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SUMMARY 


Although headwater streams comprise 75-90% of total river kilometers in most watersheds, the importance of headwater streams for the functioning of large river systems has been largely ignored.  These headwater streams number in the hundreds in some river systems, and are major sources of nutrients, woody debris, and sediment, all of which can affect downstream reaches of the river network.  Recent research has shown that the physical and biological diversity at tributary junctions, the points in the network where smaller streams enter larger mainstem habitat, is higher compared to points upstream of these junctions.  However, researchers have yet to link these observations with individual, population, and community level processes.  For example, fisheries biologists have primarily focused on habitat selection by fish at relatively small scales (e. g., pool), and have ignored the fact that large scale (i.e., 100s of meters) habitat complexity may drive fish habitat selection.  We propose to test 1) whether productivity and structural gradients created by tributary junctions influence habitat selection decisions in juvenile coho salmon (Oncorhynchus kisutch), 2) whether these individual decisions influence growth rates, survival, and population density, and 3) whether these tributary junctions are in fact hotspots for fish biodiversity.  This research is important because stream ecologists have primarily viewed streams as linear systems and have focused on habitat heterogeneity at small spatial scales, and not on how habitats may be linked.  In addition, this research will address whether headwater streams are important to downstream condition and, therefore, whether headwater streams and the point where they join larger rivers are important for conservation or restoration.  Such information is critical to conserving and restoring threatened and endangered salmon stocks.


STATEMENT OF RESEARCH QUESTIONS 

Headwater streams are important components of all river systems, comprising 75-90% of the total river length in most river systems.  For example, in the Coweeta watershed, headwater streams comprise approximately 8 km at a scale of 1:100000, the scale typically used to delineate stream networks.  However, at a scale of 1:24000 the length of headwater streams increased to 24 km (Meyer and Wallace 2000).  Despite their abundance, headwater streams are not generally recognized as an essential component of river networks.  The River Continuum Concept (RCC, Vannote et al. 1980) and subsequent research has characterized the biology of headwater streams as dominated by allochthonous inputs (organic matter from terrestrial vegetation), low primary productivity, and invertebrate shedders.  This view ignores the fact that these headwater streams are important sources of essential materials, such as organic matter, nutrients, wood, sediment, and water, to downstream recipient systems.  While the RCC focused attention on the flow of energy through river networks, it did not recognize that these headwater streams add to the geomorphic complexity of downstream reaches, which, in turn, may influence the population and community processes of receiving systems.

The spatial heterogeneity of stream habitat is a function of physical and geomorphic processes, which are important determinants of biological characteristics of streams.  At a local scale, pools, riffles, glides, and rapids create habitat heterogeneity in rivers, and this habitat complexity can influence habitat choice by fish and other species (Rosenfeld et al. 2000).  One way to link studies of small tributaries and the geomorphic and biologic diversity of larger river systems is through tributary junctions.  Tributary junctions are points where headwater streams enter larger rivers; some river systems can have hundreds of these junctions.  Tributary junctions can create habitat complexity at large spatial scales (hundreds of meters). Because headwater streams provide large amounts of materials essential to the formation of habitat complexity in receiving systems, tributary junctions may be especially diverse and productive locations within a watershed.  Benda et al. (in review) discovered increased densities of woody debris and pools downstream of tributary junctions, due to debris flows from these tributaries.  Rice et al. (2001) found that substrate heterogeneity and invertebrate diversity was higher below tributary junctions compared to upstream areas.  Similarly, recently collected data from the Cedar River, Washington shows that tributaries export large amounts of carbon, nitrogen, and phosphorus to the mainstem.  Moreover, concentrations of these materials are higher downstream of the tributary junction compared to upstream locations (Fig. 1, see p. 12).  Higher inputs of essential elements from tributaries can, therefore, promote primary and secondary productivity in receiving streams (Wootton and Power 1993, Kiffney and Richardson 2001).  

