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Temperature is Important 
 Within Regulatory Contexts 

TMDL standards 
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Temperature is Primary Control 
  for Aquatic Ectotherms 

McMahon et al. 2007 

Brown 2004 

Metabolism 

Isaak & Hubert 2004 

In the lab… & the field 

Thermal Niche 



>45,000,000 hourly records 
>15,000 unique stream sites 
USFS ~ 50% of data 
 

>60 agencies 
$10,000,000 



Regional Temperature Model 

Cross-jurisdictional “maps” 
of stream temperatures 

Accurate temperature 
 models 

Consistent datum for 
strategic assessments 
across 350,000 stream 
kilometers 

55 National Forests 

+ 
Training on left                        2007 validation on right
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Spatial Statistical Stream Models 

Advantages: 
•Flexible & valid covariance structures that 
accommodate network topology & autocorrelation 
 

•Much improved predictive ability & parameter 
estimates relative to non spatial models 

Valid means of data interpolation on networks 

Ver Hoef et al. 2006; Peterson & Ver Hoef 2010; Ver Hoef & Peterson 2010 



Spatial Statistical Stream Models 
SSN & STARS Website – FreeWare Tools & R package 

Google “SSN/STARS” 



Mean Temp (C) 

Spatial Network Models Work 
  the Way that Streams Do… 

…& are significantly better mousetraps 
than previous mousetraps 

+ = Thermograph 



Temperature Data, but also…  

Genetic 
Attributes 

Water Quality 
Parameters 

Distribution & 
abundance 

Statistical stream models 

Response 
Metrics 
•Gaussian 
•Poissan 
•Binomial 



Regional Infrastructure for 
   Spatial Analysis of Stream Data 

1G LCC 
Stream datasets can be 
more accurately analyzed & 
scaled consistently 

GIS infrastructure complete 

(a) (b)(a) (b)

x
 

•USFS Regions 1, 2, 4, 6 
• 55 National Forests 

V H P 

GIS 
infrastructure 

Theory… SSN/STARS 
website… 



•Temperature site 

•4,487 August means 
•746 stream sites 
•19 summers (1993-2011) 

Example: Clearwater River Basin 
 Data extracted from NorWeST 

16,700 stream km 

Clearwater R. 
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Mean August Temperature 

Observed (
 

C) 

Spatial Model 

r2 = 0.95; RMSE = 0.60°C 

5

10

15

20

25

5 10 15 20 25

Clearwater River Temp Model 

n = 4,487 
 

Covariate Predictors 
1. Elevation (m) 
2. Canopy (%) 
3. Stream slope (%) 
4. Ave Precipitation (mm) 
5. Latitude (km) 
6. Lakes upstream (%) 
7. Baseflow Index 
8. Watershed size (km2) 
 
9. Discharge (m3/s) 
 USGS gage data 
10. Air Temperature (˚C) 

 RegCM3 NCEP reanalysis 
  Hostetler et al. 2011 



Example: SpoKoot River Basins 
 Data extracted from NorWeST 

•5,482 August means 
•2,185 stream sites 
•19 climate summers 

•Temperature site 

Flathead R. 

Bitteroot R. 

Kootenai R. 

55,000 stream km 



Example: SpoKoot River Basins 
 Data extracted from NorWeST 

•5,482 August means 
•2,185 stream sites 
•19 climate summers 

•Temperature site 

Flathead R. 

Bitteroot R. 

Kootenai R. 

55,000 stream km 
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Mean August Temperature 

Observed (
 

C) 

Spatial Model 

r2 = 0.90; RMSE = 0.97°C 

SpoKoot River Temp Model 

n = 5,482 
 

Covariate Predictors 
1. Elevation (m) 
2. Canopy (%) 
3. Stream slope (%) 
4. Ave Precipitation (mm) 
5. Latitude (km) 
6. Lakes upstream (%) 
7. Baseflow Index 
8. Watershed size (km2) 
 
9. Discharge (m3/s) 
 USGS gage data 
10. Air Temperature (˚C) 

 RegCM3 NCEP reanalysis 
  Hostetler et al. 2011 
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  Summer_mn Mwmt Mwat awat_mn awmt_mn 
August 
Mean   

Summer_mn 

Mwmt 0.93 

Mwat 0.98 0.94 

awat_mn 1.00 0.93 0.97 

awmt_mn 0.96 0.98 0.94 0.96 

August Mean 0.99 0.92 0.96 0.99 0.95 

August MWMT 0.92 0.99 0.92 0.92 0.98 0.92   

Why August Mean Temperature? 

