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Abstract approved:

The purpose of this study was to understand the influence of organic material

and nutrients from spawning salmon and supplemented salmon carcasses on stream food

webs. My study objectives were to examine 1) assimilation of salmon-derived nutrients

(SDN) by producers and consumers in the food web, 2) epilithic bioflim productivity,

3) leaf-litter decomposition rates, and 4) benthic insect density and biomass, in areas

with and without spawning salmon and also compare these responses downstream and

upstream of salmon carcasses. My hypothesis was that production-related measures of

organisms that assimilate SDN would increase in response to spawning salmon or added

carcasses. Bioflim, leaf-litter, and macroinvertebrate responses to salmon were evaluated

during two field studies in the Wind River basin of southwest Washington. The first study

(July November 2002) was observational and compared responses from a reach with

spawning Chinook (Onchorhychus tshawytscha) to two reaches upstream of spawning

salmon. In the second experiment (July October 2003), Chinook carcasses were

added and retained within three streams in which responses were measured at increasing

distances downstream of the salmon (1 Om, 50m, 1 50m, and 250m) and compared to

responses measured upstream of salmon.

Analysis of stable carbon and nitrogen isotopes demonstrated that SDN from

both naturally spawned salmon and manually added carcasses were incorporated into

the stream food webs by epilithic biofilm, most benthic insects (scrapers, collectors, and

predators), and juvenile steelhead. However, I was unable to detect changes in primary

and secondary production-related measures in response to naturally spawned salmon.

This observational study was limited in its design and the carcass-addition experiment

in the second year provided greater resolution about secondary consumers and spatially

explicit responses. Results from the carcass-addition study showed a non-significant
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increase in epilithic bioflim chlorophyll a levels in October, but no effect on bioflim

ash-free-dry-mass. Leaf decomposition rates in September were significantly faster

at one site downstream of added carcasses, but shredding insects did not increase in

density or biomass, and shredders did not assimilate SDN. Of the nutrients measured

(NH4-N, NO3-N, NO2-N, DON, SRP, DOC), only ammonium increased significantly

downstream of added carcasses. Total benthic insect density significantly increased

in Septembei whereas total insect biomass was highly variable and no changes were

detected. Densities and/or biomass of some scraping (Heptageniidae) and collecting

(Chironomidae and Elmidae) benthic insects increased in September and/or October.

Predatory insects did not increase in density or biomass, though they did assimilate

SDN. These results suggest a potential bottom-up cascade in which increased primary

production was reduced by an increase in secondary consumers.

In general, benthic responses were highest within 50 m downstream of added

carcasses. Salmon-derived nitrogen was observed in epilithic biofilm and some benthic

insects collected 150 m downstream of carcasses. The timing of responses varied

depending on the mode of consumption. In limnephiled caddis larvae colonizing

carcasses, the SDN signal peaked just 2 weeks after carcasses were added. Among

insects that indirectly consumed SDN, the signal peaked 2 months post-carcass addition.

Benthic insect production peaked 1.5 months after carcasses were added, with most

measures returning to background levels one month later. Augmenting streams with

salmon carcasses may influence several ecosystem components, but responses may be

spatially localized around carcasses and persist for only a short time after carcasses are

added.
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Salmon and Marine-Derived Nutrient Effects on
Primary and Secondary Trophic Levels

CHAPTER 1. INTRODUCTION

Lotic systems may be greatly influenced by ecosystem resource subsidies,

such as the marine input from migrating salmon (Cederhoim et al. 2001, Naiman et al.

2002). When anadromous, semelparous Pacific salmon (Onchorhynchus spp.) return

to freshwater systems to spawn, they subsidize streams with marine-derived nutrients

and organic material during fish metabolism and carcass decomposition (Cederholm

et al. 2001). Because Pacific Northwest streams tend to be oligotrophic (Gregory et

al. 1987) and salmon consist of approximately 3% nitrogen and 0.5% phosphorus as

wet weight (Larkin and Slaney 1997), spawning salmon and carcasses can increase

nutrients and dissolved organic carbon in streams (Brickell and Goering 1970, Richey

et al. 1975, Schuldt and Hershey 1995, Bilby et al. 1996, Chaloner et al. 2004). In some

western streams, salmon presence elevated epilithic bioflim and chlorophyll a levels

(Mathisen 1972, Fisher-Wold and Hershey 1999, Wipfli et al. 1999, Johnston et al. 2004),

macroinvertebrate densities and growth-rates (Minakawa 1997, Wipfli et al. 1998, Wipfli

et al. 1999), and fish growth rates, biomass, and condition (Bilby et al. 1998, Wipfli et

al. 2003, Heintz et al. 2004). It is generally assumed that spawning salmon increase

freshwater productivity (e.g. Cederholm et al. 2001, Naiman et al. 2002). However, the

consistency, timing, and effects on aquatic productivity vary considerably among studies.

Declines in salmon populations cause a corresponding decrease in the amount

of salmon-derived nutrients (SDN) and organic matter transported to freshwater

systems. Decreases in the abundance of salmon over the last century have been well

documented for California, Oregon, Washington, and Idaho. Transport of nutrients and

organic material by salmon to watersheds in these states is estimated to be 6% to 7% of

historic levels (Gresh et al. 2000). This nutrient deficit may not only indicate ecosystem

degradation, but may also limit the recovery of salmon populations to self-sustaining

levels.

The Wind River watershed historically supported a robust population of

summer steelhead (Onchorynchus mykiss gairdneri) (Brian Bair, USDA FS, personal

communication). Commercial timber harvest, beginning in the late 1800's, splash-

dam operations, and the removal of large wood from streams significantly altered

stream habitat. Chinook salmon (Onchorhychus tshawytscha) were introduced into the

mainstem of the Wind River when the Carson national fish hatchery was established in
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1937. Currently, both steelhead and spring Chinook spawn in the Wind River basin;

however steelhead populations are quite low. The Lower Columbia River summer

steelhead was federally listed as threatened in 1998. Increasing the survival of steelhead

and overall salmonid populations in the Wind River has been a primary focus for multiple

agencies, including the Gifford Pinchot National Forest, Washington Department of

Fish and Wildlife, US Fish and Wildlife Service, Yakama Indian Nation, and Carson

National Fish Hatchery. Current management includes road decommissioning, culvert

replacement for fish passage, and stream and riparian restoration.

Restoration techniques to forested streams whose watersheds have been disturbed

may include salmon carcass supplementation as a way to increase nutrient supply and

productivity. At the time of this study, 2003, the Washington Department of Fish and

Wildlife (WDFW) recommended species-specific carcass loading levels to streams:

0.30 kg of Chinook tissue per square meter of streambed surface area (Hal Michael,

WDFW, personal communication). This carcass loading amount was estimated from a

combination of 1) adult Chinook mass and spawning patterns and 2) nitrogen isotope

enrichment in juvenile coho over a range of spawning densities in western Washington

streams (Bilby et al. 2001).

My overall study objective was to determine if decomposing salmon carcasses

increase primary and secondary trophic level production in the Wind River basin of

Washington state. I hypothesized that salmon presence would increase SDN in the

food web; this additional source of nutrients and food would stimulate biofilm and

macroinvertebrate production resulting in greater abundances and/or biomass. I

evaluated the effect of spawning salmon and salmon carcasses on primary and secondary

trophic levels in the Wind River basin in two studies with differing methodology. The

first study compared bioflim and macroinvertebrate responses between stream reaches

with and without spawning salmon. The second study compared responses between sites

downstream and upstream of manually added carcasses. Therefore, the second study

does not include the potential disruption to substrates during redd excavation, but does

allow for greater carcass loading to stream reaches.

A number of studies compared stream reaches with spawning salmon to reaches

upstream of spawners (Brickell and Goering 1970, Kline et al. 1990, Schuldt and

Hershey 1995, Bilby et al. 1996, Wipfii et al. 1998, Chaloner et al. 2004). These studies

took advantage of naturally occurring systems that receive salmon year after year and

compared them to presumably similar systems but without salmon. In the first year of my

study I used this comparative approach, by contrasting one reach with naturally spawning



salmon to two reaches without salmon. However, areas above and below spawner

barriers can have intrinsic physical differences due to longitudinally changing stream and

riparian morphology (Vannote et al. 1980). In these situations, there is no way to separate

salmon effects from those of longitudinal physical variables (e.g. discharge, canopy

cover, etc.). The farther downstream and upstream sites are from one another, the greater

the influence confounding variables may have on a study. These problems were apparent

in the first year of my study.

To control for external variables and aid in replicating experiments, a few

researchers have used small, artificial streams to conduct experimental studies with

salmon carcasses (Wipfli et al. 1998, Wipfli et al. 1999, Chaloner et al. 2002b, Wipfli

et al. 2003, Heintz et al. 2004). They compared artificial streams with added salmon

to artificial streams without salmon. However, natural streams are more complex and

likely offer a wider range of nutrient and food resources than the simplified environments

of artificial streams. Researchers have compared reaches within singular streams

supplemented with salmon carcasses to reaches without salmon (Schuldt and Hershey

1995, Fisher-Wold and Hershey 1999, Wipfli et al. 1999, Wipfli et al. 2003). This

experimental method can have the advantage of examining similarity among sites prior

to salmon addition, then measuring changes over time at both treatment and control

sites. During my second study year, 2003, I expanded this approach by adding salmon

carcasses to three streams.

Changes in production are often predicted in response to nutrient

supplementation, but documentation of actual production is rare. Simplified measures are

typically used as a surrogate for true aquatic production given time, resource, and budget

constraints. Biofilm biomass is commonly measured as ash-free-dry-mass (AFDM),

calculated by weighing organic material. AFDM material contains both autotrophic and

heterotrophic organisms, live and senescent organisms, and abiotic carbon, precluding a

direct correlation between mass and viable biomass. Chlorophyll a is a measure of the

amount of phytopigment in live algae; because various factors (e.g. species composition,

light, grazing) affect the quality and quantity of chlorophyll, it is not a direct measure

of algal biomass. The ratio of organic biomass to chlorophyll a (B/C) indicates the

ratio of heterotrophic to autotrophic community structure. High levels of biomass with

low chlorophyll levels usually indicate heterotrophic conditions (Weitzel 1979). One

problem with the B/C ratio is that nonviable organic materials can artificially inflate it.

These measures represent conditions at a momentary point in time (e.g. standing stock)

and not actual production, which requires growth over time. Oxygen production is a



product of primary production and can therefore be used to estimate primary production.

However, the methods required to measure oxygen production and respiration are much

more difficult and time-consuming than measuring biomass and chlorophyll a; therefore

measures of algal production are rarely attempted in large-scale or holistic studies. To

determine if naturally spawning salmon affected primary production, I measured epilithic

bioflim production directly in the first year of my study.

Insect production also assesses a change of mass over time and is generally

measured for entire cohorts. Because some species are multivoltine, samples need to

be collected frequently (e.g. every two weeks) and for at least an entire year to capture

the growth of cohorts from start to finish (Benke 1996). The intensive sampling and

laboratory effort required to measure true insect production is such that, again, it is

rarely done for studies looking at many sites or multiple stream characteristics. Instead,

insect abundance or density is commonly measured and can be analyzed at different

scientific classification levels (e.g. total, Order level, Family level, etc.). Insect biomass

as a group can be measured by determining the weight of oven-dried insects. Measuring

each individual's total length and calculating its drymass from length-weight regressions

can result in more precise biomass measures. To estimate effects of salmon tissue

and salmon-derived nutrients to secondary consumers during the late summer/autunm

intervals of my study, I used length-weight regressions to determine benthic insect

biomass.

The objectives of the first study year, 2002, were to contrast the assimilation of

SDN in the food web, periphyton productivity, leaf-litter decomposition rates, and the

density and biomass of macroinvertebrates in areas with and without spawning salmon.

The objectives of the second study year, 2003, were to contrast many of the same

responses measured in 2002, but in areas upstream and downstream of added salmon

carcasses. Our hypotheses were that production-related measures of organisms that

assimilate SDN would increase in response to spawning salmon or carcasses. Secondary

objectives included how bioflim and macroinvertebrate responses would distribute over

spatial and temporal scales. Trophic level effects of salmon were expected to decrease

with distance downstream from carcasses, and the intensity of these responses was

expected to decrease over time.



CHAPTER 2. BIOFILM AND MACROIVERTEBRATE RESPONSES TO
SPAWNING SALMON IN THE WIND RIVER BASIN, WASHINGTON

Introduction

Spawning migrations of anadromous, semelparous salmon fertilize streams

with nutrients and organic material (Cederholm et al. 2001). Introduced nutrients are

incorporated into aquatic food webs in two ways: 1) direct consumption of carcass tissue

and salmon eggs by aquatic insects or fish, and/or 2) chemical or biological uptake

by autotrophs and heterotrophs of dissolved nutrients and carbon released from fish

excretion and carcass decomposition (Naiman et al. 2002). Because Pacific Northwest

streams tend to be oligotrophic (Gregory et al. 1987), spawning salmon have the potential

to influence all trophic levels in the freshwater system through a variety of mechanisms

(Figure 1). By increasing stream system productivity, salmon carcasses may provide

greater quantities or quality of food resources to juvenile salmonids, thereby increasing

their size (Groot and Margolis 1991). Increasing the number of salmon carcasses in a

stream may generate a positive feedback loop resulting in more spawning salmon (Gresh

et al. 2000). While salmon clearly deliver nutrients to stream systems, it is unknown

whether increasing salmon-derived nutrients (SDN) in the stream food web automatically

results in greater aquatic productivity (Naiman et al. 2002). Studies on trophic level

responses to spawning salmon are not consistent, possibly because of system-specific

factors (e.g. nutrient levels, sunlight, and geomorphic controls) or differences in study

design.

A few studies have shown that juvenile salmon and steelhead growth rates

increase, at least temporarily, through the direct consumption of salmon tissue or eggs

(Bilby et al. 1996, Bilby et al. 1998, Wipfli et al. 2003). Research on salmon tissue

consumption by other trophic levels is less clear, but linmephilid caddisflies were

shown to have greater growth when fed salmon tissue compared to conditioned leaves

in laboratory conditions (Minakawa et al. 2002). Many studies have documented

macroinvertebrate colonization of salmon, presumably for direct consumption of tissues

or associated bacteria (Brusven and Scoggan 1969, Wipfli et al. 1998, Minakawa

et al. 2002, Chaloner et al. 2002a). However, colonization of salmon carcasses by

invertebrates is not ubiquitous (Minshall et al. 1991, Schuldt and Hershey 1995, Johnston

et al. 2004), suggesting that insect colonization may be regulated by local community

composition or by the availability, timing, and quality of other food resources.
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Figure 1. Trophic pathways potentially influenced by spawning salmon and carcasses in
freshwater ecosystems. Modified from Wipfli et al. 1998. Solid lines represent energy
flow within freshwater food webs, dashed lines show the freshwater connection with
marine and terrestrial systems.

Incorporation of dissolved nutrients or carbon leached from salmon carcasses

is another mechanism believed to stimulate autotrophic and heterotrophic production

(Figure 1). Several studies have found increases in epilithic bioflim, often measured

as ash-free-dry-mass (AFDM) or chlorophyll a, in streams with spawning salmon

(Fisher-Wold and Hershey 1999, Wipfli et al. 1999, Chaloner et al. 2004, Johnston et al,

2004), though findings are not consistent among studies. Salmon carcass additions to

streams in northern California produced no increase in primary production or periphyton

biomass (Ambrose et al. 2004), nor was chlorophyll a elevated in an Idaho stream

following rainbow trout spawning (Minshall et al. 1991). The rate of microbial activity

on allochthonous leaf detritus (i.e. epiphytic bioflim) is influenced by the availability

of nutrients (Webster and Benfield 1986). Therefore, enhanced microbial activity from

SDN may be evident in increased rates of leaf litter decomposition. Decomposition of

some leaf species was increased by the addition of inorganic nitrogen and phosphorus to

a tropical rainforest stream (Pearson and Connolly 2000). Production and respiration of

epiphytic biofilm on leaf litter in artificial ponds increased in response to the addition of

anadromous alewife carcasses (Durbin et al. 1979).
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During the winter, when autotrophic production was limited in a western

Washington stream, salmon-derived dissolved organic nitrogen was incorporated into

the food web by sorption onto streambed substrate (Figure 1) (Bilby et al. 1996). This

process suggests that enhanced primary production is not necessary for the introduction

of SDN and organic matter into the trophic system. The rate of incorporation of SDN and

organic matter may be more related to its nutritional quality relative to other sources in

the stream.

