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Abstract 28 
Elevated stream temperatures represent an important stress affecting Pacific salmon 29 

(Oncorhynchus spp.). In thermally-impaired streams, upwellings of shallow subsurface (i.e., 30 

hyporheic) water have the potential to create patches of cool-water refuge that allow salmon to 31 

persist in otherwise unsuitable water temperatures. Since patterns of hyporheic upwelling are 32 

influenced by variations in streambed topography, habitat restoration actions such as engineered 33 

log jam construction may be used to preserve or promote upwellings. This strategy requires that 34 

hyporheic flows remain cooler in summer, relative to the overlying surface stream, but this might 35 

not always be the case. Here we characterize the relationship between hyporheic and overlying 36 

surface temperatures during a summer low-flow season in a restored reach of the South Fork 37 

Nooksack River. Among six sampling sites, we found that one had hyporheic temperatures that 38 

were consistently colder than the overlying surface stream, two had hyporheic temperatures that 39 

were variable but more moderate than those of the overlying surface stream, and three had 40 

hyporheic temperatures that were not cooler or more stable than those of the overlying surface 41 

stream. Habitat mapping suggests that thermally stable hyporheic flow paths may be associated 42 

with specific combinations of channel geomorphic units, which influence flow path length, depth 43 

and discharge. These findings may be used to identify potential areas of cool-water refuge and 44 

guide the design and placement of habitat restoration actions to promote climate adaptation for 45 

salmon populations in thermally-impaired streams. 46 

Key Points 47 

• Upwellings of cool, subsurface water have the potential to provide summertime refuge 48 

for salmon in rivers that are otherwise too warm. 49 

• Not all upwellings are cool enough to benefit salmon. 50 
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• Habitat mapping can be used to identify locations with cool upwellings and guide salmon 51 

habitat restoration efforts. 52 

Keywords: hyporheic, river, salmon, temperature 53 
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Introduction 55 
Pacific salmon (Oncorhynchus spp.) have been described as keystone species because of their 56 

importance as a food resource for predators and scavengers (Cederholm et al. 1989, Hilderbrand 57 

et al. 1999, Ford et al. 2010) and because of their role in transporting marine-derived nutrients to 58 

freshwater and terrestrial ecosystems (Willson et al. 1998, Lundberg and Moberg 2003, Helfield 59 

and Naiman 2006). Pacific salmon also play a crucial role as cultural keystone species for Native 60 

Nations of the Pacific Northwest, and declines in salmon abundance threaten the physical, social, 61 

economic, and spiritual well-being of Indigenous communities (Newell 1994, Carothers et al. 62 

2021). Over the past century, human actions have caused significant declines in salmon 63 

populations, and despite considerable efforts and expenditures for conservation and restoration, 64 

the prospects for salmon recovery remain unclear (Schoonmaker et al. 2003, Gustafson et al. 65 

2007, Lackey 2022). Several populations of Pacific salmon continue to be listed as threatened or 66 

endangered under terms of the U.S. Endangered Species Act (NOAA 2015) and Canada’s 67 

Species at Risk Act (DFO 2018).  68 

 Elevated stream temperatures represent a major stressor affecting salmon populations and 69 

contribute to the impairment of numerous riverine ecosystems in the Pacific Northwest (Hashim 70 

and Bresler 2005, USEPA 2021). Elevated stream temperatures are caused by anthropogenic 71 

factors such as deforestation, water diversion, and urbanization, which entail reductions in shade 72 

and decreased infiltration of precipitation into groundwater (Poole and Berman 2001). This 73 

impairment will become increasingly severe and widespread in the coming years due to global 74 

climate change, the effects of which include rising air temperatures as well as earlier and faster 75 

snowmelt and changes in streamflow generation, resulting in decreased summertime discharge 76 

(Mote et al. 2003, van Vliet et al. 2011). As lower flows entail decreased thermal inertia (Booker 77 

and Whitehead 2022), these hydrologic changes exert an important influence on stream 78 
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temperatures, exacerbating the warming effects of rising air temperatures and loss of shade. 79 

 With regard to salmon, thermal impairment refers to the occurrence of warm water 80 

temperatures that are outside the optimal range for performance. Temperature affects salmon at 81 

all life history stages. In incubating embryos, warmer stream temperatures increase the rate of 82 

development and alter the timing of emergence, with potentially adverse effects on survival rates 83 

(Bjornn and Reiser 1991). In fry, excessively warm temperatures (⪆	25 °C) can result in acute 84 

mortality, while warm sublethal temperatures (⪆	15 °C) affect standard and active metabolism so 85 

as to restrict the amount of energy that can be used for swimming and feeding, which hampers 86 

growth and makes fry more vulnerable to predators (McCullough et al. 2001). In returning 87 

adults, elevated temperatures induce stress responses and increase the virulence of pathogens, 88 

both of which can lead to premature mortality (von Biela et al. 2020). The latter effects are 89 

especially important in populations that undertake spawning migrations in summer, such as 90 

Sockeye Salmon (O. nerka; Hinch and Martins 2011) and early (i.e., spring- and summer-run) 91 

Chinook Salmon (O. tshawytscha; Connor et al. 2019, Bowen et al. 2020). 92 

 A strategy that shows promise for allowing salmon populations to persist in thermally-93 

impaired streams involves the construction of engineered log jams to create pool habitat. 94 

Engineered log jams are human-made structures made of wood and other materials installed in 95 

streams to simulate naturally-occurring large woody debris (LWD), which fulfills several critical 96 

functions affecting fish habitat (Beechie and Sibley 1997, Gregory et al. 2003). In degraded 97 

streams, engineered log jams are frequently designed to deflect streamflow, which scours the 98 

adjacent streambed and enhances the development of deep, complex pools (Roni et al. 2008, 99 

