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Title:  Enhancing Summer Instream Flow and Reducing Temperature in Agricultural Watersheds
A.  Abstract and Statement of Innovation
The project is innovative because (1) it proposes a new concept for storing winter excess precipitation by enhancing infiltration and reducing runoff in agricultural watersheds via adoption of direct-seeding practices, (2) the new concept has potential to enhance summer flow as the infiltrated water will gradually percolate through the soil to aquifer system available for use in later (including summer) time, (3) the innovative approach brings multiple habitat benefits as the reduced runoff in winter will lead to less soil erosion and the enhanced stream flow will alleviate the problem of high stream temperature in summer, (4) the approach creates a win-win scenario as farming will become the habitat solution rather than the problem, (5) compared with other ground-water recharge options, this approach can be easily implemented as the practice has already been recognized as among the optimum management practices for water quality protection, and (6) the method has not been applied to fish or wildlife management for the purpose of flow enhancement. Low summer instream flow and associated high water temperature are two critical impairments of salmon habitats in the Pacific Northwest. The low stream flow is mainly caused by the climatic pattern of the region where little precipitation occurs in summer when the water resource is in great demand and the majority of the precipitation occurs in winter resulting in excessive surface runoff. An increase in water availability during the summer can be achieved by altering the hydrological imbalance. For the mainstems of the Snake and Columbia Rivers, this is achieved by flow regulation using reservoirs created by dams. However, limited options are available for maintaining stream flow in the tributary areas where juvenile fish spend the critical period of their life history.

The goal of this innovative research project is to investigate the potential for increasing instream flow and ground-water resources through a wider adoption of direct-seeding as an alternative agricultural management practice.  Ground-water flow is a gradual process with an extremely long duration, creating a natural mechanism of water resource enhancement. We believe the vast space in soil zone near the land surface and the underlying aquifers can be used to store water during winter and spring, and the water stored will flow naturally into the streams. If the approach is proven effective, the function of ground-water storage is equivalent to that of reservoirs except that water movement is regulated by the hydraulic conductivity of the soil and the head difference between the water table and the stream surface. These subsurface reservoirs, however, are created naturally rather than artificially. The strategy offers a natural way to alter the hydrological imbalance and may have a great potential to become one of the most effective and economical options in the tributary areas. Our previous research results show that land management practice, such as direct-seeding, considerably enhances field infiltration, and therefore has a great potential for increasing recharge to these subsurface reservoirs.
The proposed work includes determination of the infiltration characteristics of agricultural land under different management practices, and investigating the flow and release of infiltrated water to streams through modeling and field verifications. This project is “on-the-ground-demonstration” or “pilot” in nature as it builds upon the fact that farmers have increasing interests in adopting direct-seeding practices. This project will be conducted with the collaboration of Pomeroy Conservation District in the Pataha Watershed, a model watershed designated by the Bonneville Power Administration.  Washington State University will have the primary responsibility for performing the work with assistance from the conservation district. The outcome of the project will have a region-wide impact by improving habitats for not only salmon, but also resident fish. The project was ranked as the 8th out of 37 proposals and was recommended for funding by the ISRP in the 2002 solicitation, but was not funded due to funding limitation.
B. Technical and/or Scientific Background

