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ABSTRACT

The purpose of this study 1as to provide seasonal baseline data during interim
flows (14O m3 s-l to 565 m3 s-l oi 5,000 to 20,000 cfs) on the aquatic-food base
in the Colorado River ecosystem in Grand Canyon downstream irom Glen
c11r9n Dam (GcD). we examined the distribution, phenorogy, biomass,
colonization rates, secondary production, winter desiication, ind stream drift for
aquatic algal_and macroinvertebrate benthos. This study provides an initial
evaluation of Interim FIow (IF) effects on Colorado Rivei benrhic ecology, and
can be used as baseline daa for experimental flooding under consideration in
1995.

Our results indicate the following:

penthi_c primary ?4:Tondary nroducer standing mass was assessed seasonally

to* leplember L992 through June 1994 betwe&n lres Ferry and Diamond
Creek. IF, and seasonal and climatic variation altered benthic community
structure. In general algal and macroinvertebrate AFDM and species richness
increased-tlyou-gh time in downstream reaches. We attribute thlse changes to
reduced daily discharge fluctuation and ramping rates, and exceptionalliclear
water flows. aqt49 habitats have also been alltered during thijperiod by both
the operation of GcD and variability in tributary inflow.

Pool and riffle habiats have accumulated fine sediments reducing the area of
hard substrates for colonization. Pool habitats have also accumulited fine
sediments that hlve created a productive linoral zone along the length of the
n9gl{eddiecomplexes sampled and decreased the total volume of w-ater circulating
within pools thereby reducing the accumulation of detritus during low flow
mo-n!h_s. 

-I_t4agrophyte 
biomass has also increased in depositional a-reas within Glen

and Marble Canyons. Bryophyte biomass increased in eroisonal zones through-
out the study siti.

The winter of 1993 had large spates from watersheds extending beyond the
Grand C31f9n rim, while a summer monsoon in 1993 producel a 

-debris 
flow in

Tanner Wash, which restructured the pool and riffle habitats at that site. Both
events were followed by an overall increasb in benthic AFDM, perhaps a result of
nutrient increase from tributary flows.

IF have allowed nlrytal patterns in primary and secondary producer distribution
to be recognized Yhi"! were previously diiuted by normai d?m op"rations. This
flow regime has also allowed lporadic bolonization into the previously

xll



depauperate varial zone. Pools of water in the varial zone left after high florv
months have provided spawning habitats for mosquitos, particularly in the lorver
Canyon, which were previously rare along the mainstem.

Benthic primary production decreased downstream as turbidity increased, due to
tributary input, and phytobenthos decreased. In general, higher production was
measured during the summer compared to winter months. Higher downstream
water temperature may offset this spatial pattern and should be considered when
planning for a multiple level intake system. No significant difference occuned in
production between C. glomerata with versus without epiphytes, suggesting that
C. slomerata NPP may increase if epiphyte density decreases. Optimum light
conditions for C. glomerata growth in this system requires further study.

Both G. lacustris and the chironomid community have high production rates in
the submerged zone (<l4O m3 s-l) at lres Ferry. However, both invertebrates
are strgngly affected by regulated flows from Glen Canyon Dam and suspended
sediment input from tributaries. Gammarus lacustris and chironomid production
was reduced by over 80Vo in the tailwater varial zone at I-ees Feny. Further
reductions (>807o) in downstrearn production at the somewhat turbid habitat of
Two Mile Wash were caused by suspended sediments entering from the Paria
River. Considerable mass of both invertebrates enter stream drift on a daily
basis. Inclusion of stream drift in production estimates increases overall
production values for each invertebrate. Both Q. lacustris and chironomid larvae
play an important role as intermediate links in the Colorado River food web.

A strong positive correlation exists between detrital drift and discharge in the
Colorado River corridor, while biotic components show a strong negative
conelation to discharge. Drift components vary seasonally; e.9., September
collections show highest drift mass. The high autochthonous production between
GCD and I-ees Feny supply little coatse particulate organic matter (CPOM) to
downstream reaches. Turbulence by rapids quickly pulverize packets of drifting
C. glomerata into fine particulate organic matter (FPOM). Packets of C.
glomerata and associated communites are reduced by 4-fold below the Paria
confluence (RKM 1.0) and l0-fold by RKM 85. The function of downstream
microbial loops on FPOM and the role these microbes serve in the Colorado
River food web require further shrdy. Tributaries provide 95Vo of the total
organic stream drift in the Colorado River through Grand Canyon National Park.
Regulated flows significantly increase stream drift of aqutic benthos in the
tailwaters of GCD.

xlll



Our in situ experiments indicated both variable water levels and elevared
susPgnded sediment are less suitable conditions for C. glomerata colonization than
for Oscillatoria phytobenthic communities. These tbservarions are generally
supported by patterns displayed by phytobenthic communities locateE do*nrrream
from 9tq !3lyon Dam. Chironomia efpU increased more quickly than G.
lacustris AFDM on translocated cobbles at I-ees Ferry, and chiionomid
recruitment appeared to be less dependent on g. glomerata than recruitment by
G.Iacustris.MacroinvertebratessLoweafasterrffiionofdesiccated
cobbles in the continuously_submerged zone than did benthic algae. In general,
cobbles in the varial zone showed limited recruitment by .".rJinuertebrates
compared to submerged and control cobbles.

We estimate the-energy derived from animal mass associated with C. glomerata
communities to be nearly an order of magnitude higher than 

"n"tgl 
d.riu"O-'Fo.

macroinvertebrate mass in Oscillatoria co-mmunitiei. Therefore, i*r of C.
elgmeFte habitat.and the tepia"er*nt Uy habitat more suitable for Oscillatoria
reduces the overall food value of the phytobenthic community in ttrE Cotora6-
River through Grand Canyon National park.

Winter nighttime desiccation exerts similar effects on the mass of g. glomerata as
does summer desiccation. Three hours of nighttime freezing reauJeaEIZBy 

-

Sovo, which is comparable to surnmer lossesl48vo) after 
^ 

iz-nexposure.
Treatment cobbles also showed a significant decrease in chlorophyli g compared
to controls. Data for macroinvertebrate densities were not con;lusivE due ihe
patchiness of the benthic community in the Colorado River. However, there was
a.strong Pattern for loss of macroinvertebrate mass (93Vo) following one winter
Tgnt exposure. Repeated desiccation and increasing'sample size mJy resolve this
discrepency.

xiv



INTRODUCTION

Glen Canyon Dam operations strongly affect the lower trophic levels of the
aquatic ecosystem in Grand Canyon National Park (Blinn et al. 1992). Aquatic
algae and macroinvertebrates prwide an important food base for native and game
fish and tenestrial fauna, and link the aquatic and terrestrial components of the
ecosystem. The aquatic food base is affected by the duration and timing of low
releases from Glen Canyon Dam, as rvell as the range of daily fluctuations and
localized reach-based geomorphic parameters downstream. This study of the
aquatic food base in the Colorado River was designed to monitor Interim Flow
effects on benthic distribution and production between Lees Ferry and Diamond
Creek, Arizona.

Growing concern over the impacts of river regulation on environmental
resourcps in the Colorado River corridor downstream from Glen Canyon Dam
prompted the Department of the Interior to conduct environmental impact studies
in lower Glen Canyon and in the Grand Canyon. Phase I of the Glen Canyon
Environmental Studies (GCES) Program concluded that the dam exerted
significant impacts on the downstream fluvial ecosystem, but higher than normal
flows precluded assessment of the effects of low and normal dam operations.
GCES Phase II was an integrated effort to assess the effects of low and normal
fluctuations on processes and resources at the ecosystem level. These studies
demonstrated significant effects of normal operatibns on riverine resources.
Interim Flows were implemented on I August, l99l to prevent further
degradation of resources during the development of the Glen Canyon Dam
Environmental Impact Statement. Interim Flows consisted of reduced flow
fluctuations with restricted minimum (140 m3 s-l) and limited maximum
(566 rn3 s-t) flows, and reduced ramping rates.

A primary objective of the GCES Interim Flows discharge criteria is to maintain
the aquatic food base in the Colorado River. The Interim Flow criteria were
designed to sabilize the area available for colonization by benthic algae, thereby
decreasing loss through desiccation or freezing of the benthos and increasing
primary and secondary production.



OBJECTIVES

The objectives of this study were to determine whether and how Interim Flows
are limiting the impacts of Glen Canyon Dam operations on benthic resources in
the Grand Canyon.

Objective 1: Monitor the effects of Interim Flows from Glen Canyon Dam
on the standing mass of the lower trophic level components in the
Colorado River between l-ees Feny and Diamond Cieek.

Objective 2: Monitor the effects of low, medium and high-volume monthly
Interim Flows on primary and secondary production in the

- Colorado River corridor in the Grand Canyon

Objective 3: Monitor the effects of Interim Flows on organic drift in the
Colorado River corridor in the Grand Canyon.

Objective 4: Monitor the effects of Interim Flows on the re-colonization of
substrata by primary producers and secondary consumers and test
the impact of freezing/desiccation on the aquatic benthos
community in the Colorado River ecosystem.

Objective 5: Prepare monitoring data for inclusion into the GCES/NPS
geographic information systems database.

In addition, we discuss considerations relating to improvement of management of
this river system and its aquatic trophic levels.

2



CHAPTER ONE: STANDINTG MASS OF LOWER TROPHIC LEVELS

INTRODUCTION

Standing mass and habitat requirements of the aquatic benthos in the Colorado
River through Glen and Grand Canyons were measured seasonally from
September, 1992 through June, L994. A seasonal sampling frequency was
employed to compare high and low volume discharge months preceeding
collection trips. Sampling sites (n - 10) were the same as those established
during GCES Phase II research flows (Blinn et al. 1992) and include low
velocity pool/eddies and high velocity cobble bars in both wide (g = 5) and
narrow (n = 5) reaches (Schmidt & Graf 1990). Tributaries (g = 1l) were
sampled in June of each year, after winter run-off and prior to summer
monsoons.

The bgnthic community in the Colorado River through Grand Canyon has been
altered by the construction of Glen Canyon dam largely through changes in river
discharge, suspended sediment concentration (turbidity) and water temperature.
Interim flow criteria have increased the base flow while reducing peak flow and
hourly ramping rates from Glen Canyon Dam. A similar change in flow regime
was implemented on the Patuxent River, MD which resulted in a two-fold
increase in benthic macroinvertebrate abundance (Morgan et 4. 1991).

Variable discharges influence benthic communities by altering substrate stability
(Power et 4. 1988, Cobb et a!. L992), increasing hydraulic stress (Statzner g 4.
1988, Peterson & Stevenson 1992), and modifying water quality (Scullion &
Sinton 1983). Regulation of rivers also eliminates seasonal discharge and can
remove critical life history cues for aquatic invertebrates (Power et al. 1988).

Suspended sediments primarily reduce. photosynthetic efficiency in phytobenthic
communities (Davies-Colley et al. 1992), and may also remove standing stock by
scouring (Alabaster & Lloyd L982, Duncan & Blinn 1989). Standing mass and
biodiversity of benthic macroinvertebrate communities are reduced by suspended
sediments through scouring, reductions in feeding efficiency, and interference
with gas exchange (Culp g! al. 1!86, Newcombe & MacDonald 1991, Quirur et al.
1992). Ross and Pieterse (1994) reported a significant relationship between
discharge and suspended sediment loads in the Vaal River, South Africa.

Steady thermal regimes in low order, heavily canopied streams commonly
reduces the biodiversity of aquatic insects (Vannote et al. l!)80). Likewise, the
lack of seasonally variable temperatures in the tailwaters of dams restricts the
biodiversity of macroinvertebrate communities because aquatic insects commonly



use thermal cues to initiate critical stages in their life history (Vannote &
Sweeney 1980, Ward and Stanford 1983). The biodiversity of railwater
periphyton cortmunities is also influenced by thermal regimes (Blinn et al. 1989)

METHODS

-S:.-plingrvas 
conducted at three transects 30 m apartin each habitat type

(Fig. _1). Peterson or Petit Ponar dredges were used in the fine sedimint pools
and Hess substrate samplers were utilized in tributaries and on cobble bari. Pool
habitats were sampled at five locations along three transects; thalweg, <28 m3 s-r,
lower-littoral (approximately 140 m3 m-l), mid-littoral; submerged or within the
zone of fluctuation (approximately 280 m3 s-l), and upper littoral (566 rrF s-r).
Six cobble and twelve pool samples were taken for abundance and biomass
determinations. Cobble bar collections were taken at the lowest water flow with
thr-9e paired samples in the lower and mid-littoral zones. Single samples were
collected in the varial zone (zone of fluctuation); at waters edge and ihe upper
littoral zone. Tributary collections were made with a modified Hess (0.&19 mz),
because of high aquatic insect densities. All samples were placed on ice and
processed within 24h. At the time of collection the following data were
r-ecorded: general habitat conditions, depth, current velocity, transect, relative
distance to shore, time of day, discharge estimated on-site, and verified from
U.S.G.S. gauging station dara.

January and June collections were preceded by low to medium volume discharge
regimes, while M"t !t and September were preceded by medium ro high volunie
discharge regimes. Interim flow (IF) criteria includes a minium flowLf 227 n$
s-r from 0700 to 1900 h and 142 m3 s-l at night with a maximum flow of 566 m3
5-r. [,ow flow months (<600,000 af releaseainaO a daily fluctuation limit of l4Z
m3 s-l and mean daily flow of < 286 m3 s-1. Moderate flow months (600,000 -
800,000 af released) hld_q.a4y fluctuation limit of 170 m3 s-l and mean daily
flow of 286-380 4 fl. Ilign flow months (>800,000 af released) had a d"ili
fluctuation limit of 227 m3 s-l and mean daily flow of >390 m3 s-i. Ramping
rates were the same for all discharge months; 7l m3 s-l up and 42 nr3 s-l aoin
(U.S.B.R.1994). Research flows (RD from June, 1990 tb Augusr 1991, ranged
from 142-930 m3 s-l with variable ramping rates and constant-flows (Panen -
1991).

The follo*ing water guality measurements were made with a Hydro-L-ab Scout
II@ at the time of each benthic sampling: water temperature ('i), specific
conduc_tance (mS), dissolved oxygen (mg L-r), pH and total suspend-ed solids
(ppt). Water transparency was measured with i Secchi disk. *at"r from a spate
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that occurred on 20 August, 1994, at approximately one km belorv Glen Canyon
Dam was analyzed on a Technicron Auto Analyzer for nitrate, nitrite, ammonia.
ortho-phosphate and total phosphorus (mg L-t).

Taxonomic samples were selectively collected in high density areas in each
habitat. Adult and pharate specimens were collected with sweep nets, white and
UV lights, spot samples, and rhienemann (water sudace) collections.

Sediment samples (ca. 500 g) were taken along a cross section of each site using a
Peterson and/or Petite Ponar dredge. These samples were oven-dried (60'C) to
constant weight and sieved for Vo particle size using the Wentworth scale: gravel,
very coarse sand, coarse sand, very fine sand, and silt.

Biotic samples were sorted into the following 11 categories: Cladophora
glomerata, cyanobacteria algal crust Asclllatoria spp.), miscellaneous algae,
detritu.s, chironomids, Gammarus lacustris, gastropods, lumbriculids and
tubificids (Oligochaeta), simuliids, and miscellaneous macroinvertebrates. Each
category was oven-dried at 60oC to constant mass. Ash-free dry mass (AFDM)
conversions were estimated from dry weight to AFDM regression equations
(Table 1). Tributary collections of macroinvertebrates were procesJed as
outlined above and sorted into the following taxonomic categories: Coleoptera,
Epfemeroptera, Heteroptera, Megaloptera, Odonata, Plecoplera, Trichoplera,
and miscellaneous macroinvertebrates.

We studied the ecology of the biting black-fly, Simulium arcticum. by assessing
population density and life stages at nine cobble starions; the l-ees Feny and Piria
cobble sites rarely lupport black-fly larvae and were therefore omitted. Thirty
cobbles were sampled for larvae and viable pupal cases. Cobble measurements
were taken for approximate volumetric calculations.

ouatiqv controt and D : Every tenth sample processed in the
laboratory was accessed for accuracy by a technician 

-(g 
= 150). All initial and

reduced data are subject to l00%o hard copy evaluation by technicians. Data sets

99 lagked-up in duplicate on disketts and for long-term storage on a Macintosh
3.5.1 Bernoulii Box @ on Iomega Shareware/Data@ sofnvare.

Statistical Anal],ses: Multivariate analyses of variance (I\4ANOVA) were used to
ana!V!! catgsorica-l predictor variables (AFDM estimates) and muliiple response
variables (physical parameters) for significant temporal and spatial irends.-
Pearsons correlation analyses with Bonfenoni probability adjirstment were used
1o analy_ze the relationships among biotic categories and between abiotic variables.
Seasonal calculations were basedbn pooled vilues for similar collection months.



Table l. Regression equations used to convert taxonomic categories from
dry mass (DM) to ash-free dry mass (AFDM).

Lumbriculids
AFDM= 0.73525(DM)-0.00123 E=2015.8 p<0.0001 R2=0.959 N= 89

Gammarus lacustris
AFDM= 0.69989(DM)'0.00053 L=216?1.8 p<0.0001 R2=0.999 N=300

Oligochaeta
AFDM= 0.762s1(DM)-0.00002 E=53800 p<0.0001 R2=0.992 N=l63

Simuliid -
AFDM= 0.59603(DM)+0.0001 1 E=2681.3 p<0.0001 R2=0.985 N=41

Chironomid
AFDM= 0.59603(DM)-0.00005 E=6781.9 p<0.0001 R2=0.967 N=230

Gastropods
AFDM= 0.23328(DM)+0.0001 5 E=4941.6 p<0.0001 R2=0.963 N=l91

Misc. Macroinvertebrates
AFDM= 0.60774(DM)+0.0004a E=2681.3 p<0.0001 R2=0.989 N=53

Gadoohora olomerata
AFDM= 0.35606(DM)+0.00048 E=8336.6 p<0.0001 R2=0.934 N=593

Detritus
AFDM= 0.45363(DM)+0.02130 E=2045.9 p<0.0001 R2=0.874 N=298

Oscillatoria spp.
AFDM= 0.14839(DM)-0.08257 E=366.6 p<0.0001 R2=0.514 N=348

Misc. Algae/Macrophytes
AFDM= 0.37312(DM)+0.00179 E=478.5 p<0.0001 R2=0.875 N=t09

7



All calculations were performed with SYSTAT computer software on ln+ I
transformed data (Version 5.1, Wilkinson 1989).

RESULTS AND DISCUSSION

WATER OUALITY VARI.ABLES

Water quality variables (temperature, specific conductance, dissolved oxygen
(DO), pH and Secchi depth) varied significantly by collection site, trip, and
season, (Table 2, Figs. 2-4).

Constant water temperatures in the Colorado River through Grand Canyon are a
function of the hypolimnetic release of water from l-ake Powell at Glen Canyon
Dam (GCD) and the incised channel creating a river with reduced surface area
and limited exposure to solar radiation. Water temperature increased with
distance downriver regardless of season, with seasonal variability increasing
downstream (Fig. 2A). Ires Feny (RKM 0.0) has the coldest and most constant
water temperature (9'C, SE 10.35), while Spring Canyon (RKM 327.2) is the
warmest (14.3oC, SE +1.3) and most variable (Fig. 2A). The annual average
river temperature of the Colorado River through GIen and Grand Canyons is
lloc (SE tO.l). Highest benthic species richness coincides with peak June water
temperatures in the lower Canyon. The thermal constancy of the water in the
Colorado River likely reduces species richness by eliminating developmental cues
(Vannote and Sweeney 1980).

Specific conductance remained relatively constant throughout most of the river
during our study period, but increased below the confluence of the Little
Colorado River (LCR, RKM 99) during low flows (Fig. 2B). Conductivity
averaged 0.89 mS (SE t0.02) at kes Ferry GKM 0.0), and increased to 0.99
mS, (SE t0.03) below LCR and remained in that range throughout the remainder
of the river. Dissolved ion concentrations at Granite Park (RKM 334) were only
0.75 mS (SE *0.01) during the January,1993 LCR flood (-950 nrg s-t) due to the
pulse of meteoric water.

Dissolved oxygen (DO) concentrations increased downstrearn" but decreased
slightly in the surrmer below National Canyon (RKM 166; Fig. 3A). Warer
released from GCD averaged 8.2 mg 1-t (SE +0.45) DO at Lees Ferr), and 9.3
mg L-l (SE t0.23) DO downstream at Diamond Creek (RKM 360). Downstream
increases in DO are likely related to aeration in rapids, and are probably
sufficiently near saturation to have miminal influence on the benthos.

Hydrogen-ion concentrations (pH) increased slightly downstream and varied
seasonally. Although some variability was noted, pH values increased slightly

8



Table 2. I\4ANOVA table of rvater quality parameters collected quarterly during
interim flows from the Colorado River through Grand Canyon from September
1992 through June L994. Predictor variables include collection site (Fig. 1), trip
(n = 8) and season (2 trips/season). Response variables include: water
temperature ("C), specific conductance (mS), pH, dissolved oxygen (mg L-t;,
and Secchi depth (m).

Source Wilks'lamMa Approximate df P Univariate
F Sradstic Significance

Site 0.02 51.9 r?6,7186 0.000 All
0.000

Trip 0.30 2Cg.4 5,% 0.000 All
0.000

6, 1238 0.000 All
0.000

Season 0.57 l54.4

9
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from an average of 7.7 (SE t0.05) at [.ees Feny to 8.1 (SE t0.5) at Diamond
Creek (Fig. 3B).

Secchi depth (water transparency) decreased downstream and changed seasonally.
Secchi depths were highest at Lees Feny (6.75 m, SE +0.25), decreased abruptly
ar RKM 50 (l .2m), and remained low throughout the Canyon (Fig.4). Despite
the LCR floods in 1993, water transparency was 3-fold greater during Interim
Flows (IF) than during GCES Research Flows (RF) (1990-1991).

SEDIMENT ANALYSES

Sediment composition was significantly altered within pool habitats during IF and
varied significantly by depth (Wilk's l-amMa F s,+oe = 4.4, p <0.001) and reach

width (Wilk's Lambda F s,+og = 5.2, g <0.001). Percent composition of very

coarse and coarse sand and very fine sand were positively related to depth, while
silt was negatively correlated with depth (p <0.04). Proportions of gravel and
very coarse sand increased in wide reaches, while very fine sand increased in
narrow reaches (p <0.001). Sediment composition did not vary significantly by
transect within a site, seasonally or by discharge. During RF, gravel and very
fine sand made up a higher percentage of the sediment than during IF; however,
proportions of silt increased during IF (FiS. 5).

RF flows created a pool habitat that supported the highest density of life near the
up-stream end of a pool/eddie complex where organic material and silt
accumulated (Blinn g! 4. L992). Under IF this area was builrup to produce sand
islands at low water stages (<280 p-3) and compacted the sediment to the point
that additional weight had to be added to the Petersen dredge for dependable
collecting (total weight { t g). This situation became so problematic during
collections at Spring Canyon that this site was moved one km downstream to a
larger pool that was still navigatable. The accumlation of sand has created a
productive backwater the entire length of our transects. Riffle habitats have also
accumulated sediment reducing the area of hard substrate available for
colonization and requiring transects to be moved up river into less impacted
areas.

DISTRIBIJTION OF AOUATIC BENTHOS

Ash-free dry mass (AFDM) of benthic communities in the Colorado River varied
significantly with dam-related, g@morphic, and temporal variables (Table 3).
Significant decreases in benthic plant and animal mass ogcuned below the Paria
River (RKM 1.O and the Little Colorado River LCR, (RKM 98.6) in a stairstep
manner as previously reported by Blinn et A!. 0992). Glen Canyon (26 km)
accounted for 69Vo of the algal and SOVo of the macroinvertebrate rnass collected

13
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Table 3. MANOVA table of abiotic predictor variables on response variables of
biotic categories collected from the Colorado River through Grand Canyon from
September, 1993 through June, 1994. Predictor variables include site, habitat,

collection trip, season, and collection stage (< 300 m3 s-l). Taxonomic categories

are Cladophora (C), Oscillatoria (O), miscellaneous algae/macrophytes (A),
detritus (D), chironomids (M), Gammarus (G), gastropods (S), simuliids (B),
lumbriculids (L), tubificids (T), and miscellaneous macroinvertebrates (l).
Predictor variables were analyzed as AFDM m-2ln+l transformed data. Only
significant univariate response variables are listed (p<0.01).

