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a. Abstract

We propose to develop and implement a remote-sensing/modeling approach to assessing ecological connectivity and salmonid habitat dynamics in alluvial-bedded rivers.  The approach will use LIDAR, a recently developed aircraft-based sensor, to collect high-resolution topographic data for the entire mainstem of the Umatilla River and associated floodplains.  After analysis, the data will be used in conjunction with a state-of-the-art computer simulation model to predict surface- and ground-water flow in the channel and floodplains of three study reaches.  Model predictions of spatial and temporal aquatic habitat dynamics in the study reaches will be validated using data collected via remote-sensing and on-the-ground field surveys.  This effort represents the culmination of a variety of past and ongoing research efforts in the Umatilla Basin and would build upon existing facilities, stream databases, and store-houses of remote-sensing imagery compiled by the Confederated Tribes of the Umatilla Indian Reservation.  It further represents an integrated collaborative effort between Tribal Government, university researchers, and small business.  Expected benefits of this research include:  1) development of a rapid assessment technique to document nodes of high salmonid habitat quality and a means to help prioritize opportunities for habitat restoration; 2) the ability to test the effectiveness of various flow and floodplain management scenarios in producing high-quality salmonid habitat; and 3) a means to inform current debates regarding the ecological effects of water-use policies on alluvial rivers.  With further development, these techniques may allow the use of USGS river flow records and aerial photograph archives to predict water movement and seasonal habitat dynamics on historical floodplains.  Combined, the products resulting from the proposed research will creating a unique source of new information to further our understanding of aquatic habitat needs for native salmonids in the Columbia River Basin.

b. Technical and/or scientific background
Background

“Like all river ecosystems, the Columbia River has three important spatial dimensions: 1) Riverine - a longitudinal continuum of runs, riffles and pools of varying geometry from headwaters to mouth; 2) Riparian - a lateral array of habitats from the middle of the main channel through various side and flood channels and wetlands to flood plains and the uplands of the valley wall, including streamside vegetation and associated faunal assemblages; and 3) Hyporheic - a latticework of underground habitats associated with the flow of river water through the alluvium (bed sediments) of the channel and flood plains.  These three interconnected habitat dimensions are constantly being reconfigured by physical (e.g., flooding) and biological processes (e.g., salmon digging redds; beavers damming small streams and side channels on flood plains of larger rivers).  Critical habitats for the various life stages of salmonids exist in all three dimensions.

The importance of a complex and dynamic continuum of habitats in the Columbia River is a central tenet of our conceptual foundation.  We believe that the floodplain reaches and gravel-cobble bedded mainstem segments (e.g., Hanford Reach) are especially important because habitat diversity and complexity is greatest in those locations.  Alluvial reaches are arrayed along the stream continuum between canyon segments like beads on a string and appear to function as centers of biophysical organization within the river continuum.  They are likely to be nodes of production and biological diversity that are structurally and functionally linked by the river corridor.”

-- Independent Scientific Group (1996), “Return to the River.”

Since the commercialization of salmon fisheries in the Pacific Norwest of the U.S.A. by European settlers, anadromous pacific salmon populations have undergone dramatic and precipitous declines (Independent Scientific Group 1996; Lichatowich 1999; National Research Council 1996) leading to localized extinctions and listings under the Endangered Species Act.  Resident salmonids have also undergone substantial declines (Frissell 1993).  These losses have occurred for a number of complex and interrelated reasons, but the loss of important aquatic habitat resulting from human land-use activities is one of the frequently cited reasons for the decline (Frissell 1993; Independent Scientific Group 1996; Moyle 1994; National Research Council 1996)
Historically, habitat restoration efforts for salmonids have been focused on restoration of creeks and small rivers (~3rd order or smaller) through direct manipulation of in-stream habitat structure such stabilizing stream banks and placing/securing large wood to create desired pool/riffle sequences (Platts and Rinne 1985; U.S.D.A. Forest Service 1988).  More recently, however, there is general scientific consensus that in-stream structural manipulation is often ineffective (Frissell and Nawa 1992; Kondolf et al. 1996).  Instead, many argue that management focused on hillslope and in-stream hydrologic processes that create and maintain habitat will ultimately result in more effective stream rehabilitation and increase the likelihood of species recovery (Beechie and Bolton 1999; Ebersole et al. 1997; 1996; Frissell et al. 1993; Independent Scientific Group 1996; Kauffman et al. 1997; McIntosh et al. 1994; Moyle and Yoshiyama 1994; Nemeth and Kiefer 1999; Poff et al. 1997; Stanford et al. 1996; Williams et al. 1999; Wissmar and Beschta 1998).  Further, the recent scientific literature highlights the importance of alluvial-bedded rivers in supporting robust fisheries and biological diversity (Brown 1997; Independent Scientific Group 1996; Stanford et al. 1996; Ward 1998; Ward et al. 1999).

Flooding associated with alluvial-bedded rivers is a phenomenon dependent upon complex interactions among climate, landscape, and human intervention.  The outmoded view of floods – water running off hillslopes into streams, converging downstream, and exceeding the capacity of the channel system – is being replaced by new understanding.   Upstream watershed production of runoff is only one of many components that contribute to flooding (Mertes 2000) and hydrologic connectivity on the floodplain surface contributes enormously to floodplain geomorphology (Wondzell and Swanson 1999) and habitat diversity (Gratto-Trevor 1996; Mouchot et al. 1991; Sparks et al. 1998; Ward et al. 1999).  Sparks et al. (1998) comment that hydrological connectivity is important for planning floodplain restoration so that habitat diversity is maintained.  In the 1993 Mississippi River floods for example, the floodplain surface often was inundated prior to over-bank flooding from the river (SAST, 1994), possibly the result of groundwater rise or precipitation directly onto a fully saturated floodplain surface.  Similar flooding patterns have been observed on the Kalispell Floodplain of the Flathead River in Northwest Montana (J. Stanford, Personal communication).  If floodplain restoration efforts inappropriately divert water from the main channel directly into these areas, the natural diversity of floodplain habitats will be reduced.  