By altering the quantity or quality of periphyton for scrapers, fine particulate

organic material for collectors, coarse particulate organic material, epiphytic biofilm for

shredders, or invertebrate prey for predators, salmon may indirectly influence invertebrate

productivity (Figure 1) (Wipfli et al. 1999). Chironomidae (Diptera) larvae are primarily

collectors of food particles; they commonly increase in density (Wipfli et al. 1998, Wipfli

et al. 1999) or biomass (Chaloner et al. 2004) in response to salmon enrichment, possibly

because of their dispersal ability, rapid growth and reproduction, and broad food and

habitat preferences (Armitage et al. 1995). In a comparison of southeast Alaskan streams,

reaches with salmon had higher overall macroinvertebrate densities than those without

(Wipfli et al. 1998, Wipfli et al. 1999). However, in other southeast Alaskan streams,

total macroinvertebrate biomass was not different between reaches with and without

salmon; instead, biomass of benthic mayflies Rhithrogena and Epeorus significantly

decreased in reaches with spawning salmon (Chaloner et al. 2004). Redd excavation

by spawning salmon has also been shown to reduce epilithon and insect populations

(Minakawa 1997).

The objective of this study was to contrast the assimilation of SDN by

producers and consumers in the food web, the productivity of epilithic biofilm, leaf-

litter decomposition rates, and the density, biomass, and composition of benthic insects

in areas with and without spawning salmon. Responses were compared between one

downstream site where salmon spawn, to two upstream sites without salmon (Figure 2).

The contribution of SDN to freshwater ecosystems was quantified and traced through the

aquatic food web with stable isotope analyses (Kline et al. 1990). Marine environments,

and therefore adult salmon, are typically enriched in the heavy nitrogen isotope ('5N),

whereas terrestrial and freshwater systems are depleted. Our hypotheses were that 1)

production-related measures of organisms that assimilate salmon-derived nitrogen would

increase in response to decomposing salmon (e.g. biofilm P/R rates or insect density),

and 2) this increase would occur soon after carcasses were present. Responses were

compared from July 2002, prior to spawning, through November 2002, after carcasses
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had completely decomposed. We hypothesized that samples collected from all sites prior

to spawning salmon would be similar, whereas samples collected at the lower site during

spawning would differ from the upper sites without salmon.

Methods

Study Area

The study took place in the Wind River basin, Gifford Pinchot National Forest,

of southwest Washington State (Figure 2). The Wind River drains 58,200 hectares

and flows into the Columbia River (Skamania County). Basin geology was shaped by

volcanic activity combined with glacial and alluvial processes. The climate is marine-

influenced; consisting of cool, wet winters and warm, dry summers. Historically, the

Wind River basin supported a robust population of summer steelhead (Onchorynchus

mykiss gairdneri) (Brian Bair, USDA FS, personal communication). When a national fish

hatchery was established on the mainstem of the Wind River (Figure 2) spring Chinook

salmon (Oncorhychus tshawytscha) were introduced into the system. Chinook salmon,

mostly of hatchery origin, spawn in the mainstem of the Wind River in late summer

(August-September) and wild summer steelhead spawn in the mainstem in winter



(January-March). Steelhead populations were federally listed as threatened in 1998

and are quite small. Also present in the mainstem and tributaries are resident shorthead

sculpin (Coitus confusus) and occasionally other fish species.

Study sites were three 50 meter-long stream reaches: the lower site (Lower Wind

River) contained spawning fall Chinook and two sites (Upper Wind River and Paradise

Creek) that did not have salmon (Figure 2). Wind River spawning Chinook and their

carcasses were monitored during weekly visual counts in August and September 2002

(Dan Rawding WDFW, unpublished data). Carcass density (kg/rn2) was estimated by

multiplying the total carcass count in the lower study reach by 7 kg, a conservative

estimate of single carcass wet-mass. Salmon carcasses were present in the lower site

from mid-August through October at an average mass of'-0.05 kg/rn2.

The Lower Wind River site is a 3rd order stream and flows through a mature,

second growth stand (75 years old), while fully mature stands (>200 years old) occur

at the 2' order streams of Upper Wind and Paradise. All study areas were dominated

by western redcedar (Thuja plicata) in the overstory, with western red alder (Alnus

rubra) and devilsclub (Oplopanax horridum) in the understory. Background nutrient

concentrations of nitrate (NO3-N) ranged from nondetectable levels to 0.08 mg/L,

and total phosphorus ranged from nondetectable levels to 0.02 mg/L (Underwood

Conservation District, unpublished data).

We recorded environmental variables that may differ between upstream and

downstream reaches (Table 1). Gradient (%) was estimated with a clinometer from

the bottom of each reach. Substrate proportions (%) were estimated from a modified

Wolman pebble-count consisting of 100 randomly stratified points classified as sand,

gravel, cobble, boulder, bedrock, or wood (Wolman 1954). Water temperature daily

averages (°C) were calculated from temperatures recorded every 1.5 h from 22 July

through 15 November 2002 by submerged and shaded data loggers (I-buttons®) placed

in the center of each stream reach. Discharge (L/s) was measured twice monthly with a

MarshMcBirney® flow meter. Mean wetted-width (m) was calculated from five stratified

cross-sections measured monthly. Solar attenuation (mJ/m2/day) to the study areas was

estimated with a Solar Pathfinder.

Stable Isotopes

To measure the amount of SDN incorporated into the stream food web at the

Lower Wind site, we compared '5N levels in riparian red alder leaves, Chinook carcass

tissue, epilithic bioflim, aquatic insects, and fish at sites with and without spawning
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Table 1. Physical characteristics of the three study reaches from July-November
2002. Values are means, with the range of data from minimum to maximum value in
parentheses.

Lower Wind Upper Wind Paradise

Chinook spawning density (kg/rn2) 0.05 none none

Gradient (%) 2% 4% 4%

Gravel/Cobble (%) 75% 77% 72%

Water temperature (Celsius) 7.1 (1.0-13.2) 8.4 (1.8-13.4) 9.4 (5.6-12.4)

Discharge (Lfs) 496 (224-954) 161 (85-286) 62 (23-156)

Wetted-width (m) 17.3 (14.9-20.0) 5.9 (4.4-9.2) 6.0 (4.6-8.4)

Solar-attenuation (mJ/m2/day) 4.2 (0-12.5) 1.9 (0.1-4.0) 5.7 (0.1-11.7)

UTM North1 5081070 5088902 5089052

UTM East1 579400 583000 582158

Elevation (m) 366 488 485
1

Universal Transverse Mercater coordinates, NAD 1927, Zone 10, Meters

salmon. Sites were sampled in July 2002, prior to that year's spawning, and October

2002, post-spawning with carcasses present at Lower Wind. All samples were collected

at the Lower Wind and Upper Wind sites, but only fish samples were collected from

Paradise Creek (Table 2).

Red alder leaves, plucked from lower branches of trees, and Chinook salmon

muscle, cut directly from carcasses, were collected as '5N sources. Epilithic bioflim

was scraped from randomly stratified, streambed rocks for primary producers. Three

cobble-sized rocks were scraped for biofilm and combined to form one sample. Benthic

insects were collected from each site with a 500 j.m mesh dip net. We targeted common

macroinvertebrates representing four functional feeding groups (FFG): scrapers

Glossosorna (Trichoptera: Glossosomatidae) and Heptageniidae spp. (Ephemeroptera),

collectors Ecclisomyia (Trichoptera: Limnephilidae), shredders Pteronarcys (Plecoptera:

Pteronarcyidae), and predators Perlidae spp. (Plecoptera) (Merritt and Cummins 1996).

The number of samples collected from each site per sampling date varied with taxa from

1-3; multiple individuals of the same taxa were combined into one sample to provide

sufficient mass for isotopic analysis (Table 2). Juvenile steelhead and Chinook, and

resident sculpin, representing the top trophic level, were collected by electroshocking,

killed by a quick blow to the head and gutted to remove stomach contents.

All samples were dried for at least 24 h at 50°C and ground to a homogeneous

powder using mortar and pestle or a ball mill. Whole organisms were used for

macroinvertebrates and fish. Most fish were small enough that it would have been very
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Table 2. Samples collected for 'N analysis at each site in July and October 2002.
Lower Wind (LW), Upper Wind (UW), Paradise (PR). Sample size is the number of
samples/site/date.

Functional
Number Number

Sample Type
Trophic .

Feeding
.

Site Date
Individuals Samples

Level
Group

per per
Sample SitelDate

Red alder leaves LW, UW July, Oct 3 3
Chinook tissue LW Oct 1 3
Epilithic biofilm 0 LW, UW July, Oct 3 2
Glossosoma 1 Scraper LW, UW July, Oct -20 2
Heptageniidae spp. 1 Scraper LW, UW July, Oct -20 1

Ecclisiomyia 1 Collector LW, UW Oct -20 2
Pteronarcys 1 Shredder LW, UW Oct -3 2
Perlldae spp. 2 Predator LW, UW July, Oct 3 3
Sculpin 3 Predator LW, UW, PR July, Oct 1 3

Steelhead age-0 3 Predator LW, UW, PR July, Oct 1 3
Steeihead age-i 3 Predator LW, UW, PR July, Oct 1 3
Chinook ape-i 3 Predator LW July. Oct 1 3

difficult to separate muscle from other tissues (fork-length: 35-130 mm). Samples were

assayed for total N and '5N at the Cornell-Boyce Thompson Stable Isotope Laboratory, by

a Finnigan MAT Delta Plus continuous-flow isotope ratio mass spectrometer. Estimates

of heavy isotopes are based on the differential retention or loss of the heavier isotope

('5N) over the lighter (14N) by an organism (Peterson and Fry 1987). Heavy isotope

abundances were determined by calculating the ratio of the heavy to light isotope in a

sample and comparing it to a known standard ratio:

%o = ((R IR )1)* 1000,
sample standard

where delta () was measured in units of parts per mil (%o) away from a standard and

R was the ratio of heavy to light isotope in either the sample material or the standard

material. The isotopic standard for nitrogen is atmospheric N2 (ö'5N 0 %o). Therefore,

higher delta values indicate greater proportions of the heavy isotope in the sample.

Measurement precision per sample was approximately ± 0.35 %o for '5N.

Isotope enrichment between successive trophic levels occurs as the heavier

isotope accumulates in the consumer with each trophic transfer: an average of 2.3 %o for

'5N (McCutchan et al. 2003). Mass-balance equations were used to provide estimates of

the percent salmon-derived nitrogen assimilated by organisms (Johnston et al, 1997):

% SDN enrichment = 1 00*(X5 X)/((X + (TL * Xe))
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where Xse was the isotope ratio of the organism in areas enriched with salmon, was

the isotope ratio of the organism in areas without salmon (control), was the isotopic

ratio of salmon tissue, and Xe was the isotope enrichment factor per trophic level. TL

is the correction factor for trophic level: 1 for primary consumers (grazing and shredding

insects), 2 for secondary consumers (predatory insects), and 3 for fish. These calculations

underestimate an organism's use of SDN if they actually feed at a lower trophic level.

Biofilm

Three epilithic bioflim samples were collected at each site once per month

from July through November. Each sample was composed of three randomly collected

streambed, cobble-sized rocks (9 rocks total). Primary production and respiration of

epilithic bioflim were measured from the change in dissolved oxygen (DO) in closed

P/R chambers (volume 3.1 L), in situ, with and without light (Bott et al. 1978). Each

set of three rocks was placed in a chamber (3 chambers total). Chamber water DO was

measured in July by Winkler titration (Greenberg et al. 1985). After July, a DO meter

(Hanna Instruments) was used and calibrated by titration.

From each rock a known area (0-ring with area of 2 0cm2) of epilithic bioflim

was thoroughly scraped off, rinsed with water, and combined with the scraped bioflim

from the other two rocks in that set to form one sample. Bioflim slurries were split in

half for analysis of ash-free-dry-mass (AFDM, mg/cm2) and chlorophyll a (Chl a, ig/

cm2). Slurries were filtered onto Whatman GF/F glass fiber filters (precombusted and

preweighed for AFDM). AFDM samples were dried for 24 h at 50°C, weighed, ashed for

lh at 500° C, and reweighed (Steinman and Lamberti 1996). Chlorophyll a was extracted

from sample material in 90% buffered acetone for 24 h, measured spectrophotometrically,

and corrected for phaeopigments (Steinman and Lamberti 1996).

Leaf decomposition rates were measured from calculating the average mass

lost per day (mg/day) from leaf-packs (Benfield 1996). Leaf-packs were composed of

red alder (3.0 ± 0.1 g dry mass) and vine maple (2.0 ± 0.1 g dry mass) leaves that had

recently fallen from riparian trees. Leaves were dried, weighed, and secured together in

large-mesh bags (mesh size -10 x 5 mm) that were accessible to microbial conditioning,

aquatic macroinvertebrates, and some physical abrasion by flowing water. Six leaf-packs

were randomly placed within each 50 m reach in mid-September and removed one month

later (28-31 days).
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Benthic Macroinvertebrates

Benthic macroinvertebrates were collected at each site once per month from

July through November, 2002, with a 250 jim-net Surber sampler (0.09 m2 streambed

area). Five Surber samples were randomly spaced within the 50 m reach; they were

sieved through 250 jim mesh and stored in 70% ethyl alcohol. In the lab, each sample

was subsampled with a zooplankton splitter. Subsamples contained a minimum of 300

individuals, usually ¼ of the total sample. Aquatic insects were generally identified

to genus, except Chironomidae, which were identified to subfamily or tribe (Merritt

and Cummins 1996), and counted for density (number/rn2) estimates. Insect biomass

(mg/rn2) was estimated by measuring the body length of each insect using a microscope

micrometer and applying family-level length-mass regressions (Smock 1980). Insect

taxa were assigned functional feeding categories: scraper, collector, shredder, or predator

(Merritt and Cummins 1996). Subsample density and biomass were divided by the

fraction subsampled to obtain full-sample estimates. Only aquatic insects are included in

this analysis because non-insects (e.g. aquatic mites and oligochaete worms) represented

a very small portion of individuals collected from each site (6.2% 9.3%).

Benthic Insect Community Analyses

We used ordination analyses to contrast benthic insect community compositions

between the site with and sites without salmon, from July through November 2002.

Spawning salmon may alter insect communities by providing conditions favorable for

some species and not others. We expected communities to change over time because

different insect life histories are adapted to certain seasonal traits.

For ordination analyses, the sample unit was a single site (Lower, Upper, or

Paradise) from one month (July-November) for a total of 15 unique sample units (3 sites

x 5 months). We analyzed the similarity of insect communities (78 taxa) from density

and biomass data, then overlaid environmental variables (9 attributes: stream, month,

salmon presence, AFDM, chlorophyll a, discharge, wet-width, water temperature, solar

energy). All taxa that were found in only one of the 15 sample units were considered rare

and were removed from the community matrices to reduce noise and aid in the analyses

of community relationships (10 taxa removed). Densities and biomasses were log-

transformed to reduce beta-diversity and to satisfy an assumption of ordination analysis.

Both insect density and biomass were evaluated with Nonmetric

Multidimensional Scaling (NMS). NMS found the monotonic relationship with the

least stress between original and ordination distances (Kruskal 1964, Mather 1976).
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This procedure avoided assumptions of linearity among community variables and used

the Sørensen distance measure, effective with community data. NMS, using PC-ORD

software (McCune and Mefford 1999), sought the final configuration with the lowest

stress and instability from a random starting configuration, with a maximum of 400

iterations in 40 runs of real data. Ordinations were rigidly rotated to load the strongest

environmental attribute onto a single axis. Relationships between ordination scores, from

sample units in species-space, and environmental variables were depicted as joint plots.

The proportion of variance represented by each axis was determined from the squared

coefficient of determination (r2) between distance in the ordination and distances in the

original species space. The distance between plotted sample units in the resulting NMS

graphs indicate their similarity, such that the closer two points are to each other, the more

similar their communities were.

Statistical Analyses

We were not able to establish replicate treatment streams due to limited resources

and stream access. Because only one salmon spawning site was studied, formal statistical

analyses between the treatment and control sites would result in pseudoreplication

(Hurlbert 1984). Instead, simple descriptive statistics were used to compare patterns

between the site with salmon to two sites without salmon.

Results

Stable Isotopes

Prior to Chinook spawning in 2002, the three sites had similar background ö'5N

levels (Figure 3a). Perlid nymphs collected from the Lower site had slightly higher

15N levels than those from the Upper site, but the mean '5N difference between sites

was approximately the masspectrometer precision per sample (± O.35%o). Ecclisomyia,

Pteronarcys, and Chinook carcass tissue were not sampled in July.

