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ABSTRACT

Recovery of anadromous salmonid populations is complicated by their complex life-
histories. We examined the spatiotemporal interplay of stream temperature, geomorphic features,
and a species’ thermal sensitivity mediated by biological interactions in a case study of steelhead
trout (Oncorhynchus mykiss) and Chinook salmon (O. tshawytscha) in California’s Eel River
watershed. We estimated habitat suitability and fish capacity for each salmonid run and
freshwater life stage during average, cool, and warm years in each of the watershed’s subbasins,
including a historically-occupied high-elevation subbasin upstream of an impassable dam. Our
estimates varied depending on whether we accounted for exposure to the Sacramento
pikeminnow (Ptychocheilus grandis), an introduced predator/competitor. Our results indicate
that the dammed subbasin has substantial salmonid capacity relative to the rest of the watershed
and could provide an important cool-water refuge during warm years and from pikeminnow,
potentially improving the productivity and resilience of multiple anadromous salmonid
populations. Our approach can be applied in any setting where spatially explicit habitat metrics

can be estimated and population specific and life-stage specific habitat criteria can be specified.

Keywords: capacity, Chinook salmon, Eel River, habitat suitability, life history, Sacramento

pikeminnow, steelhead trout, Unit Characteristic Method
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INTRODUCTION

Recovery of anadromous salmonid populations is complicated by the fact that these fish
have complex life-histories, exposing them to a variety of climatic, physical, and biological
impacts throughout their life cycle. A useful framework for sorting through this complexity
emphasizes how abundance and productivity (i.e., population growth rate), mediated by a
population’s interactions with habitat via spatial structure and diversity, impact a population’s
long-term viability (McElhany et al. 2000). Conceptually, the most straightforward way to apply
these ideas has been through quantitative life-cycle models that estimate survival across
successive life stages under various climatic and hydrologic conditions. But life-cycle models
usually require detailed data on stage-specific survival and abundance over many years (e.g.
Scheuerell et al. 2006, Zeug et al. 2011, Crozier et al. 2021), which tends to bias their application
to highly impacted populations where collection of such data is mandated. To assess recovery
scenarios for understudied or extirpated populations, an alternative approach is to quantify the
capacity of the population’s environment. Capacity provides an estimate of the potential
abundance of a population, and can be accomplished in any setting where spatially and
temporally explicit environmental metrics (e.g. monthly temperature, channel gradient) can be
estimated and associated criteria (e.g. thermal and gradient thresholds) for populations and life
stages can be specified.

This alternative approach of assessing the potential abundance of populations from the
environment may be particularly useful to evaluate restoration scenarios and potential
reintroductions to formerly occupied habitats (Beechie et al. 1994, Pess et al. 2008), a goal of
many management action plans (McElhany et al. 2000, NMFS 2013, NMFS 2016, PVP NOI

Parties 2020a). Providing fish passage and subsequent recovery efforts can be expensive and are
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only practical if ecosystem recovery, including a significant increase in salmonid abundance or
productivity, is anticipated (Bellmore et al. 2019, PVP NOI Parties 2020a, PVP NOI Parties
2020b). The amount of suitable habitat or carrying capacity of fish is often substituted as a proxy
for potential abundance (Burnett et al. 2003, Agrawal et al. 2005, Lindley et al. 2006, Pess et al.
2008, Boughton et al. 2018, Cooper et al. 2020). However, while most published studies have
focused on physical habitat features such as thermal conditions or geomorphic characteristics,
habitat suitability and capacity can also depend on biological interactions (Fausch et al. 1988). In
turn, biological interactions such as competition and predation rates may be influenced by
physical habitat features. For example, salmonid feeding rates, growth rates, and spatial
distributions can be mediated by interspecific competition, and competition can depend on
physical features such as temperature and stream gradient (Fausch et al. 1994, Taniguchi et al.
1998, Reese and Harvey 2002, de la Hoz Franco and Budy 2005). Similarly, predation rates on
juvenile Chinook salmon can be influenced by the environment; for example, based on both
experimental and field data, warmer temperatures or low light intensity (e.g., at dusk or dawn)
can increase predation rates (Petersen and Gadomski 1994, Marine and Cech 2004, Michel et al.
2020). Therefore, to better quantify habitat suitability and capacity as a proxy for potential
abundance, there is a need to account for the interplay between the spatial and/or temporal
variability in temperature and geomorphic characteristics, the complexities of salmonid life-
history diversity, life-stage specific thermal sensitivities, and biotic interactions.

In this study, we accounted for this complex interplay in a case study focused on
California’s Eel River Basin. Historically, the Eel River Basin supported robust and
commercially exploited runs of salmon and steelhead trout, but declines in those populations led

to their placement on the federal Endangered Species List and subsequent efforts to recover the
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populations (U.S. Office of the Federal Registrar 1999, 2000). Drought and climate change may
warm stream temperatures to suboptimal or even lethal levels for cold-water salmonids, further
impeding salmonid recovery (Eel River Forum 2016). Warmer stream temperatures may also
increase predation by and competition with the non-native Sacramento pikeminnow
(Ptychocheilus grandis), a recent arrival to the Basin that thrives in warmer waters (Rieman et al.
1991, Brown and Moyle 1991, Reese and Harvey 2002). These unfavorable climate conditions
are predicted to become more frequent and severe throughout the western U.S. because of
anthropogenic climate change (Ault 2020, Williams et al. 2020). Cool-water refugia are therefore
necessary for salmonid recovery and future resilience, especially those refugia that remain
suitably cool throughout warm summers and during prolonged drought periods, conditions that
have historically been a normal part of California’s climate. Because year-round thermal refugia
promote salmonid resiliency, survival, and productivity, it is imperative to explore the spatial and
temporal distribution of thermal refugia. In particular, the Upper Mainstem Eel River subbasin
(hereafter, Upper Mainstem), which historically hosted multiple populations of salmonids prior
to damming (Bjorkstedt et al. 2005), likely harbors more cool-water refugia during summer than
most of the rest of the Eel River Basin because of its relatively higher elevation (Isaak et al.
2017).

A key question addressed here is whether the dammed Upper Mainstem provides a
disproportionately large amount of suitable thermal refugia that might protect the productive
capacity and resiliency of native salmonids from a warming climate and an introduced warm-
water predator and competitor. Although other studies have attempted to quantify the habitat
suitability or fish capacity in the Upper Mainstem (e.g. VTN 1982, NMFS 2016, Cooper et al.

2020), our study differs from previous evaluations by 1) quantifying capacity and habitat

© The Author(s) or their Institution(s)



Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 47.208.159.38 on 12/09/21

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 6 of 67

suitability for multiple salmonid life stages using broad-scale geomorphic features, local habitat
characteristics, and thermal criteria based in part on risk of predation or competition posed by
Sacramento pikeminnow, 2) assessing how suitability and capacity change throughout a year, 3)
comparing suitability and capacity in warm, cool, and average years, and 4) quantifying the

value of the blocked subbasin relative to unblocked subbasins in the rest of the Eel River Basin.

Study area

The Eel River with its tributaries contains ~ 10,000 total river km on California’s north
coast, making it California’s third largest salmon and steelhead trout watershed behind the
Klamath/Trinity and Sacramento/San Joaquin Basins. The Eel River Basin is less negatively
impacted by dams than other large watersheds in California, with only two major dams blocking
upstream passage. Scott Dam, a 41-meter tall concrete dam operated as a storage reservoir since
its completion in 1922, has completely blocked upstream passage to and inundated former
habitat in the Upper Mainstem subbasin. Cape Horn Dam, a 29-meter tall dam 20 km
downstream of Scott Dam, built in 1908 as part of a diversion project, allows for fish passage
with a fish ladder. These two dams are part of the Potter Valley Hydroelectric Project, Federal
Energy Regulatory Committee (FERC) Project No. 77, currently operated by Pacific Gas &
Electric Company (PG&E) (Eel River Forum 2016). The Potter Valley project is undergoing
relicensing in 2022, and removal of Scott Dam and restoring fish passage to the Upper Mainstem
is under consideration to increase salmonid productivity and resilience (PVP NOI Parties 2020a,

PVP NOI Parties 2020b).

