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EXECUTIVE SUMMARY

Key Points

e This study compiled nearly all available water temperature data collected in rivers and
streams within Yurok Ancestral Territory since 1992.

e Data were input into spatial stream-network models to estimate August stream temperatures
for each 1 kilometer stream reach, adapting methods from the U.S. Forest Service’s
NorWeST model.

e The original 2015 NorWeST version predicted warmer temperatures along the coast and
cooler temperatures inland than field measurements supported. The new model corrects that
issue.

e The NorWeST model indicates that compared to other areas in the Western U.S., stream
temperatures in Yurok Ancestral Territory should be relatively resilient to climate change.

e The resulting stream temperature maps can be used for many purposes, including prioritizing
areas for stream restoration/protection and climate change adaptation planning.

Summary

The goals of this study were to 1) acquire, compile, and quality check on all available continuous
water temperature data that has been collected in rivers and streams within Yurok Ancestral
Territory and adjacent areas since the early 1990s, 2) calculate summary temperature metrics for
each site and year, 3) use spatial stream-network models to produce spatially continuous
predictions of summer stream temperatures, and 4) compare model results to previous efforts.

The study area spans from Damnation Creek near Crescent City south to Little River near
Trinidad, and includes the Lower Klamath River and its tributaries from Slate Creek downstream
to the Klamath Estuary. This project was performed for the Yurok Tribe Environmental Program
(YTEP) and funded by the U.S. Environmental Protection Agency’s Science to Achieve Results
(STAR) Program, grant #RD-83560401.

The compiled stream temperature dataset spans 1992 to 2016, with 287 sites and 1276 site-years,
of which 1157 had sufficient data to calculate mean August temperature that was the required
input for the model. Data sources included the Yurok Tribe’s Environmental and Forestry
Programs, federal and state agencies, and Humboldt State University. The only major dataset not
acquired was Green Diamond Resource Company. After an intensive screening process which
corrected errors and inconsistencies, seasonal statistics were calculated for each site and year.

To prepare data for statistical modeling, all sites were assigned to reaches in a Geographic
Information System (GIS) stream network modified from the National Stream Internet (NSI)
project. Each NSI reach includes GIS variables which are useful predictors of stream
temperature, including watershed area and vegetative canopy derived from satellites. In addition
to the NSI variables, new predictor variables were also calculated: coastal proximity, basin shape
factor, and different versions of air temperature. The watershed area calculation was refined to be
more accurate for the uppermost reaches of small headwater streams.
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Spatial stream-network models were used to produce estimates of mean August and mean daily
maximum August stream temperatures for each 1-kilometer stream reach within the study area,
with results shown in Figure ES-1 and included as Electronic Appendices. The models combine
observed temperature data, GIS data about landscape attributes (i.e., the predictor variables
mention in the previous paragraph), inter-annual variation in climate (i.e., air temperature and
streamflow), and the spatial relationships between sites (i.e., the nearest sites having the
strongest influence, and tributary relationships are taken into account). The models were adapted
from NorWeST, a project led by the U.S Forest Service’s Rocky Mountain Research Station
(RMRS) which previously modeled stream temperatures on the North Coast of California.

The root mean squared prediction error (RMSPE) for final model for mean August temperature
was only 0.50 °C. Drainage area, elevation, and air temperature were the most important
predictors of mean August stream temperature, followed by streamflow, canopy, latitude, and
coastal influence.

A comparison of the predicted mean August stream temperature to the original 2015 version of
NorWest shows that the NorWeST’s predicted temperatures were warmer along in the coast and
warmer on the interior. This difference likely reflects the 2015 NorWeST model’s relative lack
of stream temperature data within Yurok Ancestral Territory so predictions default to the
regional regression which does not including any coastal effects. All data compiled for this
project were submitted to RMRS who then re-ran the NorWeST model in April 2017 using the
new larger dataset. As a result, the updated 2017 NorWeST model results are nearly all within 1
°C of this study’s final spatial stream-network model.

