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Abstract

Climate-change driven increases in water temperature pose challenges for aquatic organisms. 

Predictions of impacts typically do not account for fine-grained spatiotemporal thermal patterns in 

rivers. Patches of cooler water could serve as refuges for anadromous species like salmon that 

migrate during summer. We used high-resolution remotely sensed water temperature data to 

characterize summer thermal heterogeneity patterns for 11,308 km of 2nd- to 7th-order rivers 

throughout the Pacific Northwest and northern California (USA). We evaluated (1) water 

temperature patterns at different spatial resolutions, (2) the frequency, size, and spacing of cool 

thermal patches suitable for Pacific salmon (i.e., contiguous stretches ≥0.25 km, ≤15°C and ≥2°C 

cooler than adjacent water), and (3) potential influences of climate change on availability of cool 

patches. Thermal heterogeneity was nonlinearly related to the spatial resolution of water 

temperature data, and heterogeneity at fine resolution (<1 km) would have been difficult to 

quantify without spatially continuous data. Cool patches were generally >2.7 and <13.0 km long, 

and spacing among patches was generally >5.7 and <49.4 km. Thermal heterogeneity varied 

among rivers, some of which had long uninterrupted stretches of warm water ≥20°C, and others 

had many smaller cool patches. Our models predicted little change in future thermal heterogeneity 

among rivers, but within-river patterns sometimes changed markedly compared to contemporary 

patterns. These results can inform long-term monitoring programs as well as near-term climate-

adaptation strategies.
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Introduction

The availability of cold water for aquatic species is of concern as river temperatures increase 

(Kaushal et al. 2010; Orr et al. 2015; Whitney et al. 2016). Temperature governs many 

physiological processes such as metabolic rate and respiratory performance (Angilletta et al. 

2002; Brett 1971) and can be a key driver of population and community structure for 

ectotherms (Breau et al. 2011). Stream animals can survive periods of stressfully warm (or 

cold) temperatures provided there are adequate and well-connected thermal refuges 

(Ebersole et al. 2003a; Torgersen et al. 1999). Use of a thermal refuge may reduce metabolic 

costs and susceptibility to pathogens or toxins (Chiaramonte et al. 2016), and may be 

especially important to animals at the equatorial limit of their range, those migrating long 

distances, and those that inhabit marginally suitable habitat. Salmonids evolved in 

freshwater systems with abundant cold water (Beechie et al. 2012; McCullough et al. 2009); 

both juvenile and adult salmonids seek refuge in cooler areas when water becomes too warm 

(Dugdale et al. 2015b; Keefer and Caudill 2015; Petty et al. 2012; Sutton and Soto 2012).

Many studies have evaluated temporal patterns in water temperature and how animals 

respond to natural and altered thermal regimes (Arismendi et al. 2013; Penaluna et al. 2015; 

Steel et al. 2012). However, far fewer studies have described spatial patterns in water 

temperature. Thermal regimes can be diverse at broad spatial scales (e.g., among rivers) 

(Fullerton et al. 2015; Lisi et al. 2013) and at fine spatial scales (e.g., <1 km) (Dugdale et al. 

2015a), but we know little about thermal heterogeneity at intermediate scales (e.g., 10s to 

100s of kilometers) that may be important to animals during migration (e.g., cold tributary 

plumes; Keefer et al. 2009), breeding, and transition among thermally suitable habitats for 

feeding, growing, and sheltering (Flitcroft et al. 2012; Schlosser 1995). This gap in 

understanding stems from a paucity of datasets that are simultaneously broad in spatial 

extent and fine in spatial resolution. It has therefore been difficult to identify the appropriate 

spatial scale(s) at which water temperature data need to be collected to discern biologically 

relevant thermal refuges (i.e., those that are sufficiently large and cool to provide respite 

from hostile environmental conditions, and spaced such that animals can access them during 

times of need).

Regional climate models suggest that the Pacific Northwest, USA will be warmer, with drier 

summers and wetter winters, and in many mid-elevation areas, winter precipitation will fall 

as rain rather than snow (Dalton et al. 2013; Hamlet et al. 2013). Summer stream flows are 

projected to decrease across most of the region due to decreased snowpack, reduced summer 

precipitation, and higher evaporation (Jefferson 2011; Tohver et al. 2014). Lower flows will 

exacerbate stream warming during summer. River temperatures have already increased in 

parts of the Pacific Northwest (Arismendi et al. 2012; Isaak et al. 2012), and Wu et al. 

(2012) predicted an increase of 1.68°C in mean annual stream temperatures for 12 Pacific 

Northwest rivers by the 2080s. Rising air temperature and changes in hydrology were 

correlated with salmon extinctions in California (Zeug et al. 2011) and Japan (Fukushima et 

al. 2011), and vulnerability analyses for extant populations have predicted that large portions 

of freshwater species’ ranges will become unsuitable in the future (Isaak and Rieman 2013; 

Mantua et al. 2010; Wade et al. 2013). The ability of salmonids to survive and reproduce at 

water temperatures at or above their thermal tolerances will depend on their ability to adapt 
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to changing conditions (Crozier and Hutchings 2014; Muñoz et al. 2014), and the extent to 

which patches of cold water can provide refuge from warm water as fish move between 

habitats needed during different life stages (e.g., breeding, rearing) (Flitcroft et al. 2012; 

Schlosser 1995).

