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INTRODUCTION
Ochoco Irrigation District, in conjunction with The City of Prineville and Crook County,
Oregon has proposed to develop a small-scale hydroelectric project (the Project) at Bowman
Dam on the Crooked River. Fish mitigation may be required coincident with hydropower
development. In this report, we compare the benefits of two mitigation actions on native redband
trout Oncorhynchus mykiss gairdnerii populations in the Crooked River basin:
1. A modified discharge regime to address high levels of total dissolved gas (TDG) and
associated gas bubble disease (GBD) incidence downstream of Bowman Dam
2. A truck-and-haul fish passage program to promote migratory fish access to the upper
Crooked River basin, upstream of Bowman Dam
Fish exposed to excessive TDG levels (>110% saturation) for extended periods can
develop GBD, where dissolved gas pressure in the fish’s blood exceeds ambient air pressure and
bubbles begin to form in the circulatory system. Symptoms include skin lesions, loss of
equilibria, abnormal buoyancy, head shaking, convulsions, flared opercula, release of excessive
gas from the buccal cavity, blindness, and death (Meyers et al. 2008). However, GBD-induced
mortality in fish is dependent on a variety of abiotic and biotic factors such as water temperature,
age, length, duration of exposure, swimming depth, and species. For example, Hardin (1993)
found that redband trout utilized water depths up to 3.7, 2.6, and 1.9 meters in pools, glides, and
riffles, respectively, between Bowman Dam and Ogden State Park to avoid adverse effects of
TDG, up to 120% saturation1 (summarized in R2 and Biota Pacific 2013). Moreover, steelhead
trout O. mykiss have been identified as the most sensitive species to TDG with an average
threshold of 102-103%, while coho salmon O. kisutch were more tolerant with a threshold
around 115% (Meyers 2008).
Elevated TDG levels can occur immediately downstream of water storage dams because
hydrostatic pressure forces atmospheric oxygen into solution in the tailrace of the dam. High
TDG may also persist for several miles downstream. These conditions cause GBD incidence in
fish. Elevated TDG levels occur downstream of Bowman Dam, particularly when discharge is
high (R2 and Biota Pacific 2013), and GBD was first documented in the Crooked River in 1989,
when 80% of the redband trout (>200 mm) sampled had visible signs of the disease (Porter and
Hodgson 2016).
Between 2006 and 2012, TDG levels were monitored in a 19 km river segment
downstream of Bowman Dam. TDG ranged from 106% to 122% during 2006 and 2007, with the
highest levels occurring in the stilling basin (BOR 2008). Subsequent monitoring in the same
locations resulted in similar TDG levels during 2008-2010 (Nesbit 2010) and 2011- 2012
(Sharpe 2012). All three monitoring efforts documented strong relationships between Bowman
Dam discharge and TDG (R2 > 0.9). Since 1989, maximum discharge at Bowman Dam has not
exceeded 500 cfs in the summer/early fall (Figure 1). However, flows can exceed 2,000 cfs in the
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Downstream of Bowman Dam, approximately 15% of TDG reduction potential exists at 500 cfs, but flows greater
than 2,000 cfs would eliminate available velocity refuges and the associated high TDG (>117%) could not be
avoided by fish (R2 and Biota Pacific 2013).
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winter and spring, and TDG can reach 120%, though these events are rare. More often, high
winter flows range between 500 and 1,000 cfs, with TDG expected between 110-120% (Nesbit
2010).
While TDG has been highlighted as a detriment to redband trout production in the
Crooked River basin, fish passage2 at Bowman Dam is also routinely cited as a limiting factor.
Although the upper Crooker River basin currently has resident redband trout (Stuart et al. 2007),
it is asserted that upper Crooked River redband trout production is limited by poor water quality
conditions caused by low summer flows, high summer water temperatures, and timber harvest
(ODEQ 1998; USFS 1998; Whitman 2002). Despite degraded habitat conditions, it has been
hypothesized that a fish passage program at Bowman Dam could increase production in the
upper basin, particularly for migratory O. mykiss life-history types, such as steelhead.
In this report, we quantify the benefit of reduced TDG levels downstream of Bowman
Dam, as well as the prospective benefits of fish passage between the lower and upper Crooked
River basins. Our analytical approach incorporates redband trout density and stream habitat data
acquired from various monitoring projects conducted by the Oregon Department of Fish and
Wildlife (ODFW), Crooked River Watershed Council (CRWC), Oregon State University (OSU),
Portland General Electric (PGE), and the United States Geological Survey (USGS).
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The most reasonable method of fish passage at Bowman Dam is “truck-and-haul” because of the
