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Abstract

I examined how headwater streams are ecologically linked with the terrestrial 

environment and upstream waters. I examined relationships between fish (rainbow and 

cutthroat trout), invertebrates, and habitat in 15 headwater streams in two ecoregions 

(wet, dry) and timber harvest scenarios (logged, unlogged) in the Wenatchee River sub

basin in the eastern Cascade Mountain Range, Washington state, USA. Fish biomass, 

density, and size were not related to ecoregion nor to logging history. Invertebrate drift 

manipulations in 13 streams influenced fish movement (fish moved downstream in sites 

that were not supplemented with food) and diet (fish consumed less prey when drifting 

invertebrates were removed), but not fish growth or abundance. This study demonstrated 

that fish utilize drifting prey originating from upstream fishless waters, and that they are 

not able to compensate for the loss of this food. Headwater forest management may 

affect fish populations by altering prey resources where fish are food-limited.
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GENERAL INTRODUCTION

Ecological linkages between habitats have received increasing attention in recent 

years as the influence of cross-boundary flows in the functioning of ecosystems has 

become more apparent (Polis et al. 1997, Richardson et al. in press). Stream systems, 

while easily viewed as isolated entities, are intimately linked with neighboring 

ecosystems (Polis et al. 1997). In the lateral direction, these systems are clearly bounded 

by the extent of aquatic habitat, but experience an extensive exchange of materials with 

the surrounding terrestrial environment through runoff, terrestrial infall, and flooding 

events (Ward 1989, Wipfli 1997, Baxter et al. 2005, Hauer et al. 2007, Richardson et al. 

in press). Similarly, a river network consists of a dendritic network of flowing water 

habitats, but these habitats change drastically from the headwaters to the mainstem, so 

that they may be reasonably viewed as a linked series of systems, each with unique 

characteristics (Vannote et al. 1980). Materials move between these habitats, transported 

downstream through the gravitational flow of water (Ward 1989, Benda et al. 2005, 

Wipfli et al. 2007), and upstream through the activity of aquatic and terrestrial organisms 

(Ward 1989; Robinson et al. 2002; Wipfli et al. 1998, 2003). These ecological linkages 

have the consequence that activities far from a stream, e.g., land use in a catchment or 

alterations in the headwaters, may have implications for habitats and fish farther 

downstream (Nadeau and Rains 2007).

There has been much interest in the connections between the terrestrial 

environment and stream habitats. Terrestrial environments contribute nutrients and 

organic and inorganic material to stream water through runoff and infall (Bilby and 

Bisson 1998, Benda et al. 2005). Deciduous riparian plants drop leaves and wood into 

streams (Richardson 1992). The supply of nutrients and organic material from the 

terrestrial environment supports instream production of algae and invertebrates, which 

later may become food for fish (Baxter et al. 2005). Terrestrial invertebrates fall or are 

blown from riparian vegetation into streams (Wipfli 1997, Baxter et al. 2005, Romero et 

al. 2005). Many aquatic invertebrates live a portion of their lives underwater, and then 

emerge to complete their life cycles on land (Borror et al. 1989); often these adult
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invertebrates in terrestrial life stages may fall back into the stream and be consumed by 

fish (Nakano and Murakami 2000, Baxter et al. 2005). In these ways, the terrestrial 

environment contributes directly and indirectly to the prey base available to stream fish.

Ecological linkages also exist between upstream and downstream waters in a river 

network. The river continuum concept describes the changes in stream habitat from 

headwaters to mainstem (Vannote et al. 1980). The high stream-edge-to-volume ratio of 

small streams means that these streams interact most extensively with the terrestrial 

environment (Vannote et al. 1980, Ward 1989). Because they are typically heavily 

shaded by riparian vegetation, productivity in small streams relies extensively on 

allochthonous inputs (Naiman et al. 1987, Ward 1989). Invertebrates and detritus from 

aquatic and terrestrial environments are carried downstream by the flow of water (Wipfli 

and Gregovich 2002, Reiss 2007). Lower in the network, as rivers begin to widen, 

increasing sunlight reaches the stream, allowing increased primary production and a 

reduced dependency of stream organisms on the terrestrial environment (Naiman et al. 

1987, Ward 1989). Aquatic and terrestrial organisms also travel upstream along the 

corridors created by river networks (Robinson et al. 2002, Wipfli et al. 2003). A noted 

example is anadromous salmon that return to their natal streams to spawn. These fish 

carry nutrients from the marine environment back to freshwater, creating a substantial 

resource subsidy for invertebrates, juvenile fish, and riparian birds and mammals (Wipfli 

et al. 1998, Gende et al. 2002, Wipfli et al. 2003). The changing, linked habitats in the 

dendritic network of a river exchange materials and energy both up- and downstream.

Timber harvest in a catchment has direct and indirect effects on stream fish 

(Hicks et al. 1991). There are a number of indirect effects of timber harvest on fish food 

resources (Wilzbach et al. 1986, Hicks et al. 1991, Hetrick et al. 1998). The increase in 

deciduous vegetation in the riparian zone that typically follows logging is associated with 

increased stream primary and secondary production as more sunlight reaches the water 

and as deciduous leaves contribute organic matter and nutrients to the stream (Wallace et 

al. 1997). More invertebrates enter the stream from deciduous vegetation than from the 

coniferous vegetation of an unharvested forest (Wipfli 1997, Allan et al. 2003, Romero et
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al. 2005). As these materials are carried downstream, they have the potential to influence 

fish at locations distant from the actual site of logging (Hartman et al. 1996, Wipfli and 

Gregovich 2002, Reiss 2007).

I examined the effects of logging on stream fish, their food resources, and their 

habitat in small headwater streams of the Wenatchee River sub-basin of the Columbia 

River. My 15 stream sites were located in the eastern Cascade Mountain Range in central 

Washington state, USA. I examined the relationship between drifting invertebrates 

originating from fishless headwaters and fish biomass, density, and size downstream 

(Chapter 1). I then manipulated food abundance (i.e., invertebrate drift) in streams to 

observe the effects of changes in food resources on downstream fish (Chapter 2). The 

intent of this research was to describe the influence of resource subsidies from the 

terrestrial environment and upstream waters on stream fish.
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CHAPTER 1

Habitat correlates of fish biomass in logged and unlogged headwater streams in the

Cascade Range1

1.1 Abstract

Although fish densities can vary widely in small headwater streams, the factors 

responsible for this variability have not been identified. I examined how timber harvest 

(logged, unlogged) and ecoregion (wet, dry) influence rainbow and cutthroat trout and 

their habitat in 15 small streams in the Wenatchee River sub-basin in the eastern Cascade 

Mountain Range, Washington state, USA. Habitat characteristics, drifting invertebrate 

abundance, and fish biomass, density, and size were measured in the summers of 2006 

and 2007. Biomass, density, and individual mass of salmonids were not related to 

ecoregion or to logging history. Fish species varied with ecoregion, with cutthroat trout 

in the wet ecoregion and rainbow trout in the drier ecoregion. Fish biomass was strongly 

associated with stream gradient and invertebrate drift density in streams. Drift density, 

canopy cover, and volume of plunge pool habitat predicted fish densities. Maximum 

stream temperature, stream discharge, and gravel substrate were the best predictors of 

fish size. Invertebrate drift density ranked high in importance in models of fish biomass 

and density, suggesting that food availability should be included in models predicting fish 

numbers or mass in streams, although food limitation of fish appeared to occur only at 

low invertebrate drift densities

1 Green, E. C., M. S. Wipfli, K. M. Polivka, F. Huettmann, C. A. Binckley, and P. F. 
Hessburg. 2009. Habitat correlates of fish biomass in logged and unlogged 
headwater streams in the Cascade Range. Prepared for submission to 
Transactions of the American Fisheries Society.
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1.2 Introduction

In the United States, seven evolutionarily significant units (ESUs) of salmonid 

fishes have been listed as endangered and 28 ESUs as threatened under the U.S. 

Endangered Species Act (USFWS 2008). Fifteen of the threatened salmonid ESUs are in 

the state of Washington (USFWS 2008). Although cutthroat trout (Oncorhynchus clarki) 

and rainbow trout (O. mykiss) remain throughout most of their historical distribution in 

the Columbia River basin, even these most common salmonids have declined in 

abundance and distribution, with greater fragmentation of populations, in recent years 

(Thurow et al. 1997). A major contributor to the decline of salmonids in the Pacific 

Northwest is the loss of accessible, quality habitat (Montgomery 2003). Although 

logging operations no longer impede fish access through splash dams and floating logs in 

rivers, the historical legacy of these practices has been damaging to salmonids 

(Lichatowich 1999, Montgomery 2003). Timber harvest continues to reduce habitat 

quality and is widely practiced in the Pacific Northwest, particularly on forested 

mountain slopes populated by small headwater streams (Lichatowich 1999).

In the Pacific Northwest the rain shadow created by the Cascade Mountain Range 

leads to a steep climatic gradient from the crest of the mountains eastward. In the eastern 

Cascade Mountains in Washington, solar radiation, vegetation, geology, and air 

temperature all vary among ecological subregions (Hessburg et al. 2000). Invertebrate 

drift density varies with ecological subregion and timber harvest history (C. A. Binckley, 

University of Alaska Fairbanks, unpublished data). As biotic and abiotic components of 

the landscape vary with ecoregion, fish and their response to logging may vary as well.

A host of studies (see review in Fausch et al. 1988) relate fish densities to habitat, 

but few account for the role of food availability in determining the distribution of fish.

Of those studies that do incorporate stream invertebrate densities as a predictor of fish 

biomass or density, most quantify food abundance as benthic densities (e.g., Hawkins et 

al. 1983, Murphy et al. 1986, Johansen et al. 2005). Because benthic densities can be 

decoupled from drift densities (Waters 1972, Medhurst 2007), this metric does not 

represent sufficiently the food available to drift-feeding fish. Since stream salmonids are
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often food-limited (Chapman 1966, Klamt 1976, Wilzbach et al. 1986, Nakano et al. 

1999) the availability of drifting invertebrate prey may play a key role in the use of 

headwater stream habitats by fish.

Timber harvest brings about a number of changes to fish habitat (see review by 

Hicks et al. 1991). Logging leads to changes in stream morphology and hydrology 

(Narver 1972, Murphy and Hall 1981, Ziemer and Lisle 1998), increased solar radiation 

(Wilzbach et al. 1986), and increased stream temperatures (Narver 1972, Hartman et al. 

1996) at least for several (< 5) years post-logging. When riparian trees are removed the 

supply of wood declines (Bryant 1983, Murphy et al. 1986, Bilby and Bisson 1998), 

leading to longer-term (decadal) habitat changes (Bryant 1983, Bilby and Ward 1989) 

and salmonid population declines (Dolloff 1986, Murphy et al. 1986, review in Trotter 

1989).

The objectives of this study were to: 1) test whether ecoregion and logging 

history affect fish populations in forested headwater streams in the Wenatchee River sub

basin, 2 ) determine what habitat characteristics vary between ecoregions and between 

logging regimes, 3) determine what habitat characteristics best explain differences in fish 

response between ecological subregions and timber harvest regimes, and 4 ) test how food 

availability influences the biomass, density, and size of fish in streams.

1.3 Study Site

This study was conducted in Washington, USA, on the eastern slopes of the 

Cascade Mountain Range. Headwater stream sites were located in the Wenatchee River 

sub-basin of the Columbia River watershed in and near the Wenatchee National Forest. 

