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Abstract 

 

The integration of forest resource management with fishery values needs a comprehensive 

understanding of ecosystem function of interactions of riparian forests and streams. Inputs of 

terrestrial trophic flows across ecosystems bring both nutrient and energetic resources into the 

streams, which influence production of benthic consumers and growth of fish populations. We 

conducted three field experiments for investigating effects and function of cross-habitat trophic 

flows in headwater streams in forest landscape.  

 

In the first experiment, we manipulated a 2×2 factorial, replicated experiment to examine the 

relationship between terrestrial arthropod input and resident coastal cutthroat trout 

(Oncorhynchus clarki) in two headwater streams with different riparian forests. Fish treatments 

included no fish and individually marked cutthroat trout. Terrestrial invertebrate input treatments 

included no canopy and 25-m long greenhouse-type canopy. The average inputs of terrestrial 

invertebrates during experimental period were 5.7 mg/m2/day in East Creek, a stream with 

deciduous riparian vegetation, and 2.4 mg/m2/day in Spring Creek, a stream in a coniferous 

forest. No statistically significant effect of terrestrial invertebrate input reduction was found on 

cutthroat trout growth in both streams. Most of cutthroat trout presented positive growth. The 

average percentages of body mass gains of cutthroat trout in the treatment of terrestrial arthropod 

reduction appear to be lower than the mass gains of the fish in the natural input treatment in both 

streams. This suggests that the terrestrial arthropod input during summer may be a seasonal 

subsidy for fishes, but not a determined food resource for supporting cutthroat population growth 

in headwater streams in both clear-cut deciduous forests and old-growth coniferous forests.  

 

In the second experiment we examined effects of omnivorous crayfish and cutthroat trout on 

processing allochthonous organic inputs, i.e. leaf litter breakdown, and organic matter 

accumulation on leaf surface areas in East Creek. We found that crayfish significantly 

accelerated the weight loss of alder leaves, and cutthroat trout had no interference effect on 

crayfish’s consumption on leaf packs. Our results show that leaf litter processing through 

crayfish could be one of important regulation mechanisms for leaf litter breakdown in small 

headwater streams with deciduous riparian vegetation zone in young-growth forests.  
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In the third experiment, by manipulating salmon carcass nutrient inputs, we investigated the 

effects of marine-derived nutrients (MDN) on the ecosystem process - leaf litter breakdown in an 

oligotrophic headwater stream, Mayfly Creek. Leaf-litter breakdown rates were significantly 

lower in the carcass-enriched experimental streams than those without carcasses. The difference 

of the breakdown rates under different treatments increased with experiment duration. It is 

apparent that carcasses attracted shredders to shift their diet from leaf litter to the higher nutrition 

resource. Both abundance and biomass of shredders in the litter packs in carcass-enriched 

channels were significantly lower than those with no carcass addition. In the middle 

experimental stage, a carcass was removed by a terrestrial mammal, which dramatically speeded 

up leaf litter breakdown by increasing large shredder density in the litter pack. Thus, salmon 

carcass-derived nutrients indirectly reduced leaf litter breakdown within a short term, but may 

enhance litter decomposition with positive long-term effects on stream ecosystem functioning in 

forested landscapes. This can be a significant finding for Pacific Northwest coastal ecoregion.    

 

Results of this research project provide insight to understand the dynamics of trophic flow 

networks and ecological mechanisms of the trophic linkages between riparian forests and 

headwater stream ecosystems. Our finding has important implications for forest conservation and 

forest resource management to protect aquatic ecosystems in forested landscapes.  

 

 

 

 

Key words: Riparian forests, stream ecosystem function, terrestrial arthropod inputs, benthic 

invertebrate communities, resident coastal cutthroat trout, crayfish, marine-derived nutrients 
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Introduction 
 

The terrestrial forest ecosystem plays a key role in determining many characteristics of 

headwater stream systems in small watersheds. Due to shading by riparian trees in small forest 

streams, low light level limits the growth of algae and plants within the stream. The major source 

of detritus in headwater streams comes from terrestrially derived allochthonous subsidies 

(Vannote et al. 1980). Leaf litter inputs from the surrounding forest exceed within-stream 

primary production in these headwater streams, which bring both nutrient and energetic 

resources into the recipient system. These organic inputs can increase abundance and biomass of 

benthic consumers and their predators, in turn, provide food resources for fish populations in the 

streams. Using overhead canopy for excluding terrestrial leaf-litter inputs in deciduous forests, 

Wallace et al. (1997) provided experimental evidence of the importance of riparian inputs to 

aquatic diversity and productivity, as well as ecosystem processes. Terrestrial invertebrate inputs 

to the stream from the riparian zone can be substantial for fish populations at certain time of year 

(Wipfli 1997). In a study done on fish in Japan (Nakano et al. 1999), terrestrial arthropods falling 

into the stream were found to form a majority of the food items taken by the fish during early 

summer. When terrestrial arthropod inputs were experimentally reduced, the fish predation 

shifted from terrestrial to aquatic arthropods. Availability of this terrestrial input resource to the 

fish may be important if abundance and biomass of aquatic invertebrates tend to be low at that 

time of year. 

 

Shredder invertebrates consume terrestrial leaf litter and their productivity depends on the 

terrestrial inputs (Richardson 1991, Richardson and Neill 1991). By processing leaf litter, 

shredders also play key roles in the production of fine particulate organic matter (FPOM) 

(Wallace and Webster 1996), which should facilitate collectors (Heard and Richardson 1995). As 

the largest omnivorous aquatic invertebrate animal, crayfish can be functionally important for 

influencing terrestrial organic matter processing in stream ecosystem. At high trophic level in 

headwater streams, fish appear to be resource-limited by the availability and abundance of their 

invertebrate prey (Soluk and Richardson 1997). However, the ecosystem-based impacts of such 

terrestrial-aquatic linkage relating with shredder-fish trophic interaction are still not well 

understood. Furthermore, the impacts of the resource movement across habitats on aquatic 
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communities in coniferous and deciduous forests should differ, since the nutritional quality and 

litter-fall quantity of deciduous litter and coniferous litter are different (Gregory et al. 1991). 

Knowledge for such cross-habitat linkage between riparian and stream systems in coniferous and 

deciduous forests is limited.  

 

It has been known that Pacific salmon (Onchorhynchus) with anadromous life history exploit a 

wide range of resources in various habitats. Because most of headwater streams are relatively 

unproductive, salmon fry migrate from natal streams and rivers to northern Pacific Ocean for 

growing and maturing, where productivity is relatively higher than freshwater (Gross, et al. 

1988). Spawning salmon return streams for reproduction and drying. The influx of marine-

derived nutrients (MDN) processes whole ecosystem nutrient enrichment, which can be crucial 

for sustaining productivity of oligotrophic headwater streams (Finney, et al. 2000, Naiman, et al. 

2002). Trophic pathways supporting stream ecosystems in forest landscape may be influenced by 

the marine-derived nutrients through several ways (Kline et al. 1997). Carcass decomposition 

forms mineralized nutrients that stimulate autotrophic production in streams (Kline et al. 1990, 

1993). Dissolved organic matter released by decomposing carcasses fuel microbial uptake and 

enhance trophic dynamics (Bilby et al. 1996). Macroinvertebrates directly consume carcasses 

(Kline et al. 1997). Very little is known about the role of salmon carcasses in ecosystem 

functioning, such as leaf litter breakdown. Such trophic flows from different ecosystems meeting 

in headwater streams may produce important impacts on stream communities.  

 

The overall objective is to examine the importance of the trophic flows across habitats on stream 

and riparian food webs in both old-growth coniferous forest and disturbed clear-cut deciduous 

forest. The first-year study of this project consists of three experiments:

1. to examine the trophic linkage of terrestrial and aquatic ecosystems – the  relationship 

between terrestrial arthropod input and cutthroat trout growth; 

2. to assess the effect of crayfish on terrestrial organic matter breakdown in aquatic 

ecosystem, and to investigate if cutthroat trout influence crayfish’s function role in the 

ecosystem process. 