MATERIALS AND METHODS

© The Author(s) or their Institution(s)
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Approach

We combined broad- and local-scale habitat suitability and density-at-capacity estimates
to quantify the amount of potentially suitable habitat and capacity for each subbasin in the Eel
River Basin for winter-run and summer-run steelhead trout (Oncorhynchus mykiss) and fall-run
Chinook salmon (O. tshawytscha). First, we evaluated the extent to which each subbasin retains
suitable thermal and geomorphic salmonid habitat in an average, cool, and warm year. For each
reach within each subbasin, we determined 1) if a reach is thermally suitable (FitzGerald et al.
2021) and 2) if a reach has a habitable geomorphic channel type (Montgomery and Buffington
1997). As these two data are sparsely measured throughout the entire Basin, we employed a
spatial stream network model to estimate mean monthly stream temperature for every river
kilometer in the Basin (FitzGerald et al. 2021), and we used channel gradient from a 10-meter
digital elevation model to classify geomorphic channel type (Flores et al. 2006) at the same
spatial resolution as the stream temperature model. We then calculated the amount (river km) of
suitable habitat within each subbasin. Because of the complex life-history diversity of salmonids,
reach habitat suitability was calculated separately for each life stage of each run based on life-
cycle phenology, thermal tolerances, monthly-varying temperature, accessibility, and channel-
type. We also added a temperature-mediated pikeminnow interaction criteria for juvenile rearing
habitat suitability. Next, we estimated the relative production capacity of each subbasin based on
standard juvenile-rearing and adult-spawning densities adjusted for local stream conditions
(Cooper et al. 2020). Finally, we determined the latest month that juveniles could leave each
subbasin and outmigrate in thermally tolerable conditions to the ocean. We used these results to
determine the potential value for anadromous salmonids in the Eel River Basin if the Upper

Mainstem was accessible (e.g., via dam removal or fish passage [PVP NOI Parties 2020a, PVP
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NOI Parties 2020b]). Below we detail each of the datasets and approaches used in our analysis.

Habitat suitability datasets

Potentially accessible streams for salmonids

We defined the potential spatial distribution for each run/life stage from historical
population boundaries, accessibility of reaches, and channel type. First, historical population
boundaries were defined from a study on salmonid biogeographic breaks that showed that
steelhead trout and Chinook salmon in the Eel River Basin are divided into historical populations
that generally reflect watershed subbasins (Figure 1; Bjorkstedt et al. 2005, Spence et al. 2008).
Unless otherwise specified, all river or stream names refer to these subbasins rather than
individual rivers or streams. We did not analyze any subbasins that were historically uninhabited
for a given run. Next, we removed reaches beyond the limits of anadromy for each species.
Anadromous limits were defined as upstream of physical impassable barriers (e.g. large
waterfalls) or upstream of species-specific barriers inferred from stream gradient as delineated by
Spence et al. (2008). One natural cascade in particular, Bloody Rock Roughs in the Upper
Mainstem, has been debated as a full or partial barrier to anadromy (VTN 1982, NMFS 2016,
Cooper et al. 2020). For this study, reaches upstream of Bloody Rock roughs were classified as
inaccessible for Chinook salmon and potentially accessible for steelhead trout, but note that
drought may prevent migration for all salmonids (Cooper et al. 2020). We excluded the currently
impassable Scott Dam. However, some habitat in the Upper Mainstem subbasin is downstream
of Scott Dam and accessible to salmonids, and so we evaluated the habitat upstream (labeled as
‘Upper Mainstem’) and downstream (labeled as ‘Upper Mainstem_ds’) of Scott Dam separately.

The NMFS regional California Coastal Office provided their most updated file of physical

© The Author(s) or their Institution(s)
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barriers, and a 10 m digital elevation model (DEM) provided gradient.

Stream temperature

Mean monthly stream temperature for each reach was obtained from FitzGerald et al.
(2021) (Figure 2A, Supplemental Figure S1). Briefly, FitzGerald et al. (2021) predicted stream
temperature using a spatial stream network (SSN) model (Isaak et al. 2017), a specialized
statistical regression model that accounts for spatial autocorrelation in temperatures due to
stream-network structure and geographic proximity (Peterson and Ver Hoef 2010, Ver Hoef and
Peterson 2010, Isaak et al. 2014, Isaak et al. 2017). The SSN model was applied to the National
Stream Internet (NSI) network (Nagel et al. 2015) at a 1 km reach resolution for every month of
the year. The model was fit with empirical stream temperature from 1993-2015 for the entire
Klamath/Northern California region, which includes the stream systems of Eel, Trinity, and
Klamath Rivers. The model accurately predicted water temperatures in the Klamath/Northern
California region, with an average 1> of 0.820 and an average mean absolute prediction error of
0.705°C across all months for the out-of-sample testing dataset (FitzGerald et al. 2021).
Additional modeling details can be found in FitzGerald et al. (2021). The model was then used to
predict monthly mean stream temperatures for every river km in the Eel River Basin for every
year in the study time period. Reaches classified as manmade lakes and reservoirs were removed
because they involve different thermal dynamics that are not well-represented by the SSN model.
The temperature predictions and habitat suitability analyses therefore do not include reaches that
are currently inundated (e.g. by Lake Pillsbury, created by Scott Dam). A single river km in the
Eel River Basin showed abnormally high predictions (sometimes > 10°C higher than the next

highest stream temperature in the Basin), and this outlier was removed from all subsequent

© The Author(s) or their Institution(s)
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10

analyses.

Because water temperature can vary substantially among years, we compared thermal
suitability during an average year, an exceptionally warm year, and a cool year. For temperatures
during an average year, we took the mean monthly stream temperature from 2002-2011; this
time period reflects baseline scenario 2 from Isaak et al. (2017) and includes cool, warm, and
average years (Table 1, Figure S2). We used 2011 to represent a cool year because this year had
the lowest annual mean stream temperature in our study period. Even so, two months during that
year (September, October) had higher than average temperatures (Table 1). The warm year is
represented by 2015, the year with the highest mean annual temperature. Temperatures in June of
2015 were 2.3°C above average (Table 1). Additionally, 2015 was an extreme drought year in

California.

Geomorphic channel types

We classified each reach by geomorphic channel type. To do this, we generated a fine-
grained hydrography with channel gradients and catchment areas from a 10 m DEM using the
algorithms of Jasiewicz and Metz (2011). We then spatially joined the finer-grained hydrography
to the stream network that was used in the temperature modeling, summarizing the mean
gradient and catchment area for each 1 km reach. Then, channel morphology types (Figure 2B)
were assigned using channel gradient and catchment area from a classification tree developed by
Flores et al. (2006), where channel types are comparable to the process-based classification
system of Montgomery and Buffington (1997). The classification algorithm of Flores et al.
(2006) had 76% accuracy for the stream systems they examined in other parts of the western

USA. We added one additional channel type, low-gradient channel, for segments with mean

© The Author(s) or their Institution(s)
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channel gradients less than 0.0003 m/m, which marks the approximate lower range limit of the
training data used by Flores et al. (2006) to develop their classification. We expect
geomorphology of these segments to vary between meandering and multithread depending on
recent history of flooding and land and water use practices, and to be dominated by sandy
substrates with occasional gravel patches characteristic of episodic flow regimes (e.g. Kondolf

and Curry 1986).

Productivity, phenology, and thermal criteria

We obtained run-specific habitat productivity, phenology, and thermal criteria for each
life stage from a review of several published sources. For each life stage of each species, we
assigned a qualitative productivity score (ideal, productive, fairly productive, poor) to each
channel type based on expert opinion (Table 2). The phenology of each life stage of each run,
defined as presence or absence in a month, was obtained from data from the Eel River Basin
whenever available (Table 3). For this project, we compared the peak and extended seasons for
certain life stages. Peak season indicates when most individuals of that life stage are present,
whereas the extended, full season includes all reported months of presence of that life stage.

Thermal thresholds are general criteria not necessarily specific to the Eel River Basin
(Table 4). We refer to thermal suitability as 'optimal' (the temperatures at which performance is
maximized), 'tolerable' (any temperature below the upper thermal limit), or 'intolerable’ (the
temperature above which significant mortality occurs). We defined thermal tolerance as any
temperature below the upper thermal limit, but note that these temperatures may not be optimal
and performance may be reduced at some tolerable temperatures. For example, the upper thermal

tolerance for steelhead trout juveniles is 23°C, but optimal growing conditions are 10-17°C

© The Author(s) or their Institution(s)
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(Table 4).