Study site locations ranged from to 121°02’38”N to 120°32’36”N, and from 47°54’19”W 

to 47°19’50”W. The spatial extent of the sub-basin encompasses a substantial climatic 

gradient, a patchwork of public and private lands where timber harvest practices vary in 

intensity, and abundant headwater streams within relatively small areas providing 

replication within a given set of climate and land use conditions.
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Hessburg et al. (2000) named and described ecological subregions (called 

ecoregions hereafter) for the Interior Columbia River basin, which are characterized by 

geology, landforms, climate, and potential vegetation composition. I selected 15 low- 

order streams within two of these ecoregions (ESR 4, called “wet ecoregion” henceforth, 

and ESR 11, “dry ecoregion”; described in Table 1-A). Each of the streams contained a 

barrier impassable to fish. Patterns in fish habitat and fish biomass, density, and size as 

related to ecoregion and history of timber harvest were examined in these streams.

Land use in selected catchments ranged from recent logging (20-25 years since 

logging except for one wet ecoregion stream logged 8 years previous to my study, 

verified by cores of replanted trees; called “logged” hereafter) to no logging for a 

minimum of 50 years (referred to as “unlogged” hereafter). Within the wet ecoregion, 

five study streams have catchments that have been logged, and three have unlogged 

catchments, while in the dry ecoregion, five streams have logged catchments, and two are 

unlogged. The varying climate and land use over the many streams in the Wenatchee 

River sub-basin offers the opportunity to explore general trends in logging response 

under diverse conditions, as well as to separate the influences of climate and land use on 

habitat, drifting invertebrates, and fish.

The eight stream study sites in the wet ecoregion are inhabited by westslope 

cutthroat trout (O. clarki lewisi). The seven stream sites in the dry ecoregion are 

inhabited by rainbow trout. No other fish species were observed in the study sites during 

my study. One cutthroat trout was sighted two years later in the dry ecoregion (K. 

Polivka, USFS Pacific Northwest Research Station, personal communication). The study 

streams were small, high-gradient headwater streams (median stream gradient 12.3%, 

first quartile: 8.7%, third quartile: 15.8%). Streams sites were located in 50-m stream 

segments at the most upstream limits of fish occurrence. Sites were stratified by 

ecological subregion (Hessburg’s ESR 4 v. ESR 11), then by logging history (recently 

logged v. unlogged for > 50 years). Sites were located to avoid movement of fish 

between sites. Only streams where the uppermost limit of fish occurrence was within 1 h 

walk of a road were included in order to permit reasonable access. Thirteen sites meeting
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these criteria were selected to coincide with sites used in a companion study of headwater 

stream invertebrates in the area (C. A. Binckley, University of Alaska Fairbanks, 

unpublished data). Two more sites not used in the companion study, but meeting the 

other criteria described above, were opportunistically selected for a total of 15 stream 

sites (Table 1-B).

1.4 Methods

1.4.1 Fish sampling

Fish, invertebrate drift, and stream habitat data were collected at each of 15 

streams two times in June-September of 2006 (minimum 28 days between samples in a 

stream) and once in July-August 2007). Sites were located at the uppermost limits of fish 

occurrence, at a barrier to upstream fish movement (henceforth “fish barrier”).

To estimate fish abundance and size, a 50-m stream segment downstream from 

the fish barrier was blocked at the downstream end with a seine net (3-mm mesh) for 

each fish-sampling event. Fish were collected and removed by two-pass electrofishing 

using a Smith-Root backpack LR-24 electrofisher (Smith-Root, Inc., Vancouver, WA). 

Survey time varied, with a median electroshocking time of 1,354 s (25%: 1,014 s; 75%: 

1,691 s). Each stream was thoroughly searched for fish, with two passes of 

electroshocking in all water in the 50-m length of stream designated as the study site.

Wet mass (to the nearest 0.1 g) of each fish was recorded. Using a measuring board, each 

fish was measured to the nearest 1 mm from tip of the nose to the end of the caudal 

peduncle (standard length). Fish observed but not collected were also counted (all were 

rainbow or cutthroat trout). Fish were returned to their capture locations at the end of 

each sampling event.

1.4.2 Invertebrate drift sampling

To estimate food availability for fish, invertebrate drift samples were collected 

once per month in each stream with a 1-m long, tubular, 250-pm mesh net with its mouth 

attached to a 12- x 12-cm square-mouthed plastic pipe, which measured 30 cm in length. 

The sampling device was placed in a riffle on the bed of the stream, oriented so that water
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flowed downstream through the pipe and into the open end of the net, and held in place 

with rocks. Invertebrate drift was sampled from the entire water column for a period of 

24 h (riffles were < 12 cm deep). I measured water velocity (with a Flow Probe® 

flowmeter [Global Water Instrumentation, Inc., Gold River, CA] in 2006, and a Marsh- 

McBirney Flo-Mate 2000 electromagnetic flow meter [Hach Company, Loveland, CO] 

in 2007) and depth in the two sides of the mouth of the pipe at the beginning and the end 

of the sampling period. Depth and flow measurements were used to estimate the volume 

of water sampled over the 24-hr sampling period. Drift samples were collected on or 

near the dates when fish were sampled. Drift samples were preserved in 70% ethanol. 

Invertebrates were counted, dried to a constant weight at 100°C, and weighed to the 

nearest 1 mg.

1.4.3 Physical habitat characteristics

To relate stream habitat to ecological condition and to fish metrics, data on 

characteristics of stream habitat were collected using protocols adapted from Bain and 

Stevenson (1999). In 2006, transects were measured along the sampled 50-m segment in 

each stream, perpendicular to stream flow, spaced at a distance of three times stream 

width. For the initial sampling event, on each transect I measured: 1) wetted width, 2) 

stream depth, 3) stream velocity, 4 ) substrate, 5) amount and size of woody debris, 6) 

bank angles, undercut distance and undercut water depth (used to calculate undercut 

volume), and 7) riparian vegetation cover (Appendix) Identity of bank vegetation (most 

common tree, shrub, and herb) between each pair of transects was determined using 

Whitney and Sandelin (2003). Habitat characteristics were measured within 4 d of each 

fish-sampling event. I recorded the pool-run-riffle series and gradient (degrees drop per 

meter, measured with a clinometer) of each sample stream segment. One Onset HOBO 

TidbiT Data Logger (MicroDAQ.com, Ltd, Contoocook, NH) located near the fish 

barrier in each stream measured water temperature every 2 h throughout the first year of 

the study. On the second sampling event in 2006, only 1) wetted width, 2 ) stream depth, 

3) water velocity, 4 ) turbulence, 5) bank angles, and 6) undercut volume were measured.

1.4.4 Statistical analysis



14

Three metrics were used to test for a fish response to variation in ecoregion or 

logging history of stream sites. I tested for effects of ecoregion or logging on fish 

biomass (total wet mass of fish / 50 m stream length), density (number of individuals / 50 

m stream length), and individual fish size (median fish mass). Fish density for each 

sampling event was estimated as the total number of fish observed at each sampling event 

(fish captured + fish observed but not captured). Fish biomass was estimated as the sum 

of the individual masses of captured fish in a 50-m stream segment, corrected for fish 

observed but not captured [fish captured + (fish observed and not captured x mean mass 

of a captured fish)]. While size of fish that were not captured was not recorded, there 

was no apparent bias in the size of fish we observed but were unable to capture.

Because repeated measurements (three sampling events) were taken on each stream, a 

linear mixed effects model with random stream effects was chosen to test for fish 

response to ecoregion and logging condition (Pinheiro and Bates 2000). The model tests 

for effects of the main variables while allowing for random variability in the fish 

response among streams. Models were fit via maximum likelihood estimation using the 

„nlme’ library written for the R computing environment (R version 2.7.2 GUI 1.25 (5217) 

for Mac OS X, Pinheiro et al. 2008). Analysis of variance was used to test for significant 

effects of ecoregion and logging history on loge-transformed biomass, density, and 

median individual mass. Fish metrics were loge-transformed to meet model assumptions.

Habitat characteristics for consideration as explanatory variables were chosen 

based on relationships described in the scientific literature (Fausch et al. 1988, Hughes 

1998, Bain and Stevenson 1999) and on observations while collecting data in the field 

(Appendix). Invertebrate drift density was also considered as a potential predictor of fish 

response. Mean drift density was calculated as a mean of the densities of the two 

samples collected in a given stream nearest to the fish sampling date in that stream (the 

one before, and the one after), weighted by the relative proximity in time to the sampling 

date, according to the formula:

(1 ) S1 x (D2-DF) + S2 x (DF-D1)
D2-D1
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where Sj is invertebrate drift sample density, Dj is sample date, j = 1 corresponds to drift 

sample before, j = 2 corresponds to drift sample after, and j = F corresponds to fish 

sample. When an invertebrate sample was taken on the same day as a fish sample, only 

that sample was used to estimate invertebrate density for that fish sampling event.

Each habitat variable was also tested for a linear relationship with ecoregion and 

logging intensity in linear regression (for habitat variables that were measured only once) 

or linear mixed effects models (for habitat variables that were measured on multiple 

occasions) to see whether sites differing in ecoregion or logging history presented 

different habitat characteristics to fish (fixed effects model form: habitat variable = 

txi + Pi x (ecoregion) + p2 x (logging history), random effects model: habitat variable = 

a 2 by stream). In this analysi s  p  < 0 .01 was considered to be statistically significant to 

reduce the occurrence of spuriously significant results with the high number of response 

variables. To test the predictive strength of the models, a model prediction error was 

calculated by dividing the root mean squared error in predictions by the mean observed 

value for the response variable. It should be noted that the model predictions were tested 

against the same data from which the models were built.

Nonlinear regression models selected from all of the habitat variables were then 

created using the ‘randomForest’ package version 4.5-28 in the R computing 

environment (Breiman 2001, Liaw and Wiener 2002, Svetnik et al. 2003). Because there 

were repeated samples in each stream, the identity of the stream was also included as a 

predictor.

Random Forest uses an ensemble of decision trees to improve on the predictive 

accuracy of algorithmic decision tree approaches to modeling (Breiman 2001, Svetnik et 

al. 2003). Decision trees are useful for modeling ecological data because they can be 

applied to high-dimensional data and are able to ignore irrelevant candidate variables and 

to permit multiple mechanisms of action and interaction, properties retained by Random 

Forest (De’ath and Fabricius 2000, Svetnik et al. 2003, Hochachka et al. 2007). The 

Random Forest regression models presented here were optimized on percentage variation 

explained and mean squared residuals. I used a large number of predictive habitat
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variables to predict fish responses (species, biomass, density, and individual mass) 

despite a small sample size. Random Forest provides a good method for exploratory 

analysis of such data because it is not known to overfit the model (Svetnik et al. 2003).

Unlike parametric methods, which typically require that correlated predictors be 

reduced before analysis, Random Forest can handle correlated predictors. In regression, 

Random Forest creates predictions by averaging the predictions of individual decision 

trees, each of which is generated by bootstrapped samples of training data and a 

randomly selected subset of predictor variables (Breiman 2001, Svetnik et al. 2003). 

Because of this random sampling of predictors, the predictors that produce the most 

accurate predictions are retained in the model, even if they are correlated with other 

predictor variables (Svetnik et al. 2003). Typically, correlated predictors are ranked 

approximately equally in the model. This sort of exploratory analysis is useful under 

circumstances where there is not a clear mechanistic reason to eliminate either of a pair 

of correlated predictor variables; the variables that perform best in predictions can then 

be tested with an experimental approach in a hypothesis-testing framework (Hochachka 

et al. 2007).

