size
fraction were enumerated, oven dried at 60Â°C weighed,
ashed (500Â°C1 hr), and reweighed.
Current velocity and duration of each set were recorded
so volumetric calculations could be made as g AFDM m3/s.
River discharge was determined from United States
Geological Survey gauge data. The duration of all drift
collections (n = 411) averaged 1.4 Â 0.06 min with an
average of 9.2 k 0.5 m3 of water sampled through nets. The
seemingly low duration and volume of water filtered
resulted from the large amount of organic material drifting
during the controlled flood. Nets were set for only a few
seconds before the drift mass started to interfere with
effective collection. Also, sample size would have been too
great to process in a timely manner. The standard sampling
error was within k10% of the mean total drifting mass
(0.218 k 0.024 g m3/s) which implies that collections were
consistent and representative of the study site [Gulp et al.,
19941.
We tested the hypothesis that CPOM organic drift is
somewhat uniformly distributed across the river channel
with simultaneous collections at two locations at the surface
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Figure 1. Light intensity (50 cm below the surface; log lumens/m2) in the Colorado River at Lees Ferry and Tanner
Canyon prior to, during and 1 week after the controlled flood below Glen Canyon Dam, Arizona. Figure includes 4-day
drawdown (227 m3/s) prior to and after the controlled flood.

and 3 m below the water surface at each site. Using the
same drift nets as described above, two crews simultaneously made 25 collections at each location and depth (n =
100). Estimates of total organic drift were made by ovendrying each sample at 60Â°Ccombusting the sample for 1 hr
at 500Â°C and determining ash-free dry mass (AFDM).
Independent sample t-tests indicated no significant differences in organic drift between sites at either the surface (p =
0.07) or at a 3 m depth (p = 0.9). Nor was there a significant
difference at either depth between sites (p = 0.1).Therefore,
these data suggest that single location collections are representative of the channel. This is probably a result of a
restricted channel, which is common in the Colorado River
below Glen Canyon Dam. Surface collections had the most
variability, possibly due to wind and erratic surface
currents.
Our CPOM collections did not include large flotsam
(>lo0 mm; riparian and upland vegetation) that occurred
during the up-ramping and the first 2 days of the 1274 m3/s
discharge. In an effort to quantify this portion of the organic
budget, we examined interval photographs for large flotsum
from the Grand Canyon beach survey program taken during
the controlled flood [Hazel et al., this volume]. Cameras

that showed a 250 m area of river channel with a clear view
not obstructed by rapids or canyon shadows were selected
at approximately every 35 km, including RM 8.0L, 54.7R,
103.4R, 121.6R, 144.7L, 171.2L, and 200.8R. While
viewing each frame on CD-ROM, which was enlarged to
the best resolution possible, every noticeable bundle of
flotsam was scored. The location and time of the picture
taken was compared to the controlled flood hydrograph so
that scores could be placed in relation to other drift
collections.

3.4. Source of Organic Drift During the Experimental
Flood
Drift samples of organic matter were collected during the
controlled flood with similar nets as described above to help
evaluate the source of stream drift with stable isotopes. We
also collected triplicate plankton samples (22 g dry weight
each) from Lake Powell with a 63 pm mesh net prior to the
controlled flood. These plankton samples were taken to
update ^C and ^N ratios of Angradi [I9941 because of
previous high in-flow years. All samples were air-dried
immediately after collection in the field and ground to <0.5
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Lees Ferry (Rm 0.0)
Two-Mile Wash (Rm 1.9)

Tanner (Rm 68)

Figure 2. Secchi depth (m) measurements in the Colorado River at Lees Ferry, Two-Mile Wash, and Tanner Canyon at
selected dates prior to, during and after the controlled flood. * indicates readings were not taken.

mm in particle size in the laboratory. Samples were
analyzed by Robert Michner (Boston University) with a
mass-spectrometer. PeeDee belemite and atmospheric
nitrogen were used as carbon and nitrogen standards,
respectively. The low nitrogen values for organic drift
collected at Hells Hollow required using a cryo-foucs
technique that extracts nanomoles of nitrogen [Fry et al.,
19961. Ratios of ^C and ^N collected in drift during the
controlled flood were compared to results presented by
Angradi (1994) for Lake Powell plankton, river benthos,
and riparian or upland vegetation from tributaries.
Angradi's [I9941 samples were also analyzed by Robert
Michner at Boston University.

