Title:
Documentation of food-web linkages in the mainstem Columbia River – towards understanding the role of invasive species and establishing a baseline trophic state

a. Abstract

Understanding the sources of production supporting salmonids, native and non-native predators, white sturgeon, and other resident fish species could provide crucial information to guide management of rivers.  Recovery efforts for Pacific salmon have focused on altering dam operations, improving bypass structures, and predator removal programs to increase survival of migrating juvenile salmonids.  However, very little is known of how these mitigation efforts have affected the ecosystem function of the mainstem Columbia River.  Further introductions of non-native and, in some instances, invasive animal and plant species have altered the trophic-level dynamics of the mainstem Columbia River.  The use of naturally occurring stable isotopes to estimate the structure of the reservoir’s food web can be accomplished with minimal sampling and can provide a cost effective way to assess the current structure of the mainstem Columbia River above Bonneville Dam.  Our objectives in this research are to 1) provide information to mangers that will facilitate the management of fisheries and 2) increase our understanding of how non-native species are affecting ecosystem processes and relationships.  To achieve these objectives we propose to establish a habitat based probabilistic sampling design to collect samples, determine isotopic signatures of representative trophic levels in Bonneville Reservoir, and use multi-source mixing models to quantify food web sources and pathways.  
b. Technical and Scientific Background

The mainstem Columbia River is an important migration corridor for endangered and threatened salmonids and also supports important fisheries for native resident fish such as white sturgeon Acipenser transmontanus.  Recovery efforts for Pacific salmon have focused on altering dam operations, improving bypass structures, and predator removal programs to increase survival of seaward migrating juvenile salmonids.  However, very little is known of how these mitigation efforts have affected the ecosystem function of the mainstem Columbia River.  Further introductions of non-native and, in some instances, invasive animal and plant species have altered the trophic-level dynamics of the mainstem Columbia River.  For instance, the invasive aquatic plant, Eurasian watermilfoil Myriophyllum spicatum L., now occupies significant portions of the littoral habitats in some mainstem reservoirs (USGS unpublished data).  The current distribution of Eurasian watermilfoil has to affect the nature of primary and secondary production in these habitats and how these contribute to the trophic structure of the ecosystem.  The Asian clam Corbicula fluminea and American shad Alosa sapidissima have also become abundant in the mainstem Columbia River.  The Asian clam has been shown to constitute a major portion of the diet of white sturgeon (Muir et al. 1988).  The abundance of American shad is likely to affect the structure of the zooplankton community.  Understanding how energy is processed through food web linkages in the Columbia River will facilitate an understanding of the potential cascading effects of mitigation actions.  Establishing a baseline condition will provide a means to assess the effects of mitigation or restoration actions or attempts to control or manage invasive animals or plants on the trophic level dynamics of the Columbia River ecosystem.  For instance, what would happen if the decision was made to initiate control efforts for American shad?  If control efforts for Eurasian watermilfoil were conducted, what trophic levels would be most affected?  Given that the Columbia River is a regulated river system, are there any potential positive effects of Eurasian watermilfoil?  These types of questions will be difficult to answer without knowledge of how energy is processed through the trophic levels.

The use of naturally occurring stable isotopes to estimate the structure of the reservoir’s food web can provide a cost effective way to assess the current structure of the mainstem Columbia River above Bonneville Dam.  Stable isotopes provide two kinds of information for very minimal field sampling, (1) the source of an isotopic signature and (2) the change of the isotopic signature due to fractionation by physical and chemical reactions as the isotopes are consumed and metabolized in a food web (Peterson and Fry 1987).  Measurements of naturally occurring stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) allow us to understand the carbon flow and trophic structure over larger scales than those typically possible by experimental or observational approaches (Schell et al. 1989, Hobson 1999).  Stable isotope signatures of organic materials change from food to consumer in a highly predictable manner because of selective uptake and metabolic fractionation of isotopes.  Carbon isotope signature values increase typically by only 0.0 to 1.0‰ during trophic transfer (Peterson and Fry 1987), thus they can be preserved through several trophic levels and are often used as a dietary tracer (Perry et al. 2003, Bilby et al. 1998).  The nitrogen isotopic signatures for consumers typically increase by 3-5‰ relative to its prey and values may increase by 10 to 15‰ in many food webs, due to successive trophic transfers (Peterson and Fry 1987).  Thus, nitrogen isotopes are typically used to indicate trophic position (Vander Zanden and Rasmussen 1996, Vander Zanden et al. 1997).  There is no change with sulfur at increasing trophic levels, making this a good indicator as to which plant or bacterial food sources are most important to the consumers.  Furthermore, stable isotopes are temporally integrative, allowing the possibility of estimating seasonal diet composition (Fry and Sherr 1984).  The use of stable isotopes can allow for the identification of food web pathways that support salmon as well as those that are affected by invasive species (e.g. shad, zebra mussels, etc).  