Stable isotope analysis of 15N proved to be a very sensitive measure of SDN

assimilated in the food web even with low spawning salmon densities (-0.05 kg/rn2).

Salmon-carcass tissue differed from alder leaves in 5'5N by approximately 1 6% (Figure

3b). Therefore, any increase of '5N in October at the Lower site compared to the Upper

site is attributed to the presence of salmon. There was no assimilation of SDN in riparian

alder leaves. In October, biofilm '5N at the Lower site was 2.7%o higher than at the

Upper site (Figure 3b), translating into 13% bioflim nitrogen derived from salmon. Most

of the benthic insects sampled had greater mean '5N values at the Lower site compared
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to the Upper site: Glossosoma scrapers (+2.0%o '5N, 10.5% SDN), Heptageniidae

scrapers (+3.6%o '5N, 20.0% SDN), Ecclisomyia collectors (+2.4%o '5N, 12.9% SDN)

and Perlidae predators (+ 1.5%o '5N, 8.5% SDN). However, Pteronarcys, shredders of

riparian leaves and litter, were not enriched with SDN.

Figure 3. Mean '5N (%o)

in (a) July 2002 prior to
spawning and in (b) October
2002 post-spawning. Bars
represent ± one standard
deviation (see Table 2 for
sample sizes).

' 16
LowerWR

14 ToUpperWR
12

10

.. 8
z

6

.5 4

Ip
-2 -----------------

--.r

,,
\O '' e

c

Ju'y 2002

'\ p..

B October 2002

fLowerWR
14 OUpperWR
12 paJcrj
10 1-8

z
6

4-n--- .-

2---
0 -----

-2

11

-4 ------------------

C,
? ,

C) cfr
J -,



16

Underyearling, age-0, steelhead at the Lower site had an average increase of 1 .7%o

'5N (10% SDN) compared to the Upper and Paradise sites, but this increase was highly

variable (Figure 3b). Underyearling steelhead can have very high 15N when they are

young because of the SDN transferred to them through the maternal yolk-sack (Perry et

al. 2003). From underyearling steelhead collected three months apart, mean S'5N levels

at the Upper site decreased by 3.7%o, but mean '5N levels at the Lower site decreased

by 1 .9%, indicating that they assimilated '5N from some source other than their maternal

yolk. Age-i steelhead from the Lower site consistently had higher mean '5N levels

(+2.8%o 15N, 17% SDN) (Figure 3b). Age-i Chinook were present only at the Lower

site, yet their mean 15N value increased from July to October by 1 .7%o (Figure 3b).

Resident shorthead sculpin '5N levels were similar among all sites in October (Figure

3b).

Bioflim

Epilithic biofilm on the streambed substrate appeared to be primarily composed

of diatoms as very little green or filamentous algae was observed at the study reaches.

Contrary to expectations, biofllm P/R ratios, AFDM, and chlorophyll a levels were

similar among sites or higher at the control sites over time (Figure 4a-c). The ratio of

organic biomass to chlorophyll a (B/C) generally indicates the algal condition and the

ratio of heterotrophic to autotrophic community structure (Weitzel 1979). Overall, mean

B/C ratios were quite high (>300), suggesting heterotrophic conditions and/or much of

the algal biomass was dead (Figure 4d). High B/C ratios may also be due to the build-

up of nonviable organic materials, such as particles of salmon tissues, on the substrate

sampled for bioflim. B/C ratios at the Lower Wind site were not distinctive from the

upstream sites prior to spawning and soon after, but they were higher in October and

November.

Mean leaf decomposition rates from mid-September to mid-October were lower

at the Lower Wind site compared to the Upper Wind and Paradise sites, again contrary to

expectations (Figure 5). In general, vine maple leaves were almost entirely decomposed

and alder leaves were approximately 50%-75%.

Benthic Insect Abundance and Biomass

Ephemeroptera (mayflies) were most abundant, followed by Diptera (true flies), at

all sites (Figure 6a). Mayfly densities were relatively low from July through September,

peaking in October, and decreasing again in November. Baetidae and Heptageniidae
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Figure 5. Mean leaf decomposition rates (mg/
day) from each site during mid-September
to mid-October 2002. Bars represent ± one
standard deviation (n=6).
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Figure 6. Benthic insect density (number/rn2), from July-November 2002, grouped by (a)
insect order and (b) functional feeding group. Total of five Surber samples.

species dominated Ephemeroptera densities, while Chironomidae species dominated

Diptera densities (Appendix Al). Benthic insect densities overall and by Order did not

increase at Lower Wind compared to Upper Wind or Paradise sites. Density patterns

over time were quite similar between the Lower and Upper Wind River sites (Figure 6a).

At Paradise, Diptera were more abundant than other taxa, and Ephemeroptera density

did not increase as they did in the Wind River sites in October and November (Figure

6a). Collecting insects were the most abundant functional feeding group (FFG) by

density proportions at all sites and dates. FFG density proportions were similar between

the Lower and Upper Wind sites, while Paradise had fewer collectors in October and

November (Figure 6b).

Total insect biornass at the Lower site was less than insect biornass from the

Upper and Paradise sites (Figure 7), largely because Plecoptera (stonefly) biomass
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Figure 7. Benthic insect biomass (mg/rn2), from July-November 2002, grouped by (a)
insect order and (b) functional feeding group. Total of five Surber samples.

sharply increased at the Upper and Paradise sites in October. These stoneflies were

large-bodied Pteronarcys, a shredder (Figure 7a, Appendix A2). Stonefly and shredder

biomass at the Lower site failed to increase in October (Figure 7a,b). However, scraper

biomass increased slightly more at the Lower site compared to the Upper and Paradise

sites, primarily due to limnephilid caddisfiies in August (68% of scraper biomass) and

heptageniid rnaylIies in September through November (77-96% of scraper biomass)

(Figure 7b).

Over time, density and biornass patterns of common insect family/genera

(Chironomidae, Heptageniidae, Baetidae, Ephemerellidae, Limnephilidae,

Glossomatidae, Nemouridae, Pteronarcyidae, and Perlidae) were not noticeably different

when compared between treatment and control sites.
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Macroinvertebrates colonized few submerged Chinook carcasses. Roughly

10% of the carcasses had Ecclisomyia or Psychoglypha caddisfiy larvae (30-60

individuals per carcass) distributed around the body and inside the gill cavities and

mouth. After approximately one month of decomposition, a thick coat of fungus

covered most carcasses. No invertebrates were seen on the carcasses once the fungus

developed. Others have also observed few invertebrates on fungus-covered salmon

carcasses (Minshall et al. 1991, Johnston et al. 2004). This carcass-bioflim may inhibit

invertebrates from consuming carcasses.

Benthic Insect Community Composition

NMS described a model with three dimensions for macroinvertebrate densities

and biomass. Both the density and biomass 3D-models had low final stress values of

8.09 and 10.91, respectively. This low stress was partially due to the small sample size.

The final instability was 0.00001 for both models. The three axes together represent

88% of the density community variation and 77% of the biomass community variation.

The three-dimensional community structure of insect biomass was nearly the same as

that of insect density, though the biomass ordination explained 10% less of the variance

than the density ordination. Benthic insect community compositions were more similar

between the two upstream sites (Upper Wind and Paradise) without salmon during

August-November in comparison to communities from the Lower site with salmon in

August-November, and all were different from the communities observed in July (Figure

8a). Benthic insect community compositions from all sites were partially explained by

seasonality effects (Figure 8b).

Only details of the density model are provided because insect density and biomass

community structures were similar. From the density NMS model, axis 1 represents 38%

of the variance explained and separates the salmon units from the July units (Figure 8a).

Axis 2 represents 32% of the variance explained and separates the no-salmon sample

units from the salmon and July units (Figure 8a). Chlorophyll a was higher at the Upper

and Paradise sites, especially in October and November (Chl a vector in Figure 8a, Figure

4c). Stream discharge was greatest at the Lower site for all dates sampled and at all the

sites in July (Discharge vector in Figure 8a, Table 1). NMS axis 3 represents 18% of

the variance explained and, in combination with axis 1, separates the samples by their

collection date (Figure 8b). Axis 3 is largely driven by seasonal attributes, such as water

temperature and solar-radiation, which were highest in the summer months (Temp and

Solar vectors in Figure 8b).
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In general, benthic insect community compositions differed between the site

with salmon and sites without salmon, and these differences were more important than

underlying seasonal changes. Because we were limited to only one site with salmon, we

could not attribute differences to salmon.
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Discussion

Spawning salmon did not appear to affect the abundance or mass of organisms at

primary and secondary trophic levels, even though SDN were incorporated at all levels in

the food web. Direct consumption of salmon carcasses and/or eggs and indirect uptake

of dissolved nutrients were pathways for the uptake of SDN in the Lower Wind River.

Epilithic bioflim, the scrapers Glossosoma and Heptageniidae, and predatory insects

(Perlidae) assimilated SDN, as did juvenile salmonids and some Ecclisomyia that were

observed to consume eggs and carcass flesh directly. Red alder is a symbiotic N2-fixer

that can derive nearly all of its nitrogen from the atmosphere (Mead and Preston 1992).

As we observed at Wind River, salmon-derived nitrogen was not assimilated by alder

species in a boreal Alaskan watershed (Helfield and Naiman 2002). Shorthead sculpin

feed on-benthic insects (Johnson et al. 1983) and were expected to incorporate '5N

indirectly from their prey. The sculpin in this study appear to have consumed unenriched

insects. While not well studied, it is possible that the slow growth of sculpins cause slow

tissue turnover rates resulting in a longer time frame for tissues to change their isotope

composition in response to a change in food (Hesslein et al. 1993).

Spawning salmon may have stimulated an increase of insect scraper biomass at

the Lower site. The Lower site was also observed to have higher biofilm B/C ratios after

spawning, which can indicate a heterotrophic biofilm structure. Although our measures

of epilithic biofilm showed no increase of primary production in response to salmon,

greater consumer intensity could cause a shift in bioflim community towards a more

heterotrophic structure.

Our results showed no evidence that spawning salmon stimulated epiphytic

bioflim. Leaf decomposition rates were slightly higher at the sites without salmon

than the site with salmon; however, direct comparison between sites was difficult due

to the greater biomass of insect shredders (Pteronarcys) at the sites without salmon in

the autunin months. Shredder activity at the upper watershed sites was apparent in the

many leaves reduced to fibrous skeletons. Shredding insects did not assimilate SDN at

the Lower site in October, although SDN uptake was expected if epiphytic biofilm were

enriched. Leaf-litter contribution and retention capabilities may have been considerably

less at the Lower site than at the upstream sites, given that forested headwater streams

(i.e. the upper watershed sites) tend to have higher allochthonous input and greater

proportion of shredding insects (Vannote et al. 1980). Retention at the Lower site
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was likely reduced by greater discharge and fewer physical obstructions (personal

observation).

Insect community compositions at all sites changed during the sampling season

and we could not separate effects of salmon from effects of physical differences between

sites. In previous studies, changes in insect density or biomass have been associated

with the presence of salmon (Wipfli et al. 1998, Wipfli et al. 1999, Chaloner et al. 2004).

However, community structure may be more sensitive to enrichment than abundance or

biomass, as has been noted with algae (Stelzer and Lamberti 2001).

Although spawning salmon can cause temporary decreases of benthic insects due

to substrate disturbance during redd excavation (Minakawa 1997), we saw no evidence

of disturbance effects on insect communities during the spawning period in Wind River.

When spawning was at its peak, total insect densities and biomass decreased at all sites

regardless of salmon presence. Higher spawning densities, like those in southeast Alaska

(e.g. Chaloner et al. 2004) may cause more disruption to the streambed than spawners in

the Wind River.

The lack of responses in biofilm and benthic insect abundances or biomass may

be due to the low numbers of spawning salmon. The salmon density at Lower Wind

River was typical (0.05 kg/m2) of western Washington streams (e.g. Bilby et al. 1996).

However, other studies that found significant increases of bioflim or insect responses

were located in streams that had much higher spawning densities (Mathisen 1972,

Chaloner et al. 2004, Johnston et al. 2004) or added salmon carcasses such that their

density was greater (Fisher-Wold and Hershey 1999, Wipfli et al. 1999).

Given the confounded study design, our lack of detected responses to salmon

should not be taken to imply that spawning salmon do not provide needed nutrients

or organic material to freshwater systems. SDN were present in epilithic biofilm, all

invertebrates but the shredders, and salmonids sampled from the Wind River. Predators

or abiotic factors may limit primary and secondary production in the Wind River, not

nutrients. Background nutrient levels, water temperature, sunlight, channel properties

and discharge regimes likely vary among regions and can influence the response of

aquatic biota to SDN. This study was the first to look at aquatic insect populations in the

Wind River basin and our results show the inherent variability present. Further studies

are needed in Washington and Oregon streams and with greater replication, such that

changes caused by salmon can be detected above background variation.
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CHAPTER 3. SPATIAL AND TEMPORAL RESPONSES OF BIOFILM AND
BENTHIC INSECTS TO SALMON CARCASSES

Introduction

Adult anadromous, semelparous salmon may be an important freshwater

ecosystem resource subsidy. When Pacific salmon (Onchorhynchus spp.) migrate from

the ocean to freshwater systems to spawn, they subsidize streams with salmon-derived

nutrients (SDN) and organic material during fish metabolism and carcass decomposition

(Naiman et al. 2002). Marine environments are typically enriched in the heavy isotope of

nitrogen (15N) and carbon ('3C), whereas terrestrial and freshwater systems are depleted,

allowing SDN to be traced through the aquatic food web with stable isotope analyses

(Kline et al. 1990). Previous studies have shown that spawning salmon can be an

important source of nitrogen and carbon for aquatic organisms (Kline et al. 1990, Bilby et

al. 1996, Johnston et al. 1997, Chaloner et al. 2002b). Spawned salmon can also increase

dissolved nutrient concentrations in the water column (Richey et al. 1975, Schuldt and

Hershey 1995, Bilby et al. 1996, Chaloner et al. 2004). This seasonal pulse of SDN and

organic material can stimulate primary production (Cederhoim et al. 2001) and secondary

production (Cederhoim et al. 2001, Minakawa et al. 2002). Research on spawning

salmon and carcass decomposition in lotic systems has resulted in a generally accepted

paradigm that returning adult salmon increase freshwater productivity (Chaloner et al.

2004).

The consistency, timing, and magnitude of production responses to salmon and

SDN vary considerably among studies. Epilithic biofilm, measured as ash-free-dry-

mass (AFDM) or chlorophyll a, generally increased in response to salmon (Mathisen

1972, Wipfii et al. 1998, Fisher-Wold and Hershey 1999, Johnston et al. 2004), yet other

studies found no change in chlorophyll a (Minshal! et al. 1991) or in gross primary

production (Ambrose et al. 2004). Chironomidae larvae (Diptera) abundance and

biomass commonly increased in areas with salmon (Wipfii et al. 1999, Chaloner et al.

2004). Conversely, Heptageniidae (Ephemeroptera) biomass was reduced in streams

with spawning salmon (Chaloner et al. 2004), and density reduced in mesocosyms with

added salmon tissue (Wipfli et al. 1999). Insect colonization of salmon carcasses ranges

from rarely present in some streams (Minshall et al. 1991, Johnston et al. 2004) to diverse

and abundant in other streams (Kline et al. 1997, Minakawa 1997, Chaloner et al. 2002a).

Juvenile salmonids have also been found to consume salmon tissue or eggs directly



25

(Bilby et al. 1996, Bilby et al. 1998). This variation in responses is probably caused by

system specific factors, but may be also be influenced by differences in study designs.

Previous studies measuring benthic biota changes from added salmon carcasses

generally occurred in artificial stream mesocosyms (Wipfli et al. 1998, Wipfli et al. 1999)

or, except Ambrose and others (2004), were limited to one natural stream (Fisher-Wold

and Hershey 1999, Wipfii et al. 1999). In this study, we experimentally add salmon

carcasses to three natural streams to determine if SDN uptake corresponds with increased

productivity in the first two trophic levels. We integrate analysis of stable isotopes '5N

and 13C in the stream food web with bioflim and macroinvertebrate measurements, and

we monitor dissolved organic and inorganic nutrient concentrations in the water column.