We developed an additional thermal criterion for rearing juvenile salmonids, accounting
for their exposure to pikeminnow predation and competition. The non-native Sacramento
pikeminnow is a major predator and competitor of juvenile salmonids in the Eel River Basin.
The species was recently introduced (ca. 1979), and native salmonids have been shown to avoid
pikeminnow by shifting their habitat use (Brown and Moyle 1991). Adult pikeminnow prefer
temperatures above ~18°C, increasing the likelihood of predation on and competition with
juvenile salmonids above this threshold (Vigg and Burley 1991, Petersen and Ward 1999, Reese
and Harvey 2002). Interspecific competition has been found to have a negligible effect on
juvenile steelhead trout at temperatures < 18°C whereas pikeminnow outcompete juvenile
steelhead trout at temperatures > 20°C (Reese and Harvey 2002). Thermal effects on
interspecific competition between juvenile Chinook salmon and pikeminnow are unknown but
are likely similar to steelhead trout. Juvenile salmonids can survive and grow in water
temperatures >18°C (e.g Railsback and Rose 1999, Satterthwaite et al. 2010), but for clarity, we
use “high-risk” to refer specifically to thermal conditions that expose fish to pikeminnow
predation and competition (> 18°C) and “suboptimal” to refer to thermal conditions that expose
fish to direct thermal stress or predation. For example, steelhead trout high-risk conditions
overlap with tolerably warm rearing temperatures (17-23°C), so we refer to 17-23°C as
‘suboptimal’. For Chinook salmon, high-risk conditions overlap with optimal (13-20°C) and

tolerable rearing temperatures (20-24°C), so we refer to 18-24°C as ‘suboptimal’.

Estimates of habitat suitability

We combined the datasets described above to evaluate habitat suitability in average, cool,

© The Author(s) or their Institution(s)

Page 12 of 67



Page 13 of 67

] Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 47.208.159.38 on 12/09/21 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

13

and warm years for holding adults (summer-run steelhead trout only), incubating embryos, and
rearing juveniles for all runs during the time period that each life stage is present. Spawning and
incubation are constrained both by channel type and temperature, but we only analyzed
incubation because constraints are generally the most stringent for embryos incubating (Table 2,
Table 4). We first assessed geomorphic and thermal suitability separately for each potentially
accessible reach to give a baseline estimate if only one factor was important for suitability.
Second, we assessed the total amount of suitable habitat, combining geomorphic and thermal
suitability. Third, we evaluated the suitability for juveniles during outmigration when they leave
their natal subbasins and outmigrate to the ocean to continue growing to adulthood.

Because outmigrating juveniles need a continuously suitable migration route, we
determined the thermal suitability of the most direct pathway between each rearing subbasin and
the ocean. Specifically, we classified the downstream migration route as thermally optimal,
tolerable, or intolerable for outmigrating steelhead trout smolts or Chinook salmon juveniles for
each month in cool, average, and warm years. Classification was based on the least thermally
tolerable section of the route; for example, if any part of the outmigration pathway was
intolerable during a month, that month was subsequently classified as intolerable, effectively
blocking outmigration to the ocean. For steelhead trout, we focused on smolts during
outmigration because they are less thermally tolerant than non-smolt juveniles rearing and
outmigrating (Table 4). For Chinook salmon, we grouped outmigrating fry, parr, and smolts
because juvenile outmigrants in the Eel River Basin may include all of these life stages (JF pers.
obs.). Additionally, multiple factors, including temperature, may affect these life stages
differently (VTN 1982, Beak Consultants Inc. 1986, Sturrock et al. 2020), but thermal tolerances

for outmigrating Chinook salmon fry vs. parr vs. smolts are not well-known.
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Estimates of capacity

To estimate juvenile rearing capacity, we expanded the Unit Characteristic Method
(UCM; Cramer and Ackerman 2009a, 2009b), applied by Cooper et al. (2020) to the Upper
Mainstem, to all subbasins in the Eel River Basin. The UCM is a capacity model that multiplies
baseline fish density by unit area of stream habitat, then adjusts the density by habitat scalar
values based on parameters describing local conditions (e.g. cover, depth, pH) for each habitat
unit type, such as fastwater, flatwater, and pools (Cramer and Ackerman 2009a, 2009b); note that
field measurements in the Upper Mainstem (Cooper et al. 2020) followed the above habitat unit
classifications rather than the channel type classification system from our geomorphic analyses
(Montgomery and Buffington 1997). Fish density is closely tied to channel types (Rosenfeld
2003), and fish of different life stages have specific habitat and thermal requirements (e.g.
Hughes 1998, Moyle et al. 2017). Baseline fish densities were from a study calculating the
number of juveniles rearing at or near likely capacity in different habitat unit types in “ideal”
conditions (Johnson et al. 1993). Following Cooper et al. (2020), we added a temperature scalar
based on thermal effects on juvenile Coho density (Cramer et al. 2012), assuming that steelhead
trout and Chinook salmon show similar relationships (Cooper et al. 2020). Adapted from Cramer

and Ackerman (2009a, 2009b) and Cooper et al. (2020), we calculated parr capacity as:

(Equation 1) Capacity; = X(Area; X Den; X Chnl;; X Dep;; X Cover;; X Turb; X Drift; X

Fines; x pH; X Temp;;)

where:
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i = stream segment, usually 1 km in length and defined by channel gradient and
upstream watershed area (i.e. stream reach category; see below),

j = habitat unit type (i.e. fastwater, flatwater, pools),

baseline UCM:
Area = usable area in segment i of habitat unit type j, the product of length,,
wetted width;, and proportion of stream segment i comprised of habitat
unit type j,

Den = standard fish density (fish/m?) for a given species in habitat unit type j,

productivity scalars:

Chnl = scalar based on wetted width;, length; (if applicable), and habitat unit type
Js

Dep = depth scalar based on depth; and habitat unit type j,

Cover = cover scalar based on stream segment i and habitat unit type /,

Turb = turbidity scalar based on depth; and turbidity; (measured in NTUs during
2016 summer low flow),

Drift = invertebrate drift scalar, the percentage of reach area in fastwater habitat
unit types that produce invertebrates (not well studied so set to 1),

Fines = fines scalar based on proportion of substrate in riffles of stream segment i
composed of fines,

pH = pH scalar based on pH of stream segment 7,
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Temp = temperature scalar, based on temperature of stream segment 7 and habitat

unit type j.

In the Eel River Basin, empirical measures of local conditions (excluding stream segment
length, stream temperature, and wetted width; see below) were only available for reaches
throughout the Upper Mainstem (Cooper et al. 2020). Cooper et al. (2020) categorized each
reach surveyed by channel gradient and upstream watershed area and measured habitat
characteristics for each reach to estimate the appropriate scalar for local conditions in the Upper
Mainstem. Following their approach, we first applied the same reach categorization scheme
throughout the Eel River Basin for each stream segment i. We then assigned the averaged habitat
values by reach category (Cooper et al. 2020) to the appropriate stream segment i, given the
assumption that habitat scalars measured in the Upper Mainstem could be extrapolated to the rest
of the Eel River Basin. Stream segment length and monthly temperature were extracted from our
stream temperature modeling.

The absolute capacity of a reach is given by the product of its capacity density (Den) and
the reach area (4rea), the product of average wetted width and channel length of stream segment
i. Wetted width measurements from Cooper et al. (2020) were made in the Upper Mainstem from
late June to early August during the warmest time of the year at low flow conditions. Steelhead
trout rearing occurs throughout the year, such that low flow conditions give an estimate of
capacity when the steelhead trout rearing population may be bottlenecked. However, Chinook
salmon have usually outmigrated by late spring (VTN 1982, Beak Consultants Inc. 1986). We
therefore modeled wetted width each month in order to better predict how reach area changes

throughout the year, enabling us to better estimate Chinook salmon parr capacity. First, we
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extracted all available measurements of flow and corresponding wetted widths from USGS

stream gages (https://waterdata.usgs.gov/nwis/measurements) within the Eel River Basin from

2002 through 2015 (to match the approximate time-scale of our temperature predictions) and
removed any gage with fewer than 20 measurements. For days with multiple observations at a
single location, we averaged these observations such that each gage had a single wetted width
measurement per day. This totaled to 16 stream gages and 1,590 wetted width measurements
within the Basin. Stream gage locations were linked with bankfull widths, estimated from
upstream watershed area and channel gradient. Wetted width observations were right-skewed, so
we log-transformed data prior to modeling. We then fit linear models for each month from
observed wetted widths and bankfull widths. Monthly models generally performed well (1> range:
0.61-0.84) and better than an annual model (r>= 0.60), so we used the fitted monthly models to
predict wetted width each month throughout the Basin (Figure S3). We did not have enough
wetted width measurements to fit models during the cool year (n = 128) or warm year (n = 96).