New climate change model scenarios were not run as a part of this project. Instead, results from
the 2017 NorWeST model are discussed. NorWeST includes several climate scenarios but the
primary one predicts that the 3.57°C increase in air temperature by the 2080s predicted by global
climate models would raise mean August stream temperatures within NorWeST’s Northern
California/Coastal Klamath unit (including Yurok Ancestral Territory) by 0.44 to 0.77 °C. This
predicted increase is small primarily because of low “air temperature sensitivity”’, which is
change in stream temperature per unit change in air temperature. NorWeST’s air temperature
sensitivity for the Northern California/Coastal Klamath geographic unit is 0.135 °C/°C, which is
the second-lowest of the 23 NorWeST units in the Western U.S. The air temperature sensitivity
within Yurok Ancestral Territory is 0.22 °C/°C which is higher than the regional NorWeST
value of 0.135 °C/°C but still relatively low. This low sensitivity suggests that compared to other
geographic areas in the Western U.S., stream temperatures in coastal northwest California
(including Yurok Ancestral Territory) should be relatively resilient to climate change.

Temperature affects basic water chemistry and the effectiveness of drinking water treatment
including mineral properties, microbiological characteristics, pH, and odor perception. In
addition, water temperature has long been identified as a primary factor limiting production of
salmon and steelhead within the study area. The stream temperature maps generated in this
project can be used for a variety of purposes, including prioritization of stream
restoration/protection, education/outreach, land acquisition, and enforcement; climate change
adaptation planning; and data analyses such as pairing with biological surveys to determine
thermal tolerances for species and species distribution modeling.
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Figure ES-1. Predicted (A) mean August temperature and (B) mean daily maximum August temperature in degrees
Celsius for streams within Yurok Ancestral Territory and adjacent areas for the period 1990-2016. Predictions are
outputs from a spatial stream-network model which uses observed temperature data and GIS predictor variables as

inputs.
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1 INTRODUCTION

1.1 DESCRIPTION OF STUDY AREA

The study area includes the ancestral territory of the Yurok Tribe and adjacent areas. Yurok
Ancestral Territory is located in Northwest California and spans from Damnation Creek near
Crescent City in Del Norte County south to Little River in Humboldt County near Trinidad
(Figure 1). Yurok Ancestral Territory includes the Lower Klamath River and its tributaries from
Slate Creek downstream. The study area includes the complete watersheds of some coastal
tributaries such as Little River and Redwood Creek where Ancestral Territory only includes the
lower portions of the those watersheds.

1.2 PREVIOUS ASSESSMENTS OF STREAM TEMPERATURES IN YUROK
ANCESTRAL TERRITORY

Water temperature has long been identified as a primary factor limiting production of salmon and
steelhead within the study area and has been a priority for fisheries management and research
(Kier Associates 1991, NRC 2004, Madej et al. 2006, NMFS 2014). Most of the Klamath Basin
is listed as impaired under the Clean Water Act Section 303(d) for temperature, and the North
Coast Regional Water Quality Control Board' and U.S. EPA? have established Total Maximum
Daily Loads for much of the basin. Previous assessments of stream temperatures within the study
area include the analysis of long-term trends (Bartholow 2005), the Klamath River TMDL
(NCRWQCB 2010), regression modeling to predict Klamath Basin stream temperatures based on
meteorology and topography (Flint et al. 2008), countless monitoring reports on the Klamath
River and tributaries (e.g., Gale et al. 1998, Voight and Gale 1998, Gale 2003, Strange 2007, and
many reports by the Yurok Tribe Environmental Program®), evaluation of the thermal refugia
and salmonids’ thermal tolerances (Strange 2010, 2011), and analysis of Redwood Creek
temperatures using thermal infrared imaging (Ozaki and Anderson 2005, Madej et al. 2006).

In addition to the local analyses mentioned in the previous paragraph, there have been two major
regional stream temperature compilations and analysis projects in northwest California which
encompasses Yurok Ancestral Territory. The Humboldt State University (HSU) Forest Science
Project (FSP) compiled data for 1990-1998 from a multitude of entities, including private timber
companies, state and federal agencies, non-profit organizations, and consultants (Lewis et al.
2000). Lewis et al. (2000) then applied statistical models to these data to evaluate relationships
between water temperature and variables including air temperature, distance from the Pacific
Ocean, elevation, watershed area, and site-specific attributes (e.g., channel width, gradient, and

canopy).

