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CHAPTER ONE
MACROINVERTEBRATE RESOURCE CONSUMPTION IN THE
COLORADO RIVER BELOW GLEN CANYON DAM

Abstract

Physical and biological changes to rivers induced by large dams can sighifica
impact downstream communities, decreasing the biotic integrity of tivesg. The
completion of Glen Canyon Dam on the Colorado River in 1963 has altered the
downstream ecosystem and contributed to the decline of native fish populations in the
river. Macroinvertebrates are an important food resource for fish and detegrtiai
relative importance of basal resources to macroinvertebrate productionlpigjuiee
the development of a long-term lower trophic level monitoring program. Because
autochthonous production is high in the tailwater reach and tributary allochthonous
carbon inputs are substantial at downstream sites, | predict that macebraterdiets
will reflect longitudinal changes in resource availability. | also ptetiiat seasonal
changes in resource availability due to monsoon tributary flooding in the autumn and
lower light availability in the winter, will amplify the longitudinal chgmnin resource use
by macroinvertebrates. | examined the diets of the common macroinvessebrat
(Simulium arcticum, Gammarus lacustfi®tamopyrgus antipodarurand chironomids)
at six sites below Glen Canyon Dam during all seasons. Macroinvertdlatate

composition was compared to the composition of the epilithon (rock faces), epicremnon
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(cliff faces) communities, and the suspended organic seston. The relativieutmmtrof

autochthonous and allochthonous resources to macroinvertebrate production was
calculated at all six sites. In general, macroinvertebrate dietettalownstream changes
in resource availability in the river, and autochthonous resources were consumed i
greater proportions in the tailwaters while more allochthonous resourcesonstened
downstream. Also autochthonous resources contributed more to macroinvertebrate
production in the tailwaters and allochthonous resources contributed more downstream.
The extent of diet shifts depended on consumer identity and season. Betgaifcum
differed among all seasons, whereas the diets of other taxa only diffenegl tther
autumn and winter. Allochthonous resources were most important for all consumers
during the monsoon season (July-September), when tributaries can contributeasignif
amounts of organic matter to the mainstem. These data demonstrate that both
autochthonous and allochthonous resources support macroinvertebrate production in the
Grand Canyon; however, the contribution of allochthonous resources to
macroinvertebrate production increases at downstream sites.
Introduction

Large dams alter the physical habitat, temperature and flow regimesrsfand
have contributed significantly to the degradation of freshwater ecosystamasvide
(Baxter 1977, Ward and Stanford 1979, Petts 1984, Nilsson and Berggren 2000). The
physical changes induced by dams can significantly affect revéiodiversity and food
webs (Power et al. 1996), often reducing biodiversity of algae, macroinvestabcafish

communities (Allan and Flecker 1993). Dam-induced physical and chemicajeshan
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rivers are most drastic in the tailwaters where non-native taxa oftea (Btanford et al.

1996). Tributaries downstream of dams ameliorate the effects of dams on rivecalphys
and chemical properties (Ward and Stanford 1983); therefore, communities that are
downstream of tributaries may differ from tailwater communities 4dat al. 2008).

The Colorado River has been physically and biologically altered due to
construction of Glen Canyon Dam (Blinn and Cole 1991). Historically, the river had high
seasonal variability in temperature and discharge (Topping et al. 2003), tivassat
extremely sediment-laden (Wright et al. 2005), and sustained a highly enakeiae
fish community (Gloss and Coggins 2005) and diverse macroinvertebrate populations
(Musser 1959, Edmunds 1959, Haden et al. 2003, Hofnecht 1981, Oberlin et al. 1999).
Dam-associated alterations in the physical template and intentional andtioirete
introductions of non-native fishes and macroinvertebrates have signyiettetied food
web structure, and four of the eight species of fish native to Grand Canyon bave be
locally extirpated while one of the remaining species, humpback Gilebdypha) is
federally endangered (Minckley et. al 2003).

A variety of factors may limit populations of native fish in Grand Canyon
including habitat availability, competition with and predation by non-nativaeseand
food resource availability (Gloss and Coggins 2005). Macroinvertebrates are an
important food resource for fish throughout the lower Colorado River basin (Childs et al
1998, Zahn et al. unpublished data) and declines in native fish populations may be due to
food limitation (i.e. low macroinvertebrate production) at the base of the febd™o

successfully manage this highly modified ecosystem to support macroinvertefdat
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native fish populations, it is crucial to understand the food resources (allochthonous vs.

autochthonous) supporting the base of the food web and how energy flows through the
food web. An important first step in elucidating energy flow through the entire febd w
is to assess food resources consumed by macroinvertebrates.