technical and economic infeasibility of volitional passage for both upstream and downstream migrating fish. With a
dam height of 182 feet, a reservoir length of 18 miles and an annual reservoir fluctuation of as much as 120 feet,
volitional passage at Bowman Dam would present substantial design and operational challenges and could not be
funded by anticipated revenues from hydropower development. A truck-and-haul program would involve trapping
downstream migrating juvenile fish upstream of Prineville Reservoir, inserting passive integrated transponder (PIT)
tags, and transporting and releasing them in the lower Crooked River or in the Deschutes River downstream of the
Pelton Round Butte (PRB) Hydroelectric Project. Upstream migrating adult fish originating from the Upper Crooked
River basin would be trapped and identified downstream of the PRB Project, and transported and released upstream
of Prineville Reservoir.
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Figure 1. Average daily discharge (cfs) at Bowman Dam from 1989 to 2018. Dashed lines at 600 and
1,000 cfs are included to indicate when 110% and 120% TDG levels, respectively, are likely to occur
below Bowman Dam based on Nesbit (2010).
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METHODS
STUDY AREA
The Crooked River is the largest tributary to the Deschutes River and drains a 14,000 km2
watershed in central Oregon. The two main tributaries to the Crooked River are the North Fork
Crooked River, which originates in the Ochoco Mountains and the South Fork Crooked River,
with its headwaters in the Central Oregon high desert. The South Fork Crooked River joins with
Beaver Creek approximately 80 river kilometers (rkm) upstream of Bowman Dam before joining
with the North Fork Crooked River to form the main stem Crooked River. The main stem
Crooked River then travels 60 rkm downstream into Prineville Reservoir before being discharged
through Bowman Dam (Figure 2), which splits the upper and lower designations of the Basin.
The U.S. Bureau of Reclamation (BOR) regulates discharge at Bowman Dam and the
Ochoco Irrigation District operates the dam to provide storage for irrigation and downstream
flood control. Dam operations have altered the natural flow regime of low summer and high
winter flows to store water in the winter and release water for irrigation in the summer. Despite
the altered flow regime, the 13 km section of river immediately below Bowman Dam supports a
productive redband trout tailwater fishery due to the year-round, cold-water reservoir releases
(Porter and Hodgson 2016).
Redband trout are a phenotypically distinct subspecies of rainbow trout and typically
inhabit arid and semi-arid climates, such as areas east of the Cascade Mountains in central and
eastern Washington and Oregon, as well as southern British Columbia (Vaughn et al. 2013).
Redband trout are known to tolerate higher water temperatures, compared to coastal O. mykiss
subspecies, and have been observed occupying aquatic habitats ranging from 15 to 30 oC (see
Dickson and Kamer 1971, Raleigh et al. 1984, Lee and Rinne 1980 in Stuart et al. 1997). Similar
to rainbow trout, redband trout express both resident and migratory life-histories (Vaughn et al.
2013). Crooked River Basin redband trout typically exhibit a resident life-history (Nesbit 2010)
and are iteroparous, spawning multiple times throughout their life (Vaughn et al. 2013). Redband
trout in the Crooked River Basin tend to spawn between early April and mid-June. However,
spawning has been observed as early as February suggesting that water temperature and flow
conditions are correlated to spawn timing (Stuart et al. 2007).
Historically redband trout were broadly distributed within the western United States.
However, regional redband trout populations have recently declined and in some local instances
are extirpated. Portions of central and eastern Oregon, including the Crooked River Basin
continue to support robust populations of native redband trout due to its climate and volcanically
derived arid environment. Stuart et al. (2007) identified the areas below Bowman Dam, directly
upstream of Lake Billy Chinook, in the headwaters of the Ochoco Creek basin, and in the
headwaters of the North Fork Crooked River basin to contain the highest quality redband trout
habitat and thus were predicted to support the strongest trout populations (Figure 2; Stuart et al.
2007). Density and abundance estimates determined by Stuart et al. (2007) affirmed this
prediction (Table 1). However, it is contended that anthropogenic impacts in the basin, such as
irrigation withdrawals, have limited redband trout productivity and distribution.
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Figure 2. Study area depicting the location of Bowman Dam and prominent tributaries to the
Crooked River. TDG sampling locations and complete fish passage barriers are also shown.

