
 

 

Valley and Bedform-Scale Ground and Surface Water 

Interaction and its Potential for Thermal Refuge in a Restored 

Reach 

 

A Thesis  

Presented in Partial Fulfillment of the Requirements for the  

Degree of Master of Science  

with a  

Major in Geological Engineering 

in the  

College of Graduate Studies  

University of Idaho  

by  

 Jordan Frye  

 

 

 

 

Approved by: 

Major Professor: Andy Tranmer, Ph.D.  

Committee Members: Daniele Tonina, Ph.D.; Caroline Ubing, M.S.  

Department Administrator: Fritz Fiedler Ph.D. 

 

 

 

 

August 2023 

 

  



ii 

 

Abstract 

Water temperature is a controlling variable that influences fish passage and migration, regulates the 

metabolic processes of organisms in the channel and substrate, and ultimately controls the distribution 

and quality of available habitat for a range of aquatic species. Anthropogenic activities and climate 

change have impacted stream water temperatures; therefore, the formation and restoration of thermal 

refuge, areas with temperature differences greater than 0.5 °C relative to average channel temperature 

and within the biologically required temperature range, are becoming management and restoration 

priorities. Currently, there is no consensus on which morphologic features (e.g., pools, riffles, 

alcoves, bars, and spring-fed spring channels) provide the most effective thermal refuge. Here we 

evaluate the effectiveness of various constructed morphologic features at creating thermal refuge over 

2.5 km reach of a recently restored gravel-bed river. Wells monitored valley groundwater levels and 

hyporheic flux probes in the streambed quantified the direction and magnitude of hyporheic flows. In 

addition, a longitudinal survey was performed during summer low-flow conditions to measure water 

temperature and water surface elevation profiles.  

Results show that valley-scale groundwater-surface water gaining and losing pattern overwhelmed 

hyporheic exchange induced by fluvial morphologic features, e.g., pool-riffle such that their median 

hyporheic flux constitutes less than 0.03% of the in-stream summer low flow discharge. While 

hyporheic flux magnitudes were similar in pools, the accumulation of cool hyporheic flow in the low-

velocity section of the pool and increased thermal buffering from solar radiation can provide thermal 

refuge of 0.5 °C. Secondary spring channels derived from hyporheic flows provided cool water 

temperatures of 13 °C, but due to low velocities and lack of shade, the water temperature rose above 

the stress threshold to 18 °C before it entered the river.. Constructed alcoves, riffles, and bars 

generated little observed thermal refuge in the study reach. Results outline the conditions of various 

morphologic features in generating thermal refuge that may be used to help guide future restoration 

projects. 
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Chapter 1 

1. Introduction 

Water temperature is a controlling variable that mediates the physical and geochemical properties in 

the water column, fish passage, and the distribution of available habitat for aquatic species (e.g., 

Ebersole et al., 2001; Tranmer et al., 2018; 2020; Keefer et al., 2020; Sullivan et al., 2021). As global 

warming continues to raise temperatures in fluvial environments, habitat for cold-water fish will 

experience a significant reduction of thermally suitable habitat (e.g., Bilby, 1984; Eaton and Scheller, 

1996; Isaak et al., 2016; Spanjer et al 2022; Reeder et al., 2021). During the summer months, when 

water temperatures exceed species-specific temperature thresholds, cold-water areas within the 

channel can potentially provide thermal refuge (e.g., Kurylyk et al., 2014; Ritter et al., 2020). 

Thermal refuges are spatially discrete areas that are thermally distinct from the mean water 

temperature in the river by ≥0.5° C and are below species specific stress thresholds (e.g., Dugdale et 

al., 2013; Fakhari et al., 2022; Sullivan et al., 2021). Cold-water refuges in rivers and streams can 

play significant physiological and ecological roles during warm summer months because water 

temperature is the driving factor that determines metabolic rates of fish and other aquatic organisms 

on which they feed (e.g., Benjamin et al., 2020; Torgerson et al., 2012; Vinson et al., 2001; Tranmer 

et al., 2018). Fish are capable of detecting differences in temperature of 0.1° C and have been 

observed to move to thermally favorable areas when temperature variations are present (e.g., 

Benjamin et al., 2020; Favrot et al., 2018; Torgerson et al., 2012). When water temperatures approach 

stressful thermal thresholds, fish engage in thermoregulatory behavior, movement by an organism to 

occupy more favorable thermal environments, to mitigate physiological stress (e.g., Bilby, 1984; 

Weigel et al., 2017). Cold-water species can use a thermal refuge to lower their body temperature, 

reduce metabolic energy costs, and exploit resources in unfavorable environments (e.g., Westhoff et 

al., 2016).  

Identifying areas of thermal refuge is challenging as they change both spatially and temporally over 

the year. Numerous methods have been used to identify the presence and spatial distribution of 

thermal refuges in fluvial environments during high-temperature conditions. At a watershed scale, the 

spatial distribution of thermal refuges can be estimated using GIS models that consider landscape 

variables such as valley width and slope, land use types, and vegetation characteristics (Monk et al., 

2013). These watershed-scale approaches can provide a preliminary analysis on potential restoration 

reaches within a watershed, but these first-order estimates are unable to identify the specific locations 

of thermal refuge within a reach. More spatially refined methodologies have been used to identify 

thermal refuge at the reach scale using aerial thermal infrared surveys (Dugdale et al., 2016; 
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Torgersen et al., 2001), three-dimensional arrays of in-situ temperature loggers (Greer et al., 2019), 

fiber optic distributed temperature sensing (Read et al., 2013), handheld digital thermometers 

(Ebersole et al., 2003), or a combination of these methods. These methods can provide valuable data 

but suffer from sensitivity to shading or reflection, high costs, and low spatial resolution. Therefore, a 

new approach is needed to rapidly collect water temperature data at larger spatial scales that is both 

spatially accurate and cost effective to identify thermal refuges within a reach.  

Thermal refuge typically forms as a patch or plume when different flow patterns with unique distinct 

temperatures converge or water of different temperatures become vertically layered (Sullivan et al., 

2021). Groundwater temperature is relatively insensitive to short-term air temperature changes and 

diel warming; therefore, groundwater seeps and other areas with strong groundwater interaction have 

high potential for generating thermal refuge (e.g., Constantz, 1998; Guenther et al., 2014; Hayashi 

and Rosenberry, 2002). Earlier studies have identified morphologic features that can create thermal 

refuge, such as cold-water tributaries discharging into streams, shaded areas, deep-water pools, cold 

alcoves, or streambed hyporheic flow (e.g., Bilby, 1984; Merriam and Petty, 2018; Torgerson et al., 

2012). However, few studies have compared and quantified which morphologic features are most 

effective at generating and maintaining thermal refuge. 