The NorWeST* stream temperature model uses observed temperature data, Geographic
Information Systems (GIS) data, and a multivariate spatial statistics model to produce a spatially
continuous prediction of mean August temperature throughout the entire stream network (Isaak
et al. 2010, Isaak et al. 2016). It was first applied in the Boise River Basin in Idaho (Isaak et al.
2010). In 2015, the U.S. Forest Service’s Rocky Mountain Research Laboratory (USFS RMRS)
applied the NorWeST model to the North Coast of California including the Klamath Basin.
NorWeST refers to this project area as the “Northern California Coastal Klamath processing

! http://www.waterboards.ca.gov/northcoast/water_issues/programs/tmdls/
? https://www?3.epa.gov/region9/water/tmdl/final.html

? http://www.yuroktribe.org/departments/ytep/water_reports.htm

4 http://www.fs.fed.us/rm/boise/ AW AE/projects/NorWeST.html
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unit”. After first calibrating the model and running a scenario for current conditions, they ran a
variety of climate change scenarios. Model predictions’ and daily/annual summaries of measured
water temperature data® are available online (Isaak et al. 2016). They compiled a large amount of
stream temperature data for use as model inputs; however, the compilation focused on existing
large regional compilations such as the U.S. Forest Service’s Natural Resource Information
System Aquatic Surveys (NRIS AqS)’ and U.S. Geological Survey’s U.S. Geological Survey’s
(USGS) National Water Information System (N WIS)®. In the Lower Klamath River, this was
supplemented by a database of mainstem Klamath River water temperature data from the U.S.
Fish and Wildlife Service’s Arcata Office. Many existing temperature datasets within Yurok
Ancestral Territory were not included, including data from YTEP, the Klamath Resource
Information System (KRIS), Green Diamond Resource Company, and the Humboldt State
University’s Forest Science Project 1990-1998 compilation.

As a result, while the NorWeST model did make temperature predictions for all streams within
Yurok Ancestral Territory, but with the exception of the mainstem Klamath River the predictions
were not calibrated with local temperature data but instead relied on regression parameters from
other portions of the North Coast. In the time since the 2015 NorWeST modeling began, several
projects within the North Coast have compiled new stream temperature datasets. These projects
include YTEP’s STAR project and other Riverbend Sciences projects in the Klamath Basin (in-
progress), Salmon River (in-progress), South Fork Trinity River (Asarian 2016), and Eel River
(Asarian et al. 2016). Given the availability of large new temperature datasets within the North
Coast, as well as previous compilations which were not utilized such as the HSU FSP project
mentioned in the previous paragraph, RMRL completed a re-run of the NorWeST model for the
entire North Coast in April 2017.

1.3 STUDY GOALS

The goals of this study were to 1) acquire, compile, and quality check on all available continuous
stream temperature data within Yurok Ancestral Territory, 2) calculate summary temperature
metrics for each site and year, 3) use spatial stream-network models to produce spatially
continuous predictions of summer stream temperatures, and 4) compare model results to
previous efforts. The results of this analysis will be used to refine watershed monitoring plans, to
inform development of future projects to restore aquatic habitat and watersheds within Yurok
Ancestral Territory, and to allow the planning and development of the most appropriate domestic
water sources.

> http://www.fs.fed.us/rm/boise/ AW AE/projects/NorWeST/ModeledStreamTemperatureScenarioMaps.shtml
8 http://www.fs.fed.us/rm/boise/AW AE/projects/NorWeST/StreamTemperatureDataSummaries.shtml

" http://www.fs.fed.us/nrm/index.shtml

¥ http://waterdata.usgs. gov/nwis
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2 METHODS

2.1 STREAM TEMPERATURE DATA SOURCES ACQUIRED AND COMPILED

Data from a multitude of sources was acquired (Table 1, Figure 2) and the resulting compiled dataset
spans the years 1992 through 2016, with 287 sites and 1276 site-years. 1157 had sufficient data to
calculate mean August temperature. Some sites and data were duplicate deployments that may be
included in the databases from multiple sources. For the purposes of this project, it was not necessary
to spend the time required to identify and exclude overlapping datasets; however, users of the resulting
database should be aware that issue because it might affect the results of certain types of analyses (e.g.,
unless duplicate data are removed, they might artificially inflate the sample size which could affect
statistical tests evaluating time series trends). The compilation of many of these datasets were funded
by the Klamath Tribal Water Quality Consortium under a separate in-progress Riverbend Sciences
project, but were made available for use in this project.