Source Wilks'l^amMa Approximate
F Sratistic

df Significant
Urut'anate

Site 
s

Habitat

Collection
Trip

Season

hne

Reach
Width

0.25

0.7 5

0.83

0.92

0.86

0.89

8.9

4?.4

3.4

3,2

6.4

15.0

I l, l4l3

77,8438

33,4157

33,4157

1 1, r4l3

0.000

0.000

0.000

0.000

0.000

23r,> 10000 0.000 C,O,A,D,M,
G,S,B,L,T,

C,O,D,M,
S,B,L,T,

C,O,A,D,M,
S,L,T

C,O,M,S,L,

C,O,A,D,M,
G,S,B,L,T,I,

C,A,M,
G,S,L,T,
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throughout the 360 km section of the river. Sites within Marble and Grand
Canyons contributed l8%o and 41Vo and L3Vo and 9Vo, respe*tively, of algal and
macroinvertebrate AFDM (Figs. 6 & 7). This implies that Glen Canyon
contributes TOVo of the total benthic standing mass in only 7Vo of the total distance
within the 360 km study arer'. Wide reaches are more productive than narrow,
but this geomorphic difference was less during RF than IF.

PRIIvIARY PRODUCERS

Cladophora slomerata AFDM was consistently higher in riffle habitats as
compared to pool habitats, corroborating results during RF. However, under IF
e. elomerata AFDM increased downstream in riffle habitats due to higher water
clarity (Fig. 8). A 27Vo increase in e. glomerata standing mass was detected in
riffles through Marble Canyon to Tanner cobble (2.5 g m-2 AFDM) as compared
to RF collections (0.9 g m-2 AFDM; Blinn et el. L992). Pearson correlation
analyses indicated that e. glomerata AFDM was positively related to Secchi depth
in pool and riffle habitats and negatively correlated to specific conductance in
riffles (Tables 4 & 5). Both of these relationships result in a punctuated decrease
in e. glomerata standing mass due to tributary input of sediment.

Pearson correlation analyses of primary and secondary producer biomass in pools
and riffles indicated Q. glomerata was positively conelated with all
macroinvertebrate groups in riffles (p<0.001; Table 6). In pool habitats
chironomids, Gammarus lacustris. gastropods, and tubificid biomass were
positively related to g. glomerata standing crop (p<0.001; Table 6). Shannon et
al. (1994) demonstrated that the epiphytic diatom assemblage on C. glomerata is
the prefened food of E lacustris and these correlations further support findings
for other grazing taxa in riffles. Other feeding guilds must also oCcur in greatest
abundance on C. glomerata" Cladophora glomerata does not colonize soft
substrates present in pools downstream from the Paria River, therefore the C.
glomerata in the pools is likely a result bf deposition or snagging of drifting C.
glomerata packets on roots or beaver cuttings.

System-wide cross-channel C,. glomerata distribution on cobbles increased in
mean biomass with depth;<?3 rn3 s-1, 5.7 gm-2AFDM; 140 m3 s-1, 2.5 gm-2
AFDM; 280 m3 s-1, 1.03 g m-2 AITDM. Cladophora glomerata was not collected
in the varial zone above the 300 m3 s-l stage, except in large rapids where
sporadic colonization was noted in the splash zone.

CladgPho,r? glomerata is the keystone alga in the Colorado River and provides
considerable autochthonous energy to the river. Data on g. glomeratacollected
over the past four years have shown wide variability in biomass, but a general
increase in AFDM during IF (Fig. 9). September collections of 9. glomerata are

T6
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Table 4. Pearson correlation matrix with Bonferroni probability adjustments
letweel pllmary_and secondary producers and abiotic iactors from pools in the
Colorado River through Gland Canyon from September, 1992 through June,l.?!. Abiotic Parameters include: specific conductance (C), dissolvel oxygen
(DO), temperature (T), pH (PH), Secchi depth (SD), and depth (D). No
correlations were detected between food base components and velocity, transect
and pH. Analyses were completed on AFDM m-2ln+l transformed data.
Only significant conelations were reported, and both positive (+) and negative (-)
responses are indicated.

DC

Abiotic Factors

DOT SDPrimary &
Secondary
Producers

Cladoph'ora

Oscillatoria

Misc. Algae
Macrophyes

Detrinrs

Chironomids

Gammarus

Gastropods

Simuliids

Lumbriculids

Tubificids

<0.01 (-)

0.04 (-)

<0.0001 (+)

<0.0001 (+)

<0.0001 (+)

<0.0001 (+)

<0.0001 (+)

d.0001 (+)

<0.01 (+)

0.009 (-)
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Table 5. Pearson correlation matrix with Bonfenoni probability adjustments
between primary and secondary producers and abiotic factors in riffles in the
Colorado River through Grand Canyon from September, 1992 through June,
L994. Abiotic parameters include: specific conductance (C), dissolved oxygen
(DO), temperature (T), pH (PH), Secchi depth (SD), and depth (D). No
correlations were detected between food base components and transect and no
abiotic correlation was detected with miscell aneous al gae/macrophytes, simuliids,
tubificids, and miscellaneous macroinvertebrates. Analyses were completed on
AFDM m-2ln+l transformed biotic data. Only significant correlations were
reported, and both positive (+) and negative (-) responses are indicated.

DO DT

.A.biotic Factors

PH SDPrimara &
Secondary
Producers

Cladopbora 0.0G1 (-)

Oscillatoria

Derins

Chironomids <0.0001 (+)

0.009 (+)

0.0-1 (-) 0.003 (-)

<0.0001 (+)

<0.0001 (+)

<0.0001 (+)

<0.0001 (+)

0.002 (+)

0.002 (+)

0.O1 (+)

Gammanrs

CrasUopods

Lumbricrrlids
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Table 6. Pearson correlation matrix with Bonfenoni probability adjustmenrs for
qrimalY_and second{Y producers from riffles in the iolorado niu"i rtnoult
Grand Canyon from Irpt".b.r, 1992 through June, r994. Analyses were
completed on AFDM m-2ln+l transformed data. Only significant response
variables are reported and all were positively correlated. -

Primary Producers

Cladophona Oscillaroria Miscellaneous
Algae/Macrophytes

DetritusSecondary
Producers

Gammarus

Chironomids

Gastropods

Simuliids

Lumbriculids

Tubificids

Miscellaneous
Macroinvertebnates

<0.0001

<0.0001

0.006

0.004

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001
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Figure 9. System-wide Cla4ophora glomerata ash-free dry mass (AFDM)
collected with a Hess from riffle habitats in the Colorado River
through Grand Canyon National Park. Biomass was averaged
from 11 stations for each collection trip. Error bars represent t I
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reduced in the lower €ly9l following the peak releases during July and August.
Cladophora glomerata AFDM in GIen and Marble Canyons remain consisten-t
suggesting that river regulation increased suspended sediments from bed load
accumulation in.thg lo-1veq canyon. September collections were made following
dry summer periods eliminating the impact of tributary input. Furure
monitoring should continue in order to evaluate the role of dam management and
climatic conditions on this keystone alga.

During IF, Oscillatoria AFDM increased downstream and remained consistentlv
higher in riffle habitats, but Oscillatoria AFDM increased in pool habitats 

J

(especially Nar*oweap eddie) as compared to RF (Fig. l0). Colonization of sofr
sediment by Lscillatoria occuned along the littoral zone in recently formed
backwater habitats at Nankoweap (see sediment analyses section). irearson
correlations for measured abiotic and biotic categories indicated that Oscillatoria
biomass was positively correlated with Secchi depth in pools and *ith-
tempepture and water velocity in riffles (Tables 4 & 5). Oscillatoria in
Nankoweap pool is novel because this cyanobacterian is typicatty associated with
turbid water on cobbles. Warm water tempemtures may-benefii Oscillatoria
gr.owth in the river, while other algal taxa are found in ihe 

"onsistently 
cold

tailwaters.

Macroinvertebrates are not generally associated with Oscillatoria in riffles;
however, tubificids are positively correlated *ith OscillatoE an-d chironomids
Te l:gatively correlated with this alga in pool environments lTables 6 & 7).
Oscillatoria is not a conrmon substratum for macroinvertebrates because it is very
ggmPact and has little surface area for colonization and largely lacks epiphytic
diatoms. The high tubificid/osc:illa!9lie relationship at Naiko*""p was a
sampling artifact, as both reach their highest biomais ar rhis site 1Figs. l0 & 16).

System-wide cross-channel distributiou of Oscillatoria AFDM on cobbles was
negatively conelalgd with stage: mean @M at <29 m3 s-l = 0.1 g
m-2 AFDM; at l4o ng s-l = 0.8 g m-2 AFDM; and at?ffi nr3 s-l - 2.1 grrr2 

v

4mM. Ogcillatoria was collected in the varial zone above the 300 nF slr shge,
deqgnslSting a gr_eater tolerance to desiccation than Q. elomerata. We turp"-"t'
motile filaments of Oscillatori? retreat into the nne sanAlsittlmucitage matrix and
retain water during atmospheric exposure.

Detrital AFDM remaiaed highly variable between riffle and pool habitats
throughout the river.(Fig. 1!). The accumulation of detrituiat L,ees Ferry is the
result of beaver cuttings, which began before RF collections. Conelation
analyses between detritus and measured abiotic variables indicated that depth was
positively related to detrial mass in both pools and riffles, while water netocity
showed a positive conelation to detrital mass in riffles (Tables 4 & S). Detritat
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Figure 10. Average ash-free dry mass (AFDM) for Qsqillatgri4.sPp. in
pools and riffles at collection sites in the Colorado River between
I-ees Ferry GKM 0) and Diamond creek (RKM 362). Seasonal
collections were taken between September L992 and June L994.
Error bars represent tl S.E.
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Table 7. Pearson correlation matrix with Bonferroni probability adjustments for
qrimary_ and secondary producers from pools in the Colorado River through
Grand Canyon from September,1992 through June, 1994. Analyses were
completed on AFDM m-2 ln+l transformed data. Only significant response
variables are reported, both positive (+) and negatively (-) correlated.

Primary Producers

Cladophora Oscillatoria Miscellaneous Detritus
Seco_ndary AlgaeMacrophytes
Producers

Chironomids <0.0001(+) <0.0001 (-) <0.0001 (+) <0.0001 (+)

ry <0.0001(+)

Gastropods <0.0001 (+)

Simuliids

Lumbriculids

<0.0001 (+) <0.000 1 (+)

<0.0001 (+) <0.000 I (+)

<0.0001(+)

Tubificids <0.0001(+) <0.0001 (+) <0.0001 (+) <0.0001 (+)

Miscellaneous
Macroinvertebratcs
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material accumulates in deeper areas of pools away from the shore and
accumulated sediment. System-wide cross-channel distribution of detritus in
P99!t showed a negative correlation between AFDM and stage; mean detrital
AFDM at<28 rn3 s-l =24.1 g m-2AFDM; atla$ m3 s-l = lD.Q g m-2 AFDM;
and at 280 m3 s-l = 8.8 gm-2 AFDM.

Chironomids, G. lagustris. gastropods, and tubificids are itl positively associated
with detritus in pools, and G. Iacustris. tubificids, and miscellaneous
macroinvertebratesarealso-po@associatedwithdetritusinriffles(Tables6
&7). These macoinvertebrates may directly consume detritus, but more likely
graze on bacteria, fungi, and epiphyton associated with the detrital marter.

Standing Tasl and_diversity of miscellaneous algae and macrophytes (MAM)
in_creased during IF (Table 8; Fig. l2). potamogeton, Chara, Elodea and
tvtimutus increased particularly in pool habitats at Lees F"t l' and in Lower
Marble Canyon. Bryophyte Ggggnalis spp.) AFDM increased in riffle habitats
from Nankoweap (RKM 83) to Tanner (RKI,I 110). Pearson correlation analyses
indicated that mi_scellaneous alga and macrophyte AFDM were positively
conelated with Secchi depth (Table 4). This may help explain why theie two
groups were most prevalent in Glen and Marble Canyons when water was clear as
compared to downstream reaches where tributary input increases water turbidity
(Figs. 2 & 4).

Pearson correlation analyses also showed a positive correlation between IvIAM
and chironomids, G.lacusgis, gastropods, and tubificids in pools and for
simuliids in riffles. The relationship-in pools likely resulrs irom plants crearing a
favorable lefuge from predation and cunent. We examined Potamogeton smndt
at the Nankoweap site for epiphyton and macroinvertebrates. Six 0^02 m,
samples were collected. The ash-free dry mass of epiphyton per dry mass of
Plant host was 2-fold lower on Potamoqeion foliage itrin-ttrat associited with the
t-rietrlrbranchedfilamentsors@-b"low"thePariaRiverconfluence.
Only_one G. lacustris was found in the Potamoeeton samples. These data suggest
that Pota{nogeJon is a poor substratum for epiffis and macroinvertebratej-
compared to C. glomeratii. and therefore playi alesser role in the food chain for
native and exotic fish in the Colorado river. 

-gbA1a 
has been shown ro support a

high abundance of epiphytic giatoms 
"na 

mafr[i"in rhe positive relationihip of
some macroinvertebrates with the category of miscellaneous primary produiers.
\ttacrophytes have colonized a newly createO niche (fine sediments on ihe channel
!oor), and should be monitored to see if they encroach upon nearby established
C. glomerata beds.

System-wide cross-channel distribution of IvIAM in pools showed a positive
correlation between AFDM and stage; mean IvIAM Arou at <?g m3 s-l -

?a



Table 8. Miscellaneous primary and
riffles in the Colorado River through
September, 199z through June, 1994.
and season indicate highest densities.

secondary producers collected in pools and
Grand Canyon during interim flows from
Bold notiations for site numbers (Fig. I )

PRIMARY
PRODUCER STTE SEASON

SECONDARY

PRODUCER SITE SEASON

Batrachospermum spp. 1 ,2,3 ,4,6,9

1

1

1 ,?,4

2,9, I 0

1 , 5,6.,7,9,
10

1 ,?,3 ,4, 5,
6,9,1 0

1

3

1 ,3 ,4,5,6

1

1 ,?,4,8

1

1

all

all

all

all

afl

summer

summer

sprin g
summer

all

all

all

all

spring
summer

all

all

Belostomatidae

calanoid copepod

Coleoptera

Corixdae

Diptera

Ephemeroptera

Hvdra

Hydropsychidae

Ge rridae

Naucoridae

nematode

Ostracod

pf an aria

Plecoptera

Tipulidae

Trichoptera

6,7 summer

alf

summer

summer

summer

all

all

all

summer

summer

Chaetoohora spp.

Ch a ra spp.

Draparnaldia spp.

Elodea 
-sDD.

Equisetum spp.

Enteromomha
intestin alis

Fontinalis spp.

Microsoora sp.

Mimulus sp.

Potamooeton
pectinatus

Rhizoclonium spp.

Rhodochorton sp.

Soiroovra spp.

Ulothrix zonata

1

?,3,9, 1 0

6,7,8

1,?,3,6,7,9

5,7,1 0

1,3

1,6r7,8

6,7 ,8

6,7 ,8

2,3 f all

1,?,3 falf
wint er

1 ,2,3,4,5;7 all

7 wint er

5,7 fall

3 ,4,5, g, g a ll
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Figure 12. Average ash-free dry mass (AFDM) for miscellaneous algae and
macrophytes in pools and riffles at collection sites in the Colorado
River between Ires Ferry (RKM 0) and Diamond Creek
(RKlvI 362). Seasonal collections were taken between September
1992 and June 1994. Enor bars represent al S.E.
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0. 1l g m-2 AFDM; at 140 m3 s-l = 0. 1l
m1-2AFDM. OnIy the moss, Fontinalis,
300 63 s- I stage on cobbles, and in the

g p-2 AFDM; and at 280 p3 s-l = 0.27 g
was collected in the varial zone above the

splash zone of large rapids.

A green tubular/filamentous alga, Enteromorpha intestinalis, was also found
below Middle Granite Gorge on hard substrata in the splash zones and was
examined for epiphytes in the same manner as Potamogeton. This green alga
supported a similarly low epiphyte standing crop and no macroinvertebrates.

SECONDARY PRODUCERS

Chironomid AFDM was consistently higher in riffle habitats compared to pool
habitats during IF in accord with RF results. However, chironomid AFDM
increased downstream in riffle habitats due to increased Q. elomerata cover, and
in lower Canyon pool habitats in response to increased deposition of fine
sedimqnts (Fig. 13). Increases in chironomids in these diverse habitats likely
resulted from different chironomid assemblages with different feeding strategies.

Pearson correlation analyses of chironomid biomass and measured abiotic
variables illustrated the positive association of midge larvae with increasing
Secchi depth in pools and riffles. Dissolved oxygen (DO) concentrations were
also positively associated with midge biomass in riffles. These data support the
increased densities of chironomid larvae through Glen and Marble Canyons and
are related to low suspended sediment levels and elevated DO concentrations at
downriver collection sites.

System-wide cross-channel distribution of chironomids on cobbles showed a
negative correlation between standing mass and stage; mean chironomid AFDM at
<28 m3 s-l = 0.12 g m-2 AFDM; at 14O m3 s-l = 0.M g m-2 AFDM; and at 280
m3 s-l =O.02 m-2AFDM. Midges were not collected in the varial zone above the
300 m3 s-l stage.

Simuliid AFDM increased through Marble Canyon to Tanner in riffle habitats,
and in pool habitats in lower Grand Canyon, however a decrease in blacldly
biomass was observeiC in riffles within the lower Grand Canyon as compared to
RF (Fig. la). The increased colonization of simuliids in Marble Canyon may be
a result of IF allowing the export of particulate and dissolved organic matter
from the Glen Canyon tailwaters to be processed and consumed by these filter
feeders. Warm river temperatures in the lower canyon may also contribute to up-
river and pool habiat shifts in sanding biomass of this Nearctic blacHly.
Simuliids are rare in GIen Canyon, probably due to the extensive C. glomerata
cover of substratum which reduces area for settling by larvae.

3l
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Figure 13. Average ash-free dry mass (AFDM) for chironomids in pools
and riffles at collection sites in the Colorado River betwein Lees
Ferry GKM 0) and Diamond creek (RKM 362). seasonar
collections were taken between September L992and June 1994.
Error bars represent tl S.E.
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Riffle habitats were examined for patterns in simuliid life history from January,
1993 through March, 1994. These observations showed a signifitant seasonal
pattern throughout the study site (IvIANovA, wilks lambda; E z.rozs= 13.6, p
<0.0001). l-arvae metamorphosed to the pupa stage during rhe winter followed
by adult flightl in t!: :pring. We have observed flights ofadult blackflies during
April since 1990. Highest densities for simuliid larvae were recorded on cobble
bars at Tanner (925larvae m-2), with an average of 7 larvae m-2 throughout the
study site.^ _tp"t densities at Tanner were estimated at 110 pupae m-z a-nd an
average of 3.3 puPae m'2 throughout the study area. Simuliidlaruae have the
ability to quickly colonize disturbed habitats and therefore are primary colonizers
after sPates. System-wide cross-channel distribution of simuliidi on cobbles
showed highest mean standing mass (0.116 g m-2) anhe 14O m3 s-l srage and
r9d_uced standing masses at lower (0.004 g AFDM m-2 ar <?3m3 s-l) ind higher
(0.012 g m-2 AFDM at 280 m3 s-t) stages- Blacldlies were not collecred in th-e
varial zone above the 300 m3 s-l stage.

Standing stoclqof Gammaqs lacustris AFDM followed a similar partern as that
observed for C. @rata AFDM; i.e., an overall increase in comparison to RF
9"r?.({S. l5). Re-production was also observed throughout the study site with
fertile females collected during January and March oflggg. There was a
$ecreasg in 8. la,custris standing crop ar Lees Ferr)'during lgg4. This reduction
in staading_cr-op qray havg resulted from high infeition raies by a parasitic
acanth_ocephalan during this period. Frequency of occurrence for ihis infection
was X)Vo in late winter during 1993 and dropped to <l Vo inJune Ig4. Recent
9gI-feclions of G. lag_tlslrig at [,ees Ferr]'and-Paria Cobbles during the Fall of
1994 indicated a lSVo infection rate.

Pearson correlation analyses demonstrated a negative relationship between G.
leqqstris and dissolvTloxygen!n_pool habitats, and with warer t"-p"t"ture and
pH in riffle habitats (Tables 4 & 5). All three factors increased witli distance
downriver and may contribute, along with reduced C. glomerata AFDM, to the
decline in standing slock of G- lacusiris in the lo*er reaches of the canyon.
System-wide cross-channel distribution of G. lacustris on cobbles showed a
negative correlation between standing mass-anGge; mean amphipod biomass at
<28 rn3 s-l = o.22. g mz AFDM; at [e m3 s-l = o. tg g m-2 erbrur; at 2g0 m3
s-l = 0,03 g m-2 AFDM. Gammarus lacustris were noi collected in the varial
zone above the 300 nF s-l stage.

Tubificid AFDM_i991"ry"9 in pools, bur decreased in riffles during IF in
comparison to RF (Fig. 16). Tubificid standing stock at the Nank&veap pool
habiat increased an order of magnitude during m. A ffiVo reduction in tubificid
biomass was recorded in riffles from kes Ferry to Tanner during IF.

34



EA
IIIr

F|
l-

F
IT

€9

.g
s
3g
;I

3
H
FI
EI
.!

L4 ert?s.€etu?se
ctt€i:eu;GEra€g\c(a\gN

-NN(f)

0.2

0.1

KILOMETER

Figure 15. Average ash-free dry mass (AFDM) for Gammarus lacustris in
pools and riffles at collection sites in the Colorado River benveen
Lees Ferry RKM 0) and Diamond Creek (RKM 362). Seasonal
collections wer€ taken between September 1992 and June L994.
Error bars reprcsent tl S.E.
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Figurc 16. Averlgg ash-free dry mass (AFDM) for tubificids in pools
and riffles at collection sites in the Colorado River beiween lres
Ferry GKM 0) and Diamond Creek (RKM 362). Seasonal
collections were taken between September 1992 and June 1994.
Error bars represent +l S.E.
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Pearson correlation of tubificid biomass and measured abiotic factors indicated
that tubificid AFDM was negatively correlated with water temperature in pools
(Table 4). This negative response to elevated water temperature by tubificids
may be a contributing factor to their absence in pools, and their low densities in
riffles below Tanner (Fig. 16). System-wide cross-channel distribution of
tubificids in pools showed a positive conelation between standing mass and stage;
mean tubificid biomass at<?3 nr3 s-l =O.17 gm-2 AFDM; at lN m3 s-l - 0.82 g
m-2 AFDM; and at280 m3 s-l = 1.24 g m-2 AFDM. Tubificids were collected in
the varial zone above the 300 m3 s-l stage with a system mean density of 22
animals m2 at the waters edge of pools and 3 animals m-2 at the 560 m3 s-l stage.
In contrast, tubificids averaged 2,168 animals m-2 in pool habitats below 300 m3
s-l stage. During RF we collected only 11 tubificids from 900 samples within the
varial zone.

During IF lumbriculid A[:DM decreased in pools by 77Vo and in riffles by 40Vo
in comparison with the RF period (Fig. l7). Pearson correlation analyses of
lumbriculid biomass and measured abiotic parameters revealed a positive
correlation between Secchi depth and earthworrn standing crop in both pools and
riffles (Tables 4 & 5). The relationship between clear water and earthwonn
AFDM may contribute to their presence in low turbidity reaches of l-ees Ferry
and Marble Canyon. System-wide cross-channel distribution of lumbriculid
AFDM in riffles showed a negative conelation to stage; mean lumbriculid AFDM
at < 28 m3 s-l = 0.08 g m-2 AFDM; at lN m3 s-l = 0.06 g m-2 AFDM; and at
280 rn3 s-l = 0.01 g m-2 AFDM. Lumbriculids were collected in the varial zone
above the 300 nF s-l stage with a system wide mean density in riffles of 2.5
animals m-2 at waters edge and 0.6 animals m-2at the 560 m3 s-l stage. This
varial zone colonization compares to a system mean density of 16.5 lumbriculids
m-2 below the 300 m3 s-l stage in riffle habitats. During RF we collected only 17
earthwonns from 900 samples within the varial zone.