Limited literature documents the pre-impoundment macroinvertebrate
communities of the Colorado River in Grand Canyon (Blinn and Cole 1991). Musser
(1959) surveyed macroinvertebrate species from the Colorado River in Glen Canyon and
reported 91 species from the following eight orders: Ephemeroptera, Odonata,
Hemiptera, Megaloptera, Trichoptera, Lepidoptera, Coleoptera, and Diptéraudth
collection methods are not clearly reported, the majority of species wlereted from
tributaries, and only 247 of the 2,315 individuals collected were from the mainstem
(Musser 1959). Edmunds (1959) reports six families and eight genera of mawfthes i
area of Glen Canyon Dam before impoundment. The macroinvertebrate faunaratCat
Canyon, an unregulated reach of the Colorado River immediately upriver of baled,P
is likely analogous to pre-impoundment Colorado River conditions because this reach is
geomorphically similar to Grand Canyon and has suspended sediment concentnations a
discharge regimes that closely match pre-impoundment conditions (Stardordead
1986, Haden et al. 2003). Forty-nine macroinvertebrate taxa were identified eeittis r
with most taxa from the orders, Ephemeroptera, Plecoptera, Trichoptera, and Dipter
(Haden et al. 2003).

Post-impoundment studies of macroinvertebrate communities in tributaries of the

Colorado River through Grand Canyon may also provide useful indicators of the
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mainstem pre-impoundment macroinvertebrate community (Hofnecht 1981, Oberlin et al

1999). Between 23-52 macroinvertebrate families have been reported in trifutarie
throughout the Grand Canyon (Hofnecht 1981, Oberlin et al. 1999), with representatives
of the order Trichoptera the most diverse, comprising nine families and twelva gene
(Oberlin et al. 1999). In addition, macroinvertebrates from six orders: Ephemaropter
Lepidoptera, Diptera, Megaloptera, Coleoptera, and Plecoptera, are presbatanes
(Oberlin et al. 1999).

Numerous pre-impoundment studies of the Green River, Utah, approximately 180
miles upstream from Glen Canyon Dam, may provide additional insight into titapre-
Colorado River Grand Canyon macroinvertebrate community assemblage (Vinson 2001).
Prior to the completion of the Flaming Gorge Dam in 1962, the Green River supported a
diverse macroinvertebrate community (Pearson et al. 1968, Vinson 2001) including
species within the orders: Nematoda, Oligochaeta, Hirudinea, Amphipoda, &tyaaac
Plecoptera, Ephemeroptera, Odonata, Hemiptera, Megaloptera, Trichoppédaplera,
Coleoptera, Diptera, and Gastropoda. Most of the taxa reported above werdegktirpa
after the completion of the Flaming Gorge Dam (Vinson 2001).

Today, the Colorado River below Glen Canyon Dam has a depauperate
macroinvertebrate community dominated by non-native species (Cross et akw).re
Plecoptera, Ephemeroptera, Odonata, Hemiptera, Trichoptera, Lepidoptera, and
Coleoptera are rare in the mainstem and restricted to areas closentmuths of
tributaries, suggesting that tributaries are the source for these indivipleissr{al

observation). The invasive New Zealand mud sRaitamopyrgus antipodarurand the



introduced amphipod;ammarus lacustrigjominate the biomass of the
macroinvertebrate community in the Glen Canyon tailwater reach (Stevah<s 997,

Cross et al. in press). In the downstream reaches (226 miles (363 kmysifidr the

first tributary enters the mainstem ca. 16 miles (25 km) downstreaneof@nyon

Dam), the community is dominated by a non-native, filter-feeding dipt&ramulium
arcticum,and various collecting-gathering Chironomidae (Stevens et al. 1997, Cross et
al. unpublished data). Other macroinvertebrates present throughout the sy&idm inc
Lumbricidae, Tubificidae, Physidae, Ostracoda, Hydracarina, Plaregradd Empididae
(Stevens et al. 1997, Cross et al. unpublished data).