The objectives of this study were three-fold: 1) to determine the relative

contribution of SDN to nitrogen and carbon uptake by different trophic levels, 2) to

delineate pathways of nitrogen and carbon transfer from salmon carcasses through stream

food webs, and 3) to quantify spatial and temporal changes in nutrient concentrations,

bioflim ash-free-dry-mass and chlorophyll a, and benthic macroinvertebrate abundance

and biomass associated with salmon carcass decomposition. We hypothesized that

the addition of salmon carcasses to streams would increase nutrient concentrations in

the water column and SDN in the food web; this additional source of nutrients would

stimulate biofilm and macroinvertebrate production resulting in greater abundances

and/or biomass. Bioflim and macroinvertebrate responses to salmon carcass additions

were expected to decrease with distance downstream from the carcasses and decrease in

intensity through time. We explicitly assumed that salmon carcasses did not affect sites

upstream of carcasses. Unlike natural salmon mortality, supplementing carcasses omits

substrate disturbance caused by redd excavation and associated effects on bioflim and

macroinvertebrates.

The study took place in the Wind River basin of southwest Washington,

U.S.A. Historically, the Wind River basin supported a robust population of steelhead

(Oncorhychus mykiss gairdneri), but fishery and forestry practices in the first half of the

twentieth century dramatically altered stream habitat (Brian Bair USDA FS, personal

communication). Chinook salmon (Oncorhychus tshawytscha) were introduced into

the mainstem of the Wind River when the Carson national fish hatchery was established

in 1937 (Figure 9). Currently, both steelhead and spring Chinook spawn in the Wind

River basin; however steelhead populations were federally listed as threatened in 1998

and are quite small. In 2003, the Washington Department of Fish and Wildlife (WDFW)

recommended species-specific levels for carcass additions to streams: 0.30 kg/rn2 for
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Figure 9. Location of study reaches during 2003 in the Wind River basin, southwest
Washington State, U.S.A.

Chinook (Hal Michael, WDFW, personal communication). This carcass loading amount

was estimated from a combination of 1) adult Chinook mass and spawning patterns and

2) nitrogen isotope enrichment in juvenile coho over a range of spawning densities in

western Washington streams (Bilby et al. 2001). It has been argued that the addition of

salmon carcasses to streams in western Washington and Oregon will increase aquatic

production and therefore steelhead populations.

Methods

Study Area

The study reaches are in forested, second-order streams within the Wind River

basin (Gifford Pinchot National Forest) in southwest Washington State (Figure 9). Basin

geology was shaped by volcanic activity combined with glacial and alluvial processes.

The climate is characterized by cool, wet winters and warm, dry summers. The study was

replicated in three streams: Upper Wind River (UW), Paradise Creek (PR), and Ninemile
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Creek (NM) (Figure 9). Beginning in February, steelhead spawn in the mainstem of the

Wind River and lower sections of these streams. Being multiple-spawners, steelhead

rarely die in these upper basin streams and the high winter flows would quickly flush out

any that did. So, the study streams do not receive SDN. Chinook spawn in the mainstem

of the Wind River beginning in mid-July. Stream experiments spanned 21 July through

15 October 2003. The experiment was ended in mid-October due to the onset of winter

rains.

Within each stream, a 300 m reach was chosen for monitoring responses to

experimentally added salmon carcasses. Drainage area (hectares) for each reach

was estimated from 30 m digital elevation maps using Arcinfo. Discharge (L/s) was

measured hi-monthly with a Marsh-McBirney® flow meter. Mean bankfull-width (m)

was calculated from five cross-sections, one at each site (described below). Gradient

(%) was estimated with a clinometer from the bottom of the reach. Substrate proportions

(%) were determined from a modified Wolman pebble-count consisting of 500 randomly

stratified points, 100 at each site, classified as sand, gravel, cobble, boulder, bedrock,

or wood (Wolman 1954). Water temperature daily means (CC) were calculated from

temperatures recorded every hour by submerged iButtons® throughout the study period.

Solar attenuation (mJ/m2/day) to the study areas was estimated with a Solar Pathfinder.

Riparian vegetation was determined from a GIS spatial data set of vegetation cover

(Gifford Pinchot National Forest, 2004). Bedrock formations were determined from a

GIS spatial data set of geologic features (Gifford Pinchot National Forest, 2004).

Experimental Design

Frozen Chinook carcasses were added to three streams on 30-31 July 2003, dates

which correspond with Chinook spawning in the mainstem of the Wind River. Carcasses

were added and retained at the '0 m' site in each stream's study area (Figure 10).

Carcasses were retained within a 5 m long reach using chicken-wire and rebar to keep the

carcasses under water and from floating downstream. All three streams received the same

amount of wet carcass tissue per streambed surface area (kg!m2) from a combination of

adult male and female (some with eggs) carcasses.

Within each stream, four treatment sites were located at increasing distances

downstream from the added carcasses (centered at 10 m, 50 m, 150 m, and 250 m).

Each site was a 10 m long reach spanning five-meters upstream and downstream of the

specific site location (e.g. the 10 m site was a reach that covered the stream area 5 m 15

m downstream from the added carcasses). Responses measured from each treatment site



Figure 10. Experimental study design
applied to three streams. Added and retained
salmon carcasses on 30-31 July 2003. The
approximate carcass loading for each
treatment site was the same for all three
streams (kg/m2).
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250 rn (-0.06 kg/rn2)

were compared to that stream's control site located 50 m upstream from the carcasses

(-50 m). Since the carcasses were retained in one spot the loading rate decreased with

distance downstream from the carcasses: 1.5 kg/rn2 at the 10 m site, 0.3 kg/rn2 at the 50 rn

site, 0.1 kg/rn2 at the 150 m site, and 0.06 kg/rn2 at the 250 m site.

Water Chemistry

We sampled stream water for chemical analysis monthly: beginning on 28

July (prior to carcass addition), then on 6 August, 2 September, and 15 October 2003.

One water sample was collected from each of the five sites per stream, in addition to

collecting a sample 1 m downstream from the carcasses. Samples were kept on ice and

transported to the Willamette Research Station Analytical Laboratory (Corvallis, OR)

where they were filtered within 24 h of sampling and analyzed within recommended hold

times (Erway et al. 2001). Total dissolved nitrogen (TN) was determined using persulfate

digestion (Cabrera and Beare 1993), followed by measurement of nitrate. Ammoniurn

and nitrate/nitrite levels were determined with an automated colorimetric continuous

flow autoanalyzer (Lachat method). Dissolved organic nitrogen (DON) was calculated

as difference of ammonium and nitrate/nitrite from TN. Soluble reactive phosphorus

(SRP) was determined by automated spectrophotometry (Lachat Instruments Flow

Injection Autoanalyzer, Hach Instruments, Loveland CO). Dissolved organic carbon

(DOC) was determined by automated UV-persulfate oxidation followed by infrared

spectrophotometry (Dohrmann TOC analyzer, Teledyne Tekrnar, Mason OH).
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Biofilm

Biofilm was collected from the upper surface of streambed rocks for ash-free-dry-

mass (AFDM) and chlorophyll a measurements. Three bioflim samples were collected at

the control and treatment sites approximately every 28 days from mid-July through mid-

October (Figure 10). One sample was composed of three randomly collected, cobble-

sized rocks from which a 20 cm2 area of biofilm was thoroughly scraped, rinsed with

water, and stored on ice in the dark for 2 h - 4 h before filtering. Each bioflim sample was

mixed, split in half, and filtered onto two separate glassfiber filters (Whatman® GF/F)

for analysis of AFDM (mg/cm2) and chlorophyll a (mg/cm2). Filters were stored frozen

for less than one week. Preweighed filters for AFDM were oven dried, weighed, ashed

at 500°C, and reweighed (Steinman and Lamberti 1996). Chlorophyll a was extracted

from the filter in 90% buffered acetone for 24 h, measured spectrophotometrically, and

corrected for phaeopigments (Steinman and Lamberti 1996).

Between 28 August and 25 September, leaf decomposition rates were measured

by calculating the average drymass lost per day from preweighed leaf-packs (Benfield

1996). Leaf-packs were composed of red alder (3.0 ± 0.1 g dry mass) and vine maple

(2.0 ± 0.1 g dry mass) leaves that had recently fallen from riparian trees. Leaves were

dried, weighed, and secured together in large-mesh bags (mesh size '-10 x 5 mm) and

randomly spaced within the 10 m reach. Leaf-packs were accessible to microbial

conditioning, aquatic macroinvertebrates, and some physical abrasion by flowing water.

After 28 days in the streams, leaf-packs were removed with a 500 pm-net. Leaves and

fragments were swirled in water and visually inspected to remove macroinvertebrates.

After leaves were dried and weighed, they were compared to pre-decomposed weights.

Benthic Macroinvertebrates

Macroinvertebrates were collected at all sites and on the same dates as biofilm

with a 250 tm-net Surber sampler (0.09 m2 streambed area), sieved through 250 jtm

mesh and stored in 70% ethyl alcohol. Six Surber samples were randomly spaced within

the ten-meter reach. In the lab, each sample was subsampled with a zooplankton splitter

for a minimum of 500 individuals, usually ¼ of the total sample. Aquatic insects were

counted and identified generally to genus, except Chironomidae, which were identified

to subfamily or tribe (Merritt and Cummins 1996). Non-insects were identified to order.

To estimate insect biomass (mg/rn2), length-dry mass regressions (Smock 1980) were

used after the body length of each insect was measured with a microscope micrometer.



30

Subsample counts and biomass were divided by the fraction subsampled to obtain full-

sample estimates.

Stable Isotopes

Samples for stable isotope analyses of 15N and 13C were collected from

four study sites per stream (excluding 250 m site, Figure 10). Bioflim and benthic

macroinvertebrates were sampled on 24 July, a few days before carcasses were added.

Ripanan litterfall, bioflim, macroinvertebrates, and fish were sampled on 12 August (2

weeks post-carcass addition) and 21 September (8 weeks post-carcass addition).

Riparian litterfall and Chinook carcass muscle were collected as nutrient sources.

Litterfall baskets (area 0.6 m2) were placed along each stream for one month in August

and again in September to collect material entering the stream (generally red alder leaves,

vine maple leaves, cedar twigs, and hemlock or fir needles). Five baskets were combined

to form one sample/streamlmonth. The riparian vegetation was not likely affected by

the addition and retention of carcasses in the stream since: 1) these stream areas do not

normally have spawning salmon, 2) the added carcasses were caged to restrict movement

into the riparian area by animals, and 3) the short duration of this study is not long

enough given the long turn-over time of large vegetation. Chinook salmon tissue was

collected for isotope analyses from the added carcasses once per stream in August.

Epilithic bioflim was scraped from three cobble-sized, streambed rocks; randomly

chosen and combined to form one sample. Three samples of epilithic bioflim were

collected at each site within each stream for each sampling date (9 rocks total, n=3/

site/streamlmonth). Benthic macroinvertebrates were collected from each site with a

dip-net (mesh size 500 tm) placed strategically to obtain the desired taxa. We targeted

common macroinvertebrates representing three functional feeding groups (FFG):

scraper/collector Limnephilidae Ecclisiomia (Trichoptera), shredder Pteronarcyidae

Pteronarcys (Plecoptera), and predator Perlidae spp. (Plecoptera) (Merritt and Cummins

1996). Multiple individuals of the same taxa were combined into one sample to provide

sufficient mass for isotopic analysis (n=1/site!streamlmonth for each taxa).

Juvenile steelhead (age-0 and age- 1+) and resident sculpin were collected by

electroshocking at only two sites per stream (n=3/site/stream!month). 'Control' site fish

were collected at least 150 m upstream from the added carcasses and upstream of natural

fish blockages (i.e. water going underground or wood debris dams) to reduce the chance

of catching fish moving among control and treatment areas. 'Treatment' site fish were

collected 1 m 25 m downstream of the carcasses, but were labeled as having come from
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the 10 m sites. Fish were not collected at farther downstream-treatment sites (>25 m).

All fish were killed by a quick blow to the head, gutted to remove stomach contents, and

frozen for transport.

Bioflim samples were freeze-dried, while all other samples were oven-dried for

at least 24 h at 50°C. Whole organisms were used for macroinvertebrates and fish. Fish

were small enough that it would have been very difficult to separate muscle from other

tissues (fork-length: 36-157 mm). Samples were ground to a homogenous powder using

mortar and pestle or a ball mill. Stable isotope samples were analyzed at the National

Health and Environmental Effects Research Laboratory, Western Ecology Division,

Integrated Stable Isotope Research Facility, USEPA. Analyses were performed using

continuous flow isotope ratio mass spectrometry on a ThermoFinnigan Delta Plus XP

mass spectrometer.

Isotope enrichment between successive trophic levels occurs as the heavier

isotope accumulates in the consumer with each trophic transfer: an average of 2.3% for

15N and 0.5% for '3C (McCutchan et al. 2003). Estimates of carbon and nitrogen isotopes

are based on the differential retention or loss of the heavier isotope ('3C and '5N) over the

lighter (12C and 14N) by an organism (Peterson and Fry 1987). Heavy isotope abundances

were determined by calculating the ratio of the heavy to light isotope in a sample and

comparing it to a known standard ratio:

%o=((R /R )1)*10OO
sample standar.i

where delta () is measured in units of parts per mil (%o) away from a standard and R is

the ratio of heavy to light isotope for either the sample material or standard material. The

standard for carbon is a reference material calibrated to Vienna Pee Dee Belemnite, and

the nitrogen standard is atmospheric N2 (both O%o). Higher delta values indicate higher

proportions of the heavy isotope in the sample.

Mass-balance equations were used to provide estimates of the percent SDN

assimilated by organisms (Johnston et al. 1997):

% SDN enrichment = 100*(X öX)/((X + (TL * Xe))

where Xse is the isotope ratio of the organism in areas enriched with salmon, is

the isotope ratio of the organism in areas without salmon (control), is the isotopic

ratio of salmon tissue, and X is the isotope enrichment factor per trophic level. TL is

the correction factor for trophic level: 1 for primary consumers (grazing and shredding

insects), 2 for secondary consumers (predatory insects), and 3 for fish. These calculations

underestimate an organism's use of SDN if they actually fed at a lower trophic level.
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Statistical Analyses

Ammonium concentrations, bioflim AFDM, bioflim chlorophyll a, total insect

density, and total insect biomass were measured at five sites (-50, 10, 50, 150, 250 m

from the treatment point) within three streams. Measurements at all sites were recorded

in July 2003, prior to the addition of salmon carcasses, then again at monthly intervals in

August, September, and October 2003 after the salmon-addition. To control for natural

changes in response levels over time and meet model assumptions, the response values

were calculated as the logged ratio of the response at a downstream site (10, 50, 150, or

250 m) to the control site (-50 m):

ijk log(Downstream SiteJk/ControlI.k) = log(Downstream Sitegk) log(Control1J)

where i=stream 1, 2, 3; j=distance 10, 50, 150, 250 m downstream from the salmon, and

k=month July, August, September, October.

We expected the response levels to change over time naturally and assumed that

this seasonal change was the same among the five sites within each stream. We measured

the response differences between upstream and downstream sites in July and assumed

those differences to be the background, or inherent, difference between upstream and

downstream sites (0). Response differences measured during the months following

carcass-addition were then compared to July's, pre-carcass, differences.

Randomized block, repeated measures ANOVA (SAS 1999) were used on the

logged ratio of responses. Because analyses were limited by small sample sizes, we

could not model both spatial auto-correlation of sites within a stream and temporal

auto-correlation of samples collected over time. Therefore, our model considered the

streams as blocks and assumed equal correlation among sites within blocks. Distance

from carcasses was modeled as a continuous variable, with each site repeatedly measured

at four discrete times. July's values were used as the reference level. To determine

the covariance structure for time, we ran ten common covariance models [Compound

Symmetry, 1 st.order Autoregressive, Unstructured( 1) and banded(2-4), Toeplitz( 1) and

banded Toeplitz(2-4)] and chose the one with best AICc (Akaike Information Criterion

corrected for small sample sizes) (Wolfinger 1993) for each response. In effect, we ended

up with a comparison of regression lines model (i.e. a separate regression of response

change as a function of distance from the salmon for each month).

Our first hypothesis was that pre-carcass change among sites would be spatially

constant and approximately zero; regressions of July's responses would have an intercept

and slope equal to zero (H0: July = 0). After the addition of carcasses, we hypothesized

the greatest response change relative to upstream measures to occur at the shortest
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distance from the carcasses, with the change becoming imperceptible by 250 m. We

hypothesized the greatest change to occur in August, soon after the carcasses were added,

with the change lessening over time. Thus, post-July regressions would have intercepts

and slopes differing from July (H0: July = Aug. or Sep. or Oct.).