The relationship between predictors is not apparent from a Random Forest model, 

but the partial effects of each predictor selected as important by the algorithm can be 

assessed and visualized (Svetnik et al. 2003). Partial dependence plots were generated to 

show the marginal effect of top predictive habitat variables on the regression of each fish 

response variable (fish biomass, density, and median individual fish mass). These plots 

generate predicted values for the response variable over a range of values for the 

predictor of interest, while holding values for all other predictors constant.

Because the Random Forest solution is an average of a large number of different 

trees, each built from different subsets of the entire data set, and different subsets of the 

predictors (a process known as “bagging” [Breiman 2001]), it is not possible to obtain a 

percentage variance explained for each predictor. Instead, Random Forest calculates 

model improvement ratios. These ratios indicate how much explanatory power is lost 

from the model when the values for a given predictor variable are randomly shuffled
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(Liaw and Wiener 2002). If a predictor is important in the model, permutating its values 

will have a large effect on the explanatory power of the model; if the predictor is of low 

importance, shuffling its values will have little effect on the performance of the model. 

Model improvement ratios for each predictor in the model were calculated in R based on 

the mean increase in mean squared error when the predictor was randomly permuted 

(Liaw and Wiener 2002).

Percentage variation explained in Random Forest models is calculated using out- 

of-the-bag estimates (Breiman 2001). Individual decision trees are built from “bagged” 

subsets of the dataset, with different random “bags” of data used for each tree (Breiman 

2001). The predictive strength of a tree is tested by predicting back to the data points that 

were not included in the bagged sample, the out-of-the-bag data points (Breiman 2001). 

Models are optimized on out-of-the-bag estimates of percentage variation explained and 

mean squared residuals.

The percentage variation explained by the linear mixed effects models and the 

Random Forest models in this paper cannot be directly compared, because the model 

error on the mixed effects models is estimated based on the model’s ability to predict the 

data from which it was built, while the Random Forest models are being evaluated on 

their ability to predict to out-of-the-bag data points that weren’t included in each iteration 

of the model building process. This may have the effect of making the linear models 

appear to perform better than the Random Forest models. In fact, the models were built 

to answer different questions, and are not directly comparable.

All linear models were fit to each fish response (biomass, density, median 

individual mass, and loge(biomass), loge(density), and loge(median individual mass)).

For the linear models, plots of residuals against fitted values, and of residuals against 

fitted values by stream, were examined. Residual plots for untransformed biomass, 

density, and median individual mass showed an increase in residuals with fitted values; 

therefore, loge-transformed values were used to meet model assumptions. Untransformed 

variables were used to fit the Random Forest models, which do not assume normality 

(Liaw and Wiener 2002).
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1.5 Results

1.5.1 Ecoregion and logging effects on fish

In a linear mixed effects analysis of variance with ecoregion and logging intensity 

as the predictor variables, there were no significant effects of ecoregion or logging on 

fish biomass, density, or median individual mass (Tables 1-C, 1-D). Westslope cutthroat 

trout occurred only in the wet ecoregion, and rainbow trout in the dry ecoregion.

1.5.2 Ecoregion and logging effects on fish habitat

Few of the measured habitat variables differed by ecoregion or logging regime. 

Sites in the two ecoregions differed significantly in only two measured habitat variables 

in a linear model. There were more than twice as many pieces of small woody debris per 

transect in dry ecoregion sites than in wet ecoregion sites (Table 1-E). Study sites in the 

wet ecoregion had a 7% higher mean gradient than sites in the dry ecoregion. No other 

habitat variables differed significantly between ecoregions. Sites within the two different 

logging history categories varied significantly in only a single characteristic: logged sites 

typically had about more gravel substrate than unlogged sites (median 24% gravel in 

logged sites compared to 9% in unlogged sites).

1.5.3 Predicting fish responses from habitat features

The two fish species were consistently divided along ecoregional lines. The model 

separating fish species based on habitat features contained six predictors with a 25% 

classification error (Figure 1-A). The strongest predictor was mean stream gradient. The 

rest of the predictors were much less important in the model (< 0.3 model improvement 

ratio): canopy type, small woody debris, median annual stream temperature, and stream 

discharge. Cutthroat trout were found in higher gradient streams than rainbow trout.

The best model for predicting fish biomass using a Random Forest regression 

analysis selecting from all of the measured habitat variables explained 42% of the 

observed variation in fish biomass among samples (Figure 1-B). This model included as 

its predictor variables: 1) identity of the stream, 2) % sand substrate, 3) average stream 

gradient, 4 ) stream catchment, and 5) invertebrate drift density. Fish biomass increased
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with % sand substrate (Figure 1-C). Biomass was highest in streams with the lowest (< 

7% ) and highest (> 20% ) average gradients, and lowest in streams of intermediate 

gradient. Fish biomass increased with invertebrate drift density up to about 5 

invertebrates / m of water; once fish biomass reached around 300 g of fish per 50-m 

stream segment, increased invertebrate density no longer influenced biomass of fish. 

Invertebrate drift density was quite low in almost all streams, with a median drift density 

of 0.72 invertebrates / m3 (25%: 0.35 invertebrates / m3, 75%: 1.03 invertebrates / m3). 

There were only two stream sampling events where invertebrate density was greater than 

5 individuals / m .

A model containing six variables described 48% of the variation in fish density: 

identity of the stream, invertebrate drift density, % deciduous and % coniferous canopy, 

and volume of plunge pools (Figure 1-D). Fish density increased rapidly with 

invertebrate drift density until about 5 invertebrates / m3 of water, at which point 

increased invertebrate density was no longer related to increased fish density (Figure 1- 

E). There were more fish in streams with > 70% deciduous canopy and < 20% 

coniferous canopy. Fish density also increased rapidly with the volume of plunge pools 

in the stream.

A model containing three predictive variables explained 36% of the variation in 

median individual fish mass (Figure 1-F). Fish size increased with maximum stream 

temperature during the sampling month and increased with stream discharge. Fish mass 

declined with % gravel substrate (Figure 1-G).

1.6 Discussion

1.6.1 Ecoregion and logging effects on fish and fish habitat

Fish did not respond to ecoregion and logging in the expected ways. Fish 

biomass, density and individual fish mass were not significantly related to ecoregion nor 

to logging. However, rainbow and cutthroat trout were segregated by ecoregion. All of 

the fish that I observed in wet ecoregion streams were cutthroat trout; every fish I 

observed in my dry ecoregion streams was a rainbow trout (one dry ecoregion stream
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containing rainbow trout along with introduced brook trout was excluded from this 

study).

The model separating fish species based on habitat features contained six 

predictors. Mean stream site gradient was the strongest habitat predictor of fish species, 

with cutthroat trout in higher gradient stream segments than rainbow trout. Because I 

located my study sites at the most upstream points where fish occurred in these mountain 

headwater streams, this suggests that cutthroat trout occur higher upstream in the 

headwaters than do rainbow trout. This is consistent with the findings of other studies, 

which have shown cutthroat trout to occur in lower order streams (Platts 1979) and higher 

gradients (Griffith 1988, Bozek and Hubert 1992) and elevations (Magee et al. 1996, de 

la Hoz Franco and Budy 2005) than rainbow trout. I located my sampling sites at the 

uppermost limits of fish occurrence in each stream. Because cutthroat trout occur futher 

upstream than rainbow trout, my sites in cutthroat trout streams were located further 

upstream than my sites in rainbow trout streams. Stream gradient increases as one moves 

further upstream in this mountainous area. This likely explains why the stream sites 

containing cutthroat trout were of a higher gradient than sites containing rainbow trout in 

this study. Yet, even further downstream, I observed that the fish species continued to be 

clearly separated along ecoregional lines. Since cutthroat trout tend to inhabit locations 

further upstream than do rainbow trout, my study sites, located at the uppermost limits of 

fish occurrence, were further upstream (at higher gradient sites) in cutthroat trout streams 

(wet ecoregion) than in rainbow trout streams (dry ecoregion). Because the difference in 

stream gradient between species observed in this study is likely an artifact of my 

sampling design, there is no reason to conclude that stream gradient drives the differences 

between species composition in the two ecoregions. The model had a fairly high out-of- 

the-bag rate of classification error, suggesting that I failed to measure some variables 

important to determining fish species.

I observed no effects of logging on fish. This is not consistent with results 

documented in other studies (Dolloff 1986, Murphy et al. 1986, Trotter 1989, Hicks et al. 

1991). There are a number of possible explanations for this lack of a logging effect. One
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is that these streams had all been harvested a minimum of 8 years prior to this study, and 

all but one stream site had been harvested 20-25 years previously. The only habitat 

feature I measured to vary with logging was the % gravel substrate, and features that 

typically change following logging, e.g., stream temperature (Wilzbach et al. 1986, 

Hernandez et al. 2005) and invertebrate drift densities (Stone and Wallace 1998, 

Hernandez et al. 2005), did not vary; it may be that sufficient time had passed since 

logging to permit recovery of fish and habitat. Many of the negative effects of logging 

are not caused directly by the timber harvest, but by the construction of logging roads 

(Hicks et al. 1991, Jones et al. 2000). Both my logged and my unlogged sites were 

located near roads for ease of access. If the long-term effects of logging on fish primarily 

result from the construction of logging roads, this effect would not be observed in this 

study. Another possible explanation for the lack of observed effect is related to my study 

design; sample size was small and variability was high. The means I observed were 

consistently higher in unlogged than in logged streams (for fish biomass, density, and 

individual mass), but confidence intervals were wide and there were no statistically 

significant differences between sites with different land use histories. Therefore, this lack 

of an observed effect may not reflect a true biological lack of effect, but rather an 

insufficient sample size to detect differences.
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1.6.2 Predicting fish responses from habitat features

Random Forest regression models were able to explain 36-48% of the variation in 

fish biomass, density, and individual fish mass in our study. The identity of the 

individual sampling stream was the strongest predictor of fish biomass and density, 

suggesting that the measured habitat variables failed to account for the most important 

environmental factors determining density and size of fish in these streams. Stream 

gradient, canopy cover, invertebrate drift density, and stream temperature were the 

important habitat predictors of fish biomass, density, and size.

The top habitat predictor of fish biomass was % sand substrate. Because cutthroat 

trout (Moore and Gregory 1988, Nelson et al. 1992, Borisenko 1995, Magee et al. 1996) 

and rainbow trout (Borisenko 1995) both typically prefer larger and more embedded 

substrates, a positive relationship between total fish mass and sand substrate was 

unexpected. However, sand substrate correlates with stream gradient. High gradient 

streams with fast-moving water have coarser substrate because smaller particles are 

carried downstream by the fast water, whereas lower gradient streams with slow-moving 

water have finer substrates (Murphy and Hall 1981, Hawkins et al. 1982, Latterell et al. 

2003). Sand substrate, then, may provide a proxy for stream gradient over a greater scale 

than my 50-m study reach. The importance of sand substrate in the model suggests a 

higher fish mass in low-gradient streams.

Unexpectedly, fish biomass was highest in stream segments with the lowest (< 

7% ) and highest (> 20% ) mean gradients, and lowest in stream segments of intermediate 

gradient. Gradient in this study was measured at the scale of the 50-m stream site, so that 

one or a few waterfalls in the stream length might have a substantial impact on the local 

estimate of stream gradient. Multiple studies have shown that fish biomass is higher in 

low-gradient streams because they are more accessible (Kruse et al. 1997, Adams et al. 