Table 1. Summary of stream temperature data compiled for use in this project.

Source Source Site- First Last
Abbreviation Full Name Years Sites Year Year
YTEP Yurok Tribe Environmental Program 143 75 2015 2016
YTFP Yurok Tribe Fisheries Program 431 54 1995 2016
USFS_NRIS_AgS U.S. Forest Service 210 22 1992 2010
HSU_FSP Humboldt State University Forest Science Project 153 90 1994 1998
RNSP Redwood National and State Parks 256 32 1997 2015
USFWS U.S. Fish and Wildlife Service 83 14 1999 2016
TOTAL 1276 287 1992 2016

2.1.1 YUROK TRIBE ENVIRONMENTAL PROGRAM

The Yurok Tribe Environmental Program (YTEP?) collects stream temperature data at long-term
monitoring sites on the Klamath River and tributaries, primarily during the summer season. In
addition, from spring 2015 through spring 2017, YTEP installed a network of more than 100
temperature monitoring sites on Lower Klamath tributaries and springs.

2.1.2 YUROK TRIBE FISHERIES PROGRAM

The Yurok Tribe Fisheries Program (YTEP'?) collects temperature data on the mainstem Klamath
River (McCovey 2003) and its tributaries (Gale 1998, Gale et al. 1998, Voight and Gale 1998, Gale
and Randolph 2000, Gale et al. 2003). Several different divisions and projects of YTFP are involved in
the temperature monitoring, and the names of those divisions has changed since consistent temperature
monitoring began in the mid-1990s.

2.1.3 US FOREST SERVICE, NATURAL RESOURCE INFORMATION SYSTEM AQUATIC
SURVEYS

Nearly all temperature data collected by U.S. Forest Service (USFS) within the study area are input
into the national Natural Resource Information System (NRIS) Aquatic Surveys (AqS) database. The

? http://www.yuroktribe.org/departments/ytep/water_reports.htm
1 http :/lwww.yuroktribe.org/departments/fisheries/reportsandpublications.htm
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exception is that data collected within the Lower Trinity Ranger District after 2010 have not been input
into NRIS AgS but rather are available upon request from biologist Leroy Cyr. Hydrologist Callie
McConnell of the USFS office in Corvallis, Oregon extracted all temperature data within the study
area in December 2016 and provided it for use in this project; however, due to time/budget constraints
no post-2010 USFS data from the Lower Trinity Ranger District were utilized.

The NRIS AqgS databased also includes some data collected by other entities such as Redwood
National and State Parks (RNSP) in the Redwood Creek watershed. I did not use the NRIS AgS
version of the RNSP data (or any NRIS AgS data from outside the Klamath Basin), but rather
compiled the RNSP data from the original source because it included additional years (see section
2.1.5 below).

2.1.4 HUMBOLDT STATE UNIVERSITY'S FOREST SCIENCE PROJECT

As noted above in section 1.2, Humboldt State University’s (HSU) Forest Science Project (FSP)
compiled data from the North Coast of California for 1990-1998 from a multitude of entities, including
private timber companies, state and federal agencies, non-profit organizations, and consultants (Lewis
et al. 2000). The FSP was later renamed the Institute for Forest and Watershed Management and is
now dissolved. The data are extremely well organized and were rigorously reviewed during the Lewis
et al. (2000) analysis, but one deficiency of the version of the publicly shared version of the database is
that there is no way to ascertain which entity collected any particular piece of data, which inhibits
transparency and made it difficult to determine potential overlap with other datasets.

