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Abstract
The water temperature of stream habitat is an important environmental variable for the freshwater stages of salmon and other coldwater fishes.  It is anticipated that climate change will cause the streams and rivers of the Pacific Northwest to become progressively warmer during the 21st century.  For this study, we developed a set of regression models of water temperature in the stream of the Clearwater Basin of Idaho.  We obtained watershed characteristics and stream temperatures for the period of 2001-2010 from the NorWeST database, a product of the Boise Aquatic Sciences Laboratory of the US National Forest. We obtained climatic data from other sources and then tested correlation between these variables and water temperature in order to develop a final set of environmental and climatic parameters of importance.  We then modified these correlation models with climatic data from two future climate change emission scenarios (Parallel Climate Model (PCM1) and the Model for Interdisciplinary Research on Climate (MIROC3.2)), producing projections of August water temperature across the Clearwater Basin for two future time periods (2040s and 2080s).  The results of these simulations may be used to anticipate future rates of change to water temperature across the basin and to examine specific projections in individual streams and rivers, and may thus be helpful in projecting impacts to salmon and other coldwater fishes and in considering habitat restoration activities.
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1. Introduction
For several years, a near scientific consensus has existed that climate change is being caused by the release of heat-trapping greenhouse gases into the atmosphere and that its effects will likely accelerate during the 21st century (Oreskes 2004; IPCC 2013). Global climate models predict that the climate of the Pacific Northwest will warm significantly during the 21st century, and related research shows that this warming would significantly alter stream flow patterns and water quality (Stewart et al. 2004; Regonda et al. 2005; Elsner et al. 2010). The anticipated effects from climate change, primarily changes to stream flow and stream temperature, are significant threats to the abundance and distribution of salmon and steelhead in the Columbia River Basin of the U.S. (Mote et al. 2003; Mantua et al. 2010).   Evaluation of, and adaptation to the effects of climate change, will be important for stakeholders and managers of salmon and steelhead in the region (ISAB 2007).  As air temperature increases, water temperature will also increase in streams and rivers that provide habitat to salmon and steelhead (Crozier et al. 2008), and water temperature is already one of the most important and vulnerable factors influencing the growth and survival of salmon and other coldwater fishes (McCullough 1999).
The Clearwater River is a major tributary of the Snake River, and its basin composes approximately 9,500 mi2 of mostly mountainous terrain in north-central Idaho (Figure 1).  The climate of this basin is typified by cold winters with ample snow in its (eastern) headwaters areas, which feed a network of tributaries to sustain the lower, and dryer western portions of the drainage through hot, dry summers (Ecovista et al. 2003).  Over 70% of the basin is forested, and it preserves a relatively large amount of roadless wilderness compared to other inland portions of the Pacific Northwest (Ecovista et al. 2003).  The streams and rivers of this basin support valuable wild habitat for several species of coldwater fish including chinook salmon (Oncorhynchus tshawtscha), steelhead trout (Oncorhynchus mykiss), westslope cutthroat trout (Oncorhynchus clarki lewsi), bull trout (Salvelinus confluentus), and brook trout (Salvelinus fontinalis).  Water temperature was a identified as a limitation to water quality on 151.6 miles of streams throughout the basin under Section 303(d) of the Clean Water Act, and is a concern for most coldwater fishes there (Ecovista et al. 2003).   
A strong correlation between air temperature and water temperature in the basin has long been recognized (Gilbert and Evermann 1895).  Water temperature typically peaks during the late summer, so this time period is of particular importance to coldwater fishes.  The Nez Perce Tribe is heavily involved with habitat assessment, restoration and protection actions in the basin, which address water temperature and other impairments, and also manages an ongoing project to restore Coho salmon (Oncorhynchus kisutch) there.
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Figure 1: Clearwater River Basin and Modeled Streams

