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The planned removal of four dams on the Klamath River (anticipated 2024) will be the largest
river restoration effort ever undertaken on the planet. Dam removal will restore access to >50 km
of the Klamath River mainstem for coho salmon, but mainstem habitat may not be suitable for
rearing juvenile coho salmon. Instead, small tributaries may provide most rearing habitat for
reestablishing coho salmon. We used four approaches to evaluate six Klamath River tributaries
above existing dams to assess their potential to support juvenile coho salmon: 1) We measured
summer temperature regimes and evaluated thermal suitability. 2) We applied an Intrinsic
Potential (IP) model to evaluate large-scale geomorphological constramnts on coho salmon
habitat. 3) We used the Habitat Limiting Factors Model (HLFM) to estimate rearing capacity for
juveniles given current habitat conditions. 4) We developed an occupancy model using data from
reference tributaries to predict coho salmon rearing distribution. All six streams had summer
temperatures cooler than the mainstem Klamath River. However, five of the streams have
barriers that will restrict coho salmon to within 5 km of the confluence with the Klamath River
and two were disconnected mid-summer. Despite these constraints, the tributaries will likely
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produce coho salmon. Most streams had high IP in therr lower reaches, the HLFM model
estimated a total capacity of 105,000 juvenile coho salmon, and the occupancy model predicted
juvenile coho salmon will rear throughout the accessible reaches. Protection and habitat
enhancement for these tributaries will be important for coho salmon reestablishment post-dam
removal.
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Vii. Main text

Introduction

For anadromous species, impassable dams eliminate access to habitat, decreasing the species’
abundance (Ugedal et al. 2008). Dam removal has proven an effective restoration technique
globally, increasing accessible habitat to Pacific and Atlantic ocean salmon stocks and other
diadromous fishes. In France, the removal of the Maisons-Rouges dam (3.8 m high) on the
Vienne River in 1999, allowed allis shad (4losa alosa), sea lamprey (Petromyzon marinus), and
Atlantic salmon (Salmo salar) to reestablish upstream within a year of decommissioning
(Basilico 2019). In the United States, removing dams has led to increased abundances of
anadromous fishes throughout the Pacific Northwest (McMillan et al. 2019, Allen etal. 2016,
Schroeder et al. 2012). For example, dam removal and active relocation of adult hatchery coho
salmon (Oncorhynchus kisutch) to small tributaries after the Elwha River dam removals led
directly to naturally-spawned smolt production i previously maccessible tributaries (McMillan
et al. 2019). Dam removal allows rapid reestablishment of coho salmon even in the absence of
re-mtroduction of adults: coho salmon naturally reestablished i reaches above a former dam site
on the Little White Salmon River only four years after dam removal (Jezorek and Hardiman
2018) and they reestablished the Cedar River immediately after access was restored by
mstallation of fish passage (Anderson etal. 2008).

Most dam removal projects to date have targeted small old dams (< 3 m) and have primarily
occurred in North America and Europe (Ding et al. 2019). The planned removal of four large
dams (height range: 8 — 53 m) on the Klamath River, anticipated in 2024, will be the largest dam
removal project ever undertaken in the world (Figure 1). Klamath dam removal will restore
access to spawning and rearing habitat for coho and Chinook salmon (Oncorhynchus
tshawytscha), steelhead (Oncorhynchus mykiss), and Pacific lamprey (Entosphenus tridentatus).
Of these, only coho salmon are currently listed on the federal Endangered Species Act in the
Klamath River basin. Completion of the Klamath River dam removal project will be globally
significant and provide a precedent for other large dam removal projects currently underway
such as the Kangaskoski dam on the Hiitolanjak River in Finland and the Vezins dam on the
Sélune River m France.
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The four impassable Klamath River dams that are scheduled for removal block access to
hundreds of kilometers of historic spawning habitat for anadromous species, including major
tributaries to Upper Klamath Lake in the headwaters of the basin. However, available evidence
indicates that coho salmon were historically restricted to the Klamath Basin downstream of
Upper Klamath Lake (Hamiltion et al. 2005). While the area downstream of Upper Klamath
Lake includes only 50 km of main stem habitat, juvenile coho salmon rearing in the Klamath
River generally rear in smaller tributaries due to the extreme seasonal flows and temperatures in
the main stem. In this study, we assess the potential for tributaries of the Klamath River above
the existing dams but within the historic distribution of coho salmon to support the production of
coho salmon following dam removal

INSERT FIGURE 2

We assessed six Klamath River tributaries upstream of Iron Gate Dam (IGD), the current
upstream limit to anadromy (Figure 2). The streams that we selected are the six largest tributaries
that are above the dams and within the known historical distribution of coho salmon. We sought
to answer the question: What is the potential of the six tributaries to support production of coho
salmon after dam removal? We focused our research on evaluating summer rearing habitat for
juvenile coho salmon as it is likely that summer habitat availability will constrain coho salmon
production in these relatively warm, mland streams near the southern range limit for coho
salmon (National Research Council 2004).