2.1.5 REDWOOD NATIONAL AND STATE PARKS

Redwood National and State Parks (RNSP) have a long-term monitoring program in the Redwood
Creek watershed which includes water temperatures (Madej et al. 2006) and geomorphology (Made;j
and Ozaki 2009). Vicki Ozaki provided a copy of RNSP’s stream temperature data. Portions of the
RNSP temperature data have been compiled into the USFS NRIS AgS database but were not utilized
for this project (see section 2.1.3).

2.1.6 U.S. FISH AND WILDLIFE SERVICE, ARCATA OFFICE

The U.S. Fish and Wildlife Service'' (USFWS) office in Arcata, California collects stream temperature
data at a network of monitoring sites within the Klamath and Trinity River basins and maintains the
data in a well-organized Microsoft Access database. Data were received from USFWS fisheries
biologist Aaron David.

2.1.7 U.S. FOREST SERVICE’S ROCKY MOUNTAIN RESEARCH LAB’S NORWEST
PROJECT

As noted above in section 1.2, in 2015 the U.S. Forest Service’s Rocky Mountain Research Lab’s
(RMRL) NorWeST project compiled a large amount of stream temperature data for northwest
California, including the study area. These data came from a multitude of entities, including USFS
NRIS (see section 0), U.S. Geological Survey (USGS) National Water Information System (NWIS),
and US Fish and Wildlife Service (Figure 2). Because the data in the 2015 NorWeST compilation only
spanned through the year 2013, I did not use the NorWeST compilation but rather re-compiled from
the USFWS and USFS NRIS datasets to include the more recent years (through 2015 or 2016);
however, I did use the ‘snapped’ coordinates provided by NorWeST for these datasets (see section 2.4

" http://www. fws. gov/arcata/fisheries/activities/waterQuality/klamathWQ.html
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below). The USGS data did not include any additional stations beyond what was already in the
USFWS dataset, so we did not use the USGS data.

2.1.8 ADDITIONAL DATASETS NOT ACQUIRED OR COMPILED

During the outreach and research over the course of this project, we became aware of some datasets for
which we were either not able to obtain the original electronic data, or did not have time to compile the
data. These included:

Green Diamond Resource Company (GDRC) monitors stream temperatures data at large number of
streams on its timber lands in the Lower Klamath River as well as coastal tributaries such as Little
River and Redwood Creek as part of their Aquatic Habitat Conservation Plan (AHCP) (GDRC 2006).
The company declined requests to share the data, but some portions of older data (1990-1998) might
be included in the HSU FSP compilation (section 2.1.4 above). Tables with annual summaries
(MWMT, MWAT, annual maximum) of all of GDRC’s stream temperature monitoring results for
1994-2000 are available in Appendix C5 of the AHCP (GDRC 2006) but no maps or coordinates are
provided. The annual AHCP monitoring reports (GDRC 2017) do not contain any tables that would
allow extraction of annual temperature summaries for sites.

YTEP has long-term year-round temperature datasets (primarily year-round) at its streamflow gaging
stations on Turwar, McGarvey, and Tully Creeks. In addition, YTEP has long-term summer
temperature data from multi-parameter datasondes at the mouth of the Trinity River, and the Klamath
River at Weitchpec, Tully Creek, and Turwar, but were not utilized due to time/budge t restraints.

The U.S. Geological Survey’s (USGS) National Water Information System (NWIS'?) data did not
include any additional stations beyond what was already available and being utilized from other data
sources such as USFWS, so USGS NWIS data were not included in this project.

A few additional temperature datasets are available in the Klamath Resource Information System
(KRIS"). These were inventoried, but there was not sufficient time and budget to compile them.
Details are available upon request from Riverbend Sciences.

Additional water temperature (as well as dissolved oxygen, pH, and specific conductivity) data were
compiled by Tetra Tech (2004) in preparation for the Klamath River TMDL (NCRWQCB 2010). Kier
Associates compiled and added additional data through 2005, as part of projects funded by the
Klamath Basin Tribal Water Quality Work Group. After a brief inventory of this compilation (it is
available upon request from Riverbend Sciences), it was found that substantial portions of it overlap
with (and are now superseded by) other datasets as USFS NRIS AgS and UFSWS. Time and budget
constraints precluded utilization of this compilation which include the following unique datasets: 1)
North Coast Regional Water Quality Control Board data, 2) Watercourse Engineering (2003) data for
the year 2000 sponsored by the US Bureau of Reclamation and PacifiCorp, 3) USGS data for Klamath
River at Walker Bridge and Klamath River above Shovel Creek', and 4) potentially some additional
data from the Yurok Tribe.