2000, Latterell et al. 2003). However, high-gradient mountain streams often consist of a 

series of small waterfalls and plunge pools that offer concealment from predators. They 

are further attractive to fish because they are often the deepest water in very shallow 

streams. So it is possible that the high fish biomasses observed in high-gradient stream
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segments in this study are linked to a higher availability of plunge pool habitat in stream 

lengths that contain many or steep waterfalls. A significant positive linear relationship 

between meters of stream length in plunge pools or cascades and mean stream gradient 

over the stream study segment supports this interpretation. The increase in fish density 

with increasing volume of plunge pools is consistent with findings of Murphy et al.

(1986) in southeast Alaska, Hartman et al. (1996) in British Columbia, and Latterell et al. 

(2003) on the west slope of the Cascade Mountains, also in Washington, where 

headwater stream segments with more pools had a higher probability of containing coho 

salmon parr or rainbow and cutthroat trout. Latterell et al. (2003) attributed this 

relationship to the opportunity offered by pools for increased maneuverability for 

jumping over barriers in the stream and for refuge from predation and high temperatures.

Fish biomass and density increased with invertebrate drift density up to about 5 

invertebrates / m of water; once fish biomass reached around 300 g of fish per 50-m 

stream segment, increased invertebrate density no longer influenced fish biomass. It 

should be noted that only two sampling events actually revealed drift densities higher 

than 5 invertebrates / m . Other studies have found that increased invertebrate drift 

density positively affected fish numbers or growth (Chapman 1966, Klamt 1976, Murphy 

and Hall 1981, Murphy et al. 1981, Murphy et al. 1986, Wilzbach 1985, Wilzbach et al. 

1986). Individual fish mass was not related to invertebrate drift density. It is notable that 

maximum stream temperature was a predictor of fish size; the temperature of these cold 

mountain streams likely prevents fish from fully utilizing available food resources for 

increased growth. Instead, fish numbers were higher in streams with more available 

food. My results suggest that fish numbers are food limited only when drift densities are 

< 5 invertebrates / m .

There was a positive relationship between fish density and % deciduous canopy 

coverage, and a negative relationship with % coniferous canopy cover. There is some 

evidence from other work for a positive response of salmonids to deciduous canopy 

coverage. Cutthroat trout fry emerged earlier, were more abundant, and were larger and 

in better condition in a stream with deciduous compared to a coniferous canopy (Moore
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and Gregory 1988). The age-1 length of dominant rainbow and cutthroat trout in small 

streams in northern California was predicted by the percentage of riparian hardwoods 

(primarily red alder, Alnus rubra) (Frazey and Wilzbach 2007). Riparian vegetation 

composition has been linked with inputs of terrestrial invertebrates, an important food 

source for drift-feeding salmonids (Wipfli 1997, Piccolo and Wipfli 2002, Allan et al. 

2003). There is also evidence that invertebrates feeding on deciduous vegetation have 

higher nitrogen levels than do invertebrates feeding on coniferous vegetation (see review 

in Wipfli 1997); in this case, invertebrates falling into the stream from deciduous plants 

would contribute more to fish nutrition than do invertebrates falling in from coniferous 

vegetation.

1.6.3 Conclusions

I did not observe significant effects of logging or ecoregion on fish or fish habitat 

in these streams 20-25 years after logging. This may be because two decades allow 

sufficient time for streams and fish to recover from any logging effects that may have 

occurred, because both the logged and unlogged sites experienced other human impacts 

(e.g., close proximity to roads), or because my design lacked the statistical power to 

detect effects.

My best models were able to describe less than half of the variation in fish 

responses, despite the inclusion of most habitat features that typically affect fish numbers 

and size at the reach scale. This suggests that the important drivers of fish mass and 

density are operating at some scale other than this small stream segment scale 

(Huettmann and Diamond 2006). Future research testing these and other relationships at 

landscape scales could determine whether a larger-scale approach could strengthen 

predictive models of fish in small streams; if so, they would be valuable tools to 

managers seeking to protect sensitive headwater salmonid fish.

This study indicates the need to consider stream gradient, invertebrate drift 

density, plunge pools, and riparian canopy as important components of habitat supporting 

fish populations. Future studies should aim to explore mechanistic relationships between 

these habitat characteristics and stream salmonids.
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1.8 Tables
Table 1-A. Characteristics of ecological subregions (ESR 4 [“wet”] and ESR 11 [“dry”]) in which 15 study streams are 
located (Hessburg et al. 2000, 2004).

ecoregion characteristics ESR 4: wet ecoregion ESR 11: dry ecoregion

annual precipitation 1,100-3,000 mm/year (mostly 

snow)

150-400 mm/year

mean annual tem perature 5-9 °C 10-14 °C

principal potential vegetation moist and cold forest moist and dry forest

composition

solar radiation 200-250 W/m2 250-300 W/m2

dominant geology granite sandstone

drainages of stream sites Nason Creek (three streams), Mission Creek (two

Little Wenatchee River (three streams) and Peshastin

streams), and White River (two Creek (five streams)

streams)
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Table 1-B. Description of study streams. Frequency of surveys for each characteristic is described in Table 1-C.

stream characteristic median (25%  to 75% )

wetted width 140 cm (98 to 177 cm)

depth 8.5 cm (6.0 to 10.0 cm)

discharge 6.7 m3/s (3.2 to 11.8 m3/s)

gradient 12.3% (8.7 to 15.8%)

median stream tem perature 8.1° C (7.4 to 8.8° C)

elevation 874 m (629 to 1,039 m)

catchment size 256.20 ha (103.62 to 378.64 ha)

common coniferous canopy western red cedar (Thujaplicata), hemlock (Tsuga spp.), grand fir (Abies grandis),

plants Douglas fir (Pseudotsuga spp.)

common deciduous canopy alder (Alnus spp.), vine maple (Acer circinatum), dogwood (Cornus spp.), devil’s club

plants (Oplopanax horridus), willow (Salix spp.)

N>



Table 1-C. Effects of ecoregion on stream fish. Linear mixed effects regression models describing the relationship of 

ecoregion with log-transformed fish biomass, density, and mass. Test statistics ( t), df, and p -values (p ) are presented. The 

number of groups in the mixed effects models is 15, n = 40, model degrees of freedom = 13.

response variable mean ± standard error (log- 

transformed values)

mean ± standard error (raw  values) t P

loge(fish biomass) wet: 5.2 ± 0.4 wet: 223.4 ± 83.1 g fish / 50 m 0.13 0.90

dry: 5.2 ± 0.3 dry: 271.8 ± 60.5 g fish / 50 m

loge(fish density) wet: 2.2 ± 0.3 wet: 12.1 ± 3.5 fish / 50 m 1.55 0.14

dry: 1.7 ± 0.2 dry: 8.3 ± 2.6 fish / 50 m

loge(median individual fish wet: 2.8 ± 0.2 wet: 19.6 ± 5.7 g -1.77 0.10

mass) dry: 3.2 ± 0.2 dry: 33.0 ± 4.1 g



Table 1-D. Effects of logging on stream fish. Linear mixed effects regression models describing the relationship of logging 

history with log-transformed fish biomass, density, and mass. Test statistics ( t), df, and p -values (p ) are presented. The 

number of groups in the mixed effects models is 15, n = 40, model degrees of freedom = 13.

response variable mean ± standard error (log- 

transform ed values)

mean ± standard error (raw  values) t P

loge(fish biomass) unlogged: 5.5 ± 0.4 unlogged: 354.7 ± 77.7 g fish / 50 m 1.38 0.19

logged: 5.0 ± 0.2 logged: 191.3 ± 45.1 g fish / 50 m

loge(fish density) unlogged: 2.1 ± 0.4 unlogged: 11.2 ± 2.1 fish / 50 m 0.48 0.63

logged: 1.9 ± 0.2 logged: 10.0 ± 4.1 fish / 50 m

loge(median individual unlogged: 3.13 ± 0.2 unlogged: 32.24 ± 6.5 g 0.73 0.48

fish mass) logged: 3.0 ± 0.1 logged: 22.8 ± 3.8 g

4̂



Table 1-E. Habitat characteristics that vary with ecoregion or logging history in an ANOVA. Median and quantile values are 

given for each factor level of the predictor. Test statistics (t) andp-values (p) are presented. For all models, n = 15.

predictor response factor level: median and 

quartile values (25

7 5% )

factor level: median and 

quartile values (25

75% )

t P

ecoregion small woody debris dry: 2 (1-3) pieces / wet: 1 (0-1) pieces / -2.90 0.01 0.36

transect transect

ecoregion mean stream gradient dry: 8.7 (7.2-10.2) % wet: 15.8 (13.3-17.7) % 3.51 0.004 0.47

logging history % gravel substrate logged: 24 (16, 28) % unlogged: 9 (9, 18) % -2.73 0.02 0.36
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1.9 Figures

Figure 1-A. Ranking of top predictors in fish species model. Model improvement ratios 
of top predictive variables in model of fish species. The model classified fish species 
based on habitat characteristics with 75% accuracy.
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Figure 1-B. Ranking of top predictors in fish biomass model. Model improvement ratios 
of top predictive variables in model of fish biomass. The model explains 42% of the 
variation in g fish per 50-m stream length.



Figure 1-C. Effects of habitat predictors on fish biomass. Partial plots of marginal effects of top predictive habitat variables 
on the regression of fish biomass per 50-m stream segment. The identity of the individual stream and stream catchment were 
categorical predictors in the top model, along with these three continuous habitat variables, which explained 42% of the 
variation in fish biomass in a nonlinear Random Forest regression model. The _y-axis indicates the range over which these 
predictor variables influenced fish biomass. Median fish biomass was 194.0 g / 50 m (25%: 110.6 g / 50 m, 75%: 357.5 g / 50 
m).
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Figure 1-D. Ranking of top predictors in fish density model. Model improvement ratios 
of top predictive variables in model of fish density. The model explained 48% of the 
variation in fish density.
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Figure 1-E. Effects of habitat predictors on fish density. Partial plots of the marginal 
effects of top predictive habitat variables on the regression of number of fish per 50-m 
stream segment. The identity of the individual stream was the most important predictor 
in the top model, along with with these five habitat variables, which explained 48% of the 
variation in number of fish per 50 m stream in a nonlinear Random Forest regression 

model. The y-axis indicates the range over which these predictor variables influenced 
fish density. Median fish density was 7 fish / 50 m (25%: 4 fish / 50 m, 75%: 16 fish / 50 
m).
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Figure 1-F. Ranking of top predictors in model of median individual fish mass. Model 
improvement ratios of top predictive variables in model of median individual fish mass. 
The model explained 36% of the variation in individual fish mass.
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Figure 1-G. Effects of habitat predictors on median fish mass. Partial plots of the marginal effects of top predictive habitat 
variables on the regression of individual masses of fish captured in a 50-m stream segment. These three habitat variables 
explained 36% of the variation in median individual fish mass in a nonlinear Random Forest regression model. The y-axis 
indicates the range over which these predictor variables influenced fish size. Median fish mass was 23.3 g (25%: 14.5 g, 75%: 
30.3).
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1.10 Appendix

Methods for collecting stream habitat data (adapted from Bain and Stevenson 1999) and frequency of sampling.

