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a. Abstract 
Exchange flows of stream water through the hyporheic zone have the potential to significantly modify stream temperatures – both by dampening daily temperature fluctuations and by creating thermal refugia. However, the hyporheic zone is influenced by anthropogenic changes to streams.  Hyporheic exchange is driven by head gradients created by channel morphologic features and the amount of exchange flow is a function of sediment texture. Simplification of stream channels caused by confinement, channelization, or reduced LWD and increased inputs of fine sediment caused by accelerated erosion can limit the role of the hyporheic zone in stream ecosystem processes. This project is designed to examine the effect of fine sediment on stream temperatures, through their effect on hyporheic exchange flows. Sediment and water temperature will be monitored in spawning gravels of tributaries of the Wenatchee River. Sites with differing fine-sediment accumulations will be used to evaluate the effect of sediment on hyporheic exchange flows, and to estimate the importance of the hyporheic zone in either moderating stream temperatures or creating thermal refugia. The research results will be used to evaluate the potential to use hyporheic restoration as a tool for addressing problems of stream temperature, and thus helping restoring and maintaining habitat quality for salmonids in the Interior Columbia Basin.

b. Technical and/or scientific background
The hyporheic zone plays many important roles in stream ecosystems, one of which is to modify stream water temperatures. Recent research by Johnson and Wondzell (Sherri L. Johnson, Pacific Northwest Research Station, unpublished data) shows that hyporheic exchange can significantly ameliorate water temperatures. In this case study, conducted in late summer, the temperature of water flowing through a reach scoured to bedrock had a diel range of 12o C to 23o C. The stream then flowed through a 380-m long alluvial reach, after which temperatures ranged from a high of 17o C to a low of 15o C. The average daily temperature in both reaches was 16.2 ± 0.2o C. The very close match in daily mean temperature suggests that inflow of cold groundwater does not significantly influence stream temperature in this reach. Rather, water exchange with the near stream aquifer over the course of the day, mixing of stream water from different times and at different temperatures, and subsequent release of this water back to the stream channel explains the observed temperature patterns. The case shown here is extreme, but clearly illustrates the ability of hyporheic exchange flow to limit both the maximum and minimum temperatures in small streams. 

The effects of stream temperature on salmonids are well documented. All salmonids require relatively cold water. Temperature requirement vary by species and life stage, but tend to be fairly broad, ranging between 5o and 15o C. In general, as water temperatures vary from optimum growth and activity will diminish, with both warm water and very cold water having negative impacts (Beschta et al. 1987). Development and growth of juvenile fish is slowed at very cold temperatures and most species experience temperature stress above 15o C. The upper limit of lethal temperatures tends to occur around 25o C (Reiser and Bjornn 1979). Because water temperatures influence growth, development, metabolic rates and even behavior, sub-lethal temperatures (outside the required range) can limit the ability of habitat to fully sustain salmonid populations. 

At sub-lethal temperatures, freshwater fishes, including salmonids often demonstrate behavioral thermoregulation (Berman and Quinn 1991). Berman and Quinn (1991) also  suggested that subsurface flows may be important in modifying stream temperatures and creating thermal refugia. However, the potential role of the hyporheic zone in moderating stream temperature and creating thermal refugia has received little attention.

The Hyporheic Zone:

Some portions of stream water flow into the adjacent subsurface and return to the stream channel over relatively short distances.  This movement of stream water is called hyporheic exchange flow, and defines the hyporheic zone (e.g., the saturated subsurface area containing stream water or a mixture of stream water and groundwater). Stream water flows into the hyporheic zone in “downwelling zones”, and is returned to the stream in “upwelling zones”, and its flow through the subsurface is described by Darcy’s Law:

Q = - A k (dH/dL)  



Eq. 1: Darcy’s Law

where Q is the discharge (l/s) flowing through saturated alluvium with a cross-sectional area, A (m2); k is the saturated hydraulic conductivity (m/s); and dH/dL is the hydraulic gradient, ie, the change in head over a change in length (m/m). 