Managers have defined aspects of thermal requirements for cold-water species, but 

implementation of regulations required by federal legislation (e.g., the Clean Water and 

Endangered Species Acts in the USA) has proven challenging (NMFS 2015). Existing 

federal and state regulations specify that thermal refuges are a part of the broader definition 

of thermally suitable habitat for cold-water species. In particular, managers aim to 

understand and implement the concept of “sufficiently distributed” cold water refuges. In 

addition, conservation and management of thermal habitat in freshwater systems will 

increasingly require ways to assess and maintain suitable thermal landscapes that are 

resilient to climate change.

Three questions highlight pressing issues confronting conservation of cold-water systems: 

(1) What spatial resolutions of water temperature data are sufficient to resolve biologically 

relevant thermal heterogeneity? (2) Are the frequency, size, and spacing of cold-water 

patches in rivers adequate to meet the needs of salmonids during the warmest time of year? 

(3) How might climate change influence patterns of thermal heterogeneity? To address these 

questions, we used remotely sensed water temperature data to explore longitudinal thermal 

heterogeneity in rivers throughout the Pacific Northwest. We characterized existing and 

potential future patterns of summertime thermal heterogeneity in terms of cold-water 

patches available to Pacific salmon and steelhead (Oncorhynchus spp.) at an intermediate 

scale.

Methods

Study Area

Our study area encompassed watersheds across Washington, Oregon, Idaho, and northern 

California (USA). We analyzed water temperature data for 11,308 km of 2nd- through 7th-

order portions of streams used by anadromous salmon (Fig. 1). These data were not a 

random sample of rivers in the region (i.e., surveys were originally commissioned for other 

projects), but collectively these surveys encompassed the diverse habitat conditions available 

to salmon. Surveys generally occurred in mid- to high- Strahler order streams (Table S1, 

Online Resource 1); small tributary habitat was not well represented in the surveys because 

overhanging vegetation blocks the aerial view of the water. Surveys covered up to 30% of 

the geographic distribution of many anadromous salmonids but were more representative for 

mainstem spawners such as some forms of Chinook salmon (O. tshawytscha) than for 

tributary spawners like coho salmon (O. kisutch) and steelhead (O. mykiss) (Table S2, 

Online Resource 1). Surveys occurred predominantly in forested areas but also occurred in 

other natural areas and in developed areas (Table S3, Online Resource 1), and were 

distributed across four major ecoregions (Table S4, Online Resource 1). Discharge, velocity, 

elevation, slope, air temperature, and precipitation varied among the surveys (Table S5, 

Online Resource 1). Precipitation in the region occurs predominantly from October to March 

and falls as snow or rain, depending mainly on elevation and proximity to the Pacific Ocean. 
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Snowmelt contributes to stream flow from April to September in snowmelt-dominated and 

transitional watersheds (Hamlet 2010). Human population density in the study area ranged 

from low (e.g., roadless areas in Idaho) to high (e.g., near major cities). Human influences 

on processes controlling hydrology and stream temperature include hydropower facilities, 

water diversion for irrigation, silviculture, and altered riparian vegetation associated with 

agriculture and urban development.

Water Temperature Data

River surface temperature was measured using airborne thermal infrared (TIR) remote 

sensing (Handcock et al. 2012). Methods for this dataset are further described in Fullerton et 

al. (2015) and summarized here. All surveys occurred during the afternoon in July or August 

between 1994 and 2007, when water temperatures were expected to be near the daily and 

annual maxima and were most stressful for salmonids. Instream thermal sensors indicated 

that thermal imagery was typically accurate to ±0.5°C (Tables 1 and A4 in Fullerton et al. 

(2015)). Thermal image data were georeferenced and water temperatures were subsampled 

from images at approximately 150- to 200-m intervals along the thalweg of each river to 

create longitudinal profiles of water temperature versus distance from the downstream end of 

each survey. We included 139 surveys for which at least 20 km were accessible to 

anadromous fish. This one-dimensional dataset does not capture any potential lateral or 

vertical variability, but we recognize and discuss below the implications of lateral inputs 

(e.g., springs, seeps) and deep pools as potential refuges.

Data Analysis

We quantified heterogeneity in thermal habitat at multiple spatial resolutions, characterized 

spatial metrics of thermal habitat for Pacific salmon and steelhead, and analyzed how these 

patterns may change in a warming climate. Analyses were conducted in R (R Development 

Core Team 2015).

Thermal tolerances vary among species, life stages, geographic locations, acclimation 

histories, and other factors (McCullough et al. 2009). We did not focus on a particular 

species, nor on a particular life stage. Rather, we classified thermal riverine habitat into three 

zones considered to be generally optimal, tolerable, or stressful for Pacific salmon and 

steelhead as a group (references to salmon hereafter reflect this generality). These zones 

correspond to EPA criteria for 7-day average of daily maxima; see Table 3 in Palmer et al. 