Yet dikes and levees that artificially constrain floodwaters can also reduce habitat diversity.  Floodplain inundation and associated channel migration are critical processes that structure alluvial floodplain river systems and create habitat diversity therein.  Channel migration creates a diversity of morphologic features and habitat structures on floodplains (Arscott et al. Submitted; Brown 1997; Ward et al. 1999).  Seasonal flow regimes interact with floodplain morphology to create complex surface (Mertes 1997) and subsurface (Poole 2000) flow patterns that ultimately yield habitat diversity and create local refugia where salmonids and other native biota can avoid biologically stressful conditions such as extreme flow events or seasonal temperature extremes.  Having adapted behavioral strategies to exploit local refugia and avoid stressful conditions (Berman and Quinn 1991; Ebersol et al. In Press) or persist where main-channel habitats are otherwise be inhospitable (Cavallo 1997), salmonids ultimately rely upon habitat diversity to survive (Independent Scientific Group 1996).  Where hydrologic processes that maintain habitat diversity have been altered or interrupted by human activities, floodplain geomorphology is simplified (Sedell and Froggatt 1984; Triska 1984) thus diminishing the viability of fish populations (e.g., Jurajda 1995) and ultimately contributing to landscape-scale negative correlations between basin-wide human land-use intensity and aquatic system integrity (e.g., FEMAT 1993; Frissell 1993).  Where hydrologic processes and floodplain connectivity are still intact (e.g. the Hanford Reach of the Columbia River, see National Research Council 1996), salmonid populations have shown amazing resilience.  

The challenge, then, is to develop a better understanding of appropriate patterns of hydrological connectivity on floodplains and implement management actions that create and maintain habitat diversity.  We propose to develop a set of assessment tools to aid in understanding the linkages between hydrological connectivity and habitat diversity and to assess the effectiveness of alternative floodplain and river flow management scenarios.

Past and ongoing research by key project personnel

Under the direction of S. O’Daniel, the Confederated Tribes of the Umatilla Indian Reservation (CTUIR) have been actively engaged in a research program designed to document and assess the diversity of aquatic habitat in the channel and on the 11,323 ha floodplain of the mainstem Umatilla River.  The Umatilla River is an actively avulsing, alluvial-bedded river draining the Blue Mountains in the northeast corner of Oregon.   The floodplain of the river is largely agricultural and much of the river is leveed to control flooding and channel movement.  However, several nodes of relatively intact floodplain remain (e.g., Figure 1).  The river supports wild, native Steelhead as well as restored runs of Spring and Fall Chinook.  

A substantial database of remote-sensing imagery has been compiled by CTUIR for the basin and, in particular, the floodplain.  For instance, normalized differential vegetation index (NDVI) values , National Wetland Inventory (NWI), and land use classes have been compiled and analyzed.  The storehouse of remote-sensing imagery and GIS coverages is the result of a significant investment by CTUIR and represents an important springboard from which additional research can be initiated at a cost far lower than in areas where similar base information has not been compiled.

The CTUIR are also supporting hydrogeomorphic (HGM) classification of floodplain wetlands (Hauer and Smith 1998) for the floodplain of the Umatilla River.  This project will create a detailed HGM classification for the wetland types in the Umatilla River floodplain.  Relative influence, geographic position and water-source of individual wetlands will be documented through field surveys.  Results from this work will classify and map hydrologic processes responsible for maintaining riparian wetlands on the floodplain, thus creating a spatially explicit map of hydrologic floodplain function and associated aquatic habitats.

Additionally, CTUIR has compiled an extensive Forward Looking Infrared Radiometry (FLIR) dataset.  FLIR is an aircraft-based remote sensing technique that creates images representing stream surface temperature by measuring thermal infrared (IR) energy from the land/water surface.  Stream temperatures assessed with FLIR have been correlated with Spring Chinook salmon habitat-use in streams in the Blue Mountain Ecoregion (Torgersen et al. 1999).  In 1998, FLIR data were gathered for the mainstem Umatilla River (> 140km) during baseflow period.  These data showed a strong inverse correlation between stream temperature and salmon redd density in the mainstem Umatilla River (O'Daniel 1999).  

The FLIR data show substantial variation in stream temperature along the Umatilla River at several spatial scales (Figure 2).  Fine-scale variation in stream temperature was easily explained by local heat flux dynamics such as habitat-scale channel morphology, which enhances subsurface flow through gravel bars (Figure 2, Top).  However, the courser-scale variation in downstream warming (Figure 2, Bottom) was less easily explained; it does not correlate with expected drivers such variation in shade (O'Daniel and Poole In preparation).  Since hyporheic flow (the two-way exchange of water between the stream channel and underlying alluvial aquifer) can be an important regulator of stream temperature (Table 1), S. O’Daniel and G. Poole initiated research to test the hypothesis that hyporheic exchange could be responsible for the variation in downstream temperature.  By performing a remote-sensing geomorphic assessment of drivers of hyporheic flow, O’Daniel and Poole (In preparation) showed that cooling trends in the mainstem river were associated with zones predicted to have high potential for hyporheic flow (Figure 3).  Combined, the results from O’Daniel (1999) and O’Daniel and Poole (In preparation) suggest that floodplain morphology and associated hydrologic processes (such as hyporheic flow) are critical determinants of habitat for anadromous salmon and, by extension, all native aquatic biota.

In another alluvial-bedded river, the Middle Fork Flathead River, Montana, G. Poole (2000; Poole et al. 2000; Poole et al. Submitted) developed and applied a computer model showing that spatial and temporal patterns of hyporheic flow are strongly influenced by complex interactions between hydrologic regime, floodplain morphology, and surface water flow patterns.  Specifically, in simulations of floodplain hydrology, patterns of surface water flow were determined by interactions between flow regime and floodplain surface morphology Figure 4(Poole 2000, see also )
 including channel elevation and natural levees (Poole et al. Submitted).  Surface-water flow patterns, in turn, influence the spatial patterns of groundwater flow (Figure 5) and hydrologic flow regime determines the timing and magnitude of water storage on the floodplain surface and in the hyporheic zone (Figure 6) as well as the distribution and magnitude of ground- and surface water exchange (Poole 2000).