Because of these gradients in productivity and habitat diversity, tributary junctions could attract numerous fish species, and current literature hints at the possibility that tributary junctions serve as local hotspots for biodiversity.  In addition to studies of invertebrates by Rice et al. (2001), Osborne and Wiley (1992) showed that tributary position within the catchment network is a key control on the diversity of warmwater fish communities, and that small streams connected to larger streams had significantly higher diversity than small streams connected to other small streams.  Osborne and Wiley (1992) hypothesized that this diversity was created by dispersal opportunities within the watershed, without examining the alternative that productivity or structural gradients attract fish to tributary junctions.  Understanding how tributary junctions influence habitat choice should therefore provide managers a better understanding of the influence of freshwater habitats on productivity and capacity of fisheries, and can help guide conservation and restoration efforts to maintain or improve local biodiversity.

We propose to examine how tributary junctions influence distributions of fish species by measuring productivity and structural gradients across tributary junctions, by observing individual decisions and their population consequences in juvenile coho salmon, and by surveying the entire fish community.  Therefore, our proposal links watershed inputs, behavioral biology, and community ecology.  Specifically, we will test the following hypotheses:

1) Nutrient concentrations, primary productivity, and invertebrate abundance are higher immediately downstream of tributary junctions compared to upstream.  

2) Physical heterogeneity is higher downstream of tributary junctions compared to upstream.  

3) Because of productivity and physical gradients, juvenile coho salmon prefer areas immediately downstream of tributary junctions.  

4) Growth, survival, and density of coho salmon are higher downstream of tributary junctions compared to upstream reaches.  

5) Habitat preference by multiple fish species creates peaks in fish biodiversity in areas downstream of tributary junctions. 

METHODS AND RESEARCH PLAN
Study site. This research will be conducted in July 2002 and 2003 at the North Fork Hoh River, Washington.  We selected this watershed because we have previously collected data from a number of headwater streams and the Hoh has no ESA listed species.  However, we stress that the concepts presented here are applicable to the entire range of Pacific salmon, and our intent is to use data collected at this study site as a baseline for additional studies in other areas.  We have selected six 100 m mainstem reaches with headwater tributaries that drain directly into the Hoh at the midpoint of each reach.  The PI (P. Kiffney) has been studying the ecology of these headwater streams for the past three years; therefore, the research proposed herein builds upon previous research addressing the linkages between headwater streams and the larger mainstem.


In each reach, we will measure primary productivity, physical structure, site preference by juvenile coho salmon, and species biodiversity over a period of five weeks.  These measurements will be made in seven 20 m plots (Fig. 2, see p. 12) along the mainstem (five plots) and tributary (two plots).  The timing of measurements and surveys of each reach will be staggered to facilitate data collection in each reach.  

Nutrient export and primary productivity. To determine if primary and secondary productivity is higher downstream of tributary junctions compared to upstream, we will measure algae accrual rate and insect colonization rate on unglazed ceramic tiles.  Three sets of five tiles will be placed on the streambed at the center of each reach plot within each reach (total of 35 tiles per reach).  One tile from each set of will be destructively sampled weekly for six weeks, and analyzed for insect abundance and composition, chlorophyll a (represents plant biomass) biomass, and total organic matter biomass.  Dissolved nitrate-nitrogen and soluble reactive phosphorus, total nitrogen and total phosphorus, and total organic carbon will be measured in surface water twice during the study at the mouth of each tributary, and downstream and upstream of each tributary on the mainstem Hoh.  

Measurements of Physical Structure.  To determine habitat complexity within each plot, we will use a five level hierarchical habitat classification system (Hawkins et al. 1993). The first component in this classification identifies the channel type, and all six reaches will be matched at this level, thus serving as replicates at this scale.  Levels 2 through 4 will classify the main habitat units (pools, riffles) of the entire channel width within each plot, and level 5 will classify secondary units within the primary habitat units (those that encompass only a portion (>20%) of the channel width). We will measure habitat length, width, average flow, maximum and average depth, bank angle, percent overhead riparian cover, vegetation overhang, undercut banks, and length and width of available cover for each level 5 habitat class, map size and location of woody debris, and perform analyses of sediment size and supply (Rice et al. 2000).  In addition, we will measure water temperature in main habitat units within each plot on a weekly basis.   