We used four complementary techniques to assess potential coho salmon habitat above the
Klamath River dams: an assessment of summer water temperature and three physical habitat
models. Evaluating water temperature was important because previous studies in the Klamath
River basin have identified summer temperature as a key constraint on juvenile coho salmon
summer rearing distribution (Belchick 2003, Deas et al. 2006, Chiaramonte 2016, Sutton et al.
2007, Stenhouse et al. 2012). Previous work has also shown that large-scale coho salmon smolt
production can be predicted from physical habitat characteristics (Sharma and Hilborn 2001) and
a large amount of literature emphasizes the importance of instream habitat structure for juvenile
coho salmon (Reeves 1989, Nickelson et al. 1992, Quinn and Peterson 1996, Burnett et al. 2003,
Shirvell 1990, Anlauf-Dunn et al. 2014). The three models we used to assess habitat suitability
for coho salmon each had a different purpose. We used an Intrinsic Potential (IP) model to
evaluate large-scale geological and hydrological constraints on coho salmon habitat (Agrawal et
al. 2005), a Habitat Limiting Factors model (HLFM) to estimate rearing capacity for juveniles
given current habitat conditions (Nickelson 1998), and an occupancy model using data from our
reference tributaries to predict small-scale coho salmon rearing distribution in the streams after
dam removal



Methods

Summertime Temperature Variation

We recorded a time-series of thalweg temperature for tributaries above IGD. We installed
sensors near the tributary confluence with the mamstem Klamath River. We installed additional
sensors upstream to the limit to anadromy in each tributary, but for simplicity we only include
the data for the location near the confluence here. Upstream sensors provided similar results
within each stream but were generally cooler. We deployed sensors from mid-June 2018 to late
September 2018 (Jenny, Fall, and Shovel Creeks) and mid-May 2019 to late-October 2019 (all
creeks). Sensors recorded temperature at 60-minute intervals. We compare tributary temperatures
to mainstem temperatures from the same time period acquired from the USGS gaging station at
Keno Dam, near the Spencer Creek confluence.

There are no empirical studies of thermal physiology of Klamath River coho salmon, but there
are many studies examining their habitat use in relation to temperature. Juvenile coho salmon in
the Klamath River clearly avoid warm summer temperatures and congregate in cool-water
refugia (Belchick 2003, Deas et al. 2006, Chiaramonte 2016, Sutton et al. 2007). Based on a
literature review and field observations in the Shasta River (a major Klamath River tributary),
Stenhouse et al. (2012) identify temperatures >15.6 °C as suboptimal for growth and
temperatures >20.3 °C as detrimental. We used these temperatures as an initial screen for
suitability. However, juvenile coho salmon can tolerate temperatures well outside the optimal
range, particularly if there is consistent cooling at night (Jeffres et al. 2009) or if food is not
limited (Lusardi 2020). Therefore, we treat these temperature criteria as guidelines rather than
hard rules for future coho utilization.

Rather than relying on instantaneous temperatures to inform assessments, Welsh et al. (2001)
suggest that integrated metrics such as Maximum Weekly Average Temperature (MWAT) are
better predictors of coho salmon distribution or Maximum Weekly Maximum Temperature
(MWMT). We also present the MWAT and MWMT values for our sites to facilitate comparison
with other studies.

Habitat Models

We used three models to estimate coho salmon summertime rearing potential: the IP model, the
HLFM, and a single-season occupancy model. The IP model estimates the stream's “potential”
to exhibit habitat features conducive to juvenile coho salmon rearing based on broad-scale
landform and hydrological characteristics (Burnett et al. 2003). The HLFM approach relies on
habitat unit classifications and physical habitat characteristics at the scale of individual habitat
units (Nickelson et al. 1998) to predict capacity using fish density-habitat type relationships
observed in stream inventories for coastal Oregon (Nickelson et al. 1992).The occupancy model
uses the relationship between coho salmon presence-absence and habitat characteristics at the



reference sites to estimate the probability that a given site is occupied (Mackenzie etal. 2002,
Kery and Schaub 2011).

The results of these analyses provided complementary information. The IP model identifies
streams which, under ideal conditions and restored habitat, could support large populations of
coho salmon. The HLFM model predicts the expected capacity for coho salmon under current
habitat conditions. The occupancy model predicts the distribution of coho salmon within each
stream under current conditions using habitat relationships developed within the Klamath Basin
and nearby systems.

Intrinsic Potential Model

The IP model estimates the potential for stream sections to provide suitable habitat for coho
salmon using associations between fish presence or abundance and stream geomorphological
characteristics (Burnett et al. 2003). Uniquely, IP models do not require direct measurements of
stream habitat features. Instead, IP models use general, large-scale landscape attributes favorable
to habitat formation to offer an assessment of the potential for a stream to produce suitable
habitat at local or regional scales. Management authorities commonly use IP models to direct
restoration funds, plan recovery efforts, and to estimate historic ranges of fishes (Agrawal et al
2005, Busch et al. 2013, NMFS 2014). In application, the intrinsic potential of a stream reach
represents its relative historical potential as pristine habitat or the current habitat potential
neglecting anthropogenic disturbances (Sheer et al. 2009).

The IP model assumes that three landscape and hydrological attributes (mean annual discharge,
channel gradient, and valley constraint) interact in creating channel morphology and ultimately
determining salmon production (Burnett et al. 2003). We calculated IP at the scale of reaches
within each stream based on Nagel et al. (2010); with reach lengths from 160-810 m depending
on large-scale stream gradient (shorter reaches in steeper gradient). Annual discharge
measurements were not available for all study streams and discharge in some study streams is
affected by diversions. To maintain consistency across sites and estimate discharge mndependent
of diversions, we calculated the mean annual stream discharge for study streams using a multiple
linear regression developed for ungaged sites in eastern Oregon (Lorensen et al. 1994). We
calculated drainage area for each reach using the United States Geological Survey (USGS)
StreamStats version 4.0 online delineation tool (Ries et al. 2017). We calculated the discharge at
the bottommost and uppermost points of each stream’s IP length and used a linear model to
calculate discharge of discrete IP reaches. We used 10-m resolution digital elevation models n a
geographic information system to calculate channel gradient (G) and an index of valley
constramt. We calculated the valley width index (V) as the ratio of valley-floor width to active-
channel width for a given stream reach (Burnett et al. 2003) using established regression models
(Burnett et al. 2003, see Ramos 2020 for details).



