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Abstract

We demonstrated that differences in habitat requiremen®s giomerataandOscillatoriahave a profound bottom-

up influence on the foodweb in the tailwaters below Glen Canyon Dam in the Colorado River through Grand Canyon
National Park, USA. We examined the effects of suspended sediment and desiccation on the colonization sequence
of Cladophora glomeratand Oscillatoria spp. and the consequent effects on macroinvertebrates in each algal
community in a series of reciprocal transplants in the regulated Colorado River, AZ. Our experiments showed that
C. glomeratagrows best in continuously submerged, clear-water, stable habitats, wlsgliatoriaforms dense

mat-like matrices of trichomes and sand in varial zones and habitats with high suspended sediments typical of many
southwestern USA streams. Varial zone conditions have a stronger influence on community structure than habitats
with high suspended sediments. Recruitment by chironomid larvae was less depen@eglamerataand less

affected by suspended sediment and periodic desiccatior@aammarus lacustrishVe estimated the energy from
macroinvertebrate biomass associated with tuft€.oflomeratato be an order of magnitude higher than that in
Oscillatoriamatrices. Therefore, loss @f. glomerataand replacement of habitat more suitable@scillatoriaas

a result of regulated flows indirectly reduces potential energy flow in the Colorado River foodweb.

Introduction Benthic stream communities of arid landscapes are
also periodically exposed to desiccation (Boulton &
River ecosystems in southwestern USA undergo Lake, 1988; Grimm & Fisher, 1991). Intermittent lotic
extended periods of turbidity due to seasonal input systems are exposed to seasonal desiccation, whereas
of suspended sediments from surrounding xeric water- varial zones in regulated rivers are subjected to diel
sheds (Fisher & Minckley, 1978; Walling & Webb, exposures to the atmosphere (Lowe, 1979; Lilleham-
1992; Shannon et al., 1994; Blinn et al., 1995; Stevens mer & Saltveit, 1984; Ward & Stanford, 1989; Usher
et al., 1997). These sediment loads limit photosyn- & Blinn, 1990; Angradi & Kubly, 1993; Blinn et al.,
thetically available radiation (PAR) resulting in low- 1995). The varial zone is that region in the tailwaters
er benthic algal mass (Blinn & Cole, 1991; Davies- of dams that enlarges and contracts in response to dam
Colley et al., 1992; Holopainen & Huttunen, 1992; operations (Stanford & Hauer, 1992).
Blinn et al., 1992). Suspended sediments also increase  We studied the influence of suspended sediment and
scouring and impede respiration of macroinvertebrates, the recovery of benthic communities following desic-
resulting in increased drift and reduced abundance andcation in the tailwaters of Glen Canyon Dam in the
biodiversity (Newcombe & MacDonald, 1991; Quinn Colorado River, AZ. Reciprocal translocation experi-
etal., 1992; Shannonetal., 1994; Stevens et al., 1997).ments with cobble and associated biota were conduct-
Futhermore, suspended sediment loads alter substrateed at Lees Ferry and Cathedral Island to measure the
size and degrade food quality available to benthic fauna rate of accommodation @@ladophora glomerat4L.)
(Culp et al., 1986; O’Conner & Lake, 1994). Kutz. andOscillatoria spp. associations in high and
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low suspended sediment habitats. The term ‘accom- Methods
modation’ has been used to describe the adjustment of
an established biotic community to a long-term incu- Reciprocal-translocation turbidity experiments below
bation in an alternative environment (Yount & Niemi, the varial zone
1990). We additionally measured the recolonization of
desiccated cobbles by benthic communities in contin- One hundred cobbles (20-50 cm diam) and associat-
uously submerged and varial zones at Lees Ferry anded biota were collected from the permanently wetted
Cathedral Island. channel €142 n? s~ stage) in the clear-water reach
of Lees Ferry (Rkm 0.8) and transplanted into the sea-
sonally turbid reach at Cathedral Island (Rkm 4.8).
Study area These cobbles were placed in axQ0 cobble grid
beneath the varial zone (142 n? s~ stage) at Cathe-
Our study was conducted in the tailwaters of Glen drallsland. Likewise, 100 cobbles and associated biota
Canyon Dam, Arizona, and was part of a larger pro- from Cathedral Island were translocated upstream to
gram to monitor the aquatic food base of the Colorado the clear-water reach and placed in ax100 cobble
River in Grand Canyon National Park, Arizona (Blinn  grid below the varial zone at Lees Ferry.
et al., 1992; Blinn et al., 1995; Shannon et al., 1994, At the start of the experiment, one sample (cir-
1996; Stevens et al., 1997). The location of the tailwa- cular 20 cm) of algae and macroinvertebrates was
ters has allowed the simultaneous testing of tributary taken from each of 20 cobbles with a scapel at both
sediment and varial zone desiccation in a regulated Lees Ferry and Cathedral Island and deposited into
river (Figure 1). Glen Canyon Dam releases sediment- individual containers. This provided an initial sam-
free waters from the hypolimnion of Lake Powell. The ple for each habitat. Also, one 20 érsample was
Paria River is the first perennial tributary to the Col- taken from each of 20 randomly selected cobbles in
orado River below Glen Canyon Dam and releases an each treatment grid at approximate monthly intervals
average of 2.7 million tonnes of suspended sediment over a 3 mo period, and at 9 and 11 mo. After each
annually (Andrews, 1991). Input of suspended sedi- sampling, cobbles were replaced within the grid to
ments into the mainstem by the Paria River results in a reduce sampling disturbance. No samples were taken
contrasting turbid-water habitat (Secchi degth 5 m) at 11 mo at Cathedral Island due to loss of cobbles
at Cathedral Island (4.8 River Kilometers, Rkm) with a during high flows £566 n?¥ s1). On each sampling
clear-water habitat (Secchi dept6.0 m) at Lees Fer-  date, 20 control cobbles were also sampled from below
ry (0.8 Rkm), both in the tailwaters of Glen Canyon the 142 ni s~! stage in the channel at both sites for
Dam (Figure 1). Average annual suspended sedimentcomparison with translocated cobbles. Macroinverte-
loads at Lees Ferry ranged fron®.002 g 1 t0 0.03 g brates (chironomids, gastropods, lumbriculids, tubifi-
I-1, whereas suspended sediment at Cathedral Islandcids, simuliids, andsammarus lacustrjswere sorted
ranged from 0.001 g to >0.1 g I-* during previous from each algal sampleC{adophora glomeratand
years (Yard et al., 1995; Smith et al., 1993, 1994). Oscillatoria) and oven-dried at 60C to a constant
Biodiversity is limited in the constantly cold (€, mass. Dry mass values were then converted to ash-free
SE+ 0.35) tailwaters of Glen Canyon Dam. The dom- dry mass estimates using the regression slope equation
inant macroalgal assemblages &ladophora glom- for each biotic category (Shannon et al., 1996).