Macroinvertebrates can be classified into functional feeding groups baskeeiio
mode of food acquisition (Cummins 1973, Cummins and Klug 1979). The dominant
macroinvertebrates in the Colorado River fall into four such groups: colleltéveifs
(Simulium arcticury collector-gatherers (Chironomidae), scrapBagmopyrgus
antipodarun), and shredder&s@mmarus lacustr)s Collector-filterers generally feed on
fine particulate organic matter (FPOM, particles <1mm) suspended watke column
(Wallace and Merritt 1980), and collector-gatherers feed on FPOM deposited on the
benthos (Cummins and Klug 1979). Scrapers are noted for grazing on periphyton or food
that is attached to a surface (Cummins and Klug 1979). Shredders feed on coarse
particulate organic matter (CPOM, particles >1mm), such as testdstves and
macrophytesGammarusare generally classified as shredders, but have also been
reported to feed on other macroinvertebrates and small fish, and therefaatsmbg

categorized in the functional feeding group, predators (Kelly et al. 2002, Mataeil
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1997). Although chironomids are most commonly classified as collector-gatherers

chironomid larvae ingest a wide variety of food items and may also be catdgasize
collector-filterers, collector-miners, shredders, scrapers, and predggrg 1995,
Henriques-Oliveira et al. 2003, Ferrington et al. 2008). Finally, simuliiddssé&kaown
to be capable of scraping surfaces with their mandibular teeth (Walladéeantd 1980,
Currie and Craig 1987).

Classifying macroinvertebrates into functional feeding groups is useful a
allows for classification based on how macroinvertebrates acquire their &mdaes,
rather than categorizing them exclusively based on diet (Cummins and Klug 1979,
Merritt et al.2008). Many macroinvertebrates are omnivorous and often oppactunist
therefore, species-specific diet shifts in a given system may be a&tritauseasonal
and/or spatial changes in organic matter availability. Also in alteréensgsvhere
marked changes in the physical and chemical characteristics redtdténl availability
of food resources, facultative (generalist) consumers may be bettdrtsuibaintain
healthy populations than obligate (specialist) consumers (Cummins and Klug 1979).
Classifying macroinvertebrates by functional feeding groups is usefptdédicting
general patterns in food resource use and community structure in streamezgesyst
However, in systems where food resources shift quickly and drasticallandigsis may
be a more sensitive metric indicating change.

Few studies have quantified the diets of the dominant macroinvertebrates in the
Grand-Canyon reaches of the Colorado River. Pinney (1991) reported the diets of

Gammarus lacustrig the tailwaters collected from March 1986 to January 1987. Diets



consisted, primarily, of diatoms (>93%), along with small amoun@®adophora
glomerata cyanobacteria, and red algae. Chironomid diets, examined in the tailwaters
and at multiple sites downstream, were comprised of greater than 60% algty (mos
diatoms) in the tailwaters, and only 31% algae (mostly diatoms) and 69%sletrit
bacteria and sand at downstream sites (Stevens et al. 1997).

It has been suggested that in this system allochthonous resources conttidute li
to macroinvertebrate production (Walters et al. 2000), presumably due to its liiy. qua
Stevens and others (1997) documented amorphous detritus likely of allochthonous origins
in the guts of macroinvertebrates, but Stevens and others (1997) did not determine the
relative contribution of allochthonous resources to macroinvertebrate production.
Allochthonous resources are a dominant food item for macroinvertebrates in many
systems (Hynes 1975, Vannote et al. 1980, Gregory et al. 1991, Polis et al. 1997, Wallace
et al. 1997, Hall et al. 2000, Hall et al. 2001, Rosi-Marshall and Wallace 2002) and
macroinvertebrate diets often shift to match changes in resource availdtoli-

Marshall and Wallace 2002). Allochthonous resources have the potential to be an
important, but unmeasured, resource supporting macroinvertebrate production in the
Colorado River system.

The relative importance af situalgal production in the tailwaters or
allochthonous inputs from tributaries in supporting macroinvertebrate productiamthas
been extensively studied, but hypotheses on the form of these relationships can be
formulated (Figure 1). The completion of the Glen Canyon Dam in 1963 substantially

reduced sediment loads in the river, increasing light levels and algal production in the
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tailwaters below the dam and downstream (Stevens et al. 1997). In addition, organic

matter inputs from upstream were reduced. Downstream tributarieasedrebidity

which reduces light levels and algal production (Yard 2003, Hall ehpublished data).