Habitat selection and its consequences in coho salmon.  Habitat selection by stream fish is a likely behavioral mechanism mediating individual growth and survival, and as a consequence, population and community abundance and dispersion within a watershed. Small-scale experimental studies have shown that salmonids make patch choice discriminations based on conspecific density, food abundance, and refuge availability (e.g., Grand 1997, Giannico and Healey 1999).  However, little effort has been made to understand whether fishes select habitat at scales larger than individual units (e.g., pools).  

To examine how individuals respond to potential productivity and structural gradients at tributary junctions, we will perform a habitat colonization experiment and observe subsequent decisions of individually marked juvenile coho salmon. Juvenile coho salmon are abundant in the Hoh River and use a wide variety of habitats (Rosenfeld et al. 2000), therefore serving as an appropriate species to study the effect of habitat heterogeneity on habitat selection.  Furthermore, they are a dominant species in the fish community (Glova 1986), defending small (0.1 – 0.2 m2) territories that define their summer home range (Dill et al. 1981).  Observations of marked coho salmon, combined with surveys of both marked and unmarked fish, will allow us to assess the individual consequences of habitat choice as well as changes in local density and survival.

One the first day of the study, we will capture all fish in each reach via electrofishing surveys (see below). From these surveys, we will obtain our sample of juvenile coho salmon.  Each juvenile fish will be measured, weighed, and individually marked with a unique combination of infrared-sensitive pigments.  Because infrared pigments are invisible to other fish (Sinclair 1985), marking will allow identification without making marked individuals susceptible to visual detection by predators.  After marking, we will reintroduce 50 fish into each plot along each reach. We will maintain similar size distributions of fish at each release point, and introduce only fish obtained from other reaches to control for prior experience in particular reaches. Fish will be temporarily released in groups and in mesh bags to allow individuals a period of acclimation.  

After marked fish are reintroduced, movements of marked fish along stream reaches and densities of both marked and unmarked fish will be monitored using three underwater videography surveys.  We will conduct fish observations by upstream snorkel surveys that largely follow the methodology of Hankin and Reeves (1988), which uses a stratified systematic surveying technique to sample and derive an estimate of relative fish abundance. We will break each habitat unit into three to four sections of similar size and move upstream counting each fish seen. We will calibrate our snorkel estimates by the ratio method following the guidelines of Dolloff et al. (1993).

Snorkelers will use a camera on which will be mounted an infrared light as well as two lasers emitting parallel beams 5 cm apart from each other.  The infrared light will allow detection of individuals’ color markings.  The laser beams will be used as a ruler to calibrate measurement of marked fish during surveys.  Using these surveys, we will also obtain estimates of density and habitat use of marked (and unmarked) fish in each plot. Videography will therefore provide a permanent record of distributions of all observed fish, facilitate precise population counts of both marked and unmarked fish, and allow non-disruptive measurement of length changes in focal fish that can be calibrated with actual measurements. 

We will perform three snorkel surveys of each reach.  The first survey will be performed on the day immediately following release. The second and third surveys will be performed 10 and 20 days after the first survey, respectively.  On the final day of the experiment, we will recapture marked fish in the electrofishing survey to estimate growth and obtain final population counts across each reach.

Several dependent variables will be extracted from these surveys.  Size estimates using the paired laser beams as calibration will allow us to calculate growth rate differences of marked fish across the tributary junction.  Counts of marked and unmarked fish be used to estimate variation in density, and changes of the proportions of marked and unmarked fish will allow an estimate of survival.  These measurements will enable us to examine the individual and population consequences of habitat choice across tributary junctions.  

Surveys of the Fish Community.  Because reach scale habitat complexity is generally higher at tributary junctions (Rice et al. 2001, Benda in review), we predict that fish abundance and diversity will be higher due to this large-scale habitat complexity.  To examine whether the consequences of habitat choice along productivity and structural gradients affect fish communities, we will conduct five intensive surveys of fish assemblages in each reach.  The first and last survey will be conducted using electrofishing.  The other three surveys will be visual snorkeling surveys assisted by underwater videography.  The combination of these surveys will allow us to quantitatively estimate abundance and diversity of each plot and to observe reassembly of the fish community after removal. 