erata and Oscillatoria spp., whereas the common Secchi depth measurements were taken monthly at
macroinvertebrates a®ammarus lacustriand chi- each site during the experimental period (17 May 1993

ronomids, namelgZricotopus annulatarEukiefferiel- to 19 April 1994) and used to determine attenuation

la ilkleyensisand Orthocladia rivicola (Blinn et al., coefficients K,) from the following equation:

1992; Shannon et al., 1994; Blinn et al., 1995; Stevens ,, _ . _
etal., 1997). Diatoms are the primary algae of the epi- Ko =log (Secchi depth_, m)-0.60+1.13, k= 0.88,
o - n=164),

phyton community in the tailwaters of Glen Canyon

Dam and play a major role in the diets@f lacustris and total suspended sediments were then calculated

and chironomids (Blinn & Cole, 1991; Blinn et al., from:

1995; Stevens et al., 1997). Total suspended sediment (¢} =K, - 0.038 + 0.002,
(R=0.95,n=124). The above equations were tak-
en from a suspended sediment-light model generated
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Figure 1 Study sites at Lees Ferry (0.8 Rkm) and Cathedral Island (4.8 Rkm) in the Colorado River, Arizona.

from empirical data (Yard et al., 1995). During the stage) at Lees Ferry for 1-2 h daily exposures. The 80
experiment, the Paria River discharge was above base-cobbles in each treatment were placed in anX® grid
flow for 155 d during the 338 d period (Smith et al., in order to facilitate relocation of treatment cobbles in
1993, 1994) which resulted in an estimated suspendedthe river channel. Within each treatment, one sam-
sediment range of 0.007 g1 to >15 g ! (Michael ple was harvested from a circular template (2C°tm
Yard, Bureau of Reclamation, pers. comm.). Yard etal. with a scapel from 20 cobbles that were randomly
(1995) estimated that negligible light enters the water selected from the grid at 2, 5, 9 and 11 mo. Cob-
column at> 0.7 g ! suspended sediment. Discharge bles were replaced within the grid, but not resampled,
from Glen Canyon Dam ranged from 142 to 568 m to reduce sampling disturbance. Alga@. (glomera-
s~1, with a daily mean discharge of 34512, during ta andOscillatoria) and macroinvertebrates (chirono-
the experimental period. mids, gastropods, lumbriculids, tubificids, simuliids,
and G. lacustriy were sorted from each sample and
Desiccation-recolonization experiments in the varial AFDM was estimated.
and submerged zones The same sequence of cobble movement and col-
lection was conducted concurrently at Cathedral Island
One hundred and sixty cobbles (20-50 cm in diam) for comparison of recolonization under turbid condi-
were collected from the submerged chanrel42 n? tions. Ryan thermistors were placed in the middle of
s 'stage) atthe Lees Ferry clear water site. The bottom the varial zone cobble grid to determine the exposure
of each cobble was numbered with paint and all cobbles and submergence cycles from temperature; submerged
were then placed above the high water mark (566 m periods had temperaturesl1 °C, whereas tempera-
s~! stage) and allowed to desiccate. After 219 d, 80 tures for exposed periods werd 5°C.
desiccated cobbles were submerged in the channel at
Lees Ferry below the varial zone 142 n? s~! stage)
to ensure continuous submergence. An additional 80
cobbles were placed in the varial zone (348 sn?
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Statistical analysis
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The Kruskal-Wallis one-way analysis of variance was
used to determine the significance of differences
between treatments and controls. To minimize the
chance of falsely rejecting the null hypothesis and to
ensure confidence in all statements of significance, the
sequential Bonferroni technique was performed. Sig-
nificant levels of>0.01 were rejected after the Bon-
ferroni adjustment. All statistical analyses were per-
formed with the SYSTAT (5.2.1 Wilkinson, 1992) soft-
ware package.