River restoration projects typically aim to generate hydraulic and thermal processes that improve 

habitat quality and distribution (e.g., Beechie et al., 2010; Tranmer et al., 2022; Wohl et al., 2015). To 

address increasing water temperatures for migratory and resident aquatic species, many restoration 

activities are constructing geomorphic features that can increase hyporheic exchange and thermal 

heterogeneity in the channel (e.g., Beechie et al., 2013; Gariglio et al., 2013; Singh et al., 2018; 

Tonina and Buffington, 2007). Restoration of thermal heterogeneity and refuges through coupled 

river-floodplain systems generally relies on the identification of existing thermal anomalies within the 

river corridor that can be incorporated into restoration design and implementation (e.g., Kurylyk et 

al., 2014; Torgerson et al., 2012). Various restoration methods have been proposed to enhance 

existing thermal refuges and/or create new ones by increasing hyporheic exchange (e.g., Boano et al, 

2008; Poole et al., 2006; Sawyer and Cardenas, 2012). Active restoration methods typically involve 

the installation of instream wood/rock structures and the excavation of primary and secondary 

channels to promote hyporheic exchange with groundwater (e.g., Bakke et al., 2020; Goniea et al., 

2006; Kurylyk et al., 2014). Hyporheic flow occurs in the lateral, longitudinal, and vertical directions, 

making it difficult to quantify the boundaries, and how flow paths and residence times might change 

if boundary conditions are altered. Therefore, restoration methods that install instream structures and 

excavate new channels can provide unpredictable results regarding the creation of thermal refuge 
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(e.g., Boano et al, 2008; Theodoropoulos et al., 2020). Thus, there is still uncertainty in which 

restored features reliably create thermal refuge from enhanced hyporheic exchange. Here we study 

various constructed morphologic features during restoration and asses their effectiveness at creating 

and maintaining thermal refuge for cold-water salmonids using a combination of methods that 

includes hyporheic flux probes, a valley-scale groundwater analysis, and a new low-cost thermal 

survey method to identify the distribution and spatial extent of local water temperatures. 

2. Methods 

2.1 Study Area  

The study site is located in a recently restored 2.5 km-long reach on the Grande Ronde River (GRR), 

a tributary to the Lower Snake River near La Grande, Oregon (Fig. 1). The valley slope is 0.59% and 

average valley width is 650 m. The semi-confined gravel-bed reach has a pool-riffle morphology, 

with an average channel width of 20 m, a slope of 0.38%, and a median grain size of 45 mm. Average 

daily summer high air temperatures are approximately 30 °C and average daily winter low 

temperatures are typically -4 °C. The GRR is a snowmelt-dominated system with peak flows (~56 

m3/s) occurring in April and May while low-flow conditions (~0.35 m3/s) exist from July through 

October. The basin is 73% forested and the surrounding bedrock is primarily basaltic igneous rock 

with some marine sedimentary and metamorphic rock (USBR, 2016). Geotechnical analysis shows 

that the bedrock begins 10-15 meters below the ground surface and is overlain by permeable sand and 

gravel layers that extend upwards to a thin layer of topsoil and some clay lenses (Legg and 

Ybarrondo, 2015). Riparian vegetation consists primarily of Ponderosa pine (Pinus ponderosa), Black 

cottonwood (Populus trichocarpa), Snowberry (Symphoricarpos albus), and mixed willows (Salix 

spp.), but is sparse in the reach and provides limited shade along the channel.  

2.2 River Restoration Approach  

The historic channel was straightened in the 1800s to facilitate splash-dam logging (USBR, 2016), 

which created a wide, shallow-bed channel (USBR 2018). The pre-restoration reach was considered 

thermally stressful for Chinook salmon during summer months, which allowed for little rearing 

habitat and created a thermal barrier for spawning activities in the upper catchment (USBR, 2016). 

Chinook salmon begin to experience thermal stress at 18 °C, migration barriers at 20 °C, and 

mortality at 23 °C (e.g., Keefer et al., 2014; Richter and Kolmes, 2005). Because of this, channel 

restoration was initiated in 2017 by U.S. Reclamation and completed in December 2019. The 

restoration goals were to 1) increase hyporheic exchange between the channel and floodplain and 2) 

provide thermal refuge for migratory and resident Chinook salmon during critical summer months 

(USBR, 2016). These restoration goals were addressed by constructing a new sinuous channel with 
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pool-riffle sequences and large wood structures and backfilling the straightened pre-restoration 

channel. Further, designers constructed a series of morphologic features including alcoves, pools, 

riffles, bars, and spring channels with the express goals of increasing channel-floodplain hydraulic 

connectivity and forcing areas of hyporheic and surface water flow convergence in the channel to 

create thermal refuge for native fish species (USBR, 2016). Spring channels are defined as secondary 

channels that are disconnected at their upstream end during low-flow conditions and have flow that 

completely originates from upwelling groundwater. Additionally, alcoves are steep-sided depressions 

alongside the channel fed partially from groundwater but maintain a surface connection to the main 

channel. We define thermal refuge as spatially discrete areas that are thermally distinct from the mean 

water temperature in the river by 0.5° C and below the 18 °C thermal stress threshold for Chinook 

salmon (e.g., Dugdale et al., 2013; Fakhari et al., 2022; Sullivan et al., 2021). Here we divide specific 

features by their relative spatial scales, with spring channels, bifurcated channels around an island, 

and backfilled historic channels considered as valley-scale morphologic features and pools, riffles, 

alcoves, and bars considered unit-scale features. 

2.3 Measurements and techniques 

Hourly discharge and water temperatures were monitored at two U.S. Reclamation stream gages 

located at the top and bottom of the study reach, respectively. Additionally, synoptic discharge 

surveys were performed throughout the reach during summer low-flow conditions in August of 2021 

to evaluate locations of hydrologic gains and losses within the study reach. Discharge surveys were 

completed using a Sontek Flowtracker2 ADV in a series of cross sections distributed over the length 

of the study site (Fig. 3).  