Cramer 2012). Among other habitat benefits, deep wood-formed pools have greater thermal 100 

inertia and thus maintain cooler and more stable summertime temperatures relative to other 101 
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habitat features (Elliott 2000), providing thermally-favorable holding water (i.e., cool-water 102 

refuge) for salmon. Access to such cool-water refuge can mitigate thermal stress sufficiently to 103 

improve growth and survival rates in juvenile salmon (Ebersole et al. 2001, 2003) and improve 104 

reproductive success in migrating adults (Benda et al. 2015). By allowing salmon to persist in 105 

thermally-impaired streams, engineered log jams may promote climate adaptation in threatened 106 

populations and serve as an essential component of a comprehensive strategy for salmon 107 

recovery. 108 

 Engineered log jams may be most effective at providing cool-water refuge when wood-109 

formed pools receive inputs from cool-water sources such as subsurface upwellings. At sites 110 

where such cool-water sources are not present, the log jams themselves can alter the shape of the 111 

riverbed in a way that invites the potential for localized upwellings of cool water from the 112 

hyporheic zone. The hyporheic zone comprises saturated sediments beneath and beside a stream 113 

channel containing some portion of water from the surface stream (Edwards 1998). In 114 

comparison with overlying surface stream flows, hyporheic flows tend to be more thermally 115 

stable (i.e., experience less extreme seasonal and diel fluctuations in temperature), and hyporheic 116 

inputs can thus moderate stream temperatures (Burkholder et al. 2008, Torgersen et al. 2012). In 117 

coarse-bedded alluvial rivers during the summer low-flow season, a large proportion of total 118 

discharge may be carried through the hyporheic zone (Fernald et al. 2006), and significant 119 

amounts of water may be exchanged between the hyporheic zone and the overlying surface 120 

stream. Hyporheic exchange is strongly influenced by streambed topography: Areas of 121 

upwelling, where water moves from the hyporheic zone to the surface stream, typically occur at 122 

the heads of pools, while areas of downwelling, where water moves from the surface stream into 123 

the hyporheic zone, typically occur at pool tailouts (Harvey and Bencala 1993, Edwards 1998). 124 
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Spatial patterns and volumes of hyporheic exchange can thus be drastically altered by changes in 125 

bed topography (Kasahara and Wondzell 2003, Tonina and Buffington 2007), which can be 126 

brought about by naturally-occurring LWD accumulations or engineered log jams. Previous 127 

studies have demonstrated that in-stream structures may promote localized upwellings that can 128 

influence stream temperatures (Mutz et al. 2007, Hester and Doyle 2008, Hester et al. 2009, 129 

Wondzell et al. 2009, Sawyer and Cardenas 2012, Menichino and Hester 2014, Bilski et al. 130 

2022). These findings suggest that engineered log jams may be used to induce hyporheic 131 

upwellings to create patches of cool-water refuge for salmon, but this strategy will only be 132 

effective where hyporheic flow paths are cooler than the surface stream.  133 

 The specific objective of this research is to assess spatial and temporal variation in the 134 

relationship between hyporheic and overlying surface temperatures during the summer low-flow 135 

season within a thermally-impaired stream reach. In so doing, we aim to elucidate the extent to 136 

which hyporheic upwellings can deliver cool water to log jam-formed pools and provide cool-137 

water refuge for salmon. The long-term goal of this work is to guide future habitat restoration 138 

efforts to promote climate resiliency in salmon populations threatened by elevated stream 139 

temperatures. 140 

Methods 141 

Study Sites 142 
The South Fork Nooksack River (SF Nooksack) is an 80 km (50 mi)-long tributary of the 143 

Nooksack River in northwestern Washington state, USA. Its Nooksack place name is 144 

Nuxw7íyem, which translates as "always clear water" (NNR 2012). It drains approximately 425 145 

km2 (164 mi2) of watershed area before it meets with the North Fork Nooksack River, the 146 

northernmost river in Washington, to form the main stem of the Nooksack River (Grah et al. 147 
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2017). The headwaters of the SF Nooksack arise > 1,829 m (6,000 ft) in elevation above the 148 

confluence with the North Fork in snowfields on Twin Sisters Mountain, Kwetl'kwítl' Smánit, the 149 

melting of which sustains river flows throughout the beginning of the summer. This winter 150 

mountain snowpack generally melts fully in June and July, after which river flow is sustained 151 

primarily by groundwater inflow (Gendaszek 2014, Grah et al. 2017). River flows typically 152 

decrease throughout August and early September, and it is during this low-flow period that water 153 

temperatures are typically warmest (USGS 2024). As a consequence of climate change, the 154 

North Cascades are experiencing lower amounts of snowfall, and the snowpack on the Twin 155 

Sisters is melting faster each year (Grah et al. 2017). The combination of decreased snowpack, 156 

earlier melt-off, and rising summer air temperatures leads to a prolonged low-flow season with 157 

diminished water flows and increasing water temperatures, a condition that is likely to be 158 

exacerbated in years to come (Yoder and Raymond 2022).  159 

 Predominant land uses in the SF Nooksack basin are logging in the headwaters with 160 

agricultural operations in the lower reaches, where streamside forest clearing has resulted in 161 

decreased shading and correspondingly increased water temperatures (Grah et al. 2017). The lack 162 

of riparian buffer also contributes to a scarcity of LWD and LWD-formed pools, with a 163 

corresponding scarcity of cool-water refuge habitat (Maudlin et al. 2002, Soicher et al. 2006). 164 

The surficial geology of the lower river valley consists of an unconfined aquifer within post-165 