TRANSLOCATED

150 4

AFDM)

o

100 -

50 -

Cladophora (g m”

Results 0-

Reciprocal-translocation experiments in turbid and
clear-water habitats

At the onset, cobbles translocated from the turbid
(>1.5g!suspended sediments) Cathedral Island site &
to the clear-water<0.005 g I-* suspended sediments) E
site at Lees Ferry had negligibadophora glomera- N<’~‘
ta ash-free dry mass (AFDM) compared to an average ‘g
of 165 g nT2 (SE=+ 31) AFDM of C. glomerataon )
control cobbles at Lees Ferry (Figure 2A). In contrast,
cobbles from Cathedral Island averaged 27 (& 5) .
of Oscillatoria AFDM mass compared to no mass of

this cyanobacterian on control cobbles at Lees Fer- ¢
ry (Figure 2B). Accommodation b§. glomeratavas

slow on translocated cobbles from Cathedral Island
(Figure 2A). Even after 11 mo of clear water, relocated
cobbles at Lees Ferry had50% of theC. glomer-

ata AFDM than that of control cobbles (80 g T,

+ 8; Figure 2A).Oscillatoria AFDM on translocated
cobbles in the clear-water zone at Lees Ferry showed rigure 2 Accommodation as g m? AFDM of Cladophora glomer-

a steady decrease in AFDM, nearly disappearing by ata(A) and Oscillatoria (B) on cobbles translocated from a habitat

9 mo (Figure 2B). with high suspended sediment at Cathedral Island to an upstream

Cladophora glomerata\FDM decreased by 80% o b o G oot
within 1 mo on translocated cobbles at Cathedral Island in a time interval.

and remained near control levels at Cathedral Island

thereafter (Figure 3A). Colonization b@scillatoria

on translocated cobbles at Cathedral Island was slow,9 mo. Other macroinvertebrate taxa on translocated
but surpassed controls (2.4 g f & 1.2) after 9 mo cobbles made up:1% of the overall mass during the
(Figure 3B). experiment.

Chironomid AFDM increased quickly on translo- Patterns in macroinvertebrate AFDM accommoda-
cated cobbles at the clear-water Lees Ferry site to equaltion varied between chironomid ar@. lacustrison
controls (0.087 g m?, +0.012) by 1 mo. In contrast, translocated cobbles at the turbid Cathedral Island site.
G. lacustrisAFDM on translocated cobbles at this site  Chironomid AFDM gradually increased from 0.2 g
was highly variable throughout the experiment and did m—2 (£0.05) to 1.0 g m? (£0.2) on translocated
not reach control levels (0.27 g T, +0.23) until cobbles during the 9 mo experiment. Controls had

MONTHS
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Figure 3 Accommodation as g m* AFDM of Cladophora glom-
erata(A) andOscillatoria (B) on cobbles translocated from a clear-
water habitat at Lees Ferry to a habitat with high suspended sedi-
ments at Cathedral Island in the Colorado River, Arizona. Bars with
different letters are significantly different p0.01 within a time
interval.

1.6 g nT? (£ 0.49) AFDM of chironomid larvae at
this time. In contrastG. lacustrisAFDM (1.2 g m 2,
+0.05) on translocated cobbles decreased-B9%
after 1 mo (0.17 g m?, 0.005) and remained low
over the next 9 mo, whereds. lacustrisassociated
with controls varied from<0.2 to 2.5 g nT2 (4 0.8)
AFDM throughout the experiment.

Based on energy equivalents derived for the
macroinvertebrate community in the Colorado River
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(Blinn et al., 1995), we estimated th&t glomerata
covered translocated cobbles at the clear-water Lees
Ferry site had~ 23 000 joules m? (j m—?2) of inverte-
brate mass compared 02000 j nT2 of invertebrate
mass inOscillatoria-covered translocated cobbles at
Cathedral Island.