Groundwater table elevation (GWE) and temperature were continuously monitored since 2018 using 

an array of 10 observation wells and 3 shallow piezometers (Fig. 1). Wells were drilled along the 

right floodplain ranging from 4-6 m deep, while the piezometers were manually installed in the left 

floodplain to a depth of 1 meter. In the wells, water level and temperature were measured every 15 

mins with Hobo pressure transducers (+/- 0.05 m and 0.1 °C resolution). The piezometers were 

fabricated in the laboratory from 1.4 m long PVC pipe. Temperature sensors with 0.006 °C resolution 

were distributed every 15 cm along the pipe and a pressure transducer with a 0.039 mbar resolution 

was located at the bottom of the sensor monitored water level. Monthly averaged piezometric head 

levels and water temperatures in the wells were used to asses groundwater conditions. A cross 

correlation was performed between the gage height and GWE in each well to determine the lag 

between changes in stage and GWE. An identical analysis was also performed between the 

groundwater (GW) and surface water (SW) temperatures.  
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To evaluate spatial changes in near-bed water temperature in the river and identify potential thermal 

refuge areas from hyporheic inputs, a longitudinal thermal survey was performed at the same low-

flow conditions as the discharge survey. We modified the thermal survey method of Ebersole (2003) 

to increase the spatial density of measurements in the channel. In each thermal survey, we attached 

weighted temperature and pressure sensors to the base of a GPS rod via a 15 cm-long cable (see 

example in Appendix A). The survey was then conducted with three people across the channel 

simultaneously wading downstream. One person waded along the thalweg and the other two waded 

along the edges approximately 1 m from the channel banks. Extra time was spent surveying spring 

channels and alcoves to capture the thermal profile of the entire system. The weighted sensors 

travelled along the streambed within 15 cm of the RTK GPS sensor and recorded near-bed water 

temperature and water depth every 10 seconds, which equated to a measurement approximately every 

2-2.5 m. Water pressure was corrected for ambient air pressure using a pressure sensor attached to the 

top of each GPS rod. The temperature accuracy is ± 0.3 °C with a resolution of 0.006 °C and the 

pressure sensor accuracy is ±0.5 mbar with a resolution of 0.039 mbar. The survey took 

approximately two hours to complete, so diel warming of approximately 4 °C occurred during the 

survey. Select temperature probes and tidbits placed throughout the river were used to detrend the diel 

signal by plotting all water temperatures against the time elapsed during the survey. An exponential 

function was then fitted to the data (r2 = 0.91) to determine warming per minute for the duration of 

the survey and then subtracted from the temperature signal in each survey. Temperature and pressure 

sensors on the GPS rods were calibrated by placing all three sensors in the same location prior to the 

start and at the end of each survey and shifting the data to account for the 0.45°C and 0.2 mbar offset 

between temperature and pressure sensors, respectively. Water surface elevation (WSE) was 

calculated by adding the pressure-calculated depths to the associated RTK GPS elevation during the 

survey.  Due to the dynamic nature of the sensor moving along the streambed and around obstructions 

in the river, the sensors were occasionally taken out of the water. This led to periodic measurement 

spikes in pressure and temperature, which were eliminated from the analysis. A Kruskal-Wallis test 

(α= 0.05) was performed to analyze the statistical significance between the median water temperature 

in each morphologic feature. Additionally, the deepest parts of the pools were sometimes not 

accessible when the pool depth would submerge the entire GPS unit and were avoided. The pool 

bottoms were not captured in the thermal surveys but were periodically monitored by fish snorkel 

surveys performed in late June of 2021 when both discharge and air temperature conditions are 

similar to our thermal survey, those data are used to supplement our findings (supplementary 

information). We do not report the fish data, but use their temperature measurements in the deepest 

sections of the pools that we were not able to measure owing to depths >1 m.  
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To quantify areas of hydrologic gaining and losing in the river, a valley-scale analysis was performed 

by comparing GWE in the floodplain and WSE in the channel. A bathymetric LiDAR survey was 

completed in 2019 and the resulting 1x1 m DEM was used to determine the ground surface elevation 

at the site. The groundwater table was derived by performing a simple kriging of the GWE in the 

wells and piezometers. A 2nd order polynomial semivariogram was used to determine the coefficients 

for the equations solved by the kriging. The WSE in the channel was computed from our thermal 

survey. Elevations were compared between the GWE and WSE every 2.5 m longitudinally along the 

length of the channel to determine areas of gaining and losing. Areas where the GWE > WSE were 

considered gaining sections, while areas where the GWE < WSE were considered losing sections. 

There is some uncertainty in representing the GWE in the floodplain related to the kriging (standard 

deviaition = 0.55 m) of the wells and piezometers.  

To support the valley-scale gaining and losing analysis and quantify shallow hyporheic fluxes within 

the channel, 39 hyporheic flux probes were installed in the streambed at various locations throughout 

the study reach. Due to high flows and vandalism only 11 probes were recovered (Fig. 1). Hyporheic 

flux probes had similar design, accuracy, and resolution as the piezometers. Two different methods 

were used to calculate vertical hyporheic flux within the streambed including an analytical method 

(DeWeese et al., 2017; Luce et al., 2013; 2017) and a local polynomial method with a maximum 

likelihood estimator from n temperature sensors (LPMLEn) (Kampen et al., 2022). The analytical 

method uses water temperature as a tracer to monitor vertical hydraulic fluxes through the streambed 

(DeWeese et al., 2017), whereas the LPMLEn estimates vertical flux and thermal diffusivity from 

streambed temperature using the frequency domain (Kampen et all 2022). The analytical method was 

used when only 2 temperature sensors are available because LPMLEn method uses at least 3 sensors. 

These methods were used to compute the vertical hyporheic flux in the streambed every 15 min. 

Hyporheic flux in each probe was calculated as a point measurement computed over a unit area. 

Daily, monthly, and seasonal flux averages were analyzed to understand the spatial and temporal 

variation of hyporheic flux within the streambed. 

To address the restoration goal of enhancing hyporheic exchange through constructed morphologic 

features which induce fluvial hyporheic flow (Tonina and Buffington, 2009; Tonina and Buffington, 

2023), we evaluated whether the hyporheic flow induced from the different morphologic features 

could overwhelm the valley-scale groundwater gradients. First, we compared the direction of flux 

reported in each probe to the direction of flux expected from the valley-scale groundwater gradients. 

If these did not match, we then compared the direction of flux reported in the probe to the direction of 

flux expected from the morphologic feature surrounding the probe. We used the findings of Gariglio 
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et al. (2013) to define the expected direction of each geomorphic feature. If the direction of flux in the 

probe did not match the result of the valley-scale groundwater analysis but was in accord with what 

was expected from the morphologic feature, it was considered a case where the flux induced from the 

morphologic feature overwhelmed the hyporheic flux from the groundwater conditions.  