On the first day of the experiment, we will capture all fish in each reach using electrofishing.  Each unit sampled will be blocked off at both ends by fish-mesh nets and sampled two to four times. We will collect, identify, measure length, and weigh all fish captured. Once caught, fish will be divided up into three size classes, each of which will be temporarily held in a separate cooler to reduce predation in captivity. After tallying fish numbers and releasing the marked juvenile coho salmon, captured fish will be released 5 m upstream from their home reach in either the mainstem or the tributary (depending upon where the fish were caught) in order of size class, to reduce likelihood of predation upon the smaller-sized fish.  Thereafter, we will document recolonization of the reach by the fish community in the four underwater videography surveys using methods described above.  On the final day of the study, we will resurvey the fish assemblage with a second electrofishing survey.

EXPECTED DIFFICULTIES

Like all field studies, the outcome of our research will be affected by inclement weather.  Water turbidity and flooding resulting from storms may reduce water clarity during surveys and increase fish mortality.  To reduce the likelihood of inclement weather affecting the validity of our studies, we plan to conduct our studies during summer months, and we have explicitly chosen the North Fork Hoh River because of its clearwater characteristics.

More seriously, there exists the possibility that our “replicate” reaches will systematically vary in parameters affecting productivity, physical structure, or biodiversity.  This potential problem will be minimized in two ways.  First, we plan to match choice of replicates based on large-scale structural characteristics (e.g., mainstem channel width).  Hence, while such characteristics will not be identical across reaches, they will be similar.  Secondly, our plan to study six reaches will enable us to examine data via a regression design should we find systematic variation among reaches at the conclusion of our study.

Because there are listed species in the Hoh River, obtaining permits to electrofish may meet with some difficulty.  However, the PI (Kiffney) has been in contact with the Olympic National Park staff and they suggested that our project could operate under their current permits.  In addition, they have written a strong letter of support for this study (not received by the proposal deadline, but will available upon request), as it clearly provides information essential to their mission.

Finally, we may encounter several difficulties in the habitat selection experiment.  A first potential difficulty, a lower than expected initial number of coho salmon within each reach, can be remedied by capturing additional fish from outside the reach.  In addition, marked fish may move out of the reach or die.  To lessen the possibility of long-range movements or mortalities affecting our study, we will conduct our experiments before sea-run migration or winter dispersal begins, and use enough subjects that even moderate dispersal or mortality will still leave us with a sufficient sample size of marked individuals to calculate growth rates.  

WHY RESEARCH MEETS GUIDELINES FOR INTERNAL GRANTS

This study holds promise for linking watershed processes to mechanisms that control the distribution and abundance of individuals and multiple species.  This integrative research is a novel but logical step for research in the Division of Environmental Conservation Watersheds Program, and constitutes groundbreaking work on how watershed processes at a landscape scale can influence fisheries.  If managers are to successfully conserve and restore listed salmon stocks, scientists must study them at larger scales and be able to mechanistically link large-scale landscape attributes to population patterns.  Unfortunately, most freshwater habitat research has focused on relatively small scales (e.g., habitat unit scale).  Our integrative approach should provide insights into the consequences of individual variation at population, and community levels, an emphasis gaining importance in studies of salmonid life histories, population biology, and genetic diversity at the Science Center.  Furthermore, our focus on habitat selection by juvenile coho salmon will provide important data on habitat-specific density and survival, information that will be useful for recovery of this listed species.  This research also meets program guidelines in that it will fund Center scientists early in their careers. 