(2003). The optimal or cool zone encompassed temperatures <15°C, at which most 

salmonids can thrive. The tolerable zone consisted of water temperatures between 15 and 

20°C. The unsuitable or warm zone comprised temperatures >20°C, at which survival and 

fitness of adults migrating upstream may be decreased and growth and survival of juveniles 

may be depressed (McCullough et al. 2009; Palmer et al. 2003; Richter and Kolmes 2005).

To describe thermal habitats available to salmon in rivers for which TIR data were available, 

we partitioned each longitudinal thermal profile into the three thermal zones. Specifically, 

we recorded each location along the longitudinal profile where temperature crossed a 

threshold into a new thermal zone. The result was a series of river segments with 

homogeneous thermal zones. Hereafter, we refer to these zones as cool, tolerable, and warm 
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patches (Fig. 2a). We quantified the spacing, length, number, and temperature range for 

thermal patches in each river, and summarized the distribution of these metrics pooled across 

the suite of rivers considered. We also quantified patch density (number of all patches in a 

given thermal zone divided by the total length in that zone) and total length in each thermal 

zone.

Influence of Spatial Grain on Pattern Metrics—We sought to identify whether 

thermal patches would be missed or mischaracterized at coarser resolutions as compared to 

the true distribution of thermal patches at finer resolution (i.e., the raw TIR data). We 

computed mean water temperature at resolutions of 0.25, 0.5, 1, 2, 3, 4, and 5 km using the 

approach of Welty (2015). For the raw data, and at each scale, we computed metrics 

summarizing spacing, length, and density of thermal patches as described above. We then 

evaluated whether the spatial grain of water temperature data influenced our ability to 

discern thermal patches.

Characterizing Thermal Heterogeneity for Salmon—To assess spatial patterns in 

thermal habitat that are relevant to salmon, we applied additional criteria that limited our 

analysis to include only cool patches likely to be important for salmon at an intermediate 

spatial scale (10s to 100s of kilometers). This restriction in no way suggests that smaller 

patches are unimportant. We included only patches ≥ 0.25 km long and ≥ 2°C cooler than 

adjacent water (i.e. short and substantially cooler) or patches ≥ 0.5 km long and ≥ 1°C cooler 

than adjacent water (i.e., long and marginally cooler). Our intent was to exclude very short 

patches or short patches with only marginally lower temperatures.

Thermal heterogeneity patterns may differ for species or life stages with different thermal 

requirements and vary with geographic position and watershed characteristics. To assess 

how responsive thermal heterogeneity patterns are to such factors, we (1) repeated the 

analysis using lower temperature thresholds (12 and 18°C) to characterize patterns available 

to species with cooler thermal requirements; and (2) examined the relationship between 

cool-patch metrics and position within a river survey, stream order, elevation, and drainage 

area.

Fish can acclimate to water temperature over time, and previous exposure to a thermal 

regime can influence how they perceive water temperature as they move through rivers. 

Areas that are cooler relative to surrounding habitat may represent a reprieve compared to 

what fish recently experienced in adjacent reaches, even though temperature is warmer than 

optimal. Thus, we employed a second approach for quantifying thermal heterogeneity in 

which we identified patches of relatively cooler habitat within warm or moderate zones (i.e., 

>15°C). We overlaid a smoothed trend (a 10-km moving average) on each longitudinal 

thermal profile (i.e., raw TIR data), and used the intersection of these lines to identify 

valleys (areas where TIR data fell below the trend line) and peaks (areas where TIR data 

exceeded the trend) that may be perceived as thermal refuges or barriers by fish (Fig. 2b; see 

Online Resource 2 for more details).

We quantified patch characteristics (spacing, length, density, height) for valleys and peaks in 

each river and summarized metrics across the suite of rivers considered. We applied more 
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restrictive criteria than those used in our threshold-based analysis because valleys and peaks 

were only quantified within areas considered warmer than optimal. We used length and 

temperature criteria to identify valleys (peaks) large enough to potentially influence fish 

behavior. We included only valleys ≥ 0.5 km and ≥ 2°C cooler than the trend line or peaks ≥ 

0.5 km and ≥ 2°C warmer than the trend line.

Quantifying Potential Effects of Climate Change—We used two approaches to 

explore how the size and spatial arrangement of cool patches may change in a warmer 

climate. For the first approach, we increased the temperature of the entire longitudinal 

profile by a given amount (Fig. 3a). This approach is supported by the temporal consistency 

of spatial patterns for surveys that were conducted in both cool and warm years (Fullerton et 

al. 2015). We represented potential future climate scenarios as increases in water 

temperature of 0.5, 1, 1.5, 2, 2.5, and 3 °C; no specific time periods were assumed.