2. Methods
For this study, we developed a set of multiple regression models of August water temperature in the stream and rivers of the Clearwater Basin.  We then ran these regression models for future climate change scenarios by adjusting the climatic variables according to the outputs from regional models.  The resulting models projected a range of water temperature conditions in the streams and rivers of the Clearwater Basin under these future scenarios.
We obtained historical predicted August water temperature data on a detailed set of stream sections (Figure 1) throughout the Clearwater Basin for the period of 2001-2010 from the NorWeST database, a product of the Boise Aquatic Sciences Laboratory of the US National Forest Service (2013).  We also obtained geomorphic data for these stream sections from the NorWeST database, to be used as predictor variables.  Climatic data for the 2001-2010 period were obtained from PRISM, a historical climate model produced at Oregon State University (Daly et al. 2002; PRISM Climate Group 2013), and the National Resources Conservation Service (NRCS) SNOTEL Program (NRCS 2013).  These geomorphic and climatic parameters were then assembled for each stream section, 4th field hydrologic unit or sub-basin (HUC), and year to test their relative contribution to monthly mean August stream temperatures.  The parameters that correlated to stream temperature were retained for use in the model regression, and those that did not were discarded (Table 1).

	Parameter
	Source
	Type
	Retained?

	Base Flow Index
	NorWeST Database
	Geomorphic
	No

	Canopy (%)
	NorWeST Database
	Geomorphic
	Yes

	Open Water (%) Upstream
	NorWeST Database
	Geomorphic
	Yes

	Stream Slope
	NorWeST Database
	Geomorphic
	Yes

	Elevation
	NorWeST Database
	Geomorphic
	Yes

	Cumulative Upstream Drainage Area
	NorWeST Database
	Geomorphic
	Yes

	June Mean Air Temperature
	PRISM
	Climatic
	No

	July Mean Air Temperature
	PRISM
	Climatic
	Yes

	August Mean Air Temperature
	PRISM
	Climatic
	Yes

	June and July Combined Precipitation
	PRISM
	Climatic
	Yes

	August Precipitation
	PRISM
	Climatic
	No

	Basin Snow Water Equivalent in March
	NRCS SNOTEL Program
	Climatic
	No

	Basin Snow Water Equivalent in June
	NRCS SNOTEL Program
	Climatic
	Yes



Table 1: Geomorphic and Climatic parameters evaluated for use in the multiple regression model.

The resulting set of nine geomorphic and climatic parameters were found to explain 84.2% of the variability in August water temperatures (R2 = .842) throughout the Clearwater River basin.  These nine parameters were used to develop separate regression models for each HUC, in order to best predict stream temperatures according to local conditions.  We thus produced eight different regression models for the sub-basins of the Clearwater River Basin to produce August mean water temperature. (Table 2).  The regression models were run for each August of the 2001-2010 period in all stream segments, and the model error (bias) was recorded for each stream segment by comparing the stream temperature value from the NorWeST database against the results from the multiple regression model.  The performance of these regression equations varied, explaining from 75.8% to 97.1% of the variability in August water temperatures (R2 = .758 to .971), depending on the hydrologic unit.

	Hydrologic Unit
	Regression Equation
	R2

	17060301 (Upper Selway)
	-0.069A + 0.163B - 0.317C + 0.00361D + 0.787E + 0.000553F - 0.0085G - 6.40461H - 0.00455I + 17.75
	.948

	17060302 (Lower Selway)
	-0.058A + 0.171B - 0.353C + 0.00338D + 0.862E + 0.000526F - 0.0103G - 6.88191H - 0.0045I + 17.10 
	.924

	17060303 (Lochsa)
	-0.063A + 0.179B - 0.320C + 0.0032D + 1.0285E + 0.00119F - 0.0121G - 8.60268H - 0.00408I + 16.89
	.921

	17060304 (Middle Fork Clearwater)
	-0.059A + 0.152B - 0.388C + 0.00405D + 2.054E + 0.000299F - 0.0220G - 7.181H - 0.00529I + 16.57
	.971