Similarly, using remote sensing and field data (Gomez et al. 1995; Mertes 1997; Mertes 2000; Mertes et al. 1995) Mertes has documented how hydrologic regime, floodplain morphology, and vegetation interact to create a diversity of dynamic surface water habitats, that, combined, form a diversity of habitats both longitudinally and laterally in floodplain environments (Figure 7).  In particular, the “perirheic zone” has been identified as a temporally and spatially dynamic zone of mixing of surface water from different sources and upwelling groundwater.  The perirheic zone has been identified as a significant ecotone on floodplain surfaces (Alsdorf et al. 2000; Mertes et al. 2000; Sparks et al. 1998).  Investigation by Mertes and her students into the perirheic zone is continuing on rivers worldwide ranging in size from 100,000 km2 of the Amazon River floodplain to 1 km2 watersheds of semi-arid coastal California watersheds.

Thus, the combined work of O’Daniel, Poole, and Mertes suggests that dynamic spatial and temporal distributions of aquatic habitat conditions (such as water temperature (Figure 2) and suspended sediment load (Figure 7)) can be explained by a mechanistic understanding of the complex interactions between geomorphology and river flow regime.  These interactions will determine the spatial distribution, timing, and rate of mixing between main channel, floodplain, and hyporheic waters in the perirheic zone.  It will also determine the distribution of hydrogeomorphic wetland types on the floodplain.  Thus, interaction between floodplain geomorphology and flow regime ultimately helps to determine the presence, diversity, and availability of high-quality aquatic habitat in rivers and streams.

c. Rationale and significance to Regional Programs
Rationale

From our past work and from the evidence in the scientific literature cited above, we conclude that maintenance and targeted restoration of complex interactions between river hydrology and floodplain morphology in alluvial floodplain rivers is critical to the restoration of aquatic habitat and recovery of salmonids.  Because of the important historical role of floodplain rivers as spawning areas, rearing habitat, and migration corridors for salmonids, we posit that a successful recovery strategy must include concerted effort to restore lateral ecological connectivity and habitat diversity in floodplain systems through targeted rehabilitation of floodplain morphology and hydrologic processes.  Yet currently, the tools to identify, evaluate, and prioritize potential floodplain restoration projects are limited or non-existent.  

To begin to fill this need, we propose to develop new remote sensing techniques for assessing channel and floodplain morphology.  The techniques will be coupled with an innovative computer model capable of tracking water movement in the channel, on the floodplain, and in the hyporheic zone.  Model results will provide a detailed, mechanistic simulation of interactions between channel morphology and hydrologic regime that determine the locations, rate, timing and magnitude of water mixing between the river channel, floodplain, and hyporheic zone.  These predictions will provide a direct indicator of ecological connectivity and the diversity of habitats critical to the life histories of Columbia River salmonids and other native aquatic biota.  

Our study site is the Umatilla River, from the confluence of the North and South Forks to the mouth.  We expect, however, that the remote sensing and modeling techniques developed from this research will be directly and immediately applicable throughout the Columbia Basin.  In fact, the initial modeling work upon which the proposed research is based (Poole 2000) was developed on the Middle Fork Flathead River but is directly transferable to the Umatilla River.  The Umatilla is an ideal study site because of the data generated by previous and ongoing work and because of the variety of different floodplains on the river.

Significance to regional programs

Our research supports the goals and objectives of the 1994 Fish and Wildlife Program in a variety of ways that can be divided into five general categories:  1) evaluation of ecosystem integrity; 2) restoration of critical aquatic habitat; 3) facilitation of a watershed perspective; 4) tribal rights and responsibilities; and 5) coordination with ongoing research.  Each of these five general categories is listed below along with specific goals and objectives from the 1994 Fish and Wildlife Program.  Each goal or objective is followed by a brief description of how our research supports the overall program.

Evaluation of ecosystem integrity

2.1 System-wide Goal:  

“The Council system goal is a healthy Columbia Basin, one that supports both human settlement and the long-term sustainability of native fish and wildlife species in native habitats...”

Our modeling approach will facilitate a mechanistic understanding of ecological connectivity on floodplains along with the hydrologic processes that create and maintain connectivity and critical salmonid habitat diversity in the basin.  Model results will be useful for understanding drivers of habitat diversity and guiding management decisions for habitat restoration plans.  Currently, the importance of connections between the stream channel, floodplain, and hyporheic zone is widely recognized, but there are few techniques to assess connectivity and habitat diversity.

3.3D Habitat database

“In developing and maintaining [the habitat database, we should] explore options to survey habitat conditions, such as analysis of aerial photographs, that could be more expeditious, less cumbersome and less costly than conventional methods.”

Development of the proposed remote sensing techniques holds the promise for rapid, system-wide data collection techniques to evaluate ecological integrity on floodplains.  

Restoration and protection of aquatic habitat

2.1 System-wide Goal:  

“[W]here impacts have irrevocably changed the ecosystem, we must protect and enhance the ecosystem that remains.”

Information generated from remote sensing techniques that characterize floodplain morphology and salmonid habitat will be useful for identifying floodplain locations where connectivity is high and for prioritizing degraded sites based on their potential for restoration.

2.2A Support Native Species in Native Habitat

“[R]emaining fish and wildlife habitat should be protected and restored to promote production of native species, especially habitat that supports weak populations of fish and wildlife”

Model results will help to provide a mechanistic understanding of the hydrologic processes and geomorphic patterns that create salmon habitat in floodplain rivers.  This will facilitate development of restoration strategies for floodplain systems.  Additionally, the Umatilla River supports an wild, native Steelhead population that is imperiled along with small Spring and Fall Chinook populations that have been re-established from hatchery stock after being locally extirpated.

4.2A Guiding Principles for the Columbia River Basin Salmon and Steelhead Research Program

“Salmon and steelhead research under this program is expected to be designed to reduce scientific uncertainty and increase knowledge to achieve the salmon and steelhead goal and policies of this program.”