3. to determine the effects of salmon-derived nutrients from marine ecosystem on 

ecosystem functioning in a headwater stream in forest landscape. 
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Experiment 1: Effects of terrestrial arthropod input reduction on the growth of cutthroat 

trout in streams with coniferous and deciduous riparian canopies 

 

The objects of this experiment are to examine (1) if terrestrial arthropod input influence cutthroat 

trout growth rate, (2) if basal resource (terrestrial litter inputs) determine abundance, biomass, 

and production of benthic invertebrates, in two headwater streams with different riparian zones. 

 

This experiment was conducted in two streams with different riparian forests in the Malcolm 

Knapp Research Forest of the University of British Columbia from June 30 to July 29, 2001. 

East Creek is a second-order stream with about 1 km2 drainage watershed. The section of the 

stream selected for conducting this project was clear-cut 27 years ago. The riparian vegetation of 

the stream section is deciduous canopy. The major species are red alder (Alnus rubra), 

salmonberry (Rubus spectabilis). Stream width ranged from 2 to 3 m, and water depth was 0.1-

0.4 m. The substrate was cobble and gravel. Spring Creek has 3.8 km2 drainage watershed with 

70yr-old-growth coniferous forest. The major tree species are Douglas-fir (Pseudosuga 

menziesii), western redcedar (Thuja plicata) and western hemlock (Tsuga heterophylla). This 

stream is also second order with width 2-4 m, water depth 0.1-0.6 m. The substrate was gravel 

and sand with a lot of large wood debris. The gradients of both experimental sections of these 

two streams are about 1%.  

 

Coastal cutthroat trout (Oncorhynchus clarki) is the only resident species of fish in these two 

headwater streams. Culverts and steep gradient limit the movement of cutthroat trout between the 

up- and low-part sections of the stream (Northcote 1992). The fish densities in the experimental 

sections are 0.5 fish/m2 in East Creek and 0.4 fish/m2 in Spring Creek. 

 

Terrestrial leaf-litter and arthropod inputs and cutthroat trout presence were experimentally 

manipulated in these two streams with different riparian canopies. Four treatments (2×2 factorial 

design) with two replicates of each will be assigned to eight 25-m long reaches in each stream 

section:   

(1) controls with leaf-litter and terrestrial arthropod inputs and cutthroat trout unaltered,  

(2) leaf-litter and terrestrial arthropod inputs unaltered and cutthroat trout removed, 
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(3) leaf-litter and terrestrial arthropod inputs excluded and cutthroat trout unaltered, 

(4) leaf-litter and terrestrial arthropod inputs excluded and cutthroat trout removed. 

 

We spent about two months for constructing these 25-m long greenhouse-type canopies (hoop 

house) covering the experimental reaches of the two streams. These canopies were built using 

transparent plastic sheets supported with PVC pipes that were anchored on the banks by rebar. 

Each hoop-house canopy (2.5-m wide, 2-m high) has ten 0.36 m2 netting windows on the lateral 

side (1-mm mesh) for air-circulation purpose, and five vents with plastic cover that allowed 

adults of emerging aquatic insects to move out of the canopy.  

 

Fish treatment was controlled with enclosures and exclosures by 4-mm-mesh fishing netting that 

allow passage of benthos but not fish. All cutthroat trout were removed from the experimental 

reaches using minnow traps containing a plastic jar of cat food as bait. The traps were cleared 

twice per day in a week. The efficiency of this fish-capture method is not significantly different 

with that of electrofishing (Young et al. 1999). Each reach with fish enclosure was stocked with 

15 cutthroat trout (fork length 8 - 12 cm). The fork length, standard length and body weight of 

each fish were recorded. Each individual fish was marked by an electronic-signal number of a Pit 

tag, which was injected into the body cavity of the fish that were anaesthetized with tricaine 

methanesulfonate (MS222). At the end of the experiment, the trout were recaptured using the 

baited minnow traps, and re-measured fork length and re-weighted.  

 

Five plastic pan-traps (0.5 m2 surface area, 15 cm deep) were placed on the banks within study 

section in each stream, which contained 10 L stream water with 2 drops of dish soap. The daily 

terrestrial arthropod inputs were estimated from Pan-trap contents were collected per week. All 

materials in a pan-trap were sieved through a net with 250-µm mesh and preserved in 70 % 

ethanol. All invertebrates in the pan-tray samples were picked at 10× magnification under a 

stereomicroscope. The biomass of each category was measured as dry mass to the nearest 0.01 

mg after drying at 60°C for 24 h. Terrestrial leaf-litter inputs were sampled with five litter traps 

(0.12 m2) that were distributed along the banks of each stream.  
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Four basket samplers with gravel were put on the substrata of each experimental reach, which 

allowed for measuring macroinvertebrate colonization with uniform substrate. The basket 

samplers were made of plastic garden mesh with 1-cm openings and lids (314 cm2). Those four 

basket samples at each experimental reach were taken at the end of the experiment using a 

Surber net sampler (250-µm mesh). All benthic invertebrates were picked and preserved in 70% 

ethanol. Invertebrates were identified to species following keys (Merritt and Cummins 1996) or 

to the lowest level we could reach. We used body length-mass regressions (Benke et al. 1999) to 

calculate invertebrate biomass. 

 

Prior to analyses, each variable was examined the normality using a Shapiro-Wilk W test. Non-

normal data were log-transformed for stabilizing variance. Analyses of variance (ANOVAs) 

were performed to examine the treatment effect of terrestrial arthropod reduction on cutthroat 

trout growth rate using a general linear model in SPSS. 

 

 

Experiment 2: Effects of crayfish and cutthroat trout on ecosystem functioning - leaf litter 

processing in a headwater stream with clear-cut deciduous riparian vegetation 

 

In detritus-base forested stream ecosystems, detritivorous consumers do not regulate 

allochthonous energy supply (Polis et al. 1997), however, they play an important role for 

processing organic matter that involves significant portion of the material cycling and energy 

flow in freshwater ecosystems (Cummins 1973). Predacious fish may have direct and indirect 

effects on the function of detritivores for efficiency of litter processing in streams in young-

growth forests. Among a variety of indirect species interactions, interference, a common 

phenomenon in natural communities, is indirect negative interaction between species that may 

affect consumers’ distribution (Sutherland 1983) and their function in ecosystems. The 

knowledge of how predators and detritivores interact to affect ecosystem functioning with 

benthic assemblage is limited in forest stream ecosystems, which are characterized by a large 

amount of allochthonous organic import from the surrounding forested watershed. Leaf litter 

decomposition is a critical pathway of organic matter and nutrient flux in Pacific rain forests.   
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As secondary consumers, crayfish can be important in ecosystem functioning in terms of nutrient 

cycling and energy flow in several ways. Crayfish are key processors to influence organic matter 

decomposition, and can be stores of nutrients and energy across ecosystems, which can affect 

population and community structure of benthos in freshwaters (Usio 2000, Usio and Townsend 

2002, Statzner, et al. 2000). Crayfish are active consumers that can modify local physical 

habitats, e.g. increasing bedform roughness in riffles, decreasing sand dune in pools (Statzner, et 

al. 2000). Together, crayfish are a significant component of macroinvertebrates to facilitate 

important ecological processes in forest stream ecosystems. 

 

To our knowledge, there is no any study to examine effects signal crayfish interacting with 

resident cutthroat trout on leaf litter processing in stream ecosystems. Predacious cutthroat trout 

may have significant influence to shredders at lower trophic levels through indirect interaction, 

interference, by affecting their litter processing rates. The object of this study is to examine 

effects of omnivorous crayfish and cutthroat trout on processing allochthonous inputs, 

invertebrate colonization, and organic matter accumulation on surface areas of the allochthonous 

inputs. The hypothesis we tested is that the effects of signal crayfish on leaf litter breakdown 

rate, benthic invertebrate assemblage, and organic matter sedimentation in leaf packs should be 

intervened by cutthroat trout. 

 

Stream trough experiment  

Signal crayfish (family Astacidae), Pacifastacus leniusculus is the only species of crayfishes in 

British Columbia. Cutthroat trout and crayfish coexist in riffle and pool habitats in the study 

section of East Creek. This experiment was conducted from 6 August to 5 September 2001 in 

East Creek. We used plastic window screen laid on the ground to collected naturally dropped red 

alder leaves after abscission in the previous autumn, which were air-dried in the laboratory. We 

chose red alder in this experiment for two reasons. First, it is an abundant deciduous riparian tree 

species distributed along streams and rivers from California to Alaska (Naiman et al. 2002). 