Desiccation-recolonization experiments in varial and
submerged zones

The composition of the phytobenthic community var-
ied dramatically on desiccated cobbles placed in the
continuously submerged and varial zones at the clear-
water Lees Ferry site. At the start of the experiment,
there were no living benthic algae or aquatic macroin-
vertebrates on the desiccated cobbles after 219 d above
the varial zone. After 2 mo, the AFDM &. glomera-
tawas 13.2 g m? (+0.1) on submerged translocated
cobbles compared to 33.1 gth(+3.1) on control
cobbles with no significant differenc@£€0.111) in
AFDM of C. glomeratabetween control and treatment
cobbles at 9 mo (Figure 4A). AFDM &&. glomerata
was negligible £0.01 g nT?) on translocated cobbles
in the varial zone throughout the 11 mo experiment
(Figure 4A). In contrastQscillatoria AFDM on treat-
ment cobbles placed in the varial zone of the clear-
water Lees Ferry site was 25.5 g'fafter 5 mo with
only negligible mass accruing on cobbles in control
and submerged habitats (Figure 4B).

Desiccated cobbles placed below the permanent-
ly wetted channel at the turbid Cathedral Island site
were slowly colonized byscillatoriaandC. glomer-
atawith no significant differencepE 0.283) between
controls and translocated cobbles after 5 mdJecil-
latoria and 11 mo forC. glomerata(p=0.162, Fig-
ures 5A & 5B). AgainOscillatoriawas the dominant
recolonizing alga on periodically exposed cobbles in
the varial zone at Cathedral Island (Figure 58%cil-
latoria colonization in the varial zone exceeded that
on translocated submerged (0.92 gin+ 0.45) and
control cobbles after 9 mo (Figure 5B).

Macroinvertebrate communities recolonized more
quickly in the submerged clear-water habitat at Lees
Ferry than did benthic algae. Chironomid mass (0.34 g
m~2, +0.27) on desiccated treatment cobbles was not
significantly different p=0.853) from control cob-
bles (0.14 g m?, +£0.04) at 5 moGammarus lacus-
tris AFDM was highly variable but achieved levels
equal to or higher than controls in the submerged
zone (0.19 g m?, £0.09) after only 2 mo.Gam-
marus lacustrigAFDM remained negligible in the var-



68

A
A
250+ B conTrOL , 1504 W conTROL a
a SUBMERGED SUBMERGED
S 200+ - S .
2 [¥] VARIAL ZONE 2 ¥ VARIAL ZONE
[ 2
< -4
. 150 (;ﬁ 100
] E
oo &
1004
50+
50—
0- 0-

60 - a

504

@ m 2AFDM)

Oscillatoria (g m “2AFDM)

2 5 9 11

MONTHS

MONTHS

Figure 4 Recolonization as g m? AFDM of Cladophora glomerata

(A) and Oscillatoria (B) on desiccated cobbles placed in continu-

ously submerged<{ 140 n? s—1) and varial zone (340 fns—1) of Figure 5 Recolonization as g m? AFDM of Cladophora glomerata

the Colorado River at Lees Ferry, Arizona. Cobbles were desiccated (A) andOscillatoria (B) on desiccated cobbles placed in continuous-

for 219 d. Bars with different letters are significantly different at  ly submerged £ 140 n? s~1) and varial zones (340 #15~1) of the

p<0.01 within a time interval. Colorado River at Cathedral Island, Arizona. Cobbles were desic-
cated for 219 d. Bars with different letters are significantly different
atp<0.01 within a time interval.

ial zone throughout the experiment, whereas chirono-

mid AFDM appeared on treatment cobbles in the varial

zone and exceeded the AFDM on submerged cobbles at

11 mo (0.49 g m?, +0.14). The increase in chirono-  of cobbles in the varial zone during the high winter
mid AFDM coincided with the temporary inundations flows (>340 n? s 1).
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Recruitment by macroinvertebrates was consider- & Blinn, 1990; Angradi & Kubly, 1993; Blinn et al.,
ably slower and more variable at the turbid Cathedral 1995).Oscillatoria appeared in the varial zone of the
Island site compared to Lees Ferry. Chironomid larvae regulated Colorado River after 2 mo in the clear-water
first appeared on translocated cobbles in the submerged_ees Ferry site and reached over 60 g2WFDM in
zone at low levels<€0.001 g nT2 AFDM) after 2 mo this zone by 9 moOscillatoria colonization was 2—-3
and increased slowly to 0.1 gTAAFDM (+ 0.1) after fold slower in the varial zone at the turbid Cathedral
11 mo.Gammarus lacustridid not appear, or only at  Island site than at Lees Ferry perhaps due to abrasion
negligible levels £0.01 g m 2 AFDM) on submerged  and rapid light extinction from suspended sediment.
cobbles until 11 mo<0.15 g nT? AFDM). Neither Cladophora glomeratanass was negligible in the var-

chironomid norG. lacustrisrecruitment €0.001 g ial zone at both Lees Ferry and Cathedral Island.
m~2) developed to any extent in the varial zone at Our study also suggested th@&t glomeratais
Cathedral Island. more sensitive to suspended sediment tBanillato-