 Furthermore, this study represents an initial research direction that will be used as baseline data for future studies encompassing larger spatial scales.  We see several future possibilities.  First, this study will serve as a basis for larger-scale studies of watershed processes, population changes, and community dynamics within the Hoh River.  We are particularly interested in examining the cumulative effects of tributary inputs in a watershed, and our design will provide necessary preliminary data to address this question.  Second, this study will provide an assessment of diversity and density along tributary junctions in a relatively pristine environment, which will be used in future studies to compare the effects of management and restoration practices.  Likewise, these data will help establish the relative importance of tributary junctions for structuring diversity in other systems, e.g., watersheds on the east side of the Cascades that have fewer tributary inputs.  There is a growing awareness among natural resource managers in the Pacific Northwest that we know very little about headwater streams or how they influence watershed processes.  This is because these streams lack large populations of anadromous salmonids.  Moreover, although these headwater streams are extremely abundant, they receive the least amount of riparian protection compared to larger channels.  The research proposed here will, therefore, address for the first time how headwater streams influence downstream patterns and processes, and provide supporting data necessary to obtain addtional funding for broader studies from sources such as NSF and USDA.

Finally, this study will allow us to compare novel techniques for studying the ecology of fishes with more standard methodologies. For example, our design will allow rigorous comparison of nondisruptive observations and measurements of fish obtained via underwater videography with standard measurement techniques that require capture.  In addition, this study will allow us to assess the validity of theories positing individual, population, and community consequences of habitat selection.  Many tests of these theories have been at very small scales in highly controlled settings (Glova 1986, Grand 1997), and therefore would benefit from tests in natural environments. 
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BUDGET

	
	Year 1
	Year 2
	Total

	Salaries
	
	
	

	1 work study student; benefit rate 10.6%
	1,500
	1,500
	3,000

	2 Full time summer assistants; benefit rate 10.6%
	6,500
	6,500
	15,000

	subtotal
	8,000
	8,000
	16,000

	
	
	
	

	Supplies
	
	
	

	Filters, reagents, waders
	500
	200
	700

	Buckets, mesh bags, bottles
	500
	200
	700

	Video tapes
	360
	360
	720

	Marking supplies
	500
	500
	1000

	subtotal
	1,860
	      1,260
	3120

	
	
	
	

	Travel
	
	
	

	Seattle to Forks, WA: 3-day trip x 8 times/year x $250/trip 
	2,000
	2,000
	4,000

	Government Vehicle ($250/month + $0.22/mile)
	1310
	1310
	2620

	subtotal
	3,310
	3,310
	6,620

	
	
	
	

	Other (Chemical analysis)
	
	
	

	Water samples- field survey of nine streams
	
	
	

	TN and TP 
	380
	380
	760

	NO3, NO2,  NH3, SiO2, PO4
	306
	306
	612

	DOC
	540
	540
	1,080

	subtotal
	1,226
	1,226
	2,452

	
	
	
	

	Underwater Videography Contracting
	
	
	

	Labor - Videography
	4500
	4500
	9000

	Travel
	1680
	1680
	3360

	Video Rental
	1350
	1350
	2700

	Administration
	3000
	3000
	6000

	subtotal
	10,530
	10,530
	21,060

	
	
	
	

	Total Direct Costs
	24,926
	24,326
	49,252


Budget Justification
This research is relatively intensive during the summer.  Therefore, we intend to hire two full-time summer undergraduates to help with setting up study plots, collecting samples, conducting fish surveys, processing samples, and entering data.  These students will gain valuable experience in a wide-variety of techniques relevant to ecological research.  The other main budget item is the underwater videography.  Because Washington Trout has already developed the technology and techniques, we are contracting with them to do the fish videography.  We believe this contract is well worth the money, as it is less harmful to fish and it provides a test of this method for measuring and enumerating marked fish.  Thus, this research has the potential to develop a less disruptive method for conducting mark-recapture fisheries experiments.
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Figure 1. Dissolved nitrate-nitrogen (dark bars) and phosphate-phosphorus (light bars) at three sites on the Cedar River, WA.  CR 4 is a mainstem site directly upstream of TC (a tributary junction on the Cedar), while CR 5 is approximately 50 m downstream of the tributary junction.





Figure 2.  Schematic of a tributary junction along one 100 m mainstem reach, delineated into seven 20 m (arrow) plots. 
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