But tributaries are also a source of allochthonous organic matter into theemainst
Colorado River and can dominate downstream carbon budgets (Kennedy et al.
unpublished data) (Figure 1). Stable isotope food-web analysis by Angradi (1994)
indicates that aquatic secondary production in Glen Canyon (tailwaters)ad hyel
autochthonous carbon, but terrestrial riparian and upland vegetation may be important to
downstream food webs. Therefore, the organic matter budget in the river shifts
longitudinally from autochthonous to allochthonous resources (Kennedy et al.
unpublished data) and food resources consumed by macroinvertebrates may shift
accordingly. This has been demonstrated in other systems ranging from leeadavat

large rivers (Vannote et al. 1980, Tavares-Cromar and Williams 1996, Benke and
Wallace 1997, Hall et al. 2000, Hall et al. 2001, Rosi-Marshall and Wallace 2002, Cross
et al. 2007).

Seasonal changes in resource availability due to monsoon tributary flooding in the
autumn and lower light availability in the winter may amplify the longitudihange in
resource use by macroinvertebrates. For example, in the Little TenRégsee
macroinvertebrate diets reflected spatial and seasonal changesuirteesvailability
(Rosi-Marshall and Wallace 2002). In the Colorado River basin, the Arizona monsoon
season (July to September) brings high precipitation to the basin, and incribasasy tr

flooding and suspended sediment and allochthonous organic matter inputs to the
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mainstem (Kennedy et al. unpublished data). The high suspended sediment load reduces

light levels and primary production, and may amplify the relative importance of
allochthonous organic matter to macroinvertebrate consumers. Reliance on allochthonous
organic matter may continue during the winter months because of low lightoditgila

due to high canyon walls (specifically along east-west reaches avénge(iYard et al.

2005). A monsoon season shift in diets of macroinvertebrates dwelling in thedeslwa

of the dam should not occur because it is upstream of tributaries and has continuously
clear water. However, during winter months reduced light may reduce primary

production in both the tailwaters and downstream sites.

The objective of this study was to examine how the use of allochthonous and
autochthonous resources by resident macroinvertebrates changes seasdrsghtially
(with distance from the dam and in relation to tributaries). To address thisiajéc
examined the diets of the common macroinvertebrates at six sites below GjemCa
Dam during all seasons. To address the extent that macroinvertebrateftiiets
longitudinal and seasonal changesisitu resource availability, | examined resource
composition of the epilithon (rock faces), epicremnon (cliff faces) communitids, a
suspended organic seston and compared the composition of these resources to
macroinvertebrate diets.

| predict that macroinvertebrate diets change with distance from thamid&m
reflect a change in resource availability, specifically shiffrog reliance on
autochthonous production in tailwaters to an allochthonous resource base downstream

(Table 1). I also predict that magnitude of downstream shifts in resourcebdirgitand
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consumption will increase during the monsoon season (July to September) wherrthe rive

is turbid, and in the winter when there is low light. During these seasons, | phedict
macroinvertebrates will consume mainly allochthonous resources. Evaluating bot
downstream and seasonal shifts in macroinvertebrate diets will help to elub&late
relative role of allochthonous carbon in supporting the food webs of the Colorado River,

Grand Canyon.

Food web predictions

A\

Gammarus g;

Suspended

Sediment I F,’;\Iggl .

Inputs roauction

Autochthonous
production dominates

organic matter
budgets in tailwaters

Allochthonous
organic matter
dominates
downstream budgets

| Fil. Algae A.Detritus
) 4 *’ I
Al K Leall | ®

Figure 1. Effects of the dam and tributary inputs on organic matter budgets and potentia
influence on macroinvertebrate food web.
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Table 1. Site, season, and month of sample cadlecéind associated light condition, water condijtion
average monthly sediment concentration (mg/L), @medliction describing which resources
(autochthonous or allochthonous) will be predonghatonsumed by macroinvertebrates. L = low, M =
moderate, H = high, AUT = autochthonous, and ALL@llechthonous.