Several stable isotope studies on large river systems and reservoirs (Kendall et al. 2001; Lewis et al. 2001; Saito et al. 2001; Fry 2002; Johnson et al. 2002) have demonstrated that fish communities integrate much of the isotopic variability present at lower trophic levels.  Some studies have evaluated stable isotopes in the Columbia River mainstem with a focus on evaluating suspended particulate matter that includes biota at lower trophic levels (bacteria, phytoplankton, & zooplankton) (Prahl et al. 1998, Sullivan et al. 2001).  Further, studies are ongoing in the lower Columbia River and estuary (Bottom et al. 2003; BPA proposal 2000301000; see: http://www.cbfwa.org/FWProgram/ResultProposal.cfm?PPID=CE2003000030001) that have also proposed to use stable isotopes to assess the food web structure in the lower Columbia River.  Similar to the assertions of Bottom et al. (2003) regarding our knowledge of food web pathways in the estuary, we suggest that there are major gaps in our understanding of how ecosystem processes have been altered.  

Spatial and temporal scales of connections between food webs and habitats are poorly understood in the mainstem Columbia River above Bonneville Dam.  This information is important to understanding processes controlling the dynamics of local populations, communities, and ecosystems across habitats and landscapes (Polis et al. 1997, Laurance et al. 2001).  Trophic connections between habitats or ecosystems may strongly influence production and structure of reservoir and stream food webs.  Food webs in adjacent habitats (tributaries, reservoirs, and anthropogenic sources) and ecosystems may be strongly linked by fluxes of nutrients, detritus, or organisms (e.g. invasive species) (Finlay et al. 2002, Polis et al. 1997).  By using the natural variation in δ13C and δ15N we can determine carbon sources and infer trophic positions in the reservoir ecosystem.  Carbon can vary spatially and seasonally and by tracking the naturally occurring isotope variation we can also infer spatial scale of carbon flow to food webs that support mobile predators.  In reservoirs, δ13C can be used to differentiate between major sources of available energy, such as, littoral production from attached algae and detritus, and pelagic production from phytoplankton, because the δ13C of the base of the littoral food web tends to be enriched in 13C (less negative than δ13C) relative to the base of the pelagic food web (France 1995).  In lotic ecosystems, factors such as geomorphology and discharge (dam operations) may strongly influence carbon sources to consumers, through effects on transport of organic matter, algal production, and consumer movement.  Lotic ecosystems demonstrate the spatial complexity of trophic dynamics (Finlay et al. 2002).  Stable isotope techniques can provide a continuous measure of trophic position that integrates the assimilation of energy or mass flow through all the different trophic pathways leading to an organism.  Stable isotopes have the potential to simultaneously capture complex interactions, including trophic omnivory, and to track energy or mass flow through ecological communities (Peterson and Fry 1987).  

Understanding the sources of production supporting salmonids, native and non-native predators, white sturgeon, and other resident fish species could provide crucial information to guide management of rivers.  Our objectives in this research are to 1) provide information to managers that will facilitate the management of fisheries and 2) increase our understanding of how non-native species are affecting ecosystem processes and relationships.  To achieve these objectives we propose to establish a habitat based probabilistic sampling design to collect samples, determine isotopic signatures of representative trophic levels in Bonneville Reservoir, and use multi-source mixing models to quantify food web sources and pathways.
c. Rationale and Significance to Regional Programs

Specifically, the research proposed here is in support of the Columbia Gorge subbasin plan but also addresses research needs identified in the Northwest Power and Conservation Council (NPCC) Research plan.  As stated previously in section B, we feel that an understanding of how energy is processed through the trophic levels of the Columbia River ecosystem will facilitate a better understanding of the effects of mitigation and restoration actions on non-target species.  Establishing a baseline condition will also provide a means to assess the effects of attempts to control or manage invasive animals or plants on the trophic level dynamics of the Columbia River ecosystem.  For instance, what would happen if the decision was made to initiate control efforts for American shad?  If control efforts for Eurasian watermilfoil were conducted, what trophic levels would be most affected?  Given that the Columbia River is a regulated river system, are there any potential positive effects of Eurasian watermilfoil?  These types of questions will be difficult to answer without knowledge of how energy is processed through the trophic levels.