To calculate IP for each reach, we first converted each attribute (i.e. mean annual discharge,
gradient, and valley constraint) to a proportional suitability score (1=ideal habitat, O=unsuitable)
using published suitability curves for coho salmon (Agrawal et al. 2005). The reach’s IP is the
geometric mean of the three suitability scores. Higher intrinsic potential values indicate a greater
potential to produce high quality fish habitat (Burnett et al. 2007). To represent IP at the scale of
the entire tributary, we calculated the weighted IP kilometers of each stream by multiplying each
reach’s length by its calculated IP value and then calculating the sum of all reaches within the
stream. We also report density-based spawner escapement targets based on densities of 40
individuals per IP km, which agencies use as a salmon population restoration benchmark for
small watersheds assuming no anthropogenic disturbance and full restoration of
geomorphological processes (NMFS 2014).

HLFM Model

Nickelson’s (1998) HLFM estimates potential rearing capacity for coho salmon based on pre-
established capacity population densities multiplied by surface area of available habitat. The
approach includes different densities for each habitat type, season, and life stage. As no data are
available for the Klamath River basin, the HLFM densities we used were calibrated based on
maximum densities observed in Oregon coastal streams. Coho salmon in coastal streams may
face different constraints from mterior Klamath River tributaries that we surveyed, but we
assumed that the maximum densities across different types of physical habitat would be similar.
For summer rearing, the HLFM capacities for each habitat type in individuals/m? are as follows:
0.0 (cascades), 0.6 (rapids), 0.8 (plunge pools), 1.0 (trench pools), 1.2 (riffles), 1.3 (both lateral
and mid-channel scour pools), 2.6 (dammed pools and beaver ponds), 2.8 (alcoves), and 5.8
(backwater pools). HLFM also estimates spawning capacity based on the area of suitable gravels
assuming 830 eggs/m?> of spawning gravel. To predict which life stage capacity will limit the
population, HLFM projects smolt production from each life stage’s capacity assuming egg to
parr survival of 0.43 and parr to smolt survival of 0.70).

To obtain estimates of habitat area for the HLFM, we conducted longitudinal habitat surveys in
each tributary from the confluence with the mainstem Klamath River up to the first likely barrier
for adult coho salmon migration. We surveyed habitats from mid-June 2018 through mid- August
2018 for Beaver, Jenny, Fall, and Shovel creeks and from early-June 2019 through late-July
2019 for Bogus, Scotch, and Spencer creeks. We were unable to perform habitat surveys on
Camp Creek due to inaccessible private property. In each tributary, we selected a randomized
subset of approximately fifty percent of the available 200-m reaches selected 15 percent of
available reaches on Spencer Creek due to its length. Lawrence and Quartz creek data were
collected by the CDFW and were not aggregated into 200-m reaches and included only pools.

We developed a habitat survey protocol based on methods described by the USFS (Overton
1997) and CDFW (Garwood and Ricker 2013, Garwood and Ricker 2017). We modified these

survey protocols to provide data required for the Habitat Limiting Factors Model (HLFM) while



including methods consistent with CDFW surveys so that we could combine data sets for
occupancy modeling. Survey crews walked the length of each reach and recorded the location
and size of discrete habitat units defined by breaks in channel width, depth, and morphometrics
(runs, riffles, pools). We classified multiple habitat units within one stream cross-section when
multiple discrete habitat types described greater than one third of the channel wetted width.

We recorded channel wetted width (m), habitat unit length (m), maximum depth (cm), available
spawning gravel (m?), and instream cover area (m?) for each non-riffle type habitat unit and a
subset of riffle-type habitat units (every second or third). We visually estimated instream cover
(area of the habitat unit occupied by cover suitable for fish refuge) to the nearest 0.25 m?.
Instream cover included but was not limited to: bank undercutting, woody debris, boulder
undercutting, root wads, aquatic and overhanging terrestrial vegetation., including all features
>(.25 n? within the wetted channel or <1.0 m above the water’s surface.

Estimation of Occupancy

We used an occupancy model based on actual observations of habitat use in our reference

streams to predict the small-scale distribution of coho salmon in the study streams. We selected
four reference sites to supply this data, two Klamath River tributaries below the existing dams
(Beaver and Bogus creeks, we conducted these surveys) and two in other river basins with

similar climate and flow regimes (Lawrence and Quartz creeks, these surveys were conducted by
CDFW cooperators; Figure 3). The occupancy model extends the spatial scale of our analysis to
finer resolution and, unlike the IP and HLFM models, is parameterized with observations of coho
salmon habitat associations within the Klamath River basin.

INSERT FIGURE 3

We determined occupancy at the scale of individual habitat units using snorkel surveys. During
HLFM habitat surveys on reference streams we flagged every other unit of each habitat type for
subsequent snorkeling. CDFW data from Lawrence and Quartz creeks only included pool-type
habitat units that fit characteristics defined in their field protocol (Garwood and Ricker 2013). In
each selected habitat unit, we performed two-pass snorkel surveys. On each pass, a snorkeler
would enter the unit at the downstream end and move slowly upstream, systematically searching
for fish. Each individual fish was identified to species and recorded on a cuff. After a 5-10
minute interval, a second snorkeler would repeat the protocol. Snorkelers did not communicate
regarding fish counts or species during surveys to maintain independence.

Traditional species distribution modeling ignores detection probability, resulting in estimates of
“apparent species distribution” rather than real species distribution (Mackenzie et al 2002, Kery
and Schaub 2011). Using the independent observations of the same unit, occupancy models
estimate the probability of occupancy and address issues of imperfect detection (Kery and
Schaub 2011). The ecological component of an occupancy model corresponds to the probability



that a site is occupied; the observational component corresponds to the probability of detecting
the target species at a site on a given survey given its presence (Kery and Schaub 2011). The
structure of occupancy models allows assessment of the effects of measured covariates on both
occupancy and detection.