Vashon glacial outwash and alluvium (Gendaszek 2014). The streambed is composed mainly of 166 

sand, gravel and cobble alluvium, with some boulders and exposed bedrock. Coarse-scale 167 

measurements indicate the presence of hydraulically conductive substrates with ample potential 168 

for hyporheic exchange (Gendaszek 2014).  169 

 The SF Nooksack supports all seven North American species of Pacific salmon (USEPA 170 
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2016a). Chinook Salmon spawning has been observed 51 river km (32 river miles) upstream of 171 

the confluence with the North Fork Nooksack River (Pelto et al. 2022). The lower SF Nooksack 172 

is a priority area for salmon habitat restoration (WRIA 1 SRB 2005) because it supports an 173 

endangered population of early Chinook Salmon that is considered essential for the recovery of 174 

the broader Puget Sound Chinook Salmon evolutionarily significant unit (ESU), which is listed 175 

as threatened under the U.S. Endangered Species Act (ESA; Maudlin et al. 2002, Soicher et al. 176 

2006, Butcher et al. 2016, USEPA 2016b). The SF Nooksack early Chinook Salmon enter the 177 

river as adults in spring and spawn in mid-August through September, holding for long periods 178 

when river temperatures are at their warmest (Maudlin et al. 2002). As a consequence, the 179 

population is imperiled by elevated stream temperatures that are exacerbated by low flows 180 

during the summer (Grah et al. 2017).  181 

 Data for this project were collected in the Nesset’s Reach section of the lower SF 182 

Nooksack (48.692019 ° N, -122.164114 ° W). Nesset’s Reach is approximately 2.7 km (1.67 183 

miles) long, located near Acme, Washington, approximately 17 river km (10 river miles) above 184 

the confluence with the North Fork Nooksack River. In 2016 and 2018, the Nooksack Indian 185 

Tribe Natural Resources Department (NNR) installed a series of engineered log jams in Nesset’s 186 

Reach (NNR 2015, NNR 2016). The principal objective of the NNR Nesset’s Reach restoration 187 

project was to provide cool-water refuge for adult early Chinook Salmon by creating deep and 188 

complex scour pools. 189 

Experimental Design and Data Collection 190 

We measured water temperature simultaneously in the hyporheic zone and the overlying surface 191 

stream at six sampling sites within Nesset’s Reach. Each site consisted of a single engineered log 192 

jam and its associated wood-formed pool, with a riffle immediately upstream. Each site was 193 
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assigned an identification number that corresponded to the NNR-assigned identification number 194 

of the engineered log jam, with higher numbers indicating positions further downstream (Table 195 

1). All temperatures were measured using temperature loggers with ± 0.2 °C precision (TidBiT 196 

v2 Temp logger, Onset Computer Corporation, Bourne, MA). At each site, hyporheic 197 

temperatures were measured with a single logger deployed inside a piezometer at a depth of 198 

approximately 35 cm below the streambed. The piezometer was located in an upwelling zone at 199 

the transition from the riffle tail to the pool head. The corresponding surface stream temperatures 200 

were measured with a second logger deployed on the streambed < 1 m upstream of the 201 

piezometer. The two loggers were programmed to record water temperature simultaneously 202 

every hour during the summer low-flow season (August 6 – September 13, 2022) at each site.  203 

 Each piezometer consisted of a 1.2–1.5 m length of schedule 40 polyvinyl chloride 204 

(PVC) pipe with an outside diameter of 4.2 cm and an inside diameter of 3.5 cm (nominal size 1 205 

¼”). Each piezometer was plugged at the bottom and had 14 holes in the sidewall that were 206 

0.3175 cm (1/8”) in diameter. The holes were equally spaced over the bottom 10 cm of the 207 

piezometer’s length, allowing hyporheic water to flow through the piezometer. The holes were 208 

covered with a fine (200-µm) mesh sleeve to reduce sediment inputs inside the piezometer. To 209 

facilitate measurements of installation depth, the piezometers were graduated and labeled.  210 

 We used a variation of the apparatus and procedures described by Baxter et al. (2003) to 211 

install the piezometers into the substrate. We used a 1.2 m-long driving rod made of 4.4 cm-212 

diameter (nominal size 1 ¾”) cold-rolled steel fitted with a 6 cm-diameter steel cap, and a 1.14 213 

m-long driving sleeve made of stainless-steel pipe with an inside diameter of 4.6 cm and an 214 

outside diameter of 5.1 cm (nominal size 2”). For each piezometer, the driving rod was inserted 215 

into the sleeve, and the rod and sleeve were pounded into the substrate together using a 1.8-kg 216 
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(4-lb.) sledgehammer. Once driven down to the appropriate depth, the rod was removed from 217 

inside the sleeve, and a piezometer was inserted in its place. The sleeve was then removed from 218 

around the piezometer, leaving the piezometer inserted into the substrate. Precise installation 219 

depths were measured and recorded for each piezometer (Table 1).  220 

 At some sites, we found it necessary to use open-bottom piezometers with no sidewall 221 

perforations, into which we inserted a 2.5 cm-diameter steel driving rod with a 6 cm-diameter 222 

steel cap and pounded on the cap to drive the rod and piezometer into the substrate 223 

simultaneously. This process was faster, required fewer field materials, and was less likely to 224 

result in sand or silt being lodged between the driving rod and sleeve, which inhibited piezometer 225 

installation at some sites. The open-bottom piezometers measured hydraulic head at the bottom 226 

opening of the piezometer, approximately 35 cm below the streambed, over an area equal to that 227 

of a circle with a diameter equal to the piezometer’s inside diameter (i.e., 9.62 cm2). In contrast, 228 

the perforated, closed-bottom piezometers integrated hydraulic head measurements within a 229 

column of water extending 10 cm above the bottom of the piezometer, approximately 25–35 cm 230 

below the streambed. This column was equal in volume to the length of the sidewall perforations 231 

multiplied by the inside area of the piezometer (i.e., 10 cm x 9.62 cm2 = 96.2 cm3). This 232 

difference in piezometer apparatus may have had a subtle effect on hydraulic head 233 

measurements, but it likely did not affect hyporheic temperature measurements, as temperatures 234 

were measured at comparable depths at the bottoms of both closed- and open-bottomed 235 

piezometers. The closed-bottom piezometers were deployed at two of the six study sites (1302 236 

and 2124), and the open-bottom piezometers were used at the other four sites (1306, 1312, 1313, 237 

and 1316).  238 

 Following installation, we used a hand-held vacuum pump (Mityvac model MV8000, 239 
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SKF Lubrication Systems USA Inc., St. Louis, MO) to remove water and fine sediment inside 240 

the piezometer. For each piezometer, pumping continued until > 2 L of water had been removed 241 

and the pumped water was visibly clear. This was to remove any surface water that may have 242 

entered the piezometer during installation and to ensure a connection with the hyporheic zone.  243 