ANALYTICAL APPROACH
To evaluate the benefits of reduced TDG levels and fish passage at Bowman Dam, we
compiled available fish population, habitat, TDG, and GBD data from previous studies
conducted in the Crooked River basin (Stuart et al. 2007, BOR 2008, Nesbit 2010, Sharpe 2012,
Spateholts 2013). We used these data to estimate lower and upper Crooked River basin redband
trout production potential, relying on observations from GBD studies in the Columbia River
(Maynard 2008) to predict changes in lower Crooked River trout production over a range of
TDG conditions.
Restoration of fish passage at Bowman Dam would likely result in a shift from entirely
resident to a mix of resident and anadromous trout in the upper basin. However, the rate at which
upper Crooked River juvenile resident redband trout would adopt an anadromous, ocean-going
life-history is unknown. Migration survival rates for anadromous fish in the upper basin are also
unknown, but observed low smolt-to-adult survival of steelhead smolts from hatchery releases in
the lower Crooked River (PGE 2015) would suggest that anadromous redband trout from the
upper Crooked River may not return in large numbers. If so, the available trout carrying capacity
in the upper basin would remain primarily occupied by resident fish. In summary, restoring
passage may not have a pronounced effect on total salmonid abundance in the Crooked River
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basin. Testing this assertion would require compilation of prospective trapping efficiency, smolt
and adult migration survival, ocean survival, cross life-history interbreeding, and smolt
production data from disparate studies conducted in the Crooked River and elsewhere in the
Columbia Basin. Taken together, these data could be used to provide a rough calculation of the
additional number of trout that might be produced following implementation of a Bowman Dam
fish passage program. However, this type of modeling was beyond the scope of our analysis.
Therefore, several key simplifying assumptions needed to be made during our assessment:
1. TDG would be reduced by developing small-scale hydropower at Bowman Dam
2. Existing populations of redband trout in the upper Crooked River are not currently
contributing to fisheries
3. All the trout produced in the upper Crooked River would be accessible to anglers
following passage program implementation
4. Anadromous steelhead would be produced in negligible numbers following passage
program implementation
Lower Crooked River Redband Trout Production Estimation
ODFW first estimated redband trout abundance in the lower Crooked River below
Bowman Dam in 1989, and annual monitoring was initiated in 2006 when concerns about low
redband trout densities were raised by anglers. ODFW sampled redband trout larger than 200
mm beginning about 1 km downstream of Bowman Dam at Big Bend Campground (rkm 111.9)
to Cobble Rock Campground (rkm 107.7) and estimated fish density (fish/km) using a Schnabel
multiple census method. Between 1989 and 2016 density estimates ranged from 185 fish/km in
2016 to 4,319 fish/km in 2013 (Figure 3; Porter and Hodgson 2016). 2016 marked the lowest
estimated number of redband trout since monitoring began in 1989 and was 87% less than
estimates calculated in 2015. ODFW attributed low fish densities to low winter and high spring
discharges as well as high levels of TDG near Bowman Dam. They noted large declines of
redband trout during years when winter discharge was low and spring discharge was high, and
the largest declines were noted in years that experienced both low winter discharge and high
spring discharge. 1989 and 2006 mark the only two years when ODFW observed trout with signs
of GBD, 85% and 56%, respectively (Porter and Hodgson 2016).
Modeled estimates of fish production potential are also available for the lower Crooked
River. Originally developed by Cramer and Ackerman (2009), the Unit Characteristic Method
(UCM) is a mesohabitat-based data collection and modeling approach designed to predict stream
carrying capacity for juvenile salmonids in summer-habitat limited streams. The UCM has been
broadly applied within the upper Deschutes Basin and most recently carrying capacity estimates
have been calculated for the Crooked, Metolius, and the upper Deschutes Rivers for both resident
and anadromous forms of O. mykiss (Spateholts 2013). Carrying capacities in the Crooked River
and its major tributaries were estimated for the areas below Bowman Dam to the confluence with
the Deschutes River (Figure 4). The majority of the resident production was predicted to occur in
reaches 1, 2, and 25 – 30 (Figure 5), which is consistent with the population status evaluation
presented in Stuart et al. (2007). Resident O. mykiss carrying capacities in major Crooked River
tributaries (e.g., McKay Creek, Allen Creek, Deer Creek, Ochoco River, etc.) were limited or
non-existent (Table 1) suggesting that the majority of suitable juvenile rearing habitat exists in
the mainstem Crooked River reaches 1, 2 and 28-30.
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Some data were also available to address our questions about the influence of GBD on
trout production. Three separate studies have monitored TDG below Bowman Dam (BOR 2008;
Nesbit 2010; Sharp 2012) and all three established strong linear relationships between TDG and
discharge. BOR (2008) examined TDG levels at six stations in the lower Crooked River below
Bowman Dam between 2006 and 2007 (Figure 2). Measurements indicated that TDG levels in
the Dam’s stilling basin ranged from 106.4% at 288 cfs to 122.5% at 2,600 cfs. Using these data,
BOR (2008) regressed discharge against TDG, generating the following TDG saturation curve:
Equation 1.