Current knowledge of the importance of ecology connectivity on floodplains is high, but a detailed mechanistic understand of the relationships between floodplain morphology, surface water flow patters, and hyporheic flow dynamics is lacking.  We have very few tools available to assess the role of existing or proposed floodplain management (dikes, levees, rip-rap, ditches, irrigation wells, water use policy, river regulation, etc.) in degrading fish habitat.

7.8A.2 Implement State, Federal, and Tribal Habitat Improvements

“In streams where either water quality objectives or federal land management plan objectives for fish habitat and water quality are not being met, initiate actions needed for recovery.”

The Umatilla River is not in compliance with water quality standards for temperature.  Research on the importance of floodplain morphology and hyporheic flow for maintaining cool temperatures (O'Daniel and Poole In preparation) was initiated as part of an ongoing effort to develop a tribal TMDL for water temperature.  Results from the proposed research could be used to help develop a basin management plan that would reduce summertime water temperature in the Umatilla River by improving floodplain connectivity and restoring natural hyporheic flows.

7.8B.1
Best Management Practices

“Establish best management practices under the Clean Water Act to maintain and improve salmon and steelhead production.”

Currently there are no Best Management Practices that govern floodplain management.  This research would provide information useful for developing BMPs for maintaining connectivity and habitat diversity on floodplains.

Appendix A: Recommendations Regarding Habitat Objectives and Funding Sources

“The Council recommends actions to improve stream morphology such as: 1) restoring floodplains by removing floodplain impacts (i.e. roads, riprap, and mining operations), 2) prohibiting channelization and channel armoring, and 3) meeting bank stability and sediment objectives.”

Model results could be used to assess the hydrologic effects of targeted restoration projects and provide information to stakeholders regarding the specific expected benefits of restoration work.  Model results would also be useful for persuading law-makers to regulate floodplain development such as roads, rip-rap, gravel mining, etc.

Facilitation of a watershed perspective

4.1A
Salmon and Steelhead Rebuilding Principles

“The region should approach habitat and production activities from a total-watershed perspective, not as activities that occur in isolation from land and water conditions in watersheds.”

Combined remote sensing and mechanistic modeling techniques are especially well-suited to illustrating cumulative effects and placing individual projects in the context of the entire watershed.  Ultimately, the proposed research will lead to techniques useful for understanding how individual projects can contribute to the overall restoration or degradation of watershed integrity.

4.2A Guiding Principles for the Columbia River Basin Salmon and Steelhead Research Program

“Research priorities are expected to reflect a systemwide analysis of the major uncertainties and problems associated with increasing runs in a biologically sound manner.”

The mechanics of complex hydrologic interactions between channel, floodplain, and hyporheic waters remain largely unstudied from a “whole-system” perspective.  While hyporheic flow is known to create a diversity of thermal habitats (Poole and Berman In press), the work of O’Daniel and Poole (In preparation, see also Figure 3) is among the first to document the potential influence of hyporheic flow on water temperature at the scale of an entire river.  The proposed research is designed specifically to improve understanding of the physics of water flow and mixing between channel, floodplain, and hyporheic zone, thus shedding light on the mechanisms of hyporheic influence on whole-stream temperature dynamics.

Tribal rights and responsibilities 

4.1A
Salmon and Steelhead Rebuilding Principle 

“While the bulk of the region’s attention is currently focused on threatened and endangered stocks, it is important not to lose sight of this region’s obligations to fulfill Indian treaties and provide fish for Indian and non-Indian harvesters. Investments and adjustments should be made to provide harvest opportunities in tributaries or other areas and to facilitate rebuilding weak populations.”

The proposed habitat analysis on the Umatilla River will be extremely useful for the development of future management strategies to restore Umatilla River stocks, thus helping to fulfill tribal treaty obligations.

4.2A Guiding Principles for the Columbia River Basin Salmon and Steelhead Research Program

“[T]ribes should participate in development and oversight of the research program.”

Previous and ongoing research that has lead to the development of this proposal was initiated and overseen by the Confederated Tribes of the Umatilla Indian Reservation.  The proposed research will be overseen by the CTUIR and will integrate the skills and resources of tribal, university, and consulting scientists.

7.7 Cooperative Habitat Protection and Improvement with Private Landowners:  Tribal Role

“Management of watersheds in a manner that continues to produce these resources is critical to tribal cultures and to obligations to comply with tribal rights. Therefore, the full involvement of tribes in developing and maintaining local and regional watershed approaches on reservation and ceded lands should occur.”

The proposed research will help empower the CTUIR to develop effective strategies to manage floodplain land-use within the watershed such that ecological connectivity and salmonid habitat will be improved.  The research will assist in the development of a watershed-scale approach to aquatic habitat management.

Coordination with ongoing research 

4.2A Guiding Principles for the Columbia River Basin Salmon and Steelhead Research Program

“Research funded by Bonneville and the Corps [of Engineers] under this program is expected to be coordinated with research funded by other entities to ensure efficient use of funds and maximum return on research investments”

The proposed research is highly coordinated with other previous and on-going research.  See the next section, Relationship to Other Programs, for more details on coordination efforts.

d. Relationships to other projects 
The proposed research is consistent with the Northwest Power Planning Council's Columbia River Basin Fish and Wildlife Program (FWP), Sections 7 and 10, and is one element in the comprehensive Basin Program which includes artificial production, adult and juvenile passage improvements, instream flow enhancement, monitoring and evaluation, and watershed analysis.  The research will complement the natural production and habitat programs already established in the Umatilla Basin and will integrate habitat efforts on private and public lands.  Emphasis will be on a systematic assessment of the potential impacts of geomorphic floodplain alterations and flow regulation on efforts to restore salmon and protect dwindling numbers of summer steelhead and bull trout.  