We selected a subset of habitat characteristics to include as potential predictors in the occupancy
model based on a priori hypotheses. We hypothesized that detection depth might affect detection
probability (Albanese et al. 2011). We hypothesized that occupancy of juvenile coho salmon at
the habitat-unit scale might vary with: percent instream cover, surface area, HLFM capacity
multiplier, and a categorical effect for the presence of a hatchery i the watershed. Cover might
affect occupancy because juvenile coho salmon use instream cover structures such as large
woody debris jams, boulder, and undercuts to minimize energy expenditures while maintaining
advantageous drift feeding position (Mundie 1969, Fausch 1993). Larger surface area logically
provides more opportunity for juvenile coho salmon occurrence. We included the HLFM
capacity multiplier for each habitat unit as a continuous proxy for habitat type (ie. HLFM
capacities differ for pool, riffle, run) as coho might be more likely to occur in habitat units with
higher habitat capacity. We included a categorical term for the presence of a hatchery to account
for the effect of the hatchery on Bogus Creek. Streams in close proximity to hatcheries exhibit an
exponential decay relationship with abundance of hatchery salmonids with distance from
hatchery (Brenner et al. 2012).

Temperature strongly affects the summer distribution of juvenile coho salmon. However,
temperature did not vary much between individual habitat units within tributaries. Further, we
did not have temperature data available for the CDFW reference streams. For the Klamath Basin
reference sites, examination of potential temperature effects was confounded by a large effect of
proximity to the Iron Gate Fish Hatchery: Bogus Creek, adjacent to the hatchery, had
consistently warmer water temperatures than other streams. We therefore did not include
temperature as a predictor of small-scale distribution in the occupancy model

We fit the occupancy model using program PRESENCE version 12.39. Coho salmon presence or
absence on each snorkel pass was the response and habitat characteristics were included as
potential predictors of coho salmon occupancy and detection probability. We tested all potential
covariates for collinearity using the variance inflation factor method. No collinearity issues
existed. We standardized covariates using the z-score method prior to model fitting for scaling.

We used Akaike’s Information Criterion (AIC) for model selection. We performed the model
selection in two phases, first for the detection component and second for the occupancy
component. During model selection for the detection component, we used the null model for the
occupancy component. During model selection for the occupancy component, we kept the
detection component fixed atthe detection model with the lowest AIC. We did not include any



interactions among the potential predictors. We selected the simplest model withn 2 AIC units
of the top model.

Once we selected a model, we performed a cross validation analysis to test the utility of the
model for predicting coho salmon distribution at sites that are not included in the model mput.
For model validation, we removed Lawrence and Quartz creeks from the dataset and re-ran the
occupancy analysis using the covariates from the “best” model and the mput data for Beaver and
Bogus creeks. We used the model results to predict coho salmon distribution in Lawrence and
Quartz creeks and assigned each occupancy prediction to “correct” or “incorrect”. Model
predictions were classified as correct if the model predicted occupancy probability of > 0.5 and
the unit was occupied or if the model predicted occupancy probability of < 0.5 and the unit was
unoccupied. We used similar cross validation using Lawrence and Quartz creeks as mput to
predict occupancy in Beaver and Bogus creeks. However, for this analysis, we evaluated the
accuracy of model predictions separately for Beaver and Bogus, because the mput data set did
not contain a categorical predictor category representing the hatchery effect in Bogus Creek.

Results

All study streams except for Spencer Creek had substantial natural barriers within 5 km of the
confluence with the Klamath River. These barriers will prevent anadromous adults from
accessing most of the watershed. Jenny, Fall, and Shovel creeks had additional, smaller
anthropogenic and natural barriers closer to the confluence that could prevent establishment of
the stream by non-natal juvenile coho salmon that are dispersing in search of summer rearing
habitat.

The two smallest tributaries, Scotch and Camp creeks, were reduced to a few disconnected pools
by late summer, but we still summarize the results from these streams as they could provide at
least seasonal rearing habitat and may provide continuous habitat in wetter years. Below, we
present the results for the summer water temperature variance analysis, the HLFM predictions,
the overall occupancy model, followed by detailed results for all data types organized by stream,
and finally a summary and comparison of results across the study streams.

Water Temperature

All of the streams provided summer temperatures cooler than the main stem Klamath River. Fall
and Shovel Creek in particular had cool, stable temperature regimes, likely heavily influenced by
groundwater mputs and heavy riparian shading. Jenny Creek had similarly stable temperatures,
but less groundwater influence so temperatures were warmer overall. Spencer Creek was warmer
and had more temporal variation in temperature, likely associated with more open riparian zone,
water diversions, and less groundwater influence. The temperature regimes we measured in
Scotch and Camp creeks were affected by drying and disconnection, with temperature
measurements reflecting intermittent periods of temperature probes immersion in stagnant



exposed pools, small groundwater seeps, and exposure to air as water levels declined,
Temperature regimes in Fall and Shovel produced MWAT and MWMT in ranges associated
with summer coho salmon use in the Mattole River (Table 1; Welsh et al. 2001).

INSERT FIGURE 4

INSERT TABLE 1

Intrinsic Potential

The average of the IP suitability scores for each tributary ranged from a low of 0.38 in Jenny
Creek to a high of 0.72 in Camp Creek (1=ideal habitat, O=unsuitable; Figure 5). Extrapolating
the IP scores over the length of the IP reaches combined for a total of 20.6 IP km (Figure 5). The
density-based spawner escapement targets (Williams et al. 2008) based on 40 adults per IP km
combined for a total of 823 adult coho salmon.

All of the study streams had reaches with the highest IP concentrated near the confluence with
the Klamath River with the exception of Fall Creek (additional high IP reaches adjacent to the
Fall Creek hatchery) and Spencer Creek (patches of high 1P throughout).