 We measured temperatures at the riffle/pool transition at each site because this location 244 

has the greatest potential of being in an upwelling zone (Harvey and Bencala 1993, Edwards 245 

1998). This was to ensure that temperature measurements were collected in upwelling or neutral 246 

(i.e., neither upwelling nor downwelling) areas, which contain greater proportions of subsurface 247 

flow, as opposed to downwelling areas, which contain greater proportions of recent surface 248 

stream water. After the piezometer was left to equilibrate for 24 hours, we measured the 249 

upwelling potential at the installation location. Upwelling potential was characterized in terms of 250 

vertical hydraulic gradient (VHG), which is a unitless measure of the pressure differential 251 

between the hyporheic zone at a given location and the overlying surface stream (Dahm and 252 

Valett 1996). VHG is calculated as follows:  253 

VHG = (hs - hp) / L 254 

where hs is the height of the top of the piezometer above the water level of the surface stream 255 

(cm), hp is the height of the top of the piezometer above the water level within the piezometer 256 

(cm), and L is the depth from the streambed to the first opening in the piezometer (cm). Positive 257 

VHG values indicate upwelling potential, negative VHG values indicate downwelling potential, 258 

and a zero VHG value indicates neutral conditions (Dahm and Valett 1996). We used an 259 

electronic water level meter (Model 102M Mini Water Level Meter, Solinst Canada Ltd., 260 

Georgetown, ON) to measure hs and hp. To account for fluctuations in surface water level due to 261 

turbulent streamflow, we measured hs inside a 3.5 cm-diameter stilling well (i.e., a length of 262 
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open-bottomed PVC pipe) attached to the outside of the piezometer, extending vertically from 263 

the top of the piezometer to a depth below the stream surface but above the streambed. Table 1 264 

lists VHG values observed at each site and piezometer installation depths.  265 

 At each site, once we confirmed that upwellings were present, we installed a temperature 266 

logger at the bottom of the piezometer. We then installed another temperature logger on the 267 

streambed < 1 m upstream from the piezometer. Each streambed temperature logger was housed 268 

inside a short (5–8 cm) length of 4 cm-diameter (nominal 1 ¼”) schedule 40 PVC, which was 269 

perforated all over to allow water flow. This housing was then placed inside a 30–35 cm length 270 

of 8.9 cm-diameter (nominal 3”) schedule 40 PVC conduit that was also perforated all over and 271 

filled with river rocks that acted as an anchor to keep the logger in place throughout the season. 272 

Once assembled and placed on the streambed, each PVC housing was covered with river rocks 273 

for camouflage. Periodically, we visited the sites to confirm that the piezometers and streambed 274 

housings were still in position. During that time, we used a data shuttle (HOBO Waterproof 275 

Shuttle, Onset Computer Corporation, Bourne, MA) to download the data collected thus far. 276 

 To help identify geomorphic factors that might influence patterns of hyporheic 277 

temperature, we measured thalweg depths and surveyed channel geomorphic units throughout 278 

Nesset’s Reach. These habitat surveys were conducted during the low-flow season (August 279 

2022), following NNR protocols for monitoring habitat restoration projects (Coe 2019). 280 

Data Analysis 281 

We used permutation tests to assess the difference in mean temperature between the hyporheic 282 

zone and the surface stream for each hour of the day at each site. A permutation test evaluates 283 

the statistical significance of an observed difference by comparing it to a null distribution 284 

generated by randomly shuffling the data between categories or treatments to break any inherent 285 
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relationships (Manly 2007). First, hourly temperatures were averaged across all days in the 286 

sample period to capture a representative diel pattern. For each hour at each site, we then 287 

calculated the observed difference in temperature between the hyporheic zone and the surface 288 

stream. This observed difference was then compared to a null distribution of differences 289 

generated by permuting the site-specific temperature values between the hyporheic and surface 290 

stream categories 1,000 times. The p-value for each hour was calculated as the proportion of 291 

permuted differences equal to or greater than the observed difference. Differences were 292 

considered statistically significant if fewer than 5% of permutations produced a value as extreme 293 

as the observed difference, corresponding to a significance threshold of a = 0.05.  294 

 We characterized the hyporheic and surface temperature regimes at each site in terms of 295 

daily maximum and daily range. Daily maximum was calculated as the maximum temperature 296 

recorded during a given 24-hour period (00:00–23:59), and daily range was calculated as the 297 

difference between the daily maximum and minimum temperature recorded during a given 24-298 

hour period. To account for the potential influence of extreme temperature days on daily 299 

maximum values, we also calculated the seven-day average of the daily maximum (7DADM), a 300 

moving average in which the daily maximum temperature value for a given day was averaged 301 

with the daily maximum values of the previous three days and the following three days. We 302 

calculated the difference in means and performed pairwise one-tailed t-tests with a Bonferroni-303 

adjusted significance level of a = 0.0167 (0.05/3) at each site to assess differences in these 304 

response variables between the hyporheic zone and the overlying surface stream. Shapiro-Wilks 305 

tests indicated that the data met assumptions of normality (p < 0.05). We used linear regression 306 

models across all sites to assess the extent to which temperature response variables were 307 

confounded by VHG or installation depth. All analyses were conducted in R version 4.2.2 (R 308 
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Core Team 2023). 309 