𝑦 = 0.0056𝑥 + 106.16

Where: x = discharge at Bowman Dam and y = TDG (%); (R2 = 0.9589).
Nesbit (2010) later monitored TDG from April 2008 to April 2010 at the same six locations
originally established by the BOR (2008). The purpose of the Nesbit (2010) study was to
determine the extent and frequency that gas supersaturation exceeds ODEQ standards and begin
to document the vulnerability of fishes in the Crooked River to GBD. Nesbit (2010) found a
strong positive relationship between TDG levels and discharge at Bowman Dam (R2 = 0.93, pvalue = 0.0001; Figure 6). TDG reached 110% saturation at flow above 600 cfs and exceeded
120% saturation when flow reached 1,200 cfs. TDG levels above 110% also persisted for 12 rkm
downstream of Bowman Dam. Nesbit’s linear regression equation is summarized as:
Equation 2.

𝑦 = 0.0138𝑥 + 102.68

Where: x = discharge at Bowman Dam and y = TDG (%).
In October 2011 and April and May 2012, Sharpe (2012) collected TDG data in the Crooked
River below Bowman Dam. Sampling locations differed slightly from Nesbit (2010) and the
BOR (2008), but a similar linear relationship (R2 = 0.94) was developed between TDG and
discharge:
Equation 3.

𝑦 = 0.011𝑥 + 104.4

Where: x = discharge at Bowman Dam and y = TDG (%).
We used the data collected by BOR (2008), Nesbit (2010), and Sharpe (2012) to develop
a linear regression equation based on the cumulative data from all three studies. We will use the
following equation to estimate TDG levels below Bowman Dam:
Equation 4.