Gastropod AFDM remained higher in pools than riffles; however, each AFDM
value increased over RF levels in lower Marble Canyon riffles (Fig. l8).
Pearson correlation analyses of gastropod biomass and measured abiotic factors
revealed a positive relationship between Secchi depth and gastropod AFDM in
pools and riffles (Tables 4 & 5). Snail affinity for water with low turbidity may
explain the high concentrations of snails at Lees Ferr)' and Nankoweap. System-
wide cross-channel distribution of gastropods in pools showed a decrease in mean
AFDM with decreasing stage, i.€., 0.02 g m-2 AFDM at <28 m3 s-1, 0.03 g m-2
AFDM at L4 m3 s-l and 0.04 g trr2 AFDM at?ffi rn3 sl. Snails were collected
in the varial zone above the 300 m3 s-l stage at a system-wide mean density of 1.2
animals m-2 at waters edge in pool habitats and 0.3 animals m-2at the 560 m3 s-l
stage. This varial zone colonization compares to a system mean density of 141
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Figure 17. Average ash-free dry mass (AFDM) for lumbriculids in pools
and riffles at collection sites in the Colorado River between Ires
Ferry (RKM 0) and Diamond creek (RKM 362). seasonal
collections were taken between September 1992 and June lgg4.
Error bars represent +l S.E.
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gastroPods m-2 below the 300 m3 s-l stage in pool habitars. No snails were
collected in the varial zone during RF.

Miscellaneous macroinvertebrate AFDM increased above RF values and was
greater in pool than in riffle habitats (Fig. 19). AFDM of this biotic caregory
decreased downstream in pool habitats, but was higher from RKM 83 to RKM
110 in riffle habitats (Fig. 19). System-wide cross-channel distribution of
miscellaneous macroinvertebrate in pools showed a peak in mean AFDM in the

!h_"1*"9 samples; <28 m3 s-1,0.33 g m-2AFDM; 140 m3 s-1,0.006 gm-z AFDM;
280 m3 s-1, 0.0O9 g m-2 AFDM. Miscellaneous macroinvertebrates were
collected in the varial zone above the 300 m3 s-l stage with a system-wide mean
density i.n pools of 0.7 m-2 at waters edge and 0.4 m-2 at the 560 m3 s-l srage.
This varial zone colonization compares to a system mean density of 34
miscellaneous macroinvertebrates m-2 below the 300 m3 s-l stage in pool habitats.
During RF, miscellaneous macroinvertebrate were collected from 90b samples in
the varial zone.

Macroinvertebrate species richness increased during IF in concert with reduced

loy variability (Table 8). Taxa including aquatic heteroptera (Gerridae,
Belostomatidae, Corixidae, and Naucoridae) were found in association with
emergent vegetation in the lower reaches of the canyon. Although
macroinvenebrate_spgries richness was low in Septernber, 1993, the appearance
ofasmallcaddisfly(Trichoptera)inthefamilyHydroptilidae@hia),is
noteworthy. These caddisflies are free-living during their firsr four instars3ut
build a Purse-case (-5 Tql) composed of finJsand, silk and filamenrous algae
during_the fifth and final instar (Wiggins 1977). Ochrotrichia utilized diaioms
9|^to"fs and algae and occuned in filaments of e. glomerata at densities up to
200 animals m-i. Ochrotrichia appeared in MarilleGy-*--d maintained
similar densities tnt-ugffiFh" iorriaor. This taxon is'commonly found in
erosional and depositional lotic habitats in North America (Merriti & Cummins
1e&+).

Cglnarison of benthic biota AFDM collected under RF and IF at discharge srages
d50 rn3 s-l for pool and riffle habitats by each site demonstrated that ovfrall
biomass in riffles decreased and biomass in pools increased under IF (p <0.01,
Jable 9, Figs 6 &7). Benthic biota varied by category and by site. H-owever,
due to a consistent baseflow of I42 m3 s-l under IF a new channel zone was
colonized by primary and secondary producers up to the 280 nr3 s-l stage. IF
!lo* glanges have contributed an average of lTVi to the total benthic biomass at
lres Ferry, 38Vo through Marble Canydn and 34Vo in Grand Canyon sites in this
newly colonized zone Clable l0). The downriver increases are piobably due to a
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Table 9. Comparison of primary and secondary producer AFDM (number on
left side of slash - primary producer AFDM and number on right side of slash =
secondary producer AFDM) between bimonthly research flow (RD collections
(January l99l- November, 1991; g = 6) and quarterly interim flow (IF)
collections (September, 1992 - June 1994; n = 8) from both riffle and pool
habitats at each collection site. These analyses compare discharge zonei <170 m3
s-l only because of the lack of varial zone colonization under reiearch flows.
9nty significant univariate tests (p < 0.01) are reported from MANOVA analyses
by site . Mean AFDM for each component are reported by site and habitat
(RFg/lFg).

RIFFLE

PRIMARY AND
SECONDARY
PRODUCERS I .O 3. I

Osc illatoria

Detritus 5.3t0.7

S ITE

Chironomids

Simuliids

Gammarus l.7lO.2

Gastropods 0. t/0.06

0.7t0.2

50.9

1.9/03

0.01/0.001

83.2

l.6i 0.3

0.003/0. I

98.7

0.0007/0.003

109.6

0.o1i0.009

POOL

PRIMARY AND
SECONDARY
PRO D UCE RS

Detrinrs

Tubificids

50.4

0.003/3.9

0.313.43

S ITE

84.9

1.716.2

0.0004/0.G4

98.4

0.4t t.4
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Table 10. Average AFDM of benthic primary and secondary producers at Lees
Ferry, Marble Canyon and Grand Canyon between 280 m3 s-l and 180 m3s-l
stages collected seasonally during interim flows from September, 1992 through
June, L994. No collections were made from this zone during research florvs:
bimonthly from January through November, 1991. High standard error values
indicate the variablility within this zone particularly at Lees Ferry because
occasional of atmospheric exposure.

Site Habitat Primary
Producer
g AFDM vvv}
(tlse) Vo

Secondary
Producer
sAFDM vv1-2

(t l se) Vo

Lees Ferry 
lffl,
Riffle
(n =2)

Marble Pool
Canyon (q=25)

Riffle
(s =30)

Grand Pool
Canyon (U=32)

Riffle
(n =80)

5.8 g
(4.2) 27Vo

51
J. 

-,

(0.3) ?27o

4.3 g
(0.9) 567o

2.0
(0.2) 487o

5.8 g
(4.2) 477o

r.37
(0.2) 38Vc

0.3 g
(0.2 ) O.lVc

0.4
(0.3) I87o

1.3 g
(0.5 ) 387o

0. 13
(0. l2) IOTo

0.3 g
(0.2 ) 37o

0.08
(0.07) 46Vo

!
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larger wetted perimeter from a reduction in the size of the hydrostatic rvave due
to daily fluctuations and a reduced compensation depth as a result of an increase
in suspended sediments (Fig- 4). This varial zone is occasionally exposed ro rhe
atmosphere, therefore benthic variability is increased as depicted by the high
standard error values in Table 10.

Multivariate analyses of water chemistry values showed an overall significant
difference in each parameter (water temperature, pH, specific condu&ance,
dissolved oxygen and Secchi depth) between May 1991 under RF and June 1993
under IF (Wilks' I-amMa E s,rze = L02, p <0.0001). Water temperature was
slightly warmer in June Iw3 as compared to May 1991 (Fig. 20), reflecring
reduced flow velocity under IF.

Cl?d,oplgr? glgmerata AFDM in riffle habitats was influenced by LCR flooding
and by high midsummer flows in 1993 (Fig. 2l). During the winter of 1993,
abnormally high precipitation resulted in flooding throughour the Colorado River
drainage with discharges from the LCR reaching 425 m3 s-r. peak flows
occurred in January and February and reduced the duration of the January and
March collection trips. Effects of flooding were immediately evident in March
with an increased accumulation of sand throughout the sampiing stations. The
June float trip revealed a significant increase in e. glomeraia e-rpu in
cobble/riffle habitats below Nankoweap, as compared to the May l99l collections
(Wilks'LamMa E ro,rzs =2.L3,g.= 0.024). poot traUitar AFDM (nor graphed)
increased significantly at all stations below the Paria River (Wilks' I-am6a
E to.gsz = 2.15, P, = 0.003), primarily from the accumulation of detritus and
decomposers. The Paria River was also in spate during late winter 1993, which
T3f [avg contributed to increased AFDM through tvtarUte Canyon (RKM 0.0-
99). Pool habitats showed an increase in AFDM primarily from the accumulation
of detritus and decomposers. Cladophora glomerata efOU increased after the
LcR floods at Tanner cobble (RKM rto) to tzs g AFDM 6-z (Fig. 2l). This is
the first station below the confluence of the LCR anA may reflect inireased
nutrient loads due to floods.

Dam-regulation and drier than normal Springs during Lgg3 and 1994. rnay have
contributed to the relatively high AFDIv[of aquatic denthos in the mainstem.
From March through June 1993, discharge wis less than normal for this period,
with flows ranging from L7O396 m3 s- I ind a mean flow of approx imatity ZUi
m3 s-1. These Iow flows resulted in elevated water temperarui6 aownrivei. For
example, water temperature was lz.S'C at Tanner (RKI\rI l l0) and l7.S C at
Diamond Creek (RKM 362). These temperatures are similar io those of May
1991, which included two 14O m3 s-l steady flow periods. Consistently elevated
water temPeratures coupled with clear water and a possible flood-inducea
nutrient pulse may have improved algal growth.

I
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Figure 20. Water temperature at collection sites between Ires Ferry (RKM 0)
and Diamond Creek (RKM 362) during float trips on May
1991 and June 1993. Note the higher temperatures for June
1993.
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The September, 1993 collection trip was completed under turbid conditions after

luiy ana August IF maxima (340-566 m3 s-l). Overall biomass estimates

decreased bf about 4}vo from June collections. The AFDM values for September

were similai to those collected during previous fall seasons (Blinn 9! al. 1992)-

Species richness of primary and secondary groducers was also reduced in

"5.f-iron 
to June iggg; Lo*ever, monitoring data indicated that lorv releases

from GCD after a spate event may enhance production. We prydict a Spring 
.

i;;t*rt in production with subs{uent reduction in AFDM influenced by hi-gher

summer release patterns if the habitat building flood from GCD, PPPg-se-d-for the

rpffi "f 1995, &f".rc the benthos in a similar manner as did the 1993 LCR

floods.

I\4ANOVA of benthic AFDM from 11 tributaries sampled in June of 1993 and

Lgg4indicated a significant difference between collection years and sites (Figs. 22

&?3;Wilks'Lambia = 0'8; E to,lzo =2'9'P= 0'01; Wilks'l'amMa - 0'8;

E ro,rzo =2.3,9 = 0.01, respectively). Only detritus (p <0'01) and MAM

ip <0.01) were significantly different by collection, year in_a univarite context.

ii*uariaie analysii of taxonomic categories showed that only the miscellaneous

macroinvertebrites varied significant[y between sites (p = 0.03). -Further

"n"iyr"r 
of miscellaneous mlcroinveriebrate density at the-ordinal level for both

"oifJ"tion 
trips revealed a significant overall difference (Wilks' lambda < 0.01;

E r,rzg = S.g, p = 0.01). Uni-variate analysis determined that the site variability is

limitedtoodonata(P<0.001),HeteroPtera(P=0:02),Jvlegoloptera(g<0.01)
and unidentified madroinvertebrates (9<0.001), while Coleoptera, Plecoptera,_-

Ephemeroptera, and Trichoptera abundance remained constant between sites (Fig.

?s).

Dissolved oxygen, water temperature and pH were all signifi"Tqy different in

tributaries from ttre mainstem between collection trips (p < 0.001), while only

DO and water tempemture were different between tributaries (B < 0.05). Water

ueio"ity and depthbf collections did not vary significantly- between collection

trips oi tributaries indicating consistent samPling protocol.

Tributaries were sampled during June, 199i3, and had not yeJ recovered from
*int"t spates. The only excePtion was Sp-ring CTfoI' *E:! T"n3ltd high

benthic efpU. This iame pittenr was obseived in June, L994. Tributaries

developed cemented bonomi from traveqing deposition. Interstitial sPace: in the

substrate were reduced due to filling by CaCQ. ttris phenomenon was observed

while sampling the hyporheic zone of tributaries (Blinn 9! d.r L_ryz) where an

imp"ruiooi Uf"t of trivertine waF found below a thin layer (<30 cm) of sand,
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gravel and cobbles. The debris coating was probably deposited from lower
magnitude spates. Spawning gravels required by trout for successful
reproduction have also been cemented in Nankoweap Creek

Water analyses of a spate entering the Colorado River I km below Glen Canyon
Danr, draining the northwest section of Page, AZ., revealed unnaturally high
levels of nitrate (0.9 mg L-l), amrnonia (0.87 mg L-t) and ortho-phosphate
(>1.36 mg L-t). Ambient concentrations in rivers are typically 0.1 mg L-l NOs,
0.015 mg L-l NHg, and 0.025 mg L-l P-PO+(Meybeck & Helmer 1989). These
preliminary data suggest the city of Page may be contributing nutrients to the
tailwater reach. Further investigations are wuuranted to determine if sewage,
heavy metals and pathogens are also canied into the Colorado River from Page
during storms.

Collection stations were surveyed by the GCES staff for implementation into the
Global'Information System (GIS) program on September, 1993. These data were
collected with GCES survey equipment: i.e., Leitz Set 4 Total Station, Global
Hydrographic Superhydrolab Bathymetric Survey System and Sokkia V4.0
rnapping software. Representative wide and narrow reaches are illustrated in
Appendix Figures l-17. We have provided data on benthos, drift and water
chemistry to the GCES staff for inclusion into the LCR and Tanner GIS data
base.

SUMMARY

Benthic primary and secondary producer standing mass was assessed seasonally
from September t992 through June 1994 betweeen l-ees Ferry and Diamond
Creek. Interim Flows and seasonal and climatic variation altered benthic
community structure. In general algal and macroinvertebrate AFDM and species
richness increased through time in downstream reaches. We anribute these
changes to reduced daily discharge fluctuation and ramping rates, and
exceptionally clear water flows. Aquatic habitats have also been altered during
this period by both the operation of GCD and variability in tributary inflow.

Pool and riffle habiats have accumulated fine sediments reducing the area of
hard substrates for colonization. Pool habitats have also accumulated fine
sediments that have created a productive linoral zone along the length of the
pgoJ/eddie complexes sampled and decreased the total volume of water circulating
within pools. This has reduced the accumulation of detritus during low flow
months. Macrophyte biomass has also increased in depositional zueas within Glen
and Marble Canyons. Bryophyte biomass increased in erosional zones through-
out the study site.
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The winter of 1993 had large spates from watersheds extending beyond the
Grand Canyon rim, while a sunrmer monsoon in 1993 produced a debris flow in
Tanner Wash, which restructured the pool and riffle habitats at that site. Both
events were followed by an overall increase in benthic AFDM, perhaps a result of
nutrient increase from tributary flows.

Interim Flows have allowed natural patterns in primary and secondary producer
distribution to be recognized which were previously diluted by normal dam
operations. This flow regime has also allowed sporadic colonization into the
previously depauperate varial zone. Pools of water in the varial zone left after
high flow months have provided spawning habitats for mosquitos, particularly in
the lower Canyon, which were previously rare along the mainstem.
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CHAPTER Two: PRIMARY AND sEcoNDARy pRoDUCTToN

INTRODUCTION

From the standpoint of a functioning ecosystem, production is the process
Sroug-h which energy is converted from one trophic level to the nexr.
Therefore, resource managers must be concerned with the processes of
production and those factors whilh T$ify the synthesis ofautochthonous organic
matter. Disturbance effects on elado,phora elomerata" Oscillatoria spp. and -
associated epiphyte: qe importanGtrr"s" 

"rgal 
g@the dominant

priryJrY producers in the Colorado River_ecosystem anO therefore support higher
lrophic levels. Secondary'production by Gammarus lacustris and chironomid
larvae are vital to understanding energy flow u,ittlin t[e Colorado River
ecosystem because these macroinvertebrates serve as critical intermediate links
F!ry:e"_Agal an! fish trophic levels in the Colorado River food web (BlinnE af.1992). This study examines the effects of regulated flows in combinarion wii[-
s-uspgnded sediment loads on the primary and secondary production of benthos in
the Colorado River ecosystem.

METHODS

PRIIVIARY PRODUCTION

ryggy_ p^rodlction estimates were calculated for benthic algae at Lees Ferry
GfU 0.0), Cathedral Island (RKM 4.8) and Gorilla Island (RKM 3SZ) duri'ng
the winter and sunrmer of 1994 (Fig. l). Three circular chambers were desig-ned
and constructed of Lexan agrffic with a diameter of 23.5 cm and height of f fjcm. Each chamber was sealed with a lid and an air_tight circular phinger (0.5 cmthick). Three air-tight ports were placid 5 cm above lhe bottom, i*o ior *arer
circulation and a third for a dissolved oxygen probe (YSI model 55). Three L of
river water were added to each chamber.- ihtAt cobbles 

"ppto*i1nit"ly 
25cm in

circumference w-ere placed into each chamber and the plunger *"r to*"red to the
top of each cobble to.eliminaF-g"t exchange with the it*oiptr"rq glectric
submersible PumPs circulated the water in-each chamber at a flow rate of 0.5 L
s-1. Chambers Yerg placed in the river at a depth of 15 

"rn 
to maintain chamber

waler within 3oC of ambient river watgr temperature. Water t"*f"rature and
9issolved oxygen (mg L-r) were recglded "liy 5 -*n._ uotii 

"jfr6ximately 
i-^eL-l dissolved oxygen were produced in each 

"h"-b"t 
for standirdization of

production calculitions. River water chemistry ioO, tp""in" 
"*ducrance, 

water
temperature and pH) was measued with a Uyaro-I-ab Scout II. Light intensity
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etE m-z s-l) was measured at the water surface and tltg 9:ptl of cobbles at five
minute intervals with a Li-cor photometer (Model 185-8). Respiration estimates

were measured in chambers placed in a L& L cooler with 80 L of river water;
chamber water was maintained near river temperature (9-11"C). The lid was
covered with black plastic and a silver blanket to achieve total darkness and to
reflect solar radiation, respectively. A photometer was placed in the cooler to
monitor light energy. After completion of respiration experiments the pH of the
water was measured in each chamber. Turbidity of the river water was

determined in each experiment with a Hach@ turbidometer (NTU) and Secchi
depths were recorded. Suspended sediment samples (n = 3) were taken at Gorilla
Island (RKM 352) along with a light profile in order to establish light extinction
coefficients.

After each production measruement, primary producers were scrapped from
each cobble and sorted on site intO the following categories: Cladophora
glomerata Oscillatoria spp., and rniscellaneous algae. Samples were oven-dried
at 60oC to a constant weight. Ash-free dry mass (AFDM) was measured after one

hour at 500oC in an ash furnace.

We examined the contribution of epiphytes to cornmuniry primary production in
the clear tailwaters of Glen Canyon Dam at [.ees Ferry during winter and
summer. Cladophora covered cobbles with and without epiphytes were analyzed
separately with the above outlined protocol. Epiphyton AFDM estimates were
made after agitating cobbles for one minute in a plastic container with 500 ml of
river water. Epiphyton suspensions were immediately filtered onto glass fiber
filters (Whatman GF/C) with a 47 mm Millipore syringe filter system. Filters
were dried at 60oC to constant weight, and epiphyte ash-free dry mass (AFDM)
was estimated after one hour at 500oC.

The impact of suspended sediment on primary production was measured with
colonized cobbles from Cathedral Island (RKM 4.8) on February 1994, which is
located below the Paria River confluence (Fig. l). Cobbles with Oscillatoria spp.
and C. glomerata were placed in Olear water Gtffu = 1; light energy =L32L ttE
m-2 s-l) collected at I-ees Ferr)' to determine photosynthesis. These same
chamber/cobbles were monitored for dissolved oxygen production with turbid
water (l\lTU = 90; light energy = $00 FE m2 s-l) added to the chambers. A
similar experiment was conducte{ during August 1994 with three turbidity
trearmenrs: NTU = 6.5, light ene{gy =2102 pEm-z s-1; NTU = 90, light energy

= 1225 yE m-z s-l; NTU = 146, fight energy = Zfr;zE m-2 sl.

Cross-channel primary productiorf estimates were determined on August 1994 at
I-ees Ferry by incubating cobbles collected from the following stages;
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l) 400 m3 s-l and desiccated for 12h,2) 280 m3 s-l and desiccated for 12h,
3) 280 m3 s-l while submerged, and 4) <140 m3 s-t continually submerged,
control treafinent from June data. Desiccation experiments were condulted at
night to mimic tlpical ktt Ferry discharge patterns. Both desiccation periods
were conducted during the monsoon period therefore relative humidity was high
(>70Vo) and air temperatures werc low (<25"C).

llytopt*t ton and lotic bacteria can alter benthic primary production estimates
(Greenberg el aI. 1992). Unfiltered river water was used in the chambers for
nutrient assimilation by the epiphyton, therefore a control run was conducted to
determine the contribution of phytoplankton and lotic bacteria to production
estimates. The same protocol was followed as with other experiments but without
cobbles and with 5 L of water in each chamber. We did notietect any net
primary production from river water. An average of 0.3 mg L-r Oz was lost
during the light portion and 0.3 mg L-l 02 was produced in the dark portion of
the experimeqt .These variations may be attributed to changes in water
temperature during the experimental periods.

Reach-wide calculations for primary production followed those outlined in
Greenberg el a!. G992).

Primary Production (PP) =
(g Oz P-2 h-l)

Respiration (R) = V ( A DOr )B
G Oz m-2 h-r) t(b)

Where : V = volume of water in chamber
ADOp = Final DO - hitial DO readin e (Oz L-t) - during

photosynthesis
ADOr = Initial DO - Final DO reading (OzL-l) - during respiration

B = everaBe epiphyton estimated for the study reach (g m-2 AFDIV)
r = duration period (h)
b = total biomass of epiphyton in chamber

Grcss Primary Production (Gpp) = Npp + R
@Oz m-2 h-l)

Net Primary Production (NPP) = Gpp - R
(g Oz m'2 h'r)

t(b)
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Reach-wide estimates for biomass (B) were obtained from Hess substrate
collection data gathered from river trips. I-ees Ferry and Cathedral Island winter
biomass values were estimated by averaging January and March data because
production measurements were conducted in February. Both gross and net
production were measured in grams of oxygen per square meter per hour (g Oz
m-2 h-1). These values were converted to carbon (g C m-z n- t) by multipling the
gross and net dissolved oxygen production by the constant 1.146 (Cole 1983).
This conversion assumes a photosynthetic quotient (PO of 1.2. Energy values
were obtained by multiplying net and gross oxygen data by 3.51 (Blinn 9! al.
L992), again assuming a PQ of 1.2 (Cole 1983).

Multivariate analysis of variance tests were run to determine if predictors (season

and location) influenced gross and net primary production. The impact of
increased water turbidity and epiphytes on primary production was analyzed with
a Student g Test. Regression analysis was nrn to define the relationship between
light intensity and primary production. All statistical investigations were
performed on SYSTAT (V 5.1) aomputer software (Wilkinson 1989).

SECONDARY PRODUCTION

Benthic invertebrates were collected in submerged and varial (fluctuating) zones
of the Colorado River at I-ees Ferry (RKM 0) and Two Mile Wash (RKM 3.1),
Arizona, to evaluate ttre role of regulated flows and suspended sediments on the
secondary production of Gammarus lacustris and chironomid larvae, two
important macroinvertebrate groups in the [-ees Ferry food web (Blinn e! Al.
1992). Samples werc taken at two-wk intervals with a modified mini-Hess
sampler (0.031 m2) h submerged and varial zones at Lees Ferry and Two Mile
Wash between 29 September 1992 an{15 September 1993. Samples were
collected in the varial zone [5,000 cfs (140 m3 s-l) to 20,000 cfs (566 m3
s-l)l at two time periods over a diel cycle; i.e., periods of drawdown (exposed;
<140 m3 s-l) and re-submergence (>10,000 cfs or >283 m3 s-1). Therefore, we
had three treatrnents at each site; i.e., a control submerged channel (<140 m3 s-l)
and a submerged and exposed varial zone. Hess samples werie collected from
four randornly selected sites along three transects within each treafinent at each
site (n = L2 from each treatnent)r Benthic invertebrates and algae werc removed
by disturbing the substrata within the mini-Hess sampler for 60 s, afterwhich
samples were collected and placed on ice for transport back to the Aquatic
Biology Laboratory at Norttrern i{,rizona University, Flagstaff, Arizona.
Reference points for transects were alternated monthly to avoid oversampling
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local sites. Instars of G. lac.ustris were sorted from each sample and body length
of each instar was measured to the nearest I mm. Instars *"rL separated into " 

--

19 l-mm size classes and the dry-weighl of each size class was deiermined. Eggs
were removed from female brood polclres and number and *.ight of eggs f-;
each mature female was determined. Also the size of females wi"th 

"ggtfr"tdetermined for each. sample. _Unlike the protocol for G. lacustris, the combined
weight of chironomid larvae from each sample *"s a"t"tmillojnstars and axa
were not separated.