The problem   Low summer instream flow is a critical impairment of salmon habitats.  Low flow reduces the available rearing habitat, hinders the movement of juveniles, and affects adult migration. In addition, low flow causes an increase in stream temperatures, which has been a focal point of salmon restoration efforts because temperature directly affects the entire aquatic ecosystem, including fish survival, growth, and reproduction (Sinokrot and Stefan, 1993). High stream temperatures have reduced or eliminated a large percentage of habitats in agricultural watersheds during summer and fall throughout the Northwest. Many streams in the Pacific Northwest have been placed on the 303 (d) list due to temperature related problems. Figures 1 and 2 illustrate the magnitude of the problems existing in three main streams in Southeast Washington. The data presented in the figures were from field monitoring carried out by the Principal Investigator’s group
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Figure 1.  Instream flow of three important fish streams.
Figure 2.  Temperature of Instream flow of three important fish streams.  
during the 1999–2001 seasons. These data and additional monitoring afterwards consistently demonstrated problems of low flow and high temperatures within these important fish habitat streams. Due to the connection between temperature and flow, they are often among the major limiting factors in most these streams, such as what are identified in the Tucannon Subbasin Plan (www.nwcouncil.org/fw/subbasinplanning/
tucannon/plan/Tucannon_Plan_2_1.pdf).
Low instream flow in summer is mainly caused by two factors. The first is the unique climatic pattern of the inland Pacific Northwest (PNW). The hydrological cycle of this region is typified by a precipitation imbalance over the course of the seasons. Generally, the majority of the annual precipitation falls during the winter season, and little occurs during summer when water resources are in great demand. Thus, instream flow decreases significantly in summer because of the absence of surface runoff from rainfall and lack of ground-water base flow. The second factor is human activities. Water consumption for agriculture and other human needs increases substantially during summer, creating additional competition for the limited resources.

Needs for research and the innovative concept   Consumption reduction and source enhancement are logical solutions to the instream flow problems. Although both aspects have room for improvement, this study focuses on the latter. Low instream flow and associated problems of high stream temperatures have become such critical factors in many watersheds that building water retention facilities in headwater areas has been suggested as a potential solution. This kind of solutions can be costly and their ecological impacts are unknown. Low cost, yet more practical alternatives are urgently needed but such options are lacking. Given the fact that stream flow is mainly supplied by the water infiltrated into the subsurface (USEPA, 1991) and, essentially, ground water and surface water act as a single resource (Winter et al., 1998), we propose an innovative approach to enhancing water resources based on the principle of ground-water and surface-water interactions. The strategy is to store water in the soil mass and aquifers during the wet season through increased infiltration. Subsequently, the infiltrated water will either directly release into streams through lateral flows or recharge the ground water, which will make its way to the surface water eventually. In many parts of the inland PNW, perennial streams are mainly supported by ground-water discharge. If the approach proves effective, more excess precipitation of the wet season will be stored in the soil profile and underlying aquifers and later utilized to enhance the base flow of the stream during summer. The function of ground-water storage is equivalent to that of reservoirs except that water movement is regulated naturally by the hydraulic conductivities of the soil layers and rock formations and the head difference between the water table and the stream surface. These reservoirs, however, are created naturally rather than artificially.

Although augmenting ground-water recharge is not a new concept, finding a practical way to implement such a strategy to enhance water resources is still a technical and economical challenge. During more than a decade study on conservation tillage system for reducing soil erosion, the PIs’ research groups have demonstrated the effectiveness of reduced tillage in erosion reduction (Fernandez et al., 2004; Fu et al., 2006; Gareer et al., 2006). One of the main reasons for the reduced soil erosion was the enhanced infiltration experienced in the fields under direct-seeding practices as illustrated in Figures 3 and 4. In comparison, the infiltration rate in the no-till (direct-seeding) field was much higher than that of conventional tillage. The higher infiltration rate had led to reduced runoff and associated soil loss. Comparing with other ground-water recharge methods, we believe that direct-seeding as an alternative agricultural management practice for water quality improvement has in effect additional benefits in the inland PNW in potential enhancement of ground-water recharge and instream flow augmentation. As direct-seeding becomes popular due to its environmental benefits and the increasing energy cost, it has become a more acceptable practice to the farmers and can be more readily adopted than before. The strategy for enhancing water resources through improved infiltration offers a sustainable way to alter the hydrological imbalance in the inland PNW and may have a great potential to become one of the most effective and economical options for the tributary areas. A study such as this project aimed at investigating and documenting the potential for improving salmon habitats at a watershed level is well justified given the significance of the problem and the potential contributions the project can make.
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Figure 3.  Infiltration rate comparison between no-till and conventionally tilled field. 
Figure 4.  No-till significantly increased infiltration and reduced runoff.
Technical background   Infiltration and surface runoff are the major processes in the hydrological cycle, and infiltration is the main mechanism of ground-water recharge. For a given amount of precipitation, surface runoff decreases as infiltration increases. In the inland PNW, excess surface runoff caused by concentrated precipitation during the winter season can lead to flooding and elevated erosion. An increase in infiltration will not only enhance ground-water resources, but also alleviate the erosion problems associated with excessive surface runoff.