Based on energy equivalents derived for the ria. Translocated cobbles exhibited-80% reduction
macroinvertebrate community in the Colorado River in C. glomerataAFDM at the turbid Cathedral Island
(Blinn etal., 1995), we estimated that invertebrate mass site and a substantial increaseQscillatoria. In con-
on translocated cobbles in the varial zone at Lees Ferrytrast, cobbles translocated from the turbid Cathedral
had~ 10700 j m2 compared to~ 19170 j m 2 for Island site to the clear-water Lees Ferry site, 4 km
submerged treatments after 11 mo incubation, whereasupstream, showed a gradual decreas®4saillatoria
the varial zone at Cathedral Island had negligible ener- and the eventual dominance 6f glomerata These
gy as invertebrate mass in the varial zone ariL 00 changes likely resulted from differences in suspend-
m~2 on submerged cobble treatments. All of the ener- ed sediment since there was no significant difference
gy in the varial zone at Lees Ferry was in chironomid in water temperature (9C, £+ 0.35) and typically no
mass and probably did not persist after dewatering. significant differences in either total nitrogen (0.19 mg
Control cobbles at Lees Ferry and Cathedral Island |-, 4 0.03, p=0.322) or total phosphorus (0.02 mg
had~ 49 000 and~ 23 000 j nT?, respectively. I=1, +£0.002,p=0.274) between the sites (Benenati,

unpublished data).

Suspended sediment modifies the quantity and

Discussion quality of light available to phytobenthos and increases

the abrasive action on algal cells (Blinn et al., 1976;
Our translocation experiments demonstrated that dis- Roemer & Hoaglund 1979; Newcombe & MacDon-
turbances from suspended sediment loads and dielald, 1991). Elevated suspended sediments selectively
exposures to the atmosphere greatly modify the com- remove wavelengths which suggest the biliprotein pig-
munity structure of benthic communities in the tail- ment system oOscillatoriais more efficient at using
water zone and have the potential to exert a major the altered light energy in turbid waters than the pig-
bottom-up influence on the trophic ecology in the ment system ofC. glomerata Also, suspended sedi-
Colorado River ecosystem. We demonstrated that the ments are likely more abrasive to the exposed filamen-
filamentous green algaCladophora glomerateand tous streamers of. glomeratathan to the compact
cyanobacteriaOscillatoria spp. respond differently  mucilaginous matrices dDscillatoria (Power et al.,
to regulated flows of Glen Canyon Dam and suspend- 1988; Newcombe & Mac Donald, 1991; Dodds &
ed sediment input from tributarie€ladophora glom- Gudder, 1992).
erata thrived in the continuously submerged, clear- Our findings corroborate previous reports that
water habitats with stable cobbles, wher€asillato- C. glomeratais better suited to grow on sediment-
ria formed extensive mat-like matrices of filamentsand free, stable substrata (Dodds & Gudder, 1992), while
sand and was highly successful in habitats with elevat- cyanobacteria are frequently associated with unsta-
ed suspended sediment and unstable varial zones.  ble sediment substrata (Prescott, 1978; Round, 1981;

Oscillatoriamats have been shown to survive des- Sze, 1993). During cycles of regulated flo@scilla-
iccation and recover rapidly upon rehydration (Vin- toria filaments undergo vertical migration to the sedi-
cent & Howard-Williams, 1986; Round, 1981; Hawes, ment surface and down into the sedimertg(5 cm)
1993), wherea€. glomeratdoses significantamounts  during submerged and exposed periods, respective-
of chlorophylla and mass aftex 6 h of atmospheric  ly (J. Shannon, unpublished observations). A simi-
exposure in field and laboratory experiments (Usher lar migration rhythm has been documented for the
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diatom Hantzschia virgatan mud flats during tidal supports significantly higher epiphytic diatom commu-
cycles by Palmer & Round (1967). Furthermore, nities thanOscillatoria assemblages (Shannon et al.,
the mucilage produced byscillatoria trichomes 1994; Blinn et al., 1995). The extensive surface area
forms mat-like assemblages which retains water when of the branched filaments &. glomeratgprovides an
exposed, whereas, the mucilage-free and high surfaceexcellent substratum for epiphytes and positively cor-

area of the branched filaments Gf glomerataare relates with epiphyton AFDM (Hardwick et al., 1992;

more susceptible to desiccation (Usher & Blinn, 1990; Shannon et al., 1994; Blinn et al.,1995). Epiphytic

Angradi & Kubly, 1993; Blinn et al., 1995). diatoms comprise the largest proportion of diet items
The above habitat preferences@rglomeratand in the guts of chironomid larvae atgammarus lacus-