INSERT FIGURE 5

Habitat Limiting Factors

We conducted surveys on 13.4 km of stream habitat and detailed habitat measurements in 740
total habitat units. The average HLFM capacity multiplier weighted by accessible habitat surface
area for summertime juvenile coho salmon rearing density ranged from a low of 0.3
individuals/m? (a habitat type between a cascade and a rapid) in Fall Creek to 1.0 individuals/m?
in Scotch Creek (roughly equivalent to a trench pool) (Figure 6). Although the average HLFM
multipliers are low, they are averages and all five tributary streams contained habitat units of
higher HLFM multiplier value (pools and slow-water habitats). The HLFM predicted maximum
summer rearing capacities ranging from 2,600 to 66,300 summer juvenile coho salmon across
the study tributaries (Figure 6) for a total capacity of approximately 105,000 individuals.
Summertime rearing habitat capacity was much lower than the HLFM predicted coho salmon
parr production based on available spawning gravels in Scotch, Jenny, Fall, Shovel, and Spencer
creeks (219,600, 54,600, 97,500, 24,600, and 19,278,200 individuals respectively), indicating
that summer rearing habitat is more likely to limit these populations than spawning habitat.

INSERT FIGURE 6



Occupancy Model

We conducted habitat surveys and snorkel counts of fish abundance in 81 habitat units in
reference streams, with 94 additional units from CDFW surveys. Naive occupancy rates varied
across streams; coho salmon were observed by at least one snokeler in 46% of habitat units in
Beaver Creek, 83% in Bogus Creek, 38% in Lawrence Creek, and 60% in Quartz Creek. The two
snorkelers agreed on observations of coho salmon presence or absence in 83% of pools.

Model selection

In initial model selection for the detection probability component, the model that incorporated
depth as a coeflicient for detection probability performed significantly better than the “null”
model based on AIC (Table 2). For the occupancy component, two models that we fit resulted in
similar AIC scores: W(Hatchery + SA + Cover), p(Depth) with an AIC of 362.78 and
Y(Hatchery + SA + Cover + HLFM), p(Depth) with an AIC of 363.57 (SA indicates Surface
Area). We selected the W(Hatchery + SA + Cover), p(Depth) as the final model as it is the
simplest model within 2 AIC units of the model with lowest AIC (Table 2). The final model’s
depth coefficient was positively correlated to detection probability (Figure 7). An increase in
surface area and percent instream cover increased occupancy probability in the final model
(Figure 7). Hatchery presence also increased occupancy probability (Figure 7).

INSERT TABLE 2
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Occupancy model validation

The final model refit using solely Bogus and Beaver creek data correctly predicted coho
occupancy in Quartz and Lawrence creeks 70% of the time. The final model refit using solely
Quartz and Lawrence creek data correctly predicted coho occupancy in Beaver Creek 66% of the
time. When predicting occupancy probability in Bogus Creek (hatchery influenced) the streams
predicted correct occupancy assignments 25% of the time. Many units that the model predicted
would be unoccupied were occupied in Bogus Creek, likely due to the much higher overall
densities of coho salmon in Bogus Creek associated with the presence of the hatchery.

Predictions for Sites above IGD

We fit the final occupancy model to discrete habitat unit data collected on streams above the
IGD. We included the “null” hatchery effect, assuming no hatcheries in the vicinity of the
streams. Occupancy probability varied widely within and between tributary streams (Figure 8).
Spencer Creek had the highest median occupancy probability (0.54) and Shovel Creek had the
lowest median occupancy probability (0.33) (Figure 8). Some streams, although low in median



occupancy probability, contained clusters of discrete habitats of high occupancy probability
(exceeding 0.7) such as Scotch Creek (five habitat units in the lower 900 m), Jenny Creek (five
habitat units in the lower 1600 m,) and Shovel Creek (five habitat units in the lower 3100 m)
(Figure 8). Based on the predicted distribution in each stream, we estimate juvenile coho salmon
will occupy approximately 96,000 m? of tributary habitat by surface area, or 48,000-96,000
summer parr at typical rearing densities of 0.5-1 fish per square meter in occupied habitat.

INSERT FIGURE 8

Summary by Stream

Both Scotch and Camp Creeks became disconnected in late summer low flows during our study
years, although they may be perennial in wetter years. Scotch Creek is steeper and more confined
than Camp Creek, leading to lower IP. However, even in our dry survey years, there were large,
perennial bedrock-formed pools in Scotch Creek. Based on our measurements, these two small
streams may contribute cool water refuge (Figure 4) and access to high IP habitat (Camp) or pool
habitat (Scotch) when they are wetted (Table 3).

Jenny Creek is a relatively high-gradient, confined system, leading to low IP. However, a very
large median substrate size led to a substantial number of boulder-formed pools that contributed
to HLFM capacity in Jenny Creek. Low water temperature suitability (Figure 4, Table 1), high
HLFM capacity estimates, low IP, and moderate occupancy probability in Jenny Creek indicates
low-moderate suitability for summertime rearing of juvenile coho salmon (Table 3).

Despite very high water temperature suitability (Figure 4, Table 1), the accessible length of Fall
Creek is short and habitat is limited by high gradient and valley constraint (Table 3). However,
there are patches of suitable habitat near the confluence, including a large beaver colony. These
areas could prove valuable for non-natal coho salmon. Further, Fall Creek is the planned location
of a coho salmon conservation hatchery operation to facilitate reestablishment of coho salmon,
which may lead to increased use of this tributary.

Shovel Creek also has high temperature suitability (Figure 4, Table 1), but has more accessible
length than tributaries downstream and lower gradient, and less valley constraint than Fall Creek
(Table 3). While anthropogenic habitat alteration, including floodplain disconnection and small
barriers, likely limit its current capacity for coho salmon, Shovel Creek has potential to be an
important spawning and rearing stream.