The UCM model includes a temperature scalar which is based on temperature and
juvenile salmonid density but does not include potential negative effects from the pikeminnow.
The magnitude of the effect of pikeminnow on juvenile salmonid density is unknown, but
temperatures > 18°C are high-risk for juvenile salmonid rearing due to pikeminnow presence.
We therefore adjusted all capacity estimates by removing stream segments that were likely
conducive to pikeminnow impacts (i.e. > 18°C). We evaluated the effect of pikeminnow on
salmonid rearing capacity by comparing these adjusted estimates with the raw, unadjusted
estimates calculated by the UCM model.

We first ran the parr capacity model for each subbasin for each month of the year to

determine which month most limited rearing capacity for each species. We discuss relative
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capacity percentages among subbasins because the UCM model includes many assumptions. For
example, for the standard densities we used surrogate habitat-specific parr densities from Oregon
coastal streams because similar data were not available for the Eel River Basin; see Cooper et al.
(2020) for a thorough discussion of UCM model limitations. Then we estimated adult capacity
from parr capacity of the bottlenecked month. To estimate the capacity of adults (returning
spawners) from parr estimates, we applied several likely parr-to-adult recruitment models to
obtain a range of realistic estimates. For steelhead trout, we used a 28% parr-to-smolt
recruitment and a 1.5%, 13%, or 20% ocean survival rate (Lister and Walker 1966, Johnson et al.
1993, Quinn 2018, Klein et al. 2008, Rawding et al. 2010, Cramer et al. 2012). For Chinook
salmon, we applied a 76% parr-to-smolt survival rate and 1.5%, 3%, or 4% ocean survival rate
(Cramer and Beamesderfer 2006, Quinn 2018, Cramer et al. 2012, Anderson and Ward 2016).

We report adult capacity by subbasin based on each potential ocean survival rate.

RESULTS
Accessibility, thermal suitability, and channel type suitability in the Eel River Basin

The following results assess accessibility, thermal suitability, and channel type
separately. Accessibility values include all potentially occupied reaches, regardless of suitability.
Thermal suitability did not account for channel type, and channel type suitability did not account
for thermal criteria, allowing us to determine how each factor impacts overall suitability.

In historically occupied subbasins, winter-run steelhead trout could potentially access
5,042 km and summer-run steclhead trout could access 3,996 km. Chinook salmon, which have
more restrictive physical constraints than and cannot surmount as steep of gradients as steelhead

trout, could only access 2,538 km. Of the potentially accessible reaches in the Basin, Scott Dam
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blocks 5.7% (144 km) of reaches for fall-run Chinook salmon, 11.6% (584 km) for winter-run
steelhead trout, and 14.6% (584 km) for summer-run steelhead trout.

Monthly temperature exposure of each life stage of each run was usually tolerable or
optimal in each subbasin (denoted by height of each life stage box in Figure 3A). The exception
was some steelhead trout subbasins in the summer, which impacted two life stages in particular.
First, in some subbasins, late-incubating steelhead trout embryos (incubating into or past May)
may have been exposed to intolerable temperatures, especially during warmer than average years
(“Incubation” boxes in Figure 3A, Figure S4, Figure S5A-B). Similarly, some subbasins were on
average thermally tolerable for juveniles, but were high-risk due to increased pikeminnow
presence (i.e. > 18°C; dashed line in Figure 3A). The Upper Mainstem had cooler temperatures
than most other subbasins throughout all months, and across cool, average, and warm years (see
thick red lines in Figure 3A, Figure S4). From August-September in each subbasin, temperatures
were generally similar between cool, average, and warm years. The biggest temperature
differences between year types occurred in the late winter and throughout spring (Figure S4,
Figure S5).

The amount (river km) and proportion of each channel type varied across subbasins
(Figure 3B) and by life stage. In particular, spawning and incubation are limited by channel type
(Table 2), but most of the Basin was geomorphically classified as ideal (i.e. pool-riffle) or
productive/fairly productive (i.e. step-pool, plane-bed, low gradient channel) (Figure 3B). The
Upper Mainstem had a similar high percentage of fair or better spawning and incubation habitat
(~80-90%, varying by run) relative to the rest of the Basin (~80-93%), indicating that for these
life stages, temperature may be more limiting than channel type. In total, the Upper Mainstem

offers 129 and 467 km (for Chinook salmon and steelhead trout, respectively) of spawning and
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incubation habitat geomorphically classified as fairly productive or better, comparable to the Van

Duzen (190 and 372 km, respectively).

Habitat suitability

Summary

In summary, reaches were generally thermally and geomorphically suitable for most of
the year, but suitability became restricted throughout the Eel River Basin during summer, and
more so in the warm year than in the average year. Rearing juveniles were the most impacted by
high temperatures due to thermally mediated exposure to pikeminnow. Other life stages —
particularly steelhead trout incubating into the late spring — may have experienced poorer
conditions during off-peak season and during a warm year, but conditions during peak season
were generally productive. Similarly, high temperatures along the migration route may have
prevented juveniles outmigrating in the summer, but most outmigration likely occurred in the
spring. In general, the Upper Mainstem had a similar or higher proportion of suitable habitat
during all life stages relative to other subbasins. In terms of total habitat, the Upper Mainstem
had a comparable amount of consistently suitable habitat as the Van Duzen. Below, we discuss
results in detail for each life stage. Unless specifically noted below, habitat suitability results

account for both thermal and geomorphic habitat constraints.

Adult migration
Summer-run steelhead trout usually migrate to the spawning grounds in the spring,
whereas fall-run Chinook salmon and winter-run steelhead trout migrate in the late-fall and

winter (Table 3). In general for all runs, we found most subbasins during the migration season
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had tolerable temperatures (Figure 3A, Figure S4). However, some migrant summer-run
steelhead trout may arrive in late spring or summer, and some winter-run steelhead trout and fall-
run Chinook salmon may arrive in early fall (Table 3). These early or late migrators could
experience intolerably warm temperatures along some reaches (Figure S5). Although thermal
conditions for off-peak migrants were usually tolerable in the Upper Mainstem even during the
warm year, migrants may have to traverse downstream sections that were intolerable. We did not

evaluate channel type because we assume adult migrants can traverse all channel types.

Adult holding

Summer-run steelhead trout, unlike winter-run steelhead trout and fall-run Chinook
salmon, migrate early to the spawning grounds and hold for months prior to spawning in the
winter and spring (Table 3). High temperatures in the summer potentially limit their holding
distributions, so thermal suitability throughout the Basin was evaluated for June, July, August,
and September. We did not evaluate channel type because our geomorphic channel type analysis
cannot predict pools formed by exogenous factors like woody debris or rock outcrops (see
Discussion). Thermally optimal holding habitat was present in June in most subbasins even
during the warm year but became greatly restricted during July and August in all year types
(Table S1). Still, most reaches in all historic subbasins were tolerable or better across all summer
months and year types, with the exception of the Upper Middle Mainstem (Figure 4, Table S1).
During the warm year, the Upper Mainstem — alongside Larabee, South Fork, and the Van Duzen
— had suitable cold-water habitat for adults holding, but adults would need to pass through other
subbasins before those downstream reaches became unsuitable in June or July (Table S1); most

summer-run steelhead trout adults migrate to upriver holding areas in April and May, although
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some fish migrate in the summer (Table 3). By September across all year types, all reaches were
thermally optimal or tolerable, although stream temperatures were slightly warmer than those in
June (Table S1). Relative to the rest of the subbasins, the Upper Mainstem had a higher
percentage of optimal conditions in August for all year types, second only to the Van Duzen and
similar to the South Fork (Figure 4, Table S1). In absolute terms, this translates 216 km of
optimal habitat in the Upper Mainstem, comparable to that of the Van Duzen (240 km). No

reaches in the Upper Mainstem were classified as thermally intolerable during the summer for

any year type.