Oscillatoriaspp. corroborate the distributional pattern tris, wherea<. glomerataandOscillatoria are rare or
of these two primary producers throughout the Col- absentin macroinvertebrate diets (Stevensetal., 1997).
orado River in Grand Canyon National Park (Shan- Therefore, in addition to direct physical abrasion and
non et al., 1994; Stevens et al., 1997). The AFDM of reduction in solar radiation caused by suspended sedi-
C. glomeratas typically an order of magnitude higher ments, the loss i€. glomeratéhabitat due to regulated
in the clear-water reach at Lees Ferry than below the flows and high suspended sediments further reduces
confluence of the Paria River where suspended sed-epiphyton mass.
iment is significantly higher (Andrews, 1991; Blinn Cladophora glomerataupports nearly a ten-fold
etal., 1992; Stevens et al., 1997). The dramatic reduc- higher mass of invertebrate consumers than does the
tion in C. glomeratanass correlates closely to the sea- Oscillatoriaassemblage in the Colorado River ecosys-
sonally high levels of suspended sediment that enter tem. The more compact matrix @fscillatoriarestricts
the Colorado River from the Paria River, as well as the the movement of macroinvertebratesand therefore lim-
Little Colorado River downstream (Figure 1). Davies- its use of this habitat, whereas the loosely arranged
Colley and coworkers (1992) have also reported a 15to C. glomeratgrovides easy habitat for movementwith-
57% loss in algal mass in several New Zealand streamsin the filamentous tuft. The dramatic reduction in
following increased turbidity. G. lacustrisAFDM after one mo at Cathedral Island
AlthoughC. glomerataandOscillatoriaeventually closely correlated with the l0s3. glomerataAFDM.
replaced one another on submerged cobbles in recip-Also, macroinvertebrate densities have been shown to
rocal habitats, recruitment was slow. Both developed be greatly reduced due to catastrophic drift upon the
extensive prostrate flaments on substrata which sug- addition of fine sediments (Rosenberg & Weins, 1978;
gests some level of competition for attachment space Culp et al., 1986)Gammarusappears to be consid-
between the filamentous matrix @scillatoria and erably more sensitive to elevated sediment than the
the rhizoidal holdfast system . glomerata Each chironomid assemblage in the Colorado River. These
prostrate system may physically restrict attachment by differences may suggest thatlacustrisis more close-
the other and therefore prolong recolonization, evenin ly linked to the epiphytic community o@. glomerata
more optimum physico-chemical environments. Also, whereas the chiromomid assemblage is more oppor-
the constantly cold (9C, £+ 0.35) water in the stream  tunistic. Also, the larger size. lacustrismay be
channel may limit zoospore production & glom- more vulnerable to the abrasive force of suspended
erata(Bellis & McLarty, 1967), and therefore restrict  sediment, while many taxa of chironomid larvae are
colonization to random entrapment of drifting filamen- closely associated with fine sediments and periphy-
tous tufts and/or development of adnate filaments. No ton. Recent studies have demonstrated the close troph-
zoospores were observed in cellSbfglomeratacol- ic linkage betweerts. lacustrisand diatom epiphytes
lected at monthly intervals throughout the experimental (Shannon et al., 1994). The high variability and gen-
period (Shaver, 1995). Other filamentous green algae eral trend of increase in macroinvertebrate AFDM on
have been shown to achieve maximum standing massthe control cobbles at the turbid site followed the sea-
in lotic habitats within 2 mo (Blum, 1982; Peterson sonally low input of suspended sediments by the Paria
& Stevenson, 1992), however, the condition of the River and increased developmeni@fglomerata
substratum was not given. Recolonization by macroinvertebrates at the clear-
The effects of suspended sediment from tributaries water habitat at Lees Ferry occurred almost immedi-
and regular exposure to the atmosphere during regu-ately with equal or greater AFDM than control cobbles
lated discharges showed a dramatic bottom-up influ- within 2 mo in some instances. The rapid recoloniza-
ence. Recent studies have indicated hagjlomerata tion of treatment cobbles at Lees Ferry may have result-



ed from the close proximity of a relatively large pool of
macroinvertebrates and their ability to disperse to new
substrata by drift (Blinn et al., 1995). Other investiga-
tors have reported similar recruitment models in other
lotic ecosystems (Hynes, 1970; Mackay, 1992).

This study demonstrates that differences in habitat
requirements byC. glomerataand Oscillatoria have
a profound bottom-up influence on the foodweb in
the Colorado River through Grand Canyon National
Park. We estimated the energy derived from macroin-
vertebrates associated wi@ glomeratato be near-
ly an order of magnitude higher than energy derived
from macroinvertebrates i@scillatoria assemblages.
Therefore, loss of. glomeratéhabitat and the replace-
ment by habitat more suitable f@scillatoria may
reduce the overall food value of the phytobenthic com-
munity by several fold. The stairstep reductions in bio-
mass at all trophic levels throughout the river corridor
of Grand Canyon supportthese predictions (Angradi &
Kubly, 1993; Shannon et al., 1994; Blinn et al., 1995;
Valdez & Ryel, 1995; Stevens et al., 1997). Also, the
slow colonization byC. glomerataon substrata occu-
pied byOscillatoria may have major implications on
the role of regulated flows on the food base in the
Colorado River ecosystem.

Acknowledgments

The difficult task of moving the numerous cobbles dur-
ing thein situexperiments and the sampling throughout

the year was accomplished with the assistance of Pete

Gambrill, Fred Govedich, Lorraine & Patrick Putnam,
Jim Thomas, and Mike Yard. Drs Lawrence E. Stevens

and Steve Jackson made valuable comments on earli-

er drafts of this manuscript. The financial support for

this study and technical assistance was provided by the

Glen Canyon Environmental Studies Program (GCES)
as part of a National Park Service Cooperative Agree-
ment.