3. Results 

3.1 Valley-scale features driving hyporheic and thermal conditions 

Surface-water temperatures vary seasonally, with winter water temperatures near 0 °C and summer 

temperatures reaching 26 °C (Fig. 2a). Surface-water temperatures during late summer are well above 

the 18 °C stress threshold for Chinook salmon from approximately June to late August, and above the 

mortality threshold (23 °C) for July and early August. Groundwater temperatures are coldest in 

March (~7 °C) and warmest in September (~15 °C). Cross correlation results show that there is a 

temporal lag between surface-water temperature and groundwater temperature of 36 days. 

Consequently, the groundwater is cooler than the surface water from late may to September, whereas 

the opposite is true from October to March (Fig. 2a). Therefore, groundwater only has the potential to 

cool the surface water from late may to September, which defines the period that groundwater-driven 

thermal refuge is possible in the system. The creation of cool thermal refuge in the channel is only 

possible if the groundwater  temperature is cooler than the surface water and the groundwater fluxes 

are of sufficient magnitude. During the low-flow survey, river stage at the upstream gage was 0.04 m, 

whereas during peak flows in April the river stage was 0.90 m, an annual stage fluctuation of 0.86 m 

which is ~78% of bankfull depth . Average annual groundwater levels fluctuate by 0.99 m throughout 

the year, with minimum groundwater levels occurring in August and maximum water levels occurring 

in April similar to the SW conditions. The cross correlation of river stage and GWE suggest that 

seasonal changes in stage are quickly reflected (~1 day) in groundwater levels, while the cross 

correlation of SW temperature and GW temperature report a lag of 36 days. When river stage 

increases the SW in the channel displaces water in the adjacent floodplain and immediately increases 

the fluid pressure in the floodplain, resulting in the 1-day lag between river stage and GWE. While 

the 38-day lag between GW and SW temperatures exists because it takes 38 days for the surface 

water to reach the wells in the floodplain. This rapid response between GW and SW levels indicates 

changes in head propagate rapidly through the floodplain. However, during summer low flows, the 

SW and GW level fluctuations are small. In August, average SW level variations at the gage are 0.05 

m and 0.15 m in the wells, indicating the SW and GW conditions are very stable during the low-flow 

period. Because of the stability during low flow, we believe our results from our thermal survey in 

august are representative of the hydraulic conditions of the reach during all low-flow conditions. 
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To examine the cumulative effects of gaining and losing conditions through the reach, we compared 

flow at the upstream and downstream gages. On the date of our survey, flow measured at the 

upstream and downstream gages was 0.335 m3/s and 0.326 m3/s, respectively, which was less than a 

3% difference and within the error of the instruments. This indicates that the reach as a whole is 

neither gaining nor losing. This is consistent over the entire low-flow period from early-July to mid-

October, when the percent difference between gages remains less than 8%. However, the spatial 

discharge survey indicates that locally, SW is both gained and lost from the channel over the extent of 

the reach. Results from the valley-scale groundwater analysis demonstrate that the valley-scale 

hyporheic exchange has substantial spatial variability throughout the reach (Fig. 3). During low-flow 

conditions, the vertical head difference between the GW and SW spatially range from -1 m to 1.3 m 

throughout the reach, where locations with the largest head differentials identify the strongest GW-

SW exchange. Both spring channels (Figure 1 inserts red and blue; Figure 3) are disconnected from 

the main channel at the upstream end, so all water within the channels is derived from upwelling 

hyporheic flow. 

During the stable low flows, the discharge survey indicates that a substantial amount of the SW is lost 

or gained throughout the reach in the form of hyporheic exchange, with different morphologic 

features affecting the flow losses and gains (Fig. 3). Results from both the valley-scale GW analysis 

and discharge surveys suggest that the backfilled historic channel induces the most substantial GW-

SW exchange in the reach during low flows. Measured losses during the discharge survey suggests 

SW in the main channel enters the inactive backfilled channel in the form of hyporheic flow (Fig. 3). 

Just upstream of the backfilled channel, discharge was measured at 0.46 m3/s, whereas immediately 

downstream of the entrance to the backfilled channel the discharge drops to 0.33 m3/s, a flow 

reduction of 0.13 m3/s. Farther downstream, measured discharge before (0.32 m3/s) and after (0.47 

m3/s) the backfilled channel meets the main channel, indicates a flow increase of 0.15 m3/s. The 

volumetric losses through the backfilled channel constitute approximately 30% of the surface water in 

the main channel immediately upstream of the old channel and 43% of the flow at the upstream gage. 

This reduction in discharge observed in the main channel near the upstream boundary of the 

backfilled channel is in agreement with the GW-SW comparison, which show that groundwater levels 

near that location are more than 0.8 m below the surface-water elevations (Fig. 3). The strongest 

gaining conditions in the reach were measured at the downstream boundary of the backfilled channel 

and correspond to the valley-scale groundwater analysis that shows groundwater elevations that are 

more than 1 m above the surface-water elevations. These results suggest that a substantial percentage 

of the total SW flow in the channel can be passed through valley-scale subsurface geomorphic 

features like the backfilled channel before returning to the main channel. 
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3.2 Unit-scale features driving hyporheic and thermal conditions 

The hyporheic flux probes illustrate temporal variation in the hyporheic fluxes through specific 

morphologic features over the course of a year (Appendix A). Hyporheic fluxes in the streambed have 

an annual range from 3.01 x 10-5 to -2.8 x 10-5 m/s and depend on the season. The highest magnitude 

fluxes occur during the months of April and May, which correspond to peak SW flows. Comparing 

the point measurements of the hyporheic flux probes to the valley-scale groundwater analysis during 

low flows shows that 10 probes agree with the broader valley-scale GW-SW gradients, indicating that 

GW-SW may overwhelm fluvial hyporheic exchange due to local features (Table 1). The directions 

of hyporheic fluxes estimated in the probes match the direction of fluxes expected from the 

groundwater gradients for all probes, apart from probe 22. Probe 22 reports moderate upwelling flux 

of 4.45 x 10-6 m/s, while the valley-scale groundwater analysis indicates downwelling. Because probe 

22 is located in a plane bed morphology, the bed morphology is not expected to drive substantial 

hyporheic flow. In this case, we attribute the disagreement between the probe results and valley-scale 

groundwater results to the orientation of the probe, which was unintentionally installed at an angle 

and leads to uncertainty in the flux estimation. All other probes reported flux directions that agree 

with the valley-scale groundwater results. Probe 3 is located in a pool head where hyporheic 

upwelling is expected. However, flux values in the probe show downwelling fluxes of - 3.04x 10-6 

m/s which match the direction of the GW-SW analysis. Downwelling at this location is in accord with 

the valley-scale groundwater analysis, this indicates groundwater gradient is stronger than gradients 

due to flow-bedform interaction. In comparison, probe 7, also located in a pool head, has both GW-

SW gradients and the probe showing upwelling. In cases where the hyporheic flow direction agrees 

with both the expected morphologic effect and the valley-scale groundwater gradient, we are unable 

to separate and quantify the individual contributions of the morphologic unit and groundwater 

gradient.  