Ground-water and surface-water interaction has been a topic of many studies. These studies included strategies for monitoring and evaluation (Cey et al., 1998), methods for determining flow sources (Richard et al., 1999) and direction (Mull, 1993), and procedures related to stream-aquifer interaction modeling (Jorgensen et al., 1989a,b; Swain et al., 1996). These investigations, though not directly addressing the specific problems and needs in the inland PNW, can provide information and serve as references for the proposed study.

Researchers have demonstrated that increased infiltration is achievable by adopting alternative management practices. It was reported that continuous no-till systems enhanced the development of macro pores that are mostly created by soil organisms (worms) and plant roots, and thus increasing the hydraulic conductivity and infiltration capacity of soil (Tyler and Thomas, 1977; Edwards et al., 1988). In contrast, conventional tillage destroys these channels, reducing infiltration and creating more runoff. Additionally, when the soil is maintained under no-till practices, the residues remaining on the ground will increase the levels of organic carbon and water-stable soil aggregates, which will also lead to increased infiltration (McGregor et al., 1975; Moldenhauer et al., 1983; West et al., 1992). Further, the amount of evaporation from stubble-covered no-till fields is generally smaller than that from bare soils of conventional tillage areas, leaving more water available for crops (Blevins et al., 1983; Brun et al., 1986). Based on the study of Golabi et al. (1988) in Georgia, long-term no-till systems allowed more water infiltration into the soil than conventional treatments. McGee et al. (1997) determined that no-till treatments resulted in more water storage for the crops than the conventional tillage practice in wheat fallow systems in Colorado. A similar conclusion was obtained by Blevins et al. (1983) on soils under 10 years of no-till and conventional tillage, respectively, in Kentucky. Radcliffe et al. (1988) compared soils with 10 years of conventional tillage to those with no-till histories and found that infiltration rates were more than doubled in no-till fields compared to those under conventional tillage.

There are other advantages associated with no-till farming. For instance, no-till has been recommended as an alternative management practice for reducing soil erosion by increasing surface residues and reducing surface runoff (Shelton et al., 1983). Surface residues affect erosion by decreasing the soil surface area susceptible to raindrop impact, reducing the velocity of runoff water and hence its transport capacity, and by creating mini-ponds that result in deposition behind clumps of residue (McCool et al., 1997). Additionally, in cold regions, the surface residues resulted from no-till help insulate the soil surface and shorten the period the soil stays frozen in winter, thus increasing water infiltration and reducing runoff and erosion. This effect can be significant in the inland PNW.
C. Rationale and Significance to the Council’s Fish and Wildlife Program
Relationships to the specific objectives of the Council’s Fish and Wildlife Program, NMFS Biological Opinions or other plans

This project fits well with the major objectives of the Northwest Power Planning Council (NPPC) 2000 Program, which directs significant attention to rebuilding healthy and naturally produced fish and wildlife populations by protecting and restoring habitats and the biological systems within the habitats. The proposed strategy to increase water resources through enhanced infiltration is applicable to a wide region, in particular the dryland area in eastern Washington, Northern Idaho and Northeastern Oregon, an area that encompasses approximately 8 million acres of cropland. While being one of the most productive dryland regions for wheat production in the US, this area also has some of the premium historical habitats for a number of salmon species, of which many are currently listed as endangered and threatened. In the Washington portion of the lower Snake Drainage alone, the endangered and threatened species include steelhead, sockeye, spring/summer-run chinook, fall-run chinook and bull trout. The council has developed target for rebuilding these species, and has also developed habitat policies that call for improving and maintaining coordination of land and water activities to protect and improve the productivity of salmon and steelhead stocks. For actions that increase habitat productivity or quantity, the council’s program gives priority to those that maximize the desired results for each dollar spent.