	17060305 (South Fork Clearwater)
	-0.067A + 0.140B - 0.363C + 0.00488D + 0.825E + 0.000921F - 0.0169G - 8.6414H - 0.00471I + 17.66
	.940

	17060306 (Clearwater Mainstem)
	-0.077A + 0.129B - 0.395C + 0.00413D + 0.832E - 0.00021F - 0.01386G - 11.7122H - 0.0064I + 17.49
	.758

	17060307 (Upper North Fork Clearwater)
	-0.063A + 0.199B - 0.350C + 0.00337D + 0.696E + 0.001406F - 0.00706G - 6.7561H - 0.00533I + 16.75
	.883

	17060308 (Lower North Fork Clearwater)
	-0.068A + 0.178B - 0.409C + 0.00342D + 0.852E - 0.00086F - 0.00915G - 8.5084H - 0.00645I + 17.21

	.812



Table 2: Regression Equations by HUC to produce mean August water temperature (°C).  Key to Variables: A = June and July combined precipitation (mm); B = July mean air temperature (°C); C = August mean air temperature (°C); D = June snow water equivalent (% of 1971-2000 Normal); E = open water %; F = cumulative upstream drainage area (sq. km); G = canopy (%); H = stream slope (%); I=elevation (m)
Once calibrated and validated, the regression models were modified for use in future climate change scenarios, to project how changes to local climate will affect late summer water temperatures in the streams and rivers of the Clearwater River Basin.  Projected changes to monthly air temperature, precipitation, and snow water equivalent by HUC for future climate change scenarios were obtained from the University of Washington Climate Impacts Group (UWCIG) (Littell et al. 2011; UWCIG 2011).  The UWCIG produced these data as part of the Western Wildland Environmental Threat Assessment (WWETAC), a project of a consortium of federal agencies responsible for managing federal land in the West.  For this assessment, the UWCIG selected the ten global climate models with the best performance at predicting historical summer temperature and precipitation trends, and combined them into an ensemble product.  Two of these models, the Parallel Climate Model (PCM1) and the Model for Interdisciplinary Research on Climate (MIROC3.2) were selected as "book ends" for the least and most extreme projected changes to climate, respectively.  The PCM1 model predicts less summer warming, and wetter summers during the 21st century, while the MIROC3.2 model predicts the greatest summer warming and drier summers.  The UWCIG downscaled the outputs of these models to generate relative changes to monthly climate (including air temperature, precipitation, and snow water equivalent) by HUC for two future time periods: 2030-2059 (2040s) and 2060-2099 (2080s).   
In order to use these data in our assessment, we first needed to adjust for the differences between the baseline period in our study (2001-2010) and the baseline period use in the WWETAC (1916-2006).  To do this, we used the Pacific Northwest Index , a climate index developed by Ebbesmeyer and Strickland (1995) and summarized online by the UWCIG (2012) to study climate effects on salmon productivity.  The index includes measurements of air temperature, precipitation, and snowpack at three stations in the Pacific Northwest for the year between 1891 and 2011.  Although the sites are not in the Clearwater Basin, and the data is on an annual basis, they provide a good indication of the climate trends in different historical periods in the Northwest, which are not otherwise easily available for this region during these time periods.  Using this index, we calculated the difference between the 2001-2010 period and the 1916-2006 period to be as follows; Air Temperature: - 0.1 °C; Precipitation: -2.5%, Snowpack: -13.7%..  These differences were then used to modify the future climate changes scenario adjustments so that they appropriately pertained to the 2001-2010 baseline period.  These adjustments were applied to the regression models that they are specific to (See Table 3). Finally, the models were run with these adjustments to produce projected August mean temperature in each stream segment for each future climate change scenario, over a ten-year period.