Many rivers in northeast Oregon have been the focus of work integrating remote sensing techniques and stream ecology research.  The CTUIR, National Science Foundation, Bureau of Reclamation, US Forest Service and US EPA have all contributed to research integrating remote sensing techniques and stream ecology research in Northeastern Oregon (e.g., Li 1992, McIntosh 1995, O'Daniel and Poole In preparation; Torgersen et al. 1999).  This research will build critical links between floodplain and aquatic habitats, thereby refocusing local restoration efforts on a broader and more relevant suite of aquatic habitat controls.  Outcomes of this research will be directly coordinated with several projects in the Umatilla River Basin; specifically, Quantitative Assessment of Migrating Upstream Lamprey, Project #9402600, Umatilla Basin Natural Production Monitoring and Evaluation, Project #9000501, Umatilla Habitat, Project #8710001.  

In addition to these BPA funded programs, pending projects within the jurisdiction of the Umatilla Indian Reservation include a Corps of Engineers Phase 2 Flood Assessment Study, the replacement of several outdated bridges, and the managing the City of Pendleton’s water supply.  For each of these projects, there is considerable potential for exacerbating or ameliorating anthropogenic influences on surface and groundwater flow. Therefore, considerable debate surrounds the potential effects on instream habitat quality.  Largely this debate ensues due to a general lack of scientifically credible information describing the potential benefits of alternative scenarios on surface and groundwater dynamics.  Our proposed research would create the means to provide such information.

This project will also be complementary to Mertes’ recent work on the Altamaha River in Georgia supported by the National Science Foundation, where the initial characterization of the perirheic zone occurred.  In addition, the work proposed here is complementary to Mertes’ global river floodplain database of optical remote sensing images on large rivers which is currently being funded by the University of California, California Space Institute.  This database is being developed in conjunction with data collected by the Dartmouth Flood Observatory (1995-present) of extreme floods around the globe supported in part by NASA-EOS-IDS funding (R. Brakenridge – Principal Investigator, Mertes – Co-Investigator) and the NASA Shuttle Radar Topography Mission project (Mertes – Principal Investigator).

e. Proposal objectives, tasks and methods
Objectives 

Ultimately, the proposed research is designed to underpin an integrated remote-sensing/modeling approach to identification and assessment of salmonid habitat in alluvial floodplain rivers based on analysis of geomorphology and hydrologic function.  Remote sensing data would be used to parameterize the model to assess water routing and mixing in the channel, floodplain, and hyporheic zone thus providing a mechanistic understanding of these complex hydrologic interactions and associated drivers of habitat diversity.  Further research beyond the scope of this proposal would enable the model to incorporate dynamics of heat, nutrients, and/or carbon to investigate addition questions relevant to protection, restoration, or management of aquatic habitat.  

In order to further our efforts toward this end, we are currently proposing research to meet the following specific objectives:

1) Identify and characterize three study sites on the Umatilla River, one each from the three general zones of high hyporheic potential identified by O’Daniel and Poole (In preparation, see Figure 3).

2) Develop a remote sensing approach to provide high-resolution, highly accurate digital elevation models (DEMs) to describe floodplain and channel geomorphology.

3) Refine and apply an existing hydrologic modeling system to use remotely-sensed DEMs (from objective 2) to provide more detailed and realistic simulations of main-channel, floodplain, and hyporheic flow.  Use simulation results to predict perirheic mixing and fluvial wetland complexes in targeted study reaches of the mainstem Umatilla River.

4) Use spectral analysis of remote sensing images to document patterns of perirheic mixing and associated geomorphic controls during a high-flow event on the Umatilla River.

These objectives will result in a new set of remote sensing and hydrologic modeling techniques specifically designed to assess aquatic habitat in floodplain rivers.  The proposed  research will result in a hydrologic modeling system that is truly unique in that: 1) it will be parameterized and validated relying primarily on remote sensing data; 2) it will be capable of modeling and integrating channelized water flow, floodplain inundation, and shallow groundwater flow dynamics in three dimensions; 3) model outputs will be designed to generate spatially and temporally explicit predictions of dynamic aquatic habitat in floodplain rivers; 4) simulations of habitat dynamics in the model will be sensitive to changes in channel and floodplain morphology thus allowing assessment of alternative floodplain management scenarios geared toward protection or restoration of diverse habitats.


Tasks and Methods 

Objective 1:  Identify and characterize study sites (Poole, Mason, Webster, O’Daniel)

Identify and characterize three study sites on the Umatilla River, one each from the three general zones of high hyporheic potential identified by O’Daniel and Poole (In preparation, see Figure 3).
a) Locate study site boundaries.  Study sites boundaries will be located at logical topographic breaks where valley morphology suggests groundwater movement is constrained or can be estimated easily.  This will simplify modeling of groundwater flow boundary conditions.

b) Determine site hydrologic properties.  Existing accessible wells suitable for aquifer tests (Fetter 1994) will be identified.  Stress test will be performed to determine hydraulic conductivity of floodplain alluvium associated with geomorphic features on the floodplain surface, such as flood channels and vegetation patches (Poole 2000).  For critical geomorphic features that lack associated wells, additional wells (up to a total of 6) will be drilled to determine hydraulic conductivity.  Porosity will be estimated from sediment size class distributions.  Where needed, additional hydrologic sediment properties will be estimated from literature values following the method of Poole (2000, see Figure 8) 

c) Determine surface inputs from the watershed.  Flood susceptibility forecast models make it possible to study the impact floodwater water arrival timing and magnitude from different sources on the inundation hydrology and sediment transport in selected channel-floodplain reaches.  We will compute the watershed structure from the standard USGS 30-m Hydro1K product using ARC/Grid tools.  Mertes (2000) has used this technique successfully to evaluate potential contributions from watersheds of different sizes to individual floodplain sections for several large and small rivers. The resulting values will be used in hydrologic modeling efforts (Objective 3).