Hydraulic Conductivity: The volume of water (Q) flowing through the hyporheic zone is linearly related to k. Sediment texture is directly related to k, with coarse textured sediments having high saturated conductivities and fine textured sediments having low saturated conductivity. In turn, k determines the extent of the hyporheic zone and the rate of water flows between the hyporheic zone and the stream. The hyporheic zone only extends a few tens of centimeters from the streambed in fine‑textured sediment (Cummins 1975, Triska et al. 1989), but tens to hundreds of meters in coarse‑textured sediment (Triska et al. 1989, Wondzell 1996a & 1999), and in one extreme case, 2 km from a river flowing over bouldery floodplain deposits (Stanford and Ward 1988). 

The streambed is typically composed of a mixture of particle sizes, often made up of a coarse textured matrix with the interstitial spaces between larger particles filled with smaller particles. The energy of flowing water can remove fines from the streambed and prevent their subsequent deposition. Consequently, many streambeds are armored with cobbles and boulders, and finer substrates are only present in low energy environments such as eddies. Floods with annual or shorter recurrence intervals transport large quantities of sand-sized or finer-textured sediment suspended in the water column. These fine suspended particles can be washed into the streambed in downwelling zones, where they will be deposited in the interstitial spaces. Over long periods, the preferential deposition of fine sediment in these interstitial spaces will clog them and restrict exchange flows of streamwater through the hyporheic zone (Schälchli 1992, Brunke and Gonser 1997).  This process, colmation, can lead to large changes in the hyporheic environment as flow rates are reduced and the residence time of water increases. Floods large enough to mobilize streambed sediment may rejuvenate hyporheic zones by resuspending fine sediment so that interstitial spaces are not clogged by fines. 

Head Gradients: Hyporheic exchange flows are driven by head gradients, and the volume of water flowing through the hyporheic zone (Q) is also linearly related to the gradient (dH/dL). Head gradients are created by channel morphologic features at a variety of spatial scales (Kasahara 2000). At the scale of individual bed forms, pressure variations caused by turbulence of water flowing over roughness elements drive flow through the steam bed (Thibodeaux and Boyle 1987, Savant et al. 1987, Elliot and Brooks 1997, Packman and Bencala 2000). At the channel-unit scale, variations in longitudinal gradients associated with pool-riffle or pool-step sequences create head gradients that drive exchange flows vertically between the stream and streambed, as well as laterally through stream banks (Harvey and Bencala 1993, Morrice et al. 1997, Hill et al. 1998). At the reach scale, several morphologic features drive exchange flow. These include stream water flowing through point bars, short cutting meander bends of streams and rivers (Vervier and Naiman 1992, Vervier et al. 1993, Kasahara 2000). Similarly, head gradients between primary and secondary channels (Wondzell and Swanson, 1996a & 1999, Kasahara 2000), or preferential flow through buried, or “paleochannels” (Stanford and Ward 1988) can create laterally extensive hyporheic zones. Finally, change in channel constraint at the upper and lower ends of bounded alluvial reaches also drive hyporheic exchange flows (Boulton et al. 1998, Baxter and Hauer 2000). 

Because channel morphology drives hyporheic exchange, changes in channel morphology can dramatically alter hyporheic exchange (Wondzell and Swanson 1999). Floods and flood related disturbances can dramatically change channel morphology.  However, these changes tend to be scale dependent, causing large changes in the location and extent of the hyporheic zone and the pattern of subsurface flow paths at sub-reach scales. However, little net change in the extent of the hyporheic zone occurs at reach, or larger scales because increases in the extent of the hyporheic zone in one location will be offset by decreases in other locations. Thus, temporal changes in the hyporheic zone driven by natural disturbances can be viewed in terms of patch dynamics.  Individual sites may respond dramatically to disturbances, but the overall extent of the hyporheic zone and its role in stream ecosystem processes remains relatively stable over the entire stream network (Wondzell and Swanson 1999). 