3.5. Statistical Analyses
Influence of the controlled flood, including pre- and postflood collections, on benthic and organic drift estimates
within collection sites were analyzed with a Kruskal-Wallis
one-way analysis of variance. All calculations were
performed with SYSTAT computer software on ln+1 transformed data [Version 5.1, Wilkinson, 19891.

4. RESULTS

4.1. Physico-Chemical Analyses
The controlled flood removed silt from the channel
bottom of the Colorado River at all sites analyzed. The
composition of sediment at Lees Ferry prior to the flood
was approximately 5% very coarse sand and gravel, 75%
sand and 20% silt/clay. However, sediment fractions were
nearly all sand at Lees Ferry 2 mon after the experimental
flood. Similar scouring patterns occurred at the two lower
sites (RM 52.7 and 202.8) as well. Six months after the
controlled flood, the silttclay fraction returned at Lees Ferry
(5%) and Spring Canyon (11%), but not at the Nankoweap
site.
Underwater light intensity (log lumens/m2; maintained
at 50 cm below the surface) at Lees Ferry and at Tanner
Canyon followed a predictable pattern during the controlled
flood (Figure 1). Underwater light intensity increased
during the drawdown, but decreased dramatically during
the first day of the flood from >4 to 2 log lumens/m2 at both
sites. Within 1 day, underwater light intensity started to
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Figure 3. Average dissolved organic carbon (DOC, r n g / ~ ' S E ) values in the Colorado River at Lees Ferry, Tanner
Canyon and Hells Hollow taken 1 day prior to, during the hydrostatic wave (1 day), 4 days into the 1274 &IS discharge,
and 1 day after the controlled flood (n = 3 for each collection).

increase and continued to increase until it nearly approximated pre-flood levels 4 days after the controlled flood. The
overall pattern of light intensity during the flood was
similar at both sites even though they were approximately
100 km apart. The reduced light intensity that occurred at
both sites 3-4 days prior to the experimental flood resulted
from a spate and fluctuating flows that influenced the entire
river corridor (Figure 1).
Secchi depths (water transparency) in the Glen Canyon
reach at Lees Ferry were 27 m (to the channel bottom) prior
to and after the controlled flood (Figure 2). In fact, starting
in November 1995 and continuing through mid-1997 after
the controlled flood, water transparency was considerably
higher throughout the canyon corridor, especially at TwoMile Wash, compared to previous records [Stevens et al.,
1997; Figure 21. Secchi depths below the confluence of the
Paria River during this period were nearly one-half of those
measured above the confluence in Glen Canyon (Figure 2).
During the first 2 days of the controlled flood, Secchi
depths were <1 m, but returned to near-normal levels (27
m) by day 4 of the flood.
There were no significant differences in dissolved
oxygen, pH, and specific conductance in the Glen Canyon
reach before and after the controlled flood event.
Hydrogen-ion concentrations averaged 7.8 (SE kO.l) prior
to the flood compared to 7.9 (k0.1) after the flood.
Dissolved oxygen was 11.7 mg/L (50.7) prior to the flood
and 11.5 mg/L (k0.8) after the flood, while specific conductance was 0.81 mS (k0.01) and 0.84 mS (M.003) prior to

and after the flood, respectively. Although there was a
significant difference (p ~ 0 . 0 1 in
) water temperature before
and after the controlled flood, the differences were quite
small. Water temperatures were slightly lower (9.3 OC k
0.2) after the flood compared to pre-flood water temperatures (lO.OÂ° k0.5).
Pre-flood concentrations of dissolved organic carbon
(DOC) ranged from 2.9 to 3.5 mg/L and were not significantly different at the three collection sites throughout the
river corridor (Figure 3). However, DOC concentrations
increased during the first day of the controlled flood with
highest concentrations at Glen Canyon Dam (7.4 mg/L
Â±0.4)but progressively decreased downstream. By day 4 of
the controlled flood, DOC concentrations were slightly
lower than pre-flood concentrations at all sites, but returned
to near pre-flood levels (2.6 to 4.5 mg/L) 1 day after the
controlled flood (Figure 3).