Technically, the proposed project fits well with the recommendation of the Independent Scientific Group (ISG, 2000) for fish habitat restoration in the inland PNW.

The ISG concluded that salmon recovery in the mid-Columbia Rivers is directly tied to substantial improvements in habitat conditions, and that high temperatures in the late summer and fall are detrimental to both juvenile and adult salmon in the mainstem and tributaries. The ISG believed that habitat restoration using artificial structures has failed to mitigate the adverse effects of temperature alteration, sedimentation, and simplification of habitat structure and processes resulting from upland and riparian land-use activities. Consequently, the ISG recommended the consideration of temperature in tributaries as part of the environmental change that has fragmented salmonid habitat, and that programs should be developed to restore temperatures to more normative conditions. Additionally, the ISG recognized that complex interactions between ground water and surface water are key attributes of high quality riverine habitat for salmonid fish in the Columbia River. Increasing ground-water storage and instream flow through increased water infiltration proposed in this project will help to reduce summer stream temperatures.
The results of this project will have region-wide applications and many of the watersheds in the PNW share the same problem. Figure 5 was developed from the data collected in the Little Spokane River Watershed, which exhibited the same patterns as those of the Tucannon River. In a different study, Fu (2005) analyzed 42 USGS gage stations throughout Washington State and found that the majority of the stations have observed water resource reduction (Table 1). As potential climate change may bring more precipitations in the winter and less in summer (Fu, 2005), finding alternatives to dealing with the unique hydrological patterns in the inland PNW is critical to the long-term success of the Council’s Fish and Wildlife Program.
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Figure 5. Relationship between precipitation and runoff  (Little Spokane River, Spokane, WA).
Table 1. Stream flow difference between 1961–2002 and 1954–1960 (%) in Washington State.
	Annual Stream flow Change (%)
	Number of Stations

	Less than −5%
	2

	−5% to −10%
	20

	−10% to −20%
	16

	More than −20%
	1

	39 stations average change (%)
	−11.2%

	Minimum Change
	−0.9%

	Maximum Change
	−49.4%


D. Relationships to Other Projects 
Relationships to other relevant projects in progress   This project addresses a critical salmon habitat issue that has been a focus of many previous and existing restoration projects. Based on the monitoring records of several key streams (e.g., Asotin Creek, Tucannon River, Pataha Creek) in this region, instream flows declined significantly during summer and stream temperatures rose to levels that were damaging to the habitat. As such, restoring instream flow and reducing temperature have been identified as future needs for project actions in the sub-basins of the region (http://www.nwcouncil.org/fw/
subbasinplanning/asotin/plan/; scope of proposals related to NMFS BiOp for Blue Mountain and Mountain Snake provinces, http://www.nwcouncil.org/fw/province/

blue/NMFSscope.pdf). Another example is funding recommendations. For example, in the final review of fiscal 2002 project proposals for the Mountain Snake and Blue Mountain provinces, the Independent Scientific Review Panel (ISRP) and CBFWA completely agreed on funding 24 projects in the Mountain Snake Province and 23 in the Blue Mountain Province. Thirteen out of the 24 and seven out of the 23 projects are habitat or watershed related. Increasing instream flow and reducing summer temperature will definitely complement those projects. The goal of this project is also consistent with the habitat challenge of the test watershed. The test watershed proposed for use in this study is the Pataha Creek sub-basin in the Mountain Snake Province, a watershed of 185 square miles within which non-irrigated cropland forms the dominant land use. Winter wheat, spring wheat, barley, peas, and bluegrass seed are the major crops grown. Pataha Creek discharges directly into the Tucannon River, a stream of vital importance for improving salmon habitat and restoring salmon runs in the PNW. The Tucannon Sub-basin Plan outlined a vision for the Tucannon Sub-basin as “a healthy ecosystem with abundant, productive, and diverse populations of aquatic and terrestrial species that supports the social, cultural and economic well-being of the communities within the Sub-basin and the Pacific Northwest” (www.nwcouncil.org/fw/subbasinplanning/tucannon