This research would provide information that would inform decisions on how to achieve the biological objectives 2-5 (see pp 78-79) that address production goals for white sturgeon.  The community ecology research recommendation “examine the relationships between food values of historically- and currently-available prey species” would also benefit from the information from this research.  In the October 2004 Addendum to the Columbia Gorge Subbasin Plan, the authors of the plan acknowledge a statement form the Oregon Invasive Species Council that suggests that the effects of invasive organisms on native biota are poorly understood.  In the October 2004 Addendum, the ISRP also suggest that fish community dynamics, including interspecific relationships of non-native fishes at different life stages, should be evaluated and that a better characterization of the ecosystem is needed.  They further state the plan does not adequately cover other species in the reservoir (interspecific relationships among non-focal species, American shad, etc.).  These comments suggest the need for detailed information on ecosystem processes.  Our research is consistent with these suggestions.

We feel that this research will address the following critical management uncertainty listed in the NPCC Research Plan with respect to invasive species management (see p. 32):
1. To what extent do invasive and nonnative species affect native fish and wildlife species in the Columbia River Basin?

and is consistent with the following regional research recommendations (see p. 97; Appendix H.):

9.2
Identify the interactions between native and invasive species, including:

· Predators, prey, food chain organisms, pathogens, and those that alter habitat structure; 

· How competitors respond to altered systems and to restoration and recovery actions; and, 

· How food supplies have been altered and how they can be restored.

9.3
Determine the ecological and economic consequences of invasions on native fish fauna and aquatic organisms e.g. competition, predation, and cascading trophic effects on native species, nutrient cycling, effect of management activities.
· Determine the impact of nonnative aquatic and terrestrial species that are invasive on salmonid recovery.
· Determine the impacts of nonnative species invasions i.e., rainbow and eastern brook trout, on abundance, distribution, life history and genetic diversity on bull trout, redband trout, and west slope cutthroat trout populations.

9.4
Determine the trophic impacts of nonnative species. 

· Determine whether the economic and ecological effects of invasive species have greater impacts at some trophic levels or in specific guilds than others.

· Determine the current extent of the colonization of reservoirs by non-native estuarine and mountain stream species and their role in reservoir food webs and headwater storage projects.

9.5
Determine the ecological impacts of “naturalized” non-indigenous species.

9.6
Determine whether regionally accepted non-indigenous species, such as warm-water fish, can be managed to minimize ecological effects.


We propose this research as a pilot monitoring activity.  Our intent is to structure the sampling design so that it can be redone in a repeatable fashion and would allow long term monitoring types of comparisons.  We also propose that the sampling approach should be applicable to other mainstem reaches.  As such, the research will inform regional monitoring activities such as the Pacific Aquatic Monitoring Partnership (PNAMP).  

d. Relationships to other projects


As implied in Section’s B and C, we feel that the information that we would collect would inform a variety of projects currently being conducted in the Fish and Wildlife Program.  Specifically, we feel that the information would be beneficial to projects that are charged with management and research activities for white sturgeon.  We would also need to coordinate and utilize the fish sampling efforts from these projects to avoid duplication of effort and reduce the costs of this proposal.  In general, we feel the information provided in this project would provide an insightful context to most management activities and research being conducted in this river reach.


We will coordinate intensively with ODFW to obtain tissue and stomach samples for target fish species and other fish species opportunistically through the White Sturgeon Mitigation and Restoration in the Columbia and Snake Rivers Upstream from Bonneville Dam (BPA project 198605000) and the Northern Pikeminnow Management Program (Tom Rien personal communication).  Additional samples will be obtained from the USGS white sturgeon young-of-the year index trawling that is conducted annually (BPA project 198605000).


We are participating in the PNAMP (see project # 20040200, title "PNAMP Funding") technical workgroups regarding Estuaries and Large Rivers.  This research will be coordinated with PNAMP to ensure consistency with regional monitoring activities and efforts to establish a universal sampling design for monitoring in the Pacific Northwest.   

e. Project history

This is a new proposal.

f. Proposal biological objectives, work elements, and methods 
Major gaps in our understanding of how energy is processed through food webs in reservoirs on the mainstem Columbia River exist despite the importance of these habitats to popular native sport fisheries (e.g., white sturgeon) and other native resident fish species.  Certain introduced animals and plants have become established and are now abundant (e.g., Asian clam, Eurasian watermilfoil, smallmouth bass, etc.).  However, how these and other introduced species have affected the trophic level dynamics of these river reaches is poorly understood.  Further, as part of mitigation efforts for Pacific salmon, reservoir operations are manipulated to increase the survival of juvenile salmon.  Dam operations may strongly influence carbon sources to consumers, through effects on transport of organic matter, algal production, and consumer movement.  Our primary biological objectives are to 1) provide information to mangers that will facilitate the management of fisheries and 2) increase our understanding of how non-native species are affecting ecosystem processes and relationships.