The size-frequency method (Benke lg8y';) was used to estimate the annual
plodugtign_of G,lafus]lrig within each treatment. We followed procedures of
Menzie (1980, 1981), Dehdashti & Blinn (1991) and Runck & Biinn (1990, 1993):

p = i (N1-Ni+r).ff: .Wi* t)u2,
j=1

where b is the annual production, Wi is the mean weight of instar j, c is the
number of instars, and Ni is the average densify rn2.

RESULTS AND DISCUSSION

PRII\4ARY PRODUCTION

tr$ry production estimates for algal benthos at Ires Ferry, Cathedral Wash(RKM 4.8) and Gorilla_Island (RKM 352) vaied signifi""ntiy Uottr r""tonally (!
=_3.14; df = 4,72; p = 0.013) and by site (! = fiz:dt = 2F6;f= o.ooe;
Table 11). There was an overall decreaseln primary proauctiJn with disance
downriver. These findings do not concur with the glrierally accepted pattern in
nonregulated rivers of apositive conelation between autotrophicbroduction and
stream order (weEel & ward t992, fngp & Delong tgg4): Diri"r"n"o ;i";t
the stream continuum for the Colorado River and otf,er rivers -"i U" due to thehighty constricted river channel resulting in trigh hydraulic rt 

"r, 
inA searonaiy

high levels of suspended sediments frori tribuLriei thereby reducing light for
photosynthesis ar downstream sites (Blinn er 4. lgEz, yard i*-iggz,l.
Estimates f91 p1qrgy production_dllog_ the summel djq not change significanrly
downriver (Wilks' F*!Oa F = 2.18; d]f = 4,3; g = 0.09), however rrnivariare
analysis showed3 tigoififot decrease for Uoin'iross (p ='0.02)and net
production (p.= 

9.oal estimates (Table I l). Difierences between multivariate andunivariate statistics may be explained by t'he unusually tr*rp"r"oiwater at
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Table I l. Primary production (gross/net) estimates in the Colorado River at

lres Ferry, Cathedral Island (RKIvl 4.8) and Gorilla Island (RKM 352). Primary
production values for both gross and net primary production differed by site
(Wilks' I-ambda, F = 3.14; df 2,32;p- 0.01) and season (Wilks' [:mMa,
F -- 5.32; df 2,36: p = 0.0O9). Mean values were estimated from air-tight in-situ
production chambers. Light values were collected undenvater at the same depth
as the chambers.

SITE DATE OXYGEN
PRODUCTION
g Czm-2 h'1

gross/nelt
(tse/tse)

CARBON
PRODUCTION
g C rn-2 h'1

gross/net
(tse/tse)

ENERGY MEAN
LIGHT

kcal pE
gross/net m'2s-1

(tse/tse) (tse)

Lees Ferry 02194
(n=6) '

Lees Ferry 06/94
(n=6)

0.89/0.3i4
(0.3/0.4,)

0.77410.284
(0.06/0.04)

0.41410. 16
(0. 16/0.08)

0.338/0.91
(0.05/0.03)

0.016/0.0008 '
(0.01/0.003)

0.355 10.123
(0.2a0.09)

0.2810. 11

(0.0110.01)

0.241 10.089
(0.02/0.01)

0. 12910.048
(0.05/0.03)

0. 105/0.028
(0.0u0.01)

0.005/0.0002
(0.00210.0001)

0.095/0.033
(0.06 10.02)

3.1 511 .23 1009
(0.210. 15) (26)

0.94/0.3 2303
(o.2lo. 1 ) (147)

1.4510.56 800
(0.56/0.3) (88)

1.18/0.31 1927
(0. 18/0. 11) (14)

0.06/0.0007 207
(0.02 10.0001) (11)

0.7210.37 2576
(0.8/0.3) (30)

Cathedral
lsland
(D=6)

Cathedral
lsland
(n=3)

Gorilla
lsland
(n =3)

Gorilla
lsland
(n=6)

02194

06/94

02194

06/94
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Gorilla Island (RKM 352); i.e.,2576 pE m-2 s-l compared to more typical values
of <500 pE m-2 s-r.

Seasonal variation in ryt primary production (NPP) at Gorilla Island ranged
from 0.0008 gOzm-2 h-l in the winter to 0.12 gO2 m-2 h-l in the summer, while
production estimates at Cathedral Island ranged from 0.91 to 0.16 g 02 m-2 h-l
for summer and. winter,-respectively. At Lees Ferry, 4.g km upstream from
Cathedral Island, net primary production estimates *ere O.gg g q m-2 h-l during
the winter and 0.77 g02m-2h-l in the summer. Low winter estimates can be
explained by reduced light energy and low algal biomass (Table l l).

I-ees Ferry had the highest gross (Gpp =0.774 gh,m-26-r; and ner (Npp =0.2u g oz m-2 fu-t) primary production for the three sites measured in this sfudy
(Table l1). Angradi and Klbly (1993) reported dramatically higher levels ofglo:: primary production (5 g Ozm-z 5-t; lt 14 Mile Bar in itt" botorado River,
which is 2 km b"lo* Glen Canyon Dam. The higher production levels measured
by 4ngfdi and Kubly. (1993) may be explain"a 9y variations in methodology
and/or the closer proximity of their study site to higher nutrient levels released
[q* Glen Canygl Dam. O-.ur primary production fouation employed reach-wide
(B) estimates, while Angradi ana fuUiy (1993) used Lstimates fiom 35 cm-2
sgragingl which m1Y hale inflated tlt:trtr{_fction estimares due ro the patchy
distribution of benthos (Blinn gt al. l99i). We estimat ed 7.5 g AFDM m-2 in the
winter and 15.9 g AFDM m-2 in the summer at I-ees Ferry, *"nif" Angradi and
$y!Y-(1:93) estimated 148 g AFDM m-2 from scrapings'during-ttre surnrner at
14 Mile Bar.

Other-investigators 
fave_rgfrorted mean annual net primary production ranging

from 1.0 g cm-2d-l or 3.f g}zm'zd-l (NPP) in a northern cool desert stream
with no canopy (Bott 1983) to 0. 4l g.c m-2d-l or 1.33 0zm-2 d-l (Npp) for a
similar stream in Idaho (Minshall 1978). Jonsson (lgg2) reported Cladophora
NPP in Lake Thingvallavatan, Iceland produced o.boS gA m-z tr-l with a similar
light intensiry as found at I-ees Ferr,,in the summer. This lake is cold with a
maximum srunmer temperature of i0.fc, also comparable to Lees Ferry.

lhere was no significant difference in primary production at Lees Ferry for C.
glomerata with and yvithogt epiphytes G >0.03;iable l2). Cf"Oopf,or, -
glomerata with epiphytes hada mean ttpp of 0.219 s oz m-ffi* a.
glomerata without epiphytes produced 0.236 g oz m-2 h-r. An average of 0.7?3 g
and 0.601-g AIDy of epiphytes per _chamber was removed from each trearmenr,
respectively. Cladophora itdmerata filaments may be more photosyntheticaliy
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Table 12. Primary production (gross and net) estimates for Cladophora
glomerata with and without epiphytes in the Colorado River at [,ees Fe.ry, 

_

Arizona during winter (February) and summer (June) 1994. Comparison of
primary production under clear and turbid water conditions in the Colorado
fuver at Cathedral Island, Arizona during June and August L994. June estimates
did not vary significantly because of turbidity. August estimates did vary by
rurbidity. Significant differences in oxygen production are indicated by bold
leffers (p < 0.001). Mean values were estimated from air-tight in-situ production
chambers. Carbon estimates were based on conversion factors in Cole (1983).

Light values were collected under water at the same depth as chambers.

TREATMENT DATE OXYGEN
PRODUCTION
gOZ m'2 h-l

gross lnet
Gse/tse)

CARBON
PRODUCTION
g C m-2 h-l

gross lnet
Gse/tse)

MEAN
LIGFIT
yE
rrv2 s-1

Qse/gse)

Cladopha
with epiphytes
(s=6)

Cladophora
without epiphytes
(s=6)

0.2r7 lo.r27
(0,06/0.04)

0.77410.284
1'l'. C5,'0.C{)

0.416/0. 155
(0,06/0.07)

0.73210. 155
(0r06/0.06)

0.06/0.o4
(0.02 lo.o2)

0.241l0.01
(c.02/0.01)

0. 12910.05
(0.0210.03)

0.2310. 11
(0.02 lo.o2)

1009
(26)

MD4

02/94

C6,194

2303
.:"{;)

737
(23e)

2345
(203)

Cathedral Island
1 ntu @=3)

Cathedral Island
90 ntu (n=3)

0.663 lO.L45
(0. 18/0. 1l)

0.413/0.159
(0*05/0.03)

0.21l0.05
(0.06/0.05)

0. 13/0.05
(0.02/0.01)

oa94

02194

T32T
(3t

800
(14)

Cathednal Island
6.5 ntu (n=3)

Cathednal Island
90 ntu (n=3)

Cathedral Island
I6ntu (n=3)

A
0.05/0.020
(0,008/0.01)

B
0.03 10.w2
(0,006/0.006)

B
0.021/0.013
(0t@+10.007)

0.0i6/0.006
(0.003/0.004)

0.01/0.0006
(0.01/0.o02)

0.007/0.004
(0.001/0.003)

08t94

08194

08/94

2LOA

1225

290
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efficient without the epiphytic diatoms, possibly due to light inrerference and

lqTryqqon for nutrients by epiphytes. low sample size anO a high variance of
GPP/NPP estimates indicate the need for further sampling in order to determine
a significant pattern

Experimentally increased suspended sediment loads at Cathedral Island, in
l"BTy 1994, $a ryJ riglilf"tly reduce qhe Gpp or Npp (p = 0.8). Atthough
the light was reduced by 4OVo from L32l to 800p8 m-2 s-1, it Oa not have an
adverse affect on photosynthesis Clable 13). The cobbles used in rhese
gxperiments were composed of 85Vo C. glomerata and lSVo Oscillatoria spp.
However a similar series of experiments was conducted in August l99a anit a
significant difference was found between all runs (<0.001, ta6te tg). The
summer experiment indicated respiration was the dominant process at 90 and 146
NTU treatments. Percent composition was similar between ieasons and summer

"lg"l 
AFDM was elevated by 65Vo. A comparison between June and August 1994

Plm{y production estimates showed an 86Vo reduction in NPP by Augist (Table
l2). During this period the Paria River was often in spate due to in aciiue 

'

monsoon period and river discharge was increased. These and other factors
make it difficult to understand the effects of turbidiry on primary production.
Graham-gg eI. (1982) reported that optimum net photosynthesis foi C. glomerara
occurred between t3-L7'C and 300-6ffi pE rn2 s-t in laboratory exp"timen

cross-channel primary^prydu-ction estimates at l-ees Ferr)' varied significantly by
lh_ge (B <0.0O1) with 80Vo of the production below the niinimum diicharg" of J

14O m3 s-t (Table 13). Submerged cobbles collected from the 280 nr.3 s-l !trg.
were 9LVo more productive than desiccated cobbles (12 h desiccation) from tf,e
sal-ne stage. This.experimenl was conducted during sunmer high volume releases
to investigate optimum conditions within the varial zone at l,ee-s Ferry'. Algal
composition varied by site or position of collection from lO}Vo e. el6meraL
below 14O m3 s-l to almost t00%o Oscill.atoria spp. with some tufG 6ffi6Jfri ttre

1fl *1 s-l stage. CJadop=Fgra glomerati contributed 45Vo of algal biomass at the
280 m3. s-t stagg and Oscillatoria spp. made up the remaining bi-omass. Dam
regulation and the cross-channel algal compoiition contribuie to the decrease of
primary production in the varial zone.

Regression analysis between meanligtrt energy and GPP and Npp production (p
=.0.?4 and P =_0.89.: respectively) did not reveal the expected signihcant potitii.
relationship. Possible explanations include the variabiiity in *Ja 

"o*pdtition,biomass and river temperature benveen sites. Higher *ai"r teniperaturi and e,.
qloPsraa biomass may counter reduced light levEls. Cladophora glomerata-and
@ spp. were the most conrmon algae ana tneiGiffiion ro Gpp and
NPP estimates ranged from IOOVo to negligible depending on site and season.
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Table 13. Primary production estilmates for the varial zone at Lees Ferry cobble

bar (RKM 0.8) in-the Colorado River during_ August, L994. Three examinations

*"r" conducted; (l) cobbles were collected from the 400 m3 s-l water line and

desiccated for 12 h a night prior to incubation, (2) cobbles were collected from
the 280 m3 s-t warer linE and desiccated for L2 h at night prior to incubation, (3)

submerged cobbles were collected from the 280 nF s-l water line and directly

in"uU"tJO, 4) June lgg4 estimates from below the 14O m3 s-l water line were used

for comparison. Significant differcnces in plryry production^(IIPP) estimates

based on o*yg"n pr6duction are indicated by bold letters _(p 
. 0.001). Mean

values were-e-stirnated from air-tight lg-situ production chambers. Carbon

estimates were based on conversion factors from Cole (1983). Light values were

collected under water at the same depth as the chambers.

TREATMENT OXYGEN
PRODUCTION
g Oz m-zh-r
gross/net
(tse/tse)

CARBON
PRODUCTION
g C m-2 h-l
gross/net
(tse/+se)

ENERGY

kcal
gross/net
(tse/tse)

MEAN
LIGFIT
yErn
m-2s-l

1) 4O0 63 s-l
desiccated
(s=3)

?80 63 s-l
desiccated
(s=3)

?AO 63 s-l
submerged
(n=3)

A
0.02/0.004
(0.006/0.001)

^4.

0.0210.006
(0.003/0.003)

B
0. I 1/0.06
(0.03 10.02)

0.006/0.001
(0.00210.001)

0.005 10.N2
(0.001/0.001)

0.03 10.02
(0.01/0.01)

0.241/0.089
(0.02/0.01)

0.07/0.02 1190
(0.02/0.007)

0.05/0.02 r9L4
(0.0210.01)

0.38/0.22 1787
(0. 1210.07)

2)

3)

c
4) <140 m3 s-l 0.77410.284

submerged (0.06/0.04)
(n=6)
06194

2.710.25
(0.2/0. 1)

2303
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This variability was most evident at Gorilla Island (RKM 352) in June. In rhe
first experiment G = 3), cobbles were composed of 5l Vo 9. glomerata and 49Vo
oscillatoria spp. and had an NPP of 0.185 g Q m-z h-t. In t[e second
e_xperiment (n = 3) cobbles were composed of 0.O5Vo e. glomerata and, gSVo

Oscillatoria spp. and had an NPP of 0.031 g Oz m-z h-t. Furthermore, mean light
intensity in the experiment dominated by Oscillatoria was 2576 pE mz s -r;
similar to that of experiment one. The 83Vo reduction in NPP for the second
experiment suggests that the 9scillatoria assemblage is not as productive as C.
glomerata. Additional experiments need to be conducted to verify these results.

An increase in water temperature can off-set algal composition and biomass
differences in- production estimates. When comparing summer experiments at
I-ees Ferry with cobbles containing lffiVo C. glomerata (0.669 g AFDM) to those
with similar composition at Gorilla Island (0.177 g g. glomeraia AFDM), we
find only a34Vo reduction in NPP (0.280 gAzm-ih-t at I-ees Ferry compared to
0.185 Bhm-z h-l at Gorilla Island). Although there was a 52Vo reduction in
!94 4g3t biomass at Gorilla Island and a 72Vo derrease in C. elomerara mass, rhe
NPP difference is not linear. The similar mean light energy for Uoth runs
gtimina-tes li-ght as an independent variable. In contrast, water temperature in the
incubation chambers averaged l4.3oc at Lees Ferry and 20.3oC at 

-Gorilla 
Island.

These +1a suggest that elevated watgr temperaturscan off-set variations in algal
composition and biomass, thereby mitigating the negative impact of turbid *aiet
9n Plmary production. Several investigators have Juggestedthat irradiance is
the dominant factor controlling primary producion (Calow & Petrs lgg2).

SECONDARY PRODUCTION

$eco,niary lloduction Estimatgs for Gammarus lacustris: Average annual
densities of GamES lacustris decreased between l-ees Ferry dKI\4 0.0) and
Two Mile Wash (RKM 3.0) and from continuously submergeA io fluctuating flow
treatments at each site. Highest average densities (1,174 animats p-2 yrl) iere
recorded in the continuously submerged channel (controls, sl4o ms s-r) at l-ees
f9!f, while lowest average densities were measured in the varial zone (l4O to
565 m3 s-l) at Two Mile Wash. Negligible densities of G. lacustris were
collected in the exposed varial zone (>ZS3 nr3 s-t) *trite tSa animals 6-2 yy-l
were collected in- the.1e-su!ryerged varial zone (l4O to 283 nF s-r) at lf,e; Feny.
Average annual densities of g. lacustris at Two Mile Wash were 235 anirnals m-i
yr-l and 7.6 animals m_2 yrl in the continuously submerged (controls) and
exposed varial zone. No animals were recovered from wlthin the exposed varial
zone.
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Annual secondary production for G. lacustris (1M.2 kg dm [x-l yrl) in the

continuously submerged channel was an order of mag:ritude higher than values

for the variil zone (13.9 kg dry dm ha-l yr-l) in the Colorado River at l-ees

Ferry (Tables 14-15). The area of cobble bar exposed within the varial zone

(56i and 800 m3 s-l) at Lees Fer'ry is -8,090 m2 compared to -31,855 m2 for the

combined continuously submerged and varial zone between 140 m3 s-l and 800

m3 s-l (Blinn et gl. 1992). These data imply that regulated flows between 140 m3

s-l and 565 m3 s-l reduce overall annual production of Q. lacustris at [.ees Ferry

by 65Vo, assuming relatively uniform distribution of Q. lacustris throughout the

channel.

Annual production by G. lacustrls in the continuously submerged channel (<140

m3 s-l) it Two Mile Wash, just tr.6 km below the Paria confluence, was only 34

kg dm fua-l y1-1 (Table 16). This represents a 3-fold reduction in annual
pioduction from comparable cleU water habitats at I-ee1 F9.ty just 2 km
upstt4m from the Paria River confluence (Table 14). Periodic input of
suspended sediment from the Paria River greatly reduced annual secondary
production at Two Mile Wash; suspended sedimen! and turbidity are the only
measured variables that changed between the nvo sites. Annual secondary
production for G. lacustris in the continuously submerggd claryel was nearly 50

iimes higher ttran that in the re-submerged varial zone (0.8 kg dm ha'l yrl) at

Two Mile Wash (Table 17).

Assuming an energy equivalence of I6.54j (oules) mg-l for G. lacustris (Blinn g
il. L992), we estimated thatG. lacustris in the benthic community provides -1.7 x
106 kj [a-1 yrl available energy in the submerged river channel at I-ees Fe_rry

compared to -5.6 x 10s kj ha-t yrl in the submerged channel of Two Mile Wash.

Also, G. lacustris in the varial zqnes at I-ees Ferry and Two Mile Vfash produce

-2.3 x 105 kj fux-l yrl and -1.4 x 10a kj ha-t yrl, rcspectively. Thus, the fully
submerged clearwater habitat at I*es Ferrl' is 137-fold more productive than the
varial zone at Two Mile Wash.

Cho (1992) reported that it requires -15,000 kj of energy to produce I kg of trout
biomass. Based on these conversions and a70%o assimilation efficiency for
rainbow trout @hillips & Brockway 1959), G. lacustris could support -ll3 kg of
trout biomass fux-l yrl in the benthic community at l.ees Ferry and S37 kg of
trout [p-1 yrl in the benthic cornmunity at Two Mile Wash. Data on foraging
efficiencies of trout at IJes Fenty are not Presently available.

At all treatment sites, animals bqtrveen 7-10 mm showed a negative production
(Tables 14-17). Typically, negative production values imply field sampling error
and/or laboratory sorting error. lVe noted that G. lacustris is typically in
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Table 14. Annual secondur)'
channel (sl40 m3 sl) at lres
September 1993, as estimated

Ptduction for Gammarus lacustns in rhe continuousl)' subnrergcd
f.n?', Colorado River, AZ, betu'een 30 September lggy and 15
by the size-frequency method.

Size Class
(mm)

Ni
(No. lm?) Al.J1

Geometric mean weight (mg) production
(M x Nai * r)0.5 (mg 6-2 )'r-l)

2-3

3-4

4-5

5-6

6-7

7-8

8-g
-

9- 10

10-11

ll-r2

12-L3

13-r4

T4-L5

15- 16

16-17

17-lg

18-lg

L9-20

20-21

209.66

175.03

169.41

131.29

97.92

60.93

51.63

y.lg

65.02

43.35

36.42

29.93

21.79

15.4

1 1.66

8.29

2.34

1.64

o.4l

33.60

5.60

38. 13

43.50

26.99

9.17

-2.55

- 10.84

21.67

21.67

7.47

7.16

6.33

3.79

3.39

5.93

0.91

1.23
o.4l

0.24

0.30

0.49

0.90

1.24

1.96

2.59

3.40

4.27

5. 1g

6. lg

7.46

g.69

g.g5

I 1.50

13.55

15.09

17.09
xza.2g

9.06

l.6g

19.30

34.90

33.47

17.06

-6.61

-36.96

92.53

34.19

46.17

53.41

55.01

37.61

39.97

79.oo

12.22

2l.or
9.32

5'49.24
TOTAL ANNUAL PRODUCTI ON

TOTAL ADruSTED PRODUCTION (PRODUCTION . c ) = to,4l6 mg m-z yr_r

Gcometric ncan wcight (mg) = gra; x M;.rPi ; M = individual dry weight (dw) biomass (rng) of sizc class j.
c-l

hoduction= E [Nj-Nj+l)rMj"MiDo.ll+(Nc XMc); c=numbcrofsizeclasses;Nj=theaverage
j=l

deosity 12 ; * = mcan individ.al dry wcight biomass (mg) of 2u2l m,n insrars.
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Table 15. Annual secondary production forf:Anma,Bfs lacusnis in the varial zone (140-283

m3 s-l) at [.€es Ferry, Colorado River, Arizona, between 30 September 1992 and

l5 September 1993, as estim4ted by the size-frcquency method.

Size Class
(mm)

N5

(No./m2) ANr
Geometric mean weight (rng) Production

(M x Mj * l)0.5 (mg p-2 yr-l)

2-3

3-4

4-5

5-6

6-7

7-8

8-9
-

9- 10

l0-11

TL-T2

12-L3

13-r4

14- 15

15- 16

L6-L7

17- 18

18- 19

26.10

31.60

31 .70

27.40

15.84

14.01

7.36

9.30

6.7 4

4.09

2.96

r.7 4

r.7 4

1.53

' 
0.72

0.72

0.21

-5.50

-0. 10

4.30

1 1.56

1.93

6.7 I

-r.94

2.56

2.65

1.23

L.T2

0.000

0.21

0.81

0.000

0.51
0"21

0.24

0.30

0.48

0.80

1.24

I .86

2.59

3.40

4.27

5.18

6. 18

7.46

8.69

9.95

1 1.50

13.55
* 15.09

-t.32

-0.03

2.06

9.25

2.27

12.48

-5.03

8.71

LT.32

6.37

6.92

0.000

r.82

8.06

0.000

6.91
3.7 !