Average Monthly  Predictions for

Sediment macroinvertebrate
Site Concentration mg/ resource
(RM)  Season Month Light  Turbidity (SD) consumption
0 Summer June 2006 H L 0.1 (0.13) AUT
30 " " H M 127 (87) ALLO
62* " " H M 169 (115) ALLO
127* " " H M 169 (115) ALLO
165** H M 203 (180) ALLO
225 H M 203 (180) ALLO
0 Autumn  September 2006 M L 0.25 (0.26) AUT
30 " " M M 167 (245) ALLO
62* " " M H 1291 (1534) ALLO
127* M H 1291 (1534) ALLO
165** M H 1559 (1440) ALLO
225 " " M H 1559 (1440) ALLO
0 Winter January 2007 L L 1.18 (0.30) AUT
30 " " L M 154 (75) ALLO
62* L M 181 (91) ALLO
127* " ; L M 181 (91) ALLO
165** L M 229 (72) ALLO
225 L M 229 (72) ALLO
0 Spring April 2007 M L 0.85 (0.36) AUT
30 " " M M 59 (26) ALLO
62* " " M M 93 (33) ALLO
127* M M 93 (33) ALLO
165 M M 143 (82) ALLO
225 " ) M M 137 (114) ALLO

*Sediment concentration data was collected at RM*8Bediment concentration data was collected at
RM 225. Monthly sediment concentration data wasuwdated using Grand Canyon acoustic sediment
data from the following USGS stations: ColoradoeRiat river-mile 30, Colorado River near Grand
Canyon AZ (09402500), Colorado River above Natiddahyon near Supai AZ (09404120), Colorado
River above Diamond Creek near Peach Springs AZQ@200). RM 0 sediment concentrations were
estimated by calculating the ash-content dry massspended fine (seston) and coarse particulate
matter samples, collected monthly. Sediment comagan is the sum of silt/clay concentrations and
sand concentrations. The average monthly concentraias calculated using data collected at 15
minute intervals at each site. Water conditionsensassified as low turbidity if sediment
concentrations were less than 50 mg/L, moderakedity if sediment concentrations were greater than

50 mg/L, and high turbidity if sediment concentat were greater than 250 mg/L.
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Methods

Study sites and sampling protocol

This study was conducted in the Colorado River (CR) in Grand Canyon, Arizona
(36° 03'N, 112° 09' W). Six sites were sampled over a 226 mile (363 km) reach
downstream of Glen Canyon Dam (GCD) (Figure 2). The use of river miles is t
historical precedent for describing distance along the Colorado Riveaimd&anyon;
therefore, | report distances in miles, with kilometers in parentheses vi@ite selected
based on general canyon characteristics, the location of major tributary, ipgavalence
of humpback chub populations (RM 62 and 127), and based on their long-term use as
sediment and geomorphology monitoring sites (RM 30, 62 and 127). The first site, Lee’s
Ferry (RM 0) is located in Glen Canyon and encompasses a 15.7 mile (25 km) reach
extending from the downstream end of the Glen Canyon Dam to Lee’s Ferry. This
tailwater reach is above the confluence of the Paria River, and is comgilstenn
turbidity. The five downstream sites are located in the Grand Canyon, frobleMa
Canyon to Diamond Creek. The second site, RM 30, is located in the Marble Canyon
section (Redwall gorge reach) of the Grand Canyon, approximately 29 miles id@ammst
of the Paria River, the first major tributary below the dam. The third site6RNs
located in the beginning of the Central Grand Canyon section (Furnacedli} below
the Little Colorado River (LCR), the largest tributary. The fourth sit,1R7, is also
located in the Central Grand Canyon section (Middle granite gorge reac) el
number of smaller tributaries including Bright Angel, Shinumo and Fossil Crébks

fifth site, RM 165, is located in the Western Grand Canyon section (Lower caraghr) re
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below Tapeats, Kanab and Havasu Creeks. The final site, RM 225, is also In¢ha&ed i