For the second approach, we used a predictive model based on climate covariates to estimate 

future water temperature. This approach acknowledges that some rivers may be more 

sensitive to climate change (Arismendi et al. 2012; Isaak et al. 2012; Luce et al. 2014). For 

instance, correlations between air and water temperature differ among streams, which may 

reflect differential contribution of groundwater or other controls on stream temperature over 

space. Therefore, change may be slower in streams that are groundwater-fed, and faster in 

snow-fed streams where snowpack is expected to decline. We used a random forest 

regression (Breiman 2001; Cutler et al. 2007) of water temperature and three climate 

covariates: (1) maximum weekly air temperature between 16 July and 31 August, (2) mean 

annual precipitation, and (3) the proportion of precipitation that falls as snow during winter 

(Dec, Jan, Feb). We also included distance upstream as a covariate. Fitted values capture the 

trend in longitudinal thermal profiles that was explained by these covariates. Residuals were 

interpreted as patchiness at fine spatial scales in longitudinal profiles that was not controlled 

by climate covariates, but rather by processes not included in models, such as local 

groundwater inputs, anomalies in adjacent landscape features or land use, network geometry 

or stream geomorphology. We predicted future longitudinal thermal profiles by substituting 

values of the three climate covariates for the 2080s (2070–2099) based on the Coupled 

Model Intercomparison Project (CMIP5), representative concentration pathway (RCP) 8.5 

(Taylor et al. 2012). We summed predicted future trends and residuals from the fitted model 

to produce potential future longitudinal profiles (Fig. 3b). Further details about the data 

sources, modeling, and climate scenarios are available in Online Resource 2.

In each of our two approaches for constructing potential future longitudinal profiles, we 

computed patch characteristics (spacing, length, and density) relevant to salmon as described 

earlier (see “Characterizing Thermal Heterogeneity for Salmon”). We compared the 

resulting patterns to the observed spatial patterns computed from TIR data.

Results

Spatial Resolution and Thermal Patches

Using the raw TIR data, we were able to resolve cool patches at a fine resolution (<0.25 

km). Coarsening the spatial resolution of our water temperature data influenced the 
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characteristics of thermal patches. As we increased the grain of water temperature data (i.e., 

data became more aggregated longitudinally), we were able to resolve fewer of the small 

patches observed in the raw TIR data. Hence, cool patch length and spacing increased, and 

patch density decreased (Fig. 4). The same occurred for tolerable and warm patches and for 

valleys and peaks in the longitudinal stream temperature profile (Fig. S1, Online Resource 

1). Notably, the relationships were nonlinear, and changes were particularly pronounced at 

resolutions <1 km. There was spatial structure below a 1-km resolution that could be 

observed and quantified in the spatially continuous TIR data that could not be detected if 

data were sampled or modeled at coarser resolutions.

Spatial Heterogeneity in Stream Temperature

The first cool patch was a short distance upstream in some rivers but was far upstream in 

others (Fig. 5; Fig. S2, Online Resource 1). The distance to the first cool patch encountered 

in an upstream direction was related to longitudinal position, stream order, and drainage area 

but not elevation (Fig. S3, Online Resource 1). Cool patches first encountered were longest 

and coolest in upper portions of river surveys, in lower-order streams, and in streams with 

smaller drainage areas. However, relationships with descriptors of geographic position were 

not evident for patches farther upstream than the first patch.

Water temperature was warm during summer afternoons in many rivers throughout the 

region: over 50% of the pooled length of surveyed rivers was >20°C (Fig. 6e). Patterns of 

thermal heterogeneity varied widely within and among rivers. Spacing between cool patches 

was greater than spacing between tolerable or warm patches. System-wide, the median 

spacing between cool patches was 21.3 km (interquartile range: 5.7 to 49.4 km; Fig. 6a). 

However, there was considerable variance, suggesting that cool patches were closely spaced 

in some rivers but far apart in others. The median spacing between valleys was 7.2 km 

(interquartile range: 3.5 to 13.7 km; Fig. 6f). The median length of cool patches was 6.4 km 

(interquartile range: 2.7 to 13.0 km; Fig. 6b). Again, there was considerable variance, 

wherein some rivers had short cool patches and others had long cool patches. Warm patches 

were generally longer than cool or tolerable patches. The median length of valleys was 2.1 

km (interquartile range: 1.2 to 3.4 km; Fig. 6g). The density of cool and tolerable patches 

was higher than the density of warm patches (Fig. 6d). Some results differed given species-

specific thermal requirements and were sensitive to the temperature bins we chose (i.e., the 

temperature thresholds delineating each thermal zone) and how close to thresholds 

individual river segments were. When we used lower temperature thresholds of 12 and 18°C, 

cool patches were fewer, more distantly spaced and shorter (Fig. 6).

Thermal Heterogeneity in a Warmer Climate

When we assumed that future longitudinal profiles would become warmer versions of 

contemporary profiles, we found that the total amount of warm habitat (>20°C) increased, 

whereas tolerable and cool habitat decreased (Fig. 7). In warmer climate scenarios, the 

length of cool patches decreased marginally and the density increased (Fig. 7a). 

Correspondingly, warm patches became longer and fewer (Fig. 7b). However, the 

distribution of spacing among patches did not change noticeably because decreases in 

heterogeneity in downstream sections of river (i.e., as cool patches disappeared) were offset 
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by gains in heterogeneity farther upstream where previously contiguous cool stretches 

became interspersed with new warm patches. This is illustrated in the Siletz River, Oregon, a 

coastal watershed where water temperature is a concern and which has threatened 

populations of coho salmon, steelhead, and coastal cutthroat trout (Fig. 8). In the Siletz 

River, numerous reaches were projected to warm enough to cross into a new thermal zone in 

the future when we assumed a spatially homogenous increase of 2°C (Fig. 8a). Cold patches 

(<15°C) decreased in number and were located farther upstream (Fig. 8b).