Second, red alder is a nitrogen-fixing, fast-growing, and early-successional species that can 

influence nutrient cycling and long-term productivity in the forests by contributing large amounts 

of nitrogen to soils and streams.  
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Average temperature of stream water was 14°C during the period of the experiment. The stream 

reach for this experiment is flat and approximately 2 m wide. We manipulated the presence and 

absence of crayfish and cutthroat trout in experimental troughs to determine their effects on leaf 

litter breakdown and density of leaf-pack-dwelling invertebrates. Four treatments of 2 × 2 

factorial, randomized block design were established as: trout and crayfish present + leaf packs; 

crayfish present + leaf packs; trout present + leaf packs; trout and crayfish excluded + leaf packs 

(control). 

 

Each treatment had five replicates. Twenty experimental troughs were made of half polyvinyl 

chloride (PVC) pipes (diameter 30 cm, 70 cm in length) that were cut longitudinally and covered 

by net screen with 1cm-mesh on the top. Two ends of these troughs were blocked by plastic 

garden fence coat (mesh size: 1.5 cm), which allowed trout and crayfish to be kept inside but 

invertebrates to be free for drifting in and out. A piece of black plastic sheet (20 × 30 cm) 

covered at top downstream end of trough as a refuge for protecting crayfish from bird predation 

interference. Gravel (2-4 cm) was collected from dry parts of the stream channel and used to fill 

in the troughs to 5 cm in depth as substrate. Two big pools (area 12 m2, depth 0.6 m) were 

chosen for setting up these troughs. Cutthroat trout and crayfish were captured using baited 

minnow traps. One individual of trout (11 – 13 cm) and/or one of male crayfish (carapace length 

3.2 – 3.5 cm) were used in each replicate. 10-15 leaves of 5.0-g (±0.05g) dry weight were re-

wetted with stream water and fastened together with one piece of monofilament nylon fishing 

line that was punctured through the leaves and bundled on the leaf stem base parts. Each 

replicate trough had 3 leaf packs with individual marks, which were tethered on a fishing line 

with a 20-cm distance among the packs in each trough. Leaf packs were retrieved using a 100-

µm mesh net on days 10, 20, 30. Before collecting leaf packs, we first checked each trough for 

examining debris sediments accumulated on the net screen cover and the lateral PVC surface 

inside of the trough. We used one control trough as standard debris accumulation, which had the 

heaviest debris sediment cover on the top screen cover and inside the trough. We estimated 

debris sediment accumulation in other troughs as percentage of the standard control trough. All 

leaf packs were preserved in cool boxes and processed within 24 hours in the laboratory. Living 

invertebrates and organic matter accumulated on leaf surfaces were rinsed from leaves and 

poured through 500-µm and 67-µm sieves. All animals were picked and preserved in 70% 
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ethanol for future identification. Organic matter samples from the leaf surface were separated 

into two size classes, coarse organic matter (>1000-µm), and fine organic matter (< 1000-µm, > 

67-µm), dried at 60°C (72 h), weighed to the nearest 0.0001 g, ashed at 500°C (1 h), and re-

weighed to determine ash-free dry mass (AFDM). Leaves were dried at 60°C (72 h) and re-

weighed to the nearest 0.0001 g. 

 

Cutthroat trout and crayfish were measured (body wet weight) before and after the experiment. 

Two individuals of crayfish molted and gained 21 and 33% wet body weight increase, separately, 

which were not included for growth analysis. There was no mortality for both cutthroat trout and 

crayfish during the experimental period. All crayfish and cutthroat trout were returned back to 

the stream after the experiment. Totally, 3144 individuals of benthic invertebrates were identified 

to the lowest reliable taxa, measured body length, and assigned to a trophic category on the base 

of a key of Merritt and Cummins (1996). We used body length-mass regressions (Benke et al. 

1999) to calculate invertebrate biomass. Mean values of remaining dry leaf weight (%), 

abundance, biomass, and richness of benthic invertebrates in leaf packs, AFDM of fine 

particulate organic matter (FOM, <500 µm) and medium and coarse particulate organic matter 

(M-CPOM, >500 µm) accumulated in the packs by days 10, 20, 30 in the experiment were 

measured from samples under different treatments. During the experimental period, one trout lost 

its tail by attacking of the crayfish in the experimental trough after day 10. Data from this trough 

by days 20 and 30 were not used for analyses. When collecting leaf pack samples, we also 

observed if there was any new-molted crayfish in the troughs. Together, two individuals of new-

molted crayfish under different treatments were found by days 20 and 30, separately. Those two 

samples were not used for analyzing. The data from total 56 leaf packs were analyzed using two-

way repeated-measures ANOVAs with crayfish and cutthroat trout as the two main effects. All 

statistically significant tests are based on type-III sun of squares. Prior to analyses, each variable 

was examined the normality using a Shapiro-Wilk W test. Non-normal data were arcsin√- or log-

transformed for stabilizing variance. Since repeated-measures ANOVA only can determine the 

overall effect of three sampling dates, we used two-way multivariate analyses of variance 

(MANOVAs) to test treatment effects on abundance and biomass of single benthic taxa by day 

30. Univariate ANOVAs were used to examine treatment effects on each response variable. The 

growth of crayfish and cutthroat trout, in terms of percentage changes of wet body weight before 
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and after the experiment, were analyzed using one-way ANOVA with trout or crayfish as a 

factor. 

 

Experiment 3: Effects of marine-derived nutrients on ecosystem functioning in an 

oligotrophic headwater stream 

 

Among common deciduous riparian tree species in the Pacific Northwest Coast Ecoregion, red 

alder are a very abundant riparian hardwood tree distributed along streams and rivers from 

California to Alaska (Naiman et al. 2002). Red alder are a nitrogen-fixing, fast-growing, and 

early-successional species, which can influence nutrient cycling and long-term productivity in 

the forests by contributing large amounts of nitrogen to soils and streams. As an allochthonous 

organic matter subsidy, red alder leaf litter can have a significant ecological impact on headwater 

streams (Piccolo and Wipfli 2002). In this study, we investigated effects of MDN on breakdown 

rate of red alder leaf litter in a forested, oligotrophic stream. This study was conducted in 

experimental streams on the floodplain of Mayfly Creek (49° 18’ N, 122° 32’ W), which is a 

second-order, oligotrophic headwater tributary of the North Allouette River, which drains an area 

of second-growth coastal western hemlock forest. This stream had low concentrations of 

inorganic phosphorus (< 5 µg l-1 as orthophosphate) and inorganic nitrogen (< 60 µg l-1 as 

nitrate). The vegetation of the watershed is dominated by western hemlock  (Tsuga 

heterophylla), western red cedar  (Thuja plicata), and Douglas-fir  (Pseudotsuga menziesii). The 

riparian vegetation is red alder, vine maple  (Acer circinatum), and salmonberry  (Rubus 

spectabilis). In the North Allouette River, chum salmon (Oncorhynchus keta) is a predominant 

salmon species spawning from October to December. Among Pacific salmon species, chum 

salmon have the widest geographic distribution in the North Pacific Ocean (Salo 1991).  

 

For examining the effects of chum salmon carcasses on the breakdown of red alder leaf litter, we 

established three treatments in experimental streams: chum carcass plus alder leaves – a high 

nutrient level; alder leaves only – an intermediate nutrient level; and artificial leaves – a low 

nutrient level, each with three replicate streams. Experimental, flow-through stream channels 

(15m long and 0.35m wide) located on the floodplain of Mayfly Creek contained rounded gravel 

substratum with a 4-cm maximum diameter that created a riffle habitat. Experimental streams 
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were fed by stream water, which was diverted from Mayfly Creek 100 m upstream of the 

channels, and passed through a holding tank to reduce mineral sediments before entering the 

experimental streams. Because natural spawning chum salmon runs cannot reach Mayfly Creek 

due to impassible barriers, we collected chum salmon carcasses from the North Allouette River.   