Embryo incubation

Channel type and thermal suitability varied in peak and extended seasons, by species, and
by year type. During peak incubation season for all runs across all year types, the Upper
Mainstem had 79-90% suitable habitat (i.e., habitat that was thermally tolerable or better and
fairly productive or better), comparable to the Van Duzen subbasin (Table S2). Throughout the
entire incubation season in cool and average years, the blocked Upper Mainstem had the most
(for winter-run steelhead trout) or third most (for summer-run steelhead trout) suitable incubation
habitat for steelhead trout runs (Figure 5, Table S2). Steelhead trout had little suitable habitat for
the full incubation season during the warm year throughout the Eel River Basin (orange color in
top and middle panels in Figure 5, Table S2). Chinook salmon had suitable incubation habitat
throughout the Basin. Notably, Chinook salmon suitability was very similar in peak and
extended seasons across year types (bottom panels in Figure 5, Table S2). In contrast, very late
steelhead trout spawners and incubating embryos (incubating in or past May) could be exposed

to intolerably warm temperatures throughout most of the Basin.
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Juvenile rearing and outmigration

Temperature — either due to physiological constraints or predator/competitor exposure —
poses the primary restriction on habitat use for juveniles (Table 2, Table 3). Most reaches were
suboptimal or tolerable, but several large subbasins (e.g. Middle Fork, Lower Middle Mainstem,
Upper Middle Mainstem, North Fork) all had non-negligible amounts of thermally intolerable
habitat in July (Figure 6, Figure S6, Table S3). In contrast, no reaches were intolerable to
juveniles in the Upper Mainstem. Still, many reaches were warm enough to expose juveniles to
an increased risk of pikeminnow interactions, especially from June-September during all year
types. The highest proportions of suboptimal and intolerable conditions occurred in July. Fall-run
Chinook salmon in this Basin tend to outmigrate by May (Table 3), avoiding suboptimal or
intolerable conditions, whereas steelhead trout rearing occurs throughout the year. The Upper
Mainstem hosted a higher amount of optimal rearing habitat for steelhead trout than all other
subbasins except the South Fork.

Outmigrating juveniles can use the full range of channel types but need a migration route
between their rearing subbasin and the ocean that is continuously thermally suitable while
transiting through it. Generally, we found that all steelhead trout smolt outmigration routes were
thermally optimal or tolerable from October through May (Figure 7A, Figure S7A). Intolerable
stream temperatures somewhere along most routes prevented steelhead trout smolts from
outmigrating in the summer. During the cool year, some relatively short migration routes were
tolerable in June compared to intolerable in average years. In the warm year, many relatively
long migration routes shifted from optimal (average year) to tolerable in May, and all routes

shifted from optimal to tolerable in October. In contrast to steelhead trout smolts, Chinook
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salmon outmigrants have less stringent thermal limits (Table 4), and juveniles are typically out of
rearing areas before mid-summer (VTN 1982, Beak Consultants Inc. 1986). Still, in the summer,
long migration routes were sometimes intolerable, depending on the month and year type (Figure

7B).

Parr and spawner capacity

Parr capacity varied across the year due to changes in usable reach area and temperature.
Within the steelhead trout rearing season (full year; Table 3), August was the month most
limiting to capacity (Figure 8A). A few Chinook salmon may rear into July (Table 3), but most
outmigration occurs by late spring (VTN 1982, Beak Consultants Inc. 1986), indicating that May
was likely the month with the most limiting capacity for Chinook salmon parr (Figure 8A).
When excluding habitat with pikeminnow exposure, 11.5% of the steelhead trout parr capacity in
the Eel River Basin was found in the Upper Mainstem, similar to the Van Duzen; when
pikeminnow exposure was ignored, 5.8% of capacity was found in the Upper Mainstem, similar
to the North Fork. For Chinook salmon, the Upper Mainstem could hold ~1.4% of the total parr
capacity; this value did not change with pikeminnow exposure because temperature throughout
the Basin was too cool for pikeminnow in May.

Using three parr-smolt-adult survival models per species, we converted parr capacity in
the most limiting month to adult returns (Figure 8B). In the Upper Mainstem, estimates of adult
capacity ranged from 256-5,370 for steelhead trout and 1,242-3,314 for Chinook salmon, with
the large ranges in results stemming from 1) the application of three different survival models

and 2) whether parr estimates were adjusted for pikeminnow exposure.

© The Author(s) or their Institution(s)

Page 24 of 67



Page 25 of 67

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 47.208.159.38 on 12/09/21

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

25

DISCUSSION AND CONCLUSIONS

We compared the habitat suitability and capacity of the Upper Mainstem subbasin that is
currently blocked by Scott Dam to all other Eel River subbasins in order to characterize its
relative importance to the Basin’s Chinook salmon and steelhead trout populations during cool,
average, and warm years. For the Eel River Basin as a whole, our analyses found that most
reaches within the limits of anadromy were suitable for the salmonid life stage present in each
month, but some reaches became suboptimal due to thermally-mediated pikeminnow interactions
or even thermally intolerable in the summer months. The amount of suitable habitat was
generally higher during the cool year and lower during the warm year relative to the average
year, but subbasins showed heterogeneity in how suitability changed by year type. In general, the
Van Duzen subbasin had the highest proportion of cool-water refugia and suitable channel type
for multiple runs and life stages; the currently inaccessible Upper Mainstem had the second
highest proportion of cool-water refugia and suitable channel type of the Eel’s subbasins. We
found that the Upper Mainstem harbors a significant amount of suitable habitat and could likely
sustain anadromous populations of winter-run steelhead trout, summer-run steelhead trout, and
fall-run Chinook salmon, even during a warm year. Although we examined suitability and fish
capacity in the Eel River Basin, California, our approach can be applied in any setting where
spatially explicit environmental metrics can be estimated and habitat criteria for populations and
life stages can be specified.

Based on our thermal and geomorphic habitat assessments, the blocked Upper Mainstem
generally contains a higher proportion of suitable habitat for all freshwater salmonid life stages
than much of the rest of the Eel River Basin. Still, suitable habitat was restricted during summers

and/or warm years. During incubation, some reaches became thermally intolerable, particularly
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for late-spawned steelhead trout embryos. Similarly, summer-run steelhead trout migrating in the
off-peak summer months would likely be exposed to thermally intolerable reaches. However, if
migration timing and spawn timing follow a somewhat normal (Gaussian) distribution (e.g.
FitzGerald et al. 2019), it is likely that relatively little migration or incubation for any run
actually occurs during these marginal months surrounding the peak. This means that, on the
whole, most migration and incubation was still thermally tolerable, even during the warm year. If
water temperatures continue to rise in response to global warming, thermally suitable migration
and incubation windows of time may become constricted, effectively constraining the non-peak
life history strategies. Fringe, rare, and alternative life history strategies can have
disproportionate impacts on salmonid abundance and survival during periods of environmental
stress (Cordoleani et al. 2021), and within-population diversity is important for salmonid
resilience (Greene et al. 2010, Sturrock et al. 2020). In the Eel River Basin, providing more cool-
water refugia in the summer could increase survival for these non-peak life history strategies,
helping to increase the resilience of the populations.

Juvenile rearing was also restricted during summer throughout the Eel River Basin due to
the increased exposure to pikeminnow at temperatures above 18°C. For example, the majority of
the Middle Fork, the second largest subbasin, became thermally suboptimal or intolerable in the
summer. In contrast, the majority of the Upper Mainstem was thermally optimal during summer
months of all year types. This blocked subbasin had a similar amount of thermally optimal
habitat (km) as the Van Duzen and Lower Mainstem during July of the warm year, the most
limiting case. For steelhead trout, this large amount of optimal rearing habitat was second only to
the South Fork subbasin, but the South Fork included reaches with intolerable habitat whereas

the Upper Mainstem did not. Therefore, in the summer during warm years, the Upper Mainstem
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may provide a large amount of cool-water refugia from pikeminnow interactions relative to
much of the rest of the Eel River Basin.

We calculated habitat suitability in terms of number of river km, similar to the Intrinsic
Potential (IP) model (Burnett et al. 2003). Other models have also estimated the number of
suitable river km above Scott Dam, with estimates ranging from 94-463 km for steelhead trout
and 94-160 km for Chinook salmon (see Cooper et al. [2020] for previous estimates). We
estimated that this subbasin (not including potential habitat submerged by Lake Pillsbury) has
169-467 km for steelhead trout and 51-129 km for Chinook salmon even during a warm year,
with results varying by life stage. Our estimate of 461 km of thermally suitable steelhead trout
spawning and incubation habitat in the Upper Mainstem is similar to the 437 km estimated by
Cooper et al. (2020) (neither estimate included reaches inundated by Lake Pillsbury). Although
our estimates overlap with others, our assessments are more detailed in that they evaluated the
dynamics of suitability across three different year types, included monthly-varying stream
temperatures and temperature criteria specific to each life stage, and incorporated fish-varying
productivity levels in multiple channel types. Additionally, we accounted for an important
predator and competitor of salmonids, the pikeminnow, which strongly restricted the amount of
suitable habitat for juvenile rearing.