Random forest models fit the data well. The median model mean squared error was 0.109 

(95% confidence intervals: 0.011, 1.228), the median pseudo-R2 was 0.970 (95% confidence 

intervals: 0.592, 0.997), and there were no trends in residuals (Table S6, Online Resource 1). 

Although prediction intervals were tight for fitted models, we found considerable 

uncertainty in future stream temperature predictions, which were made by substituting future 

values of climate covariates into fitted relationships with historical covariates. (Fig. 3b). All 

four covariates were equally important in the fitted model for the river shown in Fig. 3b 

(Eightmile Creek, a tributary to the lower Columbia River in Oregon, USA), whereas future 

stream temperature was predominantly determined by increased summer air temperature and 

decreased probability of winter precipitation falling as snow (Fig. S4, Online Resource 1). 

Relationships between climate covariates and water temperature were river-specific, with 

some longitudinal trends explained largely by air temperature, and others more strongly 

related to different covariates.

When we used random forest models to project potential stream temperature in the 2080s, 

the total length of river in cool and tolerable habitat zones decreased and resulted in more 

warm habitat overall (Fig. 7). Future thermal heterogeneity patterns were similar to 

contemporary patterns for cool and warm patches (boxplots and dots in Fig. 7) and for 

valleys and peaks (Fig. S5, Online Resource 1). Some rivers remained uniformly warm 

(>20°C) with minimal or no heterogeneity, such as the Klamath, Eel, and Clearwater rivers, 

and others such as the Nooksack, Siuslaw (lower portion), and Crooked rivers cooled in 

places in the future (Fig. 5). These changes resulted in a loss of heterogeneity for some 

rivers (e.g., Russian, North Fork John Day, South Fork Stillaguamish) and a gain in 

heterogeneity for others (e.g., Nehalem, Middle Fork Salmon).

Discussion

We characterized thermal heterogeneity at intermediate spatial scales (e.g., reaches of 10s to 

100s of kilometers) and observed substantial spatial variation in summertime river 

temperature within and among rivers throughout the Pacific Northwest and northern 

California. Our analyses illustrate the presence of thermal heterogeneity at scales below a 1-

km resolution that may be important for cold-water species such as salmonids (Dugdale et 

al. 2015b; Ebersole et al. 2003b; Petty et al. 2012; Sutton and Soto 2012). We were able to 

resolve cool patches at densities within the range observed by Dugdale et al. (2015a), who 

quantified thermal refuges using thermal imagery of similarly sized streams. We suggest that 

spatial patterns in water temperature assessed at broader resolutions than that of our raw data 

(i.e., >0.25 km) may not describe important thermal heterogeneity at scales at which fish 

behaviorally thermoregulate. Cool patches were distributed throughout most rivers. For 
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some rivers, however, salmon would need to move far upstream to reach the first cool patch. 

Cool patches were generally shorter and warmer toward river mouths and longer and cooler 

toward their source. We predicted minor changes in spacing, length, and density of cool 

patches in warmer climate conditions overall, but cool patches were arranged differently, and 

changes were greater in certain rivers. Our results have implications for freshwater 

conservation in the context of (1) how cold water refuges are defined and quantified, (2) the 

adequacy of thermal heterogeneity for coldwater species, and (3) guidance for managing 

thermal diversity in a changing climate.

Defining Thermal Refuges in Space and Time

Cool patches can be characterized by their size, spacing, density, position within a river, and 

temporal permanency. Identification and management of cold water refuges is challenging 

because refuges vary over space and time, and their utility differs among species and life 

stages. Water quality regulations typically specify simplified metrics for temperature 

standards (Poole et al. 2004). For instance, the U.S. Environmental Protection Agency 

defines cold-water refuges as “locations or times at which water temperature is 2°C colder 

than the surrounding water” (Palmer et al. 2003). This definition provides flexibility in 

determining what is sufficient given a river’s context and the species living there. However, 

the challenges have been to match the scale of measurement to the scale of management 

questions, and to ensure that the metrics used to characterize thermal refuges capture 

relevant ecological facets (Steel et al. 2017; Steel et al. 2016).

An example of such a facet is the distance between thermal refuges available to adult 

Chinook salmon as they migrate upstream during August. To define this facet, one would 

need to know what constitutes a “thermal refuge”. Perhaps for this example, a thermal 

refuge could be defined as a contiguous area <20°C that is large enough for an adult salmon 

to use temporarily, as there are fitness consequences for fish migrating above this 

temperature threshold (Hasler et al. 2012; Hinch et al. 2012; Richter and Kolmes 2005). In 

our meta-analysis, we used two complementary and generalized definitions of a cool patch 

that may serve as useful starting points for defining thermal refuges: (1) the contiguous 

length of river where maximum temperature was below a biologically relevant thermal 

criterion (e.g., 15°C), and (2) the contiguous length of river within a warm stretch (e.g., > 

15°C) where temperature was relatively cooler (e.g., <2°C) than in adjacent stretches. Our 

inclusion of the second definition may provide useful supplementary information about 

subtler patterns in thermal habitat than would have been detected using only a thermal 

criterion approach. Ultimately, analyses such as those presented here will need to be tailored 

to the particular species and life stage of interest, and should be followed by biological 

assessments in the field to determine the extent to which fish use refuges of different size 

and quality.