Chum carcasses were collected one day before starting the experiment and preserved in snow 

overnight. We added a 1.3-kg piece of carcass trunk for the salmon carcass treatment, or a stone 

of similar size for the control in a 25-cm pool in the experimental stream. We placed 10.00  ± 

0.25 g air-dried alder leaves or 22.50 ± 0.25 g artificial polyester leaves (standardized for surface 

area to match the real leaves) into 15 × 15 cm plastic mesh bags (1-cm mesh size). Artificial 

leaves were used to simulate microhabitats created by leaves. Three alder leaf packs or artificial 

leaf packs were set 30 cm downstream of the pool with a carcass or a stone in each channel.  The 

experiment ran from 22 December 2000 to 11 April 2001. Average water temperature logged at 

1-h intervals was 3.1°C (range: 0.2 – 5.4°C) during the study period. We retrieved leaf packs on 

days 62, 85, 111 of the experiment. Leaf litter remaining at each sampling date was carefully 

removed from the plastic mesh pack, washed, dried for at least 24 h, and reweighed in the lab. 

Organic matter and benthic invertebrates were rinsed from leaf surfaces and washed through 1-

mm and 64-µm sieves. Invertebrates were picked under a stereomicroscope (15 × magnification) 

from organic matter for the sieve fraction > 500-µm and stored in 70% ethanol. Fine organic 

matter (0.63 µm < FOM < 1mm) was dried, weighed, ashed 2 hours at 500°C, and reweighed to 

obtain ash free dry mass (AFDM). We also picked some invertebrates from carcasses in the 

experimental streams, because those carcasses were deeply decomposed by Day 111 and we 

could not sample all invertebrates. Benthic invertebrates were identified to species following 

keys (Merritt and Cummins 1996) or to the lowest level we could reach. We used body length-

mass regressions (Benke et al. 1999) to calculate invertebrate biomass.  

 

The percentages of remaining dry weight of alder leaf packs in the streams with and without 

carcass addition were analyzed using repeated-measures (sampling date) analyses of variance 

(ANOVA) with treatments as the main effect. Since repeated-measures ANOVA only can 

determine the overall effect of three sampling dates, subsequently, we used one-way ANOVAs 

to test the treatment effect on the amounts of alder leaf remaining on each sampling date. We 

used a series of one-way multivariate analyses of variance (MANOVAs) to test effects of three 
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treatments (i.e. artificial leaves, alder leaves with and without carcass addition) on species 

richness, abundance, and biomass of benthic invertebrates and different functional groups on 

each sapling data. Univariate ANOVAs were used to examine treatment effects on each response 

variable. The normality of all raw data was examined using a Shapiro-Wilk W test, and non-

normal data were log-transformed. 

 

 

Results and discussion 
 

Experiment 1:  Effects of reduction of terrestrial arthropod inputs on the growth of 

cutthroat trout in streams with coniferous and deciduous riparian canopies 

 

The terrestrial arthropod input was higher in deciduous forest riparian zone than in coniferous 

forest riparian zone. The average falling inputs of terrestrial arthropods in July 2001 were 5.7 

mg/m2/day in East Creek with deciduous riparian zones, and 2.4 mg/m2/d in Spring Creek in old-

growth coniferous forest (Fig. 1). The terrestrial arthropod inputs in Spring Creek in riparian 

coniferous forest were 42% of that in East Creek with deciduous riparian zone, and this input 

difference between two streams was significant (ANOVA: F1,28 = 7.26, P = 0.012). In East 

Creek, the average terrestrial arthropod input of during the experimental period in 2001 was 

much lower than that (23.8 mg/m2/d) in 2000. The average falling inputs of leaf litter in July 

were 0.59 g/m2/d in East Creek and 0.33 g/m2/d in Spring Creek, which was not significant 

different (ANOVA: F1,12 = 2.8, P = 0.12). Both inputs of terrestrial invertebrates and leaf litter 

fall were relatively high in East Creek.  

 

In Spring Creek on day 30, thirteen fish were recaptured at experimental reaches with hoop-

house treatment of terrestrial arthropod reduction and eighteen fish at the reaches without hoop-

house treatment (open), and the recapture rates for the two treatments were 43% and 60% 

separately. In East Creek, the recapture rate were 37% (11 fish) at the reaches with hoop-house 

treatment and 43% (13 fish) without hoop house. 
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During a 30-day experiment period, there was no statistically significant difference between 

treatments for body mass gains of cutthroat trout  (ANOVA: F1,3  = 1.53, P = 0.34 for East 

Creek, F1,3  = 0.13, P = 0.75 for Spring Creek). Most of cutthroat trout presented positive 

growth (Fig. 2). The overall growth of cutthroat trout in East Creek was higher than that in 

Spring Creek. The average percentages of body mass gains of cutthroat trout in the treatment of 

terrestrial arthropod reduction appear to be lower than the mass gains of the fish in the natural 

input treatment in both streams (Fig. 2). In East Creek, the trout gained the mean body weight by 

2.5% in the reduction treatment and 6.4% in the natural input treatment. In Spring Creek, the fish 

increased body weights by 1.5 % for the reduction treatment, 4.1% for the natural input. This 

trend was obviously related to the effect of reduction of terrestrial arthropod input under hoop-

house treatment.  

 

We conducted a pioneer experiment with the same treatments in 2000 in East Creek. The average 

terrestrial arthropod input during the experimental period of 2000 was 23.8 mg/m2/d. There was 

no significant treatment effect of terrestrial arthropod reduction on cutthroat trout growth (F1,3 = 

0.37, P = 0.61) in East Creek, and all trout lost body mass after one-month experiment (Fig. 3). 

We combined trout growth data in East Creek from different years to examine effects of year 

difference and terrestrial arthropod reduction on trout growth. Two-way ANOVA with terrestrial 

arthropod reduction and year as two factors indicated that year factor had significant effect on 

trout growth (F1,4 = 33.94, P = 0.004), and there was no significant treatment effect of terrestrial 

arthropod reduction on trout growth (F1,4 = 3.4, P = 0.14), and the interaction of two factors was 

not significant (F1,4 = 1.35, P = 0.31). Comparison of daily discharge data in the experimental 

periods between years showed that the daily discharge in July 2000 was mostly low than that in 

the late summer of 2001 (Fig. 4).  Biomass of benthic invertebrates had different response for the 

two treatments in the experiment under dry condition in East Creek in the late summer of 2000 

(Fig. 5). Cutthroat trout significantly reduced the biomass of benthic invertebrates (F1,4 = 32.33, 

P = 0.005), but terrestrial arthropod reduction did not influence benthos biomass in the stream 

(F1,4  = 0.09, P = 0.78).  

 

The drought in 2000 had markedly negative effect on cutthroat trout growth by reducing the 

volume of water available to the fish, and adversely affecting water quality, such as water 
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temperature and dissolved oxygen. The ecological response of cutthroat trout population to this 

severe condition was body weight loss. The cross-habitat trophic flow, terrestrial arthropod 

input, could not compensate this energetic loss for the trout. However, there was a trend in that 

the fish lost less weight under the treatment with natural terrestrial arthropod input than with 

terrestrial arthropod reduction (Fig. 3).     

 

In the wet summer of 2001, despite of terrestrial arthropod input reduction, most of fish gained 

body weight during the experimental period. There was no statistically significant effect of the 

reduction treatment on trout growth in both streams (F1,2  = 0.34, P = 0.62 Spring Creek, F1,2  = 

3.04, P = 0.22 East Creek). This suggests that the terrestrial arthropod input during summer may 

be a seasonal subsidy for cutthroat trout, but not a determined food resource for supporting 

cutthroat population growth in headwater streams in both clear-cut deciduous forests and old-

growth coniferous forests.  

