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Temperature is Important
Within Regulatory Contexts
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Temperature is Primary Control
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IEQSrWeTST . |>60agencies
A= dlream lemp $10,000’000

e 512

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




Regional Temperature Model

Accurate temperature
models .
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Spatial Statistical Stream Models

Valid means of data interpolation on networks

Symmetric Distance Classes Asymmetric Distance Classes
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Advantages:
*Flexible & valid covariance structures that
accommodate network topology & autocorrelation

*Much improved predictive ability & parameter

estimates relative to non spatial models
Ver Hoef et al. 2006; Peterson & Ver Hoef 2010; Ver Hoef & Peterson 2010




Spatial Statistical Stream Models
SSN & STARS Website - FreeWare Tools & R package
I Google “SSN/STARS”

acky Mountam Research Station Homa > S¢

Rocky Mountain IS wnoe Program Areas > A, Water and Agastics > Raseare
[EP R ocs for Spatiad Statishical Modeling on Stream Networks

:MRSSdcnm SSN & STARS:
Alr, Water and lools for bp-dtldl Statistical Modeling on
Selancs Stream Networks

Journal of Statistical Software

riaivof oy

Environ Ecol Stat (2006) 13:449-464
DOI 101007510651 -006-0022-8 MMMMMM YYYY, Votume VV, Teanw I, heey

ORIGINAL ARTICLE SSN: An R Package for Spatial Statistical Modeling

on Stream Noetworks

Spatial statistical models that use flow and | g, ctional Linkage of Water basins and Streams | i Rohan Shak
distance (FLOWS) v1 User's Guide: Brinhans CHIOY, Dbl sanm

ArcGIS tools for Network-based analysis of freshwater ecosystems

Jay M. Ver Hoef - Erin Peterson -

David Theobald URIT—

A Moving Average Approach for Spatial Statistical
Models of Stream Networks

Jay M. VER HOEF and Erin E. PETERSON

STARS: An ArcGIS toolset used to calculate the spatial data needed to
fit spatial statistical models to stream network data




Spatial Network Models Work

/

the Way that Streams Do...
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Temperature Data, but also...

Response
Metrics
Distribution &  *Gaussian
¥ abundance *Poissan
*Binomial

* Genetic

%*} Attrlbutes'

» ¢ | Water Quality
| Parameters



Regional Infrastructure for
Spatial Analysis of Stream Data
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Example: Clearwater River Basin

NorWeST
Project Area




Example: Clearwater River Basin
Data extracted from NorWeST

116,700 stream km *4,487 August means
T *746 stream sites

03 19 summers (1993-2011)
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Clearwater River Temp Model
n = 4,487

Covariate Predictors

1. Elevation (m) Mean August Temperature
2. Canopy (%) P
. Stream slope (%) W%

. Ave Precipitation (mm)
Latitude (km)

. Lakes upstream (%)
Baseflow Index

. Watershed size (km?)

r’ =0.95; RMSE=0.60°C ...

d (

[ERY
92
]

Predicte

Spatial Model

Ul

9. Discharge (m3/s)

e g 5 10 15 20 25

gage data

10. Air Temperature (°C) Observed ( C)
RegCM3 NCEP reanalysis

Hostetler et al. 2011



Example: SpoKoot River Basins




Example: SpoKoot River Basins
Data extracted from NorWeST

55,000 stream km

— *Temperature site

*5,482 August means
*2,185 stream sites
*19 climate summers
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SpoKoot River Temp Model
n=5,482

Covariate Predictors

1. Elevation (m) Mean August Temperature
2. Canopy (%)

U 25
S s () = r2 = 0.90; RMSE = 0.97°C : _
4. Ave Precipitation (mm) ~ 5o _ : ., ’
5. Latitude (km) 8 i
6. Lakes upstream (%) o 5
7. Baseflow Index 1=
8. Watershed size (km?) 8 05
DL_- c 7 Spatial Model
9. Discharge (m3/s) 5 10 15 20 =

USGS gage data
10. Air Temperature (°C)
RegCM3 NCEP reanalysis
Hostetler et al. 2011

Observed ( C)



Why August Mean Temperature?

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

MWAT ~ Maximum o~  Minimum

MDAT ~ ~ Degree-days .~ Mean
August
Summer mn Mwmt Mwat awat mn awmt mn 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

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



Summer Temperatures ~ Other Seasons

Fall Fall Winter Winter Spring Spring Summer
mean SD Mean SD mean SD 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

Legend
e — FullYear Temperature Cycle
Alr Temp Sensor (47)
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SpoKoot Temp Model Parameter

mparison
Co Ralisans B Warming @l Cooling

3 @ % Spatial Temporal
covariates covariates
A A
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Manage?
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Standardized parameter

* = significant at p < 0.05



Riparian Canopy Predictor

%Canopy variable %Canopy adjusted by
from 2001 NLCD MTBS through 2008

Also tested:
e LandFire
* TreeFrac

Radiation me; s!?r@ﬁtém?f Wﬂdfﬂ' e§




Models Enable Climate Scenario Maps
Many possibilities exist...
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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

Eftc...