We have presented one way to resolve spatial patterns of water temperature as a first step in 

identifying areas of potential management concern at intermediate spatial scales. The data 

used in our analysis were one-dimensional (i.e., longitudinal patchiness in temperature) and 

did not capture patterns across the width of the stream where there may be thermal refuges 

along channel margins (e.g., from seeps, springs, or small tributaries). The rivers surveyed 
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with airborne TIR remote sensing were selected because they were generally well-mixed 

vertically, but in large slow-moving rivers there may be thermal refuges at depth in larger 

pools. There may also be thermal refuge at different times of day that are not represented in 

our data (Dugdale et al. 2013; Ebersole et al. 2015; Wawrzyniak et al. 2016). Our approach 

of identifying areas of concern at an intermediate scale can guide more comprehensive 

investigation of thermal habitat at finer spatial scales using remotely sensed data, placement 

of instream sensors, and field surveys to determine use by animals (Dugdale et al. 2015a; 

Ebersole et al. 2003b; Monk et al. 2013; Torgersen et al. 1999).

Our spatially continuous stream temperature dataset was uniquely suited for identifying 

spatial heterogeneity that may be missed between sparsely spaced monitoring sites, and for 

interpreting coarser-resolution maps of stream temperature generated from spatial statistical 

techniques or process-based models. When longitudinal thermal profiles were constructed 

from coarsened data, we detected fewer thermal patches. The strong nonlinear relationships 

between scale and thermal patch characteristics that we observed indicate that substantial 

complexity exists at spatial scales <1 km. Spatially explicit water temperature models 

typically do not make predictions at scales finer than 1 km. Stream network models 

(Peterson et al. 2013) can make fine-scale predictions from coarse-scale empirical data, but 

such predictions do not include fine-scale spatial variation unless that variation is closely 

tied to covariates that are measured at fine spatial scales. Predictions from these models may 

be useful for some questions (e.g., range shifts over broad spatial scales) but less so for 

others (e.g., identifying thermal refuges). Without knowledge about fine-scale thermal 

heterogeneity, managers may assume that a reach is too warm; this misinterpretation could 

be avoided if higher-resolution data revealed the presence of thermal refuges.

Adequacy of Cold Patches for Coldwater Species During Summer

Evaluating whether cold patches are sufficient for meeting the needs of coldwater species 

will require consideration of patches that are large enough for animals to use, frequent 

enough to be encountered, and located in places where, and at times when, they are most 

needed. Particular species and life stages of mobile stream animals may use refuges in 

specific ways over time (Brewitt and Danner 2014; Sutton et al. 2007) to optimize growth by 

moving between warm and cool habitats throughout the day (Armstrong and Schindler 2013; 

Torgersen et al. 2012).

The sizes of cold-water patches needed by stream biota are not well understood. Our criteria 

for defining patches adequate for salmon may exclude smaller patches that could benefit 

salmon or other species. If we characterized cool patches without imposing additional length 

and temperature criteria, the median patch length would have been 200 m (interquartile 

range: 90 to 970 m). These cool patches are large enough for temporary use by salmon, 

which have been observed using areas as small as 0.13 m2 at high densities (Lindeman et al. 

2015). The minimum patch size depends on an animal’s age and ecological conditions 

within the patch, such as density of other animals using the refuge, and whether habitat 

therein is suitable (Breau et al. 2011; Woolnough et al. 2009). Elevated animal densities can 

suppress growth and survival for juveniles already stressed by high water temperatures 

(Crozier et al. 2010; Harvey and Nakamoto 1996) by increasing competition and 
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vulnerability to predators (Keefer et al. 2009; Torgersen et al. 2012). It is unknown whether 

a group of small, connected cold-water patches is equivalent to a single large patch (e.g., 

Kingsland 2002; Simberloff and Abele 1982).

The extent to which connectivity among cold-water patches limits animals depends on the 

species, life stage, and environmental characteristics in a given river at a particular time. 

Research on stream fish behavior is increasing, but information is needed about why and 

when fish and other stream organisms seek refuge in cooler habitats. The cool patches that 

we identified as suitable for salmon were far apart (~10 km). However, animals may be able 

to use smaller patches as “stepping stones” of tolerable habitat in an otherwise intolerable 

environment. The median distance between cool patches of any size (i.e., without additional 

criteria imposed) was 250 m (interquartile range: 100 m to 1.36 km), which is within the 

swimming capabilities of juvenile and adult salmon. However, these distances may exceed 

movement capabilities for other stream biota. Salmon can swim long distances and can swim 

fast enough to move between cool patches, but they may not choose to move through a warm 

section of river. Migration may be delayed (Keefer and Caudill 2015; Keefer et al. 2009) or 

may cease at high temperatures (Hasler et al. 2012; Richter and Kolmes 2005). Fish that 

swim through thermally stressful waters may experience latent sublethal and cumulative 

effects caused by increased susceptibility to pathogens, toxins, predation or other heat-

related stressors (Dietrich et al. 2014; Fenkes et al. 2016; Marcos-Lopez et al. 2010).