Spencer Creek represents the vast majority of the coho salmon rearing habitat from our study
tributaries (Table 3). Despite Spencer Creek’s low-moderate water temperature suitability
(Figure 4, Table 1), the stream has a much larger accessible area, relatively low gradient and low
valley constraint, and very abundant spawning gravel. Spencer Creek is by far the largest
potential producer of coho salmon among our study streams (Table 3).



INSERT TABLE 3

Discussion

We gained valuable msights into the potential for coho salmon to reestablish in tributaries to the
Klamath River after dam decommissioning. Our surveys were the first comprehensive
measurements of the available habitat in the six largest, currently inaccessible tributaries of the
Klamath River within the historic range of coho salmon. Summing the stream length in each
tributary below the anadromy barriers, we found that coho salmon will gain access to at least 33
km of tributary habitat within Scotch, Camp, Jenny, Fall, Shovel, and Spencer creeks in addition
to approximately 50 km of mainstem habitat after the dam removal project.

Coho salmon in the Klamath River face a distinct set of challenges compared to coastal
populations. Extreme seasonal temperatures are more likely to be a constraint i these arid,
mterior basins than in coastal systems. Summer temperatures in four of the study streams are in a
range that Klamath River coho salmon avoid in summer (Belchick 2003, Deas et al. 2006,
Chiaramonte 2016, Sutton et al. 2007). While not immediately lethal, some previous studies
suggest that these warmer temperatures are detrimental to growth and potentially survival of
juvenile coho salmon (Stenhouse et al. 2012). However, Klamath River coho salmon can survive
and grow rapidly at warmer temperatures (e.g MWAT 18.6°C, MWMT 20.6°C in Lusardi et al.
2020). We suspect that coho salmon reestablishing the study area will exhibit habitat selection
and seasonal redistribution strategies similar to extant populations in the Shasta, Scott, and other
tributaries below the dams, moving to find cool water at seeps, springs, and tributaries as
temperatures increase in summer (Belchik 2003, Deas et al. 2006, Chiaramonte 2016, Sutton et
al. 2007). This behavior can lead to very high densities of juvenile coho salmon at cool water
sites, emphasizing the potential constraint of summer habitat on production.

Our focus on summer habitat and cool-water sources does not imply that the warmer tributaries
and the main stem Klamath River are not valuable habitats. Although coho salmon use of
warmer areas in summer may be constrained, warmer locations may be very productive in cooler
seasons (Armstrong etal. 2021). Further, even in summer, salmon may be able to capitalize on
abundant food resources in warm habitats by exploiting locations near cool water inputs (Brewitt
et al. 2017). Whether reestablishing coho salmon can express behavioral strategies and flexible
juvenile life histories that allow them to take advantage of the complex habitat and temperature
mosaic in the upper Klamath River is a critical area for future research following dam removal.

The three habitat models that we applied converged on similar estimates of potential habitat
capacity or abundance. The IP model spawner abundance target for all tributaries combined was
823 adult coho salmon. The juvenile capacity estimate from the HLFM model was 105,000.
Translating from summer juveniles to adults requires estimates of parr-smolt survival and smolt-
adult survival. While we do not have these estimates for Klamath River coho salmon, as a very



rough approximation, applying the parr-smolt survival from the HLFM model (0.7) and smolt-
adult survival of 0.01 (Cochran et al. 2019), the juvenile capacity translates to 735 adults. This is
less than the IP model target, suggesting that the current habitat conditions do not exhibit the full
potential of the watersheds. Extrapolating juvenile abundance from the occupancy model yields
an estimate of 48,000-96,000 or up to 672 adults. As expected, this extrapolation of actual
abundance from the occupancy model is lower than the capacity estimate from HLFM. Overall,
these models suggest potential production on the order of hundreds of adult coho salmon
spawners from the study tributaries following dam removal

Despite the convergence across the approaches, there is considerable uncertainty in the output of
our habitat models. The IP is a generic model developed to explain large-scale patterns across the
range of coho salmon, not variation within a watershed. The HLFM model is parameterized
based on coastal coho salmon streams, not iterior tributaries of a large watershed. The
occupancy model sample size for tributaries in the Klamath is small and based only on a
snapshot of late summer distribution. Further, none of these models account for interactions with
other species, food availability, or potentially unique attributes of Klamath River coho salmon.
Research to evaluate these biotic determinants of habitat capacity as coho salmon reestablish
their historic habitats will be very valuable for informing further Klamath River conservation
efforts and other reintroduction and reestablishment programs for coho salmon.

The capacities and spawning targets that we report are not predictions of average future
production after dam removal. Actual capacity in any given year will be a function of the
interaction between annual seasonal flow conditions and physical habitat. Across years, the long-
term expected abundance of coho salmon will depend on both the density-dependent processes
that determine habitat capacity as well as density-independent processes that determine
productivity for all life stages including marine survival of adults (Mobrand et al. 1997). These
factors will lead to annual abundance that varies widely and may yield average abundance well
below these estimates based on potential productivity.

Our study focused on potential production from the six largest, currently maccessible tributaries
within the documented historic range of coho salmon in the Klamath River. We did not consider
potential production from tributaries higher in the Klamath River watershed (ie. above Upper
Klamath Lake). This decision was based on historical analysis of reported coho salmon
distribution (Hamilton et al. 2005) and general information on coho salmon migration distance,
but the records may be incomplete, and the habitat has changed considerably since dams were
built and a few coho salmon populations do undertake longer migrations (Sandercock 1991). If
coho salmon are able to reestablish the tributaries above Upper Klamath Lake, their potential
production will be much larger than estimated here. Abundant low-gradient, cool-water habitat in
spring streams above Upper Klamath Lake (Wood and Williamson rivers) could support much
larger coho salmon production.