variable method instrument frequency

ecoregion (wet v. dry) classified by Hessburg et al. (2000) once

logging intensity replanted trees (Douglas fir) surrounding tree corer node-counting: 1 x by 3

(logged = logged within the stream aged by counting nodes, observers

25 years; unlogged = validated by tree cores from replanted trees cores: 3 cores per site

unlogged > 50 years) measured in 2006

average wetted width width of wetted area perpendicular to tape measure transects spaced at 3 x

(cm) stream flow; all measurements for a given 

site/date combination were averaged

stream width for 50-m study 

reach in 2006; 12.5 cm 

intervals on transects 

spaced 0.5-m apart for 50-m 

study reach in 2007



average stream depth depth from surface to stream bottom; all 

(cm) measurements for a given site/date

combination were averaged

average stream velocity at a distance 40% below stream

velocity (m/s) surface; all measurements for a given

site/date combination were averaged



ruler Vi, '/2, and Vi stream width 

on transects spaced at 3 x 

stream width for 50-m study 

reach in 2006; 12.5 cm 

intervals on transects 

spaced 0.5-m apart for 50-m 

study reach in 2007

Global Water Vi, V2, and Vi stream width

Instrumentation Inc. on transects spaced at 3 x

Flow Probe© stream width for 50-m study

flowmeter in 2006, reach in 2006; 12.5 cm

and a Marsh- intervals on transects

McBimey Flo-Mate spaced 0.5-m apart for 50-m

2000©

electromagnetic 

flowmeter in 2007

study reach in 2007



average discharge 

(m3/s)

volume pools (m3)

water depth, wetted width, and flow 

measured along 1 (2006) or several (2007) 

transects located at areas of consistent flow 

and multiplied to estimate discharge

pool-riffle series recorded along length of 

study reach; for each pool, the length of the 

pool, and wetted widths and stream depths 

measured on transects that fell within the 

pool, were used to calculate volume of the 

pool; totaled for each date/study reach



ruler, tape measure, 5-cm intervals along one

Global Water transect (2006) or a series

Instrumentation Inc. of them (2007)

Flow Probe©

flowmeter in 2006,

and a Marsh-

McBimey Flo-Mate

2000©

electromagnetic

flowmeter in 2007

tape measure, ruler, entire reach length (both

Global Water years)

Instrumentation Inc.

Flow Probe©

flowmeter in 2006,

and a Marsh-

McBimey Flo-Mate

2000©

electromagnetic

flowmeter in 2007



substrate type

amount of woody 

debris

undercut area (m3)

substrate at sample points was classified 

into one of 6 size categories (as defined by 

Bain and Stevenson 1999): silt and clay 

(<0.059 mm), sand (0.06-1 mm), gravel (2- 

15 mm), pebble (16-63 mm), cobble (64- 

256 mm), boulder (> 256 mm); percentage 

of samples of each substrate type was 

calculated

number of pieces with diameter in each of 4 

size categories along each transect: 1-5 cm; 

6-10 cm; 11-50 cm; > 50 cm 

calculated from bank angles, undercut 

distance, and undercut depth; 

bank angles: slope of the bank at the water’s 

edge, measured with a clinometer 

undercut distance: distance from outer edge 

of overhanging bank to the furthest point 

reached by water underneath the bank; 

undercut depth: depth of water at the 

outside edge of the overhanging bank



tape measure

tape measure 

ruler

clinometer

Vi, V2, and Vi stream width 

on transects spaced at 3 x 

stream width for 50-m study 

reach

transects spaced at 3 x 

stream width for 50-m study 

reach

both banks on transects 

spaced at 3 x stream width 

for 50-m study reach in 

2006; both banks on 

transects space 0.5-m apart 

in 2007

O n



canopy cover (4 categorized vegetation visible in a

variables: % moosehorn held at the center of the stream

coniferous, % as coniferous or deciduous, and identified

deciduous, %  open plant species where possible; percentage of

canopy, and %  alder) observations of each canopy type was

calculated

median and maximum measured every 2 hours in 2006

stream temperature

CO
average gradient (% ) change in gradient measured in segments as

far as visibility permitted; weighted average

gradient calculated using degree change and

distance covered

Julian day day of the year on which fish were sampled

sampling season 1st v. 2nd sampling season



moosehom, tape 

measure, Field Guide 

to the Cascades and 

Olympics (Whitney 

and Sandelin 2003)

Onset HOBO TidbiT 

data logger

clinometer, tape 

measure

transects spaced at 3 x 

stream width for 50-m study 

reach

near fish barrier

segments as far as visibility 

permitted through the 50-m 

reach
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CHAPTER 2:

Prey delivered from fishless headwater streams affect diet of downstream fish1

2.1 Abstract

Fish-bearing waters are generally managed with greater concern than fishless 

streams. Headwater streams transport nutrients, detritus, and invertebrates through the 

watershed, which has been hypothesized to influence fish production downstream. 

However, this effect has not been experimentally demonstrated. A clearer understanding 

of the influence of small streams on fish production at the watershed scale would provide 

a more comprehensive understanding of the ecological linkages throughout drainage 

networks, and may help managers to more effectively manage headwater forests and 

streams. I manipulated invertebrate drift in 13 fishless headwater streams and examined 

the effects on rainbow and cutthroat trout growth, abundance, movement, and diet 

immediately downstream. Fish in streams where invertebrate drift was blocked 

consumed fewer aquatic invertebrates than did control stream fish. No significant effects 

of drift manipulations were observed on fish growth or abundance, but sample size was 

low and natural variability was high. Fish in streams where food was supplemented 

maintained their positions while fish in control streams moved downstream. Fish 

consumed less prey overall, and less aquatic prey, in streams where drift was blocked. 

This study demonstrated that fish do utilize drifting prey originating from upstream 

fishless waters, and that they may not be able to compensate for the loss of this food with 

prey from other sources (e.g., terrestrial infall), supporting a hypothesis of food limitation 

in these streams. These results indicate that trophic linkages exist between fishless 

headwaters and fish habitats downstream, suggesting that headwaters should be managed 

with concern for the impacts of resource management to downstream, fish-bearing 

waters.

1 Green, E. C., M. S. Wipfli, K. M. Polivka, and P. F. Hessburg. 2009. Prey delivered 
from fishless headwater streams affect diet of downstream fish. Prepared for 
submission to Transactions of the American Fisheries Society.
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2.2 Introduction

Energetic subsidies across ecotones have been a major theme in ecology (Polis et 

al. 1997). Small streams interact extensively with distinct habitats that surround them. 

Headwaters receive nutrients, detritus, and woody debris from the surrounding terrestrial 

environment and from upstream waters, and deliver these materials to larger rivers 

downstream. This transfer of materials alters habitats and benefits food webs 

downstream (Vannote et al. 1980, Gomi et al. 2002, Wipfli et al. 2007). Another vector 

for the interaction between small streams and their surroundings is through direct 

subsidies of invertebrates and other animals. Stream fish consume food delivered from 

instream, terrestrial, and marine environments (Wipfli 2009). Aquatic invertebrates from 

local production comprise a portion of the prey base for many stream fishes (Wipfli 

1997). Salmon eggs and decomposing adult tissues are consumed by aquatic 

invertebrates and fish when anadromous fishes return to fresh water to spawn and then 

die (Bilby et al. 1998, Chaloner and Wipfli 2002, Wipfli et al. 2003). Terrestrial 

arthropods originating from riparian habitats fall into streams and become prey for fish 

(Wipfli 1997, Kawaguchi and Nakano 2001, Baxter et al. 2005). Although it has been 

hypothesized that headwater streams make a substantial contribution to fish production 

through the delivery of prey from upstream (Wipfli and Gregovich 2002, Reiss 2007), it 

has never been experimentally demonstrated.

Strong hydrologic linkages exist between headwaters and downstream habitats, 

with potentially important ecological implications for habitat and consumers. Water, 

sediments, detritus, and invertebrates originating from headwater streams are carried 

down to higher-order streams (Vannote et al. 1980, Wipfli and Gregovich 2002, 

Richardson et al. 2005, Richardson et al. in press) and are believed to influence fish 

communities (Wipfli et al. 2007). Although it is not clear how far downstream 

invertebrates from fishless reaches actually travel, the drifting invertebrates delivered 

from fishless headwater streams may provide an important food source to downstream 

fish (Wipfli and Gregovich 2002, Reiss 2007). There is evidence that fish numbers are 

higher at tributary junctions between fishless and fish-bearing streams, perhaps due to the
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influence of materials and food delivered to fish-bearing waters by the fishless tributaries 

(Torgersen et al. 2008). With high stream-margin-to-volume ratios, headwater streams 

are necessarily more heavily influenced by their riparian zones than larger streams 

(Vannote et al. 1980, Baxter et al. 2005, Richardson et al. in press). In the Pacific 

Northwest, headwater streams make up 90% of stream channel length in some areas 

(Benda and Dunne 1997). Although each low-order stream is small, these small streams 

create the most closely connected and extensive link from the terrestrial environment in 

the watershed to large streams and rivers, making them a potentially powerful influence 

on downstream habitats (Vannote et al. 1980, Gomi et al. 2002, Cummins and Wilzbach 

2005, Wipfli et al. 2007).

The role of headwater stream food subsidies in downstream fish production could 

have important management implications. Laws in Washington, Oregon, California, 

Alaska, and British Columbia restrict logging activities more in areas where fish are 

present than where fish are absent (Latterell et al. 2003, Moore and Bull 2003). 

Throughout the world protections for streams are based on stream size (Moore and Bull 

2003). In January 2001, in the case Solid Waste Agency of Northern Cook County v. U.S. 

Army Corps of Engineers, 531 U.S. 159(2001)(SWANCC), the United States Supreme 

Court reinterpreted the criteria for bodies of water to fall under the jurisdiction of the 

federal Clean Water Act. By emphasizing navigability in the qualification of bodies of 

water for protection, this decision called into question the legal protections once regularly 

applied to small streams by the Clean Water Act (Downing et al. 2003). By clarifying the 

linkages between small streams and larger bodies of water in the watershed, we can better 

understand how land management in small streams impacts downstream waterways.

Food is an important factor limiting production of salmonid fishes in many 

systems. Chapman (1966) observed stability in coho salmon (Oncorhynchus kisutch) 

smolt output over a 15-year period. His observations suggest density-dependent 

regulation, likely caused by limited food or space. He further proposed that because 

drift-feeding salmonid territory size is determined by food availability, the density of fish 

in a given space is limited by the amount of food drifting down the stream, a hypothesis
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which has been supported by more recent work (Grant et al. 1998, Keeley and McPhail 

1998, Keeley 2000). Hayes et al. (2000) showed that invertebrate drift density and size 

structure influenced the growth and maximum size of brown trout. In the Pacific 

Northwest, a variety of experiments adding nutrients or organic matter to rivers each led 

to an increase in salmonid production (Perrin et al. 1987, Bisson and Bilby 1998). 

Similarly, the natural addition of nutrients to a river by the deposition of the carcasses of 

spawned-out salmon provides food to stream fishes in the form of eggs and salmon 

tissue, resulting in increased fish production in fresh water (Bilby et al. 1996, 1998; 

Wipfli et al. 2003). If fish production in small streams is limited by food rather than 

habitat, human activities that affect the amount of drift in streams may affect their ability 

to produce fish.

The objectives of this study were to determine how invertebrate drift entering fish- 

bearing streams from fishless areas upstream affects fish growth, abundance, habitat use, 

and diet. I removed prey from streams and hypothesized that fish would respond in one 

or more ways: 1) grow more slowly, 2) seek foraging opportunities elsewhere (i.e. move 

downstream or leave study area entirely), or 3) forage on fewer or different prey items.