Results and Discussion 310 

The relationship between hyporheic temperature and overlying surface stream temperature is 311 

variable over small spatial scales. Not all sites featured hyporheic flows that were cooler or more 312 

thermally stable than the overlying surface stream during the summer low-flow season (Figure 313 

1). Permutation tests indicate that the diel relationship between hyporheic and overlying surface 314 

stream temperature varies among sites (Table 2). At site 1316, the hyporheic zone was 315 

significantly cooler at every hour of the day. At sites 1302 and 1306, the hyporheic zone was 316 

significantly cooler during part of the day. At site 1302, the hyporheic zone was cooler for the 317 

majority of the day (i.e., 10:00–02:00), and at site 1306 the hyporheic zone was cooler 318 

throughout the morning (05:00–11:00) and in the afternoon and evening (14:00–21:00), but not 319 

at mid-day. In contrast, at sites 1312, 1313, and 2124 there were no significant differences in 320 

temperature between the hyporheic zone and the surface stream at any hour of the day. Using 321 

terms defined by Arrigoni et al. (2008), the diel temperature cycles that we observed may be 322 

characterized as follows: At site 1316, hyporheic flow is cooled (i.e., exhibits cooler mean 323 

temperatures) and buffered (i.e., exhibits a dampened range of temperatures) relative to surface 324 

flow; at site 1302, hyporheic flow is also cooled and buffered, although to a lesser extent; and at 325 

site 1306 hyporheic flow is buffered and somewhat lagged (i.e., exhibits a difference in phase, 326 

with peaks and troughs occurring slightly after those occurring in the surface stream; Figure 1). 327 

 The relationship between hyporheic and overlying stream temperature may also vary 328 

seasonally. At site 1302, hyporheic and surface stream temperatures converged towards the end 329 

of the season (Figure 1), when discharge was at its lowest. This is likely due to the fact that, as 330 

the summer progresses and the water level decreases, hyporheic upwellings account for a larger 331 
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proportion of total streamflow. As a result, the hyporheic temperature regime controls the surface 332 

temperature regime to a greater extent. This pattern may vary from year to year. The data we 333 

present here represent a single year (2022). In years with lower streamflow discharges, or when 334 

the low-flow season is more prolonged, the influence of hyporheic flows on stream temperatures 335 

may be correspondingly greater. 336 

 Based on the patterns we observed, we grouped the six study sites into three hyporheic 337 

temperature categories: cold, cool, and ambient. The cold category is represented by the one site 338 

where hyporheic temperatures were consistently colder than the overlying surface stream 339 

temperature during the low-flow season (1316). At site 1316, hyporheic temperatures averaged 340 

11.7 °C and never exceeded 13.0 °C, while surface stream temperatures averaged 18 °C (Figure 341 

1). The cool category denotes sites where hyporheic temperatures were variable but more 342 

moderate than overlying surface stream temperatures (1302 and 1306), and the ambient category 343 

denotes sites where hyporheic temperatures were not cooler or more stable than overlying 344 

surface stream temperatures (1312, 1313, and 2124).  345 

 The cold, cool, and ambient categories also serve to characterize hyporheic temperature 346 

in terms of daily maxima (Figure 2). Results from pairwise t-tests indicate that daily maximum 347 

temperatures were significantly cooler in the hyporheic zone, relative to the overlying surface 348 

stream, at each of the cold- and cool-classified sites. During the summer low-flow period, when 349 

surface stream temperatures warmed to approximately 20 °C on average, the maximum 350 

hyporheic temperature was approximately 18 °C at site 1302 (mean difference = -2.00 °C, t32(1) = 351 

-8.8, p < 0.001), 18 °C at site 1306 (mean difference = -1.64 °C, t20(1) = -7.7, p < 0.001), and 11.8 352 

°C at site 1316 (mean difference = -8.34 °C, t34(1) = -23.5, p < 0.001). In contrast, there were no 353 

significant differences between hyporheic and surface maxima at any of the ambient-classified 354 
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sites (site 1312: mean difference = 0.14 °C, t34(1) = 2.9, p = 0.997; site 1313: mean difference = 355 

0.01 °C, t34(1) = 2.2, p = 0.982; site 2124: mean difference = 0.01 °C, t36(1) = 1.6, p = 0.945). 356 

Results for 7DADM were almost identical (see Supplementary Materials, Table S1), which 357 

suggests that the observed patterns were likely driven by season-long conditions rather than a 358 

few extreme temperature days. 359 

 These differences have potentially important implications for the provision of cool-water 360 

refuge for salmon. In Pacific Northwest rivers, a cool-water refuge is generally defined as a 361 

local-scale area or patch > 2 °C cooler than the surrounding water (Torgersen et al. 2012). This 362 

distinction might not be meaningful in cases where the surrounding water temperature is > 2 °C 363 

above the threshold for adverse effects to salmon. Still, the patterns observed in this study 364 

suggest that the differences between hyporheic and surface temperatures may align with the 365 

difference between adverse and non-adverse conditions. For early Chinook Salmon, temperatures 366 

> 19 °C can create thermal blockages, causing fish to cease upriver movement and seek shelter, 367 

which could disrupt coordinated arrival at spawning grounds or prevent spawning altogether 368 

(Richter and Kolmes 2005, McCullough et al. 2001). In the SF Nooksack, when daily maximum 369 

surface stream temperatures are above this threshold, hyporheic upwellings at cold- and cool-370 

classified sites deliver water temperatures that may provide suitable refuge until seasonal cooling 371 

occurs and migration can resume. 372 

 As with daily maxima, diel variation in temperature was lower at cold- and cool-373 

classified sites, but not at ambient-classified sites (Figure 3). Pairwise t-test results for the daily 374 

temperature range indicate that hyporheic ranges were significantly smaller at site 1302 (mean 375 

difference = -1.52 °C, t32(1) = -10.3, p < 0.001), site 1306 (mean difference = -2.90 °C, t20(1) = -376 