tucannon/plan/Tucannon_Plan_2_1.pdf). The plan specifies that the areas with the highest restoration value in the Tucannon Subbasin are: Tucannon River from Pataha-Marengo, Tucannon River from Marengo-Tumalum, Tucannon River from Tumalum-Hatchery,Tucannon River from Hatchery-Little Tucannon, and Mountain Tucannon. In each of these areas, the key environmental factors that contribute to losses in focal species performance, i.e., limiting factors, were identified as the following: sediment, large woody debris, key habitat (pools), riparian function, stream confinement, summer water temperature, and flow. Decreasing the effect of these limiting factors through habitat enhancement is expected to benefit bull trout as well as steelhead, spring chinook, and fall chinook. Priority protection geographic areas for aquatic focal species include the five areas identified for restoration. Protecting current habitat conditions in these geographic areas is expected to achieve no loss of function, and to allow for natural attenuation of limiting factors over time to benefit aquatic habitat.
As a main tributary, maintaining water quantity and water quality of the Pataha Creek is a major component in implementing the Tucannon Sub-basin Plan. The Northwest Power Planning Council and the Bonneville Power Administration (BPA) designated the Pataha Creek Watershed as a “model watershed”. The designation of model watershed encourages development, implementation, and funding of coordinated habitat protection and improvement activities. In order to evaluate and promote conservation practices in the watershed, the Pataha Creek Model Watershed Plan was developed by the Pomerory Conservation District Landowner Steering Committee and a Technical Advisory Committee involving the Washington Department of Fish and Wildlife, USDA Natural Resources Conservation Service (NRCS), BPA, and USDA Forest Service. The Pataha Creek Model Watershed Plan coordinates the application of recommended activities that improve instream fish habitat, reduce water temperatures, reduce excessive sedimentation, and maintain perennial flow. BPA has been funding implementation activities in the last decade in the watershed for adopting conservation management practices. It has been acknowledged by the NRCS, the Forest Service, the Department of Fish and Wildlife, and the Conservation Districts, that on-site field evaluation and documentation of the effectiveness of these conservation management practices for protecting water quality is critical for farmers to make management decisions. In the dryland agricultural region, both agencies and farmers wish to see local data as evidence of the effectiveness of no-till practices. If proven significant, the contribution of no-till practices to enhancing stream flow alone will justify the provision of additional incentive to adopt such practices for the purpose of salmon habitat restoration.  
The benefits resulting from this research will be sustainable and long-term in nature for several reasons. First, the strategy is based on the use of natural hydrological processes. Unlike a man-made structure, such an approach does not have a defined lifetime and thus can provide benefits year after year. Second, the proposed strategy does not sacrifice any sector of the economy. Third, it is consistent with other objectives of watershed management, such as erosion and sediment control. Fourth, the proposed strategy does not conflict with other restoration activities, such as the use of instream structures and riparian buffers.

Additional notes
Addressing water right issues is beyond the scope of this research project yet it is clear to us that the increased flow due to enhanced infiltration can be significant only at a relatively large scale, such as a sub-basin. Therefore, the right to the water should reside to the public and not individual farm operations, although the farmers may be rewarded for adopting the recommended management practices through the establishment of proper economical incentive policies. In fact, the habitat areas where this approach has the greatest potential are primarily dryland agriculture areas. The farmers in general do not have major needs for water because of the nature of dryland farming.

With respect to the effectiveness of the proposed strategy to increase stream flow and to reduce stream temperatures by enhancing infiltration, the main goal of this project is precisely to provide definite, quantitative answers. The validity of the proposed concept has been demonstrated in numerous studies conducted elsewhere. We fully understand that changes in tillage practices alone would not be the sole, ultimate solution to the problems of low summer flow and high stream temperature. Rather, a major merit of the proposed method is that it has a great potential to help augment summer flow and lower stream temperatures without demanding additional cost.