The median flux magnitude of all probes is 6.49 x 10-6 m/s during the entire year. However, during 

low flow the median measured hyporheic fluxes in each probe decrease to 3.46 x 10-6 m/s. The mean 

area of the unit-scale features (pools, bars, riffles, and alcoves) within the study reach is 325 m2. 

Using the median flux from the probes during low flow and the average feature size, the hyporheic 

flow contribution of a single average morphologic feature in the study reach is estimated to be less 

than 8.84 x 10-4 m3/s, which accounts for less than 0.4 % of total stream discharge during low-flow 

conditions  If the maximum flux values during low flow are used in this calculation, the hyporheic 

flow contribution is still less than 2% of total stream flow. Fluxes of this magnitude do not appear to 

be capable of generating localized thermal refuge, as shown by the observed water temperatures 

around upwelling probes. Of the nine probes reporting hyporheic upwelling from the streambed, only 
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probe 23, which is located in a pool tail, observes a change in temperature > 0.5 °C that is considered 

thermal refuge. In probe 23, near-bed water temperatures stay below 14.9 °C within an area of 30 m2 

surrounding the probe. During low-flow conditions, the median flux magnitude in probe 23 is 1.03 x 

10-6 m3/s per unit area, which is well below the median low flow flux of all the other probes. The 

valley-scale groundwater analysis also reports minimal gaining at this location with a GW-SW head 

gradient of less than 0.2 m. This suggests that fluxes of this magnitude alone are not substantial 

enough to generate localized thermal refuge with the available thermal gradient between the GW and 

SW. 

3.3 Geomorphic features maintaining thermal refuge   

The longitudinal thermal survey illustrates that individual morphologic features maintain distinct 

temperature ranges (Fig. 4). Spring channels had a median temperature of 15.8 °C (p > 0.05) and the 

greatest temperature variability of all features with an inner quartile range of 1.7 °C (Fig. 4). Because 

all flow in these channels originates from hyporheic flow the upper boundary is low temperature. 

However, flows in these channels are relatively slow moving (~0.005 m/s) and shallow (~5-20 cm). 

Therefore, rapid warming occurs in the downstream direction. Water temperatures in one spring 

channel increase linearly with distance downstream, beginning at 13.9 °C at the upstream boundary of 

the channel and increasing to 18.3 °C at the downstream end near the confluence with the main 

channel (Fig. 5a). In another spring channel, we were only able to measure its downstream section 

because of large wood in the channel, but water temperatures also increased approximately linearly 

from 15.6 °C to 17.6 °C (Fig. 5b). This is an increase of 4.4 °C over 112 m in the first channel and 2 

°C over 36 m in the second channel. In both channels, water temperature increases to near or above 

the stressful temperature threshold (18 °C) before it enters the main channel. The spring channel in 

figure 5b intersects and follows the path of the historic backfilled channel before exiting into the main 

channel, resulting in an influx of warm surface water into the main channel. Water temperatures in 

the pool at the downstream convergence of the backfilled channel and main channel are highly 

variable, ranging from 13.7 °C in the right margin of the pool to 18.1 °C along the left margin of the 

pool(Fig. 6). Cool temperatures here are likely driven from subsurface flows through the backfilled 

channel, while warm temperatures here are likely driven by the surface water from the spring channel. 

The median water temperature from all thermal survey measurements in the reach was 15.4 °C. In 

comparison, pools have the lowest median temperature of 14.9 °C (p < 0.001) and are the only feature 

with a median temperature that satisfies the thermal refuge condition. Additionally, pools show the 

least variability of all the features with an inner quartile range of 0.3 °C. The comparison of the pool 

bottom elevations to the adjacent GWE in the floodplain indicates that the bottom elevation of each 
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pool was greater than 1 m below the GWE, suggesting that the pools are hydraulically connected to 

the water table in the study reach. The groundwater table slopes downward in the southeast direction 

across the reach and the orientation of the slope is nearly perpendicular to more than half of the pools. 

This suggests that ambient groundwater underflow driven by valley slow does intersect those pools, 

and potentially helps maintain cool temperatures in the pools. Riffles also have low temperature 

variability with an inner quartile range of 0.6 °C and the second lowest median water temperature of 

15.3° C (p < 0.05), but the temperature differential was limited and did not meet the thermal refuge 

criterion (Fig. 4). The low water temperatures in the riffles likely occur because many riffles are 

located downstream of pools and receive a portion of the cool water exiting the pool. In comparison, 

alcoves showed greater variability in temperature than pools and riffles (inner quartile range of 0.8 

°C) and were one of the warmest features with a median temperature of 15.7° C (p<0.05). While these 

features are adjacent to the channel, they have near-stagnant velocities during low flows and may not 

exchange water freely with the main channel. Therefore, they are warmer than the main channel 

because of low mass exchange and shallow depths. Plane bed and bar morphologies show little 

difference from the median channel temperature with inner quartile ranges of less than 0.6 °C and 

median temperatures of 15.7 °C (p>0.05) and 15.5 °C (p<0.05), respectively. 

4. Discussion 

4.1 Valley-scale hyporheic and thermal conditions 

At the GRR study site, thermal refuge for fish is most important from mid-June through August when 

temperatures rise above thermal stress thresholds (Fig 2a). Conditions for potential thermal refuge 

exist from early June to September when the groundwater is cooler than the surface water, so 

hyporheic flow could provide a cooling mechanism. However, there must be hydraulic connectivity 

between the surface and groundwater so that hyporheic exchange can occur and generate thermal 

refuge. Our results show strong hydraulic connectivity between the river and floodplain as changes in 

river stage are quickly reproduced in the groundwater levels (Fig. 2b). The rapid response in the water 

table occurs in the coupled river-floodplain system of the GRR corridor because the subsurface 

alluvial floodplain material is a mixture of gravel and sand, which typically have relatively high 

hydraulic conductivity values compared to finer floodplain sediments (Freeze and Cherry, 1979; 

Harter, 2003; Heath, 1983). Floodplain connectivity and hyporheic flux rates are partially dependent 

on hydraulic conductivity. Similar rapid responses in floodplain groundwater levels have been 

observed in other semi-confined mountain river systems with high stream power where valley 

material has high conductivity (e.g., Kasahara and Wondzell, 2003; Poole et al., 2006; Benjankar et 

al., 2020). In contrast, floodplains like those in many lowland rivers may experience limited 
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fluctuations in groundwater levels when compared to river stage (Marchand et al., 2022). While semi-

confined mountainous streams with high stream power have high sediment transport capacity and 

competence that can mobilize large grain sizes, unconfined lowland rivers with low stream power 

transport much finer grain sizes (Ali et al., 2013; Bizzi and Lerner, 2015) and deposit a higher 

percentage of fines through the river corridor (Beuselinck et al., 2002) that results in lower hydraulic 

conductivity values and associated hyporheic exchange rates (Malenda et al., 2019; Nowinski et al., 

2011). Restoration designs that intend to enhance floodplain connectivity and hyporheic fluxes should 

clearly define how restoration goals fit into the existing floodplain framework; factors such as 

recharge inputs and floodplain material and associated hydraulic conductivity should all be 

considered. 