12.7, p < 0.001), and site 1316 (mean difference = -3.69 °C, t34(1) = -20.9, p < 0.001). In contrast, 377 
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there were no significant differences between hyporheic and surface ranges at any of the 378 

ambient-classified sites (site 1312: mean difference = 0.12 °C, t34(1) = 2.6, p = 0.994; site 1313: 379 

mean difference = -0.003 °C, t34(1) = -0.3, p = 0.381; site 2124: mean difference = -0.012 °C, t36(1) 380 

= -1.5, p = 0.078). 381 

 The patterns we observed were likely not confounded by variations in sampling depth or 382 

upwelling potential. Piezometer installation depths ranged from 30.5 to 37.5 cm among sites 383 

(Table 1), but regression analysis indicates no significant influence of installation depth on any 384 

response variable. Similarly, although the magnitude of upwelling potential (VHG) ranged from 385 

0.25 to 2.5 (Table 1), VHG had no significant influence on any response variable (see 386 

Supplementary Materials, Table S2). 387 

 The differences in the hyporheic-surface stream temperature relationship observed among 388 

our study sites are likely driven by differences in the characteristics of the hyporheic flow paths 389 

that feed the upwellings. Hyporheic temperatures are largely governed by surface stream and 390 

groundwater temperatures, and by the degree of mixing between surface water and groundwater. 391 

This mixing is controlled by the interplay of channel morphology, gradient, sediment texture and 392 

hydraulic conductivity, as well as large-scale variations in topography, soil characteristics, and 393 

geology (Harvey and Bencala 1993, Olson 1995, Valett et al. 1996, Edwards 1998, Hester et al. 394 

2017). Hyporheic temperatures may also be influenced by conductive heat exchange, which is 395 

controlled by sediment texture, thermal conductivity, and streambed heat capacity, as well as the 396 

depth, length, and residence time of the hyporheic flowpath (Beach and Peterson 2013, Bastola 397 

and Peterson 2016). The influence of surface water is generally attenuated with increasing depth 398 

and distance from downwelling locations. As a result, deeper and longer flow paths tend to be 399 

more thermally stable, remaining cooler during the summer low-flow season, when river 400 
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temperatures tend to be at their warmest (Edwards 1998, Dogwiler and Wicks 2006, Fernald et 401 

al. 2006).  402 

Hyporheic flow rates may also play a role, as flow paths with greater discharges may be 403 

more likely to affect surface temperatures at upwelling sites (Fernald et al. 2006, Arrigoni et al. 404 

2008). Our study sites are all on the same aquifer (Gendaszek 2014) and experience similar 405 

surface temperatures (Figure 1), but different sites feature different hyporheic flowpaths that 406 

originate at different downwelling locations and vary from one another in terms of length, depth 407 

and flow rate. The upwellings observed at cool-classified sites (1302 and 1306) likely arise from 408 

flow paths that are longer or deeper or carry greater discharge, in comparison with the flow paths 409 

affecting the ambient-classified sites (1312, 1313, and 2124). The cold-classified site (1316) 410 

appears to be most strongly influenced by groundwater. This may be due to greater thermal 411 

conduction between hyporheic flows and adjacent groundwater (Menichino and Hester 2014) or 412 

greater flux of groundwater upwelling (Conant 2004, Schmidt et al. 2006), both of which may 413 

vary as a function of reach-scale heterogeneities in hydraulic head and hydraulic conductivity. 414 

The fine spatial scales at which we observed these heterogeneities (< 0.5 km between sites) are 415 

consistent with what has been reported elsewhere (e.g., Ebersole et al. 2003, Conant 2004). 416 

  Reach-scale variations in channel geomorphology may predict variations in hyporheic 417 

flow paths among study sites. Channel geomorphology impacts water depth and velocity and 418 

may exert a significant impact on the location and magnitude of hyporheic exchange, as well as 419 

the depths and flow rates of hyporheic flow paths. As illustrated in Figure 4, the cold and cool 420 

hyporheic sites at Nesset’s Reach all occur where the riffle at the head of the log jam-formed 421 

pool is immediately below another pool, whereas the ambient sites all occur where the riffle is 422 

immediately below a run (i.e., an intermediate channel feature that is deeper and slower than a 423 
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riffle but shallower and swifter than a pool; Fitzpatrick et al. 1998). This pattern aligns with the 424 

findings of previous studies (Fernald et al. 2006, Gariglio et al. 2013): When a pool transitions to 425 

a riffle, the spatial gradient in depth and velocity is steep, which forces more water down into the 426 

hyporheic zone, resulting in greater hyporheic flow and deeper flow paths downstream. In 427 

contrast, when a run transitions into a riffle, the spatial gradient in depth and velocity is less 428 

steep, resulting in diminished and shallower hyporheic flows. Consequently, the temperature of 429 

hyporheic upwellings may be determined in large part by specific combinations of channel 430 

geomorphic units upstream. Spatial configurations of channel geomorphic units may vary from 431 

year to year. In alluvial rivers, winter high flows can re-arrange streambed materials and re-shape 432 

channel morphology (Bierman and Montgomery 2014). As a result, the locations of cool flow 433 

paths may change from year to year within a reach, although the installation of engineered log 434 

jams can help stabilize pool locations to some extent. 435 

 The hyporheic temperatures presented here were measured in a single piezometer per 436 

site. Hyporheic flows can be complex, with flow paths of varying length, depth and point of 437 

origin occurring within close proximity to one another (Edwards 1998). At each of our sites, we 438 

installed the piezometer to capture hyporheic flows upwelling into the pool, but we have not 439 

captured the full range of flow paths that may be influencing each site. Nonetheless, our findings 440 

conservatively demonstrate the heterogeneity in hyporheic temperature regimes that may exist 441 

within a reach. 442 

Conclusions and Recommendations 443 

The findings of this research demonstrate that summertime hyporheic temperatures are not 444 

uniformly cooler or more stable than those of the overlying surface stream, and that hyporheic 445 