4.2. Patterns in Benthos
The standing crop of all biotic components in the stream
benthos of the Colorado River was significantly (p <0.04)
reduced at all sites as a result of the 1274 m3/s controlled
discharge (Figure 4). The standing crop of primary
producers was >80 g AFDM m'2 at Lees Ferry prior to the
controlled flood, 90% of which was removed during the
event. Most of the aquatic plants lost during the flood were
rooted macrophytes and filamentous green algae. Standing
crops of benthic primary consumers were also reduced. We
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Lees Ferry (Rm 0.0)
Two-Mile Wash (Rm 1.9)

Figure 4. Average benthic biomass (AFDM, g/m2 Â±SEof macroinvertebrates (A) and algae and macrophytes (B) on
selected dates prior to, during, and after the controlled flood in the Colorado River below Glen Canyon Dam, ~ r i z o n a(n
= 6 o r each collection). * indicates no collection was made. 12-mon prior = March 1995, 5-mon prior = October 1995.
1-mon prior = March 1996, I-day prior = pre-drawdown, 1-day post = post-drawdown, 1-mon post = May 1996,2-mon
post = June 1996,4-mon post = August 1996,6-mon post = October 1996.
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estimated that 250% of the invertebrate mass was removed
at Lees Ferry and over 90% was removed at Two-Mile
Wash below the confluence of the Paria River (Figure 4).
The invertebrates most susceptible to the controlled flood
were lubriculids and tubificids associated with fine
sediments. Although losses occurred, the standing crop of
the amphipod Cammarus lacustris was not significantly
different prior to and after the controlled flood at Lees
Ferry, but was at Two-Mile Wash (Figure 4).
Recovery rates to pre-flood levels after the controlled
flood were relatively fast: 1 mon for primary producers and
2 mon for benthic invertebrates (Figure 4). In fact, standing
masses for chironomids, Ganznzarus lacustris, gastropods,
simuliids, and miscellaneous invertebrates all exceeded preflood levels. Gastropods showed the fastest response at
Lees Ferry, while chironomid and simuliid larvae were
quick to recover at the downstream sites.
4.3. Patterns in Organic Drift

The greatest mass of fine particulate organic matter
(FPOM) was collected during the initial hydrostatic wave
of the controlled flood at all three collection sites. Values
below Glen Canyon Dam and at Lees Ferry during the
hydrostatic wave were 0.15 (SE k0.02) and 1.77 (k 0.18) g
AFDM m3/s, respectively, and 0.77 g AFDM m3/s (k 0.45)
at Hells Hollow 172.2 RM downstream. The dominant
zooplankters collected at Lees Ferry during the hydrostatic
wave of the controlled flood included early instars of
chironomid larvae and Garnnza~~us
lacustris, planaria and
snail eggs (-3200 animals m3/s) as well as crustaceans
(-2600 animals m3/s) from the Lake Powell reservoir. Total
numbers of zooplankton in the drift prior to and after the
flood were typically <400 animals m3/s with a mass of
<0.000 1 g AFDM m3/s.
Size fractions of particulate organic matter changed with
site and collection interval with a decrease in the largest
size fraction (210 mm) at both Lees Ferry and Tanner
during the controlled flood, but not at the most downstream
site (RM 172.7; Figure 5). The 210 mm-sized fraction was
primarily composed of filamentous algae, bryophytes, and
rooted macrophytes, which reflected the high standing
crops of each in the upstream benthos (see Section 4.2).
Typically there was a strong positive correlation (r = 0.87; p
<0.01) between mass of benthos and organic drift in the
Colorado River system [Shannon et al., 19941. Proportions
of large CPOM (210 mm) equalled that of pre-flood conditions within 1 week after the flood at Lees Ferry and
exceeded pre-flood levels at the two downstream sites
within 3 mon after the controlled flood; values were not
measured at the two downstream sites at 1 week (Figure 5).