References

Andrews, E. D., 1991. Sediment transport in the Colorado River
Basin. In Committee on Glen Canyon Environmental Studies
(eds), Colorado River Ecology and Dam Management. National
Research Council. National Academy Press, Washington. D.C.
54-74.

Angradi, T. R. & D. M. Kubly, 1993. Effects of atmospheric expo-
sures on chlorophyt, biomass, and productivity of the epilithon
of a tailwater river. Reg. Rivers 8: 345-358.

71

Bellis, V. J. & D. A. McLarty, 1967. Ecology o€ladophora glom-
erata(L.) Kutz. in southern Ontario. J. Phycol. 3: 57-63.

Blinn, D. W. & G. A. Cole, 1991. Algal and invertebrate biota in the
Colorado River: Comparison of Pre- and Post-Dam Conditions.
In Committee on Glen Canyon Environmental Studies (eds), Col-
orado River Ecology and Dam Management. National Research
Council. National Academy Press, Washington, D.C. 102-123.

Blinn, D. W., L. E. Stevens & J. S. Shannon, 1992. The effects of
Glen Canyon Dam on the aquatic food base in the Colorado River
Corridor in Grand Canyon, Arizona. Bureau of Reclamation,
Glen Canyon Environmental Studies. Report # GCESII-02, Salt
Lake City, UT.

Blinn, D. W., J. P. Shannon, L. E. Stevens & J. P. Carder, 1995.
Consequences of fluctuating discharge for lotic communities. J.
N. am. Benthol. Soc. 14: 233-248.

Blinn, D. W., T. Tompkins & A. J. Stewart, 1976. Seasonal light
characteristics for a newly formed reservoir in southwestern USA.
Hydrobiologia 51: 77-84.

Blum, J. H., 1982. Colonization and growth of attached algae at the
Lake Michigan water line. J. Great Lakes Res. 8: 10-15.

Boulton, A. J. & P. S. Lake, 1988. Australian temporary streams —
some ecological characteristics. Verh. int. Ver. Limnol. 23: 1380—
1383.

Culp, J. M., F. J. Wrona & R. W. Davies, 1986. Response of stream
benthos and drift to fine sediment deposition versus transport.
Can. J. Zool. 64: 1345-1351.

Davies-Colley, R. J., C. W. Hickey, J. M. Quinn & P. A. Ryan, 1992.
Effects of clay discharge. 1. Optical properties and epilithon.
Hydrobiologia. 248: 215-234.

Dodds, W. & D. A. Gudder, 1992. The ecology Gfadophora J.
Phycol. 28: 415-427.

Fisher, S. G. & W. L. Minckley, 1978. Chemical characteristics of a
desert stream in flash flood. J. Arid Envir. 1: 25-33.

Grimm, N. B. & S. G. Fisher, 1991. Responses of arid land streams
to changing climate. In Firth & S. G. Fisher (eds), Global Climate
Change and Freshwater Ecosystems. Springer Verlag, New York:
211-233.

Hardwick, G. G., D. W. Blinn & H. D. Usher, 1992. Epiphytic
diatoms onCladophora glomeratan the Colorado River, Ari-
zona: longitudinal and vertical distribution in a regulated river.
Southwest. Nat. 37: 148-156.

Hawes, 1., 1993. Photosynthesis in thick cyanobacterial films: a
comparison of annual and perennial antarctic mat communities.
Hydrobiologia 252: 203-209.

Holopainen, A. L. & P. Huttunen, 1992. Effects of clear-cutting and
soil disturbances on the biology of small forest brooks. Hydrobi-
ologia 244: 457-464.

Hynes, H. B. N., 1970. The Ecology of Running Waters. Univ. of
Toronto Press, Toronto.

Lillehammer, A & S. J. Saltveit (eds), 1984. Regulated Rivers. Uni-
versity of Oslo Press, Oslo, Norway.

Lowe, R., 1979. Phytobenthic ecology and regulated streams. In
Ward, J. V. & J. A. Stanford (eds), The Ecology of Regulated
Streams. Plenum Press, New York: 25-34.

Mackay, R. J., 1992. Colonization by lotic macroinvertebrates: a
review of processes and patterns. Can. J. Fish. aquat. Sci. 49:
617-628.

Newcombe, C. P. & D. D. MacDonald, 1991. Effects of sediments
on aquatic ecosystems. N. am. J. Fish. Mgmt 11: 72—-82.

O’Connor, N. A. & P. S. Lake, 1994. Long-term and seasonal large-
scale disturbances of a small lowland stream. Aust. J. mar. Fresh-
wat. Res. 45: 243-255.