In an earlier study, the USDA CSREES awarded the Investigators a grant to perform a comprehensive research on improving water quality for salmon restoration in which one component involves field test of infiltration characteristics under different tillage systems. CSREES is the primary organization of the USDA charged with funding research on key problems of national and regional importance in biological, environmental, physical, and social sciences relevant to agriculture, food, and the environment. The results from that study demonstrated that, at the test plots in the Pataha Watershed, long-term no-till significantly reduced the amount of surface runoff and increased infiltration compared to conventional tillage. The water permeability of the long-term no-till fields was fivefold higher than that of the fields tilled with traditional methods (Figures 3 and 4). The infiltrated water undoubtedly contributes to the underground water storage and to the stream flow eventually. However, the question as to what degree can the increased infiltration help to augment the summer flow at a watershed level should be answered through this proposed project.  

E. Proposal Objectives, Work Elements, Methods, and Monitoring and Evaluation
Objectives 

The ultimate goal of this innovative project is to increase instream flow and enhance water resources in the PNW by adopting optimum agricultural management practices. As a pilot project, the specific objectives of the study are to determine the infiltration characteristics of agricultural land under different management practices in the inland PNW, and to investigate the flow and release of the infiltrated water to the stream through modeling and field verifications.

The overall project goal matches the goals of fish and wildlife programs, as flow and temperature are two critical issues that need to be addressed in the habitat restoration efforts. The hypothesis of this research project is that there is a great potential to use the vast subsurface soil to store water during the wet season for subsequent release to the stream for flow enhancement. The potential of this approach can be demonstrated with a rough estimation: if the annual infiltration amount in the entire Pataha Watershed (185 mi2) can increase by 1 inch (0.4(3.3 inches reported by McCool et al., 1999), the amount of ground water increased will be 669 million cubic feet. If all the ground water is later discharged to the Pataha Creek, it will result in an increase of 13.5 cfs on an annual average, which is several times higher than the typical summer flow in the creek. Additionally, based on the monitoring record of the 1990–2001 records, temperatures in both the Pataha Creek and Tucannon River exceeded 68 (F for July and August. If the temperature can be reduced by increasing instream flow, the number of fish return will increase based on the quantitative relationship between rearing capacity and temperature as discussed by McCullough (1999).

This project will be completed in 18 months with two wet seasons. In the first 12 months we will focus on the study of infiltration and modeling, and in the remaining six months we will focus on stream flow monitoring and modeling assessment in combination with field corroboration. The primary deliverable of the first objective will be a recommended method for estimating water infiltration of different tillage systems, while the major deliverable of the second objective will be a test model for predicting ground-water contribution to stream flow.

Tasks and methods 

Objective 1. To determine the infiltration characteristics of agricultural land under different management practices in the Pacific Northwest
Task 1.1. Infiltration plots installation, measurement, and data analysis  The purpose of this part of the study is to document the difference in infiltration rates as a function of the number of years of no-till compared with the traditional tillage practice. Wheat fields where no-till systems have been implemented for different lengths of time (1, 3, 6, and > 8 yr) will be identified. These fields should have similar soil types and precipitation conditions. Three additional fields with traditional tillage practice will be selected for comparison. Field selection will be accomplished with the assistance from the NRCS, the Pomeroy Conservation District, and growers in the watershed.

Runoff plots will be established on the selected fields in the fall of each year for measuring infiltration amount. These 1(1 m2 plots consist of metal borders and runoff collection tanks. The runoff from the plots resulting from natural precipitation events will be collected in the collection tanks. Rain gauges will be installed at the site to record precipitation amounts and intensities across the watershed, and cumulative rainfall will be measured. The difference between the amount of precipitation and runoff will be the amount of infiltration. Three runoff plots will be installed in each field for replication.  Data will be collected for the period from late fall through winter to early summer. Other climatic data, such as temperature and pan evaporation, will also be recorded for estimating evaporation.

Task 1.2. Permeability measurement Field infiltration capability as affected by different tillage systems will be evaluated by using surface infiltration techniques (Klute, 1986). In-situ infiltration will be measured using a Guelph Permeameter (Soilmoisture Equipment Corp., Galeta, CA). The measurement involves recording time required for the infiltration of given volume of water. Three replications per treatment in each field will be made to provide an adequate number of observations for sound statistical analysis. Permeability of the soil will be determined by varying the head during the infiltration measurements. Soil permeability determines the infiltration rate and affects the amount of surface runoff for a given storm event. This measurement will be conducted every month in the field for the first 12 months of the project. Analysis of the data will result in a method for estimating infiltration rate that accounts for the effects of tillage practices as well as seasonal variations.