Total mass of organic drift during the controlled flood
was several orders of magnitude higher in the hydrostatic
wave (>2.5 g AFDM m3/s) compared to values before and
after the controlled flood ($0.05 g AFDM m3/s), most of
which was detritus (Figure 6). An order of magnitude
higher total drift mass was measured in the Lees Ferry
reach compared to downstream stations due to higher
benthic mass in the upper station (see Section 4.1). Also,
detrital drift mass was present, if not dominant, during all
collections periods at downstream sites, but most prevalent
during the controlled flood at Lees Ferry instead of the
usual phytobenthic mass (Figure 6).
No large CPOM bundles were observed during the preflood flows. Although large amounts of CPOM flotsam
(>I00 mm) were transported downstream during the
controlled flood, drift fractions <:l0 mm in size contributed
an order of magnitude more mass. For example, based on a
rate of 22.2 bundledhr, conservatively estimating each
bundle to weigh -4 kg, we estimated that 23,000 kg AFDM
of large flotsum was transported downstream during the 7day controlled flood compared to 970,000 kg AFDM of
FPOM and 1,060,000 kg AFDM of CPOM.
4.4. Source of Organic Drift at Pre-Flood, During the
Flood, and Post-Flood.

Under constrained hydrographs below Glen Canyon
Dam, autothchonous algal matter was the primary source of
organic drift in the upper tailwaters, whereas allochthonous
energy from riparian and upland communities was more
important during the flood event. The strongest 5 1 3 ~ / 5 1 5 ~
signals in the upper tailwaters (1.9 RM) of the Colorado
River prior to and after the controlled flood were for lake
plankton and tailwater phytobenthos, compared to riparian
and upland vegetation at downstream sites (261.3 RM,
Table 1). Whereas, during the test flood, 5 1 3 ~ / 5 1ratios
5~
were strongest for riparian and upland vegetation at all sites
throughout the river corridor (Table 1). The composition of
organic drift visually examined prior to, during, and after
the controlled flood concurred with stable isotope analyses
(see Section 4.3).

5. DISCUSSION
The 1274 m3/s controlled flood below Glen Canyon Dam
provided valuable information on short-term responses for
both the riverine system and the biotic community, but the
long-term effects on the aquatic food base were more
difficult to assess. The experimental discharge selectively
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LEES FERRY (Rm 0)

TANNER (Rm 68)
~lomrn
1-9mm
< 1mm

HELLS HOLLOW (Rm 172.7)

Figure 5. Relative size fractions (%) of coarse particulate organic matter at selected times prior to, during, and after the
controlled flood at Lees Ferry, Tanner Canyon, and Hells Hollow in the Colorado River below Glen Canyon Dam,
Arizona. Pre-flood = drawdown, post-flood = drawdown, post-1 week = 15 April 1996, post-3 mon = June 1996, post-6
mon = October 1996.
removed fine siltlclay from the channel bottom and along
the varial zones of the Colorado River. This initially
modified both water clarity and available habitat for biota,
Most of the scour occurred within the first 2 days of the
controlled flood as measured by underwater light intensity.
During the initial hydrostatic wave and up to 48 hrs
following the wave, light intensity was dramatically
reduced (Figure 1). However, water clarity increased

substantially after this period and has remained relatively
high since the controlled flood due to elevated flows (Figure
2). The initial days of the controlled flood re-suspended and
scoured much of the smaller-sized sediment, including
FPOM and CPOM, from the river channel and upper shorelines. The re-suspended fine sediment fraction is particularly important in determining water clarity in lotic systems
[Morisawa, 1968; Newcornbe and MacDonald, 19911.
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Figure 6 . Average drift biomass (AFDM, g/m3s kSE) of algae, invertebrates, and detritus on selected dates prior to,
during and post the controlled flood in the Colorado River below Glen Canyon Dam, Arizona, at Lees Ferry (A), TwoMile Wash (B) and Tanner Canyon (C) (n = 6). Collection dates for A and B are the same.

The high, relatively steady flows since the controlled
flood have helped to maintain the higher than normal water
clarity conditions throughout the river corridor. Although
there have been comparable discharges from the Paria and
LCR Rivers during the past year compared to previous
years, the high flows in the Colorado River have provided a
"dilution effect" on levels of suspended sediments delivered
by tributaries which has resulted in higher water clarity.
Water releases 2 450 m3/s from Glen Canyon Dam tend to
reduce tributary influence on water clarity.