72.96

1,386 mg sv2 yr-l

TOTAL ANNUAL PRODUCTION

TOTAL ADruSTED PRODUCTION (PRODUCTION' c )

Geomenic mean weight (mg) = 6M1 x M;*r)0,5 ; M = individual dry weight (dw) biomass (mg) of size class j.
c'l

Production= I [Nj-Nj+l)r(Mj rM;+1)0t5]+(Nc XMc); c=numberof sizeclasses;Nj=theaverage

Fl
density m'2; '= rnem indivi&Bl dry weighlbiomass (mg) of 2U2l mm instars.
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Table 16. Annual seco1d1ry production for Gammqrus lacustris in the conrinuosly submerged
channel (<1{ trJ s't) at Two Mile Wash (below Paria confluence), Colbrado River.
AZ' benveen 3.0 September 1992 and l5 September 1993,as estimared by the size
frequency method

Size Class
(mm)

N1

(No./m2) (MxM1 *r)o-5
Production

(mg p-2 yr-l)
Geomeric mean weight (mg)

ANr

2-3

3-4

4-5

5-6

6-7

7-8

8-g

9-10 '

10-11

ll-12

L2-13

13-14

14- 15

l5- l6

16-17

17-lg

18-19

19-20

14.93

13.91

15.03

16.77

12.59

15.7 5

15.94

19.43

22.39

20.45

15.65

14.42

14.42

I 1.66

6.85

3.07

1.43

0. 10

0.92

-1.12

-1 .74

4.rg

-3.t7

-0. 19

-3.49

-2.96

1.94

4.90

1.23

0.000

2.7 6

4.91

3.79

1.64

1.33
0.10

0.24

0.30

0.49

0.90

1.24

1.96

2.59

3.40

4.27

5. 1g

6. 1g

7.46

8.69

g.g5

I 1.50

13.55

15.09
* 17.09

0.22

-0.34

-0.84

3.35

-3.93

-0.35

-9.04

- 10.07

g.2g

24.96

7.60

0.000

23.99

47.96

43.47

22.22

20.07
1.7 |

r79.05

3,402m9 s1-2p-l

TOTAL AI.{NUAL PRODUCTION

TOTAL ADruSTED PRoDUcTIoN (pRoDUcTIoN . c ) =

Geometric mean weight (mg) = (M; x M;+1)0.5 ; M = individual dry weight (dw) biomass (mg) of size ctass j.
c-l

hoduction= E tNj-Nj+l)t(Mj tM;*1)0'sl+(Nc XMc): c=numberofsizeclasseqNj=heaverage
Fr

density m-2; * = meian individual dry weight biomass (mg) ot2ol2l mm instars.
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Table 17. Annual secondary production forC.lalomag$ lacusnis in thc varial zone (140-283

m3 s-l) atTwo Mile Wash (below Paria confluence), Colorado River,_Arizona, between

30 September l992and 15 Sgprcmber 1993, as estimated by the size frequency method.

Size Class
(mm)

N;
(No./m2) AN1

Georneuic mean weight (mg) Production
(M x Mi * t)0.5 (mg 6-2 yr-t)

2-3

3-4

4-5

5-6

6-',|

7-8

8-9

9- 10

10-11

LI-L2

T2-T3

T3-L4

14- 15

15- 16

r.7 4

0.72

0.42

0.61

0.51

0.51

0.00

0.51

0.41

0.5 1

0.5 I

0.2L

0.72

0.2r

1.02

0.31

-0.20

0.10

0.00

0.51

-0.51

0.10

-0.10

0.00

0.30

-0.51

0.51
0.21

0.24

0.30

0.48

0.80

r.24

1.96

2.59

3.40

4.27

5.18

6. 18

-1 .46

8.69
9.95

0.25

0.09

0.10

0.08

0.00

0.95

1.32

0.34

0.43

0.00

1 .85

,3.81

4.43
2.09

, 4.4?

84 mg s1-2 yr-l

TOTAL ANNUAL PRODUCTION

TOTAL ADruSTED PRODUCTION (PRODUCTION'c ) =

Geometric mean weight (mg) = 1tr4 x M5*r)0.1 ; M = individual dry weight (dw) biomass (mg) of size class j.
c'l

Production= X, INj-Nj+l)*(MjtM;*r)0151+(Nc XMc); c=numberofsizeclasses;Nj=theaverage
j=l

density m'2; * = mean individual dry weighf biomass (mg) of 2G2l mm insurs.
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arnplexus (9exu-1t pairing) at 7 -10 mm at I-ees Ferry'. Since the pattern is
consistent for all site trea[nents, especially for 9-10 mm animati (taUtes 14-17),
we propose the legative production depicts a behavioral response for Q. lacusris
during mating. If mating animals modify their swimming and/or habitat setection
(i.e., move to deeper water) they may be more difficult to sample. However, if
animals retum to a normal behavior in the next size interval afier mating, a
negative production value would be recorded betrveen successive size claises.
This may help explain the consistent negative production values within the 7-10
mm size classes.

Average armual biomass of eggs in brood pouches of female Q. lacustris was

1L8.5 mg g:2 in the continuously submerged channel at l-ees Ferry compared to
3.9 mg m-2 in the corresponding varial zone. At Two Mile wash,'the
senfiluo-usly submerged zone had an average of 33.9 eggs m-2, while the varial
zonelad only 2.5 eggs m-2. This infers a dramatic reduition in fecundity in the
v-arial 

-zo-ne compared 1o the submerged channel at Lees Ferry. Eggs weie first
observed in females >7 mm in length.

Gammarus lacustris.reproduction at Two Mile Wash was greatly reduced from
that at I-ees Ferrj'.^Aerage annlal mass contributed by eggs inthe submerged
channel was only 2?.-1 

^g 
m-2 (12.5 eggs m-2) while no feiiate brood pouchEs

had eggs in the varial zone at Two Mile'Wash.

Qul nrgdu_ction est-imates for G. lacustris in the benthic community of the
Colorado River at Lees Ferry (104.8 kg drn fu-t yr-r) is lower than some
P_rwious repo.{!_{gr congeneric amphipods in small lotic ecosystems. Waters and
Hokenstrom (198o)_ryporte_d berween 231-z7l kg dm ha-r yr-i for G.
psEudolinn4eus I Y.u:v Cryek, Minnesota, among the highest singte-species
ggtpatlfor'amphrplods in lotic ecosystems. Ttrus, produition in lhe riach of
Y"lt"V Crgek is 2-r{'H higher than benthic production for Q. lacustris in the
Colorado River at I-ees F"!y, Water! andHokenstrom ttq8O) futttler reported
rybpe9gent years,- during relatively high siltation, Q. pseudolimnaeus yieHbd only
64kg dp [p-lyrl. other reports on annual proaucti@ in lotic
icos_ystems include 130 kg dm ha-l yr-l for Q. pulex in a borserctratt stream in
England (welton 19?9)_and 39 kg drn fu-r y1-i for G. pde[ in a small Danish
stream (Mortensen 1982).

Reports 9n qnual production for congeneric amphipods in lentic environments
3tt 3lt9 highel than estimates in the Colorado Rivei. Tilly (1968) reporred 366
Lg^tr tux-l yrl for 9. psEsdqlilonreus in Cone Spring, toila, whiie Beattie el aI.(1972) estimated 130 kg dm ha-l yrl for Q. tigrinus In qeui.emeer Reservoir in
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the Netherlands, and I-aFrance anfl Ruber (1985) estimated that Production for G.

tnu"ton"tor in aMassachusetts salt marsh was between 124 to 158 kg dm m-z-

yr ver, Iversen and Jessep OnT reported only 38 kg dm fua-l yr-l for
bammarus in Rold Kilde Spring, Denmark.

In contrast, reports on annual secondary production for congeneric amphipods in

large river.ecoiysrems are considerably tgrygt-than those reported-in the

t ifin"t"tr of GlLn canyon Dam. Mann (lg7l) reported 
-0.14 

kg dm [p-l yr-l for
q. Bgl". in the River Thames, EUqlqrd, several 9rde1s 

of maglltude lower than

*f[ll-or benthic production for p. lacustris in the Colorado River at Lees

Ferry.

Our secondary production values for G,. lacus,tris in the benthic community ?J

I-ees Ferry mii underestimate actual productiol W" pflpose that nearly all the

G. lacustris rnass in the varial zone becomes dislodged.{.ily and enters strearn:atift 
a-U-ng the rising timb of the hydrograph. The high_levels of stream drift at

G"t Ferry-support fiis conclusion (See Ctr-apterJlrreq Organic Stream Drif0.
For 

"*".ple, 
^mean annual drift at [,ees Ferry'! ?.9 I 1O5 g-{- g. lacuqlriq yr-t

or -550 g a-i m-3 s-l at 300 m3 at t&$ m3 s-1. I€ibfried and Blinn (1986) also

reported;hat G. lacustris drift increased dy_rigg the rising liTU of the hYdlograph

in the Coloraclo Rit t. Also, Waters and Hokenstrom (1980) reported high
annual mean drift (41/5 g d-l m.3 s-1) for G. pseudolimnaeus inValley Cleek

during periods of high secondary production. The fact that neglible animals are

colle,jted in the variit zone during exposed periods further supports Egtt
downstream losses in this unstable ha-bitat. Recruitment into the re-submerged

varial zone occurs from the contibuously submerged river channel and

downstream drift. Therefore, inclusion of drift biomass (or production in the

varial zone) at I-ees Feny elevates estimates of secondary production by_G.

lacustris to 6.21kg dm ha-l yrl in the submerged zone (<14O nr3 s-t) at Lees

Ferry, or an annual P/B ratio of *3.2. ..

Secondar.v Production Estimates for Chironorlrlid l-arvae: Estimate.s o.n secondary

d community at LgtFerry 9h9wef similar patterns-

io G. lacustris under regulated flows and ilevated suspended sediments. The total

annuat Uiomass for thelhironomid community in the continuously submerged

clear water zone at Lees Ferr)' wfs 4.3 g dm m-2 comPared to 0'56 g dm m-2-in-

the varial zone at Ires Ferry. Dfwnstream in the more turbid water at Two Mile
Wash, the total annual biomass rlas 0.58 and 0.068 g dm m-2 in the continuously

submerged and varial zones, resppctively.

In contrast to G. l4!g, larval fize classes for taxa within the chironomid
community at-I-ees ferrry and Tlryo Mile Wash were not separated. Therefore,
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we were not able to use the size frequency ryefhod as outlined for G. lacustris.
Instead, production estimates were converted from annual pE vduerEFf-rn
P"tg and Hellenthal Q991). After extensive studies, these investigao* t"p.nJ
the average annual P/E ratio was 9.5 for 14 chironomid larval spiies.
Therefore by knowing the average annual chironomid biomasr io, each treatment
[mean toal biomasVnumber of sampling intervals (n = 26)1, we calculated p.
ettfoug! this application does not yield as hlgh a resolution as the size frequency
method, it does provide general estimates of froduction.

Tltft"-f"t: using this_ lnilication @/E - 9.5) we estimated production values of
15-7 kg dm ha-l yr-l for the chironomid communig in the continuously
submerged zone atJ.ees Ferry compared to 2.0 kg'dm 6-r yr-iior the varial
zone at the Fetry'.. Likewise,_produCtion estimateJin the control submerged zone
at Two Mile was! were 2.1.[g dm ha-l yr-l compared to 0.25 kg am ni-r y;-] i;
the varial zone at the same site.

Produition estimates for chironomids in other studies have ranged from 4.7 kg
dm- la-t-yr|io Faclo-ry Bt9ok, Massachusetrs (Neves 1979) to igg kg dm ha-I"
yr-l in the Hudson River (Menzie l98l). Recently Berg and Hellenti'"t (1991)
reported a community chironomid production of 297 t-g am fu3-l y1-l in'a north
temperate strearn, the highest value reported to this timJ.

Although 
-tfe production estimates for chironomids in the Colorado River are

relatively high it is likely that these estimates are conservative because some
investigators ProPoTlEt aryrual PIE ratios may be >l0o (Hauer & Benke lggl).
lssuming_zur ennual P/B ratio of lQo, 

"o-muoiry 
chirond;a-piluction in the

Colorado River may_reach 165 kg-dm [a-l yrl-in the 
"ontin*isiy 

suumerged
zone at l-ees Ferry'. We propose that commlnity production by 

"iritono*if;t 
*"y

be somewhere benveen our lbw estimate (16 tg dm [6-r yrr) and high esrimare '
(165 kg dm l3-l yr-l)

4::"pg+ed for Q. Iacustris. large amounts of chironomid biomass enrer srream
drift within varial zones of LreJFerry and-Two Mile Wash. This again is
witnessed by the dynamic recruitment of chironomid larvae in the eiposed varial
1on: following. re-lr!6rge_nce. ,We estimated -8.9 mg m-3 ini"t stream drift
during-fluctuating flows ai kes F9rry. If stream drift iere taken into account,
we estimate that an additional 2.0 kg-dm fu3-l yrl production lfrJuction in the
F"t l"ttl'varial zone) or 17..7 kg_db ha-r of thir6nomid biomass is produced at
I-ees F"rry each ye&r, assuming {pn ratio of 9.5.
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The high occurrence of chironpmid larvae in the diets of exotic and native fishes

in the bolorado Riurt (Leibfried, personal communication) further suPPorts our

fti=tproduction estimaies for mjdd-" Ian'ae.in^the rit'er' Blirur 9!el" (1992)

i"p"ri"a tf," a"nr" epiphl'ton *r&-i"t"d rvith C. elomera' yields -l'72 r 10e kj

5ir at Ires Ferry, ti'tti.it apF€ars to.provid139.q*t9 9l"rgy to suPPort

chironomid mass at the next fiophic level. chironomid larvae gwLe the abundant

epiphytic *qrq.rtity lnaltguiie a critical interniediate link betrveen primary

producers and nsrr ii the iolonado River ecosystem (Blinn 4-4. L992)'

fi;h6pr"a"t,i"n values fon chironomids in the Colorado River results, in

;;r'ir""J-ift. Uieh rurnover lattt ioi*t6g:t. It rypically requires G' Iaiustris

>12 mo to 
"o-ptlJ" 

a life cycle (Pennak tese;., ryhile some mifse species

;il1;" farvaf,alr.rtopment in is linle as 2 rvk (Hauer & Ben1ce 1991)'

heliminary results froin midge rearing studies in our laboratory indicate

cricotoous 
"nnuraioicompletis 

la.,'al 
-de'elopment rvithin 30 to 50 d at 11-12oc,

ila-pff*-.r"s up -807o of &e midge pgpulation at I-ees Ferry (Blinn et

4. teez)

SUMh{ARY

Benthic primary production decreased dorvnstream as turbidity increased' due to

triUut"ty'inpug'aid phytobenthos degreased. 
- 
In general, higher production rvas

,n"^rur!a auring the srimmer.compared to winteimonths. Higher downstream

water temperat,i" *"y offset this ipatiat panern and shotrld be considered rvhen

pfannin!-fo, " 
*ufiipll ievet int"fcJs-ytt"ir. No signifiryt.difitrence occuned in

itoau"tion berween q..glgq-g+ta wit[ epiphytes versus Cladophora rvithout

epiphytes, ,ugg"iiing tftif@"rat" ife-f t"y increase if epiphyte densiry

ali"L"r. oliimuri tignt-co;dirions for Q. elomerata grorvth in this system

requires further studY.

Both G. lacustris and the chirOnomid comtnuniry bave high prodlction rates in

[r",uUrri@-rone (<140 m3 s-l) atf.'Bs F.rrl'. Horvever, both invertebrates

;; trt"rlff Xf."ted by regulated flo*t from Gien Canygn P"* and guspe-nde!

sediment input from t iUutiti"s. GaP-.tut t?clrstris and chironomid Production
*"r t"au""d uy over Sovo in tue@ne at L."t Ferry.- -F}ttt"t -
reductions (>407o) in downsfieam pioduction at the somewhat turbid habitat of

Two Mile Wash*"r" caused by suipended sediments entering-from the Paria

River. Considerable mass of both invertebmtes enter stream drift on a daily

basis. Iuclusion of stream drift in production estimates increases overall

production values for each invertebrate, Both Q. Ia=cu=stris,and.chironomid larVae

it"y "o 
important role as intef'mediate linlcs in ttrJColorado River food rveb.
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CHAPTER THREE: ORGANIC STREAIU DRIFT

INTRODUCTION

Stream drift in natural lotic ecosystems has received considerable attention over
the past several decades (Waters 1972, Allan & Russek 1985, Brittain & Eikeland
1988, Wilzbach et al. 1988), rvhile only a ferv srudies have focused on similar
behavior in regulated ntnning waters, especially in arid biomes. In general, a
positive correlation exists betn'een invertebrate drift and discharge (Pearson et al.
1968, Brooker & Hemsrvorth 1978, I-eibfried & Blinn 1986, Blinn & Cole
1991), with a change in florv after long periods of stable discharge yielding
greatest organic transport (Irvine 1985; Perry, & Perry 1986). Elevated
discharges increase scouring potential and may exert strong selbctive pressures on
benthic organissls (Brirtain & Eikeland 19SS). Reduced florv can increase
stream drift thrdugh behavioral factors such as crou,ding, reduced gas
concentration, and avoidance of desiccation (lr{iirshall & Winger 1968, MacPhee
& Bruiven L973, Armitage \gn, Corrarino & Brusven 1983, Peny & Perry
1986, Blinn et AL. 1992).

Algal drift in regulated streams has received less anention than invertebrate drift.
Armitage (L97n reported filamentous algae and moss dominated the non-faunal
drift in the regulated River Tees belbrv Corv Green Dam, Great Britain.
I-eibfried & Blinn (19S6!also reported increased algal drift during the rising
arm of. the hydrograph from GIen Canyon Dam (GCD) in the Colorado River,
Arizona.

Over sixty percent of the algal standing stock (primarily Cladophora glomerata)
in the Colorado River corridbr (386 km) is produced in 26 km betrveen GCD and
the Paria River, tbe first significant tributary (Blinn et Al. 1992). The dramatic
decrease in dorvnriver standing crop of C. glomerata results from heavy input of
suspended sediments at major perennfal tributaries, particularly the Paria River
(RKM 1) and Linle Colorado River (RKM 99.7. Both tributaries drain
extensive arid landscapes in Arizon4 Utah, and Nerv Mexico, USA. The clear,
cold tailwaters immediately below.GCD and abundant armoured substrates
provide excellent habitat for C. elorherata. This hishly branched filamentous
green alga provides refugia and food for the macroinvertebrate assemblage in the
tailrvaters of GCD (Blinn et aI. IgyZ, Hardrvick et 4. L992, Shannon 9! al. L994).

Although C. glomerata is hydrodynamically adapted to lotic environments (Usher
& Blinn L990, Dodds & Gudder 7992), filamentous streameis frequently detach
from cobble in the tailwaters of GCD, especially druing regulated flircruating
flows associated rvith hydroelectric porver production (Leibrried & Blinn 1980,
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and become part of downstream drift. Due to the cessation of normal
allochthonous riverine drift by Glen Canyon Dam and the overall limited
downstream production in the Grand Canyon reach (Blinn etAl. L992), it has
been proposed that stream drift, and especiatly C. glomerata drift packets with
associated epiphyton and macroinvertebrate communities, provide food in the
form of coarse particulate organic matter (CPOM) to downstream biotic
communities in the Colorado River.

We examined several aspects of organic drift in a large regulated river in an arid
biome. Specifically, we 1) exanfined the quantity and composition of stream drift
over distance in the Colorado River along a 386 km corridor below GCD, 2)
examined the contribution of shpam drift from tributaries to the Colorado River
corridor, 3) compared the quantity and composition of stream drift and total
organic carbon (TOC) during regulated and steady flows, and 4) determined the
effects of river hydraulics (rapidp) on the mass, macroinvertebrate composition,
and food value of g. glomerata drift packets throughout the Colorado River
corridbr.

STUDY AREA

We investigated the quantity and composition of stream drift below Glen Canyon
Dam (GCD) in the Colorado River through Grand Canyon National Park between
I-ees Ferry and Diamond Creek (386 km; Fig. l). Lees Ferry, located 24krrr
below GCD, is designated 0.0 river kilometer (RKM).

GCD releases water from the hypolimnion of Lake Powell with a maximum
power plant discharge of 934 m3 s-l (Stanford & Ward 1991). Operation of GCD
is govemed by Interim Flow critpria until the GCD Environmental Impact
Statement is completed and operation decisions are finalized (Randle etal. 1993,
U.S. Bureau of Reclamation 1994). Interim Flows have a peak discharge of 566
m3 s-l and a minimum of 141 m3 s-l with a maximum up-ramp of 71 m3 s-l and a
maximum down-ramp of 42 m3 $-1. Maximum ranges of daily fluchrations vary
from 170 m3 s-l to 226 m3 s-l based on projected monthly water allotments.

The biotic characteristics of the dtudy site throughout the canyon are shaped by
discharge regulation, channel morphology, and biome effects via tributary inputs
of suspended sediments (Blinn etal. L992). V/aters above the Paria River (1.0
RKM) support high standing crofs of Cladophora glomerata and a
macroinvertebrate assemblage of Gammarus lAcustti!, chironomid lanae, and
gastropods (Blinn eld. 1992). the consistently clear, cold tailwaters (8-12'C)
below GCD are dramatically altdred at the Paria River confluence where a mean
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of 3.02 x 106 tons of suspended sediments annually enter the Colorado River
(Andrews l99l). Due to-rapid light extinction, mean armual standing mass of g.
glomeratA and associated macroinvertebrates are dramatically reducJd throughout
the remainder of the river corridor (Blinn elal. lg9z, yard et al. lggz). rfe
Colorado River within Glen and Grand Canyons is a run-pool-arop river with a
shallow gradient of 1.5 m km-I. Pools and rapids are formed by channel
constrictions created by tributary debris flows during summer monsoon and
winter storms. Summer air temperatures exceed 35oC, while winter air
temperatues drop below OoC at night.

METHODS

Drift Collections: Near-shore surface drift samples (0.0-0.5 m deep) were
collected on September 1993, January, March, and June 1994 at the l0 downriver
sites u_sed by Blirm gta!. Q992; Fig. l). Collections werc made with a circular
tow net (48 crn diameter opening, 0.S mm nylon mesh) held in place behind a
moored pontoon raft or secured to the river bank if the raft wai in an eddie.
Collections werc taken in triplicate at approximately 0600 h and 1800 h at each
site to establish the extent to which veloCity affects drift. September samples
wene preserved with AFA (alcohol, formalin, and acetic acid) and sorted into six
categories including: Gamr.narus lacustris, chironomid larvae, simuliid laryae,
other macroinvertebrates, Cladophora glomerata and detritus. Animals were
numerated while solry 3q9 "U 

categories werc oven-dried at 60'C and weighed.
Ash-free dty_Ttt! 6FDM) estimates were determined for each biotic categ"ory
by a.shing { 5O0'C for one h and re-weighing (Table l). AII collection andl
sorting techniques followed this protocol unless ortherwise noted. Current
v_elocity-was measured for volumetric calculations using a Marsh McBirney
electronic flow meter (Model # 201). River discharge -was 

determined in '
reference to U.S.9,.S. perio.ds by time,of day at the nearcst stream gauges for
each collection. The duration of all c6ilections (n = 276) averaged-foui min (SE
iO.l6) with an average of 24.4 m3 (qE t 1.4) of water sampled-through nets.
The standard sampl_ing uror_was within ll%o of the mean t6tal Ariftin! material
(0.054 g m-3 s-1, S.E. t 0.005; Cutp etal. t994)

Twelve t9 ?0 packets of drifting Q. glgqrgrata were randomly collected during
January,-March, J*9, and sept-mber 1992 with a hand dip riet (30 x 25 cm; 0'.5
mm mesh) from surface to I m deep at I-ees Ferry RKMb.0), below the
confluence of the__Paria River (RKM 1.0), Nankoweap Creek (mu 93.2),
Tanner creek (RKIvI 108.8) and Diamon! cryek (B4M 361.6). Twenty iamples
werc also collecred above and below Badger creek Rapids Gru l2.gito r 

--

ascertain the effect of a single large rapid on the integiity oie. glomerata
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packets. Samples werc sorted in the field into l l biotic categories: g. glomerata,
Oscillatoria spp., detritus, miscelaneous algae and macrophytes, G. lacustris,
chironomids, simuliids, tubificids, lumbriculids, gastropods, and miscellaneous
macroinvertebrates. Densities for oligochaetes were established through
regression analysis of biomass because of fragmentation while sorting. The
resulting equation was:

Tubificid density = 24t8.5709 (Ash-free Dry Mass) + 14.9265
(R2= 0.887; E t,t3s = 1066.M4; p<0.0001).

Epiphyton was removed from C. glomerata by agitating algal filaments in
WhirlPacs@ containin E 2A0 ml of filtered river water for two min (Blinn et al.
1992). Hyra:r@ mounts were made to determine diatom density and composition
from a minimum of 200 cells at 1000x magnification for each sample.

We examined the influence of steady versus repeated fluctuating flows on stream
drift at Lees Ferry, AZ,by collecting drift with a circular net (48 cm diameter
opening, I mm nylon mesh). The net was held at the surface by a float and
deployed from a navigational buoy so each set would be in the same position in
the channel. Collections were taken at six-h intervals starting at 0600 h for five
days. Discharges from Glen Canyon Dam were held steady (226 m3 s-l) the first
three days (May 29-31,1993) followed by two days of fluctuating flows
(discharges from 141 to 283m3 s't). Watervelocity was measured with a Marsh
McBirney electronic flow meter (Model 201) before and after each collection
period for volumetric calculations. Samples were preserved in AFA and sorted
using the above protocol.