Leaf-decomposition rates were sampled at one discrete time only. Again,

response values were calculated as the logged ratio of the response at a downstream site

(10, 50, or 150 m) to the control site (-50 m). We used a one-tailed t-test to determine if a

significant increase exists between a sample mean and a hypothesized population mean of

zero (Zar 1984). No statistical analyses were conducted on '5N and '3C isotope values

because of small sample sizes.

Results

Reach Characteristics

The stream reaches differ in size and discharge, but are otherwise physically

similar and largely undisturbed. The Upper Wind reach has the greatest drainage area

(37.4 hectares), discharge (mean of 119 LIs), and bankfull width (14 m) (Table 3).

Paradise reach is close to the Upper Wind reach, but smaller, and Ninemile reach was the

smallest overall (Figure 9, Table 3). Discharge was highest in July from snowmelt and

October from rain events, and was lowest in early September. Substrate was very similar

among sites and streams, dominated by gravel and cobble. Water temperature and solar

attenuation decreased from July through October (Table 3). Riparian vegetation was

dominated by Douglas fir (Pseudotsuga menziesii) at all of the streams. Upper Wind and

Paradise watersheds have extrusive andesite bedrock, where as the Ninemile watershed

is on pyroclastic lapilli tuff/tuff breccia formations. Differing bedrock may account for

background nutrient concentrations: mean SRP concentrations were greatest in Ninemile

Creek (24 mg/L), then Upper Wind (17 mg/L), and Paradise Creek (8 mg/L).

Salmon Carcasses

The added salmon carcasses retained their shape and firmness for approximately

two weeks. After one month they were soft and covered in a thick, grey fungus. After

two months, inner body tissues were well decomposed, while some of the skin and bones

remained in the wire-mesh cages.

The carcasses were purposely kept under water to restrict birds and mammals

from moving them. Unfortunately, approximately eight weeks after the salmon were

added (one week after the September sampling period), a black bear quite thoroughly
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Table 3. Physical characteristics of the three stream reaches from July-October 2003.
Discharge, water temperature, and solar-attenuation values reported as means with their
range in parentheses (minimum to maximum).

Upper Wind Paradise Ninemile

Drainage area (hectares) 37.4 19.9 10.6

Discharge (Lis)

Bankfull width (m)

Gradient (%)

Gravel/Cobble (%)

Water temperature (Celcius)

Solar-attenuation (mJ/m2/day)

Riparian vegetation1

Bedrock

119 (83-154) 40(20-72) 14(4-33)

14 12.5 8.1

4 4 5

79% 84% 77%

12.8 (8.9-15.4) 11.9 (9.1-14.0) 11,4 (9.3-13.0)

4.6 (2.1-7.8) 2.5 (0.5-3.6) 2.3 (0.2-5.5)

Psme/ThpI PsmelThpl Psme/Alru

Andesite Andesite Lapilli/Breccia tuff

UTM North2 5089159 5089024 5082398

UTM East2 583029 58216 582765

Elevation (m) 457 466 427
1

Dominant overstory vegetation; Pseudotsuga menziesii (Psme, Douglas fir),
Thuja plicata (Thpl, western red cedar), Alnus rubra (Alru, western red alder).
2

Universal Transverse Mercater coordinates. NAD 1927, Zone 10. Meters

removed, and presumably ate, all the salmon in Ninemile Creek. It is likely that a large

portion of the organic material had already leached from the carcasses. The response

patterns from Ninemile in October were similar to those observed at the other study

streams in October. Therefore, it appears that early removal of the carcasses (3 weeks

earlier than planned) did not affect the stable isotope, chemistry, biofilm, or invertebrate

responses measured in October.

Stable Isotopes

Prior to the addition of salmon in July, '5N and '3C levels were spatially similar

within each taxa group, i.e. taxa-specific background levels were nearly the same between

sites (Table 4). Background 15N levels, from control sites upstream of salmon, did

not vary temporally from July through September 2003 (Figure 11). Pteronarcid and

limnephild levels were very similar and overlapped (Figure 11). Background '3C levels

were similar between July and August, but mean ö'3C increased slightly in September

in epilithic biofilm and perlid stoneflies (Figure 11). This change of '3C during autumn

was likely due to a shift in nutrient or food resources by these organisms (McCutchan et

al. 2003).
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Table 4. Mean ö'5N and 3C (%o) isotope values for taxa from control (-50m) and
treatment (lOm, 50m, 150m) sites, July-September 2003. Isotope values were averaged
across 3 streams, with one standard deviation in parentheses. Treatment site values in
bold are much greater than control site values.

JULY - I week pre-carcass additions
dettal5N (%o) deltai3C (%o)

TAXA -50m lOm 50m 150m -50m 1Dm 5Dm 15Dm

(Control) (Treatment sites) (Control) (Treatment sites)
Epilithic biofilm -1.2(0.5) -1.3 (0.4) -1.3 (0.9) -1.2 (0.5) -32.5 (3.5) -33.8 (2.4) -33.1 (1.9) -32.1 (3.9)
Limnephilidae -0.5 (0.5) 0.1 (0.3) -0.1 (0.6) -0.1 (0.7) -27.8 (1.1) -26.8 (1.7) -28.8 (1.9) -28.4 (0.7)
Pteronarcidae -0.4 (0.1) -0.3 (0.2) -0.2(0.2) -0.3 (0.2) -27.9 (0.3) -27.9 (0.4) -28.3 (0.1) -27.9 (0.5)
Periidae 1.9 (0.2) 1.8 (0.4) 1.9(0.5) 2.0 (0.3) -31.1 (2.4) -30.9 (1.7) -31.2 (2.6) -31.1 (1.9)

AUGUST - 2 weeks post-carcass additions
deltal5N (%o) deltal3C (%)

TAXA -5Dm lOm 50m 150m -5Dm lOm 50m 150m
(Control) (Treatment sites)

Leaf litterfall a -3.1 (0.7)
Epilithic biofilm -1.1 (0.6) 0.5 (1.3) -0.2 (0.7) -0.1 (0.4)
LImnephilidae 0.0 (0.7) 6.7 (2.5) 0.5 (0.4) 0.5 (0.5)
Pteronarcidae -0.3 (0.2) 0.2 (0.6) 0.0 (0.3) -0.2 (0.1)
Perlidae 2.1 (0.2) 2.2 (0.3) 2.2 (0.5) 2.1 (0.4)
Sculpin 4.1 (0.7) 3.5 (0.4)
Steelhead age-0 5.0 (0,7) 5.7 (0.9)
Steelhead age-i 5.5 (0.6) 7.6 (3.4)
Carcass tissue 15.9 (0.2)

(Control)
-29.2 (0.3)
-32.0 (5.1)
-27.7 (2.3)
-27.9 (0.4)
-30.9 (2.6)
-29.0 (2.4)
-26.7 (1.7)
-27.1 (0.4)

(Treatment sites)

-31.6 (6.1) -31.6 (4.3) -31.2 (6.6)
-23.4 (1.0) -28.2 (3.0) -25.8 (5.4)
-27.8 (0.8) -28.0 (0.7) -28.2 (0.6)
-31.1 (2.8) -30.5 (2.3) -30.8(2.1)
-27.9 (2.1)
-26.2 (1.6)
-25.4 (3.7)
-17.1 (0.6)

SEPTEMBER - 8 weeks post-carcass additions
deltai5N (%) deltal3C (%o)

TAXA -50m lOm 50m 150m -50m lOm 50m 150m
(Control) (Treatment sites) (Control) (Treatment sites)

Leaf litterfall a -3.1 (0.7) -29.2 (0.3)
Epilithic biofilm -1.1 (0.6) 1.5(0.9) 1.1 (1.2) 0.7 (0.5) -30.0 (4.2) -31.1 (4.4) -28.9(6.7) -32.2 (5.6)
Limnephilldae -0.4 (0.5) 2.2 (2.4) 1.9 (1.4) 2.2 (2.3) -26.9 (5.2) -26.6 (4.5) -25.8 (4.4) -26.1 (3.6)
Pteronarcidae -0.2 (0.3) 0.8(0.1) 0.7 (0.1) 0.2 (0.1) -27.4(1.1) -27.4 (0.7) -27.9 (0.4) -27.9(0.1)
Perlidae 2.0 (0.6) 4.3 (1.3) 3.4(0.6) 3.4(0.4) -29.1 (3.4) -28.9 (1.6) -30.2 (3.4) -28.8(2.3)
Sculpin 4.3 (0.8) 4.5 (0.8) -27.9 (2.5) -28.1 (2.7)
Steelhead age-O 5.2 (0.5) 6.3(1.1) -26.2 (2.6) -26.2 (1.7)
Steelhead age-i 5.6 (0.7) 8.0 (2.5) -27.0(1.2) -25.3 (2.2)
Carcass tissue 15.9 (0.2) -17.1 (0.6)
a

Leaf litterfall collected at 5 sites/stream and added together for 1 sample/stream. n=3 streams/date.

Salmon-carcass tissue is naturally enriched, whereas leaf-litter is relatively

depleted, in the isotopes '5N and '3C (differed by +l9% ö'5N and +12% '3C). Therefore,

an increase of '5N and S13C in August or September at the treatment sites compared

to the control sites was attributed to the presence of the salmon (Table 4, Figure 12a).

Epilithic bioflim began assimilating salmon-derived nitrogen in August, with more

substantial assimilation in September. Ten meters to 150 m downstream of salmon in

September, bioflim was 1 .8-2.6% more enriched with '5N than upstream sites (Table



Figure 11. Mean ö'5N and I'3C (%o)

isotope values for all taxa sampled from
control sites (-50m) in July-September
2003. Bars represent ± one standard
deviation (n=3 streams).
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4, Figure 1 2b), translating into 11-16% bioflim nitrogen derived from salmon. Biofilm

was not more enriched with '3C in August and was inconsistently enriched or depleted in

September (Table 4, Figure 12a,b).

In August, limnephilid caddisflies assimilated large amounts of salmon-derived

nitrogen and carbon at the sites 10 m downstream of salmon compared to controls.

Limnephilids were 6.7% more enriched with '5N (36% salmon-derived nitrogen) and

4.3% with '3C (39% salmon-derived carbon) at 10 m sites (Table 4, Figure 12a). These

caddis larvae were observed feeding on the salmon carcasses during this period, likely

explaining their high values of ö'5N and '3C. In September, limnephilid larvae show a

smaller increase of'5N, but at all sites downstream from salmon (Table 4, Figure 12b).

At sites 10 m to 150 m downstream of salmon, they were 2.3-2.6% more enriched with

'5N (12-14% salmon-derived nitrogen) and inconsistently enriched with '3C compared to

control samples. Insects were not observed on carcasses in September, eight weeks after

salmon were added. Caddis larvae that had previously fed on carcasses may have moved

downstream or larvae may have been exploiting mixed resources including '5N derived
from bioflim.

Pteronarcid stoneflies that shred coarse particulate organic matter did not

assimilate salmon-derived nutrients in August and may have assimilated a small amount

(2-6% salmon-derived nitrogen), but not carbon, in September (Table 4). Predatory

perlid stoneflies also had not assimilated salmon-derived nutrients in August (Table 4,

Figure l2a). In September, perlids from downstream-treatment sites were l.4-2.3% more
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Figure 12. Mean '5N and ö'3C (%o) isotope values for select taxa from control (-50m)
and treatment (lOm, 50m, 150m) sites in (a) August and (b) September 2003. Only those
taxa with isotope values different between treatment and control sites are displayed.
Bars represent ± one standard deviation from mean ö'5N, standard deviations not shown
for mean ö'3C (n=3 streams).

enriched with '5N (8-13% salmon-derived nitrogen) than controls, but were not enriched

with '3C (Table 4, Figure 12b).

Juvenile steelhead were observed feeding directly on the salmon carcasses.

However, age-0 steelhead, like sculpins, were not enriched with either '5N or '3C in

August or September (Table 4). Age-0 steelhead were highly variable among sites

and the sculpins appear to have been consuming unenriched insect taxa. While not

well studied, it is possible that the slow growth of sculpins cause slow tissue turnover

rates resulting in a longer time frame for tissues to change their isotopic composition

in response to a change in food (Hesslein et al. 1993). Age-i steelhead assimilated

salmon-derived nutrients during both months (Table 4, Figure 12a,b). Many of the

age-i steelhead had salmon eggs from the ripe female carcasses in their stomachs.

Approximately 10 m downstream of salmon in August and September, age-i steelhead

were 2.1% and 2.4% more enriched with '5N (12% and 14% salmon-derived nitrogen,

respectively) and 1 .7%o and 1 .7%o more enriched with 13C (15% and 14% salmon-derived

carbon, respectively) than upstream areas.



Water Chemistry

We measured concentrations of nitrate, nitrite, DON, SRP, DOC, and

ammonium, but only ammonium concentrations increased in response to the added

salmon. Ammonium had the lowest concentration of the nitrogen forms measured, so

concentration changes may have been more easily detected. The mean background

ammonium concentration for the three streams over the study period was 6 tg/L (± 4

tg/L) (Appendix A3). Ammonium concentrations were similar between upstream and

downstream sites prior to carcass-addition in July (Figure 13). The linear regression line

fit to July's treatment-minus-control differences had an intercept and slope that were not

significantly different from zero (Table 5).

In early August and September, changes in ammonium relative to upstream-

controls were significantly higher at sites near the salmon compared to pre-carcass

differences (Figure 13, Table 5). August and September ammonium concentrations from

water collected 1 m downstream from the salmon had a mean increase of 4 tg/L (± 2

jig/L) and 19 jiglL (± 10 jig/L) compared to upstream sites, respectively. These mean

increases represented a 53% and 58% increase, respectively, in ammonium concentration

compared to background nutrient levels. There was no detected change in the spatial

trend of ammonium concentrations over site distance in August (iCe. August slope not

significantly different from July slope, Table 5). In September, however, ammonium

treatment-minus-control differences significantly decreased as distance from the salmon

increased (Figure 13, Table 5). By October, ammonium treatment-minus-control

differences were again similar to pre-carcass differences. Our data suggests that the peak

in SDN release occurred in September, approximately eight weeks post salmon-addition.

Figure 13. Mean difference in
ammonium concentrations (ugIL)
between treatment (im, 1 Om, 50m,
150m, 250m) and control (-50m) sites,
from July-October 2003. (n=streams)
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Table 5. Linear-fit regressions from repeated measures ANOVA of response change as
functions of distance downstream from salmon carcasses for each month. Intercept and
slope estimates are logged treatment/control ratios. Responses measured in July (prior
to carcass-addition) show background differences between control and downstream
treatment sites. Intercept or slope estimates in bold are significantly different from the
null hypothesis. "NS" indicates large non-significant p-values (>0.10). (n3 streams)

MONTH
Ammonium

(NH4-N)

Intercept Slope

Bioftlm AFDM

Intercept Slope

BioflIm
Chlorophyll-a

Intercept Slope

Total Insect
Density

Intercept Slope

Total Insect
Biomass

Intercept Slope
July -0.318 0.002 -0.017 <0.001 -0.170 <0.001 -0.336 0.001 -0.578 <0.001
p-value NS N5 N5 NS NS NS NS NS NS NS

August 1.062 -0.001 0.110 <-0.001 -0.137 <-0.001 -0.052 <-0.001 0.396 <-0.001
p-value 0.002 NS NS N5 NS NS NS NS NS NS

September 0.824 -0.004 0.167 <0.001 0.131 0.001 0.693 -0.002 0.131 -0.003
p-value <.001 0.001 NS NS NS NS 0.002 NS NS NS

October -0.144 <-0.001 -0.091 <0.001 0.570 -0.003 0.319 -0.002 -0.644 -0.002
p-value NS NS NS NS 0.076 0.022 NS NS NS NS

Biofilm

Epilithic biofilm on the streambed substrate appeared to be primarily composed of

diatoms as very little green or filamentous algae was observed. AFDM and chlorophyll

a increased from July through October at sites upstream of the salmon (Figure 14).

AFDM and chlorophyll levels were similar between upstream and downstream sites in

July, prior to the addition of salmon (Figure 1 5a,b). After salmon carcasses were added,

there were no significant differences in AFDM or chlorophyll levels at the downstream-

treatment sites compared to controls (Table 5). During October, chlorophyll a mean

treatment-minus-control differences were higher at the near-salmon sites (10 m and 50 m

downstream) compared to July differences, driven primarily by samples from Ninemile

and Paradise Creeks (Figure 1 5b), but this difference was not quite significant (p=O.O76).