In other streams, I added food and hypothesized that fish would: 1) grow more quickly, 

or 2) move upstream to take advantage of the increased food availability.

2.3 Study Site

This study was conducted in the state of Washington, USA, on the eastern slopes 

of the Cascade Range. The 13 stream sites were located in the Wenatchee River sub

basin of the Columbia River watershed in and near the Wenatchee National Forest. This 

area is covered by an extensive network of high-gradient headwater streams in a 

landscape that is used predominately for timber harvest and recreation. Many salmonids 

in the Columbia River basin are federally listed for protection under the Endangered 

Species Act (USFWS 2008), making the question of how land use in the headwaters may 

impact downstream fish particularly relevant in this area. Study site locations ranged 

from 121°02’38”N to 120°32’36”N, and 47°54’19”W to 47°19’50”W. Sites were
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located in two different ecological subregions (ESR 4 and ESR 11, defined by Hessburg 

et al. 2000) and have experienced varying histories of timber harvest, the most recent 

clearcut 7 years previous to this study, and ranging to more than 50 years since logging 

and returned to old-growth characteristics. Streams sites were comprised of 50-m stream 

segments at the most upstream limits of fish occurrence in low-order (first-order or 

smaller) headwater streams (mean and 90% confidence intervals: wetted width 147 ± 14 

cm, discharge 12.1 ± 3.6 m /s). A barrier to upstream movement (either a waterfall or a 

culvert) was identified as preventing fish movement further upstream (henceforth referred 

to as the “fish barrier”), and defined as the upstream boundary of each study site. Site 

selection is described in greater detail in Green (2009).

Six of the 13 stream study reaches were inhabited by westslope cutthroat trout (O. 

clarki lewisi), and seven by rainbow trout (O. mykiss). Fish were mature stream 

residents; both fish species are known to feed on drifting macroinvertebrates (Elliott 

1973, Tippets and Moyle 1978, Young et al. 1997).

2.4 Methods

2.4.1 Data collection

This study took place in 9 streams for two weeks during September 2006, and 

again in 13 streams for four weeks in July-August 2007 (Table 2-A). In September 2006, 

nine study streams were each assigned without known bias to one of three treatments: 

‘drift blocked,’ ‘food added’ and control (drift not manipulated). In the ‘drift blocked’ 

treatments, sandbags were used to direct the flow of the stream through a set of square 

pipes onto which 1.5-m long, 250-pm mesh drift nets were attached. These nets captured 

drift continuously throughout the 14-d experiment. Water in control streams was routed 

through pipes with the use of sandbags, like the drift-removed treatment streams, but 

there were no drift nets on the pipes, allowing passage of invertebrates. Freeze-dried krill 

(Tetra © MiniKrill Freeze Dried Plankton, Spectrum Brands, Inc., Tetra, Blacksburg,

VA) were added to ‘food added’ treatment streams at the fish barrier via 24-h belt 

feeders. In June-July 2007, streams were randomly assigned to ‘drift blocked’ (seven
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streams) and control (six streams) treatments. During this second season, the experiment 

lasted for twice as long (28 d), allowing the effects of modification of drift to accumulate 

over more time.

Fish were sampled at the beginning and end of the drift manipulation treatment on 

each stream (14 d apart in 2006, 28 d apart in 2007). A 50-m stream segment 

downstream from the fish barrier was blocked at the downstream end with a seine net (3 

cm mesh) for each fish-sampling event. I collected and removed fish by two passes of 

electrofishing using a Smith-Root backpack LR-24 Electrofisher® (Smith-Root, Inc., 

Vancouver, WA). I anaesthetized captured fish with tricaine methanesulfonate 

(Finquel® MS-222, Argent Chemical Laboratories, Redmond, WA) and marked them 

with individually identifiable Visible Implant Elastomer® marks (Northwest Marine 

Technology, Inc., Shaw Island, WA). I used gastric lavage to remove stomach contents 

from all fish (Meehan and Miller 1978). Capture location (to the nearest 1 m), species, 

wet mass (with a digital scale, to the nearest 0.1 g), and standard length (from nose to end 

of caudal peduncle, using a measuring board, to the nearest 1 mm) of each fish were 

recorded, allowing a comparison of growth and movement of individuals over the course 

of the experiment. Marked fish were returned to the locations where they were captured. 

One Onset HOBO TidbiT Data Logger (MicroDAQ.com, Ltd, Contoocook, NH) located 

near the fish barrier in each stream measured water temperature every 2 h throughout the 

first year of the study.

Invertebrate drift was collected upstream of the drift manipulation (or control) 

stations at the start and the end of the experiment, for 24 h each time, to determine how 

much invertebrate drift was available as food to fish. The sample was taken in the first 

riffle above the fish barrier (e.g., above a waterfall or culvert), typically about 0.5 m from 

the edge of the waterfall or in the upstream end of the culvert. Invertebrate drift samples 

were collected with a i m  long, tubular, 250 pm mesh net with its mouth attached to a 

12- x 12-cm square-mouthed plastic pipe 30 cm long. The sampling device was placed in 

a riffle on the bed of the stream in the thalweg at the upstream end of each study stream 

segment, oriented so that water flowed downstream through the pipe into the open end of
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the net. The sampler was held in place with rocks. Invertebrate drift was sampled from 

the entire water column (riffles were < 12 cm depth) for a period of 24 h. Water velocity 

in each side of the mouth of the sampling pipe was measured with a Global Water 

Instrumentation Inc. Flow Probe flowmeter in 2006, and a Marsh-McBirney Flo-Mate 

2000 electromagnetic flowmeter in 2007. Depth was measured in each side of the 

mouth of the sampling pipe at the beginning and end of the sampling period and 

averaged. Depth and flow measurements were used to calculate the volume of water 

sampled during each 24-hr sampling event.

Drift samples, each containing ~300-3000 invertebrates, along with detritus and 

drifting sediments, were preserved in 70% ethanol. In the laboratory, each drift sample 

was separated into two size classes using a 1-mm sieve. Individual invertebrates in the 

fraction larger than 1 mm were counted. Diet samples, like drift samples, were preserved 

with 70% ethanol. Invertebrates in diet samples were counted, measured to the nearest 1 

mm, and identified to family (in most cases) or genus (when necessary to determine 

aquatic v. terrestrial origin), using Borror et al. (1989), McAlpine and Woods (1989), 

Merritt and Cummins (1996), McCafferty (1998), Voshell (2002), and Merritt et al. 

(2008). Terrestrial or aquatic origin was determined using the same references.

2.4.2 Statistical analysis

The fish responses I measured were fish growth (wet mass and length), abundance, 

movement, and diet. Only fish captured at both the beginning and the end of the 

experiment were included in analyses of growth and movement. Fish growth was 

calculated as a percent change in the wet mass or standard length of a marked fish, 

standardized to 14 d (for the 28-d experiment in 2007, equal daily growth was assumed). 

Fish abundance was the number of fish observed at each sampling event. Fish movement 

was calculated as a change (in meters) in capture location of a marked individual. 

Stomach contents from all fish captured at the end of the experiment in each stream were 

used to compare treatment effects on diet.

Mixed effects models with a random stream effect were used to account for 

random stream effects influencing individual fish from different streams within each
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treatment. Linear mixed effects models (Laird and Ware 1982, Lindstrom and Bates 

1988, Pinheiro and Bates 2000, Pinheiro et al. 2008) with fixed treatment effects and 

random stream effects were used to evaluate the effects of the drift manipulation 

treatments on individual fish growth and movement of fish from the beginning to the end 

of the experiment (model form, fixed effects: fish response = oci + [3^(treatm ent), 

random effects: fish response = a 2 by stream). Residuals were examined for normality: 

individual fish growth (change in mass and change in length) data were normally 

distributed. Fish abundance and movement data were not normally distributed and could 

not be appropriately transformed. These values were ranked from most negative (greatest 

percent decline in fish abundance or greatest movement away from the drift 

manipulation) to most positive (greatest percent increase in fish abundance or greatest 

movement towards the drift manipulation). Ranked data were normally distributed, so 

the response was modeled as ranks. Linear mixed effects models were fit by restricted 

maximum likelihood estimation and confidence intervals were calculated, using the 

‘nlme’ package version 3.1-89 in the R programming environment (Pinheiro et al. 2008). 

An a  = 0.05 was used for each analysis as a compromise to accommodate the increased 

risk of a type II error resulting from high variability inherent to the system (which would 

suggest choosing a high a )  balanced against the increased probability of a type I error 

resulting from conducting the same analysis with three different response variables 

(which would argue for a low a). Because an r cannot be obtained for a mixed model, 

as a measure of the predictive strength of the models, the root mean squared error of 

predictions was calculated. Prediction error for models with statistically significant 

parameters is presented as the percentage that root mean square error of predictions 

represents of the mean value of observations. Because temperature exerts a strong 

influence on fish growth (Railsback and Rose 1999), growth was modeled by treatment 

with median stream temperature during the month of the experiment as a covarying fixed 

effect (model form, fixed effects: fish growth = a i + Pix(treatment) + p2x (median 

stream temperature), random effects: fish growth = a 2 by stream).
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Stomach contents were categorized as aquatic larvae, aquatic adults, and terrestrial 

invertebrates; the contribution of each of these groups of food items to the diet was 

compared among treatments to determine whether fish in streams with invertebrate drift 

blocked ate fewer aquatic prey, and whether they switched from drifting to terrestrial 

prey sources. Diet sample data followed a Poisson or, in some cases, an overdispersed 

Poisson distribution (tested using a X goodness of fit test). These distributions are 

typical of count data when there is a high occurrence of observations equal to zero (in this 

case, empty stomachs) (Venables and Ripley 2002). Data distributed according to a 

Poisson distribution have an equal mean and variance (Venables and Ripley 2002), while 

overdispersed Poisson data have a variance greater than the mean (Venables and Ripley 

2002). Because the data do not fit the Gaussian (normal) distribution assumed by general 

linear models, a generalized model with a Poisson or quasipoisson distribution was 

required (the distribution of the true population is assumed to be Poisson rather than 

assumed to follow a Bell curve as in the more familiar general linear model) (Venables 

and Ripley 2002). Log-linear generalized linear mixed effects models with a Poisson or 

quasipoisson (overdispersed Poisson) distribution from the ‘lme4’ package version 

0.999375-26 in the R programming environment were used to model the effect of 

blocking drift on the invertebrate counts in stomach contents, with a random stream effect 

(Bates et al. 2008). Generalized linear mixed models were fit using log-likelihood 

estimation. Predictive power of the models with statistically significant parameters was 

determined using the root mean square error of predictions as a percentage of the mean 

value of observations as described above.

2.5 Results

Manipulating drift had no statistically significant effect on percent change in fish 

mass ( ‘food added’ treatment: p  > 0.99, ‘drift blocked’ treatment: p  = 0.62; stream 

temperature: p = 0.21) or percent change in fish length ( ‘food added’ treatment: p  = 0.54; 

‘drift blocked’ treatment: p  = 0.95; median stream temperature in sampling month: p  = 

0.67; Figure 2-A, Figure 2-B, Table 2-B).
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There was no significant effect of drift manipulations on the percent change in 

fish abundance from the first to the second sampling event within each stream ( ‘food 

added’ treatment: p  = 0.35; ‘drift blocked’ treatment: p  = 0.57; Figure 2-C). Because 

there was no significant effect of the number of days between sampling events on the 

ranked change in fish abundance (14 d in season one versus 28 d in season two; t21 =

1.26, p  = 0.26), data from both seasons were pooled for this analysis.