temperature regimes can vary significantly over relatively fine spatial scales beneath a reach of 446 
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stream (i.e., within 0.5 km). Our findings also suggest that this variability may be largely driven 447 

by patterns of channel geomorphology.  448 

 These findings have potentially important implications for salmon habitat restoration 449 

strategies in thermally-impaired rivers. For projects that seek to promote cool-water refuge by 450 

preserving or enhancing hyporheic upwellings, or by locating holding water in areas that receive 451 

cool water from hyporheic upwellings, success may depend on locating cool, thermally stable 452 

flow paths. Mapping subsurface temperatures can be time- and labor-intensive, but our research 453 

suggests that potentially advantageous sites may be identified using more easily obtained habitat 454 

mapping data. Habitat managers can identify pool-riffle sequences where spatial gradients in 455 

depth and velocity are steep and then undertake targeted investigations of hyporheic and 456 

groundwater temperatures beneath those sequences. In cases where engineered log jams are used 457 

to create scour pools and promote hyporheic upwellings, cooler upwellings might be promoted 458 

by closer spacing between log jams. The design and configuration of the log jams may also play 459 

a role. In particular, the extent to which the structure spans the channel and the proportion of 460 

flow depth that is blocked may interact with channel conditions (e.g., gradient, substrate texture, 461 

ambient groundwater discharge) to influence the lengths and depths of hyporheic flow paths and 462 

rates of upwelling (Hester and Doyle 2008, Sawyer and Cardenas 2012, Sawyer et al. 2012).  463 

 It is important to recognize that hyporheic temperatures are not the only factor to consider 464 

with regard to the use of upwellings for providing cool-water refuge in thermally-impaired 465 

streams. Among other water quality parameters, dissolved oxygen concentrations may influence 466 

habitat quality. Since longer flow paths generally feature lower concentrations of dissolved 467 

oxygen as well as more stable temperatures (Edwards 1998, Fernald et al. 2006), each flow path 468 

likely has an optimal length whereby downstream upwellings are maximally cool and stable but 469 
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retain adequate dissolved oxygen to support the metabolic requirements of target species. 470 

Moreover, where pools receive optimal hyporheic upwellings, mixing lengths may influence the 471 

quality of the resulting cool-water refuge habitat. Temperatures are likely to remain cooler at the 472 

bottoms of pools in areas where mixing is inhibited by structural features such as logs or gravel 473 

accumulations that deflect the main flow away from the pool (Keller and Hofstra 1983), or where 474 

pools stratify vertically (Tate et al. 2007). Site-specific investigations will be necessary to 475 

identify optimal flow path lengths and guide the location and design of engineered log jams. 476 

Habitat restoration through engineered log jam construction can be a valuable tool for 477 

helping salmon and other thermally-sensitive fishes persist in thermally-impaired streams. Deep 478 

pools such as those created or enhanced by engineered log jams can provide refuge in various 479 

ways. Deep pools are more likely to stay cool in summer due to their relatively high thermal 480 

inertia and shading by LWD accumulations. Pools also provide energetically-favorable holding 481 

water that allows salmon to offset the energetic costs of elevated water temperatures. These 482 

benefits may be compounded where pools receive cool-water inputs from hyporheic upwellings. 483 

With thoughtful design and site selection guided by targeted, site-specific baseline data, such 484 

upwellings can be exploited to create effective refuge habitat and promote climate adaptation in 485 

salmon populations and the communities that depend on them. 486 
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Figures 757 

 758 

Figure 1.  Hyporheic and surface stream temperatures at study sites in Nesset’s Reach, 759 

South Fork Nooksack River, from August 6 to September 13, 2022. 760 
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 762 

Figure 2.  Boxplots of daily maximum hyporheic and surface stream temperatures at study 763 

sites in Nesset’s Reach, South Fork Nooksack River, during the 2022 summer low-flow season 764 

(August 6 to September 13). The midline represents the median value, the box represents the 765 

interquartile range, and the whiskers represent 1.5 times the interquartile range. 766 
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 768 

Figure 3.  Boxplots of the daily range of hyporheic and surface stream temperatures at study 769 

sites in Nesset’s Reach, South Fork Nooksack River, during the 2022 summer low-flow season 770 

(August 6 to September 13). The midline represents the median value, the box represents the 771 

interquartile range, the whiskers represent 1.5 times the interquartile range, and the dots 772 

represent outliers. 773 
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 775 

Figure 4.  Study sites in Nesset’s Reach, South Fork Nooksack River, identified by 776 

hyporheic temperature categories with surrounding channel geomorphic units. The blue arrow 777 

indicates the direction of river flow. The top inset map depicts the location of the Nooksack 778 

River in Washington State. The lower inset map shows the full extent of the Nooksack River, 779 

with Nesset’s Reach highlighted.  780 
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Tables 781 

Table 1. Locations and descriptions of study sites in Nesset’s Reach, South Fork Nooksack 782 

River. Each site consists of a single engineered log jam and its associated wood-formed pool, 783 

with a riffle immediately upstream. Piezometers and temperature loggers were installed at the 784 

riffle tail/pool head. Residual pool depth was calculated as the difference between the maximum 785 

water depth within the pool and the water depth at the pool tailout. Upwelling potential was 786 

assessed in terms of vertical hydraulic gradient (VHG), a unitless measure of the pressure 787 

differential between the hyporheic zone at the piezometer location and the overlying surface 788 

stream.  789 

Site 

ID 

Location 

(latitude, 

longitude) 

Year of log jam 

construction 

Residual 

pool depth 

(m) 

Piezometer installation 

depth (cm below 

streambed) 