Bottom et al. (2001) recommended the use of natural stable isotope analyses or other methods to investigate potential food web disruptions due to habitat loss and degradation.  In this research we suggest that a similar approach is warranted to understand the effects of mitigation actions for Pacific salmon and the effects of invasive species on ecosystem processes and the fish community of the mainstem Columbia River above Bonneville Dam.  The following are specific hypotheses that we feel can be addressed using this research.  Immediately below each stated hypotheses we have included potential management implications.

1) Ho: Despite the fact that Eurasian watermilfoil is now abundant in shallow water habitats and likely constitutes a large proportion of the plant biomass in Bonneville Reservoir, the production of this aquatic plant does not contribute significantly to the food web. 

Management implication: Programs to limit the distribution of this invasive plant will increase the energetic inputs to Bonneville Reservoir by increasing periphyton production that will be more palatable to secondary consumers.  (Note: the alternative hypothesis here is that milfoil does contribute significant resources to the food web and thus the management implication would be that the removal would alter a significant energetic pathway).

2) Ho: Common carp are competitors with white sturgeon and utilize similar energetic pathways.

Management implication: Removal programs for carp will benefit white sturgeon.

3) Ho: The Asian clam is a significant component of the food web in Bonneville Reservoir and contributes energetic resources to white sturgeon.

Management implication:  The introduction of the zebra mussel that is a potential competitor with the Asian clam and likely much less available to white sturgeon, will result in decreased white sturgeon production.

4) Ho: The Northern pikeminnow and smallmouth bass are benefiting from the altered energy flow caused by the establishment of invasive species in the mainstem Columbia River, namely the American shad.

Management implication:  Efforts to reduce the population of American shad will benefit migrating juvenile salmonids by reducing predation pressure from the Northern pikeminnow and smallmouth bass (see: Sauter, Sally, Robin Schrock, James Petersen, Alec Maule, "Assessment of Smolt Condition:Biological and Environmental Interactions; The Impact of Prey and Predators on Juvenile Salmonids", 2004 Final Report, Project No. 198740100, 50 electronic pages, BPA Report DOE/BP-00004740-1).

5) Ho: Established invasive species constitute a major perturbation to the historic food web in the mainstem Columbia River.

Management implication:  Since invasive species introductions may confound efforts to manage important fish resources, efforts to limit future introductions should be increased 

6) Ho: The food web is not static and will flux with additional invasive species introductions (e.g., zebra mussel) and as the mainstem reservoirs age.

Management implications:  Since the food web in Bonneville Reservoir (and other mainstem reservoirs) is likely to flux with time, management actions, or invasive species introductions, currently applied management strategies nay need to change or be updated to accommodate the changes in how energy is processed through the system. 

We will address hypotheses 1-4 by determining the link between consumers and diet using the techniques outlined in Work element 2.  We also feel that we will be able to collect information that will contribute to assessing the more general hypotheses stated in 5 and 6.

Work element 1. Determine isotopic signatures of representative trophic levels in Bonneville Reservoir.

The spatial and temporal scales of connections between food webs are poorly understood in the mainstem Columbia River above Bonneville Dam.  Food webs in adjacent habitats (tributaries, reservoirs, and anthropogenic sources) and ecosystems may be strongly linked by fluxes of nutrients, detritus, or organisms (e.g. invasive species) (Finlay et al. 2002, Polis et al. 1997).  In reservoirs, δ13C can be used to differentiate between major sources of available energy, such as, littoral production from attached algae and detritus, and pelagic production from phytoplankton, because the δ13C of the base of the littoral food web tends to be enriched in 13C (less negative than δ13C) relative to the base of the pelagic food web (France 1995).  We will collect samples from representative habitat types that correspond to a hierarchical habitat classification system being developed by the USGS.  The classification will be based on the hydrogeomorphic characteristics of reservoirs with further delineations based on channel morphology (bathymetry), shoreline type (rip-rap etc.), and other landscape and land-use characteristics (island, tributary mouths, marinas, etc.).  Locations to be sampled will be randomly selected for the representative habitat classes from cells overlain as a grid on the reservoir in a GIS as per probabilistic sampling methods typically employed by EMAP.  To account for temporal variability in some trophic levels, samples will be collected at different times of the year.  Site selection and sampling procedures will be coordinated with regional monitoring groups such as PNAMP.