Objective 2.  Investigate the flow and release of infiltrated water to streams through modeling and field verifications

Task 2.1. Evaluation of existing models Development of a model that can properly describe the seasonally changing base flow of the Pataha Creek is a major task in the proposed study. Tentatively, three existing models commonly used for quantifying subsurface flow processes will be evaluated for adaptation to the study area. PMWIN, a comprehensive simulation system for modeling ground‑water flow and transport processes (Chiang and Kinzelbach, 1996), has seen wide application. PMWIN consists of a user interface for pre- and post-processing, the industry standard, modular 3-d finite-difference ground‑water flow model MODFLOW (Harbaugh et al., 2000), and other useful programs such as the parameter estimation program PEST. PMWIN is particularly useful in (i) integrating aquifer properties and water balance within a model domain, (ii) depicting the seasonally varying surface-water and ground-water interrelationships, especially the discharge from the aquifer to the stream during the critical low stream flow periods, and (iii) predicting the dynamic hydrologic regime within the model domain under hypothetical management conditions. For 2-d applications of PMWIN, representative reaches of the tributaries and mainstream of the Pataha Creek will be identified, and 2-d transects in the direction perpendicular to the stream flow will be surveyed for hydraulic properties. The results of the 2-d modeling can then be analyzed and aggregated to determine the overall impact of farming practices on ground-water recharge and stream flow at a watershed level.

Another model to be evaluated is the TOPMODEL that was designed as a pragmatic and practical forecasting and simulation tool for both surface and subsurface runoff (Beven et al., 1995). Input parameters of the TOPMODEL are intended to be physically interpretable and their number is kept to a minimum (Beven et al., 1995). Consequently, TOPMODEL has a relatively low demand in input data (primarily topography, precipitation and evapotranspiration) and is fairly easy to use. The third model, SMR (Soil Moisture Routing), was developed to simulate stream flow based on the variable-source-area process of surface runoff (Frankenberger et al., 1998). The moderate input data of the SMR model, including topography, soil, and precipitation, are modeled within a GIS (Geographic Information System), and used to predict both soil moisture and stream flow.

Task 2.2. Development of an application-specific model  Upon completion of the assessment of the three aforementioned models, the most suitable model (considering both model functionality and data requirement) will be adapted for predicting the base flow under the specific physical conditions of the study area. This model will account for both the unique climate patterns of the PNW and the special landscape and geological settings in the region. The model will be developed based on improvements to relevant algorithms in the chosen model, and will also be integrated to a GIS. The improvements will be focused on sound customization and simplification such that the model can serve as an efficient simulation tool that is easy to parameterize and use. The model will then be verified with flow monitoring data (described below). Once tested, the model will be used to perform simulations to evaluate the influence of different land management practices on instream flow. The simulation results can provide critical information for making habitat restoration decisions.
Task 2.3. Field measurement of hydraulic conductivity and hydraulic heads  The flow of the ground water to an adjacent gaining stream can be evaluated by quantifying the water table profile and changes in the hydraulic head across the contributing watershed. The hydraulic head of the aquifer and hydraulic conductivity of the soil will be measured with piezometers. The piezometers will consist of ½” steel pipe inserted vertically into the soil. Measurements for the hydraulic head will be taken on a weekly basis. The head is measured by inserting a “dripper” into the piezometer (Brassington, 1988). The dripper has incremental markings on the tape to determine the depth down to the water table. The depth can then be subtracted from the known height of the piezometer for the hydraulic head at that piezometer. The hydraulic conductivity will be measured by the Hvorslev method (Hvorslev, 1951). In this method the hydraulic head is measured before the addition or withdrawal of water from the piezometer by bailing. The water levels are measured at timed intervals until the water level returns to the initial level. The data can be plotted on a semi-log paper to estimate the basic time lag. After the basic time lag is calculated and with the geometry of the piezometer known, the mean hydraulic conductivity around the piezometer can be calculated.