Influence of Land Management: Both k and dH/dL can be affected by land management practices and could be influenced by stream restoration measures. Problems with siltation of spawning gravels are widely recognized, and in many cases are related to management practices that lead to accelerated erosion and stream sedimentation. These management practices include road development, grazing of domestic livestock, agricultural and residential land uses, forest harvest, mining and others. Changes in the amount and distribution of fine sediments in streambed sediment can have large effects on hyporheic exchange flows because it will lead to a change in the saturated hydraulic conductivity of the streambed, as described above. These changes are not simply limited to the widely recognized problems with siltation of spawning gravels, but also weaken linkages between streams and adjacent riparian and terrestrial ecosystems. The resulting restriction of subsurface flows can strongly influence stream temperature patterns.

Land management practices can also cause large changes in channel morphology (Lyons and Beschta 1983, McIntosh et al. 1994, Swanson et al. 1998). For example, lower pool frequencies were observed in reaches where timber harvest and road construction had occurred than in pristine streams (Wood‑Smith and Buffington 1996). Pool frequency is strongly related to woody debris loading in forested mountain streams, and clear‑cut harvesting has been shown to reduce wood loading (Montgomery et al. 1995). Large wood is a primary factor controlling sediment storage in small mountain streams (Nakamura and Swanson 1993), and in turn, the amount of sediment stored behind log jams determines the extent of the hyporheic zone in headwater streams, and pool‑step sequences formed by logs or log jams are the primary factors driving exchange flow in these streams (Kasahara 2000). Despite the apparently strong linkage between the hyporheic zone and forest management practices, the influence of forest management on hyporheic exchange flows remains unstudied.

Human alterations to many river networks are of equal, or larger, magnitude than those resulting from natural geomorphic processes.  These alterations include direct modifications to straighten channels and eliminate secondary channels and indirect modifications resulting from or road construction on wide valley floors and from the removal of large wood. These direct and indirect alterations have led to reduced input of large wood, changed stream sediment budgets and changed stream discharge regimes. Human alterations are extensive, influencing most stream networks within the landscape, and have been maintained through time. Unlike natural geomorphic processes, human caused disturbances have had long-lasting and unidirectional impacts, reducing the extent of hyporheic zones and limiting their function in stream ecosystem processes. 

Temperature Effects:

Reduction in hyporheic exchange flows could lead to significant changes in ambient stream temperatures. Our work in a small tributary stream in the western Cascades Range of Oregon (Sherri L. Johnson, Pacific Northwest Research Station, unpublished data) provides an extreme example of the moderating effects of the hyporheic zone on stream temperature. The hyporheic zone acted as mixing reservoir, mixing substantial volumes of water with hyporheic residence times that range from hours to several days, or longer. Warm water that entered the hyporheic zone from midday to late afternoon was mixed with cooler water that entered the hyporheic zone during the night and early morning. The temperature of this “thermally mixed” water was close to the daily average stream temperature (within 1o F), and was returned to the stream in upwelling zones where it reduced diel fluctuations in stream water temperatures. A mechanistic model of  this process would be complex because the sediment of the hyporheic also provides a thermal reservoir. However, lag times in the response of mean stream temperature to changes in ambient air temperature at scales of a week, or longer, showed that the size of the hyporheic zone’s thermal reservoir is too small to significantly alter mean stream temperature at the time scales of months or seasons (e.g., storing heat during the summer and releasing it to the stream as warm water inflows during the winter).

Because the hyporheic zone does not represent a significant thermal reservoir, the hyporheic zone will have little influence on stream temperature if diel fluctuations in temperature are relatively small. However, streams identified as having uncharacteristically high temperatures tend to be poorly shaded so that fluctuations in stream temperature between day and night are relatively large. In these cases, the hyporheic zone can serve to dampen daily extremes in temperature. It is also important to note that this process will work in reverse during winter, when hyporheic exchange flows can warm stream water. Upwelling of warmer hyporheic water can prevent streams from freezing over and also prevent the formation of anchor ice – factors shown to be critical in redd selection by bull trout in the northern Rockies (Baxter and Hauer 2000).