 

Responses of biomass of benthic invertebrates to the experimental treatments were different in 

East Creek and Spring Creek in 2001 (Fig. 6). In East Creek, both cutthroat trout and reduction 

of terrestrial arthropod inputs had significant effects on benthic biomass (two-way ANOVAs, 

F1,4 = 10.39, P = 0.032 for the reduced input treatment, F1,4 = 17.66, P = 0.014 for the trout 

treatment), and the interaction of these two factors was not significant. In Spring Creek, there 

was no any significant treatment effect on benthic biomass (two-way ANOVAs, F1,4 = 0.13, P = 

0.74 for the reduced input treatment, F1,4 = 1.57, P = 0.28 for the trout treatment). There are two 

possible explanations for these different experimental outcomes. In experimental reaches of 

Spring Creek, because 70yr-old-growth coniferous trees were dominant in riparian zones, first, 

the terrestrial arthropod inputs during the experimental period were very low. Second, large 

wood debris in the stream channel increased habitat heterogeneity that benefited benthic 

communities. In experimental reaches of East Creek that had deciduous riparian vegetation 

canopy, the terrestrial arthropod inputs were relative high and habitat heterogeneity was low, 

which may result in significant treatment effects of reduced terrestrial arthropod input and 

cutthroat trout on benthic invertebrate biomass. 
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Fig. 1. Comparison of terrestrial arthropod inputs (mean ± SE, n = 15) in East Creek with 

deciduous riparian vegetation, and Spring Creek in an old-growth coniferous forest in July 2001.
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Trout growth in East Creek (July 2001)
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Trout growth in Spring Creek (July 2001)
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Fig. 2. Comparison of cutthroat trout growth (weight change ±1 SE, n=2) in 30-d experiment 

with reduced (hoop-house treatment) and natural (Open) terrestrial arthropod inputs in East 

Creek and Spring Creek in July 2001.  
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Trout growth in East Creek (August 2000)
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Fig. 3. Cutthroat trout negative growth (weight change ±1 SE, n=2) in 30-d experiment with 

reduced (hoop-house treatment) and natural (Open) terrestrial arthropod inputs in East Creek in 

the dry summer (August 2000). There was no treatment effect on trout growth. All trout lost 

body weight during a 30-day experimental period. 
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Discharge during two experimental periods in East Creek
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Fig. 4. Comparison of the daily discharge (L/s) during two experimental periods (years 2000, 

2001) in East Creek. 
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Benthic invertebrate biomass in East Creek (2000)
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Fig. 5. Average biomass of benthic invertebrates per Surber sample (mean ± 1 SE, n = 2) in the 

four treatments in year 2000 experiment in East Creek: reduced terrestrial arthropod input with 

cutthroat trout; natural input with trout; reduced input with trout absent; natural input without 

trout. Each treatment had two replicates. The effect of terrestrial arthropod input reduction on 

benthic invertebrate biomass was not significant, but cutthroat trout had significant effect on the 

biomass.   
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Benthic invertebrate biomass
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Fig. 6. Average biomass of benthic invertebrates per basket sample (mean ± 1 SE, n = 2) in the 

four treatments in year 2000 experiment in East Creek: reduced terrestrial arthropod input with 

cutthroat trout; natural input with trout; reduced input with trout absent; natural input without 

trout. Each treatment had two replicates. The effect of terrestrial arthropod input reduction on 

benthic invertebrate.   
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Experiment 2: Effects of the crayfishes and cutthroat trout on ecosystem functioning - leaf 

litter processing in a headwater stream with clear-cut deciduous riparian vegetation

 

Leaf litter breakdown 

The data of alder leaf dry weight remaining were first analyzed to determine if there were 

significant effects of crayfish and cutthroat treatments on leaf litter breakdown. The repeated 

measures two-way ANOVA showed that, within subject effects, leaf-litter remaining differed 

significantly for crayfish treatment, revealing the temporal effect of crayfish on litter breakdown 

(Table 1). For between subject effects, the leaf-litter remaining rates in crayfish troughs were 

significantly lower than those in the trough without crayfish. However, both within- and 

between-subject effects, cutthroat trout did affect litter breakdown (Fig. 7). There was no 

significant interaction among day, crayfish, and cutthroat trout. By shredding the leaves, crayfish 

accelerated the weight loss of alder leaves after 10, 20, and 30 d (Table 1, Fig. 7), and this 

process was not influenced by cutthroat trout. In the treatments of control and cutthroat trout 

alone, litter remaining in leaf packs decreased slowly with approximately constant slopes. 

Comparing crayfish treatments with non-crayfish treatments (control and cutthroat tout alone), 

the difference of litter dry weight remaining between two group treatments increased from about 

6% by day 10 to 16%, and 36% by days 20, 30, separately (Fig. 7).  

 

Benthic abundance, biomass, and taxonomic groupings 

Invertebrates did not fully colonized leaf packs by day 10 for all treatments. By days 20 and 30, 

there were more invertebrates in leaf packs under treatments of cutthroat trout and control (Fig. 

8). Both within- and between-subject effects were significant for crayfish treatments on 

abundance, biomass, and species richness of total invertebrates in leaf packs, but not significant 

for cutthroat trout treatment (Table 1). Interactions between crayfish and cutthroat trout were no 

significant. Since cutthroat trout did not significantly influence crayfish ecological impacts on 

benthic abundance, biomass, and species richness, we averaged those data of crayfish treatments 

with and without trout by day 30, and compared these mean values with those in controls. 

Crayfish treatments reduced average total invertebrate abundance, biomass, and species richness 

in leaf packs by 60%, 60 %, and 48% relative to control by day 30, respectively (Fig. 8).  
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Collectors-gatherers dominated all invertebrate taxa on the final sampling day, composing 76% 

of total invertebrate biomass and 53% of abundance by Day 30. Collectors-gatherers were 

mainly Paraleptophlebia, chironomiid larvae (Orthocladiinae, Chironomini). Crayfish had 

significant within- and between-subject effects on the abundance, biomass, and richness of 

collectors-gatherers in leaf packs (Table 2, Fig. 9). Shredders composed 21 % and 40% of total 

invertebrate biomass and abundance by Day 30, separately (Table 3). For both within- and 

between-subjects, shredder abundance, biomass, and richness were significantly affected by 

crayfish treatment (Table 2, Fig. 10). Although the differences of shredder community structure 

between treatments of crayfish (C) and crayfish plus trout (C + T) were not significant 

(ANOVA, F1,6 = 0.48, P = 0.52; F1,6 = 1.0, P = 0.35; F1,6 = 1.8, P = 0.23; for shredder 

abundance, biomass, richness, respectively), there was a trend to show that C + T caused lower 

mean values of shredder abundance, biomass, and richness than those under crayfish treatment 

(Figure 10). There was no this trend for collectors-gatherers. Other two functional groups were 

predators and scrapers (Table 3). There were no between-subject effects of crayfish and cutthroat 

trout on their abundance, biomass, and richness, with exception of scraper’s abundance (Table 2) 

 

Fine Particulate Organic Matter 

Fine particulate organic matter (FPOM) increased in control troughs over experimental time 

(Fig. 11). Both within- and between-subjects of FPOM and M-COPM, crayfish significantly 

reduced organic matter accumulated on leaf surfaces in lead packs (Table 1). Cutthroat trout only 

had significant within-subject effect on FPOM accumulation on the leaf surfaces. Average 

AFDM of FPOM and M-COPM in leaf packs under the treatments with crayfish were 7 and 6 % 

of those in control by day 30, respectively (Fig. 11). This is apparently caused by the physically 

shredding activity of crayfish on the leaf packs in the troughs. Another possibility can be that 

crayfish consumed the fine organic matter accumulated on leaf surfaces. In the fish-only troughs,  

FPOM in leaf packs was 44 % of that in control by day 30. By reducing the quantity of fine 

organic matter accumulated in leaf packs, crayfish potentially affected the supply of this 

important resource to other feeding function group. 

 

For debris sediments in troughs, within subject effects were not significant for both treatments of 

crayfish and cutthroat trout, revealing no temporal fluctuation of the debris sediments under 
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these treatments. Both between-subject effects of crayfish and cutthroat trout treatments were 

significant (Table 1). Troughs with crayfish or cutthroat trout had distinctly less debris sediments 

accumulated on the net screen covers and inside the troughs than controls. 

  

Growth of crayfish and cutthroat trout 

During the 30-day experimental period, crayfish growth was not affected by cutthroat trout 

presence (one-way ANOVA, F1,9 = 0.94, P = 0.38). Crayfish body weight increased over 1% by 

consuming alder leaves (Fig. 12). Crayfish trout presence and absence did not affect the negative 

growth of cutthroat trout (one-way ANOVA, F1,8 = 1.34, P = 0.29). However, there is a trend 

that trout lost more weight in the troughs with crayfish (Fig. 12). The weight loss of cutthroat 

trout reflected space limitation of the experimental troughs.  