Two rows of piezometers will be installed in a sub-watershed of the Pataha Creek where no-till practice is predominant. Each piezometer will correspond to a monitoring station.  The piezometers will be spaced according to the change in the slope of the land. The space will be determined in such a way that one piezometer will be installed for every three feet in elevation drop. Data collected during this stage of work will be useful both as input to the model developed under Task 2.2. and for model verification purposes.

Task 2.4. Monitoring and evaluation  Two monitoring systems will be set up in the Pataha Creek Watershed for monitoring flow discharge. The first system will be installed in the sub-watershed where the piezometers are installed. Data on sub-watershed base flow obtained at this station will be used for model calibration and verification. The second monitoring system will be installed in the mainstem of the Pataha Creek. The purpose of this system is to provide watershed-wide data for verification of model simulation results. Each of the monitoring systems will consist of two stations. Stream flow through the two stations will be monitored continuously using ISCO Bubble Flow Meters (Model 42430). The measurement results will be processed to determine the stream hydrographs. Techniques of separating the base flow from the hydrographs can be performed following Domenico and Schwartz (1998). Temperature of the stream water will also be recorded continuously with sensors and data loggers.
Task 2.5. Information transfer  The information obtained in this project will be disseminated to a variety of audiences through workshops, technical publications, and conference presentations. Workshops will be held with the assistance of the Pomeroy Conservation District and local NRCS offices to discuss research findings with farmers and land managers. The workshop discussions will be focused on the relationship between water infiltration in the field and flow increase in the streams. Farmers and land managers from other regions will also be invited. Field trips will be organized to tour the watersheds to help the farmers relate the findings to actual land management practices. The entire project team will participate in the workshops. In addition to workshops, the research team will develop conference presentations and refereed journal publications based on the results and findings of the project.

F. Facilities and Equipment
The proposing institution has the facilities and equipment for a successful completion of the project.

Hydrology and Soil Erosion Research Laboratory  WSU has a long history of conducting water resources and watershed management research. The Hydrology and Soil Erosion Research in the Department of Biological Systems Engineering has the facilities for conducting field hydrologic studies, including numerous data loggers and sampling instruments. The lab has complete sets of stream water sampling and flow measurement devices. Four flow meters will be designated to the proposed project. The lab is managed by a full-time technician who has extensive experience in field and laboratory experimental work.
GIS and Environmental Modeling Laboratory   The second laboratory available for the project is the WSU GIS and Environmental Modeling Laboratory. This laboratory has the newest-generation computers, printers and plotters, digitizing equipment, and various GIS and environmental modeling software. Managed by a full-time Research Associate, this laboratory is capable of running programs for ground-water flow simulation and watershed hydrologic and erosion modeling.
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H.  Key Personnel

The Principal Investigator, Dr. Shulin Chen, will serve as the Project Director and be responsible for the overall management and coordination of the project. Dr. Chen is a Professor in the Department of Biological Systems Engineering (BSysE) at Washington State University (WSU) and the Watershed Program Director of the State of Washington Water Research Center. Dr. Chen is a registered Civil Engineer and has been involved in water quality related research for more than a decade. Currently, Dr. Chen is directing four research projects related to water quality and watershed management. Dr. Chen will commit 1.5 man-months on the project.
Dr. Joan Wu, the Co-Principal Investigator, will help supervise the field monitoring and measurement activities. In addition, she will be responsible for the development and application of the base-flow model that can provide adequate predictions of infiltration and redistribution processes as well as the ground-water and surface-water interactions.

Dr. Wu is an Associate Professor in BSysE at WSU and a registered Civil Engineer in Washington State. She has accumulated extensive experience in hydrologic modeling through her career. Dr. Wu will also commit 1.5 months of her time on the project.
A full-time Postdoctoral Research Associate will be funded by the project. The main responsibilities of the Research Associate include conducting field experiments, adapting and improving the ground-water base-flow model, and assisting with organizing workshops, preparing fact sheets, and developing journal publications for information dissemination and transfer.
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