Humboldt State University student Alexander Wick monitored stream temperatures in 2014 and 2015
at several sites in South Fork Ah Pah Creek in as part of the riparian thinning experiment (Wick 2016,
GDRC 2017). The data have been incorporated into Green Diamond Resource Company’s database.

12 https://waterdata.usgs. gov/nwis

1 http://www.krisweb.com/krisklamathtrinity/krisdb/webbuilder/selecttopic_temperature.htm

' These sites are located on the Klamath River upstream of the study area, but are listed here because they are still within
the Klamath Basin so may be of interest to readers of this report. Additional USGS sites are also included in the Tetra Tech
2000 database but those additional data are moot because they are also present in either in the national USGS NWIS
database or the USFWS database.
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- Oregon State University doctoral student David Roon is intensively monitoring temperatures (tens of
probes per creek) associated with a riparian thinning experiment in the West Forks Tectah Creek and
East Forks Tectah Creek on Green Diamond Resource Company Land, and Middle Fork Lost Man
Creek in Redwood National and State Parks (Roon 2017, GDRC 2017). The project runs for at least
the years 2016-2017.

2015 NorWeST ()
1993-2013

This Report
1993-2016

Data Trib Mainstem
Source Sites Sites
HSU_FSP A [0}
RNSP A @
USFS_NRIS_AqS A o
USFWS A @
YTEP A @
YTFP A @
Other A o

Figure 2. Maps of Yurok Ancestral Territory and adjacent areas showing data sources and comparison of
observed temperature sites used for model calibration in (A) the original 2015 NorWeST, and (B) this report.
Some symbols overlap and mask those beneath.
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2.2 QUALITY CONTROL AND CLEANING OF STREAM TEMPERATURE DATA

Data collected with continuous probes, such as the temperature data that is the subject of this project,
must be cleaned/trimmed to remove data corrupted when a probe malfunctions or is exposed to air
during pre/post deployment or when a stream dries up. The condition of the datasets we received
varied among data sources and year, so a fairly intensive screening and trimming process was initiated,
informed by protocols from Dunham et al. (2005), Sowder and Steel (2012), and Stamp et al. (2014).
All data values for the period when the stream appeared to be dry were removed but the data from the
remainder of the probes’ deployment when water was flowing in the respective stream reaches were
retained.

Air temperature data is very useful for informing the cleaning of water temperature data (Sowder and
Steel 2012). Local air temperature data for 2002-2016 were obtained from the Yurok Tribe
Environmental Program’s remote automated weather station (RAWS) at Notcho'” (site code CYUR)
located approximately halfway between Weitchpec and Klamath, available online from the Western
Regional Climate Center .

A series of graphs for each year and site were then created and reviewed. Examples included: 1) hourly
water temperature overlaid on the hourly Notcho air temperature (e.g., Figure 3 shows an example of
Upper Blue Creek), and 2) multi-panel comparison of hourly temperature data at all sites within a
single year and source entity. The graphs illustrate the typical seasonal temperature pattern within a
site, as well as how the pattern at that site compares to other sites within the same year. The graphs
helped to identify periods when water temperature showed abnormal patterns, so that such periods
could then be closely investigated to see if they were erroneous and needed to be trimmed. For
example, water temperatures typically follow seasonal patterns similar to air temperatures but have a
compressed range (i.e., lower maximums and higher minimums); therefore, a sudden change in water
temperature that does not coincide with a similar change in air temperature might indicate that the
probe was exposed to air due to stream dewatering, or removal of the probe from the water by
technicians, other people, or high flows.

13 Official RAWS site name is “Yurok’ but in this report I refer to it a ‘Notchko’,which is the named used by YTEP.
' http://raws.dri.edu/cgi-bin/rawMAIN.pl?2caCYUR
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CYUR (Notchko) Air Temp. & Raw (Hourly) Water Temp. at Site:
Upper Blue Cr (Above CCity)
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