The "flashy" nature of major tributaries that deliver
suspended sediments into the Colorado River throughout
the canyon system and selectively influence water clarity
along the river corridor was evident from the episodic event
that occurred several days prior to the controlled flood. At
this time, a large portion of the watershed in the Colorado
River Basin received heavy precipitation which in turn was
delivered, along with suspended sediments, to the Colorado
River via tributaries. During this event, water clarity was
dramatically reduced throughout much of the river corridor,

BLEW ET AL. 269
TABLE 1. Dual isotope [& 1 g 5 N (%o)] analyses for drifting organic material at selected stations along the
Colorado River through Grand Canyon prior to, during, and after the 7-day controlled flood (1274 m31s) during
March 1996. (POM = particulate organic matter from Lake Powell; Phytobenthos = Cladophora glomerata
and associated filamentous green algae; Riparian = tamarisk and cottonwood; Upland = floodplain litter from
tributaries). The hydrostatic wave pushed river water ahead of the released Lake Powell reservoir flood water.
Range of isotope ratios for organic sources are from Angradi [1994]: Lentic POM (-23.8 to 28.5 813c 1 6.8 to
9.6 B'-^N ; Phytobenthos (-21.2 to -33.5 813c 14.6 to 9.5 515N);Riparian vegetation (-24.9 to -29.0 8I3c 15.0
to 7.4 8'- N); Upland (-23.8 to -29.0 8l3c 1-0.1 to 5.0 815N).

2

SITE (Rm)
1.9

227
BEFORE
-25.319.0
(Lentic POM,
Phytobenthos)
-25.212.9
(Upland)
-15.816.0
(Unknown)

DISCHARGE (m31s)
1274
1274
1274
WAVE
DAY 1
DAY 5
-26.516.8
-25.617.3
-27.116.2
(Riparian)
(Riparian)
(Riparian)
-25.313.9
(Upland)
-23.311.4
(Upland)

but returned to pre-flood conditions after only several days
(Figure 1). Both this natural spate event, as well as, the
experimental controlled flood indicate the relatively shortterm influence flood disturbances have on water clarity in
the mainstem. This may imply that pre-dam conditions in
the Colorado River were highly dynamic in which floods
would scour benthos from the channel bottom and periodically clear to allow for re-colonization of photosynthetic
algae. These dynamic interactions between suspended
sediment, water transparency and algal primary production
in the Colorado River have been recently modeled by Yard
et al. [1995].
The hydraulic force of the experimental discharge was
sufficient to scour a large proportion of the benthic
community below Glen Canyon Dam. As much as 90% of
the benthos was removed during the controlled flood in the
Glen Canyon reach, however, removal rates were largely a
function of pre-flood biomass levels, and perhaps the 4-day
drawdown (227 m31s) prior to the flood. Even short-term
exposures of <12 hrs have been reported to be detrimental
to the aquatic food base in the Colorado River system
[Usher and Blinn, 1990; Angradi and Kubly, 1993; Blinn et
at., 19951. Other workers have found similar relationships
between mass and dislodgment [Statzner and Higler, 1986;
D~~rzcan
and Blinn, 1989; Allan, 19951. The biotic components most susceptible to the scour were those associated
with the unstable fine sediments such as rooted macrophytes (i.e., Elodea and Chara), as well as tubificid and
lumbriculid worms. Whereas, biota associated with larger,

(Riparian,
Upland)
-24.511.4
(Upland)

-24.811.3
[Upland)
-19.311.7
(Unknown)

227
AFTER
-2839.9
(Lentic POM,
Phytobenthos)
-27.117.4
(Riparian)

(Riparian,
Upland)