Objective 2:  Create Floodplain DEM (O’Daniel, Mertes)

Develop a remote sensing approach to provide high-resolution, highly accurate digital elevation models (DEMs) to describe floodplain and channel geomorphology.
At the reach scale, morphological maps that indicate landform type and variability in landform distribution make it possible to determine barriers and resistance on floodplain surfaces that control the flow paths for water and ultimately the distribution of sediment.  We intend to utilize Light Detecting and Ranging (LIDAR) to construct a high-precision digital elevation model.  LIDAR data is comprised of “return readings” from any feature over which the sensor passes.  This includes the ground surface along with trees, buildings, etc.  Therefore to generate a DEM of the ground surface from LIDAR data, the return signals from other features such as vegetation must be removed from the raw data.

a) Initial LIDAR DEM generation.  We will capture the geomorphic structure of the channel and associated floodplain wetlands using LIDAR. LIDAR point density may vary between 1.5 to 10 meters with a horizontal range of 15 cm to 3 meters and a vertical accuracy of 15 to 60 cm.  LIDAR data are being captured for the historic floodplain of the Umatilla River as part of a project funded by the Bureau of Reclamation.  LIDAR elevation data for our three study sites will be converted from ASCII format into TINs and GRIDs using ArcInfo.  

b) LIDAR DEM processing and filtering.  We will use spectral values from SPOT imagery to identify buildings and vegetation and then remove associated LIDAR readings from the raw data.  This will yield a LIDAR DEM surface that represents the terrain.  We anticipate using inverse distance weighting to interpolate across small (<20m) areas containing anomalous LIDAR data.  These processing steps will produce a fine grained terrain model, which will facilitate modeling surface/groundwater flows (Objective 3, below).

c) Accuracy assessment.  To assess errors in the final LIDAR DEM data, we will compare it to data collected using a laser rangefinder, high order GPS points, and a data set of two-foot contour intervals that exists for the portion of the floodplain within the Umatilla Indian Reservation .   Error will be expressed as the maximum root mean squared (RMS) error.

Objective 3:  Refine Hydrologic Model (Poole, O’Daniel)

Refine and apply an existing hydrologic modeling system to use remotely-sensed DEMs (from objective 2) to provide more detailed and realistic simulations of main-channel, floodplain, and hyporheic flow.  Use simulation results to predict perirheic mixing and fluvial wetland complexes in targeted study reaches of the mainstem Umatilla River.  

A general modeling approach for simulating ground- and surface-water movement in alluvial floodplains has been developed by Poole (2000) on the Nyack Floodplain of the Middle Fork Flathead River, Montana.  This approach will be refined and adopted to work with the DEM generated from LIDAR and be implemented to simulate channel, floodplain, and hyporheic water routing in the study sites of the Umatilla River.

a) Refine surface water routing algorithm.  The “linked-node” approach (Figure 9) developed by Walton (1996) and implemented by Poole (2000) will be refined to develop a “dynamic linked-node” approach (Figure 10).  The dynamic linked-node algorithm will recalculate the location of surface water links and nodes “on the fly” based on the detailed DEM and the river stage.  When river stage rises, the distribution of links and nodes will be simplified as gravel bars, islands, and other geomorphic features that divide low-flow channels are inundated.  When river stage falls and channel-separating feature are re-exposed, the original link and node network will be restored.  The algorithm will require an object-oriented approach where each node and link is an programming “object” with appropriate parameters and other properties.  The algorithm will be implemented in a VisualBASIC environment to facilitate rapid development of computer code, linking with legacy FORTRAN code, and, if necessary, to allow incorporation of GIS features into the model using ESRI MapObjects.

b) Link surface water routing algorithm to MODFLOW.  Poole (2000) has shown that the linked-node groundwater modeling approach (Walton et al. 1996) implemented on the Nyack Floodplain of the Middle Fork Flathead River is computationally inefficient for alluvial floodplain systems with high hydraulic conductivities because it uses an explicit approach to modeling groundwater flow.  Therefore, the new surface water routing algorithm will be linked to MODFLOW, a widely used groundwater model with an implicit solver (McDonald and Harbaugh 1988).  As a finite-difference model, MODFLOW is ideal for modeling floodplain groundwater movement through substrates described from a DEM.  MODFLOW will be parameterized so that each surface pixel from the DEM will be hydrologically linked to a subsurface “cell” in the MODFLOW grid (Figure 11).  Thus, the surface hydraulic head overlying each groundwater cell can be estimated from the surface water algorithm, and MODFLOW can calculate surface- and ground-water exchange and groundwater flow on the floodplain.

c) Parameterize aquifer structure.  Using the substrate hydrologic properties determined from Objective 1, surface morphology derived from the detailed floodplain DEM will be used to estimate subsurface hydraulic model parameters in the floodplain alluvium in a manner similar to Poole (2000).  Aquifer structure (Figure 12, bottom) is inferred from surface features based on idealized stratigraphy (Figure 12, top) derived from well records.  Hydraulic properties of the different substrate types are associated with subsurface strata and distributed across the floodplain based on cover classification.  This creates a complex, three-dimensional, heterogeneous, anisotropic representation of the floodplain aquifer.  Poole (2000) has shown this to be an effective means of deriving appropriate parameters for the alluvial aquifer.

d) Develop output routines.  Model output routines will be developed to report the simulated distribution of perirheic mixing (i.e., the relative influence of source-water from the channel, floodplain, and groundwater on surface water distributed across the floodplain).  These routines will track the recent mass balance of water, by source, for each “node” on the modeled floodplain surface and output the predicted pattern of perirheic mixing across the floodplain.

e) Perform simulation runs and generate predictions.  Using estimates of catchment water sources from Objective 1 (above), the model will be run and output will be used to create predicted maps of high-flow perirheic mixing (e.g., akin to the floodplain image in Figure 7).  To validate model behavior under high-flow conditions, predicted perirheic mixing maps will be compared to remotely-sensed maps of perirheic mixing (from Objective 4, below).  Model predictions from low-flow periods will be interpreted within the context of hydrogeomorphic (HGM) wetland classification (Hauer and Smith 1998) to predict the distribution of floodplain wetland types.  The predicted distribution of wetland on the floodplain surface will be compared to wetland distribution maps derived from the ongoing HGM wetland classification effort (discussed in Past and Ongoing Research, above) for further model validation.