Chlorophyll differences further away from carcasses (150 m and 250 m downstream)

became more similar to reference conditions during the same sampling period (Figure

1 5b), resulting in a significantly negative slope compared to the reference slope (Table 5).

In leaf-packs left to decompose between 28 August and 25 September 2003,

vine maple leaves generally decomposed completely and alder breakdown was 50-

75%. Mean leaf decomposition was faster at sites downstream than upstream of salmon

(Figure 16), but differences compared to controls were significant only at the 50 m site



(p = 0.01). The large mean and standard deviation at the 150 m site was primarily due

to high decomposition rates at Paradise Creek only. This spatial trend is contrary to

our predictions of higher decomposition rates near salmon and decreasing with distance

downstream.
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Figure 14. Mean epilithic bioflim (a) AFDM and (b) chlorophyll a levels from control
(-50m) and treatment (lOm, 50m, 150m, 250m) sites, July-October 2003. (n=3 streams)
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Figure 15. Mean difference in (a) AFDM and (b) chlorophyll a levels between treatment
(lOm, 50m, 150m, 250m) and control (-50m) sites, from July-October 2003. (n=3
streams)
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Figure 16. Mean difference in leaf-pack
decomposition rates between treatment
(lOm, 50m, 150m) and control (-50m) sites.
Decomposition occurred between 28 August
and 25 September 2003. Bars represent ± one H
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difference from zero (n=3 streams).
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Background benthic insect densities and biomass, as observed at the sites

upstream of salmon, changed over the duration of the study (Figure 17). Diptera,

primarily Chironomidae, and Ephemeroptera, primarily Baetidae and Heptageniidae,

were the most abundant insect orders (Appendix A4). Plecoptera, primarily large-bodied

Pteronarcys and Periidae, and several genera of Trichoptera constituted the greatest

insect biomass (Appendix A5). Non-insects, such as water mites, worms, and snails,

represented a small portion of the benthic macroinvertebrates collected per stream (9-

13%).
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Total benthic insect densities and biomass in July, prior to salmon-addition, were

greater at the upstream sites compared to the downstream sites, resulting in negative

treatment-minus-control difference values (Figure 1 8a,b). In September, seven weeks

post salmon-addition, differences in insect densities at treatment sites compared to control

sites were significantly greater than July's pre-carcass differences at near-carcass sites

(Figure 1 8a, Table 5). The spatial trend of density differences decreasing as sites became

farther downstream from carcasses was not significantly different from July (Table

5). Insect biomass was greater upstream than downstream carcasses in July, resulting
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Figure 18. Mean difference in total insect (a) density (No./m2) and (b) biomass (mg/rn2)

between treatment (lOm, 50m, 150m, 250m) and control (-50m) sites, July-October 2003.
(n=3 streams)

in negative differences (Figure 1 8b), Differences in August and September were less

negative but not significantly different from July (Table 5).

To determine which of the insect taxa constituted the increase in total density,

we looked for similar patterns in the more abundant and common insect families. Rare

families, like Ameletidae or Leuctridae, did not provide enough data for trends analysis.

Densities of heptageniid mayflies increased in September at the treatment sites in all

three streams (Figure 1 9a), but their biomass did not differ greatly between treatment and

control sites during this study (Figure 1 9b). Density changes among heptageniid genera,

Cinygmula, Rhithrogena, Epeorus, & Ironodes, were similar. Densities and biomass of

Elmidae beetle larvae, primarily Heterlimnius, increased in September at the 10 m and

50 m downstream sites in all three streams (Figure 1 9c,d). At sites farther downstream

of salmon carcasses, 150 rn and 250 m, elmid density and biomass differences decreased

until they were not noticeably different from control sites (differences 0).

Patterns for some other groups were quite strong, on average, but less consistent

between streams. For example chironomid midges, primarily Tanytarsini and

Orthocladiinae, had increased density differences in September and October compared

to July's pre-carcass differences (Figure 1 9e). However, mean density differences in

September reflect high values from one stream, Upper Wind. Density differences in

October reflect high values from two streams, Upper Wind and Paradise. Chironomid

midges also had high mean biomass differences in September at the treatment sites
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located 10 m, 50 m and 150 m downstream of salmon (Figure 191). September's mean

biomass differences reflect values from two streams, Upper Wind and Ninemile.

Densities and biomass of many insect families showed no or unclear patterns

in response to the added salmon. These families included the Baetidae mayflies,

Pteronarcidae, Periidae, Perlodidae, and Nemouridae stoneflies, and Limnephilidae,

Lepidostomatidae and Hydropsychidae caddisflies.

Ecclisomyia larvae colonized the salmon carcasses within all the study streams,

but only during the early decomposition stages. They were found distributed around

the body and inside the gill cavities and mouth (30-60 individuals per carcass). After

approximately one month of decomposition, a thick coat of grayish fungus covered

most carcasses. No invertebrates were seen on the carcasses once the fungus developed.

Carcass-bioflim may inhibit invertebrates from colonizing the carcasses. Others have

also observed few invertebrates on fungus-covered salmon carcasses (Minshall et al.

1991, Johnston et al. 2004).

Discussion

This study measured gradients of SDN assimilation and primary and secondary

production-related measures downstream from introduced salmon carcasses in the

Wind River basin. This is the first study to measure SDN assimilation and benthic

responses along a spatial scale. Epilithic bioflim and most benthic insects sampled,

excluding shredding Pteronarcys stoneflies, assimilated SDN following the addition of

salmon carcasses to three streams. We predicted higher levels of biofilm AFDM and

chlorophyll a levels downstream of the salmon carcasses compared to sites upstream of

the carcass. Though bioflim measures did not significantly increase at the downstream

sites, in October there was a trend of higher chlorophyll levels at the near-carcass sites

than controls. We also predicted more or larger insects downstream of the salmon

carcasses. Total benthic insect density increased significantly in September at sites close

to the carcasses, but changes to total insect biomass were not detected. Although not

statistically tested, we observed increased densities andlor biomass of some scraping and

collecting insects (Heptageniidae, Elmidae, and Chironomidae). Grazing insects may

have responded to increased epilithic bioflim production; through increased consumption

grazers could have reduced bioflim standing stock and increased patchiness. Wipfii

and others (1998 and 1999) also observed more grazing invertebrates on clay tiles

downstream of salmon carcasses in artificial streams, presumably consuming epilithic

bioflim as it was produced.



Salmon-derived nutrients could also be incorporated in the food web through

epiphytic biofilm on leaf-litter. We hypothesized that decomposing salmon would

stimulate either epiphytic biofilm or shredding insects, resulting in faster leaf

decomposition. In leaf-packs composed of alder and vine maple leaves mass loss per

day was significantly faster 50 m downstream from salmon compared to upstream-

control sites. Mean decomposition rates were also faster at the 10 m and 150 m sites, but

more variable. However, shredding insects did not increase in density or biomass, and

Pteronarcys (shredder) did not assimilate SDN. Pteronarcys are large-bodied and long-

lived stoneflies that grow slowly, relative to many other insects. While not well studied,

it is possible that their slow growth correlates with slow tissue turnover rates, resulting

in a longer time frame for tissues to change their isotope composition in response to a

change in food (Hesslein et al. 1993). In this study we measured benthic insect density

and biomass changes, but we did not measure insects found inside leaf-packs. The

influence of SDN on epiphytic biofilm ought to be studied more closely to improve the

holistic picture of how salmon influence lotic systems.

The highest assimilations of SDN and greatest in situ responses were generally

seen at sites close to the salmon carcasses (1-50 m), with smaller or no responses seen

farther downstream (150-250 m). However, in September, organisms 150 m downstream

from the salmon also assimilated some SDN as seen in the elevated ö'5N levels of

biofilm, limnephilids, and perlids. The expected spatial pattern of responses was

observed in ammonium concentrations from September, which showed an exponential

decrease of treatment-minus-control differences with distance from salmon. Mean '5N

levels were always greatest at the site 10 m downstream of the salmon. Despite variation

of insect density or biomass among sites, the greatest difference for each date was usually

observed 10 to 50 m downstream of the salmon.

Salmon carcasses may benefit insect or fish production by providing high quality

organic material for direct consumption (e.g. Minakawa et al. 2002, Wipfli et al. 2003,

Heintz et al. 2004). Salmon-derived-nutrients were assimilated into the food web through

direct (i.e. consumption of carcass tissues or eggs) and indirect (i.e. nutrients leached

and mineralized prior to absorption by primary producers) pathways, but at different

times. Direct nutrient transfer appeared to occur immediately, while nutrients absorbed

indirectly showed a time lag. In August, just two weeks after carcasses were placed in

the streams, limnephilid caddisflies were seen consuming salmon tissue and steethead

age-i consumed salmon eggs and tissue. Both organisms showed large increases of '3C

that would only occur through direct consumption of an enriched food source.
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As carcasses decomposed, direct consumption diminished and indirect nutrient

pathways developed. In September, two months post carcass-addition, epilithic bioflim

absorbed more mineralized SDN than in August. Also in September, limnephilid

caddisflies may have assimilated SDN by grazing on enriched biofilm, while perlid

stoneflies likely consumed enriched prey. Based on monthly benthic insect samples,

there was generally a 1.5 month time lag until density/biomass was greater at downstream

than upstream sites, and most of these insects assimilated SDN via indirect pathways.

An increase of benthic insects in the fall should increase food resources for juvenile

salmonids, prior to overwintering, and therefore increase their survival (Groot and

Margolis 1991).

Potential side effects from the manipulation of the salmon carcasses may

have resulted from (1) placing frozen fish in the stream, (2) confining the carcasses in

cages instead of letting them move about, and (3) adding carcasses at one time only.

Adding frozen carcasses to streams and caging the carcasses in wire may have slowed

their decomposition, possibly increasing the time it took for responses to be detected.

Nevertheless, dissolved ammonium concentrations increased significantly just one week

after salmon were added. Confining the carcasses to one place and adding them at one

time decreased the realism of the manipulation by not mimicking natural patterns of

spatial and temporal distributions. However, this design allowed for a more controlled,

experimental study in which we were able to measure responses along local spatial and

seasonal temporal scales.

Streams receiving a single influx of salmon carcasses could exhibit different

responses than a stream that has received salmon spawners repeatedly over the years.

The streams studied in Wind River, while they are upstream of salmon spawning areas,

followed many of the same biological responses observed elsewhere: density increased

in total benthic insects (Wipfli et al. 1998, Wipfli et al. 1999, Wipfli et al. 2003) and

chironomid larvae increased in density and biomass (Wipfli et al. 1999, Chaloner et

al. 2004). Results that conflict with the majority of previous studies were increased

heptageniid scraping mayflies (as opposed to Chaloner et al. 2004, Wipfli et al. 1998)

and the lack of significant increases in epilithic biofilm. However, primary production

was also not affected by spawning rainbow trout in Idaho (Minshall et al. 1991) nor by

salmon carcass additions to streams in northern California (Ambrose et al. 2004).

This study was thrice replicated in natural streams and the inherent variability

was high enough that only large changes in response levels could be detected from

background noise. For each of the responses statistically tested we calculated the



minimum difference detectable for regression intercepts (Table 5), assuming a = 0.05

and f3 0.10. Biofilm AFDM and chlorophyll mean levels at downstream sites had to be

2x and 1 .4x, respectively, greater than upstream sites to be significantly different from

pre-carcass levels. Given the range in variation over time, ammonium concentrations

at downstream sites had to be 1 .4x to 3 .5x greater than controls, and downstream insect

densities needed to be 1 .8x to 3x greater than controls to be statistically significant.

Insect biomass was highly variable among the three streams and, therefore, downstream

biomass needed to be 5x greater than controls. While we were able to detect significant

differences in ammonium concentrations and total insect densities, it is possible that

smaller, but biologically meaningful responses, went undetected. Greater replication

among streams is needed to separate subtle differences from noise.

As more fisheries managers use the addition of salmon carcasses to streams as

a tool for improving aquatic habitat, a relationship between carcass-loading rates and

biotic and abiotic responses would be useful. While this study did not directly test

carcass-loading rates, we can look at response levels along a gradient of carcass densities

because carcasses were caged and grouped together. The site closest to the carcasses, 10

m downstream, had a loading rate of 1.5 kg/rn2 and the 50 m site had a loading rate of
0.3 kg/m2 (Figure 10). As discussed previously, it is from these two sites that we saw the

greatest responses. The addition of carcasses, even at the closest site, did not stimulate

an algal bloom nor did it negatively impact water quality. It is worth noting, though,

that carcass-loading rates, as described by WDFW, include salmon that would be lost to

predators or washed ashore. However, WDFW carcass-loading rates do not include SDN

or effects from other species of salmon spawning in the same stream and whether the

salmon spawn at similar or different times. Carcass-loading rates will vary depending

on the stream's geomorphology and retention capabilities, background nutrient levels,

riparian predators, and size and timing of all salmon runs; thus loading rates are likely to

be system specific.

This study showed that SDN assimilation and production-related measures of

benthic biota varied by distance from source, with greatest uptake near decomposing

carcasses. Whether decomposing salmon produce local hotspots of production or a

spatial gradient of distributed effects likely depends on the mode of SDN consumption:

hotspots for direct consumers and distributed effects for indirect consumers. The SDN

signal peaked quickly (2 weeks) for insects colonizing carcasses, but was delayed

(2 months) for indirect consumers downstream of carcasses. The peak of benthic

biota production-related measures was also delayed ( 1.5 months) and most measures



returned to background levels by October. Lotic systems have complex food webs and

geomorphic controls, causing benthic responses to salmon to vary over space and time.

The results from this study emphasize the need for more studies in natural

streams, because effects from carcass-additions may or may not be greater than

background variation depending on biotic and abiotic factors and the treatment level

applied. A variety of stream settings should be studied to understand the potential range

of trophic responses to SDN. Scientists and managers of freshwater habitat need to

be able to anticipate with greater certainty areas where SDN enrichment will have a

demonstrated effect.
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CHAPTER 4. CONCLUSIONS

This study sought to test the direct and indirect effects of SDN on primary and

secondary productivity as depicted in figure 1. The results confirm incorporation of

SDN in the stream food web by epilithic biofilm, most macroinvertebrates, and steelhead

(Figure 20). However, I was unable to detect changes in primary and secondary

production-related measures from naturally spawned salmon. This observational study

was limited in its design, though, and conclusions may not accurately represent benthic

responses. The experimental addition of salmon carcasses at the loading rate tested

showed increased production-related measures in some food web components (Figure

20). There was a non-significant increase in epilithic bioflim chlorophyll levels and a

significant increase in total benthic insect density, driven primarily by a few scraping

and collecting insect taxa, at sites downstream of the carcasses. These results suggest a

potential bottom-up cascade in which increased primary production was consumed by an

increase in secondary production (Figure 20).
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Figure 20. Trophic pathways and food web components influenced by salmon-derived
nutrients from carcasses added to three streams in the Wind River basin during the
summer of 2003. Solid-bold lines indicate pathways of SDN; solid-thin lines indicate
pathways not detected; dashed lines indicate pathways not sampled. Bold text indicates
organisms with increased production-related measures; underlined text indicates
organisms with a limited degree of increased production-related measures; dashed-box
indicates components not measured for production.
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Scraping mayflies, Heptageniidae, increased in density and collecting insects,

Chironomidae and Elmidae, increased in density and biomass at sites downstream of

the carcasses. Positive responses by chironomids to carcass enrichment (Wipfli et al.

1998, Wipfli et al. 1999, Chaloner et al. 2004) may reflect their dispersal ability, rapid

growth and reproduction, and broad food and habitat preferences (Armitage et al. 1995).

Collectors may have benefited from increased organic particulates from the breakdown

of carcass tissues or from grazing insects. More secondary consumers would create more

food resources for predatory insects and fishes, but predatory insects did not increase

in density or biomass as expected. Though leaf decomposition rates were significantly

faster at one site downstream of the salmon, shredding insects did not increase in density

or biomass, nor did shredders assimilate SDN. Bottom-up trophic cascading may have

been truncated at the scraper/collector level. Because of the relatively short time frame

of each study, we would not be able to detect responses that require more time to develop.

However, many of the measured responses returned to background levels by October,

three months post-carcass additions. Given the onset of high flows from early-winter

storms, which would likely flush and redistribute nutrients and insects downstream, I

believe this process would have been interrupted even if our study had continued.