*Modeling each additional metric doubles computational time 
*Conversion factors can facilitate metric translation 

AWAT 

Maximum 

MDAT Degree-days 

MWAT Minimum 

Mean 

•95% of temperature data are summer only 
•All summer metrics are strongly correlated 
•Monthly mean is easily linked to regional climate model 

~ ~ 
~ ~ ~ 



Summer Temperatures ~ Other Seasons 

Fall 
mean 

Fall 
SD 

Winter 
Mean 

Winter 
SD 

Spring 
mean 

Spring 
SD 

Summer 
Mean 

Fall SD 0.87 --- 

Winter Mean 0.50 0.02 --- 

Winter SD 0.70 0.35 0.83 --- 

Spring mean 0.95 0.76 0.51 0.78 --- 

Spring SD 0.69 0.77 -0.05 0.29 0.74 --- 

Summer Mean 0.91 0.92 0.23 0.45 0.88 0.87 --- 

Summer SD 0.62 0.77 -0.02 0.15 0.48 0.49 0.65 



SpoKoot Temp Model Parameter 
Comparisons 
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* = significant at p < 0.05 
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Cooling Warming 

* 
Manage? 



Riparian Canopy Predictor 
%Canopy variable 
from 2001 NLCD 

Post 2001 Wildfires 

%Canopy adjusted by 
MTBS through 2008 

Also tested: 
• LandFire 
• TreeFrac 
• Radiation measurements 

1 km 



Models Enable Climate Scenario Maps 
Many possibilities exist… 

Adjust… 
• Air  
• Discharge 
• %Canopy 
 

…values to 
create scenarios 



Climate Scenario Descriptions 
Scenario Description 

S1_93_11 Historical scenario representing 19 year average 

August mean stream temperatures for 1993-2011 

S2_02_11 Historical scenario representing 10 year average 

August mean stream temperatures for 2002-2011 

S3_1993 Historical scenario representing August mean 

stream temperatures for 1993 

S4_1994 Historical scenario representing August mean 

stream temperatures for 1994 

Etc… 

S21_2011 Historical scenario representing August mean 

stream temperatures for 2011 

S22_025C Future scenario adds 0.25˚C to S1_93-11 

S23_050C Future scenario adds 0.50˚C to S1_93-11 

Etc… 

S33_300C Future scenario adds 3.00˚C to S1_93-11 

S34_PredSE Standard errors of stream temperature predictions  



Mean August Temperature - Clearwater Basin 

Historical Year Sequence (1993-2011) 
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So format these consistently, then save as .emf to reduce size and embed

1993
r² = 0.87

0

5

10

15

20

25

0 5 10 15 20 25

1994
r² = 0.88

0

5

10

15

20

25

0 5 10 15 20 25

1995
r² = 0.89

0

5

10

15

20

25

0 5 10 15 20 25

1996
r² = 0.97

0

5

10

15

20

25

0 5 10 15 20 25

1997
r² = 0.92

0

5

10

15

20

25

0 5 10 15 20 25

1998
r² = 0.89

0

5

10

15

20

25

0 5 10 15 20 25

1999
r² = 0.92

0

5

10

15

20

25

0 5 10 15 20 25

2000
r² = 0.94

0

5

10

15

20

25

0 5 10 15 20 25

2001
r² = 0.96

0

5

10

15

20

25

0 5 10 15 20 25

2002
r² = 0.94

0

5

10

15

20

25

0 5 10 15 20 25

2003
r² = 0.94

0

5

10

15

20

25

0 5 10 15 20 25

2004
r² = 0.98

0

5

10

15

20

25

0 5 10 15 20 25

2005
r² = 0.95

0

5

10

15

20

25

0 5 10 15 20 25

2006
r² = 0.95

0

5

10

15

20

25

0 5 10 15 20 25

2007
r² = 0.96

0

5

10

15

20

25

0 5 10 15 20 25

2008
r² = 0.97

0

5

10

15

20

25

0 5 10 15 20 25

2009
r² = 0.96

0

5

10

15

20

25

0 5 10 15 20 25

2010
r² = 0.93

0

5

10

15

20

25

0 5 10 15 20 25

2011
r² = 0.95

0

5

10

15

20

25

0 5 10 15 20 25

10

20

30

40

50

60

6

8

10

12

14

16

18

20

1992 1997 2002 2007 2012

Air Temp (C) Discharge (m3/s)

Add n to these? 