Total organic carbon (TOC) conoentrations were also measured at Lees Ferry
during a steady and fluctuating flow regime in May 1994. Drift and TOC
samples were collected at 0600h and.l800 h (low and high water) at Lees Ferry
and at Paria River cobble (RKM 3.2) on the third and final day of steady flows
and on the fint day of fluctuating flows. Triplicate 100 ml samples of river
water were taken at each site and filtered through a sterile 0.2 gn Millipore
membrane and stored on ice and analyzed within 48 h. Two hundred fifty pml
aliquots were injected into a Rosqmount/Dohrmann DC-180 Total Organic
Carbon Analyzer and TOC (mg L-t) was measured for each sample.

Tributary Drift Collections: We examined the contribution of organic drift into
the Colorado River from 11 tribqtaries between Ires Ferry and Diamond Creek
in January, March, and June, L99/+ (Fig. 1). These tributaries were the same as
those used by Blinn gl d. Q992). A rectangular drift net (0.363 mm mesh) was
positioned for 10 min (n = 3 replfrmtet) at each tributary. Volumetric data were
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collected in the same manner as mainstem collections. Discharge estimates were
made for all tribuaries except the Little Colorado River (RKM-98.6) which was
obtained fiom United States Geological Survery (Glen Canyon Environmental
Studies, personal communication).

h:situ Desiccation Experiments: This experiment was designed to determine the
effect of repeated 12-h night exposure periods on C. glomerata and
macroinvertebrate drift. A raft constructed from a rectangular fram e of 2 x 12
dimensional lumber strapped down on two mini-snout tubes, 4.3 m in length, was
stationed at lres Ferry, AZ. Sixteen wooden sluiceways (15 x 60 cm) with a
rcmovable_nylgn mesh net (0.5 mm) on the downstreani side were suspended
from five 2 x 4 rail-frames, 61 cm off the deck of the frame, 8l cm apart. Tops
and upstream ends of each sluiceway were covered with nylon mesh (0.S mm) 

^net

to enhance water flow through each sluice and werc hung 
-into 

the water at a
{tpF of 50 cm. An aluminum keel, 15 cm long and 2 {mhigh, was fastened to
the bottom of each sluice to keep them parallel to the current.

Sluiceways were T"dogl)r divided into nvo treatnents, eight continuously
gple$-eg_qonqols and eight that were pulled out of *re water nightly foi tZ tr
(18004600 h) for thrce consecutive days. This cycle was designed tosimulate
{luctu.lting flow_ {Tloqgrations, in which low water occurs auring the night in
the tailwaters of GCD. Four cobbles with C. glomerata and an asiciated-
macroinvertebrate,assemblage (30 cm in circumference) were placed into each
sluice. These cobbles w91e gathered from below the 141 m3s-i discharge srage at
I-ees fqtty (RKM 0.8). Sluiceway-nets were sampled immediately afd b.in-g
pg[ed from the water at the start of each desiccation period. Sarnples were
pllced on ice and sorted live within 24 h. Samples wirc also taken from the
cobbles within each sluice at the end of ttre experiment for control and treafinent
quantification. Plastic circular templates Q0 cm\ were randomly placed on
cobbles and the area within scrapped glean.

lhe following physical parameters were recorded at 0600 h, 1200 h, and 1800 h:
Vo cloud cover, 7o_humidity, water temperature, daily minimum and maximum
air temp_epture9, S_ecghid9pth, and river discharge. 

-Discharge 
information was

obtained from the United States Geologjgal Suryey staging g.:uge at Ires Ferry
(Qlen Canyon Environmental Studies, Flagstaff, i+Zl.-Crftntielocities *"rj
taken in each sluice with a Manh McBirnJy ebcbonic flow meter (Model # ZOI).

Statistical Analyses: Multivariate analyses of variance (il,tANOVA) were used to*tl{ry categorical predictor variables-(biomass estimates) and muitipte t"sfonrt
variables (phylt_c4.parameters/reaunent) for benthic, drift, and stui&way
experiments. Multivariate repeated measures analyses werc also perfomred on
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sluiceway data. Hydraulic impact on g. glomerata drift packets were analyzed
with a Student t-test. All calculations were performed with SYSTAT computer
software on ln+l transformed data (Version 5.1, Wilkinson, 1989).

RESULTS

Dowpriver Drift: Multivariate analysis showed a significant positive correlation
benveen biomass of stream drift and discharge (Wilks' Lambda, F = 4.2,
p <0.001, n= 132: Figs. 24 - 28) and distance from Glen Canyon Dam (GCD)
(Wilks' LamM4 E= 2.79, p <0.001, g= 276). Discharge (226 to 510 m3
s-t) had a selective effect on drift components. Univariate analysis showed that
detritus was positively influencedl by discharge (E = 5.5, p <0.0001), in contrast
all other biotic categories (Gapg4gg1us lacustris, Cladophora glomerata,
chironomids, simuliiids, oligochaetes, and gastropods) had a significant negative
relationship with discharge G-= 2.1, p <0.001, all categories). The relationship
benveen detrinrs and discharge is not linear with a drop in biomass between 350
and 450 m3 s-l (Fig. 2a). Discharges between 340 and 395 np s-l increased
detrital drift by 55Vo, with another SOVo increase above 450 m3 s-1.

Drift composition changed with dflstance from GCD. There was a significant
increase of drifting material through the Grand Canyon, however, G,. lacustris
and miscellaneous algae/macrophytes did not show a significant difference
between sites (E = 0.43, p = 0.99r n= 276; F = 1.38, p = 0.09, L= 276,
respectively). Other categories varied significantly between sites (F = 3.3 ,

B <0.001), but increased with distance. Tenestrial insects collected in drift
samples comprised only 0.00LVo of the total number of animals collected (11 of
10,708 animals).

Drift composition and biomass varied significantly by season (Wilks' L,ambda F
=10.5, g <0.00001, g = 276;Frgs.X-?q. Univariate analyses showed a lack of
seasonal variation for G. lacustris and rniscellaneous algaelmacrophytes (! =
0.19, P= 0.82, n=276: F= 1.5;P= 0.28, n=T76, resPectively), while all
other biomass categories varied sQasonally (E = 10.8, p <0.0001, all categories).
Collections during September 1993 had the highest mean total organic drift (0.08
g m-3 s-t AFDM) and were composed primarily of detritus, probably due to
tributary input. Cladophora glonterata drift increased through the spring to a
maximum of 0.015 g m-3 s-t AFDM in June (Fig. 28). This may have been due
to an abnormally dry year which feduced tributary input and caused unusually
clear water. Macroinvertebrate bijomass, density and diversity also increased
between March and June collectiops; i.e, a 55Vo increase in aquatic dipterans and
a 66Vo increase in miscellanous nlacroinvertebrates. Macroinlertebrite AFDM
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Figure 24. Comparison of near-shore stream drift collections (g AFDM m-3 s-1)
and discharge (m3 s l) h the Colorado River corridor through
Grand Canyon National Park, Arizona.

.^
F

t o
?

E
Erv

fr
Ir
FI
&a

rd
&
F(a

78



0.000t

0.0006

0.0004

0.0002

0.25

0. 15

0.05

I(ILOMETERS

Figure 25. Average mass (g AFDM --3 r-l) of plants, macroinvertebrates
and detritus in strcam drift at collection sites in the Colorado River
between Lees Ferry (RKM 0) and Diarnond Creek (RKM 362) during
September 1993. Erfor bars represent tl S.E.

EaIr
r{
'ca

FI
lr-

FIT

a0\r'

cn
rd
Fr

&
FE
rd
E-
&
Id

z
o
&
U

il|

g\r')g\Fe€ee
\o€es(')\ort\o

F{F(No|(')(f)

A

o
Fr

I
ca

(ar6
F
IT

a0v

Fz
J
er

g\loo\t\e€ce
\c€etcf)\os\o

F(F(F|N(rlF)

79



0.0009
Garnmarus

Diptera

Miscellaneous

T
I

0.0006

0.0004

0.0002

0.2 5 I Cladophora

0.15

0.05

9e(')N€\ro!!€!g\!teq(?\c6or<tlli\ecr\c
' 

*,r;";;' 
G' "' ?"'

Figure 26. Average mass (g AFDM *-3 r-l) of plants, macroinvertebrates
and detritus in sheam drift at collection sites in the Colorado River
between Glen Cqlyoa Dam (RKM -24) mdDiamond Creek (RKM 362)
during January 1994. Error bars represent tl S.E.

80

E
afr

d, ct)

?tr
II

€9
cn
r{
F
xn
H
T{
F
&
Td

z
f-lc
*
U

A

o
frr

l<,o

rrlrFT
-r

a0\/
Fz
J
gr

r
tr
N

ve(')F|g\lf|!!€l'o\te
ClFl\g€eF((a!r(\gF)\g
!r.(t.(r.(GlNF)(')

tr Detritus

Nl Miscellaneous
r
I
I

I



t
D

N

A

afr
d,rn
Fr

)S
F
II

a0\/
cn
rd
tr
&
Ie
rd
F
&
rd

ztsa\v
&
U

^\
ah

-
I
0

FI
I sFIT

ao\/
Fz
-l
n

0.00 r

0.0008

0.0006

0.0004

0,0002

0

0.2 5

0.2

0.15

0,I

0.05

0

toc(')cr€!q€d\0Fle
gr|qr1\g€et-((A(r)\OrA\O
rtr(F(FtF|NCa(a

Gammarus

Diptera

Miscellaneous

T
I

I Cladophora

tr Detritus

N Miscellaneous

tglCAeF(€!A.C€cl\eG|e3*Iq')\g€et-((')(')\OrA\C
fF(riFlNGl('tF)

KILOMETERS

Figtrc 27. Average mass (g AFDM --3 t-1) of plants, macroinvertetrates
and detritus in strean[ drift at collection sites in the Colorado River
between Glen Canyolr Dam (RKM -24) and Diamond Creek (RKM 362)
during March 1994. Error bars reprcsent il S.E.

81



3
aIr

-t
ct)

(')
.TFlr

0.0 025

0.0 02

0.00r 5

0.00 I

0.0005

0.25

0.2

0. 15

0.1

0.05

Gammarus

Diptera

Miscellaneous

r
tr
N€9

0
H
F
x
Ie
rd
F
&
FI

z
F(

\r/x,.u

r
tr
N

,-\

aIr
F<

'cn
F)r!

-r

a0\/
Fz
-ltr

!tOcaNe(v)F(Cce€\gGle
c|trlt\o\cNr(a€!\g
rtr(r.(r{NG{(')(')

Cladophora

Detritus

Miscellaneous

=eF)N
I

F|CF)iE(aF.o\eG|
F( F(

KILOMETERS

(a€\oFte
F(')€!\0
FIo|NF)(')

Figure 28. Average mass (g AFDM ro-3 .-l) of plants, macroinvertebrates
and detritus in strcam drift at collection sites in the Colorado River
between Glen 

-Canyo:r 
Dam (RI(M -24) and Diamond Creek (RKM 362)

during June 1994. Error bars represent 1l S.E.

82



drift was 2.3 gm-3 s-l (S.8.t0.3) in March (Fig. 27), compared to 5.9 g m-3 s'l
(S.E. t0.8) in June (Fig. 28).

Seasonal and longitudinal variatipns in organic drift are influenced by suspended
sediments and debris from tributAry input, which is dependant on climatic
conditions. Detritus in the Colorado River is comprised primarily of finely
ground allochthonous material derived from riparian vegetation and tributary
spates.

Cladophora glomerata Drift Pachets: The mass of C. gls,merata drift packets
changed significantly both spati4lly (EzJzt = 11.56, p <0.0001) and temporally
(E z,gzr = 6.93,D = 0.013) in ttre Colorado River through Grand Canyon.
Maximum AFDM for C. glomeqata drift packets occurred at l.ees Ferry (0.16 g,
S.E. t0.06), but dropped 4-fold $elow the confluence of the Paria River and l0-
fold (<0.01 g AFDM, S.E. t0.01) below RKM 85. Cladophora glomerata drift
packets had the highest mass during September (0.6 g AFDM, S.E. t0.2), while
March drift packets had the lowqst AFDM (0.01 g, S.E. t0.002)

In a separate experiment to examine the effects of rapids on the integrity of e.
glomerata packets, we noted a significant (E 1,40 = 6.45, p = 0.015) reduction in
AFDM mass for C. glomerata drtift packets above (0.046 g, S.E. t0.01) and
beiow (0.012 g, S.E, t0.004) the rapid at Badger Creek (RKM 12.8). No
macroinvertebrates were found in the Badger Creek Rapid collections; they had
apparently been lost while passing through the smaller upstream Paria River
rapid. Badger Creek is the first major rapid below Lees Ferry and has a 2.0 m
vertical drop (Stevens 1983, Kieffer 1985).

Densities of epiphytic diatoms in drifting Q. glomerata packets changed
significantly with distance from GCD (E 3,128 = 8.9; p < 0.01, Fig.29).
Epiphyton density was highest at Lees Ferry (450 x 103 cells mg-l AFDM g.
glomerata) and decreased by 40%below the Paria confluence (RKM 3.2) and by
64Vo at Tanner (RI(M 109). Furthermore, the proportion of up-right diatom
taxa diatom decrcased with distance downstream (E z,rz8 = 4.88; g <0.0001;
Fig.29). The more prostrate taxa include Cocconeis pediculus, Gomphonema
spp., Diatoma tgllllg, and Achnanthes spp., while up-right taxa included
Rhoicosohenia curvata and Diatoma vuleare. The ereatest difference in
composition by site was between GCD tailwaters (GCD/If,es Ferry) and Marble
Canyon (Paria/Tanner Washes) *herc p. vulgare was replaced by e. pEaicutus.
There was no significant differerice in composition of epiphytic diatoms (p >0.05)
between GCD and l-ees Ferry or Two-Mile Wash and Tanner Wash (RKM 108).
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Invertebrate AFDM in e, elg,medta drift packets changed over sPace and time.

These values include midg-e lanae, pupae, exuviae, and pharate material.
Average chironomid larvab sandipg nnss i.t_9 elomqreia pactets_rvas highest

during the summer G = 0.00602 g AFDM, S,E t0.002), while other seasons

were iubstantially reduced; fall =-0.0009 g (S.E. t0.00001), winter = O.00012 g

(S.E. +0.00006),-and spring = 0.00010 g (S.E. t0.00004). Chironomid larvae in

Q. glomerata drift packbts showed a significant difference in AFDM spatially

@ttr;3.:9/lS. p <0.000) and seasonally (E+Szr = 5.992, p = 0'015)'

Maximum standing mass of chironomid larvae occurred in drift p_ackets at I-ees

Ferry G = 0.00014 g AFDM), but decreased lO-fold at RKM 5 (0.00002_ _g -
nfOVtlr Other macroinvertebrates were absent from drift packets by RKM 5.

Tributary Driffi Contribution of tributary drift to the Colorado River varied

@tweenstreams(Wilks,I.amMa,Fn,ax=4.9,p<0.0001,n=99,
Fig. 30); however, no significant seasonal pattern was detected under baseflow

co-nditions during January, March, June, and September (E6,gt = 1.0, P= 0.4,

n = 99). I-ack of seasonal drift patterns may be attributed to unseasonably dry
weather pattems that maintain baseflows.

The Paria River (RKM 1.0), Linle Colorado River (RKM 98.6), and Diamond
Creek (RKM 361.6) contributed the highest average stream drift to the Colorado
River; i.e., 0.78, 0.35, and 0.12 g m-3 5-1, respectively. Drift from the Paria and

Little Colorado Rivers was primarily detrinrs, while C. glomerata was the
dominant drift component ai Diamond Creek. Mean organic drift (AFDM) from
tributaries was 0.13 g m-3 sl (S.8. t0.04), compared with 0.5 g m-3 s-l
(SE t0.00+) in the mainstem. Based on mean discharges for tributaries (1.1 nr3
s-l) and the mainstem(374 m-3 s-l), we estimate that ''0.I4 g of organic drift is
contributed by tributaries to the Colorado River (drift - lffi 9. V/e estimate
that tributaries release an average of 2.76 animals m-3 s -t (3 animals at 1.1 m-3

s -l), while the mainstem transports 3.2 animals m-3 s -l (1,200 animals at374
m-3 s -l).

Aquatic dipterans, C. glomerata and detrirus vary significantly !y tributary
(F = 4.5, 9<0.0001), while other biotic categories do not significantly vlrl
Gnveen tribuaries (E = 1.8, p >Q.06; Fig. 30). Diamond Creek released the
most aquatic dipteran larvae (0.0p1 g m-3 3 -t; 0.05 simuliids m-3 s -l and 7
chironomids m-3 s -1), compared with 0.02 g m-3 s-l (4.8 animals 6-a 5-l) for
other macroinvertebrates. Aq*ti" macroinvertebrates in other tributaries
consisted of Plecoptera, Trichop{er4 EphemeroPtera, Odonata, gastropods, 

_

lumbricids and asJorted tenestridl insects. These macroinvertebrates were the
dominant components in tributarir stream drift (0.002 gma s.l; 1.2 animals m-3
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Figure 30. Average mass (g AFDM *-3 r-1) of plants, macroinvertebrates
and detritus in stream drift at selected tributaries in the Colorado River
between lres Ferry (RKM 0) and Diamond Creek (RKM 362). Values
represent means for samples collected during January, March and

. June 1994.
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s-l), but contributed the least to the overall drift biomass in the mainstem (0.0007
g m-3 s-i; 0.38 anim.rls m-3 s-l).

Organic Drift in Steadl, Versus Flucnnting Flows: We examined 3 days of steady
(227 m3 s-l) flows followed by 2 days of flucruating flows (141-283 63 s-l) at
I-ees Ferr)' to determine the rate of organic drift for each treatment. Fluctuating
flows had an overall significant positive effect on algal and macroinvertebrate
drift mass and density (Wilks' I-ambda; EuJo =2.9, p <0.001; Table l8).
However, univariate analysis showed that only macrophytes, Q. glomerata.
detritus, oligochaetes, and gastropods had a significant positive correlation with
stage discharge (p <0.001).

Cladophora glomerata was the dominant primary producer found within the drift
and composed98.5Vo of the biomass for both steady and fluctuating flows (Table
18). The aquatic macrophyte, Potamogeton, the red algae, Rhodochorton and
Batraclosoermum, and the macroalga, eIAIg comprised the remaining l.S%o. A
channel-wide calculation for total living plant material in stream drift at I-ees
Ferry was estimated at -4?A g s-tAFDM at a discharge of 283 rn3s-1.

Cladophora glomerata and macrophyte AFDM changed significantly on a diurnal
basis (EsSr = 4.16,P= 0.01; Eg,St =2.82,P = 0.04, respectively). Mean AFDM
of drifting plants from 0600 and [200 h was 1.3 g m-3 s-l (S.E. +0.3), while
collections from 1800 and240O h were 1.0 g m-3s-l (S.E. *O.2). Neither
macroinvertebrate AFDM or abundance changed diurnally through the collection
period.

Mean biomass and abundance of macroinvertebrate drift from steady and
fluctuating flows were 0.015 g ms (S.E. +0.008) and 49.5 animals ;-3 (S.8.
+9.0), respectively (table 18). We calculated a channel wide estimate of 4.5 g s-t
of macroinvertebrate drift nnss at a discharge of 283 rn3 s-1. Gammarus
lacustris and chironomids comprised 33Vo and 62Vo, respectively, of the drifting
macroinvertebrate biomass.

During a similar discharge regime on May 1994, organic drift followed the same
pattern as stated above, while Total Organic Carbon (TOC) averaged 39.5 mg L-t
(S.D. t0.6, n = 12) during steady flows and32.6 mg L-l (S.D.t0.6, n = 12)
under fluctuating flows for both sites. The Paria River was rurming clear at base
flow during the collection periodr

Sluicewa:y Exoeriments: Three dbys of repeated night exposure of g slomerata

1 and the associated macroinvertebdate assemblage resulted in a significant loss in
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TePl". t9. Comparison of nrass (g .3) and abundance (animals m-3) in stream
grilt durin-g_steady versus fluctuaiin_g flows in the Colorado niu". 

"i 
G", Ferry,,

Arizona. Mass values are AFDM. Multivariate analyses revealJ a significant'
overall differencg benveen steady and fluctuating flows (Wilks, I-ambda
b,ss=44.1, p<0.0001).

DRIFT
CATEGORIES

STEADY FLOWS
(227 m3 s-r)

INTERIM FLUCTUATING FLOWS
(158-3Y 63 s-l)

Cladophona

-

glomerata

Oscillatoria spp.

Other algae

Chironomids

Gammarus
lacustris

Simuliids

Lumbriculids

Tubificids

Gastropods

Miscellaneous
Invenebrates

Detritus

0.583 14 g p-3

0

0.01094

0.004 lg
31.7 animals m-3

0.00149
I.7

0.00012
0. I

0.0
0.0

0.00009
2.4

0.00017
0.09

0.0cc)49
0.2

o.0249L

2.?3272 g p-3

0

0.033 574

0.00ggg
58.0 animals m-3

0.00639
4.9

0.0
0.0

0.0c049
0. I

0.00039
6.6

0.00016
0.01

0.00047
o.7

o.o32g4
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biomass to strearn drift (Wilks' [ambd?, b1J, p <0.0001, g = 58, Fig. 3l).
Average daily AFDM loss of C. glomeraa in exposed treatments was 0.13 g
(S.D. 10.09) compared to 0.03 g (S.D. 10.01) for controls. Detritus, Oscillatoria
and miscellaneous aquatic flora did not show a significant loss due to exposure (p
>0.2) and were found in only tmce arnounts, i.e, cumulative average for all
contols was 0.78 g m-2 AFDM.

Daily loss of macroinvertebrates from treatment sluiceways due to desiccation
averaged 0.008 g AFDM (S.E. t0.002) or 17 animals (S.9. 4.1) and a 3-d total
loss of 0.023 g AFDM (S.8. 10.008) or 520 animals (S.E. +31.4; Fig. 32).
Univariate analysis of macroinvertebrate composition showed a significant loss of
lumbriculids (F = 4.82, g <0.05, E = 14; 0.0004 g AFDIO and E lacustris
(F =7.9,p<0.2,8 = 14; 0.028 g AFDM) after a l-d exposure, and a significant
loss of gastropods (E = 10.6, p<0.001, !I = 14, 0.0008 g AFDM ) after two
successive days of exposure.

Continuously submerged connol bluiceways did not show a significant loss in
AFDM for algae or macroinvertebrates (Wilks' lambda, E = 1.32, p = 0.24,
B = 58; Fig. 31). There were no significant differences between initial and final
controls for algae and macroinvetrtebrates (Wilks' lambda, E = 1.08, p = 0.38,
n = 58, Fig. 31). All univariate apalysis of compositional categories within
controls were insignificant (p>0.@). Repeated measures analyses indicated that
control AFDM did not vary significantly during the experimental period (B =
0.6), but there was a significant difference between controls and exposed
sluiceways by each day (g <0.0001), supporting the N{ANOVA analyses.

Air temperatures during the sluiceway experiment ranged from 13'to 46" C with
a mean of 25.fC. Humidity ranged from L9Vo to 62Vo with a mean of 35.8Vo.
Cloud cover increased significandy (E =51.4, p <0.01, I! = 9) over the 3-d
experimental period from 0 to lffiVo oJercast with light showers on day three.
Water clarity was high and constant with Secchi depths >5 m. Discharge ranged
from 141 to 566 m3 s-t G = 387 rn3 s-l), and changed by as much as 424 m3 s-l
in 12 h. However, current velocity taken at the up-stream end of each sluiceway
averaged 0.38 m s-l and did not vary significantly during the course of the
experiment € = 0.003, g =1.0, n = 16).

DISCUSSION

The large benthic standing nnss in the immediate ailwaters of Glen Canyon Dam
(GCD) conEibutes negligible coarse particulate organic carbon (CPOM) to
downstream aquatic communities in the Colorado River corridor through Grand
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Canyon. Although operations of GCD dislodge packets of g. glomerata and
associated communities through variable discharge volumes anA perioas of
desiccation of colonized cobble bars (Lribfried & Blinn 1986, Blinn et el. lg9},
Angradi & Kubly 1993), rapids along the river corridor quickly pulverize
packets and limit transport of CPOM to downstream biotic communities. The
rapids are caused by debris fans from tributary inputs and cause hydraulic stress
t" grgalig d-1ft; i.e, water velocity can increase by more than lO-fold through
rapids (Kieffer 19&5, 1990).