Objective 4:  Perirheic floodplain assessment (Mertes, O’Daniel)
Use spectral analysis of remote sensing images to document patterns of perirheic mixing and associated geomorphic controls during a high-flow event on the Umatilla River.
Methods for analysis of the remote sensing data to produce maps of landcover type, water quality, and variability of these properties have been previously developed by Mertes and her colleagues for research on the Amazon River, Mississippi River, Altamaha River, California coastal rivers, Missouri River, and several other rivers worldwide (Alsdorf et al. 2000; Gomez et al. 1995; Mertes 2000; Mertes et al. 1995; Smith et al. 2000).  The mechanics of these analyses are outlined in Figure 13 and Figure 14.  Although shown here for the Amazon River, the techniques are scale-independent when using data sets with the appropriate scale for the river system under study.  In the case of the Umatilla River, the LIDAR technology will provide a precise DEM, and SPOT and Landsat 7 (Enhanced Thematic Mapper - ETM) remote sensing data will be sufficiently fine to provide a regional assessment of water quality and landcover type.  

a) Purchase appropriate imagery.  We have identified SPOT and EMT imagery as having both sufficient spectral resolution (enough spectral bands) and, most importantly, fine enough spatial resolution (10-20 m for finest resolution data) to assess perirheic mixing during high flow on the Umatilla River Floodplain.  Therefore, images will be purchased for the Umatilla watershed from each of these radiometers.  SPOT data will be purchased for November of 1996, when the largest recent flood occurred in the Umatilla Basin.  ETM data will be purchased for both flood conditions and dry conditions from the past year or Winter 2001, depending on image quality.

b) Perform spectral analysis.  The SPOT and ETM data will be analyzed with spectral mixture analysis tools and/or standard classification techniques to produce maps similar to those shown in Figure 13 and Figure 14 for the Umatilla River.  The most effective technique for tracking the perirheic zone is the use of sufficiently fine-resolution optical data that will involve at least 4 to 5 pixels across the flooded area.  Typically the different water types have substnatially different concentration of suspended sediment.  Mertes (1993) first used spectral mixture analysis to quantify surface suspended sediment concentrations in flood waters for Amazon River floods.  The quantification to milligrams per liter is based on a calibration to laboratory data of reflectance measured over water containing different concentrations of Mississippi River sediment and has a predicted accuracy of +/- 20 mg/l.  From this analysis we expect to produce for each set of images the zone of river-water influence, and statistics comparing the total extent of inundation relative to the zone of river-water influence.  Complementary to the analysis for sediment concentration we will decompose the spectral data into fraction images for vegetation, soil, and water types to develop a classification for landcover types (accuracy checked with field data) along the river system.  Variability statistics will be developed for both water and landcover type.  

c) Link perirheic mixing patterns to topographic variation.  We will examine local spatial variability in surface water mixing using the SPOT and ETM data and will be combining these data with measures of local topographic variability.  We will use topographic indices currently being developed as part of Mertes’ NASA SRTM work to develop standard measures for comparison of floodplain geomorphic features both within and across floodplains.  Using these techniques Mertes et al. (Mertes et al. 1995; Mertes et al. 2000), showed that patterns of topographic variability and inundation hydrology were highly correlated to the distribution of vegetation on the Amazon River floodplain (Figure 14).  By examining topographic variability it is possible to show areas where significant high-releif barriers such as old levees (Figure 15) may direct flow and sediment transport.  We expect to find similar patterns on the Umatilla River where existing levees constrain floodwater and prevent perirheic mixing.  We further expect to find the patterns of perirheic mixing in unleveed areas to be fundamentally different from leveed areas.  

By completing these tasks, we will: 1) develop innovative techniques for structural and functional assessment of floodplain systems and associated aquatic habitat; 2) create tools for informing and guiding the management of floodplains to balance human activities against aquatic system health; 3) contribute to improved understanding of the relationships between topographic variability and ecological connectivity; and 4) build the potential to design remote sensing techniques for rapid assessment of habitat diversity and ecological connectivity over large areas.  With further research, these techniques may also allow the use of USGS river flow records and aerial photograph archives to predict water movement and seasonal habitat dynamics on historical floodplains, thus contributing new information to our understanding of aquatic habitat needs for native salmonids.  

Development of these types of analytic capabilities will reduce the risk continued aquatic habitat degradation in alluvial-bedded rivers and on their floodplains.  If the rebounding fish populations in the Hanford Reach are any indication, we will substantially improve the likelihood of recovering anadromous salmon and other imperiled native biota in the Columbia River Basin by protecting and improving aquatic habitat in alluvial-bedded rivers.

Table 1:  Relative influence of different stream characteristics on water temperature in small, medium and large streams.  (From Poole and Berman In press)

Stream Characteristic

Stream Order
Riparian Shade
Stream Discharge
Tributaries
Phreatic

Groundwater
Hyporheic Groundwater

1-2
High
Low
Moderate
High
Low - Mod


Riparian shade and lateral phreatic groundwater inputs provide thermal stability. Lateral tributaries can frequently affect overall stream temperature.  Large wood stores sediments and creates streambed complexity, driving hyporheic flow. (However, hyporheic influence is “High” and shade “Moderate” in alpine meadow systems.) 

3-4
Moderate
Moderate
High
Moderate
Mod - High


Temperature of lateral tributaries has strong influence on stream temperature.  Effects of riparian shade modest.  Thermal inertia due to larger flows becomes more important.  Where floodplains form, channels patterns become more complex, and alluvial aquifers are well developed, hyporheic influence can be high.  Large wood creates habitat complexity and forms channel-spanning jams that may provide significant shade to the stream.

5+
Low
High
Low - Mod
Low - Mod
High


Complex floodplain morphology creates a diversity of surface and subsurface flow pathways with differential downstream flow rates allowing for stratification, storage, insulation, and remixing of waters with differential temperatures.  The resulting mosaic of surface and subsurface water temperatures continually remix to buffer channel temperature and create thermal diversity.  The thermal inertia of large water volumes allows the stream to resist changes in temperature.  Where side channels exist, shade from vegetation can be important.