𝑦 = 0.0084𝑥 + 105.28
Where: x = discharge at Bowman Dam (cfs) and y = TDG levels (%).
While useful for depicting the relationship between Bowman Dam discharge and TDG,
these previous studies did not relate TDG to GBD incidence in redband trout, and the prevalence
of GBD and mortality rates resulting from infection are not well understood. 1989 and 2006 were
the only two years when ODFW observed trout with signs of GBD, 85% and 56%, respectively
(Porter and Hodgson 2016). To estimate the impact rate of TDG on redband trout populations,
we needed to relate TDG levels to mortality induced by GBD, or a rate of infection at varying
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TDG levels. Consequently, we used data from the Columbia River to predict GBD infection rates
based on TDG levels calculated from Bowman Dam discharge.
In an effort to provide information to assess appropriate water quality criteria for TDG
saturation in Washington State, Maynard (2008) conducted a comprehensive literature review of
available information on the effects of TDG on fish in the Pacific Northwest. The literature
review includes key findings from over 200 different field and lab studies, management
documents, and other literature reviews mainly within the Columbia River Basin. We used data
from Hagen et al. (1999), as referenced in Maynard (2008), which documented TDG and GBD
incidence rates at Priest Rapids Dam on the Columbia River from 1996 to 1999 in juvenile
Chinook, sockeye, and coho salmon and steelhead trout. There was a strong linear relationship
between TDG and GBD incidence rate (R2 = 0.80; Figure 7) resulting in the following equation:
Equation 5.

𝑦 = 0.005𝑥 − 0.5474

Where: x = TDG (%) and y = GBD incidence rate (%)
TDG levels below Bowman Dam were estimated by applying maximum weekly average
flow conditions to Equation 4 for each year that ODFW adult trout abundance surveys occurred.
Annual estimates of TDG were then used in Equation 5 to predict GBD infection rates for each
year. The resulting prediction of maximum annual GBD infection allowed us to scale adult trout
abundance estimates. This approach assumes that 100% of the fish infected with GBD succumb
to the disease, either immediately or over an extended period.
The relationship described by Equation 5 was based on GBD infection rates in juvenile
salmonids (Chinook, coho, sockeye, and steelhead) and ODFW’s adult trout population estimates
were limited to a 4.2 km section downstream of Bowman Dam. Therefore our, GBD infection
predictions were also applied to O. mykiss parr carrying capacity from Spateholts (2013) for
reaches 28-30 (14.8 km), which overlapped more fully with the river segment affected by
elevated TDG levels (12.7 km).
Upper Crooked River Redband Trout Production Estimation
To estimate the amount of redband trout production potential in the upper Crooked River
basin it was necessary to combine data from multiple sources. Habitat data specific to the North
and South Fork Crooked River subbasins were obtained from ODFW’s aquatic inventories
project (AIP) and redband trout density data were collected as part of a research study conducted
by Stuart et al. (2007). Habitat and redband trout density data were not available along the
mainstem upper Crooked River at the time of this evaluation.
ODFW has been actively documenting stream habitat conditions throughout the State of
Oregon since the early 1990’s (ODFW AIP Habitat and Reach Data Coverage Meta Data, 2014).
Habitat data were collected in the North Fork Crooked River Basin for the North Fork Crooked
River, Brush Creek, Porter Creek, East Fork Porter Creek, and Lost Creek (Tributary to MS
Crooked River) (Table 2). Additionally, habitat data are available in the South Fork Crooked
River subbasin for the South Fork Crooked River, Twelvemile Creek, and Roba Creek (Table 2).
Habitat data were collected during the summer months using methods described in Moore et al.
(1997). These data focus on channel and valley morphology, riparian characteristics, and
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instream habitat parameters. The purpose of these data is to provide information to inform
restoration plans, assess fish production and survival potential, and determine management
priorities. We used these data combined with fish density data (Table 3) collected by Stuart et al.
(2007), to estimate redband trout production potential in the upper Crooked River basin. Some
streams sampled by Stuart et al. (2007) were not included in the production potential estimate
because they were not sampled as part of the AIP and, therefore, habitat data were not available
(e.g., Gray, Lookout, East, West, and Main Fork Howard Creeks, or Dippingvat Creek). It is
likely that these excluded streams contain additional redband trout production potential and
consequently our upper basin production estimates should be regarded as conservative.
Accessibility of habitats in the upper basin to fish transported upstream of Prineville
Reservoir was evaluated using the Oregon Fish Passage Barriers Dataset
(http://spatialdata.oregonexplorer.info), which includes natural and artificial structures such as
bridges, cascades, culverts, dams, debris jams, fords, natural falls, tide gates, and weirs. Each
type of barrier is classified as a complete or partial barrier to fish migration. We used this dataset
to identify complete fish migration barriers and adjusted the extent of the AIP data accordingly;
if a complete barrier was identified on a stream surveyed as part of the AIP then production
estimates were calculated separately for the area below (accessible) and above (inaccessible) the
blockage. Two complete barriers were identified in the upper Crooked River basin (Figure 2);
one complete barrier was identified on Lost Creek and the other on Brush Creek. We used these
data to classify each habitat unit as accessible or inaccessible. Units existing downstream of the
complete blockage were accessible and the units existing up stream were inaccessible.
Production potential was still calculated for both categories, but this approach provides some
insight into how much habitat will be immediately accessible to any trout transported and
released above Prineville Reservoir.
Redband trout abundance was estimated for five major tributary streams in the upper
Crooked River basin including the North Fork Crooked River, Porter Creek, East Porter Creek,
Brush Creek and Lost Creek. Total wetted habitat surface area in each stream was multiplied by
redband trout density estimates from Stuart et al. (2007). We then divided the total production
potential estimate by the total length of the stream to determine fish per kilometer production
potential. Both fish density and habitat data were available in the North Fork Crooked River,
Porter Creek, and Brush Creek. Habitat data were also available for East Porter Creek and Lost
Creek, while density data were not. Therefore, when estimating production potential, we applied
fish density data from Porter Creek to East Porter Creek. Fish density data from the North Fork
Crooked River were applied to Lost Creek.
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Figure 3. Redband trout (>200 mm) density estimates from 1989 to 2016 in the Crooked River from
Big Bend Campground to Cobble Rock Campground (4.2 km). Surveys were conducted by ODFW
during the third week in June each year. Population estimates were calculated using a Schnabel
multiple-census estimator (Porter and Hodgson 2016).
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Figure 4. Stream habitat reaches used by PGE (2013) to estimate O. mykiss productivity in the lower
Crooked River basin.
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Figure 5. Redband trout parr carrying capacity estimates in Crooked River reaches 1 through 30.
Refer to Figure 4 for reach locations.