Cla9oghora glo.melats rygraged g.l7 g AFDM (-2,000 joules based on energy
equivalents derived by Blinn et d. l9E2) in drift packets at lres Ferr)' (RKM
0.0) and was reduged by 22Vo below the confluence of the Paria Rivei, just 1.0
km downstream. There was an additional 26Vo reduction in drifting C.-glomerata
mass and energy below Badger Rapid (RKM 12.8). The Paria riffla is a minor
rapid with a vertical drop of less than one m, while Badger Rapid is the first
major-rapid with a vertical drop of 2.0 m (Keiffer 1990).

Cell densities of epip-hy!9_aiatoms associated with C. glomerata are reduced by
$Vo by Tanner Wash (RKM 110) and changed from an upright to a prostrate
assemblage uPon exiting the l,ees Ferry reach. This change in diatom community
physiognomy may be important to downstream macroinvertebrate communities
because up-right taxa are more roadily available to macroinvertebrate grazers
than prostrate forms (Colleni ete[., 1987, Steinman er4. 1987, Blinn e1al. 1989,
Peterson g! al. 1992), and perhaps are more susceptible to abrasion by suspended
sediments and hydraulic stress (Fllardwick et a[. 1992).

Macroinvertebrates associated with the Q. elomerata packets displayed an even
greater distance-relaled reduction in AFDM than algal componenti through the
first two-rapids (12.8 km). Macroinvertebrates in C. glomerata drift paclets had
an annual mean TT! of 0-015 g AFDM (-1,550 joules) at Leea Feny, but were
fjf:"{!y >8OVo below the Paria Riy'ei and by 99Vo below Badger Rapid (RKM
I2.8). These data do not confonrn with the river continuum theory (Vinnoie et
al. 1980), but inslp$ suppor! the riverine productivity model of fhorp and
Delong (1994) which states that reach productivity rnay not be entirely dependent
on up-stream carbon sources.

Power (ry90) rePortq high densi{ies of insect farvae associated with floating
mats of C. glomerata in the unregulated pool-riffle reach of the Eel River, iA.
Floating mats with larval chirononrids were consumed ltl6 times more
frequently by fish than submerged mats of C. glomerata in the Eel River, with up
t? 6 times higher emer_gence rates by larvae compared with submerged mats.
These comparisons indicate that a[ifting CPOM ian provide important links in
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the trophic ecology of small rivers, however in lotic ecosystems with hydralic
turbulence, rapids greatly reduce downstream transport of CPOM and stream
gradient is negatively correlated with autochthonous CPOM drift.

Zooplankton drift in the Colorado River through Grand Canyon remains
relatively constant (100 animals m-3 s-l), but decreases in condition downstream
(parasites, body stmctures missing, etc.) benveen GCD to Diamond Creek (Haury
1988). Sabri eI a!. (1993) reported that copepod lanrae declined only slightly
with distance from the impoundment in the River Tigris and appeared to be more
resilent in lotic conditions over numerically dominant rotifers. Haury (1988) did
not report a correlation benveen densities of zooplankton drift and increased
discharge in the Colorado River. In contrast, Sabri 9I Al. (1993) reported a
positive relationship betrveen increased zooplankton density and discharge in the
River Tigris due largely to the occurrence of numerous islands within the channel
creating backwaters that flushed with rising hydrographs. The Colorado River in
Grand Canyon has a highly constricted channel and for the most part lacks
backwaters of any significant size. The trophic role of lentic zooplankton in the
food web of the regulated Colorado River is not fully understood (Haury 1988);
however, Ward (1975) reported that hlpolimnial released zooplankton do not
contribute appreciable amounts of organic matter to the downstream conrmunities
in a Colorado mountain reservoir.

During the June 1994 collection trip, L. Haury collected zooplankton with a 13
qn diameter opening plankton net (243 pm mesh) in the mainstem as well as in
several backwater sites These data showed similar pattems to collections taken
during the 1980's when densities dropped by 80Vo after RKM 120. Diversity
appears to be lower overall during Interim Flows (IF) than in the past,
particularly noticeable is the absence of large (>l-2 mm) copepods and Daphnia.
However, collections at Nankoweap pool revealed a dominance of Bosmina
longirostris; the only sirc ttris cladoceran was collected. These preliminary
results suggest ttrat further collections are needed to better understand the
distibutional patterns of zooplankton through Grand Canyon National Park.

Our data indicate that terrestrial insects are not important in stream drift in the
Colorado River corridor through Grand Canyon National Park. Yet Valdez
(personal communication) reports high numbers of terrestrial insects in stomachs
of humpback chubs. Perhaps the terrestrial invertebrate drift is highly
punctuated during and immediately after rainstorms and is therefore a rare but
locally important resource for the fisheries in the Colorado River through Grand
Canyon National Park. Furthermorc, the narow band of riparian vegetation
along the shores of the Colorado River, arid climate and river regulation may
provide limited habitat for insects (Stevens 1989). In contrast, Armitage (1977)
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reported that tenestrial insects cOntributed -l0%o of the annual drift biomass in
the mesic watershed of the River Tees, Great Britain.

Experimental sluiceway experimonts at I-ees Ferry indicated exposures of Q,.

glomerata under fluctuating flows significantly increase organic drift. Fifty-five
percent of the Q. glomerata biomass entered drift after 3 nights of repeated
exposure. Other investigators (Usher & Blinn 1990, Blinn 9t al. L992, Angradi
& Kubly 1993) reported comparable losses in Q. glomerata biomass after
successive exposures in laboratony stream tanks and in the tailwaters of GCD.
Furthermore, b- s itu drift experirhents demonstrated s ignifi cant differences
between steady and fluctuating flows. Fluctuating flows (l4L-283 m3 s-1) showed
a20%o increase in C. glomerata drift at 1600 and 2400 h compared to steady
flows (226 m3 s-t). The peak hydrostatic wave from GCD reaches Ires Ferry at
approximately 1600 h which accounts for the evening increase in g. glomerata
drift (U.S. Bureau of Reclamation 1994).

Comp'arisons between steady and fluctuating flows suggest that
macroinvertebrates do not exhibit behavioral drift in the tailwaters of GCD.
Tailwater conditions, with dramatic daily changes in velocity, Day have selected
for organisms that do not changeitheir behavior on a diurnal basis as noted in
unregulated streams (V/aters 1972). Shannon gl al. (1994) observed Q. lacustris
in a series of b-sigr experiments and found no significant differences in feeding
behavior between day and night oxperiments. Armitage (1977) also reported that
chironomids and baetids lacked a diurnal drift behavior in the regulated River
Tees, Great Britain.

The composition of downstream aquatic benthic communities was similar to g.
glomerata drift packets collected within each corresponding reach. Tailwater
communities (RKM 26 below GCD) have high standing crops of C. glomerata
and associated G. lacustris and chironomid larvae (e.g. Cricotopus annulator).
Blinn gtal. Q992) reported a reductidn in e. glomerita and microinvertebrate
standing stock in downstream reaches due to elevated suspended sediments from
tributaries draining arid landscapes. Elevated suspended sediments reduce
photosynthetic available radiation (PAR) in the water column with distance
downstream and cause a negative bonom-up response in the trophic stnrcture of
the Colorado River ecosystem (B[inn eI Al. 1992, Yard gl d. 1992). The decrcase
in light energy results in an overaill reduced algal biomass and a compositional
change from Q. 9lo{nerata to Oscillatoria spp. This compositional change in
primary producers is reflected by a reduction in grazers (chironomid larvae and
Q. lacustris) and an increase in filter-feeders Glirulittn arcticum; Blinn elal.
1992). Changes in composition df benthic primary consumers correlate with
changes in composition of steam [rift throughout the 387 km study area in Glen
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Canyon.and Grand Canyon National Pa*. The close relationship between
compositiorr of C. glomerata drift packets and the benthic community wittrin each
conesponding reach suggests that drift composition and quantity is ieach specific
and not cumulative throughout the snrdy site. It also supports ttre importance of
rapid hydraulics in restricting the transport of CPOM in the Coloradb River
corridor.

Downstream dipteran insects may be foraging on the fine particulate organic
matter (FPOM) generated from the disintegration of drifting Q. glomerata
packets. Organic drift from tributaries contributes to both ePOM and FPOM as
the contribution from hibutaries appears to diminish at the rapid adjacent to the
confluence of each- tribltary. Data for TOC collected downriver driring the May
!?93 steady flows by the staff from Glen Canyon Environmental Studiel 6w.S. 

-

V.emieu, pepolal communication, GCES, Flagstaff, AZ) reported no significant
differences in TOC concentrations _downstream (33 mg L-t)-between I-ees Ferry
and Diamond Creek (RKM 362). Cellot and Rostan (1993) reported no
significant variation in dissolved organic carbon (DOC) wiih djstance down the
regulated Upper Rhone River. Based on these data, it appears that microbial
processing is minimal in col4 r_egulated rivers like the eolorado River. Perhaps,
low-water temperatures (<12"C) in the river limit bacterial processing. Further-
studies on the role of bacteria and fungi in the Colorado River food web need to
be investigated.

Total volume of stream drift increased with distance down river from GCD, but
thaped -q golnp_osition from Q. glomerata to detritus, particularly when the
Paria and Little Colorado Rivers were flooding. Detrith drift coilected near
cobble bars is not correlated with benthic mass of macroinvertebrates in the
Colorado River, but instead showed a positive correlation with slow velocity
de-positional-pools (Blinn etal. lggz). Corkum (1993) reporred a similar
relationship between velocity, detritus and macroinvertebiate abundance in
accordance with drainage biome effeits. Tributaries don't account for the total
amount of detrinrs collected in the mainstem drift samples. Riparian vegetation
must be the source for the net differpnce between tributary and mainsteit dettital
lo.ads {urlgfreriods of low precipitation as was rcported in the lower Colorado
River by Liebennan and Burke (i993)

Down river detrital drift, which represents a large portion of the total biomass,
was the only component to show apositive correlation with discharge. This is in
contrast to drift collected in the 1980's by lribfried and Blinn (198-6) under
higher florv regimes (85 - >566 m-3 s-l). They reported a positive correlation
letw.een discharge and C. lacustris and C. glomerita but n6t for chironomids.
Detrital drift was not reported. Afierim Rows are tess energetic than the high
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flows and erratic ramping mtes grf the past decade may result in detritus being the
only component directly affected, perhaps due to buoyancy. The non-linear
relationship of total drift and dispharge (Fig. 23) may be a function of
eddie/pools emptying during disdharges above 450 m-3 s-l and below 400 m-3 s-1,
and filling benveen 4O0 and 450 m3 s-1. Our data also indicate a threshold of
about 300 m-3 s-l at which point toal drift biomass dramatically increases (Fig.
23). As water stage increases, mostly the base linoral zone is swept, reducing the
ratio of drift to flow volume. A threshold of ^450 m3 s-l probabry begins to
entrail pool-stored drift. I*ibfrled & Blinn (1986) reported a similaipattern at
I-ees Ferr)t.

Entrapment and decomposition of drifting material in the eddie dominared
Colorado River through Grand Canyon National Park @curs in recirculation
lones a1d poolS, rather than in debris dams. The Colorado River through the
Grand Canyon has an average widtlr/mean depth ratio of 12.1 at 680 rrF s-r and
an ave-rage channel width of 67 rn Gandle & Pemberton 1987). Therefore, the
magnitude of annual discharges (283 m3 s-l) are great enough to eliminate debris
dams which play an important role in resource processing in lower order lotic
ecosystems (Bglby & Ward 1991). Debris packets up to 4 crr& travel through
the Colorado River corridor in a sinal wave pattern generally within the toplwo
m of the water column (Shannonr personal observations). Detritus either breaks

lPart aqdgl is transported through the deeply incised Grand Canyon. The Little
Colorado River (RKM 99), the single largest tributary in the stud-y, flooded
several times during the winter of 1993. At that time we saw hrle rafts of
organic flots_am, larggly composed of sticks and logs, at times covLring the
surface of 500 m2 eddies. Benthic sampling during the subsequent year
recovered minor percentages of the flotsam.

Our data reveal how a constricted, large volume desert river with fluvial
tri-butary effects, can act as a conduit for organic rnatter produced in the upper
tailwaters. Continued research on micrbbial processing and DOC is essential to
better understand$e organic budget of the Colorado River through Grand
Canyon National Park.
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SUMMARY

4 tt.ng p_ositive correlation exists between detrital drift and discharge in the
Colorado River corridor, while other biotic components show a strong negative
correlation to discharge. Drift components varrseasonallyi e.g., sepiem#r
collections show hig[eqdrift pass. The high autochthonous produciion berween
Glen Cgyo_1 Dam (GCD) and l.ees_Ferry supply little coane patticulate organic
matter (C!OM) to downstream reacheg. Raprd hydraulics quiikly pulverizj
packets of drifting Q. glomErata into fine particuiate organii matiei (FpOM).
1..\"q of C._glonenta and associated communites areleduced by +-foU below
the Paria confluencg qKM 1.0) qrq l0-fold by RKM g5. Ttre aciivity of
downstream microbial loops on FPOM and the role of these microbes-in ttre
Colorado River food web need study. Tributaries provide S25Vo of the total
grganjc stream drift in the Colorado River through Grand Canyon National park.
Re-gulated figyl significantly increase stream drift of aquatic U6nttros in the
tailwaters of GCD.
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CHAPTER FOUR: ACCO},IODATION AND REcovERY oF
COLORADO RIVBR BENTHOS TO FLOW
REGULATION IMPACTS

INTRODUCTION

The abunrlant standing_stock of **,e\oB gtomerag at l-ees Ferr)' is strongly
reduced below the confluence of the Paria River and the cyanob""tiri" 

"srnibiug"(OsgillatqrialPP.) becgmes an important component of thi phytobenthos standin!
stock in the Colorado River through Grand Canyon National Fark (Blinn et g!. tbgZ,
Shannon et al. 1994). The transltion in algal communiry srrucure coincides *itt
1bn1nt increases in_susPended sediment loid accompaniba Uy reduced water clarity at
the Paria River and subsequent ffiburaries (yard er 4. l992i. Recent studies have
indicated that C,. slomerata supports significantty trigtrer epiphytic diatom and
macroinvertebrate communities Fan O=Scitlatorii assemblag6s (nnney L99L, Blinn er
4. 1ry2, Shannon 

"t4. 1994). Therefoie, replacement ofE. glomerita traUitats wittr
those more suitable for Oscillatqqp has m3joi bottom-up impti"aAons on the aquatic
food web in the coloradiffiiFough Grand Canyon National park. Elevated
suspended sediment loads are likely more denimental to the exposed filamentous
:gt"T"q"l-C. glor.nerata than to compact mucilagenous asseriblages of Oscillatoria
(Davies-colley et al. 1992, Dodds & Gudder 1992, Sze 1993).

Diel and seasonally variable flows are cornmon in regulated rivers with phytobenthos
ggTlgntties periodically exposd to desiccation (Lowe 1972, Lillehammei & Saltveit
L984, Peterson l%6, lw7). psqllblggg mats have been shown to survive
desiccation, recgYgring rapidly upon iehydration (Vincent & Howard-Williams 19g6,
Hawes 1993), while C,. glomerat4has been shown to lose significant amounts of
chlorophyll 3 after six or more hg*.t of atmospheric exposlure in field and laboratory
experiments (usher & Blinn 1990, Angradi & kubly 19-93).

We distinguished distance-related tri*'tary influences from diel flow effects on
Colorado-$y"t phytobenthos. Reciprocai translocation experiments with cobble and
associated biota between L,ees Ferry-(RKM 0.8) and Cathei.hal Island (RKM 4.8) were
conducted to measure the rate of accommodation among Q. glomerata and Osciliatoria
communities in high and low sediment habitats. The tein-"affiodationTElG"n
used to describe the adjustment of an esablished biotic community to a long-term
incubation in an alternative environment (Crossman et al. 1973, Yo*t and Niemi
1990). We tested the ability of g slomerata and Oscillatoria to accomdate in
altemative clear and nrrbid environments. We ttren measureA the recolonization of
desiccated cobbles by benthic corhmunities in continuously submerged and varial
zones at lres Ferry and Cathedrail Island. "Recolonization" refersio the resilience of
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a^colrrmunity to recover from a dishubance such as desiccation (Yount and Niemi
1eeo).

METHODS

In- Situ Reciprocal rranslocation Accommodation Experiments

On May 17, 1993,100 cobbles (20-50 cm diam) with associated biota were
collected from the permanently wetted channel (442 m3 s-l srage) in the clear-
water reach of Ipes Ferry RKM 0.8) and transplanted into a niore turbid reach at
Cathedral Island (RKM t. Cobbles were placed in a l0 x l0 grid beneath the
varial zone (442.fiP s-l stage) and the coiners of the grid weie painted for later
recovery of the grid. Likewise, 100 cobbles with associated biota from Cathedral
Island were translocated upsheam to the clear-water reach at IJes Feny. At the
start of 

1n9 glneriment, 20 additional submerged cobbles were sampled bnce and
used as.initial controls. One 20 grn2 quadrat of algae and macroinvertebrates was
collected from each of 20 randomly stlected cobbles in each grid at approximate
monthly intervals for three months, and at 9 and 11 mo. Afte-r sampting these
rocks lere replaced within-the grid to reduce sampling disturbance. No-samples
were taken at 11 mo at Cathedral Island due to losi ofiobbles during high flbws.
A! each sampling date, 20 additional control cobbles were collected lrori below the
142 f s-l :tag9 in the channel at both sites for comparison with reciprocal
translocated cobbles. Macroinvertebrates, including chironomids, gaitropods,
lumbriculids, tubificids, simuliids, and Gammarus iacustris. were sorted from each
algal sample (C. glomerata and Oscillatoriat and ovenariea at 60"C for 4g h to
constant mass. Ash-free dry mass (AFDM) conversions were calculated from
Table l.

Jhe alg3l mass was placed in a bag with 40 rnl of filtered river water and agitated
for I min. The composite waslnured through a 0.5 mm screen to separare
T3cro?lfe from epiphyton. The macroalgae on the screen were rinsld with
filtered river waterto remove additional 

"fiphyton 
from t"-pi"r. Macroalgae

were removed from the screen and sorted io-gCnus and ouen-dried at 60oC fir aSh
or to a constant mass. The epiphyton solution was swirled for 34 s in a beaker
and filtered onto Whatman GF/C glass microfiber filters Q.a1ym). Filters were
oven-dried at 60'C to a constnnt mass. Filters were ashed at 500.C for t h in
crucibles and ash-free dry mass (AFDM) was determined. Filters were saved for
compositional analyses of diatom epiphyton.
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In- Situ Recolonization Experiments

On October 10, 1992,440 cobbleF were collected from the submerged channel
(442 m3 s-l stage) at lres Ferry, The bottoms of the cobbles were numbered
with paint and placed above the high water mark (565 m3 s-l stage) to allow
desiccation of associated biota. Ttventy additional control cobbles from the
channel were sampled at [,ees Ferry. On May 17, 1993 (219 d of desiccation),
samples were collected with a ciroular 2O cn8 template from 20 desiccated cobbles
prior to placement in the channel.l At both sites, 100 cobbles were submerged in
the channel at the <14 ng s-l sta$e to insure continuous submergence. An
additional 100 cobbles were placed in the varial zone (l4O to 565 m3 s-l stage) ar
340 rn3 s-l at I-ees Ferr)' and Catledral Island. Twenty samples (20 cm2) were
randomly collected from cobbles At 2 mo,5 mo, 9 mo and 1 I mo. On each
sampling date, 20 control cobbles were collected from below the 142 m3 s-l srage
in the channel at both sites for cornparison with recolonizing desiccated cobbles.
Algae (Q. glomerata and Oscillatoria) and macroinvertebrates including
chironomids, gastropods, lumbriculids, tubificids, simuliids, and G. lacustris were
sorted from each sample, oven-dried at 60oC to constant mass, and converted to
AFDM estimares Clable 1).

RESULTS AND DISCUSSION

In- Situ Reciprocal-Translocation Accommodation Experi ments at I-ees Fer.v

At the start of the translocation experiment (0 MO), Cladophora glomerata
colonized cobbles from l-ees Ferry had a 6-fold higher algal AFDM (165 g m-2,
SE + 31) than Oscillatoria assemblages (27 g ffi-2, SE t 5) collected at Cathedral
Island (E = 4l .4, g= 4, p<0.001i Fig. 33A). Accommodation by C. glomerata
was slow on the translocated cobbles in the clear-water habitat at lres Fer.]' (Fig.
33A). Even after 1l mo, relocated cobbles at [,ees Ferry had only one-third Qf g
m-2, SE + 5, F = 38.9, B = 4O, p <0.001) the C. slomerata AFDM as compared to
control cobbles (80 g m-2, SE t 8). In contrast, other filamentous green algae
with extensive mucilage Q&Ugglg and Spiroeyra) have been shown ro reaih full
grory_th in 33 d in lotic habitats (Peterson & Stevenson 1992). The compact
mucilagenous matrix of sand and Oscillatoria appears to resfiict the
accommodation of rhizoidal holdffst cells of C. glomerata. Furthermore, holdfast
cells of C. glomerata prefer solid $ubstrata for attachment in lotic environments
(Dodds & Gudder 1992). Therefo[e, cobbles covered by Oscillatoria in varial
zones and/or turbid waters rnay refard the rate of colonization by e. slomerata and
potentially modify the foodweb in the Colorado River.
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Oscillatoria AFDM on cobbles translocated to [,ees Ferry decreased in AFDM by
half to one-fifth per month, virtually disappearing within six mo (Fig. 338). This
suggests the permanently submergpd, clear-water habitat at I-ees Ferr)r is less
suitable for Oscillatoria than for Q; elomerata. The lack of sediment and shading
by filaments of Q. elomerata may have retarded the development of Oscillatoria
mats at I-ees Ferr)t.

Epiphyton AFDM associated with C. slomerata remained 25 to TOVo lower on
translocated cobbles compared to Qontrols throughout the study period at l-ees
Ferr)' (Fig. 3a). This pattern conelates with the reduced AFDM (60Vo lower) of
C. glomerata on relocated cobbles compared to controls and a positive correlation
between epiphyton AFDM and g. slomerata Although epiphyton increased on
both control and translocated cobbles, high mid-winter epiphyton AFDM on
control cobbles suggest seasonal iqfluences on this food source.

At the s-tart of the experiment, maqroinvertebrate AFDM on cobbles from lres
Ferry was significantly higher on g.glomerata covered cobbles (2.6 g m-2, S.E. r
0.8) than on Oscillatoria covered aobbles (0.14 g m-2, S.E. + 0.11) from Cathedral
Island (E = 10.3, !! = 4O, p <0.003). Chironomid AFDM increased quickly at l-ees
Ferry with no significant difference in AFDM after I mo (Fig. 35A), while G.
lacustris did not significantly colo4ize until 9 mo had elapsed (Fig. 358).
Macroinvertebrate recolonization has been shown to be rapid (10 to 30 d) in other
lotic ecosystems (Mackay 1992). lfhe relatively rapid recruitment of
macroinvertebrate mass compared to algal benthos was probably due to the high
drift rates and/or mobility of benthic invertebrates (Mackay 1992, Yount & Niemi
1990). The fact that chironomid AFDM on translocated cobbles reached control
levels in one mo in the presence nqgligible C. glomerata A[:DM suggests that
chironomids are capable of utilizing Oscillatoria-dominated benthic communities
and/or are able to feed on periphytic diatorns, or biofilm, associated with cobble
surfaces.Incontrast,@,lacustriswasshowntobemoredependentonthe
presence of C. glomerata with recruitmeirt remaining negligible until the
establishment of C,. glomerata cover. Differences in colonization rates are likely
attributed to differences in mouthpart morphology and/or foraging strategies
between chironomids and Gammatrus. The high variability in AFDM for both
chironomids and G. lacustris may be due to lower food quantity (epiphyton AFDM
remained significantly less) and possibly lower food quality on relocated, as
compared to control cobbles. Based on energy equivalents derived for the
macroinvertebrate communiry in the Colorado River (Blinn g! 4. L992), we
estimate that animal energy associ4ted with Q. glomerata benthic communities
yields ^46,000 joules m-2 compared to only 2,500 joules m-2 in
assemblages.
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In-Situ ReciProcal-Translocation Accommodation Experiments 
"t 

C"th"dral Island

Benthic AFDM on translocated cobbles at Cathedral Island rapidly changed to
control levels. ChagPhqra glomerata AFDM decreased Vy 86n 6f initiil
translocated cobbles within one mo and remained near control levels thereafter
(Fig. 36A). This reduction is even more dramatic than the 15 to STVo io*i""fg"f
Inas_s repo{ed in six New b-aland streams following increased turbidity p;id--
Co]l-ey 9Jd._lW2). The rapid loss of C. glomeratairOfra under elevated
rurbidity at Cathedral Island is in contrasito ttre rather slow increase in AFDM of
e. glomerata on translocated cobbles under low rurbidity at l*rt F"rr), Git ESe)
This.implies that even under optimum conditions, recrui-tment by g. gio-"i"t"-- 

-'

requires.nearly one year to recbver after a major turbidity distuibance. The
gradual increase in g. glomerata AFDM on controls was inributed to the low
sediment inflow from the Paria River during the study period, which created
relatively clear-water conditions approximaiely 80Vo of'the time in this reach.

oscillaloria AFDM increased on translocated cobbles at cathedral Island and
reached control levels after 9 mo under turbid water conditions (Fig. 36n). 