[image: image1.wmf]
Figure 1:  Detail of the Umatilla River Floodplain, on the Umatilla Indian Reservation, exhibits a spatially diverse set of cover types. In blue, the current mainstem of the Umatilla River contrasts with this 1992 orthophoto.
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Figure 2:  Multi-scale thermal variation in the Umatilla River, Oregon.  Top: Remote sensing image of water surface temperature derived using Forward Looking Infrared Radiometry.  Arrows show localized cool water micro-refugia formed in a backwater by intragravel flow through the upstream gravel bar.  Bottom: Downstream patterns of heating and cooling on a hot summer day in the mainstem Umatilla River.  (The small discontinuity at km 50 is due to sewage treatment returns from the city of Pendleton.  The large discontinuity at km 60 is caused by hypolimnetic water released from McKay Reservoir on McKay Creek – a tributary to the Umatilla River.  The reservoir provides substantial summertime flow augmentation to supply downstream irrigation withdrawls.)
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Figure 3:  Correlation between observed cool-water areas in the Umatilla River and predicted zones of high potential for hyporheic flow based on geomorphic assessment. Black line is floodplain boundary. (From O'Daniel and Poole In preparation)
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Figure 4:  River stage and floodplain surface morphology control surface water distribution and flow patterns.
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Figure 5:  Simulated surface-water flow pattern (black) and water table elevation (white) on the Nyack Flood Plain, Middle Fork Flathead River, Montana, on three consecutive dates.  Water table contour interval is 1 m.  Arrows represent approximate ground-water flow directions.  Ground water flow directions are constant in the face of substantial changes in river stage so long as the pattern of surface water flow is relatively stable (e.g., April 26 to April 27).  However, groundwater flow directions change markedly (April 27 to April 28) when the pattern of surface water flow changes as flood channels are inundated (as represented by fine black lines that appear on April 28)  (From Poole 2000)
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Figure 6:  Simulated groundwater storage as a function of natural (top) and regulated (bottom) flow regime in the southern portion of the Nyack Floodplain, Middle Fork Flathead River, Montana.  (Data from Poole 2000)
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Figure 7:  Distribution of suspended sediments during floodplain inundation of the Mississippi River.  Varying sediment concentrations document the movement and mixing of surface water in the perirheic zone.
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Figure 8:  Relationships between vertical hydraulic conductivity and other hydrologic properties.  Relationships derived from values presented by Schroeder et al. (1994; 1992) for sands and gravels. (From Poole 2000)
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Figure 9:  A static “linked-node” approach to ground- and surface-water flow and exchange.  Discrete volumes of ground- and surface water volumes are associated with nodes (represented stacks of red dots) and water flow is calculated along links (dashed black lines).

[image: image10.wmf]
Figure 10:  This schematic topographic representation of a river floodplain at three different flows illustrates the “dynamic linked-node” approach to modeling surface water flow and floodplain inundation.  As river stage rises (from top to bottom) the algorithm automatically simplifies the linked-node network to represent surface water flow at an appropriate level of detail.  Thus, the algorithm is “self-scaling;” the spatial scale at which water flow is modeled (e.g., the density of the node network) is an emergent property of the algorithm and varies with the rate of flow (rather than being determined a priori and remaining static throughout the simulation).

[image: image11.wmf]
Figure 11:  Schematic of surface water/groundwater interface in the proposed model.  Detailed distribution of floodplain inundation from surface water model (top) will be mapped on to coarser-scale grid of MODFLOW groundwater model (bottom).  Using an implementation similar to Poole (2000), partial inundation of MODFLOW grids cells will be explicit within the model based on intra-cell elevation variance derived from LIDAR, thereby improving the precision of calculated surface- and ground-water exchange. 
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Figure 12:   Idealized aquifer structure derived from well-logs (top) with associated cell-based representation of aquifer structure in the groundwater model (bottom).  Different colors represent sediments with different hydrologic properties.
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Figure 13:  Classification of wetlands. Optical image data are processed through SMA analysis (Mertes et al. 1995) which produces fraction images.  The composition of each pixel is considered in terms of particular fraction combinations yielding individual classes.  The distribution is broken into these class regions and each class is identified and named.  Example shown for Amazon wetlands (Mertes et al. 2000).
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Figure 14:  Classification and variability of wetland land cover.  A) Classified Landsat data for Amazon River floodplain.  Note the fairly uniform forest cover on floodplain.  B) Demonstration of variability measure.  An appropriate spatial scale (e.g., blocks of 3 pixels by 3 pixels) is chosen and each block in the image is examined.  The center pixel in each block is assigned a value equal to the total number of cover types in the block.   C) Variability map for landcover type.  Legend shows variability scaled from 1-9, with higher numbers indicating higher spatial variability.  High variability associated with active geomorphic processes in the vicinity of the river is more easily observed than on the classified image.
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Figure 15:  Topographic variability on Missouri River.  Map of Focal Variety derived from USGS 7.5” DEMs using ARC/Info/Grid software along a 30-km reach.  Blue indicates regions of homogeneous topography or water, yellow indicates regions of moderate topographic variability, and black and red indicate regions of high topographic variability.  Measures of variability of floodplain relief derived from DEMs will facilitate the identification of regions of potential sediment scour and/or deposition during and immediately following flood events, as well as flow barriers.  Note that variability also distinctively maps the river corridors of the small, local tributaries contributing directly to the floodplain (examples shown in white). 

f. Facilities and equipment
For the last 10 years, CTUIR has maintained a GIS lab.  In addition to maintaining 84 coverages for the Umatilla Indian Reservation, the lab has initiated and completed detailed research projects within the 6.4 million acres of CTUIR ceded lands in Oregon and Washington.  Positions in the Lab include four full time employees, 2 GIS Analysts, a Remote Sensing Analyst and a Manager.  Current software includes, Oracle, ArcInfo, Imagine, S Plus and IPW.  Current hardware includes both Unix and NT workstations.  The GIS Lab contains in excesses of 148 gigabytes of disk storage space and operates on a 100 base-T network.  

Dr. Mertes’ Geomorphology Lab at the University of California at Santa Barbara has computer facilities that include PC – NT and Unix hardware and software for image processing  (ENVI, PCI and Erdas), GIS (ArcInfo/GRID and ArcView), numerical modeling and document preparation software.  
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