Table 1. Redband trout parr carrying capacity estimates (parr/km) for the lower Crooked River and
major tributaries. The majority of production potential exists in the mainstem Crooked River
immediately below Bowman Dam and upstream of Lake Billy Chinook. Refer to Figure 4 for stream
and reach locations.
Stream
Redband Trout Carrying Capacity (parr/km)
Allen Creek
0
Crooked River
31,248
Deer Creek
0
Little McKay Creek
0
Little McKay Tributary A
0
McKay Creek
0
McKay Creek Tributary A
32
McKay Creek Tributary B
57
Ochoco Creek
0
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Figure 6. TDG levels downstream of Bowman Dam as a function of discharge.
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Figure 7. Juvenile salmonid GBD infection rate as a function of TDG at Priest Rapids Dam from
1996 to 1999 (Hagen et al 2000 in Maynard 2008). Species monitored included Chinook, sockeye, and
coho salmon and steelhead trout.

Table 2. ODFW Aquatic Inventories Project upper Crooked River subbasin sampling dates.
Stream
ODFW Aquatic Inventories Sampling dates
Brush Creek
6/22/92 – 6/25/92, 7/7/92, 7/8/92, 7/13/92
EF Porter Creek
5/5/91, 7/31/91, 7/30/91
Lost Creek
10/4/99 – 10/6/99
Porter Creek
7/8/91 – 7/17/91, 7/22/91– 7/24/91, 7/30/91
7/22/03 – 7/24/03, 8/21/03, 8/22/03, 8/24/03, 8/26/03, 11/2/04, 11/3/04
NF Crooked River
8/28/01 – 8/30/01, 9/5/01, 9/10/01 – 9/12/01, 7/22/03
SF Crooked River
8/30/01, 9/13/01
Twelvemile Creek
6/24/1993, 6/25/93, 6/29/93, 6/30/93, 7/1/93, 7/8/93
Roba Creek
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Table 3. Observed densities of redband trout (all age classes) in tributary streams of the Crooked
River, 1990-1994 (adapted from Stuart et. 2007).
Watershed
Ochoco