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
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Future Scenarios (S1, S25, S29)
1993-2011, +1.0°C, +2.0°C
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Historic Scenario: SpoKoot Unit (S1_93-11)
1993-2011 mean August stream temperatures

B i5°C

1 kilometer resolution
55,000 stream kilometers




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

B i5°C
12

C D L M

CANOPY SLOPE PRECIP CUMDRAINACY COORD  NLCD11PC  NLCD12PC  BFL Air_August Flow_August Stream August
2.82 008857  200.6256 19.833  1623663.32 0 0 79 14.02 3571 12.0812903
2.82 008857  200.6256 19.833 162366332 0 0 79 13.20 4052  12.333771
2.82 008857  209.6256 10.833 1623663.32 0 0 79 13.00 38.00 114041581
12.23 0.03514 242.42 69.271 162050473 0.012 0 80 15.84 1847 12.2216452
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Application: Quantify Thermal Degradation

What is the thermal “intrinsic potential”’ of a stream?
“How much cooler could we make this stream?”’
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1) Pick “degraded’” and “healthy” streams to compare
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Application: Quantify Thermal Degradation

2) Block-krige estimates of temperature at desired scale

Temperature (°C)
® 106-11.0 95% CI (°C)
» 11.1-115 0.1

1.6-12.0 0.25
12.1-125
12.6 -13.0 05
13.1-135
13.6-14.0 0.75
® 141-145

® 146-149

Bear Valley Creek
Mean Temperature

(c)

Temperature (C)

} Precise & unbiased estimates

Random Elfmlk
Sampling riaing




Application: Quantify Thermal Degradation

3) Compare estimates among streams
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Translate Thermal Maps to Thermal Habitats

Apply Regionally Consistent Thermal Criteria

Stream temperature maps Regional fish survey
databases (n =10,000)

00 02 04 06

Occurrence
probability

10 15 20 25
Temperature (C)

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




Thermal Niches For All Stream Critters

Just need georeferenced biological survey data




Improve Resolution of Climate
Vulnerability Assessments

High
Persistence
Probability?

Low

AT e - :}5,)"
el . o Probability?  SS&Y
e

Thermally Suitable Habitat

—

. Current bull trout habitat ,

@ B 250 m (1.6 C)increase

| . 800 m (5 C) increase

S I

Rieman et al. 2007. TAFS 13‘6:1552-1565




Salmon River Bull Trout Habitats

2002-2011 Historical
> 11.2 °C = unsuitable
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Salmon River Bull Trout Habitats

+2°C Stream Temperature
>11.2 °C = unsuitdble

Bl Unsuitable  #5%




Spatial Variation in Habitat Loss

2002-2011 historical scenario
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Spatial Variation in Habitat Loss
+1°C stream temperature scenario
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Difference Map Shows Vulnerable Habitats
+1°C stream temperature scenario
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Precise Information Regarding Potential
Species Invasions & Population Extirpations

1) How much time
is left on the clock?

2) Where & how fast
could invasions occur?

Small headwater
populations may
face thermal
extirpation this
century

Elevation




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...
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Integrate with...

Watershed Condition Indicators

[

Impsired Waters
(303 Listed)

2 Watar Quaity

1. Lie Form Presence
2. Natve Species
3. Exofic andlor

1. Open Road Density
2 Road Maintenance
3 Proxenity to Water

Aquatic Aquatic Terrestrial Terrestrial
Physical Biological Physical Biological
[Weight = 30%) (Waght = 30%) Waignt = 30%) (Waight = 10%)
I I I I
. Water Quality . Aquatic Biota 6. Roads & Trails 8. Fire Regime or

Wildfire
1. Fire Condtion Class

or

USDA
=

United Stales

s \Watershed Condition |
= . Framework

Forest Plan

Revisions

USDA

s

United States

Department of
Agriculture

Forest Service
Northem Region

March 2007

S;z:‘s {Not Invasive Spadies 4 Mass Wasiing 2, Wildfre Efecis
: | |
I I I | |
Water Quantity . Riparian/Wetland 7. Soils I Step A:
Fiow Charscteristics Vegatation 1. Sail Product Classify
1. Vegetation 2 Seil Ermsion VWetershed
I Condtion = R Conditicn
. Aquatic Habitat 3 Soil Contaming
Habitat
Fragmentation Step F: Step B:
3. Largs Woody Debris Monitor Prioritize
3. Channal Shape and and 3 Watersheds for
Function Verify N Restorstion
t U ‘
Blap E: Six-Ste St
Track p Develop
Restorstion Process Wietershed
Accompishments Rastorstion
Action Plans
\ o /