Chinook carcasses observed in the Wind River basin had a noticeable lack of

colonizing insects. In the fall of 2002, less than 10% of naturally spawned Chinook

were observed to have macroinvertebrates (Limnephilidae) on or within them. These

caddis larvae were also seen on 50% of the added carcasses, but only during the first

stage of decomposition. Although limnephilids assimilated SDN, neither their density

nor biomass increased in response to salmon. No macroinvertebrates were seen on any

salmon carcass once a coat of thick fungus developed over the skin.

In general, benthic responses were highest within 50 m downstream of added

carcasses, but SDN were observed in bioflim and some insects collected 150 m

downstream of carcasses. The timing of responses varied depending on the mode of

consumption. For insects colonizing carcasses, the SDN signal peaked just two weeks

after carcasses were added, but for insects indirectly consuming SDN the signal was

higher two months post-addition. Benthic insect production peaked 1.5 months after

carcasses were added, but most measures returned to background levels a month later.

The study designs from the two years differed considerably from each other.

The non-manipulative study of 2002 was easier to implement than the carcass addition

study of 2003, which required State and Federal approval. However, the difficulty in

drawing conclusions directly related to spawning salmon from the 2002 study, because
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of confounding factors between the sites, emphasized the need for a more controlled

study. The manipulative study in 2003 allowed for conclusions in response to salmon

carcasses to be made with more certainty. By establishing multiple sites downstream of

the added carcasses, I was able to test the assumption that organisms near carcasses will

have greater responses than organisms farther away; but having multiple sites within one

stream also reduced my ability and resources to measure responses in more than three

streams.

Reasons for limited responses may be because (1) observed or manipulated

levels of salmon were too low, (2) observation time was too short to detect responses,

and (3) the experiments lacked statistical power to detect significant difference and

separate the response signal from background noise. Future studies would benefit from

higher sample sizes and therefore more power to detect significant changes in response

to salmon presence. Studies located across multiple and diverse watersheds would

provide a range of effects along a gradient of geomorphic, hydrologic, and other abiotic

factors. Studies carried out over successive seasons would help determine if effects from

seasonally spawning salmon or one-time carcass additions have long-term impacts on the

stream biota. Streams with high winter flows (e.g. Wind River) may flush and re-set the

stream system each year, such that disturbance effects may override effects from carcass

supplementation. The timing and level of carcass supplementation should be carefully

considered. Changes in discharge associated with high winter flows are likely to alter

biofilm and invertebrate nutrient assimilation and production processes. Eventually,

aquatic productivity will fail to increase when the system becomes limited by a factor

other than nutrients (e.g. storage capacity, sunlight, temperature).
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Appendix Al. Benthic insect total density (number/rn2) by family, from each site, July-
November 2002. Total of 5 Surber samples/site/date.

DENSITY (number/rn2) LOWER WIND RIVER

Order Family 7/19/02 8/23/02 9/22/02 10/18/02 11/14/02
Coleoptera Dytiscidae 13 0 0 0 0

Elmidae 248 176 151 172 86
Diptera Blephariceridae 0 0 0 0 17

Ceratopogonidae 0 4 9 11 4
Chironomidae 1696 3274 1735 3559 3427
Dixidae 0 0 0 0 0

Empididae 15 0 0 0 0

Psychodidae 2 0 0 0 0

Sirnulidae 319 182 4 654 525
Tipulidae 34 39 17 23 17

Epherneroptera spp. 24 835 418 0 0

Ameletidae 26 19 6 103 0
Baetidae 3281 1206 818 4352 2691

Ephemerellidae 413 415 1186 1826 1132
Heptageniidae 428 887 1703 7257 6028
Leptophlebiidae 15 0 58 138 125

Plecoptera spp. 4 13 13 0 0
Chloroperlidae 243 103 90 138 297
Leuctridae/Capniidae 6 4 0 69 142

Nemouridae 459 176 67 218 69
Peltoperlidae 0 0 0 0 0

Perlidae 56 12 9 34 9
Perlidae/Perlodidae 62 29 69 149 108

Perlodidae 0 60 4 11 0

Pteronarcyidae 0 0 0 0 0

Trichoptera spp. 6 11 0 0 0

Apatanidae 0 4 0 0 0

Brachycentridae 2 169 28 11 39
Glossosomatidae 13 307 78 57 90
Hydropsychidae 15 28 146 241 78

Hydroptilidae 0 0 13 0 22
Lepidostomatidae 0 0 4 11 0
Limnephilidae 0 28 0 0 0

Rhyacophilidae 41 32 2 34 52
Uenoidae 15 6 0 0 0
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Appendix Al. (Continued)

DENSITY (number/rn2) UPPER WIND RIVER
Order Family 7/17/02 8/21/02 9/19/02 10/16/02 11/14/02

Coleoptera Dytiscidae 0 0 0 0 0

Elmidae 263 226 121 172 110
Diptera Blephariceridae 0 0 0 0 19

Ceratopogonidae 13 22 0 0 26
Chironomidae 1008 964 743 1903 1727
Dixidae 13 0 0 0 0

Empididae 0 4 0 0 0

Psychodidae 0 15 0 9 13

Simulidae 1718 172 24 370 734
Tipulidae 30 58 26 60 47

Ephemeroptera spp. 172 45 60 0 0

Ameletidae 349 67 15 26 112

Baetidae 1940 2136 603 9688 2663
Ephernerellidae 469 435 291 620 336
Heptageniidae 280 1494 499 5727 3346
Leptophlebiidae 129 62 11 250 202

Plecoptera spp. 37 97 4 310 62
Chloroperlidae 306 80 11 69 205
Leuctridae/Capniidae 6 9 0 344 138

Nernouridae 265 781 114 698 108

Peltoperlidae 0 103 24 0 4

Perlidae 52 39 0 69 75

Perlidae/Perlodidae 200 243 30 95 230
Perlodidae 4 9 0 34 4
Pteronarcyidae 4 0 0 9 0

Trichoptera spp. 6 17 4 138 0

Apatanidae 0 2 0 0 0

Brachycentridae 28 728 545 362 209
Giossosomatidae 9 349 144 138 118

Hydropsychidae 4 118 37 207 114

Hydroptilidae 0 0 0 0 0

Lepidostomatidae 4 19 47 26 133

Limnephilidae 37 62 0 0 0

Rhyacophilidae 144 153 13 60 75

Uenoidae 30 370 75 250 69
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Appendix Al. (Continued)

DENSITY (number/rn2) PARADISE CREEK

Order Family 7/18/02 8/20/02 9/18/02 10/17/02 11/14/02
Coleoptera Dytiscidae 0 0 0 0 0

Elmidae 153 207 168 241 50
Diptera Blephariceridae 0 0 0 0 6

Ceratopogonidae 11 34 9 17 17

Chironomidae 1083 4982 3290 2489 1466

Dixidae 0 0 0 0 0

Ernpididae 0 0 0 0 0

Psychodidae 0 17 0 0 32
Simulidae 291 525 56 9 116

Tipulidae 45 323 185 293 71

Ephemeroptera spp. 26 207 0 0 4

Arneletidae 67 43 28 78 108

Baetidae 1130 2364 730 2885 304
Ephemerellidae 252 611 874 465 508
Heptageniidae 95 1451 1206 3479 2833
Leptophlebiidae 54 60 32 146 260

Plecoptera spp. 32 86 0 146 84

Chloroperlidae 50 103 13 60 170

Leuctridae/Capniidae 2 17 0 43 116

Nernouridae 112 336 47 34 284
Peltoperlidae 0 0 4 0 0

Perlidae 22 39 13 26 26
Perlidae/Perlodidae 230 198 90 405 353
Perlodidae 4 9 37 60 2

Pteronarcyidae 0 0 0 9 0

Trichoptera spp. 2 34 54 9 9

Apatanidae 0 0 0 0 0

Brachycentridae 6 17 52 34 9

Glossosomatidae 19 336 568 689 43
Hydropsychidae 9 611 86 34 43
Hydroptilidae 0 0 0 0 0

Lepidostomatidae 0 108 138 551 566
Limnephilidae 0 9 19 9 41

Rhyacophilidae 80 340 121 129 56
Uenoidae 4 250 375 164 50
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Appendix A2. Benthic insect total biomass (mg/rn2) by family, from each site, July-
November 2002. Total of 5 Surber samples/site/date.

BIOMASS (mq/m2) LOWER WIND RIVER

Order Family 7/19/02 8/23/02 9/22/02 10/18/02 11/14/02
Coleoptera Dytiscidae 0.36 0.00 0.00 0.00 0.00

Elmidae 27.85 19.38 21.60 43.46 12.90
Diptera Blephariceridae 0.00 0.00 0.00 0.00 0.29

Ceratopogonidae 0.00 0.63 1.43 2.64 0.26
Chironomidae 43.36 38.28 12.70 59.14 16.41

Dixidae 0.00 0.00 0.00 0.00 0.00
Empididae 0.11 0.00 0.00 0.00 0.00
Psychodidae 0.04 0.00 0.00 0.00 0.00
Simulidae 6.29 1.74 0.26 1.58 2.29
Tipulidae 44.76 2.73 0.11 0.15 7.84

Ephemeroptera spp. 0.10 0.93 0.47 0.00 0.00
Ameletidae 0.39 4.12 5.21 3.14 0.00
Baetidae 110.53 56.02 22.41 73.12 27.78
Ephemerellidae 24.68 3545 22.16 63.62 43.86
Heptageniidae 54.04 161.98 78.82 254.25 387.73
Leptophlebiidae 0.23 0.00 0.48 3.13 2.90

Plecoptera spp. 0.05 0.02 0.02 0.00 0.00
Chloroperlidae 29.47 11.11 7.15 31.20 61.31

Leuctridae/Capniidae 0.09 0.05 0.00 8.91 3.39
Nemouridae 3.01 1.40 1.37 11.10 8.27
Peltoperlidae 0.00 0.00 0.00 0.00 0.00
Perlidae 196.83 151.57 41.08 10.71 2.89
Perlidae/Perlodidae 5.75 1.40 2.45 4.71 5.14
Perlodidae 0.00 26.16 2.92 30.62 0.00
Pteronarcyidae 0.00 0.00 0.00 0.00 0.00

Trichoptera spp. 0.02 0.01 0.00 0.00 0.00
Apatanidae 0.00 0.94 0.00 0.00 0.00
Brachycentridae 0.14 1.51 0.64 0.11 3.15
Glossosomatidae 0.92 2.29 0.90 1.02 2.83
Hydropsychidae 144.47 4.32 2.34 18.90 5.75
Hydroptilidae 0.00 0.00 0.20 0.00 1.82

Lepidostomatidae 0.00 0.00 0.02 0.10 0.00
Limnephilidae 0.00 401.73 0.00 0.00 0.00
Rhyacophilidae 282.79 1.31 0.13 15.37 45.43
Uenoidae 0.09 0.04 0.00 0.00 0.00



Appendix A2. (Continued)

BIOMASS (mg/rn2) PARADISE CREEK

Order Family 7/18/02 8/20/02 9/18/02 10/17/02 11/14/02
Coleoptera Dytiscidae 0.00 0.00 0.00 0.00 0.00

Elmidae 27.08 25.36 38.08 50.98 9.24
Diptera Blephariceridae 0.00 0.00 0.00 0.00 0.05

Ceratopogonidae 1.79 7.37 2.17 4.39 4.62
Chironomidae 30.21 65.68 71.40 31.49 12.48

Dixidae 0.00 0.00 0.00 0.00 0.00
Ernpididae 0.00 0.00 0.00 0.00 0.00
Psychodidae 0.00 0.14 0.00 0.00 2.65
Simulidae 4.80 72.94 0.02 0.00 0.54
Tipulidae 8.52 74.07 50.59 10.18 9.33

Ephemeroptera spp. 0.14 0.23 0.00 0.00 0.46
Ameletidae 20.87 19.20 0.73 3.73 10.02
Baetidae 52.19 91.92 26.09 56.15 3.55
Ephemerellidae 50.48 60.18 130.46 82.45 93.84
Heptagenhidae 42.59 20.51 39.40 163.37 137.89
Leptophlebiidae 1.08 1.83 0.58 5.45 12.13

Plecoptera spp. 0.07 0.13 0.00 0.61 0.28
Chloroperlidae 5.86 11.68 1.18 5.05 21.70
Leuctridae/Capniidae 0.20 0.46 0.00 0.25 2.50
Nemouridae 1.02 2.74 0.63 0.75 23.38
Peltoperlidae 0.00 0.00 0.01 0.00 0.00
Perlidae 171.49 14.61 111.16 55.05 166.46
Perlidae/Perlodidae 7.26 6.53 4.75 18.44 12.71

Perlodidae 4.36 3.82 160.29 252.96 0.31

Pteronarcyidae 0.00 0.00 0.00 1344.37 0.00
Trichoptera spp. 0.00 0.03 0.04 0.01 0.11

Apatanidae 0.00 0.00 0.00 0.00 0.00
Brachycentridae 0.09 1.14 0.65 0.32 0.08
Glossosomatidae 0.52 16.72 67.79 18.77 3.71

Hydropsychidae 4.22 58.86 42.56 4.06 14.76

Hydroptilidae 0.00 0.00 0.00 0.00 0.00
Lepidostomatidae 0.00 0.66 1.50 10.17 19.51

Limnephilidae 0.00 1.25 6.59 7.40 23.40
Rhyacophilidae 56.57 107.33 27.20 65.10 111.72

Uenoidae 0.03 33.79 26.48 36.59 17.81



Appendix A2. (Continued)

BIOMASS (mg/rn2) UPPER WIND RIVER

Order Family 7/17/02 8/21/02 9/19/02 10/16/02 11/14/02
Coleoptera Dytiscidae 0.00 0.00 0.00 0.00 0.00

Elmidae 43.19 30.55 14.18 41.57 24.48
Diptera Blephariceridae 0.00 0.00 0.00 0.00 0.24

Ceratopogonidae 0.54 1.94 0.00 0.00 4.66
Chironornidae 17.52 15.60 16.17 7.48 5.59
Dixidae 0.19 0.00 0.00 0.00 0.00
Empididae 0.00 0.26 0.00 0.00 0.00
Psychodidae 0.00 0.14 0.00 0.28 1.20

Sirnulidae 63.01 16.17 4.38 2.78 2.32
Tipulidae 8.55 6.63 1.41 22.25 20.14

Epherneroptera spp. 0.31 0.05 0.07 0.00 0.00
Arneletidae 41.92 8.74 0.40 0.86 8.49
Baetidae 61.51 64.59 35.67 86.04 22.94
Ephernerellidae 65.55 51.18 23.31 82.58 20.93
Heptageniidae 99.24 45.69 16.74 303.48 123.19

Leptophlebiidae 6.10 2.32 0.20 3.93 3.97
Plecoptera spp. 0.35 0.15 0.01 0.48 0.25

Chloroperlidae 26.85 5.11 0.75 10.34 17.93
Leuctridae/Capniidae 5.49 0.23 0.00 1.15 3.00
Nemouridae 1.65 6.48 2.20 24.71 3.78
Peltoperlidae 0.00 2.53 0.07 0.00 0.01

Perlidae 112.07 31.28 0.00 561.78 284.07
Perlidae/Perlodidae 9.81 12.89 1.50 2.16 14.31

Perlodidae 1.16 7.72 0.00 8.21 17.52

Pteronarcyidae 7.40 0.00 0.00 889.91 0.00
Trichoptera spp. 0.01 0.02 0.00 0.12 0.00

Apatanidae 0.00 1.70 0.00 0.00 0.00
Brachycentridae 1.74 10.00 30.60 17.05 12.93
Glossosornatidae 0.01 5.23 3.69 19.67 6.85
Hydropsychidae 1.28 16.53 11.81 125.92 28.04
Hydroptilidae 0.00 0.00 0.00 0.00 0.00
Lepidostornatidae 0.00 3.03 1.06 0.37 12.48
Lirnnephilidae 0.88 60.25 0.00 0.00 0.00
Rhyacophilidae 93.42 91.05 2.18 10.68 63.57
Uenoidae 0.52 45.52 5.20 48.68 20.22



Appendix A3. Nutrient concentrations of ammonium (NH4-N), nitrate+nitrite (NO3-

N+NO2-N), dissolved organic nitrogen (DON), soluble reactive phosphorus (SRP) and
dissolved organic carbon (DOC) from study streams. Ninemile Creek (NM), Paradise
Creek (PRD), Upper Wind River (UWR). One sample was collected at each site (-50m,
im, lOm, 50m, 150m, 250m) monthly from July through October 2003.