The removal of Klamath River dams could contribute to recovery of coho salmon beyond the
production arising from fish rearing in newly accessible habitat above the dams. For example,
disease is a major source of mortality for coho salmon moving through the main stem Klamath
River below the existing dams during juvenile redistribution and smolt outmigration (Som et al.
2019). The primary pathogen, Ceratonova shasta,has a complex life cycle ncluding upstream
transport in spawning adult salmon and benthic annelids as an intermediate host. Removing the
dam should reduce crowding of infected adults below the dam and near the hatchery and may
alter the river’s flow regime, temperatures, and sediment transport in ways detrimental to the
annelid host (Alexander etal 2014). Reduced disease mortality for juveniles and smolts will
increase overall coho salmon abundance in the Klamath River and increase the likelihood that
populations reestablish tributaries above the existing dams.

Conclusions

This study contributes to the growing body of knowledge of baseline upstream habitat conditions
before globally unprecedented, large scale dam decommissioning and to what constitutes suitable
summertime rearing habitat for the SONCC coho salmon ESU in warm, inland streams. In
tributary streams to the Klamath River within the Klamath Hydroelectric Project area, we found
that coho salmon habitat is widely variable. We documented prolific cool water sources that will
likely play an important role in supporting reestablishing coho salmon and we identified
potential rearing areas, particularly in Spencer Creek, that merit attention for habitat protection
and restoration. We hypothesize that newly accessible habitat in the study tributaries will provide
substantial rearing and spawning habitat for coho salmon after dam removal
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xi.  Figure Legends

Figure 1. Overview of the geographic location of the Klamath River on the west coast of the
United States of America. A) Location of the Klamath River in relation to the world (circle with
crosshairs is the Klamath River). B) The Klamath River originates in southern Oregon and flows
southwesterly through California to the Pacific Ocean (gray stars indicate dams to be removed;
white stars indicate dams to be retained with volitional fish passage). C) A close-up of the



Klamath Hydroelectric reach and tributaries in relation to the Klamath River Basin (gray stars
indicate dams to be removed).

Figure 2. Study tributaries in the Klamath Hydroelectric Project reach that will be accessible
after dam removal. Watersheds are differentiated by fill pattern (black dots for Scotch Creek;
diagonal lines for Camp Creek; staggered notch marks for Jenny Creek; cross hatched for Fall
Creek; “v” shapes for Shovel Creek; “x” shapes for Spencer Creek).

Figure 3 Reference tributaries below the IGD. Bogus and Beaver creeks are tributaries to the
Klamath River, while Lawrence Creek is a tributary to the Van Duzen River and Quartz Creek is
a tributary to the Smith River. Reference stream watershed boundaries are shown by the dotted
fill.

Figure 4. Temperature time series for the mainstem and all study tributaries, arranged from
downstream to upstream. The colored band is the range of daily temperatures and the heavy line
is the daily average. Red is 2018, blue is 2019. Horizontal lines indicate reference temperatures
from Stenhouse et al. (2012); they define temperatures >15.6 C (dotted line) as suboptimal for
juvenile coho salmon growth and temperatures >20.3 C (solid line) as detrimental to juvenile
coho salmon growth.

Figure 5. A summary of the HLFM model results for the six tributary streams in the project
reach. Total summertime juvenile coho salmon capacities (number of individuals) are
represented by the “grey bars” for each stream and the primary y-axis (left). The average HLFM
habitat type multiplier, standardized by surface area, for accessible summertime habitat of each
tributary stream is represented by the “black circles” and the secondary y-axis (right).

Figure 6. A summary of the IP model results for the six tributary streams in the project reach. IP
kilometers are represented by the “grey bars” for each stream and the primary y-axis (left). The
average juvenile coho salmon IP value for accessible summertime habitat of each tributary
stream is represented by the “black circles” and the secondary y-axis (right).

Figure 7. A) Effect of standardized percent instream cover on occupancy probability for the final
model structure. The solid back line indicates the covariate coefficient estimate, the open circles
indicate observed data, and the dashed lines mndicate the 95% confidence mterval B) Effect of
standardized square meters of surface area on occupancy probability for the final model

structure. The solid back line indicates the covariate coefficient estimate, the open circles

indicate observed data, and the dashed lines indicate the 95% confidence interval. C) Effect of
hatchery presence on occupancy probability for the final model structure (left) and observed
proportions of habitat units occupied (right). The vertical lines with ticks indicate the 95%
confidence interval. D) Effect of standardized depth on detection probability for the “best” model



structure. The solid back line indicates the covariate coefficient estimate, the open circles
indicate observed data, and the dashed lines mdicate the 95% confidence mterval.

Figure 8. A box and whisker plot of occupancy probabilities of study tributaries. The boxes
identify the interquartile range. The upper box bound delineates the 75th percentile and lower
box bound delineates the 25th percentile while the solid line through the middle indicates the
median. The “whiskers” identify the maximum and mmimum occupancy probability for each
tributary and the “solid black circles” show potential outliers.
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Figure 1. Overview of the geographic location of the Klamath River on the west coast of the
United States of America. A) Location of the Klamath River in relation to the world (circle with
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Figure 2. Study tributaries in the Klamath Hydroelectric Project reach that will be accessible
after dam removal. Watersheds are differentiated by fill pattern (black dots for Scotch Creek;
diagonal lines for Camp Creek; staggered notch marks for Jenny Creek; cross hatched for Fall
Creek; “v” shapes for Shovel Creek; “x” shapes for Spencer Creek).
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Figure 3 Reference tributaries below the IGD. Bogus and Beaver creeks are tributaries to the
Klamath River, while Lawrence Creek is a tributary to the Van Duzen River and Quartz Creek is