Implement
Integrated

Proposed
Land Management Plan

Clearwater National Forest




NorWeST is a “Crowd-Sourced” Model

Developed from Everyone s Data
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NorWeST Website Distributes Scenarios &
Other Temperature Products as GIS Layers

1) GIS shapefiles of stream e
i temperature scenarios ' " [\]\K\(J)Slgr\!ymeTgI
: — é -
?E%J Sa/mo” Rwer , ~4
\’\V Y\ F’J Ff$ \,/ ,:ff'}fi«‘

Reg:onal Database and Madeled Stream Temperatures

/ 3) Temperature data summaries

2) GIS shapeflles of stream temperature
" model predlctlon precision

+ = Thermograph
| @ = Prediction SE

oogle “NorWeST” or go here...
ﬁ i 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

model | OF Prediction Uncertainty

Temperature Prediction SE’s

L 4% /7% i = Thermograph
TR @ - SE

: . SE’s are small near sites with
SRR temperature measurements
L B é,.{l,"i . : “° %
) ..3?:"4{53.."# SR, For
LY s i ﬁp"
PETR, Rz
ﬁ\ .£\, i_:"\él

Design of “optimal’” monitoring networks now possible



NorWeST Schedule

o March 2013 Completed

R
o 1001 008 00500
AT In Progress

Mid 2013
Late 2013

171002 j;” f ' ;gf”' ALY /0 M 7 -
17@90|,i' 7 9 ¥ £ PN e S 100901
Y7 |1 “h N oo IR 00902
, i 177040153 ,

17,0402
e 60102814020 101800
160101




NorWeST Blob Growing... B
> 14,370 summers of data swallowed N

» 92,000 stream kilometers of
thermal ooze mapped




A Special Thanks to The 60+ Data
Contributors and Partner

Agencies... & > Great Northern

LANDSCAPE CONSERVATION COOPERATIVE
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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.)
a

Efficient stream temperature
monitoring designs



NorWeST Facilitating Related Projects
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Real-time Access to Stream
Spatial Data Anytime, Anywhere

Smartphones as field computers
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| ArcGIS app

" see all your apps.
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An InterNet for Stream Data
Technlcal & GIS mfrastructure now exist

Great Northern

LANDSCAPE CONSERVATION COOPERATIVI l

S washigen 'Sg'étial modéls
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of information
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Internet Needs “Packets’” of Consistent Data
Standardized data collection protocols are key
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Data Needs to be Accessible

Data In ‘ Information Out

- Aquatic o —
#1 - : Surveys § Status & Trend
Spatially referenced, Module g e SSTEDIS

corporate database
- R

Resource Maps
) -

Symynetnc Oistance Classes

\ &—» |
g

More data,
monitoring
design




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

°;“_“ ~ Climate Change
. 7:' ; ' _ I q"ﬂl W ‘ |

& 00 u m .H'Hn ll ‘illil‘ Mmmu

© 04T IB'I
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Shrinking
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Supporting Research...

Regional Stream Temperature

Modeling Approach... Regional Stream Temperature
Ecological Applications, 20(5). 2010, pp. 13501371 Trend Assessment...

© 2010 by the Ecological Society of America

Effects of climate change and wildhre on stream temperatures

and salmonid thermal habitat in a mountain river network Climate Change eﬁects on stream and
Darart 1 Bsaan." Cuances H Lo Baves E. Rasvan.' Davio E. Nacer Enin E. Perersos.” Dosa L. Honaw river temperatures across the northweSt

SHakoy PARkes ano Gwyse L Cuanouen’

s Ly U.S. from 1980-2009 and implications for

12 E B 00 B, 1 02 US. . X
Ckisicasle Fouct vl Rkl Wotpunk Ocemcntios SCURO): Bl o Malowmiioks it WpinsioT i I salmonid fzshes
Climatic Change
A Moving Average Approach for Spatial Statistical D. J. Isaak, S. Wollrab, s icmomiorminoses oo
Models of Stream Networks handle e
Jay M. VER Ho&F and Erin E. PETERSON G‘ C andier R
T ——

Journal of the American Statistical Association
March 2010, Vol. 105, No. 489, Applications and Case Studies
DOI: 10.1198/jasa.2009.ap08248

Climate “Velocity” in streams...

Global Change Biology

Global Change Baobogy (2012), doi: 101111 eb, 12073 (Onhne af lntp-! onliselibrar: vy comjoumnl 10,1 LLL 2 BSSN3291 368.2386 necepted)

Stream isotherm shifts from climate change and implications for
distributions of ectothermic organisms
DANIEL J. ISAAK* AND BRUCE E. RIEMANt

*1°.5. Forest Service. Rocky Mountain Research Stanion, Boise Aquornc Sciences Loboratory, 322 E. Front St., Suite 401
Boise. Idaho fU.S. Forvest Service. Rocky Mountain Research Station (retived), P.O. Box 1541, Seelev Lake. MT

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