1 km prediction resolution 
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Clearwater R. 



1993-2011, +1.0˚C, +2.0˚C 

Future Scenarios (S1, S25, S29) 

+0.25˚C 

+0.75˚C 

+1.25˚C 

+1.75˚C 

+2.25˚C 

+2.50˚C 

+2.75˚C 

1993-2011 
+0.50˚C 

+1.00˚C 
+1.50˚C 

+2.00˚C 

Temperature (
 

C) 

2002-2011 mean August stream temperatures 

Clearwater R. 



Historic Scenario: SpoKoot Unit (S1_93-11) 
1993-2011 mean August stream temperatures 

1 kilometer resolution 
55,000 stream kilometers 

Bitteroot R. 

Kootenai R. 



Historic Scenario: SpoKoot Unit (S1_93-11) 
1993-2011 mean August stream temperatures 

Bitteroot R. 

Kootenai R. 

Scenarios are 
Shapefile Tables 
Easily Displayed & 
Queried in ArcMap 



Application: Quantify Thermal Degradation 
What is the thermal “intrinsic potential” of a stream? 

1) Pick “degraded” and “healthy” streams to compare 

“How much cooler could we make this stream?” 
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Bear Valley Creek 
Mean Temperature 

Precise & unbiased estimates 
Random 
Sampling 

Application: Quantify Thermal Degradation 
2) Block-krige estimates of temperature at desired scale 

Temperature (˚C) 



~2˚C cooling is possible 

Application: Quantify Thermal Degradation 

3) Compare estimates among streams 
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Block kriging 
Simple random 

Stream 



Regional fish survey 
databases (n = 10,000) 

Stream temperature maps 

Wenger et al. 2011a. PNAS 108:14175-14180 
Wenger et al. 2011b. CJFAS 68:988-1008; Wenger et al., In Preparation 
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Apply Regionally Consistent Thermal Criteria 

Temperature (C) 

Translate Thermal Maps to Thermal Habitats 



Thermal Niches For All Stream Critters 
Just need georeferenced biological survey data 

Too warm… Just right Too cold… 



Improve Resolution of Climate 
Vulnerability Assessments 

Low 
Persistence 
Probability? 

Rieman et al. 2007. TAFS 136:1552-1565 

Where Do We Conserve Populations? 

High 
Persistence 
Probability? 



Salmon River Bull Trout Habitats 

2002-2011 Historical 

Unsuitable 
Suitable 

> 11.2 ˚C = unsuitable 



Salmon River Bull Trout Habitats 

+1˚C Stream Temperature 

Unsuitable 
Suitable 

> 11.2 ˚C = unsuitable 



Salmon River Bull Trout Habitats 

+2˚C Stream Temperature 

Unsuitable 
Suitable 

> 11.2 ˚C = unsuitable 



Spatial Variation in Habitat Loss 

+1˚C Stream Temperature 

+2˚C Stream Temperature 

Unsuitable 
Suitable 2002-2011 Mean August Stream Temperatures 

11.2 ˚C isotherm 

2002-2011 historical scenario 

EFK. Salmon 

White Clouds 



Spatial Variation in Habitat Loss 
+1˚C stream temperature scenario +2˚C Stream Temperature 

Unsuitable 
Suitable 

11.2 ˚C isotherm 

11.2 ˚C isotherm 

EFK. Salmon 

White Clouds 



Difference Map Shows Vulnerable Habitats 
+1˚C stream temperature scenario 

Where to invest? 

11.2 ˚C isotherm 

Here? 

Or here? 

? 
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   1) How much time 
   is left on the clock?  
 
2) Where & how fast  
could invasions occur?  