 

Our results show that processing leaf litter through marcoconsumer crayfish could be one of 

important regulation mechanisms for leaf litter breakdown in small headwater streams in clear-

cut deciduous forests.  
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Table 1. F values of two-way repeated-measures ANOVAs with crayfish and cutthroat trout as 

the two main effects and their interaction for leaf litter day weight remaining (%), ash-free dry 

mass (AFDM) of fine particulate organic matter (FPOM) and medium and coarse particulate 

organic matter (M-CPOM), debris sediment cover (%) in experimental troughs, and the 

abundance, biomass (dry mass, mg), and species richness of total invertebrates in leaf packs by 

days 10, 20, 30. * P < 0.05, ** P < 0.01, *** P < 0.001. 

 
  Litter 

remaining 
AFDM Debris 

sediment 
Total invertebrates 

Treatment df (%) FPOM M-CPOM (%) abundance biomass richness 

Within subjects         
Day (D) 2 851.69*** 3.50* 4.30* 3.02 29.74*** 48.56*** 43.39*** 
D × Crayfish (C) 2 8.58** 12.51*** 2.74 0.63 8.93** 11.30*** 6.04** 
D × Trout (T) 2 1.98 0.53 0.27 2.23 0.13 0.30 0.61 
D × C × T  2 0.52 0.05 0.16 0.34 0.96 2.03 0.00 
Error 26        
         
Between subjects         
C 1 277.22*** 29.26*** 4.88* 54.76*** 38.82*** 18.14*** 30.83*** 
F 1 0.93 0.08 0.44 69.25*** 0.45 0.15 0.40 
C × F 1 1.76 0.11 0.22 46.47*** 0.06 0.01 0.21 
Error  13        
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Table 2. F values of two-way repeated-measures ANOVAs for effects of crayfish and cutthroat trout with their interaction on the 

abundance, biomass, and species richness of four functional groups in leaf packs by days 10, 20, and 30. Abun. = abundance 

(individual number); Biom. = biomass (dry mass, mg), Rich. = species richness. * P < 0.05, ** P < 0.01, *** P < 0.001. 

  Shredders Collectors-gatherers Predators Scrapers 

Treatment df Abun. Biom. Rich. Abun. Biom. Rich. Abun. Biom. Rich. Abun. Biom. Rich. 

Within subjects              
Day (D) 2 43.64*** 53.02*** 202.83*** 8.4** 38.11*** 141.69*** 9.93*** 6.17** 7.53** 5.48* 4.05* 6.79** 
D × Crayfish (C) 2 7.51** 1.52 19.74*** 6.61** 15.83*** 8.53** 0.51 0.003 0.23 1.90 1.98 2.03 
D × Trout (T) 2 0.08 0.34 0.94 0.21 0.29 0.58 1.57 0.64 0.77 1.13 0.13 0.57 
D × C × T  2 0.41 0.83 6.68** 1.49 1.04 0.15 0.11 0.41 0.34 0.04 0.85 0.84 
Error 26             
              
Between subjects              
C 1 9.42** 13.83** 31.27*** 86.91*** 19.49*** 15.89*** 4.45 0.15 1.86 18.24** 2.96 27.65 
F 1 0.22 2.15 2.01 2.35 0.002 1.69 0.92 0.05 0.09 0.17 0.51 0.24 
C × F 1 0.01 0.001 0.06 0.26 0.12 0.03 1.34 0.004 3.76 1.13 1.51 3.89 
Error  13             

              
 
 
 
 
 
 
 
 
 
 



Table 3. Percentages of relative abundance and biomass of four functional feeding groups and different 

taxa. 

Taxa Functional feeding 
groups 

% of total 
biomass day 20 

% of total 
biomass day 30

% of total 
abundance day 20 

% of total 
abundance day 30

 Collectors-gatherers (c-g) 54.0 72.0 60.0 53.7 
 Shredders (sh) 32.8 19.5 30.8 40.0 
 Predators (p) 12.1 4.8 8.6 5.1 
 Scrapers (sc) 1.1 3.7 0.6 1.2 

Diptera      
     Chironomidae      
          Tanytarsini c-g 0.4 0.1 5.7 1.6 
          Orthocladiinae c-g 4.1 4.0 16.7 13.7 
          Chironominae c-g 2.6 2.3 8.4 6.5 
Ephemeroptera      
     Leptophlebiidae      
          Paraleptophlebia c-g 42.3 60.7 23.0 31.4 
     Baetidae      
          Baetis c-g 4.6 0.3 6.2 0.4 
Trichoptera      
     Limnephilidae      
          Onocosmoecus sh 3.3 2.6 2.1 6.0 
          sp. sh 0.1 4.1 0.8 6.7 
     Lepidostomatidae      
          Lepidostoma sh 2.8  0.3  
Plecoptera      
     Nemouridae      
          Malenka sh 18.7 8.8 25.6 24.2 
     Leuctridae      
          Despaxia augusta sh 7.9 4.1 2.1 3.1 
Diptera      
     Chironomidae      
          Tanypodinae p 6.7 2.4 6.8 3.1 
     Ceratopgonidae p 0.7 0.1 0.8 0.3 
Plecoptera      
     Chloroperlidae p     
          Swaltsa  1.7 0.6 0.3 0.3 
Trichoptera      
     Polycentropodidae      
          Polycentropus p 2.3 0.1 0.3 0.5 
     Rhyacophilidae      
          Rhyacophila p 0.8 1.5 0.3 0.7 
Megaloptera      
     Sialidae      
          Sialis p 0.02 0.03 0.1 0.3 
Ephemeroptera      
     Ameletidae      
          Ameletus sc  0.1  0.2 
     Heptageniidae      
          Cinygma sc 1.1 3.6 0.6 1.0 
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Fig. 7. Average dry mass remaining (± 1 SE) of red alder leaf packs in experimental troughs and 

stream pools by Days 10, 20, and 30. 
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Fig. 8. Mean values (± 1 SE) of abundance, biomass, species richness of total invertebrates in the leaf 

packs under four treatments by Days 10, 20, and 30.
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Collector-gatherer abundance
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Fig. 9. Mean values (± 1 SE) of abundance, biomass, species richness of collectors-gatherers in the leaf 

packs under different treatments by Days 10, 20, and 30.
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Shredder abundance
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Fig. 10. Mean values (± 1 SE) of abundance, biomass, species richness of shredders in the leaf packs 

under different treatments by Days 10, 20, and 30. 
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Fig. 11. Average ash free dry mass (± 1 SE) of fine particulate organic matter (FPOM) and medium-

coarse organic matter (M-CPOM) deposited in leaf packs by Days 10, 20, and 30. 
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Fig. 11. Average growth rate (% change of body weight in 30 days ± 1 SE) of crayfish and cutthroat 

trout in the experimental troughs with three treatments.
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Experiment 3: Effects of marine-derived nutrients on ecosystem functioning in an 

oligotrophic headwater stream 

 

The salmon carcass treatment had a significant effect on the alder litter remaining (%) in leaf 

packs (A one-way repeated measured ANOVA, F1,3 = 19.03, P = 0.02, Fig. 13). Salmon carcass 

addition reduced alder litter breakdown in the experimental streams during the overall period. 

The within-subject effect of sampling date was significant on the amount of litter remaining (F2,6 

= 31.64, P < 0.001). There was a significant interaction between sampling date and treatment 

(F2,6 = 7.41, P = 0.02), which was because the slopes of litter remaining-sampling data 

regression lines with and without carcasses were different (Fig. 13). ANOVAs on amount of 

alder litter remaining (%) revealed no difference between treatments on Day 62. However, by 

Day 85, the litter weight remaining (%) in alder leaf packs in the streams with the carcass 

treatment was significantly higher than that without carcass addition (F1,4 = 13.03, P = 0.02), and 

this difference was further increased by Day 111 (F1,3 = 32.41, P = 0.01). After Day 85, the 

carcass from one experimental stream was removed by a small mammal, and the rate of leaf 

breakdown before Day 111 sharply increased (data from this litter pack were not applied in any 

ANOVA). By Day 111, only 37% of the original litter weight remained in the stream from which 

the salmon carcass was removed, in contrast to 61% for streams with carcasses and 51% without 

carcasses (Fig. 13).  