	Scenario
	June and July combined precipitation (%)
	July mean air temperature (°C)
	August mean air temperature (°C)
	June snow water equivalent (%l)

	PCM1 2040s
	- 12%
	+ 1.89
	+ 1.93
	- 70%

	MIROC 2040s
	- 12%
	+ 2.97
	+ 2.95
	- 86%

	PCM1 2080s
	- 15%
	+ 3.38
	+ 3.14
	- 82%

	MIROC 2080s
	- 30%
	+ 5.03
	+ 5.30
	- 98%



Table 3.  Mean adjustments to climatic parameters from baseline period for future climate change scenarios

3. Results
Predictably, the results showed that in the future, warmer summer air temperatures and to a lesser extent, reduced early summer precipitation and snowpack will cause warmer August water temperatures throughout the streams and rivers of the Clearwater River Basin.  The higher end of these projections are demonstrated with the MIROC3.2 scenarios and the lower end is shown with the PCM1 scenarios.  The differences between these scenarios become more pronounced with the 2080s scenarios (Figure 2).  Because the scenarios are constructed with ten seasons of data, it is possible to estimate what the mean daily August water temperatures will be throughout the period, and also what they will be in the warmest August in the 10-year cycle.  Figure 2 and the following tables and maps show these results.  The long-term rate of change is between 0.12 °C (PCM1 scenario) and 0.20 °C (MIROC3.2 scenario) per decade.  These rates are similar to those found in other studies of historical rates of changes at sites across the Pacific Northwest, but generally lower than the rate of change projected in modeled approaches in different areas of the region that use future scenarios, when the rate of change in air temperature is projected to increase from the recent trend.  
Kaushal et al. (2010) calculated the rate of change during the latter 20th century, and found that at the majority of sites analyzed in the Pacific Northwest, water temperature increased at rates from 0.09 to 0.30°C/decade (mean rate for 13 sites = +0.14°C/decade) during the latter 20th century and early 21st century.  Isaak et al. (2012) examined water and air temperature data from eighteen Pacific Northwest sites, identifying an increasing water temperature trend during the summer of approximately +0.22°C/decade over a historical period (1980 - 2009).

Figure 2: 10-year Average and Maximum August Mean Daily Water Temperature under Future Climate Change Scenarios
The sensitivity of water temperature to increases in air temperature can also be given as the ratio of the rate of increase in water temperature to the rate of increase in annual air temperature, although this is a simplification that disregards other variables such as changes in precipitation.  This study found, on average, a response of 0.32 °C increase in water temperature per 1 °C increase in August air temperature.  This appears to be lower than other projections of the rate of future change. Isaak (2013 personal communication) has estimated that the rivers and streams of Central Idaho may exhibit longterm increases of roughly 0.50 °C for each 1 °C of air temperature warming. Because the regression models developed here were calibrated using historic year-to-year variability, they do not simulate long-term effects on groundwater recharge and temperature, which can be considered likely to occur as climate change progresses (Tague et al. 2008; Kurylyk et al. 2013).  They therefore may likely understate the actual rate of warming in surface water temperature that will occur. 
[bookmark: _GoBack]Nevertheless, the trends in water temperature projected here would likely have significant effects on salmon and other coldwater fishes that use the stream habitat in the Clearwater River Basin.  During the baseline period, modeled mean daily temperature for the period was 12.5 °C, increasing to 13.2-13.4 °C in the 2040s scenarios, and to 13.4-14.1 °C in the 2080s scenarios. Simulated temperature increases in the 10-year August maximum are greater, increasing from 13.2 °C  in the baseline period to 14.1 - 14.8 °C in the 2080s scenarios.  McCullough et al. (2001) reviewed existing literature on the effects of high water temperature on salmonids.  Thermal stress at high temperatures can cause lethal and sub lethal effects over both the short and long term, the emergence and metabolic growth rates of juveniles are directly influenced by temperature, and each salmonid species and life stage has an optimum temperature range.  The Washington State Department of Ecology (2002) reviewed published data on the effects of water temperature on chinook salmon incubation and development to establish recommended temperature ranges for life cycle stages from fertilization to fry development.  They recommended that daily temperatures remain below 11-12.8 °C at incubation.
Geographically, the rate of change was not modeled to be uniform across the different hydrologic units of the Clearwater River Basin (See Table 4).  There are larger increases in the lower elevation sub-basins that already experience the highest water temperature, including the Clearwater Mainstem, the Middle Fork Clearwater, and the South Fork Clearwater, and smallest simulated increases in the upper elevation sub-basins, including the Lochsa, Upper NF Clearwater, and the Upper Selway, which have the lowest current water temperatures.  Evaluating the results at different geographic scales, including for the overall basin, for individual sub-basins, and for individual streams and rivers, is helpful to anticipate where impacts should be prepared for most. Figures 3 through 12 map August water temperatures in all streams and rivers in each scenario, including the mean results for all years, and the results for the warmest season of each 10-year simulation.  To identify potential problems for salmon and steelhead, we evaluated which creeks contain sections that (a) exhibit the highest modeled water temperatures in the future climate scenarios (mean August temperature >19 °C in the MIROC3.2 2080s scenario), and (b) contain habitat (migratory or rearing) used by Chinook salmon and/or steelhead (StreamNet 2012). Sections of the following streams met this criteria and are shown in Figure 13: Bedrock Cr, Big Bear Cr, Big Canyon Cr, Big Cr, Butcher Cr, Catholic Cr, Clear Cr, Clearwater R (mainstem), Cottonwood Cr, Hatwai Cr, Jacks Cr, Jim Ford Cr, Lapwai Cr, Lawyer Cr, Little Canyon Cr, Lochsa R, Lolo Cr, MF Clearwater R, Middle Potlatch Cr, Mink Cr, Mission Cr, NF Clearwater R, Orofino Cr, Pine Cr, Potlatch R, Selway R, Sixmile Cr, SF Clearwater R, Sweetwater Cr, Threemile Cr, Webb Cr, and Whiskey Cr.