Because our thermal and geomorphic habitat assessments suggest that juvenile rearing is
likely the most limiting life stage, particularly for steelhead trout, we assessed adult capacity in
each subbasin based on the most limiting month for parr capacity (August for steelhead trout and
May for Chinook salmon). Within each species, our adult capacity estimates varied substantially
— often beyond an order of magnitude — dependent on ocean survival rate scenario and whether

we accounted for pikeminnow exposure. Similarly, previous estimates of potential adult capacity
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above Scott Dam, including those from the Intrinsic Potential (IP) model (NMFS 2016), a similar
UCM model (Cooper et al. 2020), and surrogate data from accessible subbasins (Cooper et al.
2020), have ranged from 1,499-26,381 for steelhead trout and 1,057-10,117 for Chinook salmon
(see Cooper et al. [2020] for previous estimates). For steelhead trout, our estimates overlap with
previous estimates when we included moderate and high ocean survival rate scenarios. Our
Chinook salmon adult capacity estimates also overlapped with previous estimates. For Chinook
salmon, accounting for pikeminnow exposure did not substantially reduce capacity estimates
because May temperatures are relatively cool. In contrast, accounting for steelhead trout
exposure to pikeminnow negatively impacted capacity estimates from August. Note, however,
that our capacity estimates accounting for pikeminnow interactions treated suboptimal reaches as
having no salmonid production, such that true capacity may be higher if pikeminnow reduces
rather than eliminates salmonid production. To improve our capacity estimates and reduce their
uncertainty for both species, we need: a better understanding of pikeminnow impacts on
salmonid capacity at different temperatures, ground-truthing throughout the Basin to determine if
local conditions measured in the Upper Mainstem are representative of the other subbasins;
better estimates or models of wetted width throughout the Basin as flow varies across space and
time; more flow and wetted-width measurements in smaller streams; local estimates of parr
capacity by habitat unit type; and basin-specific parr-to-adult survival models (Cooper et al.
2020).

All production capacity models, including the UCM model applied here and the IP
model, have difficulty in capturing how production and capacity change in dynamic systems.
The Eel River Basin is particularly dynamic, containing a variety of channel types with stream

temperatures ranging from near freezing to over 25°C throughout the year. Reaches that are
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suitable in average water years may become inaccessible or unsuitable during atypical years due
to high temperatures or changes in flow. Spatial heterogeneity of habitat can help mitigate
extreme flow and temperature changes because aquatic organisms can use alternate habitat types
or thermally tolerable reaches as refuges, increasing the resiliency of the population (Hilborn et
al. 2003, Brennan et al. 2019). Further, spatial heterogeneity avoids concentrating vulnerable life
stages, particularly juveniles, in areas where mortality risk is higher, for example, due to
predation (Nakamoto and Harvey 2003). Heterogeneity also allows organisms to better exploit
multiple habitat types during cool years when temperature-dependent mortality is lower (Hilborn
et al. 2003, Brennan et al. 2019). For example, early- or late-spawned embryos that would be
exposed to intolerable conditions during an average or warm year may instead experience
tolerable temperatures during cool years and above-average survival rates, increasing the number
of juveniles rearing in those years. To avoid areas of high density and increased competition,
juveniles during cool years may exploit non-ideal (but still productive) habitat types. Relative to
much of the rest of the Eel River Basin, the blocked Upper Mainstem has a greater proportion of
thermally suitable habitat that could be readily exploited, even in summer during a warm year,
by both steelhead trout and Chinook salmon. This indicates that the Upper Mainstem could be an
important and productive subbasin for the Eel River Basin during abnormally warm years, which
are expected to increase in frequency with anthropogenic climate change (e.g. Ault 2020,
Williams et al. 2020).

We did not directly estimate the resilience of cool-water refugia in the Eel River Basin to
climate change. However, 2015 was an exceptionally warm and dry year that may represent
stressful conditions that will occur more frequently in the future in the western U.S. (e.g. Ault

2020, Williams et al. 2020). It is interesting to note that summer/early-fall (i.e. ~July-September)
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stream temperatures were similar across the cool, average, and warm year cases, indicating that
some strong negative feedbacks (e.g. feedbacks stemming from evaporative cooling; Mohensi
and Stefan 1999, Boughton et al. 2012) may be limiting peak summer stream temperature.
Increased levels of thermal stress for salmonids may instead occur in spring with climate change.
In this study, we focused on life stages present in the summer because summer and early fall
stream temperatures sometimes were not optimal for these life stages. But if spring stream
temperatures warm at a faster rate than summer stream temperatures, life stages present in spring
may be more negatively impacted. Still, temperatures were usually well below the thermal
thresholds for life stages present in spring, even during the 2015 warm year. However, our work
sometimes focused on the upper thermal tolerance limit for each life stage whereas optimal
temperatures were often much lower. Additionally, our work used thermal thresholds that were
generalized for steelhead trout or Chinook salmon, but populations in the Eel River Basin may
have slightly different tolerances.

A lack of knowledge of thermal criteria or other important factors precluded suitability
assessments for some life stages in this study. We did not evaluate thermal or geomorphic
suitability for post-spawned, outmigrating steelhead trout adults (kelts), emergent embryos of
either species, or fall-run adult Chinook salmon staging (i.e., holding for short periods of time
downstream of spawning grounds while waiting for suitable conditions), all of which could be
negatively impacted by climate change. For outmigrating kelts and emergent embryos, upper
thermal limits are not well-known. Fall-run Chinook salmon must hold in the estuary in late
summer/fall or below spawning grounds if flows are not high enough (Moyle et al. 2017). We
did not directly include how changes in flow may affect access to spawning grounds because

more flow measurements throughout the Eel River Basin and better models describing how flow
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varies across space and time are needed. These life stages require further study to determine how
flow and temperature variations may affect them in the Eel River Basin.

Two life stages that were included in this analysis may also require further study due to
additional factors that could impact habitat suitability during those stages. The first is juvenile
outmigration. Our modeling results show when outmigration is either precluded or possible
based on stream temperature, but outmigration timing is also influenced by flow conditions,
food, rate of stream temperature increase, photoperiod, predation risk, and fish size, each of
which could increase mortality if outmigration occurred earlier in the spring or later in the
summer (Ewing et al. 1979, VTN 1982, Beakes et al. 2010, Larsen et al. 2010, Sharron 2015,
Sturrock et al. 2020). Flow conditions are especially important for outmigrating juveniles, such
that water is released from the dammed reservoirs in the spring to try to mimic the historical
natural hydrograph and stimulate juvenile salmonid outmigration (NMFS 2002, O’Dowd and
Trush 2016). Additionally, outmigration strategy (i.e., smolting instream vs. estuary) and age of
smoltification vary among and within populations and years such that outmigration can include
fry, parr, and yearling smolts in varying proportions each year. Each of these life-history variants
likely has different thermal and other selection pressures (e.g. VTN 1982, Beak Consultants Inc.
1986, Sturrock et al. 2020), but differences in thermal thresholds are not well-understood. For
example, it is possible that predation is size-dependent (e.g. Lorenzen 1996) such that
pikeminnow may impact fry or parr more than larger smolts, but this has not been demonstrated,
so we did not include a pikeminnow thermal threshold for our outmigration analyses. Future
work examining the suitability along juvenile outmigration routes could include other factors
such as flow conditions and outmigration timing by fish size.

The second life stage in our study that may require further analysis is adult holding for
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summer-run steelhead. During the summer, summer-run steelhead trout adults usually hold in
slow-moving, cool-water pools, which help them to conserve energy prior to spawning. Our
results showed that most reaches were thermally tolerable for adults, and the Upper Mainstem
was comparable to the Van Duzen in terms of its amount of optimal holding habitat.
Additionally, our prediction of extensive tolerable but little optimal holding habitat in the Middle
Fork agrees with a study of empirical temperature recordings of known summer-run steelhead
trout holding pools, which found that most pool surface and bottom temperatures were tolerable
(16-23°C) and very few were optimal (A. Clemento pers. comm.). Still, our stream temperature
modeling assumes water mixing and cannot predict thermal stratification (Isaak et al. 2017).
Steelhead trout may be present in stratified layers of pools that are up to 9°C cooler than the
surface (Nielsen et al. 1994), indicating that there may be more cool-water refugia than our
model shows.