Thirty-eight percent of captured fish in ‘food added’ stream had freeze-dried krill, 

the food used to supplement streams, in their stomachs at the end of the experiment. 

Typically fish that consumed the supplemental food had both krill and natural prey in 

their stomachs, but most of stomach contents were krill. There was no relationship 

between the size of a fish (length or weight) and the presence of krill in the fish’s 

stomach (length: t21 = 0.51, p  = 0.61; weight: t21 = 0.64, p  = 0.53). All of the fish with 

krill in their stomachs were captured within 11 m of the fish barrier (location of the fish 

feeder). When streams were supplemented with additional food, fish movement in these 

streams differed significantly from movement in the control streams (p = 0.04; Figure 2

D). The average fish in a ‘food added’ stream did not show a change in position (25%- 

75% = 2 m away to 5 m towards the fish barrier), while the average fish in a control 

stream moved 25 m away (25% -75%  = 6-28 m away) from the fish barrier. Movement of 

fish in ‘drift blocked’ streams did not differ significantly from movement of control fish 

in either year (2006, p  = 0.12; 2007, p  = 0.75).

There was a significant negative effect of blocking drift on the total mass of 

invertebrates in fish stomachs; fish in ‘drift blocked’ streams consumed 3.9 ± 1.1 mg dry 

mass less food per stomach sample than did fish in control streams, a reduction of about 

33% total mass of prey per fish (Figure 2-E). Because a few fish consumed a large 

number of adult Empidid flies that fell into the stream, which appeared to be influential in 

my results, I also tested for effects of drift manipulations specifically on the biomass of 

aquatic larvae in fish stomachs. Fish in ‘drift blocked’ streams ate 18% less biomass of 

aquatic larvae than did control stream fish (p = 0.01) (Figure 2-F). There was no
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significant effect of blocking drift on the biomass of terrestrial invertebrates consumed by 

fish (p = 0.13) (Figure 2-G).

2.6 Discussion

These results demonstrated that fish high in the headwaters consume drifting 

invertebrates that originate from fishless areas directly upstream. Fish in ‘drift blocked’ 

streams consumed a substantially lower mass of aquatic invertebrate larvae and adults 

than did fish in control streams; removing invertebrate drift from the stream negatively 

impacted the ability of fish to obtain aquatic prey. Abundance of terrestrial invertebrates 

in fish diets was unaffected by blocking drift, suggesting that most of the terrestrial 

invertebrates consumed by fish have recently fallen into the stream rather than fallen and 

drifted for some distance down headwater channels. When denied drifting food from 

upstream, fish consumed less food.

Mean growth for fish in all treatments in this experiment was very low. The 

combination of the age of the fish (age-1, -2, and older), cold water temperatures, and the 

short duration of the study is likely responsible for this very low growth. This result is 

not unusual; studies of trout in streams during the summer have found no or low growth 

(Cada et al. 1987, Ensign et al. 1990). Further, variability in individual fish growth, 

abundance, and movement was high (Figures 2-A to 2-D). Confidence intervals on 

estimates of differences in fish growth, abundance, and movement in response to the 

removal of invertebrate drift in the stream range were wide (Table 2-B). If the true effect 

sizes lie at either extreme end of the confidence intervals, this would indicate a large fish 

response to drift manipulations. However, if the true effect lies towards the center of the 

confidence intervals, the effect of manipulating drift may have been quite small or 

nonexistent. It is therefore unclear whether reduction in predation from blocking drift led 

to effects on fish growth, abundance, or movement out of the study area.

A companion study (Green 2009) found a positive correlation between abundance 

of fish with invertebrate drift densities of up to five invertebrates per m of water. This 

relationship did not exist with individual fish size. Instead, fish size appeared to be
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limited by maximum summer stream temperature (Green 2009). In this case, the lack of 

an effect of manipulation of invertebrate drift density on fish size is not surprising. 

However, one might expect to see an effect on the abundance of fish in study reaches. I 

did not observe significant treatment effects on fish abundances. There may have been 

no effect on fish abundance. Alternatively, my sampling scheme may not have been 

sufficiently sensitive to detect treatment effects on fish abundance in the study sites.

Fish response to drift manipulation may have varied between fish. Hansen and 

Closs (2005) showed that social rank influenced the response of giant kokopu (Galaxias 

argeneus) to changes in food supply, with behavioral changes by dominant fish allowing 

them to maintain their normal consumption of resources, while subdominant fish 

absorbed the impacts of changes to food availability. Hansen and Closs (2009) further 

found that size and growth of dominant fish was related to spatial variability in food 

resources, but that subdominant fish did not show a similar response. Because I did not 

look at social status of my study fish, I cannot determine whether these processes were 

operating in my system.

With the uncertainty over drift distances of aquatic invertebrates, it is not clear 

how much of the food consumed by stream fish is delivered from upstream, or from how 

far upstream, relative to food produced in situ and local contributions of terrestrial 

invertebrates from riparian habitats. Studies of invertebrate drift reveal conflicting results 

regarding the movement of invertebrates in streams (see discussion in Humphries 2002 

and Elliott 2003). It has commonly been assumed that aquatic invertebrate movement is 

generally downstream, particularly during larval life stages (O ’Hop and Wallace 1983, 

Polis et al. 1997, Wipfli and Gregovich 2002, Svendsen et al. 2004). This has been the 

basis for the idea that drifting invertebrates from upstream, fishless waters may move 

downstream and become available to fish. However, some studies have found movement 

of larval invertebrates in streams to be more complex (Humphries 2002, Elliott 2003). 

Some taxa of invertebrates that are very common in fish diets (e.g., baetid mayflies) have 

been demonstrated to move upstream (by crawling on the bottom) and downstream (by 

drifting) at equal rates (Humphries 2002). Elliott (2003) examined the dispersal of
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invertebrates of 10 common aquatic taxa in natural and artificial streams and found that 

individuals of all 10 taxa exhibited a net movement upstream over a period of four 

months. Bond et al. (2000) proposed a model which suggested that the greater the spatial 

patchiness, the greater the reduction in drift distances; this supports the idea that in the 

shallow, complex environment of a small headwater stream, invertebrate drift distances 

may be reduced relative to larger streams. My sites were located at the uppermost limits 

of fish occurrence, so that all of the prey items delivered downstream came from fishless 

reaches. If invertebrates are not drifting downstream very far, invertebrates produced in 

fishless waters may have little or no effect on downstream fish as you move further away 

from the upper limits of fish occurrence.

This study can be added to the body of evidence in support of the hypothesis of 

food limitation of stream salmonids (Chapman 1966, Perrin et al. 1987, Bilby et al. 1996, 

Bilby et al. 1998, Bisson and Bilby 1998, Hayes et al. 2000, Wipfli et al. 2003). When 

drift was blocked, fish were not able to compensate for the loss of food; their stomachs 

contained less prey. Fish maintained their positions in ‘food added’ streams at a time 

when control stream fish were leaving study sites, and made ready use of supplemental 

food. These results are consistent with the hypothesis that fish are using food resources 

in these streams to capacity. However, fish use of supplemental food provided only 

conditional support of this hypothesis because of the higher nutritional quality of the 

freeze-dried krill (e.g., higher fat content; Doctors Foster and Smith 2009) used in this 

feeding experiment as compared to the invertebrates available for consumption in the 

stream. It is not certain that an increase in stream invertebrate drift density would lead to 

a similar fish response.

The results of this study suggest that invertebrate drift delivered from fishless 

waters comprises a substantial portion of fish diets immediately downstream. Fish were 

not able to compensate for the removal of invertebrate drift from the stream, suggesting 

that this food source is important to the fish populations downstream. Terrestrial infall 

provided another important source of food for fish, with terrestrial invertebrates
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providing 25% of food items consumed by fish, a result consistent with other salmonid 

studies conducted in small streams (Wipfli 1997, Nakano et al. 1999, Allan et al. 2003).

2.6.1 Implications

My results describe an important biological linkage between small fishless 

headwater streams and downstream waters. The contribution of prey resources to 

downstream fish can be added to the growing list of physical, chemical, and biological 

linkages by which headwaters influence downstream waterways (Nadeau and Rains 

2007). Protections to streams should consider the influence on invertebrate prey that 

make up important diet items of fish, even if the streams in question are not fish-bearing.

This study contributes to a better understanding of the trophic linkages between 

headwater streams and downstream fish-bearing habitats. The river continuum concept 

proposes a general model for the connectivity of running water in a watershed (Vannote 

et al. 1980). Trophic dynamics are a vital element of this connectivity (Richardson 1993, 

Polis et al. 1997). The trophic linkages of these systems are complex and are important 

to the distribution and abundance of organisms through the watershed (Polis et al. 1997). 

This study demonstrates that invertebrates from fishless areas compose a substantial 

portion of food items consumed by fish immediately downstream. These direct subsidies 

of food items combine with the indirect effects of nutrient subsidies to influence fish, 

emphasizing the ecological importance of headwater channels to downstream fish- 

bearing habitats. Stream and riparian management activities that alter invertebrate 

production in headwater habitats could influence watershed-scale aquatic productivity 

and integrity. Research should be directed towards establishing how far downstream in 

the network the influence of food and nutrient subsidies from headwaters extends, and the 

full extent to which upland forest and stream management influences the flow of 

resources to downstream habitats. Ignoring headwaters, their ecological condition, and 

their linkages with downstream systems will impact food webs downstream, with 

potential for long-term effects on watersheds.
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2.8 Tables

Table 2-A. Drift manipulation sample design. Headwater streams in the Wenatchee River sub-basin used for a two-season 

(Sep 2006 and Jul-Aug 2007) drift manipulation experiment.

stream name 2006 treatm ent 2006 # fish captured 2007 treatm ent 2007 # fish captured

Big Stump N/A N/A control 1

Dirtyface control 3 drift blocked 2

Gill Creek tributary food added 10 drift blocked 7

Little Camus Creek N/A N/A drift blocked 4

Middle Fork Shaser drift blocked 3 control 1

Creek

Mill Creeek tributary N/A N/A drift blocked 0

Ninemile Creek control 6 drift blocked 5

Ruby Creek tributary N/A N/A control 1

Sand Creek tributary food added 12 N/A N/A

Soda Creek food added 2 drift blocked 1

south tributary to N/A N/A control 1

Canyon Creek

south fork Shaser control 2 control 0

Creek
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tributary 2/3 to drift blocked 10 control 9

Tronsen Creek

tributary 4 to drift blocked 1 drift blocked 0

Tronson Creek
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Table 2-B. Fish response to drift manipulations. These models were used to test for fish response (in growth, condition, 

habitat use, or diet) in drift manipulation experiments using linear mixed effects models. All models incorporated a random 

stream effect. LME = linear mixed effects model. GLME = generalized linear mixed effects model.

response model type n df predictors for test ^-value 95%  CI

variable fixed effects statistic (difference

between

means)