 

Why does salmon carcass enrichment retard the detrital-processing ecosystem function, contrary 

to our prediction? The cause is related to detritivorous consumers that switched food resources 

during the experimental period. Among thirty-six common benthic taxa found in leaf packs, 

thirteen detritivore species constituted 54, 51, and 67% of the total benthic macroinvertebrate 

biomass on the three sampling occasions. Within the detritivore group, five species of larval 

caddisflies (Trichoptera) made up 22, 69, and 69% of the detritivore biomass by Days 62, 85, 

111, respectively. Detritivorous caddisfly biomass in the litter packs without carcass addition 

was significantly higher than in the carcass-treated litter packs on Day 85 (F2,6 = 12.56, P = 

0.007, Table 4) and Day 111 (F2,5  = 13.172, P = 0.006, Fig. 14. a). The key detritivore species 

among these consumers was Ecclisomyia conspersa (Trichoptera, Limnephilidae), whose 

biomass made up 66.3% of total detritivore biomass across all treatments on Day 85, and 63.6% 
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on Day 111 (Table 4). There was no E. conspersa in artificial leaf packs. The average total 

biomass of E. conspersa in the litter packs without carcasses was 10 times greater than that in 

carcass-treated packs on Day 85 (Fig. 14. b). On Day 111, E. conspersa was not found in the 

carcass-treated litter packs, but in the litter packs without carcasses. The high amount of litter 

remaining with carcass addition was related to the absence of this key detritivore on the leaf 

litter. Since nutritional constraints generally determine the energy balance and growth rate or 

fitness of consumers (Tilman 1982), high quality food supports rapid growth of consumers.  

For a consumer, one indicator of energy yield in a food resource is the amount of lipids (Wilson 

et al. 1998). Matured chum salmon may contain an average of 4% lipids (Nomura et al. 2001). 

Hanson et al. (1983) suggested that lipids could be a limiting nutritional factor for detritivores. 

They found that red alder leaves in spite of containing high N were a low quality food for the 

growth of a detritivorous caddisfly, and a diet of alder plus wheat (lipids supplement) allowed 

the fast growth and produced the largest pupae. It is apparent that lipids in the carcasses were a 

good-quality resource for the growth of detritivorous Trichoptera. An organism’s growth and 

reproduce depend on its physiological state and its condition, such as habitat quality, foraging 

strategy, energy reserves (McNamara and Houston 1996). With a state-dependent foraging 

decision, those detritivores shifted their low-quality detrital diet to exploit the resource patches 

with high nutritional value, i.e., salmon carcasses. In a laboratory growth experiment, E. 

conspersa did show faster growth on coho salmon carcasses than on red alder leaves (Minakawa 

et al. 2002). On carcasses in the experimental streams by Day 111, we found eleven detritivorous 

species with four species of Trichoptera detritivores including E. conspersa. The average 

biomass of detritivorous Trichoptera on the carcasses was 4.5-fold more than that in the carcass-

treated leaf packs. 

  

When a carcass piece was removed by a small mammal part way through the experiment, 

detritivorous consumers left the carcass. Those detritivores required food resources for 

completing their larval stage. The only available resource was alder leaf litter in the experimental 

stream. These consumers moved to the litter pack and shifted their diet back to the lower quality 

resource. In the carcass-removed stream, the average biomass of detritivorous caddisflies in the 

leaf pack was markedly higher on Day 111 (Fig. 14. a). The biomass of E. conspers increased 

abruptly in the leaf pack in the carcass-removed stream (Fig. 14. b), and the average per capita 
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dry mass of E. conspers in this leaf pack and on the carcasses was 62% heavier than that in the 

packs without carcasses on Day 111. These large caddisfly larvae must come from the removed 

carcass, because E. conspersa was absent in those two leaf packs with carcasses that were not 

removed, but was present on those carcasses in the experimental streams. Diet switching may be 

a common phenomenon for detritivores, especially in Trichoptera (Anderson 1976). By feeding 

on a large amount of the low-quality resource, these big food-limited consumers sharply reduced 

litter remaining in this pack (Fig. 13).  

 

Ash-free dry mass (AFDM) of fine organic matter (FOM, <1mm) that accumulated on leaf 

surfaces differed significantly amongst the three treatments (Day 85, ANOVA F2,5   = 6.49, P = 

0.03; Day 111, F2,5   = 16.47, P = 0.006, Fig. 15). There was more FOM mass in the carcass-

treated leaf packs by Days 85, 111. This difference of FOM mass among treatments increased 

with experimental duration. In carcass-treated leaf packs, the slope of the relationship between 

FOM mass and experimental duration was 0.62, which was considerably steeper than those for 

the leaf bags in the other two treatments (both < 0.1). The FOM mass in the carcass-treated leaf 

packs on Day 111 was threefold greater than in the artificial leaf packs, and 2.4-fold greater than 

in the alder leaf packs. There were no significant differences in FOM amount between the 

artificial leaf packs and the alder leaf packs without carcasses. Salmon carcass additions 

significantly increased FOM accumulation on leaf surfaces, which can provide food resources 

for another functional feeding group, fine particle collectors, which consume deposited organic 

matter. Fine particle collectors showed significantly higher abundance and biomass in the leaf 

packs in response to salmon nutrient enrichment (Day 111, F2,5 = 34.8, P = 0.0012 for 

abundance, F2,5 = 42.28, P = 0.0007 for biomass, Table 5). On Day 111, collectors in carcass-

treated leaf packs had twice as many individuals and 2.7-fold more biomass than in the alder leaf 

packs, and ten-fold more individuals and 7.6-fold more biomass than in the artificial leaf packs, 

which had a very low FOM level. High abundance and biomass of collector invertebrates in the 

carcass-treated leaf packs suggests that there was a significant nutrient contribution from salmon 

carcasses to the collector invertebrate community. This large amount of FOM in the carcass-

treated leaf packs may be related to the foraging process of detritivores on the carcasses. A major 

functional role of detritivores is conversing coarse particulate organic matter into finer particles 

that can be used by collectors. Since organisms that modulate the availability of resources to 
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other species are regarded as ecosystem engineers (Jones et al. 1997), we suggest that the 

detritivores may function as ecosystem engineers that indirectly enhance the energy flow by 

processing salmon carcasses to produce FOM, which presumably are of higher quality than 

typical FOM and benefit the collectors. Given that such complementary resource use increases 

total resource capture and thus increase net ecosystem production (Hooper 1998), facilitation 

between these functional feeding groups through increasing community performance beyond that 

of single functional groups can be one of important mechanisms influencing ecosystem processes 

(Heard and Richardson 1995, Cardinale et al. 2002). 

 

Our results show unexpected significant effects of MDN on the detrital-processing ecosystem 

function in a freshwater system, in contrast to our original predictions. Reciprocal exchanges of 

trophic flows across ecosystem boundaries have profound influences on ecosystem functioning. 

Alder leaf litter from the riparian ecosystem was processed by organisms in the stream 

ecosystem, and this ecosystem function was influenced dynamically by salmon-derived nutrients 

from the marine ecosystem. Our results indicate that one resource-consumer relationship 

(detritus processing) is temporarily decoupled through shifts in the foraging strategy of a key 

group of exploiters when an alternate, high-nutrient resource is supplied. After the pulse of 

additional nutrients disappears, the resource-consumer relationship is recoupled as the exploiters 

shift their diet back to their original resource. This delay in detrital processing results in a non-

linear response of the ecosystem function to cross-ecosystem nutrient enrichment. Such results 

illustrate that cross-boundary MDN subsidies indirectly retard the ecosystem processing of leaf 

litter in the freshwater system within the short term, but may enhance these food-limited 

detritivorous consumers (Richardson 1991) with positive long-term effects on ecosystem 

function. This dynamic pattern is a novel finding for the Pacific coastal ecoregion, because small 

streams in this region have extensive forest cover with a low light regime, and unproductive 

freshwaters with limited nutrient supplies are highly dependent upon the organic matter inputs 

from the forest. Understanding MDN effects on ecosystem functioning in terms of terrestrial-

aquatic linkages in organic matter processing dynamics has important implications for 

determining conservation and management strategies of salmon-related aquatic and riparian 

ecosystems in the Pacific Northwest. 
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Table 4. F values of MANOVAs and ANOVAs for the effects of artificial leaves, alder leaves, and alder leaves with carcass addition on 

species richness, abundance, and biomass of benthic invertebrates and different functional groups on three sampling dates. Values in 

parentheses are average dependent variables under different treatments pooled on Days 62, 85, 111, respectively. S = alder leaf + salmon 

carcass; L = alder leaf; A = artificial leaf; S* = alder leaf + salmon carcass removed; Rich. = species richness; Abun. = abundance 

(individual number); Biom. = biomass (dry mass, mg). 
 