The actual influence of the hyporheic zone on stream temperatures will be determined by the amount of exchange flow.  Largest influences will be observed where exchange flows are large relative to stream discharge – namely headwater streams or wide alluvial reaches of both small streams and larger rivers.  Hyporheic exchange flows are especially important in smaller tributary streams, where the volume of exchange flow can be large relative to stream discharge (Morrice et al. 1997, Kasahara 2000). Wide alluvial river reaches are also characterized by extensive hyporheic zones (Stanford et al. 1994, Baxter and Hauer 2000, Kasahara 2000) with abundant exchange flows that connect rivers to their floodplains, side channels and riparian zones. In these situations, where hyporheic exchange is large, relative to stream discharge, temperature changes would be apparent at the reach scale. 

However, hyporheic exchange can also be important in very large rivers, even though exchange flows are small relative to discharge. In these rivers, upwelling of hyporheic water can create thermal refugia in the mainstem channel. Also, back channels and alcoves that are only connected to the mainstem stream at their mouths are common in most western USA streams and rivers (Wondzell 1996a, Kasahara 2000, Poole 2000, Fernald et al. 2001). These back channels and alcoves are fed by upwelling hyporheic water and can create cold water habitats, even in very large rivers as shown by Fernald et al. (2001). Thus in large rivers, hyporheic exchange contributes to the development of small-scale spatial variations in temperature that could be utilized as thermal refugia – providing water colder than ambient stream temperatures in summer and providing water warmer than ambient stream temperatures in winter. 

Streams where temperature problems have been identified are often influenced by a variety of other anthropogenic impacts that limit linkages between streams and their hyporheic zones. Namely, these streams often have altered morphologies that reduce the abundance of pool-riffle or pool-step sequences, channel sinuosity, and the presence of secondary or back channels – morphologic features that drive hyporheic exchange flows. Also, these streams often have increased amounts of fine-sediment inputs. The intrusion of these fines into streambed sediment can reduce, or even eliminate, hyporheic exchange flow. Thus, temperature problems are often accompanied by problems with channel simplification and increased inputs of fine sediment that limit the role of the hyporheic zone, further accentuating existing problems. Thus, restoration of hyporheic exchange flows may be important tool for addressing problems of stream temperature, and for restoring and maintaining habitat quality for salmonids in the Interior Columbia Basin.