Managing Thermal Heterogeneity in a Changing Climate

The diverse thermal patterns that we characterized within and among rivers can be used as a 

measure of baseline conditions in the Pacific Northwest and northern California to which 

future patterns can be compared. Important questions remain about how thermal 

heterogeneity will change and how species will respond in a warmer climate. We predicted 

that water temperatures will increase overall, and that spatial patterns may be similar to 

current patterns with minor changes in the number, length, and connectivity of cold patches. 

However, the arrangement of patches within any given river may change considerably. For 

instance, a small cool patch between two warm patches may disappear, resulting in a single 

larger warm patch that could pose a new migration barrier. Conversely, a previously long 

cool patch may be broken into a series of smaller patches. Although our analysis suggested 

that the spacing between cool patches would not change appreciably (because these two 

mechanisms cancel one another), closely spaced cool patches tended to occur farther 

upstream in the future, as illustrated for the Siletz River (Fig. 8). Changes in thermal 

heterogeneity cannot uniformly be described as ‘good’ or ‘bad’ for salmon. Losses of 

heterogeneity associated with cooling (e.g., Nooksack and Siuslaw rivers in Fig. 5) may be 

beneficial whereas increases in heterogeneity associated with warming of previously cool 

reaches (e.g., upper Touchet or Russian rivers in Fig. 5) would likely be unfavorable.

Several aspects of our approach for estimating future water temperatures may have under-

represented potential changes. Neither of our approaches included hydrologic responses to 

climate change that may influence thermal heterogeneity patterns. At high discharge, spatial 

variability may be dampened due to mixing, whereas at low discharge, spatial variability 

may increase because smaller volumes respond more quickly to radiative forces. In rivers 
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that were historically glacier fed or those that had snowmelt-driven hydrographs, future 

thermal regimes may change substantially, whereas changes may be slowest in groundwater-

fed rivers (Luce et al. 2014; Mayer 2012). In the near future, summer water temperature may 

decrease as melting glaciers contribute cold water. Eventually, these rivers may warm earlier 

without the moderating influence of meltwater during spring and summer.

In our random forest models, we observed considerable uncertainty in how the climate 

covariates will influence stream temperature in the future based on their relationships in the 

past. One contributing factor is the low spatial resolution of the climate covariate data 

relative to our high-resolution stream temperature data. The air temperature data we used as 

covariates may be too coarse to reflect fine-scale air temperature patterns, especially in 

complex terrains (Minder et al. 2010). We also recognize that our models lacked other 

potentially influential covariates. For instance, groundwater and subsurface flow pathways 

abundant in some rivers may buffer them from warming (Arrigoni et al. 2008; Snyder et al. 

2015; Tague et al. 2007; Tague et al. 2008). Moreover, there is evidence that rivers vary in 

their susceptibility to warming (Arismendi et al. 2012; Isaak et al. 2012; Isaak et al. 2016) 

and that the response by salmonids will vary as well (Isaak et al. 2015).

We did not evaluate fine-scale controls on thermal heterogeneity such as riparian shading, 

land-use features, or geomorphology. We assumed that fine-scale thermal patterns would be 

similar in warm and cool years as observed by Fullerton et al. (2015) in rivers where aerial 

thermal infrared surveys were conducted in sequential years. Models that incorporate the 

mechanisms driving thermal heterogeneity may be better suited for predicting locations of 

thermal refuges in places where no empirical data exist, and for future climate conditions.

We recognize that our data are based on surveys that were conducted at a single point in 

time. Although all rivers were surveyed during afternoons in the heat of summer, temporal 

differences in climate conditions (air temperature, precipitation) from one day to the next or 

from one hour to the next may produce different sizes and spatial arrangements of thermal 

patches at fine scales (Dugdale et al. 2013). Therefore, we cannot predict how much change 

will occur under extreme heating events, for instance, or during times of extended drought. 

During such stressful times, the importance of cool patches and how they are spatially 

distributed may be even greater for salmonids.

Management of the thermal landscape in rivers is based on local conditions, the aquatic 

ecosystem, and sociopolitical goals. Approaches used to protect, restore, or create cold-

water patches (Kurylyk et al. 2015) may need to consider spatiotemporal context explicitly. 

Managers can locate reaches in a watershed that may be least likely to change in a warmer 

climate (Fig. 8a). These reaches may represent opportunities for conserving potential climate 

refugia (Isaak et al. 2015; Keppel et al. 2015; Morelli et al. 2016). Comparison of the 

distribution of cool patches in past and future scenarios can highlight which refuges may 

persist into the future as well as areas where more intensive intervention may be necessary 

(Fig. 8b).

Our study raises several critical uncertainties about cold-water habitat that, if answered, 

could help resource managers to protect and restore thermal diversity in rivers:
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1. How can thermal refuges best be defined in space and time for different species 

and life stages?

2. How might habitat quality or ecological interactions influence the effectiveness 

of thermal refuges?