 

  Wilks’ All invertebrates  Detritivores  Trichoptera  Ecclisomyia 

Source df lambda Rich. Abun. Biom.  Rich. Abun. Biom.  Rich. Abun. Biom.  Abun. Biom. 

Day 62              
MANOVA 2, 12 24.19*             

ANOVAs 2  8.80* 32.4** 0.68  2.89 3.37 1.53  0.71 0.59 0.56  0.78 0.78 
Error 6              

S   (11.5) (92.0) (11.4)  (3.0) (5.5) (4.6)  (1.0) (1.0) (1.0)  (0) (0) 
L   (10.7) (74.5) (12.5)  (3.6) (9.3) (8.6)  (0.6) (1.3) (2.5)  (0.7) (1.0) 
A   (6.3) (19.0) (7.4)  (1.7) (4.3) (3.1)  (0) (0) (0.00)  (0) (0) 

Day 85                
MANOVA 2, 12 11.28              

ANOVAs 2  25.03** 27.2*** 9.72*  12.64** 8.32* 5.20*  4.70 6.48* 12.56**  7.24* 13.17**
Error 6               

S   (18.7) (173) (20.9)  (6.3) (16.7) (10.9)  (3.0) (4.3) (3.6)  (1.3) (2.4) 
L   (15.3) (142.3) (44.3)  (5.3) (19.3) (27.2)  (1.7) (6.0) (23.4)  (5.0) (23.3) 
A   (8.3) (40.7) (10.5)  (2.0) (3.7) (0.7)  (0) (0) (0)  (0) (0) 

Day 111                
MANOVA 2, 10 1.55              

ANOVAs 2  3.49 49.2*** 11.19*  5.64 11.93* 15.4**  8.0* 8.95* 9.71*  25.30*** 123.68***
Error 5               

S   (12.5) (158.5) (39.2)  (4.5) (18.5) (19.9)  (1.5) (4.0) (5.4)  (0) (0) 
L   (11.7) (79) (27.8)  (4.3) (12.7) (23.9)  (1.3) (5.3) (19.5)  (4.7) (19.4) 
A   (7.7) (20.3) (8.9)  (1.3) (3) (0.8)  (0) (0.0) (0)  (0) (0) 

               
          S*   (19) (235) (107.7)  (6) (46) (83.5)  (2) (12) (67.4)  (10) (67.4) 
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Table 5. ANOVA probabilities for the effects of the treatments (S: alder leaf + salmon carcass; 

L: alder leaf; A: artificial leaf) on species richness, abundance, and biomass (dry mass, mg) of 

four functional feeding groups per leaf pack on three sampling dates. S, L, and A in parentheses 

represent values of the dependent variables under each column title, i.e. species number, or 

individual number, or dry body mass. Four functional feeding groups in all leaf packs consisted 

of 13 species of detritivores, 8 species of collectors, 7 species of scrapers, and 8 species of 

predators. Probability levels are: ns, no significant difference among treatments, * P < 0.05, ** P 

< 0.01, *** P < 0.001.  

 

Functional feeding 
group 

Sampling date Species richness Abundance Biomass (mg) 

Detritivore Day 62 ns ns ns 
 Day 85 ** (S>L>A) * (L>S>A) * (L>S>A) 
 Day 111 ns * (S>L>A) ** (L>S>A) 
     

Collector Day 62 * (L>S>A) *** (S>L>A) ** (S>L>A) 
 Day 85 ** (S=L>A) ** (S>L>A) ** (S>L>A) 
 Day 111 ns ** (S>L>A) *** (S>L>A) 
     

Scraper Day 62 ns ns ns 
 Day 85 * (S>L>A) ns ns 
 Day 111 ns ns ns 
     

Predator Day 62 ns ns ns 
 Day 85 ns ns *** (A>L>S) 
 Day 111 ns ns ns 
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Fig. 13. Effects of marine-derived nutrients (MDN) on dry mass remaining of red alder leaves. 

Mean percentage (± s.e.) of alder leaf dry weight remaining in the litter packs in the experiment 

streams (n = 3 streams, except leaf + salmon on Day 111 with n = 2, and leaf + salmon removed 

with n = 1). The artificial leaf weights remain at 100% (not shown). 
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Fig. 14. Effects of marine-derived nutrients (MDN) on detritivore abundance and biomass. Mean 

values (± s.e.) for abundance and biomasses of detritivorous larval caddisflies (Trichoptera) and 

a key detritivore, Ecclisomyia conspersa, in the leaf litter packs with three different treatments. 
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Fig. 15.  Ash free dry mass (AFDM) of fine organic matter (FOM) accumulated in the leaf packs 

with different treatments in the experimental streams. 
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Summary and Conclusions 
 

Riparian forest-stream ecosystems incorporate a large cross section of ecological processes that 

link aquatic and terrestrial ecosystems, including the movements of nutrients, detritus, prey, and 

consumers across habitats. Trophic flows across habitats have profound ecological consequences 

by affecting ecosystem processes and food-web dynamics in riparian zones, which are interfaces 

between terrestrial and aquatic ecosystems. The close association of streams with watershed 

creates potential problems for sustainable forest management. The integrated forest resource 

management with fishery values needs the deep understanding of ecosystem function of 

interactions of riparian forest and streams. Results of this research project provide insight to 

understand dynamic and complex trophic flow networks of headwater stream-riparian 

ecosystems in forested landscapes. Linkages of trophic flows among ecosystems, communities, 

populations, and species create, break, and alter with environmental condition change. Our 

studies show that there is a trophic linkage between species and ecosystem functioning in 

headwater systems. However, this linkage can be significantly affected by several environmental 

perturbation. Drought can significantly affect the consequence of the cross-habitat trophic flow. 

In a dry season, when terrestrial arthropod input to East Creek in a clear-cut deciduous riparian 

forest was experimental reduced, cutthroat trout appeared to lose more body weight. In the same 

way, in a wet summer, the trout seemed to gain less weight under reduction treatment. Our 

results suggest that terrestrial arthropod inputs during summer may be a seasonal subsidy for 

fishes, but not a determined food resource for supporting cutthroat population growth in 

headwater streams in both clear-cut deciduous forests and old-growth coniferous forests.  

 

Allochthonous nutrient re-distribution and fine particulate organic matter production in forest-

stream ecosystems can be influenced by the nature of the macroinvertebrate assemblage of 

various feeding function groups. As an omnivorous marcroconsumer, crayfish may strongly 

influence energy flow through food webs and nutrient cycling in streams in clear-cut deciduous 

riparian forest.  

 

Ecosystem functioning in oligotrophic headwater streams can be dynamically affected by natural 

enrichment of salmon-derived nutrients from marine ecosystem. Our results illustrate that 



 46

marine-derived nutrients indirectly slowdown ecosystem processing, leaf litter breakdown, in the 

freshwater system within a short term, but may enhance litter decomposition with positive long-

term effects on ecosystem functioning in low productive headwater stream systems. This can be 

a significant finding for the Pacific coastal ecoregion, because this region supports the most 

extensive rain forests in the world, which hold more dead plant matter than the tropical rain 

forests (Naiman and Bilby 1998), but most of headwater streams in this region are relatively 

unproductive (Bisson and Bilby 1998). Salmon enhancing ecosystem functioning may have 

profound trophic contribution to the headwater stream ecosystems in the Pacific coastal 

ecoregion.  

 

Results of this research project provide insight to understand the dynamics of trophic flow 

networks and ecological mechanisms of the trophic linkages between riparian forests and 

headwater stream ecosystems. Our finding has important implications for forest conservation and 

forest resource management to protect aquatic ecosystems in forested landscapes. 
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