		[bookmark: RANGE!A1:K10]Hydrologic Unit
	Baseline 
2000s
Avg
	PCM1
2040s
Avg
	MIROC
2040s
Avg
	PCM1
2080s
Avg
	MIROC
2080s
Avg
	Baseline
2000s
10yrMax
	PCM1
2040s
10yrMax
	MIROC
2040s
10yrMax
	PCM1
2080s
10yrMax
	MIROC
2080s
10yrMax

	Upper Selway (17060301)
	10.56
	11.12
	11.36
	11.36
	11.96
	11.20
	11.77
	12.02
	12.01
	12.54

	Lower Selway (17060302)
	11.39
	12.01
	12.24
	12.24
	12.90
	12.12
	12.68
	12.93
	12.92
	13.51

	Lochsa (17060303)
	10.98
	11.49
	11.68
	11.67
	12.24
	11.72
	12.20
	12.40
	12.38
	12.88

	MF Clearwater (17060304)
	13.92
	14.71
	14.96
	14.99
	15.71
	14.60
	15.33
	15.61
	15.62
	16.30

	SF Clearwater (17060305)
	12.65
	13.43
	13.71
	13.72
	14.47
	13.39
	14.11
	14.40
	14.41
	15.11

	Clearwater Mainstem (17060306)
	15.11
	15.98
	16.24
	16.27
	17.03
	15.83
	16.67
	16.95
	16.96
	17.68

	Upper NF Clearwater (17060307)
	10.48
	11.05
	11.22
	11.22
	11.79
	11.26
	11.8
	11.99
	11.96
	12.48

	Lower NF Clearwater
(17060308)
	12.44
	13.2
	13.41
	13.43
	14.14
	13.20
	13.95
	14.18
	14.17
	14.85