c. Rationale and significance to Regional Programs

Human alterations have been identified in watershed assessments throughout the Columbia River basin because they limit connectivity between streams and their floodplains. Hyporheic exchange flows also contribute to the connectivity of streams with adjacent riparian ecosystems (Wondzell and Swanson 1996b); link mainstem streams with secondary and back channels (Wondzell and Swanson 1996a and 1999, Fernald et al. 2001); and in some cases, link streams to off-channel wetlands. Among other effects, the hyporheic zone influences both nutrient cycling and water temperature in streams. Despite the potential importance of the hyporheic zone in stream ecosystem processes, the hyporheic zone has not been specifically identified in many assessments of the Columbia River basin [e.g. The All H’s paper (Federal Caucus 2000)] nor specifically included in action items or restoration plans (NMFS 2001 – BiOp, Chapter 9 & Appendix H; NWPPC 2000 – Basin Fish and Wildlife Program). The hyporheic zone is identified exactly once in the Information Needs section of the Wenatchee Subbasin Summary “The role of upslope forest and range management on water balance and hyporheic flows needs to be further understood (NWPPC 2001, Wenatchee Subbasin Summary, Pg. 83).
The research and monitoring program identified in this proposal supports the needs identified in the Columbia Basin Fish and Wildlife Authority’s Subbasin Summaries for the Columbia Cascade Province, and for the Wenatchee Subbasin in particular (NWPPC 2001). The Wenatchee subbasin has been selected as one of 16 priority subbasins in which to address problems with tributary habitat on non-Federal land, and has also been selected by the BLM and Forest Service as one of seven subbasins in the Columbia River Basin ranked as highest priority for anadromous fish habitat restoration on Federal lands (Federal Caucus 2000). The subbasin summary (NWPPC 2001) identifies problems with connectivity, sedimentation and water temperature for the mainstem Wenatchee River and several tributary streams, some of which currently provide critically important spawning and rearing habitat. The hyporheic zone and its function in stream ecosystem processes are intimately connected to the problems identified in the subbasin summary for these streams. For example, the subbasin summary identifies  the lower Little Wenatchee River and Rainy Creek as having reduced large wood (LWD) input, increased sediment delivery and a disrupted sediment budget resulting from debris slides. The mainstem Little Wenatchee also has problems with high stream temperatures. In Nason Creek, road and residential development have degraded spawning habitat; roads, railroads and powerlines along the creek have confined the channel; roads and timber harvest are important sources of accelerated stream sedimentation; and changes in flow timing and duration have accelerated bank erosion. Similar problems have been identified in lower Icicle Creek. Both Peshastin Creek and Chumstick Creek share the problems identified above, but in addition, they are influenced by agriculture, stream channelization, numerous barriers to fish passage and very low instream flows due to diversions and wells. These problems are described in detail in the Wenatchee Subbasin Summary (NWPPC 2001), but in general are characterized by loss of access to spawning and rearing habitat, loss of floodplain function, increased amounts of fines in streambed sediment and increased inputs of fines from upslope erosion, degraded riparian conditions, and degraded water quality – all of which limit the ability of habitat to fully sustain salmonid populations within the Wenatchee River subbasin. 

The research proposed here, is important, because it focuses on the hyporheic zone – a relatively poorly understood component of the aquatic/riparian system, but one that is sensitive to the watershed problems listed above, and in turn, influences stream ecosystem processes. Channel simplification through confinement, channelization and loss of large wood all lead to the loss of those morphologic features that drive hyporheic exchange flows (i.e., pool-riffle or pool-step sequences, channel sinuosity, the presence of secondary or back channels, and split channels and island bars). Hyporheic exchange flows can be further  reduced, or even eliminated, by the intrusion of fines into streambed sediment. Reduction in hyporheic exchange flows can change stream temperature regimes. If hyporheic exchange is large, relative to stream discharge, temperature changes would be apparent at the reach scale. Alternatively, where hyporheic exchange is small relative to stream discharge, they would contribute to the development of small-scale spatial variations in temperature that could be utilized as thermal refugia – providing water colder than ambient stream temperatures in summer and providing water warmer than ambient stream temperatures in winter.

The research and monitoring program described in this proposal is consistent with the  FCRPS Biological Opinion (NMFS 2001); and with the Columbia Basin Fish and Wildlife Program (NWPPC 2000). For example, the FCRPS BiOp (NMFS 2001, section 9.6.2.1) identified actions related to tributary habitat and monitoring. These include improving water quality to comply with water quality standards in spawning and rearing areas, basinwide monitoring programs and the establishment of common data management systems. Specifically, Action 152 will be supported through this proposal by sharing water quality data for the development of 303(d) lists and TMDLs. Monitoring and evaluation data collected will be made available through existing data management structures. Portions of Misson Creek, the Little Wenatchee River, the Wenatchee River, Icicle Creek, Peshastin Creek, and Nason Creek are all listed on the State of Washington’s 303(d) list for failure to meet temperature standards (EPA year unknown). The research proposed here partially supports Action 180 “…to develop and implement a basinwide hierarchical monitoring program.” in that the data collected through this project will be available to other agencies for use in their monitoring efforts. Also the data collected will constitute baseline data useful in the investigation of long-term trends in fine sediment and water temperature. Lastly, the detailed data collected in this project will be useful in “…ground-truthing of regional databases”. The research proposed here partially supports Action 198 to “…develop a common data management system for … water quality, and habitat data”. Again, the data collected will constitute baseline data useful in the investigation of long-term trends in fine sediment and water temperature. 