Task 1.1 Riverine particulate organic matter (POM)

During two periods (late spring and late fall, during periods of increased terrestrial POM input) we will obtain samples of riverine POM, separated into a phytoplankton and non-phytoplankton component for isotopic analysis.  Additionally, we will obtain samples from major tributaries to Bonneville Reservoir during the two periods and during winter, high discharge events.

Task 1.2 Periphyton

Periphyton will be sampled by various methods.  For sampling coarse/hard substrate, a stiff brush will be used to remove periphyton from a known area.  A gravel sampler made of PVC may also be used depending on substrate composition.  For finer substrate, the inverted petri dish method outlined in the NAWQA protocol will be utilized.  Epiphytic algae will be sampled in conjunction with aquatic macrophytes described below.
Task 1.3 Aquatic macrophytes

Macrophyte samples will be collected using a stovepipe sampler.  Specific collection locations will be determined using a point-intercept (grid) or line-intercept (transect) method described by Madsen (1999).  Macrophytes will be rinsed with water, brushed or agitated for sampling attached algae.  

Task 1.4 Zooplankton and benthos

Riverine zooplankton will be collected by plankton net sampling at locations that correspond to a habitat classification system that is being developed for Bonneville Reservoir by the USGS.  Vertically integrated zooplankton samples will be taken with 2 Wisconsin-style plankton nets attached side-by-side to a metal frame.  One net will have a mesh size of 64 μm to capture cladocerans and postnaupliar copepods, and the other net will have a mesh size of 35 μm to capture rotifers and nauplii.  The nets will be towed from near the bottom to the surface, obliquely in flowing waters, and vertically in low flow and slack water areas.  Zooplankton taxa may be composited into a single sample for isotope analysis.  Benthic organisms will be collected using a ponar dredge, disturbance methods, or benthic cores.  To collect invertebrate taxa on aquatic macrophytes we will use a stovepipe sampler.  Crayfish spp. will be collected using traps. Taxa will be sampled and classified according to the following functional (trophic) groups:

1) pelagic zooplankton, 

2) benthic infauna, separated into representative suspension feeders and detritivores; certain amphipod taxa, bivalves, crayfish spp., etc.

3) epibenthic organisms, e.g., mysids

4) aquatic insects, e.g., chironomid larvae and pupae

5) fallout insects, separated into those of aquatic and terrestrial origin e.g., adult dipterans

Task 1.5 Fish
We will coordinate intensively with ODFW to obtain tissue and stomach samples for target fish species and other fish species opportunistically through the White Sturgeon Mitigation and Restoration in the Columbia and Snake Rivers Upstream from Bonneville Dam (BPA project 198605000) and the Northern Pikeminnow Management Program (Tom Rien personal communication).  Additional samples will be obtained from the USGS white sturgeon young-of-the year index trawling that is conducted annually (BPA project 198605000).  Specifically we will obtain at least five tissue samples from multiple year classes of white sturgeon Acipenser transmontanus, Common carp Cyprinius carpio, Northern pikeminnow Ptychocheilus oregonensis , smallmouth bass Micropterus dolomieu, and American shad Alosa sapidissima.  Other common species of fish will also be collected and processed.  Dorsal muscle samples from fish larger than 67 mm total length will be collected.  For smaller fish (less than 67 mm), whole fish will be collected to assure a large enough sample (Saito et al. 2001).  Stomach samples will also be taken, preserved and processed in the laboratory to corroborate what fish are eating.  Since ODFW are already processing stomach samples as part of the Northern Pikeminnow Management Program, we will coordinate with them to ensure that are methodologies are consistent and that we minimize duplication of effort so that we are as cost effective as possible.