-rne
overall decrease in gscillatoria AFDM on control cobbles over tire course of the
experiment was likely due to the relatively clear flows during the experiment.

In accord with redrrced 
_e. glo,lqerltg epiphyton AFDM was rapidly reduced to

Ievels of controts aftelf To Jriq. le;. h-FDM values f., 
"pipitton 

*"r"
sjSrulcantly lower at CathedralJstana 6.2 gm-2, SE tr.zfc,inipared to those in
the clear-water habitat at Lees Fetry (11.0 i ^-2, 

SE rl.1; ng.5+1. The
difference in epiphyton mass b*Tl-J-"rF"rrl' and Cathedtit ttf*a reciprocat
transplants is likely du". lo part,.to differences in mass of g. glomerata substrata
between the nvo sites. The relatively high levels of epiphfroffiM after 9 mo
on both control and translocated coUbteJis unexplainiUie it this time (Fig. 37).

Patterns in macroinvertebrate AFDM varied benveen chironomid and Q,. lacustris
on transPl*tt at Cathedral Island. Increased development of (:. 

-gt"*.lgfa 
tftt""gf,

the experiment (related to increased light availability), t"a to i*.E"s"a mass on
conhol cobbles- Chironomid AFDM increased on both control and hanslocated
cob.b.les $rougho3t the experimeol-fig. 3gA). In contrasr, g. lacusrris AFDMgPidll decreased on treafinent cobbleJ, and therefore varieal"ffimy Gig. 3gB).Macroinvertebrate densities have been shown to be reduced Ay riV"due to
catastroPhic drift within 24h of the addition of fine sedimenti tCufp er 4. 19g6).
The reduction io 9r l?custriq AFDM by >80vo after one mo was consistent with
tlis- paltern. The Sgn variability in chironomid AFDM at both th"-i;;"F"r.y ana
Cathedral Island sites may be tG result of seasonality and/or d",',-
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$:ftt_qg: (hydraulic stress) and therefore had a stronger influence on chironomid
AIIDM than water clarity and/or feeding strategies.

In-Situ Recolonization Experiments at I-ees Ferry

Phytobenthic recolonization rates varied benveen the continuously submerged and
varial zone at I-ees Ferty. Cladophora glomerata recolonized desiccated c;bbles in
th9 

-sybqerqed zole_' while @!!!atorie was the dominant alga on desiccated
cobbles in the varial 

?one (Fi_g. 39). CladophgEr glornerata 
-efOU 

was negligible
in the varial zone and-generally remain@on submerged 

"-ouit",in this zone compared to conrrol cobbles ovlr a 9-m6 perid (Fig. 39i,). In
contrast, Oscillatoria sPp reached highest mass in the varial zbnE Gig.'398). Our
wgrk is in agr-eement with prgyious r-ports on the abiliry of Oscillatoia -"ir t-tolerate qglodic-desiccation (Vincent and Howard-Williarns i986, Ha"res 1993)
and the."9iliry_ of C. elomer.ale to be better suited to grow on sabie substrara in
non;varixl, tailwaters with high transparency (Dodds-and Gudder 1992).

The rapid recorery by C. gloms:rata on treatment cobbles compzued to Oscillatoria
assemtlages (See accommodation experiments) may suggest a strong ioffiffii-
for substrata benveen these two benthic algae. Competiii-on Uetween these two
benthic 49"9 Inay result from allelochemicals relear"a Uy Oscillatoria (Sze 1993)
or more likely the inability of C. glomerata to physicalli e][Ei[fr rhizoidal hold-
fasts on sand-impregnated mucilage crusts of Oscittatoria (Dodds and Gudder
1e93).

Macroinvertebrate communities showed faster recolonization rates in the
continuously submerged zone at l-ees Fe.ry than did benthic algae. Chironomid
mass on submerged desiccated cobbles (0.34-g T-2, SE tO.Z7) ias not significantly
different from chironomid AFDM on controtl (O.t+ g D-2, S'f t 0.04) it", 5 mo
(E = 0.11, n - 40,p.= 0.74); however, both treatment and controls showed wide
fluctuations over the next nvo sampling periods (Fig. 40A). Simiiarfy, g. lacustris
AFDY washighly variable but quiiklfachieved'teiels 

"qir"l 
t" ;; hi!ffi t["n--

controls in the submerged zone after I mo (Fig. 40B).

Gamr.narus l?custris AFDM remained n_egligible in the varial zone through the
gperiment; however, chironomid AFDM iricreased to control levels at l-l mo.
Thi-s pulse coincided with the temporary inundation of cobbles in the varial zone
and demonstrates the ab_ility of chironoinias to rapidly colonize-ruUrn"a. The
slow recolonization by Q. liclrstris on cobbles tdated in the varial zonesuggesrs
that chironomids are better aAaptea torrtilizing resources in the Oscillatori"a"
community and/or the mouthparts of g. lacustiis may be less 
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periphyton on rock surfaces as compared to epiphyton associated with Q.
slomerata.

In-Situ Recolonization Experiments at Cathedral Island

The panern for recolonization of desiccated cobbles in the more turbid Cathedral
Island habiat is less well defined lhan that in the clear-water habitat at Ires Ferr)'.
Cladophora glomerata AFDM developed slowly in the submerged zone, attaining
connol levels by the end of the experiment (l I mo; Fig. alA). Cladophora
glomerata AFDM also increased on control cobbles as a result of low suspended
sediment levels, but development in the varial zone was minor (Fig. 4lA).
Oscillatoria AFDM colonization in the varial zone exceeded submerged controls by
9 mo (Fig. a1). These experimenb imply that C. slomerata is better adapted to
submerged, clear-water zones and @!!!atoria is more successful at colonizing
substrata in varial zones and/or rurbid water habitats, which agrees with our
previougly described results from translocation experiments.

In association with the low AFDM of g. glomerata, recruitment by
macroinvertebrate AFDM was slower at Cathedral Island than Lees Ferry
throughout most of the study period; probably due to low AFDM of C. elomerata.
In the submerged zone, chironomid AFDM increased slowly, but dropped after 9
mo (Fig. 421\). Gammarus lacustris AFDM reached control levels in the
submerged zone in l1 months (FiS. 428), but neither chironomid or Q. lacustris
AFDM developed to any extent in the varial zone. The low macroinvertebrate
mass in Oscillatoria rnats at Cathedral Island may have resulted from the limited
number of macroinvertebrates available for recruitment in the surrounding area
at Cathedral Island.

We calculated animal energy equivalents associated with Q. glomerata and
Oscill,atoria benthic communities along Jhe Colorado River corridor using data by
Blinn et al. (L9E2). Our estimates indicaie that 1 g of e. elomerata yields ^O.lg of
macroinvertebrate mass compared to ^o.015 g of macroinvertebrates in a
comparable nnss of Oscillatoria Data for C,. glomerata communities were derived
from collections (g = !b) at [,ees Ferry and Tanner (RKM 108), while values for
Oscillatoria assemblages were taken from two downstream sites (g - 90) at RKM

derived for the macroinvertebrate fommunity in the Colorado River (Blinn et gl.
IW2), these values yield 1,800 jou[es of energy g-l of Cladophora mass compared
to only -z70joules of energy g-l o[ Oscill.atoria mass.
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SUMMARY

The above experiments indicate that both variable water levels and elevated
suspended sediment are less suitable conditions for Q. glomerata than for
Oscillatoria phytobenthic communities. These observations are generally
supported by patterns displayed by phytobenthic communities located downstream
from Glen Canyon Dam (See Chapter One, B1inn gld. 1992, fuigradi and Kubly
1993, Shannon et d. 1994). Chironomid AFDM increased more quickly than G.
lacustris AFDM on translocated cobbles at Lees Ferry, and chironomid
recruitment appeared to be less dependent on Q. glomerata than rccruitment by G.
lacustris. Macroinvertebrates showed faster recolonization of desiccated cobbles in
the continuously submerged zone than did benthic algae. In general, cobbles in the
varial zone showed limited recruifinent by macroinvertebrates compared to
submerged and control cobbles.

We estimate the energy derived from animal mass associated with Q. glomerata
communities to be nearly an order of magnitude higher than energy derived from
macroinvertebrate mass in Oscillatoria communities. Therefore, loss of C.
glomerata habitat and the replacement by habitat morc suitable for Oscillatoria
reduces the overall food value of the phytobenthic community in the Colorado
River through Grand Canyon National Park.
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CHAPTER FM: EFFECTS OF WINTER FREEZING ON
FLUVIAL BENTHOS

INTRODUCTTON

Fluctuating flows in regulated rivers may expose the benthos to desiccation and
ultraviolet radiation; and also to winter freezing. Dudgeon eld. (1989, 1990)
reported that freezing reduces photosynthesis, cell membrane penneability, frond
growth, and overall biomass in marine intertidal algal communities; however,
experimental investigations quantifying the effects of freezing on fluvial benthos
are limited. We hypothesized that freezing in varial zones of regulated rivers
exerts similar negative impacts on freshwater algal communities.

Although Interim Flows (IF) reduced the extent of littoral exposure, IF's still
permit flow levels to drop to 140 m3 s-l for 6-h periods during the night.
Because of the deformation of the release wave in the tailwaters of the system,
exposure is greatest at Glen Canyon Dam and in the Glen Canyon Reach and
decreases downstrcam. Exposure of the Glen Canyon Reach is critical because
this upper reach supports more thaa 60Vo of the benthic algal and
macroinvertebrate communities i,n our study area. Brief daytime exposures have
been shown to affect Cladophora glomerata viability (Usher & Blinn 1990,
Angradi & Kubly 1993). We asked whether this noctumal exposure during cold
winter months affects the viability of Q. glomerata/epiphyte/macroinvertebrate
assemblages.

METHODS

The combined result of freezing and dgsiccation on Cladophora glomerata mass,
chlorophyll a, and macroinvertebrate abundance was tested at Lees Ferry on 10-
11 February 1993. This protocol was designed to isolate the combined effects of
freezing and desiccation from those of ultraviolet light. Thirty cobbles (-90 cm
in circumference), each supporting an associated e. glomerata community, were
translocated from below the 141 tn3 s-l stage to the 280 m3 s-l stage at 1500 h on
l0 February. All translocated trdaunent cobbles were placed at a depth of 15 cm
in the shade of large boulders to [educe potential ultraviolet light damage prior to
night desiccation. A Peabody Rf,ian scroll thermistor was secured in the middle
of the treafinent cobbles to deterlgrine average duration of submergence,
desiccation and frcezing by com$arison of water and arrbient air temperatures.
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Discharge reached peak flow at 2100 h and percent cloud cover and humdity
were recorded.

Prior to contact with direct sunlight on 11 Febnrary (0800 h), the treatment
cobbles were resubmerged to a depth of about 15 cm so cobbles would be rinsed
in accordance with the experimental protocol of Blinn gl el. OW2). Treatment
cobbles were sampled at 1600 h on I I February. Paired samples of 2O cm2 were
collected: one for C. glome,nata rnass and the second for chlorbphyll g and
macroinvertebrate numeration. The second sample pair *as piot-ected from
{irect_s_unlig-h! and pF*9 on dry ice. Unexposed connol sarnples were collected
from 30 cobbles randomly selected from beiow the l4O rnr s-f shge at the
completion of the experiment on l l February.

Macroinvertebrates were separated from C. slomerata in the laboratory and oven-
dried at 60'C to a consant weight. Animals were sorted and counted into the
!.llowing grouPs: Gammarus lacusnis. gashopods, lumbriculids, and rubificids.
Chlorophyll g was calculated using thCmethanol extraction procedure (Ten g! al.
reTs).

RESULTS AND DISCUSSION

Winter desiccation (i.e., three h of night freezing during eight hours of exposure)
rgsulted in a significant loss of c. glomerata biomass anE
chlorophyll g Mean 4IDM of C. elomeiia decreased from 80.1 g in controls
t9^4.5_gin desiccated/frozen treatments, a highly significant decrelse (E = 9.1l;
df = 1,87;^P_= 0.003). Chlorophyll a also decr-eased iignificantly between conrrol
samples (8,700 mg m-2) and frozen/desiccated treatmeit samptei (S.600.mg m-2;
F = 12.07; df = 1,57; g = 0.0009; Fig. a3).

4ltttqqg-tt contro! samp^les_averaged +OO tu-Uticulids yry2, 175Q. lacustris m-2,
75 tubificids m-2, and325 gastropods m-2 compared to only zs G.@ *-i
in frozen/desiccated-samples, theri was no significant chanle in
macroinvertebrate abundance between control and treatment cobbles (Wilks'
L-ambda = 0.93; E = 1.38; il.= 4,U; p.= 0.24). The lack of significance can be
attributed to the high_variance between samples due to the patc-hy nature of the
biotic community at l"ees Ferr)'. r

Based on thermistor readings, treaunent cobbles were exposed for eight h with
only three h below lt:"_"gg t2:C). Ambient air temperahre was alviays below
river temperature of 6.5'C- Relative humidity at the end of the 
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was 60Vo (0730 h) . Discharge ranged from 400 m3 s-l on February 10 to 255 m3
s-l on the following day.

SUMMARY

Winter nighttime desiccation exerts similar effects on the mass of g. glomerata as
does sunrmer desiccation (Usher & Blinn 1990, Blfuur El al. l9gz, fugradi &
Kubly l??gl. Three h of nighttime freezing reduced biomass by 50Vi, which is
cgmparable to sunrmer losses (48Vo) after a l2-h exposure. Chlorophyll g also
showed a significant decrease from controls. Data for macroinvertebiate
densities were not conclusive due to the patchiness of the benthic community at
Lees Ferry. However, there was a strong pattern for loss of macroinvertebrate
biomass (93Vo) following one winter night exposure. Repeated desiccation and
larger sample sizes may resolve this discrepency.
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CHAPTER SIX: MANAGBMENT CONSIDERATIONS

Reduction in flow dynamics of the Colorado River under Interim Flows (IF) has
initiated a series of potentially logtg-lasting changes in the benthos and panerns of
drift in the Colorado River through Grand Canyon. These patterns are initiated
by inflow from Lake Powell, datn operations and downstream tributary inflow at
several temporal scales. Our monitoring results demonstrated that reduction in
flow velocity, accumulation of frne sediments and exceptionally prolonged
periods of low tributary inflow under IF allowed aquatic plants (especially
Potamogeton and Chara sp.) to colonize soft-bottom habitats throughout the wide
reaches upstream from the Little Colorado River. Aquatic macrophytes have
been reported at low densities in the Glen Canyon reach to the Paria River since
the mid-1970's, but under'IF Potamogeton has dramatically increased in Marble
Canyon and is now distinctly visible on aerial photographs. In addition to
Potamogeton, the ranges of several other macrophyte taxa have been extended in
the Colorado River under IF.

Physical changes that shift the ddminance of benthic flora away from the
filamentous green dga, Cladophora glomerata to other taxa may exert profound
changes on the aquatic food base in this system. Other macrophytes host fewer
epiphytes, which are the primary food source for benthic invertebrates
(Czarnecki and Blinn 1978, Blinn el al. 1986, Blinn el al. 1989, Pirurey 1991,
Hardwick el al. L992, Blinn gt al' 1992, Shannon gt d. 1994, Stevens el Al. in
review) and some fish species (Lpibfried, personal communication) in this
system. Benthic macrophytes (Pplannogets, Chara) and bryophytes are well
established and may not be scoured by planned flooding. Because the benthos is
changing rapidly it is not possible to predict the long-tenn developmental
trajectory of the river benthos.

Our monitoring results and experiments indicate that both fluctuating water levels
and _elwated suspended sedimentp are less suitable habitats fore. glomerata than
for Oscillatoria. Cl,a$op4on glornerata colonizes cobbles in the continuously
s_ubmerggd zone, while Oscillatoqia colonizes substrates in zones of flucnrating
flow and reaches with elevated sgspended sediments. Recolonization by e.
glonerata is very slow in subme{gid zones ()l yr), with negligible
recolonization in varial (fluctuathg) zones. In general, loss of g. glomerata
habitat gryatllreduces overall enprgy as animal mass in the benthii algal
community. Thermal responses 0f C. glomerata and Oscillatoria should be
investigated in more detail.
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Nightime.freezing and desiccation during the winter is as detrimental ro the
agulqc benthos-as luqmer daytime desiccation at l-ees Ferr)'. There was a
sjgnificant loss ln C,. glofnprata rnas! and chlorophyll a aftei 3 h of freezing
during reduced_flows. This means that if the management strategy is to mix,imize
producti_on of C. elomerata for the fisheries, wintertime, nighnimb flows of sl4l
m3 s-l (5,000 cfs) for 6 h should be avoided. Collectively these monitoring
lesufts lupport a minimum24 h flow of 2?5 m3 s-l to provide maximum triUitat
for C. glomerata colonization.

Both the chironomid larval community and Gammarus lacustris have relatively
high production rates in the submerged zone (<14O m3 s.t) of the Colorado 

-

$u.". -Highest 
production by these two invertebrate groups is expected to occur

during low volume months. These low volume months inilude fluctuations
between 170 m3 s-l and 285 ng s-t. Although higher flows provide more
submerged channel, these flows also remove chironomid larvae and G. lacustris
from benthic substrates due to increased shear stress. Upper threshold flow -
levels it which G. lacustris and chironomid larvae are lost to drift needs to be
established due to the importance of these invertebrates as intermediate links
F*"".n Pri1ary producers and fish. Determination of these thresholds for G.
lacustris and other benthos (Q,. glomerata epiphytic diatoms, and associated
macroinvertebrates) should be more carefully studied in flume experiments as
well as in situ experiments for predictions of phnned flood effecti.

River regulation has a signlicant impact on downstream export of benthic
biomass. Our monitoring studies at-I-ees Ferr,' showed at least a two-fold
increase in organic stream drift benveen 170 io 370 m3 s-r (6,000 -13,000 cfs)
cgmp$ed to steady 2?,5nP s-l (8,000 cfs) flows. This energy is probably not
directly available to native and exotic fishes below the Pariii{ivei. The Lxtent to
which the coarse particlrlate matter (CPOM) generated from Lees Ferry is
Pj99:ss_ed by the 1rucr9bial loop or transported as fine paniculate organic maner(ryOry through the river corridor is dn-clear. Therefore, rhe role if baceria,
$d_perhaps fungi, in the food web of downstream aquatic cornmunties needs
further research.

Sediment-related turbidity p lhg single most important factor inlluencing
productivity in the Colorado River eLosystem. ttre clear-water Glen Caiyon
t!a9!^slPPo1t9 gost of the benthic standing crop (>60Vo) inthe system (Biinn et
al. 1992), with limited downstream transport ofg glomerata and rssociated
communities (See Ch3pter fht* on Organic Drift). Prolonged clear-warer
flows d*ilg IF has allowed production io increase on a systeir-wide basis;
however, this increased standing crop is subject to the vagaries of mainstream
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floods and tributary-related turbidity from sediment inflow. At present the EIS
Prefened Alternative calls for flow levels that preserve or enhance a mass
balance of sediments, coupled wittr occasional (2-10 yr) floods to redistribute
those sediments. Therefore, no sediment augmentation is planned. This means
that the upper reaches of the river will remain dominantly as partidly clear-
water sections, and therefore will remain highly prodrcti'r'e. Management
strategies may change in response to proposed regulation of river temperature.

Proposed warming of the river during the summer months may initiate
substantid changes in phytobenthos, epiphyton, zooplankton, and
macroinvertebrate assemblages. Numerous ta:ra are presently excluded from the
system by cold temperatures which reduce growth rates and prohibit completion
of invertebrate life cycles. However, modification of the river temperature may
modify selected trophic levels wihich, in turn, may affect the Colorado River food
web. Btinn el al. (1989) reported that upright diatom taxa, available to grazen
including Q. lacustris and chironomid larvae, decreased when water temperature
was elevated to >18oC, while the more adnate, less available, taxa increased. ttris
compositional shift in the physiognomy of epiphytic diatom communities may
potentially reduce the availability of food to macroinvertebrate grazers (Steinman
eld. L987, Colletti glal. 1987) and modify the aquatic food web, especially in
the clear-water reach below Glen Canyon Dam. Present discussions regarding
constnrction of a multiple level intake structure (MLIS) indicate ttrat it may not
be possible to wann the river to pre-dam conditions. Maximum pre-dam
sunmer temperatures exceeded29'C at Lees Ferry. Even if design modification
to the MLIS withdraws surface water temperatures, the river would not be
warmed to more than 18oC at I-ees Ferry. This means ttrat only partial recovery
of natural conditions may be possible in the Marble Canyon reach, the section of
the river which supports the greatest concentration of native fish, especially
humpback chub.

Provided that tributary inflow pattemi remain consistent (highly variable), the
future of the Colorado River benthos will be determined by management of Lake
Powell and operations of Glen Canyon Dam. Most of the variability in benthic
standing mass and productivity is related to water clarity and temperature, factors
which may change under different management options. Whereas benthic
production is influenced by watef clarity, benthic diversity is influenced by water
temperature.

Our monitoring data on natural flooding from the LCR (January-February 1993)
indicates that maintenance floods as outlined in the Glen Canyon Dam
Environmental Statement (U.S. $ureau of Reclamation 1994), Day exert an
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overall beneficial effect on the aquatic food base. Cobble and pool habitats have
been reduced in size due to sedimentation under IF, and the extent of firm
substrates would be increased.

Future Monitoring and Research

Ecologically appropriate management of water quality and the lower aquatic
trophic levels of this river system would best be served by adopting a four-fold
plan for future monitoring and research.

L. Continue system-wide and seasonal monitoring, and research on
key resource components to improve our understanding of ecological
linkages between lower and higher aquatic trophic levels. Mainstream
monitoring should be continued at least on a seasonal basis, as well as before and
after p-lanned and unplanned high or low flow events. Annual reports and
preparation of results for peer-reviewed publications should be encouraged.
Monitoring should continue to take place on a system-wide, seasonal basis, and
should include benthos, drift and backwater production, with sunmer low flow
comparisons of benthos and drift in selected tributaries. Protocol, including data
archival, for seasonal, system-wide monitoring should be reviewed in the next
Yetr, and any changes to existing protocol should be implemented in a fashion
that maximizes continuity of interpretation for a long-term monitoring program.

2. Development of a comprehensive analysis of flood impacts,
including flood effects on driftr.benthic standing mass and
production, and backwater developmenl River regulation reduces
flooding, the dominant form of natural disnrrbance in river systems, and
produces ecologically novel conditions in tailwaters (Ward & Stanford 1983,
Blinn & Cole 1990, Blinn el al. 1992).. Restoration of sediment deposits and
aquatic habitats is plarured in the Grand Canyon by implementing a program of
occasional high flows, The impacts of high flows in drift and benthic e-ology are
likely to be large, with undetemrined impacts on higher tnophic levels,
Pfticularly_native and non-native fish. Improved understanding of how flooding
affects the fluvial food and trophic interactions will greatly improve long-term -
management of this system.

3. Plan and initiate studies of thermal modification of the river. The
National Park Service is engaged in long-term sustainable ecosystem management
ofttris system under conditions of partially to largely clearwater,
cold-stenothermic flow with little annual variation ana rare floods. These are
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unique limnological conditions, for which few natural analogies exist except in
cold-water springs. For the aqu,atic components of this ecosystem we recommend
examination of temperature effeOts on interactions between Q,. glomerata and
Oscillatoria aquatic macrophytes, algal epiphytes, zrDd all macroinvertebrate taxa
presently in the mainstream. These studies should be conducted first in a
Iaboratory environment, and subsequently in field experiments. Thermal
modification studies should be initiated as soon as possible so that an adequate
database can be developed, aod so issues sunounding assemblage change can be
thoroughly reviewed and srudied.

4. Initiate development of a comprehensive river ecosystem model
relating physical conditions to benthic, planktonic and backwater
production. Development of this model should progressively incorporate
existing physical and biological monitoring dat4 as well as flood-related and
thermal modification data. The model should be developed in a fashion that
intergrates water quality with beRthic and planktonic components, and should be
extended to the fisheries and to riparian trophic levels.
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