Precise Information Regarding Potential 
Species Invasions & Population Extirpations 

Small headwater 
populations may 
face thermal 
extirpation this 
century 



Strategic Prioritization of Restoration 
Actions is Possible •Maintaining/restoring flow… 

•Maintaining/restoring riparian… 
•Restoring channel form/function… 
•Prescribed burns limit wildfire risks… 
•Non-native species control… 
•Improve/impede fish passage… 

Work here? 
or here? 

? 
? 

? 



Integrate with… 

Some stream are 
degraded, others are 
not… 

Watershed Condition Indicators 

Forest Plan 
Revisions 



NorWeST is a “Crowd-Sourced” Model 
Developed from Everyone’s Data 

Data Collected by 
Local Bios & Hydros Coordinated, 

Interagency 
Responses? 

GCM 

Management 
Actions 

javascript:showVote(965);


NorWeST Website Distributes Scenarios & 
Other Temperature Products as GIS Layers 

1) GIS shapefiles of stream 
temperature scenarios 

3) Temperature data summaries 

2) GIS shapefiles of stream temperature 
model prediction precision 

+ = Thermograph 
     = Prediction SE 

Google “NorWeST” or go here… 
http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.shtml  

http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.shtml
http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.shtml
http://www.fs.fed.us/rm/boise/AWAE/projects/NorWeST.shtml


S34_PredSE = Spatially Explicit Maps  
  of Prediction Uncertainty 

Temperature Prediction SE’s 
+ = Thermograph 
     = SE 

SE’s are small near sites with 
temperature measurements 

SE’s at Prediction Sites 

Model 
Predictions 

Design of “optimal” monitoring networks now possible 



NorWeST Schedule 

Mid 



NorWeST Blob Growing… 
 14,370 summers of data swallowed 

 92,000 stream kilometers of  
  thermal ooze mapped 



A Special Thanks to The 60+ Data 
Contributors and Partner 
Agencies… 



NorWeST Facilitating Related Projects 
•Regional bull trout climate vulnerability 
assessment (J. Dunham) 
 

•Cutthroat & bull trout climate decision 
support tools (Peterson et al., 2013) 
 

•Landscape-scale bull trout monitoring 
protocol (Isaak et al. 2009) 
 

•Consistent thermal niche definitions & 
more accurate bioclimatic models for 
trout & nongame fishes (S. Wenger, In 
Prep.) 
 

•Efficient stream temperature 
monitoring designs 

Tip of the 
Iceberg 



NorWeST Facilitating Related Projects 
•Regional bull trout climate vulnerability 
assessment (J. Dunham) 
 

•Cutthroat & bull trout climate decision 
support tools (Peterson et al., 2013) 
 

•Landscape-scale bull trout monitoring 
protocol (Isaak et al. 2009) 
 

•Consistent thermal niche definitions & 
more accurate bioclimatic models for 
trout & nongame fishes (S. Wenger, In 
Prep.) 
 

•Efficient stream temperature 
monitoring designs 

Tip of the 
Iceberg 

“Apps” Run on 
a Consistent 

Data Network 



Real-time Access to Stream  
 Spatial Data Anytime, Anywhere 
  Smartphones as field computers 

ArcGIS app 

GoogleMaps 

Prediction 
Precision Maps 

Temperature 
Maps 

Habitat Maps 



An InterNet for Stream Data 

(a) (b)(a) (b)

x
 Technical & GIS infrastructure now exist 

Just need spatial stream data 

1G LCC 
Accurate & 
consistent scaling 
of information 

Spatial models 

•USFS Regions 1, 2, 4, 6 
• 55 National Forests 



PIBO/AREMP 

Internet Needs “Packets” of Consistent Data 
 Standardized data collection protocols are key 



Data In          Information Out 

Data Needs to be Accessible 

Spatially referenced, 
corporate database 

#1 

Analysis #2 

Spatially Continuous 
Resource Maps 

#3 

Status & Trend 
Assessments 
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#2a 

Aquatic 
Surveys 
Module 



Need to Do More With Less, 
  but What If…We Did Much More? 

Shrinking 
Budgets 

Climate Change 
Urbanization & 
Population Growth 



Supporting Research… 

Regional Stream Temperature 
Trend Assessment… 

Regional Stream Temperature 
Modeling Approach… 

Velocity paper & Ver 
Hoef 

Isaak & Rieman. 2012. Global Change Biology 19, doi: 12073 

Climate “Velocity” in streams… 



The End 