Western Grand Canyon section (Lower granite gorge) and extends to DiameRkdaCre
small tributary). Sites, RM 30 and 62, are located in wider sections of thencand
sites, RM 127 and 165, are within the narrowest canyon sections (Stevens et al. 1997).
Mean site characteristics: dischargégt), catchment area (k&) depth (m), and
width (m), are presented in Table 2. Discharge increases from approyiB2@eiis™ at
RM 0 to 357 mis™ at RM 225. Catchment area increases from 289,56kRM 0 to
386,726 krhat RM 225. Thalweg depth ranges from 6.3 meters at RM 0 up to 7.8 meters
at RM 62. Width ranges from 60.8 meters at RM 127 up to 131.4 meters at RM 0. To
examine the extent of seasonal variability in resource availability@milimption, |
collected samples at each site and season during the following four month2006ne
(moderate turbidity and high light conditions), September 2006 (high turbidity and
moderate light conditions), January 2007 (moderate turbidity and low light conditions),
and April 2007 (moderate turbidity and moderate light conditions) (Table 1). Water
conditions were classified based on average monthly sediment concentratid)s¢mg/
each site and season, and light conditions were classified based on seasoealinhang
light conditions. Water conditions were classified as low turbidity if sediment
concentrations were less than 50 mg/L, moderate turbidity if sediment c@tioerstr
were greater than 50 mg/L, and high turbidity if sediment concentrations watergre

than 250 mg/L.
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Table 2. Mean site characteristics.
Annual Discharge Catchment arei  Depth  Width

Site m’/s (SD) (km?) (m) (m)
RM O 329.89(53.61) 289,560 6.3 131.4
RM 30 N/A N/A 6.3 77.1
RM 60 7.8 110.3

M 125 > 346.68 (51.45)* > 366,742* - .
RM 165 NA 383,139 6.2 74.4
RM 225 357.66 (48.90) 386,726 6.8 82.5

* Site is located at RM 88. Annual discharge andloaent area were
calculated using USGS Real-Time Water Data for éna& Annual
discharge is calculated from the monthly mean @ispes taken from
June 2006 to May 2007. Catchment area is taken fhe USGS
station closest to the sites listed above. Averadgéh and thalweg

depth were estimated at a discharge of 23%8.m

Resource and macroinvertebrate collection

Suspended fine particulate organic matter (seston) composition samples (two t
three per site and date) were collected from the thalweg at each sigving river water
through a 25Q@:m sieve and filtering ca. 40-300 ml onto 04%-gridded Metricel®
membrane filters (Pall Corp., Ann Arbor, MI). Epilithic biofilms wereagad from two
to three rocks collected from the river bed and from two to three clif§ faseng a
scraping sucking device. A 30-40 ml subsample of biofilm slurry from individual rocks
and cliffs was preserved in the field with Lugol’s solution (Prescott 1978)
Macroinvertebrates were haphazardly collected throughout the reachesinfsitess
preserved in Kahle’s solution (Stehr 1987) in the field, and returned to the lab for gut-

content analysis.
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Resource composition slide preparation

For epilithic and epicremnic biofilms, | filtered 0.1-5.0 ml subsamples from
preserved field collections onto gridded Metricel® membrane filters (250&um)
(Pall Corp., Ann Arbor, MI). Seston, epilithic and epicremnic filters wevamted on
slides for preservation using Type B immersion oil.
Macroinvertebrate slide preparation

Macroinvertebrate resource consumption was measured using gut-content
analysis (Benke and Wallace 1980, Rosi-Marshall and Wallace 2002, Hall et al. 2000). |
examined diets from each of the dominant t&ienlium arcticun{insecta: Diptera:
Simuliidae),Gammarus lacustriéCrustacea: Amphipoda: Gammaridae), chironomids
(Insecta: Diptera: Chironomidae), aRdtamopyrgus antipodarufiNew Zealand mud
snails; Gastropoda: Neotaenioglossa: Hydrobiid@&s$sected gut contents were drawn
onto gridded Metricel® membrane filters (25mm, udd (Pall Corp., Ann Arbor, MI)
and mounted on slides for preservation using Type B immersion oil. Macroinvertebrates
varied in size and gut fullness; therefore, to ensure that a sufficient numbeticdépa
were present on each prepared slide, the gut contents of one to four macroinesrtebrat
were filtered onto each slide. Two to four slides were analyzed for eamhdarach site
and season.
Microscopy

A minimum of 50 individual particles on each slide were identified and their area
was measured along random transects using image analysis softnegelPlo Plus®

(Media Cybernetics Inc., Bethesda, MD), attached to a compound microscope at 100x
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magnification (Rosi-Marshall and Wallace 2002). Particles were idexhtiind

categorized as: diatoms, filamentous algae, leaf material, fungi, mgtzpphimal
material, cyanobacteria, red algae, and amorphous detritus (i.e. aggregatrganic
subcellular-sized particles with no recognizable cellular structure¢Ba®984, Mann
1988, Hall et al. 2000]). The area of each particle was measured and the proportion of
each food resource in the seston, biofilms and diets was calculated.
Relative contribution of food types to production