Objectives of the All H’s Paper, Habitat Program call for the protection of existing high quality habitat, restoration of currently degraded habitat, and prevention of further degradation of existing habitat (Federal Caucus 2000).  The All H’s Paper identifies spawning and incubation habitats as at risk from siltation of spawning gravels and temperature and other water quality problems. Similarly, juvenile rearing is at risk from loss of pools, loss of channel complexity, connectivity with floodplain and off channel habitats, overall habitat simplification, and both temperature and water quality problems (Federal Caucus 2000). Again, these issues are intimately connected with the hyporheic zone and its influence on stream ecosystem processes and will be examined in the research, monitoring and evaluation program proposed here.

Finally, the Columbia River Basin Fish and Wildlife Program – Basinwide Biological Objectives (NWPPC 2000) call for both protecting and restoring freshwater habitat and for restoring more natural hydrologic conditions. Specifically, the Fish and Wildlife Program calls for protecting or restoring both ecological and hydrological connectivity between rivers and adjacent ecosystems; for protecting or restoring functions of key alluvial river reaches; and for restoring more natural seasonal fluctuations in discharge and water temperature, and for reducing accelerated rates of erosion to restore more natural stream sediment budgets. Again, hyporheic exchange flows are a key component in the connectivity between streams and adjacent ecosystems. This connectivity is especially important in wide alluvial river reaches which are characterized by extensive hyporheic zones (Stanford et al. 1994, Baxter and Hauer 2000, Kasahara 2000) with abundant exchange flows that connect rivers to their floodplains, side channels and riparian zones. 

d. Relationships to other projects 
The research, monitoring, and evaluation program proposed here will complement several existing monitoring efforts in the Wenatchee subbasin. 

Temperature Monitoring: The USFS has a stream temperature monitoring program that has been monitoring stream temperatures for over 10 years. Presently, temperature monitoring sites are located in the Chiwawa River, White River, Little Wenatchee River,  and Nason Creek, however, monitoring is not conducted annually on all streams. The proposed research is supported by the ongoing temperature monitoring program as it provides data to put proposed monitoring in the context of longer-term trends in stream temperature. The proposed research will also complement the existing monitoring by establishing additional temperature monitoring stations in selected reaches of the Little Wenatchee River, White River, Chiwawa River, and Nason Creek. Also, the measurement protocols will provide far more intensive monitoring at several spatial scales, from micro habitats, through channel units and up to entire stream reaches. Finer-scale monitoring will be designed to evaluate the role of hyporheic exchange flows in creating thermal refugia within the stream reach. 

Sediment Monitoring: The USFS has a sediment monitoring program that has been monitoring streambed sediment for the past 5 to 8 years. Presently, temperature monitoring sites are located in the Chiwawa River, White River, and Nason Creek. The proposed research is supported by the ongoing temperature monitoring program as it provides data to put proposed monitoring in the context of longer-term trends in stream temperature. The proposed research will also complement the existing monitoring by establishing additional temperature monitoring stations in selected reaches of the Little Wenatchee River, White River, Chiwawa River, and Nason Creek. Also, the measurement protocols will provide far more intensive monitoring at several spatial scales, from micro habitats, through channel units and up to entire stream reaches. Finer-scale monitoring will be designed to evaluate the role of hyporheic exchange flows in creating thermal refugia within the stream reach. 

e. Project history (for ongoing projects) 

not applicable – new project

f. Proposal objectives, tasks and methods
Objective 1: To monitor fine sediment in spawning gravels of the Wenatchee River and its tributaries.

Task a: Monitor the present abundance of fine sediment in spawning gravels of selected reaches of Little Wenatchee River, White River, Chiwawa River, and Nason Creek.