An additional consideration is that our adult steelhead trout holding analysis did not
include suitability by channel type. Of our geomorphic classifications, self-formed pools are
more likely to be found in step-pool or pool-riffle habitats (Montgomery and Buffington 1997,
Buffington et al. 2002). Approximately 63.9% of the currently blocked Upper Mainstem consists
of these habitats, and therefore ~373 km are likely to contain pools, similar to 60.9% in the other
subbasins. However, adult salmonids may also hold in forced pools, which are formed by
exogenous factors such as coarse woody debris or streamside rock outcrops. We cannot currently
predict forced pools using geomorphic classification alone, although these types of pools may be
identifiable using high resolution aerial imagery or local-scale habitat studies. Our estimates of
the amount of suitable habitat for holding adults was therefore based on temperature only. It’s

important to note that salmonids are more likely to be found in cooler, larger, and deeper pools
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(Nakamoto 1994, Nielsen et al. 1994, Baigun 2003), but we are currently unable to accurately
model the likely presence of thermally stratified pools, pool size, or pool depths from
geomorphic classifications or stream temperature modeling.

Similarly, our stream temperature model and geomorphic channel type classifications
have some limitations regarding spatial scale. Stream temperature was predicted at every river
kilometer due to the resolution of the input environmental layers in the model and the regional
scale analyzed. However, this spatial scale fails to resolve smaller (< 1 km) cool-water refugia or
pools (Fullerton et al. 2018), indicating that more thermally suitable pools may be present than
we predict. Previous Eel River Basin studies have modeled stream temperature at finer spatial
scales than our study (Asarian and Walker 2016, Asarian et al. 2016, David et al. 2018, Cooper
et al. 2020), although these other studies did not predict stream temperature throughout the entire
Basin. Regardless, fitting the stream temperature model at finer resolutions may not predict pools
that are very deep, thermally stratified, influenced by hyporheic flow, or forced by exogenous
factors such as woody debris (Isaak et al. 2017). However, airborne thermal infrared imagery
could be used to map surface temperatures at much higher resolution from small planes or
unmanned autonomous vehicles (drones) (Fullerton et al. 2018). We predicted geomorphic
channel type from gradient and catchment area, estimated from a 10 m DEM. Although a 10 m
DEM has accurately predicted channel gradient in some systems (#? = 0.88; Davies et al. 2007), a
10 m DEM may miss finer-scale changes in channel type (Flores et al. 2006). Gradient,
catchment area size, and channel type classification accuracy for Eel River subbasins were not
assessed here due to lack of training data.

Although there is some inherent uncertainty due to the spatial and temporal scale of our

analyses and the large ranges in the number of suitable river km and capacity estimated by our
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study and others, we conclude that the Upper Mainstem is comparable to the Van Duzen
subbasin based on the amount of thermally and geomorphically suitable habitat for multiple
freshwater life stages. But a potentially more important question is: if access was provided to the
Upper Mainstem, would these populations rebound? In a similar system, two impassable dams
blocking Washington’s Elwha River were removed after having been in place for over 100 years.
Since their removal, multiple anadromous salmonid populations have recolonized the previously
blocked but now accessible upstream Elwha River habitats (Bellmore et al. 2019, McMillan et al.
2019, Fraik et al. 2021). In the Eel River Basin, a recent genetic study showed that steelhead
trout with summer-run and winter-run alleles still reside upstream of Scott Dam after 100 years
of isolation from other anadromous populations due to lack of upstream passage (Kannry et al.
2020). If access were provided to the Upper Mainstem, these fish have the potential to “restart”
the anadromous populations, potentially without additional reintroductions, recolonizations, or
translocations from other subbasins (Kannry et al. 2020). Note, however, that to reach the Upper
Mainstem, anadromous fish still have to pass Cape Horn Dam via a fish ladder that is only
partially compliant with fish passage regulations (Stillwater Sciences et al. 2021); population
recovery in the Upper Mainstem may therefore also depend on downstream improvements. Still,
based on our evaluation of the quality and quantity of suitable habitat and potential capacity,
enabling access to the blocked Upper Mainstem subbasin could likely support populations of
winter-run steelhead trout, summer-run steelhead trout, and fall-run Chinook salmon, even

during warm months and during exceptionally warm and dry years like 2015.
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Physical and biological constraints on the capacity for life-history expression of
anadromous salmonids: an Eel River, California, case study

Alyssa M. FitzGerald, David A. Boughton, Joshua Fuller, Sara N. John, Benjamin T. Martin, Lee

TABLES

TABLE 1

Table 1. Mean monthly temperatures (°C) during an average water year (2002-2011), and the
temperature difference (°C) from the average for each month during a cool year (2011) and
warm year (2015) in the Eel River Basin. Annual mean temperature and standard deviation (SD)

R. Harrison, Nathan J. Mantua

TABLES AND FIGURES

for each year type are shown in the bottom row.

Mean Temp. deficit (°C) from

temp. average year

(C)

Month Average Cool Warm
Jan 6.00 -0.06 0.35
Feb 6.29 -0.82 1.69
Mar 7.33 -0.56 1.42
Apr 9.07 -0.87 1.15
May 11.71 -1.33 1.33
Jun 13.97 -1.39 2.26
Jul 16.92 -1.36 0.27
Aug 16.44 -0.19 0.23
Sep 14.39 0.31 -0.11
Oct 11.11 0.07 1.29
Nov 7.95 -0.53 -0.63
Dec 6.87 -0.66 0.03
Annual mean temp. 10.67 + 10.05 11.44 +
+SD (°C) 4.36 4.33 4.40
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TABLE 2

Table 2. Productivity level assumed for different habitat types for several life stages of steelhead
trout and Chinook salmon.

Species Geomorphic habitat types
Life Stage Pool-riffle Step-pool Plane-bed Low gradient channel Cascade
Steelhead trout

Spawning/Incubation/
Emergence®° Ideal Productive Productive Fairly prod. Poor

Rearing? Productive Productive Productive Productive Productive

Chinook salmon

Spawning/Incubation/
Emergence®¢ Ideal Fairly prod. Fairly prod. Fairly prod. Poor

Rearing? Productive Productive Productive Productive Fairly prod.
apfeiffer and Finnegan 2016; “Montgomery et al. 1999; cBuffington et al. 2004; “Moyle et al. 2017

] Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 47.208.159.38 on 12/09/21 ) o )
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

© The Author(s) or their Institution(s)



Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 47.208.159.38 on 12/09/21

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 52 of 67

TABLE 3

Table 3. Phenology for each life stage for winter-run steelhead trout, summer-run steelhead
trout, and fall-run Chinook salmon. Phenology is defined from Eel River Basin steelhead trout
populations and from California Coastal fall-run Chinook salmon populations. For phenology, an
‘x’ indicates presence, and an ‘xx’ indicates peak (if known). Blanks may represent no presence
or a lack of data.

Month

Life Stage J F M A M J J A S 0] N D

Eel River winter-run steelhead trout
Adult Migrationafg.h XX XX XX XX X X X X X
Holding®f X X X X X
Spawninga9 XX XX XX XX X
Adult Outmigration’ X X X X X
Incubation®-c XX XX XX XX X X X
Emergence®° X X
Rearing® X X X X X X
Juvenile Outmigration” X X X X X X

Eel River summer-run steelhead

trout
Adult Migrationa-9 X XX XX X X X X X
Holding®f X XX XX XX XX XX X X
Spawning#? XX X X X X
Adult Outmigration® X X X X X
Incubation® XX XX X X X X X X
Emergence®° X X X X X X X X X
Rearing® X X X X X X X X X X
Juvenile Outmigration™ X X X X X X

California Coastal fall-run Chinook

salmon
Adult Migration®.d.eh X X X XX XX
Holding®.de
Spawning?f X X X X XX
Adult Outmigration NA NA NA NA NA NA NA NA NA NA NA NA
Incubation®.de X X X X X X X
Emergence®de X X X X X
Rearing®de X X X X X X
Juvenile Outmigration’ X X X X X

aBusby et al. 1996; ®Moyle et al. 2017; ‘McEwan & Jackson 1996; “Myers et al. 1998; eNMFS 2016; JF pers.
obs.; SCDFG 1975; "Kajtaniak and Easterbrook 2019; VTN 1982

*We did not differentiate between the two steelhead trout runs during juvenile outmigration due to
identification difficulty.
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TABLE 4

Table 4. Temperature thresholds of each life stage for steelhead trout and Chinook salmon,
based on literature reviews. 'Optimal’ is the temperature at which performance (e.g. growth rate)
is maximized. 'Tolerable' implies that temperature-dependent survival will likely occur but
performance is reduced relative to the optimal. 'Intolerable’ represents the incipient upper lethal
temperature, above which significant mortality occurs with prolonged exposure. When sources
disagreed, we applied the lowest temperature reported. Blanks represent a lack of data.