Palmer, J. D. & F. E. Round, 1967. Persistent vertical-migration
rhythms in benthic microflora. VI. The tidal and diurnal nature



72

of the rhythm in the diatonantzschia virgataBiol. Bull. 132:
44-55.

resoures data: Arizona water year of 1994. U.S.G.S. water data
report AZ-94-1.

Peterson, C. G. & R. J. Stevenson, 1992. Resistance and resilienceStanford, J. A. & F. R. Hauer, 1992. Mitigating the impacts of stream

of lotic algal communities: Importance of disturbance timing and
current. Ecology 73: 1445-1461.

Power, M. E., R. J. Stout, C. E. Cushing, P. P. Harper, F. R. Hauer,
W. J. Matthews, P. B. Moyle, B. Statzner & I. R. Wais De Badgen,
1988. Biotic and abiotic controls in river and stream communities.
J. N. am. Benthol. Soc. 7: 456-479.

Prescott, G. W., 1978. How to Know the Freshwater Algae. Wm. C.
Brown Co. Publishers, Dubuque, lowa, 293 pp.

Quinn, J. M., R. J. Davies—Colley, C. W. Hickey, M. L. Vickers
& P. A. Ryan, 1992. Effects of clay discharges on streams. 2.
Benthic invertebrates. Hydrobiologia 248: 235-247.

Roemer, S. C. & K. D. Hoaglund, 1979. Seasonal attentuation of

quantum irradiance (400—700 nm) in three Nebraska reservoirs.

Hydrobiologia 63: 81-92.

Rosenberg, D. M. & A. P. Wiens, 1978. Effects of sedimentation
on macrobenthic invertebrates in a northern California river. Wat.
Res. 12: 753-763.

Round, F. E., 1981. The Ecology of Algae. Cambridge University
Press, Cambridge, 653 pp.

Shannon, J. P., D. W. Blinn & L. E. Stevens, 1994. Trophic inter-
actions and benthic animal community structure in the Colorado
River, Arizona, USA. Freshwat. Biol. 31: 213-220.

Shannon, J. P., D. W. Blinn, P. L. Benenati & K. P. Wilson, 1996.
Organic drift in a regulated desert river. Can. J. Fish. aquat. Sci.
53: 1360-1369.

Shaver, M. L., 1995. Turbidity and desiccation structuring of benthic
communities in the tailwaters of Glen Canyon Dam, Arizona.
MSc. Thesis, Northern Arizona University, Flagstaff, AZ.

Smith, C. F., D. W. Anning, N. R. Duet, G. G. Fisk, H. F. McCor-
mack, G. L. Pope, P. D. Rigas & B. L. Wallace, 1993. Water

and lake regulation in the Flathead River Catchment, Montana,
USA: an ecosystem perspective. Aquat. Conserv. 2: 35—-63.

Stevens, L. E., J. P. Shannon & D. W. Blinn, 1997. Colorado River
benthic ecology in Grand Canyon, Arizona: USA; dam, tributary
and geomorphic influences. Reg. Rivers 13: 129-149.

Sze, P, 1993 A biology of the algae. Wm. C. Brown, Dubuque,
lowa, 259 pp.

Usher, H. D. & D. W. Blinn, 1990. Influence of various exposure
periods on the biomass and chlorophg/lbn Cladophora glom-
erata(Chlorophyta). J. Phycol. 26: 244-249.

Valdez, R. A. & R. J. Ryel, 1995. Life history and ecology of
the humpback chubJjla cyphg in the Colorado River, Grand
Canyon, Arizona. Glen Canyon Environmental Studies, Flagstaff,
AZ.

Vincent, W. F. & C. Howard-Williams, 1986. Antarctic stream
ecosystems: physiological ecology of a blue-green algal
epilithon. Freshwat. Biol. 16: 219-233.

Walling, D. E. & B. W. Webb, 1992. Water Quality and Physical
Characteristics. In Calow, P. & G. E. Petts (eds), The Rivers
Handbook. Blackwell Sci. Publ. 48-72.

Ward, J. V. & J. A. Stanford, 1989. Riverine ecosystems: the influ-
ence of man on catchment dynamics and fish ecology. In Dodge,
D. P. (ed.), Proceedings of the International Large River Sym-
posium. Canadian Special Publications on Fisheries and Aquatic
Science 106.

Wilkinson, L., 1992. SYSTAT: The System for Statistics. SYSTAT,
Inc. Evanston, lllinois.

Yard, M., G. A. Haden & W. S. Vernieu, 1995. Photosynthetically
available radiation (PAR) in the Colorado River: Glen and Grand
Canyon. Glen Canyon Environmental Studies, Flagstaff, AZ.

resources data: Arizona water year of 1993. U.S.G.S. water data Yount, J. D. & G. J. Niemi, 1990. Recovery of lotic communities and

report AZ-93-1.
Smith, C. F., D. W. Anning, N. R. Duet, G. G. Fisk, H. F. McCor-
mack, G. L. Pope, P. D. Rigas & B. L. Wallace, 1994. Water

ecosystems from disturbance — a narrative review of case studies.
Envir. Mgmt 14: 547-569.