Because food resources vary in quality, food-specific assimilatianegities
(percentage of a food type that a macroinvertebrate is able to asgianidteet
production efficiencies (an estimate of the ratio of tissue production to energy
assimilation) were used to estimate the relative contribution of food typescdacgion.
The assimilation efficiencies (AE) used were as follows: 30% for diatmms
filamentous algae; 50% for fungi; 10% for amorphous detritus, macrophytes, leaf
material and cyanobacteria; and 70% for animal (Benke and Wallace 1980).8Becaus
did not measure production efficiencies for the species in this study, |edsunet
production efficiency (NPE) of 0.5, based on the available literature (Benke afat®&Val
1980). For each food resource the relative contribution (RC) of the food typeyks
a...n) to production was calculated as follows:
RC = (G) x AE x NPE/S (Gaspec..n* AE XNPE).

Estimating the origin of amorphous detritus

A common food resource for macroinvertebrates in many large river systems

including the Colorado River, is amorphous detritus (Benke and Wallace 1997, Stevens et
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al. 1997, Rosi-Marshall and Wallace 2002). Amorphous detritus can be autochthonously

and/or allochthonously derived because it is often formed via flocculation of dissolved
organic matter (DOM) and may be composed of: bacteria, microbes, exopalymeri
secretions from bacteria, algae and fungi, sediment particles, anddetnigdll fragments
(Mann 1988, Decho and Moriarty1990, Carlough 1994, Hall et al. 2000, Hart and
Lovvorn 2003). In the Colorado River, autochthonous production is high in the tailwater
reach and inputs of tributary allochthonous carbon increase downstream. Therefore
amorphous detritus may shift from being autochthonously derived in the taitwvater
allochthonously derived downstream. Based on this observation, | assumed that all
amorphous detritus in the tailwaters is derived from algae, and | usedidohef rat
amorphous detritus to diatoms in tailwater epilithic biofilms to calculate the
autochthonous fraction (AF) of amorphous detritus in downstream macroinvertebrate
diets. | calculated AF for each season, and used season-spedfideateloped from the
tailwaters to estimate the fraction of amorphous detritus that was autochtlabtioes
downstream sites. For each macroinvertebrate diet, | calculated theatogihous
detritus based on the percent diatoms in the diet.

| applied adjusted amorphous detritus proportions to estimate the relative
contribution of autochthonous (diatoms + filamentous algae + autochthonously derived
amorphous detritus) versus allochthonous (leaf material + allochthonously derived
amorphous detritus) resources to the production of each macroinvertebrate taxon.
Seasonal estimates for each taxon were averaged to estimatetihe celatribution of

autochthonous and allochthonous resources to production over the course of the year. To



20
compare the downstream system to the tailwaters, | averaged thehaliomig and

autochthonous resource consumption by each taxon at downstream sites.
Statistical analyses

Statistical analyses were performed using the software packaig¢®sfs 10.0)
(SSI San Jose, California). | compared proportions of dominant food resources consumed
by macroinvertebrates (diatoms, filamentous algae, amorphous detrituafamaterial),
among sites and seasons, using two-way analysis of variance (ANOV#&reddes in
proportions of particle types comprising seston, rock faces, and cliff facesaise
analyzed using two-way ANOVA. All proportions were arcsine-squaretransformed
before analysis to meet the normality assumption for ANOVA. When two-way\&NO
analyses resulted in a significant site x season interaction, | analyzedactor
independently by site or season using one-way ANOVA and Tukey’s HSD test. For
consistent reporting and analysis of the results, statistical an#tgseld not result in a
significant interaction were also analyzed using one-way ANOVA anéylsikdSD test.
For one-way ANOVA analyses, a Bonferroni-adjugtedalue of 0.05/4 = 0.0125 was
used to compare proportions for dominant particle types among sites for each(season
4), and gp-value of 0.05/6 = 0.0083 was used to compare proportions among seasons for
each site (n = 6).
Characterization of resources — correlation analysis

| used correlation analysis to assess the degree of correspondence between
macroinvertebrate diets and the availability of food resources in the riveza€loof the

dominant particle types (diatoms, filamento