4.2 Performance of valley-scale and unit-scale morphologic units to induce hyporheic flow 

Results from this study imply that the backfilled channel is a principal driver of hyporheic exchange 

within the study site. Our results indicate that up to 30% of the surface water at low flows from the 

main channel is expected to flow into the subsurface in the form of hyporheic flow and emerges from 

the lower portion of the historic backfilled channel. These findings imply that the backfilled channel 

is a principal driver of hyporheic exchange in the floodplain and accommodates substantial quantities 

of surface water exchange, likely due to higher hydraulic conductivity from unconsolidated sediment 

(e.g., Hester et al., 2020; Samadder et al., 2011; Schilling et al., 2022). This is consistent with 

previous studies that show surface water from the main channel can penetrate the aquifer and follow 

subsurface hyporheic flow paths into adjacent side channels (e.g., Kasahara and Wondzell, 2003; 

Jones et al., 2008). Jones et al., 2008, showed that up to 20% of the water found in an adjacent spring 

channel was originally derived from the main channel. Additionally, other studies have shown that 

complex hydrologic mechanisms beneath abandoned side channels continue to operate irrespective of 

backfilling (Marchand et al, 2002). However, it is uncertain if this elevated hydraulic conductivity 

will change over time as settling, interstitial pore clogging, and organic material infiltration via roots 

and decomposition will affect these subsurface flow paths (e.g., Brantley et al., 2017; Newman et al., 

2004). Regardless, our results suggest that hyporheic exchange through abandoned or backfilled 

channels can account for ~30% of SW flow in some situations. Additionally, hyporheic flows exiting 

the downstream end of the backfilled channel are 13% greater than those entering it at the upstream 

end, potentially indicating that these large-scale features with high hydraulic conductivities relative to 

the surrounding sediment can act as subsurface drains and concentrate flow paths at their discharge 

point. However, the surface flow in the spring channel intercepts and follows the path of the 

backfilled channel, resulting in the downstream mixing of cool water flowing beneath the backfilled 

channel and warm surface water from the spring channel(Fig. 6). This complex mixture of surface 
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and subsurface flows may limit the thermal refuge potential from cool subsurface flows at the exit of 

the backfilled channel. Other studies have shown that complex mixing patterns at the confluence of 

main channels and secondary channels can result in highly variable water temperatures (e.g., Lambs, 

2004; Lewis and Rhoads, 2015; Yuan et al., 2022). The wide range of temperatures and lack of 

thermal refuge here can be attributed to these complex mixing patterns. Therefore, river restoration 

designs intended to incorporate constructed or paleochannel features to enhance large-scale hyporheic 

exchange should attempt to connect flow paths in abandoned channels and/or adjacent backfilled 

channels while avoiding convergence with warm surface water (e.g., Jones et al., 2008; Tranmer et 

al., 2022). 

In the GRR, the restoration design expectation was that each unit-scale morphologic feature would 

enhance hyporheic flow and generate local thermal benefits (USBR, 2016). For example, upwelling 

was expected in the pool heads, while the pool tails were expected to induce downwelling conditions 

(e.g., Crispell and Endreny, 2009; Gariglio et al., 2013). However, it was unknown whether the 

hyporheic fluxes generated from these unit-scale features could overwhelm the valley-scale 

groundwater gradients. We found that regardless of the monitored unit-scale morphologic feature, 

none of the unit-scale features could generate hyporheic fluxes counter to the valley-scale 

groundwater gradients. This is consistent with other studies that show gaining and losing fluxes from 

the valley-scale groundwater may dominate and remove fluvial hyporheic exchange (Fox et al., 2014; 

Malzone et al., 2016; Sawyer and Cardenas, 2012), because for a unit-scale feature to dominate 

hyporheic processes, the valley-scale GW-SW head gradients must be below a minimum threshold 

value (e.g., Marzadri et al., 2016). Previous studies indicate that under gaining conditions 

groundwater upwelling reduces the penetration of SW into the streambed, diminishing the strength of 

bedform-driven hyporheic fluxes and reducing the vertical extent of the hyporheic zone beneath the 

streambed (Boano et al., 2008; Hester and Doyle, 2008). In contrast, during losing conditions the 

hyporheic exchange with the streambed is reduced by the redirecting a portion of the surface water in 

the hyporheic zone farther into the deeper groundwater when it would have previously returned to the 

stream (Fox et al., 2014). Since hyporheic exchange with the streambed is reduced by different 

processes under losing and gaining conditions, the minimum GW-SW head gradient might be 

different for each condition. Regardless, we found that under both gaining and losing conditions, none 

of the unit-scale morphologic features monitored by the hyporheic flux probes were able to 

overwhelm the valley-scale groundwater gradients. This inability of unit-scale features to overwhelm 

valley-scale GW-SW gradients limits the design efficacy of restoration practitioners attempting to use 

unit-scale features to enhance hyporheic exchange. Therefore, an understanding of the valley-scale 
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flow field is critical to understand prior to restoration design so that it can help guide the placement of 

specific morphologic features. 