N 3-N
Date NH4-N DON SRP DOC

Site Stream
Collected (ug/L) (ug/L) (ug/L) (mg/L)

(ug/L)

-50 NM 7/28/03 5.14 32 24.11 22.61 0.44
1 NM 7/28/03 5.14 31 8.86 20.87 0.41
10 NM 7/28/03 5.14 29 15.86 21.74 0.41
50 NM 7/28/03 5.14 29 15.86 21.99 0.40
150 NM 7/28/03 5.14 25 42.36 20.36 0.42
250 NM 7/28/03 5.14 25 16.11 20.75 0.38
-50 PRD 7/28/03 2.57 26 46.43 8.06 0.46

1 PRD 7/28/03 0.00 24 26.00 8.48 0.46
10 PRD 7/28/03 0.00 29 44.75 8.02 0.46
50 PRD 7/28/03 1.29 25 2746 7.85 0.46
150 PRD 7/28/03 5.14 23 56.86 8.19 0.44
250 PRD 7/28/03 2.57 21 1.43 7.87 0.43
-50 UWR 7/28/03 6.43 49 22.07 14.56 0.73

1 UWR 7/28/03 6.43 48 14.32 16.35 0.70
10 UWR 7/28/03 7.71 47 31.54 16.31 0.70
50 UWR 7/28/03 7.71 47 74.04 16.12 0.75
150 UWR 7/28/03 5.14 47 16.61 14.76 0.74
250 UWR 7/28/03 6.43 50 12.32 14.36 0.76
-50 NM 8/6/03 2.57 37 36.68 23.38 0.37

1 NM 8/6/03 6.43 32 14.07 24.72 0.38
10 NM 8/6/03 6.43 32 10.32 24.84 0.38
50 NM 8/6/03 7.71 32 6.54 24.54 0.36
150 NM 8/6/03 0.00 31 12.75 22.35 0.35
250 NM 8/6/03 2.57 26 12.68 21.41 0.34
-50 PRD 8/6/03 0.00 19 12.25 8.58 0.40

1 PRD 8/6/03 6.43 20 19.82 10.60 0.48
10 PRD 8/6/03 5.14 20 12.36 10.58 0.47
50 PRD 8/6/03 10.29 20 57.21 9.85 0.57
150 PRD 8/6/03 7.71 17 32.79 9.75 0.48
250 PRD 8/6/03 7.71 16 12.54 9.55 0.43
-50 UWR 8/6/03 2.57 25 24.93 16.77 0.70
I UWR 8/6/03 2.57 25 39.93 16.05 0.68

10 UWR 8/6/03 6.43 25 21.07 19.10 0.69
50 UWR 8/6/03 7.71 24 18.29 9.86 0.70
150 UWR 8/6/03 2.57 26 26.43 16.72 0.67
250 UWR 8/6/03 6.43 25 28.57 16.51 0.66
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Appendix A3. (Continued)

N 3-N
Date NH4-N DON SRP DOC

Site Stream +NO2-N
Collected (ug/L) (ug/L) (ug/L) (mg/L)

(ug/L)

-50 NM 9/2/03 7.71 50 48.54 23.95 0.48
1 NM 9/2/03 50.14 44 19.61 25.72 0.48
10 NM 9/2/03 25.71 44 19.04 24.56 0.44
50 NM 9/2/03 19.29 45 23.21 28.19 0.41
150 NM 9/2/03 5.14 50 24.86 21.76 0.40
250 NM 9/2/03 5.14 40 22.36 21.05 0.41
-50 PRD 9/2/03 10.29 28 30.46 8.839 0.463

1 PRD 9/2/03 12.86 27 71.39 8.99 0.58
10 PRD 9/2/03 18.00 26 46.00 10.05 0.47
50 PRD 9/2/03 11.57 25 39.68 8.51 0.49
150 PRD 9/2/03 11.57 25 29.68 9.24 0.44
250 PRD 9/2/03 7.71 25 29.79 9.53 0.43
-50

1

10
50
150
250

UWR
UWR
UWR
UWR
UWR
UWR

9/2/03
9/2/03
9/2/03
9/2/03
9/2/03
9/2/03

5.14
16.71
11.57

7.71
7.71
6.43

32
32
32
32
33
34

47.86
37.54
43.93
44.04
39.29
42.07

16.64
18.66
19.13
16.59
16.21
16.97

0.66
0.67
0.65
0.66
0.67
0.65

-50 NM 10/15/03 12.86 181 16.14 29.50 0.54
1 NM 10/15/03 6.43 161 27.57 24.42 0.52

10 NM 10/15/03 14.14 160 34.61 27.68 0.54
50 NM 10/15/03 12.86 157 16.39 27.33 0.53
150 NM 10/15/03 6.43 141 13.82 26.07 0.53
250 NM 10/15/03 7.71 128 40.54 24.46 0.62
-50 PRD 10/15/03 9.00 84 20.75 6.97 0.95

1 PRD 10/15/03 11.57 81 26.18 6.62 0.93
10 PRD 10/15/03 9.00 81 28.75 7.75 1.00
50 PRD 10/15/03 9.00 85 24.75 8.29 0.96
150 PRD 10/15/03 11.57 80 20.93 7.83 0.92
250 PRD 10/15/03 9.00 78 25.50 8.51 0.91
-50 UWR 10/15/03 7.71 22 47.79 18.75 1.60

1 UWR 10/15/03 6.43 23 61.82 8.72 1.65
10 UWR 10/15/03 3.86 22 44.14 17.46 1.60
50 UWR 10/15/03 6.43 22 45.32 17.49 1.60
150 UWR 10/15/03 6.43 22 45.32 17.76 1.60
250 UWR 10/15/03 7.71 24 54.54 26.73 1.62
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Appendix A4. Epilithic bioflim ash-free-dry-mass (AFDM) and chlorophyll a levels
from study streams and sites. Values are means from three samples with one standard
deviation in parantheses.

AFDM (mg/cm2)

Stream Site 21-23 July 2003 19-21 Aug 2003 16-18 Sep 2003 13-15 Oct 2003
Ninemile -50m 1.05 (0.42) 0.76 (0.12) 1.31 (0.44) 2.25 (0.61)

1Cm 1.14 (0.06) 1.36 (0.36) 2.08 (0.23) 2.45 (0.2)
50m 0.53 (0.03) 1.16 (0.17) 1.52 (0.40) 1.48 (0.53)
150m 0.69 (0.22) 0.97 (0.19) 1.36 (0.31) 1.58 (0.41)
250m 1.62 (0.55) 1.81 (0.10) 2.90 (0.44) 1.55 (0.36)

Paradise -50m 0.40 (0.05) 1.16 (0.02) 1.58 (0.31) 1.58 (0.52)
lOm 0.70 (0.07) 1.20 (0.31) 1.81 (0.42) 1.69 (0.39)
50m 0.57 (0.08) 1.42 (0.22) 1.92 (0.24) 2.30 (0.54)

150m 0.65 (0.15) 0.88 (0.17) 1.53 (0.25) 1.20 (0.19)
250m 0.58 (0.08) 1.46 (0.29) 1.63 (0.06) 1.50 (0.33)

Upper Wind -50m 0.84 (0.19) 1.63 (0.69) 1.34 (0.23) 2.79 (1.90)
lOm 0.74 (0.30) 2.37 (0.54) 1.95 (0.14) 1.78 (0.74)
50m 0.68 (0.22) 1.21 (0.36) 2.05 (0.32) 1.89 (0.21)
150m 0.85 (0.31) 1.84 (0.44) 2.17 (0.33) 2.36 (0.07)
250m 0.52 (0.16) 1.10 (0.23) 1.59 (0.47) 3.40 (1.72)

Chlorophyll a (ug/cm2)

Stream Site 21-23 July 2003 19-21 Aug 2003 16-18 Sep 2003 13-15 Oct 2003
Ninemile -50m 0.25 (0.11) 0.72 (0.89) 0.57 (0.11) 0.83 (0.08)

lOm 0.32 (0.16) 0.35 (0.09) 0.71 (0.18) 1.43 (0.61)
50m 0.3 (011) 0.45 (0.21) 0.64 (0.12) 1.48 (0.26)
150m 0.29 (0.13) 0.11 (0.04) 0.58 (0.06) 0.69 (0.28)
250m 0.6 (0.3) 0.6 (0.11) 0.74 (0.17) 0.67 (0.31)

Paradise -50m 0.11 (0.01) 0.2 (0.07) 0.55 (0.09) 0.42 (0.04)
lOm 0.28 (0.06) 0.19 (0.12) 1.47 (0.12) 1.51 (0.75)
50m 0.16 (0.06) 0.19 (0.1) 0.44 (0.24) 1.13 (0.48)
150m 0.23 (0.09) 0.18 (0.08) 1.06 (0.75) 0.64 (0.46)
250m 0.22 (0.01) 0.27 (0.22) 1.14 (0.09) 0.85 (0.52)

Upper Wind -50m 0.26 (0.01) 0.37 (0.24) 0.61 (0.27) 0.83 (0.14)
lOm 0.22 (0.09) 0.36 (0.35) 0.71 (0.31) 0.54 (0.29)
50m 0.32 (0.09) 0.26 (0.12) 0.57 (0.19) 1.44 (0.66)
150m 0.23 (0.01) 0.57 (0.35) 0.41 (0.08) 0.72 (0.27)
250m 0.27 (0.17) 0.14 (0.11) 1.17 (0.65) 0.33 (0.1)



Appendix A5. Benthic insect total density (number/rn2) by family, July-October 2003. Total from 5 sites/stream/date.

DENSITY (number/rn2) NINEMILE CREEK PARADISE CREEK UPPER WIND RIVER
Order Family 7/23/03 8/21/03 9/16/03 10114/03 7/21/03 8/20/03 9/17/03 10/13/03 7/22/03 8/19/03 9/18/03 10/15/03

Coleoptera Dvtiscidae 36 14 14 22 11
Elmidae 588 359 474 890 675 1428 1320 1349 466 972 2009 517

Diptera Ceratooaonidae 280 194 244 244 29 129 115 215 50 129 588 86
Chironornidae 6738 8956 12673 20251 4643 9788 23179 27958 6193 14600 66552 30700
Dixidae 57 266 57 14 14 57 14 14 11
Empididae 65 29 14 14
Pelecorhvnchidae 22 43 14 14 14
Psvchodidae 36 50 43 14 72 122 230 57 689 197 560 330
Simulidae 50 215 172 43 1844 445 86 158
TiDulidge 136 57 100 273 100 43 172 144 115 230 359 129

Ephemer- søo. 136 29 330 115
optera Ameletidae 581 237 431 1091 567 280 1062 818 617 693 1694 1363

Baetidae 1593 1765 2325 3086 3430 2146 1435 3617 5318 3373 8712 22433
EDhemerellidae 452 1464 2856 847 323 409 703 574 919 818 2583 1435
Heptaaeniidae 2052 4435 9788 17897 2404 3904 9932 12975 2684 4855 22906 20050
LeDtoDhlebiidae 1313 811 1636 3114 395 294 1995 1363 459 373 3387 2799

Plecoptera spp. 14 93 29 287 129 115 57 86 29 108 632 144
ChIoroerIidae 940 488 574 1076 50 165 273 158 187 327 818 603
Leuctridae/Capniidae 610 1356 1148 890 179 502 488 517 122 327 1263 675
Nemouridae 2268 1651 1378 875 1579 919 1105 675 2189 2131 1191 545
PeItoerIidae 50 7 7
Perlidae 36 93 172 316 100 100 244 287 36 237 273 100
Perlidae/Perlodidae 588 337 301 8741 603 100 359 1507 495 352 1062 746
Perlodidae 100 86 57 122 43 72 43 22 133 100 57
Pteronarcvidae 36 29 14 22 57 22 29

Trichoptera spp. 14 29 194 29 273 172 962 144
Apatanidae 22 43 29 7 43
Brachvcentridae 65 201 129 29 29 65 86 29 129 1320 1622 660
Glossosomatidae 366 596 804 488 43 330 919 359 43 718 947 172
Hvdrosvchidae 675 330 86 79 1399 746 531 136 1884 1148 574
Lepidostomatidae 316 5267 3617 4449 165 10858 16663 5066 344 1869 3559 1005
LimnehiIidae 287 380 244 86 510 402 373 158 352 222 115 43
Polvcentropodidae 29 36 57 7 14
Rhvacoohilidae 301 287 402 431 388 309 230 230 323 413 632 502
Uenoidae 43 72 57 230 57 115 36 474 115



Appendix A6. Benthic insect total biomass (mg/rn2) by family, July-October 2003. Total from 5 sites/stream/date.

BIOMASS (mg/rn2)

Coleoptera Dvtiscidae

Diptera Ceratopoqonidae
Chironomidae
Dixidae
Ernpididae
Pelecorhvnchidae
Psvchodidae
Simulidae

Ephemer- spp.
optera Ameletidae

Baetidae
Ephemerellidae
Heptaqeniidae

PIecotera spo.
Chloroperlidae
Leuctridae/Capniidae
Nernouridae
Peltoperlidae
Perlidae
Perlidae/Perlodidae
Perlodidae

Trichoptera sop.
Apatanidae
Brachvcentridae
Glossosomatklae
Hvdropsvchidae
Lepidostornatidae
Limnephilidae
Polycentropodidae
Rhvacoohilidae
Uenoidae

NINEMILE CREEK I PARADISE CREEK I UPPER WIND RIVER

0.89 0.89 I 0.12 I 93.09 158.14 442.22 45.92

24.67 31.20 17.56 23.26 1.93 12.65 26.51 28.57 87.29 295.45 655.67 112.95
128.27 107.22 135.51 102.51 72.40 117.49 219.13 117.91 0.87

2.92 4.42 7.69 13.29 0.19 0.75 0.42 1.16 0.24
7.58 3.94 0.48 0.36 9.04

5.10 2.25 0.26 6.13 4.31 26.21 41.87
0.50 2.63 6.54 2.29 0.36 2.55 10.73 5.09 135.92 17.46 20.28 6.19
3.09 7.94 8.05 3.62 27.77 548.85 321.85 24.64

0.15 0.03 61.18 137.84 492.72 603.46
126.42 49.50 101.21 67.59 60.82 56.50 138.76 41.90 124.98 273.97 379.68 181.27
91.65 91.75 93.48 70.17 135.60 92.68 158.61 77.32 81.88 92.94 423.37 94.88

143.64 180.68 111.57 94.43 90.67 29.44 77.98 60.28 0.37 0.52
134.36 299.22 311.74 366.88 77.25 160.81 285.84 359.14 13.61 14.16 64.25 127.41

0.02 0.14 0.04 0.45 1.08 0.18 0.53 0.65 54.00 987.60
147.90 50.43 53.30 117.79 5.92 20.10 39.35 42.90 11.56 1.73 20.17 5.59

12.49 26.75 15.56 26,67 0.71 2.97 5.50 9.08 16.04 18.58 26.86 41.66
22.12 20.45 37.45 49.37 11.06 10.30 27.80 50.74 0.02

4.34 0.14 22.65 3488.79 2203.38 845.26
10.81 410.51 27.65 502.49 1060.09 1303.88 1736.02 1835.04 37.72 40.97 32.05 29.05
40.15 25.01 17.43 191.80 40.34 10.32 11.68 46.12 5.80 187.71 219.55 25.48
99.80 74.79 220.95 77.10 15.68 246.29 252.68 0.04 0.17 1.75 2.50

0.01 0.18 0.63 0.03
4.48 16.30 17.33 1.57 32.45
0.60 4.10 1.54 0.27 0.23 0.60 1.08 0.27

61.16 102.46 45.76 37.37 1.00 37.23 61.33 44.80
19.54 86.77 29.60 4.46 32.38 225.75 800.46

1.34 39.33 43.74 122.49 13.94 90.23 172.20 140.97
744.70 584.88 706.00 711.28 177.59 222.84 232.33 146.05
128.77 37.84 39.19 3477 84.98
156.31 340.30 200.16 115.48 184.85 44.36 72.72 29.55

82.91 74.35 124.05 27.30 42.38

155.20 33.63 73.67 80.53
1.40 10.72 44.79 20.07
3.02 85.36 129.94 41.46

7277 145.09 193.46 945.54
26.86 23.20 264.98 51.28
68.84 22.94 84.81 15.63

87.41 110.54 69.19 223.96
0.51 0.31 5.40 0.47
1.39 5.63