	All Units
	12.48
	13.18
	13.41
	13.42
	14.10
	13.20
	13.88
	14.12
	14.12
	14.75


Table 4: 10-year Average and Maximum August Mean Daily Water Temperature (°C) by Hydrologic Unit under Future Climate Change Scenarios.
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Figure 3: 10-year Average August Mean Daily Water Temperature in Baseline (2001-2010) Scenario
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Figure 4: 10-year Maximum August Mean Daily Water Temperature in Baseline (2001-2010) Scenario
[image: ]
Figure 5: 10-year Average August Mean Daily Water Temperature in PCM1 2040s Scenario
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Figure 6: 10-year Maximum August Mean Daily Water Temperature in PCM1 2040s Scenario
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Figure 7: 10-year Average August Mean Daily Water Temperature in MIROC 2040s Scenario
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Figure 8: 10-year Maximum August Mean Daily Water Temperature in MIROC 2040s Scenario
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Figure 9: 10-year Average August Mean Daily Water Temperature in PCM1 2080s Scenario
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Figure 10: 10-year Maximum August Mean Daily Water Temperature in PCM1 2080s Scenario
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Figure 11: 10-year Average August Mean Daily Water Temperature in MIROC 2080s Scenario
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Figure 12: 10-year Maximum August Mean Daily Water Temperature in MIROC 2080s Scenario
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Figure 13: Stream Sections with Mean August Temperatures  of >19 °C  in the MIROC 2080s Scenario and habitat used by steelhead or chinook salmon
Some other recent research has addressed the issue of how climate change may affect salmon and steelhead habitat restoration efforts, and therefore provides a useful context for the analyses presented here.  Beechie et al. (2013)  examined the projections for change to stream flow and stream temperature throughout the Pacific Northwest, and the seasonal exposure and thermal tolerance of local salmon and steelhead populations to these effects.  Habitat restoration actions were categorized as to whether they were likely or not to ameliorate the climate change effects on these fish.  A decision support tool was also created to help proponents evaluate how habitat restoration actions and plans may protect and restore coldwater fish faced with climate change effects.  Beechie et al. generally project a larger temperature increase (2 - 4 °C) by the 2080s than that projected here (1- 3 °C) on the major rivers in the Clearwater River Basin.  To ameliorate temperature increases, they recommend the following restoration actions: (1) Longitudinal connectivity (removal or breaching of dam); (2) Lateral connectivity (floodplain reconnection); (3) Vertical Connectivity (incised channel restoration) through techniques such as cattle removal and beaver reintroduction; (4) Modification to stream flow regimes through restoration of natural flooding and/or a reduction in summer water withdrawals; and (5) Improvement to riparian functions through control of grazing or tree planting.  Wade et al. (2013) assessed the vulnerability of Pacific Northwest steelhead populations to the climate change effects of modified seasonal stream flow patterns and increases to summer water temperatures.  They considered these effects through each stage of the steelhead life cycle and also examined the relative exposure and resiliency of each population.    Steelhead in the Clearwater Basin were generally not found to be as vulnerable as steelhead in other areas to high temperature during migration or spawning under future climate change scenarios, but were found to have roughly the same (average) vulnerability to temperature increases during incubation, and a higher than average vulnerability during the rearing life stage.  While their overall exposure to high temperature was estimated to be  relatively low in contrast to other populations, when coupled with their population status and other habitat effects, their overall sensitivity was ranked to be high.   Their results suggest that while localized habitat protection is valuable in counter-acting these effects, they are unlikely to be successful unless coupled with "coordinated, landscape-scale actions that both increase salmon resilience and ameliorate effects, such as restoring the connectivity of floodplains and high-elevation habitats".
The Clearwater water temperature modeling results produced here are provided as an estimation of future effects, which should be considered in conjunction with other research to inform decision-making.  Because the results of this model are provided at both large and small scales, and in a geographically explicit format (GIS layer), they may be useful for comparing the effects between local habitats.  They may also be helpful in planning future habitat restoration actions where water temperature is an important variable of restoration or consideration.  Please contact David Graves at CRITFC with any questions about the use of the results of this analysis.

Data Access
Simulation data including summary inputs and outputs by scenario and time period, and a GIS layer showing the results in a geographically-explicit format are available with accompanying metadata  - contact David Graves (503-736-3589, grad@critfc.org) for these data sets.
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