VHG 

1302 
(48.689145 °N, -

122.165981 °W) 
2016 1.34 37.5 +1.0 

1306 
(48.689115 °N, -

122.165132 °W) 
2016 1.89 30.5 +1.0 

1312 
(48.691559 °N, -

122.165912 °W) 
2016 0.76 36.75 +2.5 

1313 
(48.692227 °N, -

122.163613 °W) 
2016 >3.17 33.75 +1.5 

1316 
(48.692887 °N, -

122.163720 °W) 
2016 0.91 33 +1.0 

2124 
(48.695461 °N, -

122.166573 °W) 
2018 0.88 32.75 +0.25 
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Table 2. Results of permutation tests comparing surface stream temperatures and 792 

underlying hyporheic temperatures at each hour of the day at each study site. Data presented are 793 

the mean surface – hyporheic difference in temperature (Tdiff.), where each temperature 794 

measurement represents the mean temperature in °C for that hour, averaged over all days in the 795 

sample period. Significant differences (p < 0.05) are highlighted and marked with asterisks. 796 

 Site 1302 Site 1306 Site 1312 Site 1313 Site 1316 Site 2124 

Time Tdiff. p Tdiff. p Tdiff. p Tdiff. p Tdiff. p Tdiff. p 

00:00 .919 .019* .226 .681 .143 .700 -.023 .942 6.530 .001* -.046 .903 

01:00 .814 .031* -.124 .804 .144 .722 -.032 .927 6.296 .001* -.052 .883 

02:00 .721 .075 -.448 .343 .127 .761 -.035 .928 6.032 .001* -.055 .875 

03:00 .629 .090 -.730 .139 .109 .775 -.036 .917 5.770 .001* -.059 .863 

04:00 .533 .165 -.980 .052 .085 .845 -.041 .923 5.504 .001* -.058 .879 

05:00 .438 .265 -1.193 .021* .049 .908 -.048 .880 5.235 .001* -.061 .873 

06:00 .348 .353 -1.379 .011* .012 .977 -.057 .877 4.964 .001* -.063 .855 

07:00 .298 .406 -1.542 .012* -.018 .958 -.055 .880 4.719 .001* -.060 .882 

08:00 .344 .286 -1.632 .003* -.034 .926 -.034 .938 4.562 .001* -.052 .886 

09:00 .584 .069 -1.553 .004* -.039 .894 .017 .960 4.595 .001* -.006 .992 

10:00 .947 .001* -1.346 .012* -.006 .983 .067 .843 4.852 .001* .033 .919 

11:00 1.423 .001* -.918 .072 -.012 .962 .101 .765 5.376 .001* .082 .799 

12:00 1.947 .001* -.367 .448 -.028 .920 .127 .712 6.059 .001* .105 .757 

13:00 2.360 .001* .386 .449 -.002 .996 .145 .688 6.807 .001* .129 .703 

14:00 2.590 .001* 1.198 .035* -.034 .938 .131 .726 7.557 .001* .119 .711 

15:00 2.604 .001* 1.678 .003* -.089 .826 .071 .874 8.001 .001* .076 .846 
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16:00 2.311 .001* 1.948 .001* -.246 .533 -.016 .975 8.289 .001* .007 .985 

17:00 1.977 .001* 1.869 .003* -.143 .725 -.064 .900 8.212 .001* -.050 .924 

18:00 1.614 .002* 1.608 .006* -.125 .757 -.104 .800 7.920 .001* -.085 .815 

19:00 1.310 .005* 1.332 .018* -.080 .850 -.097 .818 7.509 .001* -.109 .770 

20:00 1.170 .010* 1.152 .042* -.008 .986 -.052 .897 7.208 .001* -.092 .821 

21:00 1.069 .012* .985 .068 .051 .924 -.038 .918 6.973 .001* -.065 .878 

22:00 .992 .010* .761 .154 .112 .807 -.024 .959 6.777 .001* -.054 .896 

23:00 .928 .021* .503 .329 .137 .776 -.020 .965 6.578 .001* -.049 .883 
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Supplementary Materials 800 
Table S1. Results of pairwise one-tailed t-tests comparing mean seven-day average of the 801 

daily maximum temperature (7DADM), averaged over all days in the sample period, between the 802 

hyporheic zone and overlying surface stream at study sites. Results presented include the test 803 

statistic (t), degrees of freedom (df), and p-value (p). 804 

Site 

ID 

Hyporheic 

temperature 

category 

Sampling 

period 

Mean 

hyporheic 

7DADM 

(°C) 

Mean 

surface 

stream 

7DADM 

(°C) 

Difference 

in means 

(°C) 

t df p 

1302 COOL 
8/6/22 – 

9/10/22 
18.520 20.545 -2.02 -10.2 26 < 0.001 

1306 COOL 
8/22/22 – 

9/13/22 
18.089 19.698 -1.61 -22.5 14 < 0.001 

1312 AMBIENT 
8/8/22 – 

9/13/22 
21.315 21.223 0.09 3.4 28 0.999 

1313 AMBIENT 
8/8/22 – 

9/13/22 
20.475 20.461 0.013 3.4 28 0.999 

1316 COLD 
8/8/22 – 

9/13/22 
11.795 20.426 -8.63 -27.9 28 < 0.001 

2124 AMBIENT 
8/6/22 – 

9/13/22 
20.549 20.541 0.008 2.6 30 0.993 
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Table S2. Results of regression analyses assessing the effects of piezometer installation 806 

depth and vertical hydraulic gradient (VHG) on response variables. Response variables include 807 

the daily maximum temperature, the seven-day average of the daily maximum temperature 808 

(7DADM), and the daily temperature range. Results presented include the Adjusted R2, F-809 

statistic (F), degrees of freedom (df), and p-value (p).  810 

  Installation depth  VHG 

Response variable  R2 F df p  R2 F df p 

Daily maximum  -0.152 0.340 1,4 0.591  -0.150 0.348 1,4 0.587 

7DADM  -0.152 0.341 1,4 0.590  -0.149 0.353 1,4 0.584 

Daily range  0.062 1.329 1,4 0.313  -0.087 0.599 1,4 0.482 

 811 

 812 