4.3 Identification of Thermal Refuge 

Results from the thermal survey suggest that pools and riffles had the lowest water temperatures of all 

the constructed morphologic features, but only pools achieved the >0.5 °C difference from the median 

stream temperature. Because our wading survey did not measure the deepest portions of pools that 

were > 1 m deep, it is likely that water temperatures at the bottom of the pools were colder than we 

reported. Thus, we consider our results to be an indicator of thermal habitat. In fact, during fish 

snorkel surveys in the reach some pools maintained water temperatures that were ~3 °C cooler than 

the surrounding channel temperature (see Appendix A). From the perspective of thermal refuge and 

habitat, deep pools have been found to both maintain cooler temperatures and provide thermal refuge 

(e.g., Torgerson et al., 1999). Our results found pools are typically the only unit-scale feature able to 

reliably provide thermal refuge. Here, they did not overwhelm valley-scale groundwater gradients, 

but incorporate them for thermal benefit. The mechanisms suggested to maintain pool temperatures 

cooler than other parts of the channel include increased thermal protection from solar radiation, the 

retention of lateral and/or vertical groundwater seepage in the low velocity portion of the pool, and 

the accumulation of vertical hyporheic flow induced by a geomorphic feature at the bottom of the 

pool (e.g., Hassan et al., 2015; Tate et al., 2005). These mechanisms are supported by our finding that 

the bottom elevations of all the pools were below the GWE in the adjacent floodplain, indicating that 

the pool bottoms penetrate the aquifer. We are not able to determine which mechanism is the primary 

driver in each pool, but we hypothesize some combination of these mechanisms leads to reduced 

temperatures in the pools. We acknowledge that if water temperatures reach 23 °C as they do in this 

reach, the thermal refuge criterion of 0.5 °C will not maintain suitable temperatures for Chinook 

salmon. However, this may be valuable to extend the spring and fall rearing periods when a 

temperature difference of 0.5 °C in these reaches as well as allow migratory fish to have resting areas 

during critical migration periods. 

Our thermal survey results suggest that spring channels at the study site had potential for generating 

thermal refuge, but longitudinal warming causes a thermal barrier in the channels during critical times 

of the year that limits access to the thermally suitable portion in the upstream sections of the channels. 

In the GRR, the shallow, low-velocity spring channels showed the greatest temperature variability of 

all features. This variability occurs because cool water derived from valley-scale gradients at the 

upstream boundary of the spring channels warms in the downstream direction. The spring channels at 

our site are shallow, poorly shaded, and low velocity, making them susceptible to warming. A 
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modeling study demonstrated that an 80% shade reduction in low-velocity (0.023 m/s) channels can 

result in a 5.4 °C increase in mean stream temperatures in a 1 km reach (Garner et al., 2017). The 

same 80% shade reduction was analyzed at high velocity (0.155 m/s), and mean water temperatures 

only increased by 1.6 °C. This indicates that channel velocity plays a critical role in preserving cooler 

temperatures in unshaded channels. This is problematic for most spring-fed channels because they are 

generally low velocity features derived from hyporheic flow. Additionally, studies have determined 

that small streams with shallow depths (~0.15 m) are also susceptible to warming from solar radiation 

when riparian shading is limited (e.g., Johnson and Jones, 2000; Rutherford et al., 2004; Moore et al., 

2005; Studinski et al., 2012). In our spring channels, water temperatures increased by 3.7-5.1 °C per 

100 m, which is higher than most previous studies. For example, Rutherford et al. (2004) found a 

shallow (~0.15 m) stream warmed at a rate of 0.66 °C/100 m when riparian shade was reduced by 

40% and Studinski et al. (2012) observed 0.18-0.79 °C / 100 m with 50-90% riparian thinning. Our 

results in the GRR indicate that spring channels have the potential to generate substantial thermal 

refuge, but warming mechanisms of shallow depths, low velocities, and lack of riparian shading are 

compounded to make them highly susceptible to warming. Collectively, these findings indicate that 

riparian shade is a critical component to maintain acceptable local water temperatures and thermal 

refuge in shallow, slow-moving secondary channels. To increase thermal refuge potential in 

secondary and spring channels, restoration designs could implement narrower, deeper secondary 

channels and ensure sufficient riparian vegetation cover to help maintain cooler water temperatures. 

While there are significant riparian plantings along the streambanks and floodplain in the GRR 

restoration reach (USBR, 2018), there is a temporal lag between plant establishment, growth, and 

shading benefits to the channel (e.g., Bendix and Cowell, 2010; Bess et al., 2002; Tranmer et al., 

2020). Therefore, secondary channels should not expect to provide hydraulically connected thermal 

refuge areas until the riparian canopy can develop, which may occur 3-15 years after restoration 

construction is completed depending on plant species (Galatowitsch and Richardson, 2005; Lennox et 

al., 2011; Gardiner et al., 2004; Sigurdsson et al., 1998) 

Hyporheic upwelling from the streambed has the potential to generate thermal refuge (Boano et al., 

2008) but the conditions under which that is possible are still uncertain (Arrigoni et al., 2008; 

Schmadel et al., 2016). To understand the spatial extent of thermal refuge from upwelling, we 

inspected water temperatures near all the hyporheic flux probes that reported upwelling. 

Unfortunately, results from our thermal survey indicate that only near-bed temperatures around probe 

23, which resides in a pool, were cool enough to be considered thermal refuge. The magnitude of 

hyporheic fluxes coming from the streambed near probe 23 are marginal compared to the streamflow 

(<0.001%), making it unlikely that hyporheic flow alone is driving cooler temperatures at this 
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location. Cool temperatures around this probe can be attributed to the mechanisms we suggest that 

regulate pool temperature, which include protection from solar radiation, the retention of lateral 

and/or vertical groundwater seepage into the bottom of the pool, and the accumulation of vertical 

unit-scale hyporheic flow induced at the bottom of the pool. Broadening our results to the entire reach 

demonstrates that average hyporheic flow induced by a single feature constitutes less than 0.03% of 

the total discharge in the channel during summer low-flow conditions, which appears to be 

insufficient to provide localized thermal refuge within the channel. Similar findings were observed in 

previous studies when no thermal refuge formed at locations where the total hyporheic flow 

contribution from a feature was less than 2% of the total streamflow (Sawyer and Cardenas, 2012; 

Sawyer et al., 2012). Therefore, the availability of thermal refuge within a given system is likely a 

function of the magnitude of hyporheic upwelling and relative temperature difference between the 

surface and groundwater (e.g., Hester and Gooseff, 2011, sawyer et al., 2012; Arrigoni et al., 2008). 

Additionally, cooling from each hyporheic input is cumulative within the reach and restoring 

channels with a greater number of features that enhance hyporheic exchange could still benefit 

instream temperatures (e.g., Menichino and Hester, 2014; Arrigoni et al., 2008). However, bulk 

cooling of the channel is still limited as water temperatures in the main channel were reduced by less 

than 0.25 °C after restoration in both Sawyer and Cardenas (2012) and Sawyer et al. (2012). Our 

results suggest that from a mass exchange perspective, the larger valley-scale features such as 

backfilled channels and spring channels may be more effective than a number of small features. 

However, even with these larger features that facilitate high surface-groundwater exchange, bulk 

cooling of the water in the main channel could be limited. Therefore, more studies are needed to 

determine what percentage of the total streamflow must be generated by hyporheic flow to create 

areas of thermal refuge.  