more stable cobble such as Cladophora glomeruta and
Gammarus lacustris were not as severely affected.
Levels of DOC, FPOM and CPOM all reflected the
initial scour of benthos within 48 hrs of the controlled
flood. There was a 2.5-fold increase in DOC and a two
order of magnitude increase in drifting particulate material
during the hydrostatic wave compared to pre- and postflood periods as well as the remainder of the controlled
flood. These high levels of exported dissolved and particulate organic carbon provided a short-term energy source to
downstream aquatic communities during the controlled
flood. Based on energy equivalents reported by Blinn et al.
[1995], we estimated that >20,000 joules m3/s of energy
were exported downstream as plant and animal mass during
the hydrostatic wave. Fisher and Minckley [I9781 found
similar pulses in nutrients during the initial wave of a flood
in Sycamore Creek-an
ephemeral stream in central
Arizona.
Stable isotope analyses lead to the inference that much
of the drifting organic matter transported downstream
during the controlled flood was derived from riparian and
upland vegetation (allochthonous), whereas during normal
dam operations, phytobenthos (autochthonous) is the
dominant source of organic matter (Table 1). Angradi
[I9941 found similar patterns during dam operation for the
upper tailwaters of Glen Canyon Dam. Under typical dam
operations, dense tufts of C. glomerata become dislodged
and are exported through rapids where they quickly become
pulverized into FPOM as they drift along the river corridor
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[Shannon et al., 199601. This drifting autochthonous energy
supports a downstream community of collectors including
chironomid and simuliid larvae. During the controlled
flood, allochthonous materials (namely tamarisk, willow
and juniper) stranded along the upper shorelines and the
confluences of tributaries were entrained into stream drift
during early stages of the experiment.
Recovery rates for the aquatic benthos after the
controlled flood disturbance were relatively fast. Both
primary producers and consumers regained pre-flood
standing crop levels within 2 mon after the flood and have
since exceeded previously reported biomass estimates for
algae (120 g AFDM m - 5 and macroinvertebrates (>I4 g
AFDM m'2) below Glen Canyon Dam [Usher and Blinrz,
1990; Blinn et al., 1992; Shannon et al., 1996a; Stevens et
a/., 19971. Comparable recovery rates under optimum
conditions have been reported for algae [Fisher et al., 1982;
Power and Stewart, 1987; Steinman and McIntire, 1990;
Blinn et al., 1995; Peterson, 19961 and macroinvertebrates
[Wallace, 1990; Blintz et al., 19951, but recovery rates in the
Colorado River following the controlled flood were
somewhat faster than the 3-mon period following major
disturbances in aquatic ecosystems as reviewed by Yount
and Nienzi [1990].
We propose that the rapid recovery rates and current high
standing stock of aquatic benthos in the river corridor is
more a function of higher water clarity, due to higher
relatively constant discharges from Glen Canyon Dam,
rather than solely related to the controlled flood. Although
considerable energy was transported downstream on a
short-term basis (21 week) during the controlled flood, the
greatest result of the flood may have been to flush fine
sediments from the system, which along with consistent
high flows have sustained high water clarity for photosynthetic processes.
5.1. Summary and Management Considerations

The present aquatic foodweb below Glen Canyon Dam is
highly modified from that of more natural riverine conditions in the arid Southwestern United States [Haden 19971.
Presently, filamentous green algae and associated epiphytic
diatoms make up the primary producer trophic level rather
than allochthonous energy, and exotic grazers such as the
crustacean, Gammarus lacustris, dominate the primary
consumers rather than caddisfly andlor mayfly assemblages
[Blinn and Cole, 1991; Shannon et al., 1994; Haden, 1997;
Stevens et al., 19971. These modifications in the aquatic
foodweb have largely resulted from changes in physicochemical conditions and sources of carbon energy below

the dam [Blinn and Cole, 1991; Stanford and Ward. 1991;
Haden, 19971.
Optimum management of the present modified food base
below Glen Canyon Dam can likely be achieved by steady
discharges (-450 m3/s) with minimal fluctuation cycles
(-50 m3/s). Previous studies on the Colorado River have
found that both water clarity, as a function of sediment
input from major tributaries, and dam management play a
major role in determining levels of standing crop and
community structure of the aquatic food base below Glen
Canyon Dam [Blinn et al., 1995; Shannon et al., 1996;
Stevens et al., 1997, Shaver et al., 19971. Discharges >400
m3/s tend to mitigate the influence of suspended sediment
on water clarity and the higher discharges provide more
wetted perimeter for colonization by benthos. Furthermore,
minimum levels of fluctuation in discharge reduce the
extent of the varial zone which is a zone that is lethal to the
aquatic benthic community [Angradi and Kubly, 1993;
Blintz et al., 1995, Shaver et al., 19981. We recommend that
future controlled floods eliminate the pre- and post
drawdowns that expose large areas of benthos to desiccation and ultraviolet light. These conditions weaken
holdfast systems of the phytobenthos and induce macroinvertebrates to abandon their habitats [Usher and Blinn,
1990; Angrudi and Kubly, 1993; Blinn et al., 19951.
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