Thermal thresholds (°C)
Tolera
Life Stage ble Optimal Tolerable Intolerable
Steelhead trout
Adult Migrationa.¢ <10 10-15 15-19 >19
Holding#ef <10 10-16 16-23 >23
Spawning®¢ <6 6-11 11-15 >15
Adult Outmigration
Incubationa.d <6 6-11 11-15 >15
Emergence®d <8.9 8.9-11.1 11.1-15 >15
Rearing#t.¢ <10 10-171 17-23t >23
Parr Outmigration? <17 17-26.5 >26.5
Smolt Outmigration?9:# 6-16 16-20 >20
Chinook salmon
Adult Migration@ <10 10-20 20-21 >21
Holding? <10 10-16 16-21 >21
Spawning? <13 13-16 16-19 >19
Adult Outmigration NA NA NA NA
Incubation? <9 9-13 13-17 >17
Emergence?
Rearing? <13 13-20t 20-24t >24
Juvenile Outmigrations:n” <15 15-20 20-24 >24
Smoltification® <10 10-19 19-24 >24

aMoyle et al. 2017; ®Coates, Hobson et al. 2002; ‘McEwan & Jackson 1996; 9JF (pers.
obs.); ®°CDFW 2015 in Moyle et al. 2017; Nielson et al. 1994; 9Beak Consultants
Incorporated 1986; "VTN 1982

*Chinook salmon juvenile outmigrants may include both pre-smolts and smolts (JF
pers. obs.)

TThe thermal thresholds for rearing juvenile salmonids are additionally affected by the
presence of pikeminnow; see text
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FIGURES

FIGURE 1

Steelhead - Winter-run Steelhead - Summer-run Chinook - Fall-run
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Figure 1. Steelhead trout and Chinook salmon populations in the Eel River Basin, California.
Populations were defined as historically independent (likely to persist over 100-year time scales)
or dependent (likely to be extirpated within 100 years without influx from other populations)
(Bjorkstedt et al. 2005, Spence et al. 2008). The Upper Mainstem Eel subbasin (population 1,
dark blue in figure) is currently inaccessible to anadromous salmonids due to Scott Dam. Maps
are in geographic coordinate system North American 1983.
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Figure 2. Stream temperatures (A) and geomorphic channel types (B) in the Eel River
Basin. The Upper Mainstem Eel subbasin, outlined in black, is currently inaccessible to
anadromous salmonids. A) Predicted mean monthly stream temperatures from FitzGerald et
al. (2021) are shown here for October (average of 2002-2011). Temperatures for every
month can be found in Fig. S1. B) Geomorphic channel types in the Eel River Basin were
predicted from channel gradient and upstream watershed area, using the classification
algorithm of Flores et al. (2006). Maps are in geographic coordinate system

North_ American 1983.
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Figure 3. Thermal profiles (A) and total length (km) of each habitat type (B) for potentially
accessible reaches in winter-run steelhead trout (top panels), summer-run steelhead trout (middle
panels), and fall-run Chinook salmon (bottom panels) subbasins in the Eel River Basin. A) Each
line shows the average temperature of that subbasin throughout an average year (all year types in
Fig. S4); the currently blocked Upper Mainstem is bolded in red. The box for each life stage shows
when that life stage is found in freshwater in the Eel River Basin (x axis) and the upper thermal
tolerance for that life stage (y axis). To be suitable, the average temperature must be within the
box for a specific life stage. The black dotted line shows the lower thermal tolerance (18°C) for
pikeminnow, a major predator and competitor of juvenile salmonids. B) Total channel lengths
(km) predicted for each geomorphic channel type in each subbasin. The currently blocked Upper
Mainstem is outlined in red.
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Figure 4. Thermal suitability for holding summer-run steelhead trout in the month of August
during cool, average, and warm years within the Eel River Basin. A) The percentage of optimal,
tolerable, or intolerable thermal habitat, based on the total amount of accessible habitat, for each
summer-run steelhead trout subbasin. Reaches with B) optimal and C) tolerable thermal
suitability. Reaches suitable during the warm year were also suitable during the average year,
and reaches suitable during the average year were also suitable during the cool year. See Fig. 1
for labeled subbasin names. Maps are in geographic coordinate system North American 1983.
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Figure 5.

Thermal refuges during the entire extended incubation season that are suitable for
winter-run steelhead trout (top), summer-run steelhead trout (middle), or fall-run Chinook
salmon (bottom) within the Eel River Basin. Suitability is broken up by year type (colors in
legend) and habitat type (left/right panels). In general, reaches suitable during the warm year
were also suitable during the average year, and reaches suitable during the average year were
also suitable during the cool year. Habitat type designations, months of extended season
incubation, and thermal tolerability for incubation for each run can be found in Tables 2-4. Maps

are in geographic coordinate system North American 1983.
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Figure 6. Thermal quality of juvenile rearing habitat for winter-run steelhead trout, summer-run
steelhead trout, and fall-run Chinook salmon subbasins in the Eel River Basin during the summer
of cool, average, and warm years. The size of each box represents the total number of potentially
accessible river kilometers in that subbasin for each run, shown in the right column. The Upper
Mainstem, currently dammed, is highlighted in red. For clarity, only winter-run steelhead trout
subbasins with more than 50 river kilometers are shown. All subbasins and all months are shown
in Fig. Sé6.
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Figure 7. Thermal suitability of downstream outmigration of A) steelhead trout smolts and B)
Chinook salmon juveniles. The least suitable section along the route from each subbasin
downstream to the ocean defined suitability during each month. The middle panel, bolded, shows
an average year. In the cool (left) and warm (right) year types, suitability that differed from an
average year is highlighted with dark shading; suitability with the same classification as an
average year has light shading. The usual outmigration timing for each run is outlined in black.
Subbasins are ordered by approximate distance to the ocean (i.e. Upper Mainstem has longest
migration route). The Upper Mainstem, currently dammed, is underlined in red.
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Figure 8. Estimates of steelhead trout and Chinook salmon capacity in the Eel River Basin.
‘Adjusted’ analyses excluded stream segments conducive to pikeminnow interactions (> 18°C);
‘raw’ analyses included them. A) Parr capacity (n) by month. Steelhead trout juveniles can rear
in freshwater throughout the year, so August is their most limiting rearing month. Most Chinook
salmon outmigration occurs by late spring, indicating that May is their most rearing month. B)
Adult spawner capacity (n), calculated from the most limiting month for parr rearing. The colored
bars show estimates based on 13% (steelhead trout) or 3% (Chinook salmon) ocean survival rate.
The error bars show capacity estimates calculated from high or low ocean survival models. The
Upper Mainstem, currently dammed, is underlined in red. For steelhead trout, small subbasins
were grouped as ‘Other’.
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Figure 1. Steelhead trout and Chinook salmon populations in the Eel River Basin, California. Populations
were defined as historically independent (likely to persist over 100-year time scales) or dependent (likely to
be extirpated within 100 years without influx from other populations) (Bjorkstedt et al. 2005, Spence et al.

2008). The Upper Mainstem Eel subbasin (population 1, dark blue in figure) is currently inaccessible to
anadromous salmonids due to Scott Dam. Maps are in geographic coordinate system North_American_1983.
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Figure 2. Stream temperatures (A) and geomorphic channel types (B) in the Eel River Basin. The Upper
Mainstem Eel subbasin, outlined in black, is currently inaccessible to anadromous salmonids. A) Predicted
mean monthly stream temperatures from FitzGerald et al. (2021) are shown here for October (average of

2002-2011). Temperatures for every month can be found in Fig. S1. B) Geomorphic channel types in the Eel

River Basin were predicted from channel gradient and upstream watershed area, using the classification

algorithm of Flores et al. (2006). Maps are in geographic coordinate system North_American_1983.
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Thermal profiles (A) and total length (km) of each habitat type (B) for potentially accessible reaches in
winter-run steelhead trout (top panels), summer-run steelhead trout (middle panels), and fall-run Chinook
salmon (bottom panels) subbasins in the Eel River Basin. A) Each line shows the average temperature of
that subbasin throughout an average year (all year types in Fig. S4); the currently blocked Upper Mainstem
is bolded in red. The box for each life stage shows when that life stage is found in freshwater in the Eel River
Basin (x axis) and the upper thermal tolerance for that life stage (y axis). To be suitable, the average
temperature must be within the box for a specific life stage. The black dotted line shows the lower thermal
tolerance (18°C) for pikeminnow, a major predator and competitor of juvenile salmonids. B) Total channel
lengths (km) predicted for each geomorphic channel type in each subbasin. The currently blocked Upper
Mainstem is outlined in red.
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