Task b: Monitor siltation rates of clean gravels of selected reaches of Little Wenatchee River, White River, Chiwawa River, and Nason Creek.

Taks c: Establish baseline monitoring data on the abundance of fine sediment in spawning gravels and siltation rates in of selected reaches of Little Wenatchee River, White River, Chiwawa River, and Nason Creek.

Methods: We will use a hierarchically nested, paired sampling design. We have selected 2 study streams that are currently on Washington’s 303(d) list for exceeding water quality standards for both temperature and sediment (Little Wenatchee River and Nason Creek). These two study streams are paired with the Chiwawa River and the White River, neither of which exceeds water quality standards. Within each river, study reaches will be located above and below wilderness boundaries, with wilderness status to serve as a surrogate for land management impacts. Finally, within each study reach, individual pool-riffle sequences will be selected as sample units because they are the dominant drivers of hyporheic exchange flow in most streams (Kasahara 2000). 

McNeil core samples will be used to measure current accumulation of fine sediment in spawning gravels and to measure both substrate embeddedness and composition of spawning habitat. Containers of clean gravels will also be buried in the streambed to measure siltation rates, following the methods of Lisle and Eads (1991). To realistically capture the influence of hyporheic exchange flows on siltation rates, the bottoms of each container will be perforated with holes so that downwelling and upwelling water can flow through the containers. At each sample unit, both McNeil cores and sediment traps will be paired, with one pair of samplers located in the downwelling zone at the head of the riffle and another pair of samplers located in the upwelling zone at the tail of the riffle (or head of the downstream pool).  
Objective 2: Evaluate the influence of fine sediment on hyporheic exchange flows.

Methods: Vertically nested piezometers will be used to measure saturated hydraulic conductivity (k) and the vertical gradients in head that drive hyporheic exchange flows through the streambed. Piezometer nests will be located adjacent to sediment traps so that one nest of  piezometers will be located in the downwelling zone at the head of the riffle and a paired nest of piezometers will be located in the upwelling zone at the tail of the riffle. Water levels inside the piezometers and at the stream surface will be measured. Differences in water levels among nested piezometers, and between each piezometer and the stream surface will be used to calculate vertical hydraulic conductivity. Falling head slug tests (Bouwer and Rice 1976) will be used to calculate saturated hydraulic conductivity. Saturated hydraulic conductivities and vertical head gradients through the streambed will be used to calculate exchange flow rates.

Objective 3: Evaluate the influence of hyporheic exchange flows on stream temperature at micro-habitat, channel unit and reach scales.

Methods: Temperature loggers will be used to monitor stream temperatures at three spatial scales – the microsite, the channel unit and the stream reach. The microsite-scale temperature monitoring stations will be paired to sample both upwelling and downwelling locations, using the hierarchically nested, paired sampling design described above. Microsite temperatures will be measured using miniature  iButton® temperature loggers located in both the interstitial spaces of streambed sediment and in microsites on the streambed. The iButton® temperature loggers cost approximately $10.00, are about the size of a dime, and can store 85 days of hourly temperature data. The iButton® temperature loggers will be located in vertically stacked groups, with one iButton® located at the streambed surface, and at 5, 10, and 20 cm depths. Channel-unit scale temperature variations will be measured in pools immediately downstream of sample sites. Water turbulence across riffles should mix water so that it is spatially uniform with respect to temperature. However, hyporheic upwelling at the heads of pools should introduce cooler (or warmer) water during the day (or night), and could create thermal refugia. These may be limited to the immediate streambed or could extend some distance into the deepest parts of pools. iButton® temperature loggers will be located on stakes as set at various heights through the pool. Finally, a TidbiT® temperature loggers will be located in the center of each riffle to measure stream water temperatures at the reach scale. 

g. Facilities and equipment
The resources of the Olympia Forestry Sciences Laboratory are available to support this project and will provide space for necessary staff. There are no capital expenditures for vehicles or large equipment, but the project will need to pay the costs incurred in using UFSF vehicles and office space.
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