%  change in LME (random 79 63 treatment: food t = 0.50 0.62 1 ± 3%

fish weight effects groups = added

over 14 d 13) treatment: drift 

blocked 

median stream 

temperature in 

sampling month

t = 0.00 

t = -1.27

> 0.99 

0.21

0 ± 4% 

-1 ± 1%

%  change in LME (random 60 44 treatment: food t = 0.61 0.54 0 ± 1%

fish length effects groups = added

over 14 d 13) treament: drift 

blocked

t = 0.07 0.95 0 ± 1%
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ranked LME (random

change in fish effects groups 

abundance 14)

ranked 

change in fish 

location

(2006)

LME (random 

effects groups

9)



median stream 

temperature in 

sampling month 

treatment: food 

added

treatment: drift 

blocked

treatment: food 

added

t = 0.42 p  = 0.67 0 ± 0 %

t= -1.01  p  = 0 3 5  -4 ± 10  (ranked

change in 

abundance; 

higher rank 

implies greater 

decline in fish 

abundance) 

t = 0.60 p  = 0.57 2 ± 7 (ranked

change in 

abundance)

t = 2.90 0.03 17 ± 14  (ranked

(38%  prediction movement;

error) higher rank

implies 

movement 

towards the fish 

barrier)



ranked 

change in fish 

location

(2007) 

biomass of 

invertebrates 

in fish diet

biomass of 

aquatic 

invertebrate 

larvae in fish 

diet

biomass of 

terrestrial 

invertebrates 

in fish diet

LME (random 

effects groups =

10)

GLME (random 

effects groups = 

13, quasipoisson 

distribution) 

GLME (random 

effects groups = 

13, quasipoisson 

distribution)

GLME (random 

effects groups = 

13, quasipoisson 

distribution)

33 8

91 77

91 77

91 77



treatment:

blocked

drift t=  1.88 0.11 12 ± 14 (ranked 

movement)

treatment:

blocked

drift t = -0.32 0.59 -2 ± 11 (ranked 

movement)

treatment:

blocked

drift t= -  2.11 0.02 

(146%  error)

-3.9 ± 1.1 mg 

dry mass 

invertebrates / 

fish stomach

treatment:

blocked

drift t = -2.32 0.01 (168%  

prediction error)

-2.2 ±1.1 mg 

dry mass 

invertebrates / 

fish stomach

treatment:

blocked

drift t=  1.17 0.13 0.1 ± 1.6 mg dry 

mass

invertebrates / 

fish stomach

U>
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2.9 Figures

Figure 2-A. Effects of invertebrate drift manipulations on fish mass. Partial residuals 
plot for percent change in size of 79 fish in 13 headwater streams subject to drift 
manipulations ( ‘food added’ treatment: p  > 0.99, ‘drift blocked’ treatment: p  = 0.62). The 
y-axis shows residuals for % change in fish wet mass over a 14-d time period, adjusted 
for the effect of stream temperature. Horizontal lines indicate the mean percentage 
change in individual fish mass for each drift manipulation treatment. Each point 
represents an individual fish; streams of origin are represented by different symbols.
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Figure 2-B. Effects of invertebrate drift manipulations on fish length. Partial residual 
plot for percent change in length of 60 fish in 13 headwater streams subject to drift 
manipulations ( ‘food added’ treatment: p  = 0.27, ‘drift blocked’ treatment: p  = 0.67). 
The y-axis shows residuals for % change in fish length over a 14-d time period, adjusted 
for the effect of stream temperature. Horizontal lines indicate the mean percentage 
change in individual fish length for each drift manipulation treatment. Each point 
represents an individual fish; streams of origin are represented by different symbols.
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Figure 2-C. Effects of invertebrate drift manipulations on fish abundance. Ranked 
percent change in fish abundance from the beginning to the end of the drift experiment in 
13 headwater streams subject to drift manipulations ( ‘food added’ treatment: p  = 0.67, 
‘drift blocked’ treament: p  = 0.35). The horizontal solid lines indicate mean ranked 
percent change in fish abundance for each drift manipulation treatment. Highest values 
imply greatest decline in fish abundance, lowest values imply greatest increase in fish 
abundance. A dashed line across each graph indicates the rank that is equivalent to no 
change in fish abundance in the study site between the beginning and end of the 
experiment. Each stream is indicated with a different symbol; three streams were used 
more than once.
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Figure 2-D. Effects of invertebrate drift manipulations on fish movement. Ranked 
change in location from mark to recapture of 79 fish in 13 headwater streams subject to 
drift manipulations for a) 2 weeks in 2006 (40 fish) ( ‘food added’ treatment: p  = 0.04, 
‘drift blocked’ treament: p  = 0.12) or b) 4 weeks in 2007 (33 fish) (p = 0.75). The 
horizontal solid lines indicate mean ranked fish movement for each drift manipulation 
treatment. Highest values imply greatest movement towards the site of the manipulation 
(upstream), lowest values imply greatest movement away (downstream). A dashed line 
across each graph indicates the rank that is equivalent to no change in fish location 
between mark and recapture. Each point represents an individual fish; streams of origin 
are represented by different symbols.



78

Figure 2-E. Drift manipulation effects on dry mass of invertebrates in fish stomachs.
Dry mass (mg) of invertebrates per fish stomach sample in control (n = 34, groups = 8) 
and ‘drift blocked’ (n = 56, groups = 10) streams (p  = 0.02). Arrows indicate mean 
values. Average dry mass of invertebrates per fish stomach was 12 mg for control stream 
fish and 10 mg for ‘drift-blocked’fish.
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Figure 2-F. Drift manipulation effects on dry mass of aquatic larval invertebrates in fish 
stomachs. Dry mass (mg) of invertebrates per fish stomach sample in control (n = 34, 
groups = 8) and ‘drift blocked’ (n = 56, groups = 10) streams (p = 0.01). Arrows indicate 
mean values. Average dry mass of aquatic invertebrates per fish stomach was 2.4 mg for 
control stream fish and 1.6 mg for ‘drift-blocked’fish.
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Figure 2-G. Drift manipulation effects on terrestrial invertebrates in fish stomachs. 
Number of terrestrial invertebrates per fish stomach sample in control (n = 34, groups = 
8) and “drift blocked” (n = 56, groups = 10) streams (p = 0.13).
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GENERAL CONCLUSIONS

I did not detect any response of stream fish in the headwaters of the Wenatchee 

River sub-basin to timber harvest in the catchment. Stream catchments were all 

harvested 8-25 years previous to my study; perhaps sites had recovered sufficiently in 

this time that any logging effects that initially occurred did not persist. Both logged and 

unlogged sites in this study were located beside roads. As logging roads have been 

determined to be responsible for many of the long-term impacts of timber harvest (Hicks 

et al. 1991, Jones et al. 2000), it may be that fish in unlogged streams near roads 

experience similar impacts as fish in logged sites near roads; both categories of stream 

sites may be different than the reference condition of a roadless stream site. Finally, my 

small sample size and the high variability inherent in the system may have prevented us 

from detecting potential impacts if they did exist. I did establish that invertebrate drift 

density is an important predictor of fish biomass and density in streams. An examination 

of the relationship between invertebrate drift density and fish mass and density showed 

that the influence of invertebrate drift on fish occurs at low invertebrate densities, when 

more food resources are positively associated with fish biomass and density. By 

manipulating invertebrate drift, I demonstrated that changes to invertebrate availability in 

a stream have implications for fish downstream.

I found a number of habitat characteristics that predicted fish biomass. Most of 

these characteristics were associated with stream gradient, invertebrate drift density, 

plunge pools, and riparian canopy. The density of invertebrates drifting in the stream, 

which provides the primary food source for drift-feeding salmonids, was one of the top 

predictors of fish mass in the stream, with a strong positive relationship to fish mass and 

density at low drift densities. Food availability has typically not been incorporated into 

habitat models for stream fish; this study suggests that this important factor should be 

considered. My models explained less than half of the variation in fish biomass; this 

suggests that the primary drivers of fish biomass in this system may be operating at some 

other scale than the 50-m stream segment scale that I investigated.
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In addition to the lateral influence of the riparian zone and land use in the 

catchment on fish, I demonstrated effects of upstream waters on downstream fish. 

Addition of supplemental food to a stream affected fish movement; both supplemental 

food and preventing the drift of invertebrates from upstream affected fish diet. Fish were 

not able to compensate for the loss of food from upstream; when drift was blocked, 

invertebrate consumption by fish dropped by a third. This suggests that drifting 

invertebrates from upstream are a necessary component of prey intake by headwater fish. 

This supports the hypothesis suggested by others that invertebrates drifting from fishless 

headwaters may be an important food source for downstream fish (Wipfli and Gregovich 

2002, Reiss 2007). What is not clear from this study is how far the invertebrates 

consumed by fish had drifted. While the fish in my 50-m stream reach were affected by 

the blocking of drift at that scale, it remains to be seen how far downstream such effects 

would persist. This is an important area for future research.

Although other studies have demonstrated that timber harvest affects riparian 

vegetation and stream invertebrates (see review in Hicks et al. 1991), I did not find 

similar effects. However a companion study with a larger sample size (60 streams) 

showed effects of logging on both riparian vegetation and stream invertebrates (C. A. 

Binckley, University of Alaska Fairbanks, unpublished data). Binckley found that 

logging intensity and deciduous cover were positively correlated. He also found positive 

effects of logging on invertebrate drift densities in both ecoregions, with drift numbers 

and biomass highest in logged streams in the dry ecoregion (C. A. Binckley, University 

of Alaska Fairbanks, unpublished data). Logging has been shown to influence 

invertebrate and fish production in streams adjacent to logging activity (Murphy and Hall 

1981, Wilzbach et al. 1986, Hicks et al. 1991, Hartman et al. 1996, Stone and Wallace 

1998, Hernandez et al. 2005). A number of studies have demonstrated a positive 

association between deciduous riparian vegetation and the amount and nutritional quality 

of terrestrial invertebrate infall in the stream (Wipfli 1997, Allan et al. 2003, Romero et 

al. 2005). The positive relationship, at low drift densities, between invertebrate drift 

density and fish biomass and density in this study, combined with the knowledge that
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invertebrate drift density and terrestrial infall are influenced by timber harvest, suggests 

that timber harvest could influence stream fish through effects on the availability of food, 

although effects may lessen or disappear as they travel up the food chain. This drift 

manipulation experiment further demonstrates that effects of land use on drifting 

invertebrates, even in fishless waters, may be transmitted to downstream fish through 

changes in food availability.

This study emphasizes the role of resource subsidies across boundaries in stream 

systems in maintaining stream fish populations. I did not observe lateral effects from 

land use in the terrestrial environment on stream fish. However, I documented effects of 

upstream fishless waters on downstream fish. The primary contribution of this work was 

the support it gives to the hypothesis that fishless headwaters provide an essential food 

supply to downstream fish. This finding has important management implications. Small 

fishless streams typically receive reduced legal protections from land use activities 

relative to larger, fish-bearing streams (Latterell et al. 2003, Moore and Bull 2003). 

Protections for small fish-bearing streams under the Clean Water Act have been called 

into question by recent Supreme Court rulings, which emphasize navigability, or a 

significant nexus with navigable waters, in the criteria for application of the Act 

(Downing et al. 2003, 531 U.S. 159(2001)(SWANCC)). Although each low-order stream 

is small, these small streams create the most closely connected and extensive link from 

the watershed they drain to large streams and rivers, making them a potentially powerful 

influence (Vannote et al. 1980, Cummins and Wilzbach 2005). The cumulative impact of 

the drifting invertebrates they deliver downstream could have effects on food availability 

for riverine fish populations. The downstream implications of actions in stream 

catchments and headwaters should not be ignored.
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