In this study, we propose a simple thermal monitoring approach in wadable rivers to capture high-

resolution, instream temperature data for the identification of thermal refuge. This method combines 

two readily available technologies, RTK GPS and continuously recording pressure and temperature 

sensors to map near-bed water temperatures through a 2.5 km long reach with complex morphology 

in less than two hours. Here we attached custom-built thermistors and transducers from our laboratory 

to a GPS unit, but this method could also use any combination of commercial temperature sensor and 

pressure transducer capable of monitoring water temperature and depth at 5-10 sec intervals. Those 

measurements can then be directly linked to GPS locations using the timestamp. This approach builds 

on the method of Ebersole (2003) who manually collected temperature data at set 5 m intervals in the 

channel. Our method provides a means to rapidly measure wadable streams with greater mobility to 

monitor areas within the channel. For example, the thermal survey capturing the 30 m2 of cool water 
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surrounding probe 23 allowed for the spatial extent of the thermal refuge to be identified and mapped. 

Some error is introduced into these measurements when the sensor is taken out of the water to avoid 

instream obstacles, but those data can be easily identified by the pressure signature. Once the data 

points where the sensor was taken off the bed were removed, the RMSE between the survey elevation 

and the DEM was 0.12 m. Even when the GPS rod is not exactly on the streambed, the weighted 

sensor remains on the bed owing to the flexible cable.  

5. Conclusion 

The overall effectiveness of river restoration by increasing hyporheic flows on forming thermal 

refuge has been called into question over claims that large-scale environmental drivers such as flow 

regime, existing groundwater conditions, and surrounding lithology often overshadow the potential 

effects of locally placed in-stream structures. To address this, we evaluate a suite of constructed 

morphologic features in a recently restored river reach to determine their efficacy in generating 

hyporheic flows and creating thermal refuge during critical summer low-flow months. We do this 

using our newly proposed thermal monitoring approach in wadable rivers that captures high-

resolution, instream temperature data for the identification of thermal refuge. The study reach exhibits 

strong hydraulic connectivity with the floodplain as river stage changes propagate rapidly through the 

floodplain, changing the groundwater table levels by a similar magnitude. Our results show hyporheic 

flow from most morphologic features have insufficient magnitudes relative to the total streamflow to 

provide thermal refuge. Additionally, we see in most cases that valley-scale groundwater gradients do 

not allow the formation of fluvial hyporheic flows induced by a unit-scale features, e.g., pool-riffle.  

Pools were the only unit-scale morphologic feature that provided significant thermal refuge of 0.5° C. 

This is due to the suggested mechanisms of thermal buffering from solar radiation and the 

accumulation of cool hyporheic flow in the low velocity portion of the pool. Spring channels provide 

cool water temperatures, but warm downstream due to shallow depths, low velocities, and lack of 

shade. This effectively creates a thermal barrier near the downstream end of these channels that 

precludes their use as thermal refuge. Understanding which constructed morphologic features are 

effective at creating thermal refuge is critically important for habitat-based restoration. Our findings 

on the generation and preservation of thermal refuge can be used to inform the design of future river 

restoration projects. Future research should investigate 1) what percentage of the total streamflow 

must hyporheic flow contribute to create and sustain localized thermal refuge, and 2) what pool 

characteristics (e.g, maximum depth, pool volume, surface area, etc.) are most important for creating 

and maintaining thermal refuge. 
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Figures and Tables 

Figure 1: Site Area 
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Figure 2: Water Temperatures for 2021 Water Year + GW Levels and 

Stage 

• Figure 2a. Average daily gage height vs groundwater level 

• Figure 2b. Average daily surface water and groundwater temperatures  
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Figure 3: Valley Scale GW-SW Analysis With Discharge 

Measurement 

• Valley scale SW-GW gradients coupled with discharge survey measurements 
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Figure 4: Box Plots for Each Morphology 

• Box plots for each morphologic feature derived from thermal survey 
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Figure 5: Spring Channels  

• Water temperature signal in spring channels during thermal survey. Same locations as cutouts 

from figure 1  

A B 
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Figure 6: Temperatures at Exit of Backfilled Channel 

• Same location as figure 5b 

• This figure shows the complex mixing mechanism at this pool. SW from the spring channel 

and subsurface hyporheic from the backfilled channel converge here 

  



32 

 

Table 1: Can Unit-scale Features Overwhelm Groundwater Gradients 

• Chart compares agreement between flux direction reported in the probes and the direction of 

the valley scale groundwater gradient to determine whether localized flux from unit scale 

features are capable of overwhelming the valley-scale groundwater gradients. Morphological 

units are abbreviated as: RT-Riffle Tail, PT-Pool Tail, PM-Pool Middle, PH-Pool Head, S-

Spring Channel, PB-Plane Bed. N/A in the  “Local Hyporheic overwhelming Valley-scale 

Hyporheic” column means the expected effect of the morphologic unit is in agreement with 

the valley scale groundwater gradients, therefore we are not able to evaluate whether the  

morphologic unit is capable of overwhelming the valley scale gradients. 

Probe 

# 

Hyporheic 

Flux 

Probe 

(U/D) 

Valley-scale 

Groundwater 

Gradient 

(U/D) 

Probe 

vs 

Valley-

scale 

Match? 

Morphology 

Unit 

Expected 

Effect of 

Morphology 

Unit 

Local 

Hyporheic 

overwhelming 

Valley-scale 

Hyporheic 

3 Down Down Yes RT Up No 

4 Up Up Yes PH Up N/A 

7 Up Up Yes RT Up N/A 

16 Up Up Yes PB None N/A 

17 Up Up Yes PT Down No 

20 Up Up Yes PH Up N/A 

21 Up Up Yes S None N/A 

22 Up Down No PB None N/A 

23 Up Up Yes PT Down No 

27 Down Down Yes PT Down N/A 

28 Up Up Yes PM Down No 
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 Appendix A 

Figure A1: GPS Unit Set up for Thermal Survey and Hyporheic Flux 

Probe Construction
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Figure A2: Valley Scale GW-SW Analysis Methodology 

• This image depicts the curved drawdown profile of the groundwater table as it 

approaches the stream. They valley-scale groundwater gradients omit this profile, a 

limitation of this analysis. 
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Figure A3: Mechanisms maintaining cool pool temperatures 

  



36 

 

Figure A4: Fluxes of all probes  

• Hyporheic flux probes calculated magnitude throughout the year 
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Figure A5: Fish Snorkel Survey 

• Pool temperatures during snorkel survey. Ambient Temperature is the average temp of the 

feature and its immediate surroundings. Minimum temperature is the lowest temperature from 

the pool bottom.  
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