3. How will salmon survival or fitness respond to changes in thermal refuge 

availability and/or quality?

4. How can water quality regulations and management strategies accommodate 

multiple species with different thermal requirements?

5. What are the tradeoffs between protecting small, connected thermal refuges 

versus one larger refuge, or between protecting multiple ephemeral refuges 

versus one persistent refuge?

6. What are the drivers of thermal patches that will be most influenced by climate 

change?

7. How can we improve fine-grain predictions over broad spatial extents?

We believe that these questions will prompt research that will enhance understanding about 

these important issues. Our approach to characterizing spatial patterns of water temperature 

could highlight areas of potential management concern that can be used in biological 

assessments in the field to determine how fish respond to thermal heterogeneity and to 

identify specific strategies for improving the availability and quality of refuges through 

targeted restoration activities.
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Fig. 1. 
Rivers used by Pacific salmon for which airborne thermal infrared (TIR) surveys of water 

temperature were available in the western United States
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Fig. 2. 
(a) Example of cool, tolerable, and warm thermal zones in a longitudinal stream temperature 

profile defined by temperature thresholds of 15 and 20°C, for Eightmile Creek, a tributary to 

the Columbia River in Oregon (USA), surveyed on 3 August 2002. The shaded bar at the 

bottom provides a longitudinal depiction of the thermal zones. (b) Peaks and valleys within 

areas that are warmer than 15°C indicate deviations in thermal infrared data from a 10-km 

moving average (thick black trend line). Annotations illustrate patch length, height, and 

spacing metrics
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Fig. 3. 
Example of past and potential future longitudinal stream temperature profiles derived from 

two methods for evaluating effects of climate change in Eightmile Creek, Oregon (USA). (a) 
past airborne thermal infrared survey on 3 Aug 2002 and a spatially homogenous increase of 

2 °C in water temperature, and (b) past airborne thermal infrared survey and a projected 

future stream temperature profile and 95% prediction intervals for the 2080s (RCP 8.5) 

generated using a random forest model based on weekly summer air temperature, mean 

annual precipitation, and the proportion of winter precipitation falling as snow

Fullerton et al. Page 21

Aquat Sci. Author manuscript; available in PMC 2019 January 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Fig. 4. 
Spacing, length, and density of cool patches (<15°C) as a function of the spatial resolution 

of the data. X-axis tick marks indicate resolutions we examined: raw is the original thermal 

infrared survey data, and numeric values indicate data that were aggregated at 0.25-, 0.5-, 1-

… and 5-km resolutions. Solid lines are medians, dashed lines are quartiles, and dotted lines 

are 10th and 90th percentiles. The 5 panels below the bottom panel illustrate the effect of 

decreasing spatial resolution on the quantification of thermal patches (plotted as in Fig. 2a)
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Fig. 5. 
Thermal heterogeneity in longitudinal profiles, depicted as proportional linear distance from 

the bottom of each survey (left) to the top of each survey (right). For each river, shading 

denotes patches >20°C (dark gray), 15–20°C (gray), and <15°C (light gray) based on 

analysis of thermal infrared data surveyed in the year denoted parenthetically (top portion of 

each bar) and projected thermal heterogeneity for the 2080s based on random forest models 

(bottom portion of each bar). Patterns are illustrated for the 30 longest surveys and for the 

parts of the river that are accessible to anadromous fish; results for shorter surveys are 

provided in Online Resource 1

Fullerton et al. Page 23

Aquat Sci. Author manuscript; available in PMC 2019 January 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Fig. 6. 
Quantification of thermal patch characteristics using threshold-based (left) and trend line-

based (right) methods for rivers surveyed with airborne thermal infrared remote sensing. 

Calculations of thermal heterogeneity are based on the combined length of streams that were 

accessible to anadromous fish (11,308 km). (a–e): threshold-based summaries were 

quantified by partitioning longitudinal profiles into three thermal zones defined by 15 and 

20°C (dark bars) or 12 and 18°C thresholds (light bars). (f–j): trend line-based summaries of 

valleys (relatively cooler) and peaks (relatively warmer) in longitudinal profiles were 

calculated from a 10-km moving average of portions of the rivers exceeding the cool 

threshold of 12 or 15°C
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Fig. 7. 
Predicted changes in thermal patch characteristics in (a) cool (<15°C) and (b) warm (>20°C) 

zones as a function of increases in water temperature (lines) and for the 2080s climate 

change scenario (boxplots and points). Calculations of thermal heterogeneity are based on 

the combined length of streams that were accessible to anadromous fish (11,308 km). Solid 

lines are medians, dashed lines are quartiles, and dotted lines are 10th and 90th percentiles. 

The values at the far left (0 on the x-axes) summarize the raw thermal infrared data
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Fig. 8. 
Potential effect of climate change on thermal zones and cold patches in the Siletz River 

watershed, Oregon (USA) based on thermal infrared data collected on 5–7 August 2001. (a) 
Reaches where thermal zones would change if water temperature increases by 2°C 

simultaneously. (b) Distribution of cool (<15°C) patches in the past (August 2001) and if 

water temperature increases by 2°C in the future
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