a tributary to the Smith River. Reference stream watershed boundaries are shown by the dotted
fill.
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Figure 4. Temperature time series for the mainstem and all study tributaries, arranged from
downstream to upstream. The colored band is the range of daily temperatures and the heavy line
is the daily average. Red is 2018, blue is 2019. Horizontal lines indicate reference temperatures
from Stenhouse et al. (2012); they define temperatures >15.6 C (dotted line) as suboptimal for
juvenile coho salmon growth and temperatures >20.3 C (solid line) as detrimental to juvenile
coho salmon growth.
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Figure 5. A summary of the HLFM model results for the six tributary streams in the project reach. Total summertime juvenile coho
salmon capacities (number of individuals) are represented by the “grey bars” for each stream and the primary y-axis (left). The
average HLFM habitat type multiplier, standardized by surface area, for accessible summertime habitat of each tributary stream is
represented by the “black circles” and the secondary y-axis (right).
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Figure 6. A summary of the [P model results for the six tributary streams in the project reach. IP kilometers are represented by the

“grey bars” for each stream and the primary y-axis (left). The average juvenile coho salmon IP value for accessible summertime

habitat of each tributary stream is represented by the “black circles” and the secondary y-axis (right).
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Figure 7. A) Effect of standardized percent instream cover on occupancy probability for the final
model structure. The solid back line indicates the covariate coefficient estimate, the open circles
indicate observed data, and the dashed lines indicate the 95% confidence interval. B) Effect of
standardized square meters of surface area on occupancy probability for the final model
structure. The solid back line indicates the covariate coefficient estimate, the open circles
indicate observed data, and the dashed lines indicate the 95% confidence interval. C) Effect of
hatchery presence on occupancy probability for the final model structure (left) and observed
proportions of habitat units occupied (right). The vertical lines with ticks indicate the 95%
confidence interval. D) Effect of standardized depth on detection probability for the “best” model



structure. The solid back line indicates the covariate coefficient estimate, the open circles
indicate observed data, and the dashed lines indicate the 95% confidence interval.
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Figure 8. A box and whisker plot of occupancy probabilities of study tributaries. The boxes
identify the interquartile range. The upper box bound delineates the 75th percentile and lower
box bound delineates the 25th percentile while the solid line through the middle indicates the
median. The “whiskers” identify the maximum and minimum occupancy probability for each
tributary and the “solid black circles” show potential outliers.



Table 1. Maximum weekly average temperature (MWAT) and mean weekly maximum
temperature (MWMT) for each stream. Values within the range associated with coho salmon
presence in Welsh et al. (2001) are in bold (MWAT <16.7°C and MWMT <18.0°C).

Stream MWAT MWMT

Scotch 19.7 24.9
Camp 19.7 25.6
Jenny 21.0 22.6

Fall 14.2 16.2
Shovel 13.6 15.5

Spencer 19.8 24.2




Table 2 Comparison of candidate occupancy models.

Model AIC  AAIC  AICw  pumberof
Parameters

Y(Hatchery + SA + Cover), p(Depth) 362.78 0.00 0.49 6
Y(Hatchery + SA + Cover + HLFM), p(Depth) 363.57 0.79 0.33 7
Y(Hatchery + SA + HLFM), p(Depth) 365.76 2.98 0.11 6
Y(Hatchery + SA), p(Depth) 366.72 3.94 0.07 5
Y(Hatchery + Cover + HLFM), p(Depth) 382.70 19.92 0.00 6
Y(Hatchery + HLFM), p(Depth) 382.75 19.97 0.00 5
Y(SA + Cover), p(Depth) 384.26 21.48 0.00 5
Y(Hatchery + Cover), p(Depth) 385.44 22.66 0.00 5
Y(Hatchery), p(Depth) 387.36 24.58 0.00 4
Y(SA), p(Depth) 388.05 25.27 0.00 4
Y(SA + HLFM), p(Depth) 389.02 26.24 0.00 5
Y(Cover), p(Depth) 397.74 34.94 0.00 4
y(.), p(Depth) 399.73 36.95 0.00 3
Y(HLFM), p(Depth) 401.72 38.94 0.00 4
w(.), p(.) 406.95 44.17 0.00 2

Note:

1. Bold indicates the final model selected;

2. “---” indicates the delta AIC = 2.0 cutoff;

.“¥Y” and “p” indicate the occupancy and detection probability components of the model, respectively;
. “Hatchery” is the hatchery categorical effect (accounting for Bogus Creek);

. “SA” is the standardized surface area numerical effect;

. “HLFM” is the standardized HLFM value numerical effect;

. “Cover” is the standardized instream cover effect;

. “.” Indicates a null model or no variable effect.
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Table 3 Overall summary of results for streams above IGD.

Scotch Camp Jenny Fall Shovel Spencer

Creek Creek Creek Creek Creek Creek
Total accessible habitat (km) 1.0! 2212 3.3 1.6 4.7 20.5
% of total IP km 3.1% 7.8% 6.3% 3.9% 13.0% 66.1%
% of total HLFM capacity 2.5% NA 17.2% 4.5% 12.7% 63.2%
% of summer habitat 37% NA 47% 53% 37% 70%

predicted to be occupied

Note: % total columns (% oftotal IP km, % oftotal HLFM capacity, and % of summer habitat predicted to be
occupied) showthe proportions of the cumulative total each tributary account for. The percent of summer habitat
predicted to be occupied was calculated using habitat units with greater than 0.50 occupancy probability from our
final occupancy model output.

I We estimate that habitatin Camp and Scotch creeks will extend approximately 1.8 km further after reservoir
drawdown (notincluded in total accessible habitat).

2.Camp Creek was not assessed forpotential barriers, and accessible habitat limit is an approximation based on large
boulder features apparent in aerial photography;

3. Accessible habitat estimate includes area above natural and anthropogenic barriers that could limit non-natal
colonization
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