Task 1.6 Sample processing for isotopes 

All samples will be dried for at least 48 h in a 60º C oven and then ground to a homogenous powder using a mortar and pestle.  To economize on mass spectrometer costs, individual fish samples can be pooled into composite samples according to length classes that approximate age classes and reservoir locations.  Composite samples should contain an equal mass of each individual sample (Saito et al 2001).  In order to characterize the mean stable isotope and the associated variation about the mean for each taxonomic grouping across time periods and locations, a minimum of five samples will be processed (Lancaster and Waldron 2001).  A 1-2 mg sample will be individually processed for δ13C, δ15N, and δ34S signatures in a mass spectrometer.  The quantity measured in stable isotope analysis, δ, is the relative difference between isotope ratios of the sample and a standard:



δ = Rsample - Rstandard/ Rstandard • 103

where δ (‰) is the per mil difference, Rsample is the isotopic ratio of the sample, and Rstandard is the isotopic ratio of the standard.  The standards will we employ are Vienna Pee Dee Belmnite for 13C/12C and atmospheric N2 for 15N/14N (Lajtha and Michener 1994).  Isotopic δ34S signatures will be analyzed using similar methods.  Stable isotope samples will be sent to the Colorado Plateau Stable Isotope Laboratory based at Northern Arizona University in Flagstaff, AZ for analysis.  The laboratory processes isotope samples for a diverse array of research organizations (see: http://www4.nau.edu/cpsil/).
Work element 2. Establish food web linkages.

Task 2.1 Estimate autotrophic sources for consumers.

Simple mixing models are limited by the number of sources and tracers used, therefore they do not adequately describe complex food webs having multiple contributing sources and pathways (Lubetkin and Simenstad 2004).  We propose to use a similar approach as that of Lubetkin and Simenstad (2004) that use companion models SOURCE and STEP that overcome these limitations and can model complex food webs in aquatic ecosystems.  The SOURCE model estimates the assortment of autotrophic sources for consumers using the equations:

s1 s2 s3 ··· sn 1



(a)

s1t1 s2t2 s3t3 ··· sntn (L Ct


(b)
s1u1 s2u2 s3u3 ··· snun (L Cu

(c)

s1v1 s2v2 s3v3 ··· snvn (L Cv


(d)

where t,u, and v are tracers; (((represent average trophic level shifts; Ct, Cu, Cv, represent overall consumer tracer levels, which reflect it’s diet at trophic level L; 

and 0 (si (1.

An exact solution for the above equations cannot be calculated, therefore, sets of linear equations for subsets of sources are solved iteratively to model the mixture of multiple sources.  

Task 2.2 Determine direct links between consumers and their diets
The STEP model is used to determine links between consumers and their diets.  This model estimates the isotopic signature for each consumer as a composite of its diet modified by one metabolic fractionation, and is represented by the equations below:

f1 f2 f3 ··· fm 1



(e)
f1t1 f2t2 f3t3 ··· fmtm Ct 


(f)
f1u1 f2u2 f3u3 ··· fmum Cu 


(g)
f1v1 f2v2 f3v3 ··· fmvm Cv 


(h)
where f are fractions that m potential foods contribute to a consumers diet.  The STEP model estimates direct diets of each consumer and calculates the trophic level position using the equation:

f1L1 f2L2 f3L3 ··· fmLm 1 L


(i)

where, fi is the fraction each food source contributes to the diet of the consumer, and Li is the trophic level for each food source, and L is the trophic level of interest.  For a more complete and thorough description of the model and how mathematical solutions are determined, see Lubetkin and Simenstad (2004).  

Task 2.3 Validate food web model


Model validation will be done in a similar manner to Lubetkin and Simenstad (2004) where simulations will be run on data assumed to be perfect (no variability) and data assumed to be more representative of multiple samples (introduced variability).  By performing these simulations we can evaluate how the model performs under ideal conditions, focusing on the mathematical validity of the model and how natural variability in the data would affect the model’s performances.  

Work element 3. Report results in technical reports, peer reviewed publications, and presentations.


All work will be summarized and presented in a final technical report, peer reviewed publications, and presentations to professional and public interest groups.

g. Facilities, Equipment, and Personnel

The U.S. Geological Survey (USGS) is the primary research arm of the Department of the Interior, which manages nearly one-fifth of all land in the United States. The Department of the Interior co-chairs the National Invasive Species Council, and the USGS plays a significant role in implementing the National Invasive Species Management Plan, called for in the Presidential Executive Order 13112 on Invasive Species.  To meet the goals of the Plan, the USGS Invasive Species Program provides management-oriented research and delivers information needed to prevent, detect, control, and eradicate invasive species, and to restore impaired ecosystems.   The Columbia River Research Laboratory has been conducting research in the Columbia River Basin for over 25 years.  The laboratory has state of the art computing resources and GIS capabilities, and approximately 30 research vessels deployed throughout the basin.  The Oregon Water Science Center conducts a diverse array of water and biological monitoring and research in the basin.
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