North Fork Crooked River

South Fork Crooked River

Stream
Canyon
Ochoco
Marks
Mill
N.F. Crooked River
Gray
Lookout
Brush
E. Fork Howard
W. Fork Howard
Howard
Porter
Dippingvat
Roba

Date
August 1992
September 1992
October 1992
July 1991
July 1990
July 1994
August 1991
August 1991
July 1991
July 1991
July 1991
August 1992
August 1992
August 1992

Fish/m2
2.6
2.7
0.3-0.8
<0.1-0.1
<0.1
0.1
0.8
1.4
0.5-0.7
1
0.8
0.4
1
0.2

Table 4. Streams included in upper Crooked River basin redband trout production potential
estimates.
AIP Habitat
Included in
Sampling
Density1
Stream
Data
Production
Notes
Date
(fish/m2)
Available?
Estimation
NF Crooked
Jul-90
0.1
Y
Y
River
Gray Creek
Jul-94
0.1
N
N
Lookout Creek
Aug-91
0.8
N
N
Brush Creek
Aug-91
1.4
Y
Y
EF Howard
Jul-91
0.6
N
N
Creek
WF Howard
Jul-91
1
N
N
Creek
Howard Creek
Jul-91
0.8
N
N
Porter Creek
Aug-92
0.4
Y
Y
EF Porter
Assume same density as Porter
NA
NA
Y
Y
Creek
Creek
Assumed same density as NF
Lost Creek
NA
NA
Y
Y
Crooked River
1

All age classes included.
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RESULTS
TDG IMPACTS ON LOWER CROOKED RIVER REDBAND TROUT PRODUCTION
Adult trout GBD infection rate estimates were highly variable from 1989 to 2016,
ranging from 0 to 11% with the highest GBD infection rates occurring in 1989, 1993, 2006, and
2011 (Figure 8 and Table 5). Even when assuming that 100% of the infected fish succumbed to
GBD, predicted impacts of TDG were relatively small. The largest predicted annual decrease in
adult fish density due to elevated TDG was less than 110 fish/km.
We also predicted modest impacts of GBD infection on juvenile trout density. The total
carrying capacity estimated by Spateholts (2013) for Crooked River reaches 28-30 was 85,489
parr, or an average of 5,843 parr/km. Given that 1989, 1993, 2006, and 2011 had the highest
predicted GBD infection rates, those same years experienced the largest decrease in estimated
carrying capacity (Table 5). The single largest annual reduction in parr production capacity due
to GBD infection was 647 fish/km.
GBD infection rate estimates ranged between 0% and 11.01% annually, and impacts were
predicted to reduce combined adult and juvenile redband trout density by an average of 261
fish/km. Model predictions of average redband trout density increases in response to reductions
in TDG of 0% to 17% ranged between 0 and 250 fish/km (Figure 9). A 10% reduction in TDG
downstream of Bowman Dam would be expected to increase redband trout density by
approximately 200 fish/km.
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Figure 8. Baseline and adjusted redband trout density estimates in the 4.2 km section of the Crooked
River downstream of Bowman Dam, 1989 to 2016 and predicted GBD infection rates.

17

Table 5. Annual adult and juvenile redband trout densities in the lower Crooked River downstream
of Bowman Dam adjusted by predicted GBD infection rates. The baseline parr capacity estimate for
this section of river was 85,489.
Predicted
TDG

Adult
Density
(fish/km)

Predicted
GBD
Infection
Rate

Adjusted
Adult
Density
(fish/km)

Adjusted Parr
Carrying
Capacity
(parr/km)

Year

Date

MWAF
(cfs)

1989

3/11

2,901

129.65

516

10.09%

464

5,253

1993

4/1

3,136

131.62

945

11.07%

840

5,196

1994

8/17

331

108.06

2620

0.00%

2620

5,843

1995

12/13

1,033

113.96

2545

2.24%

2488

5,712

2001

7/13

257

107.44

2150

0.00%

2150

5,843

2003

7/11 - 7/28

239

107.29

733

0.00%

733

5,843

2006

4/14

2,986

130.36

281

10.44%

252

5,233

2007

3/20

888

112.74

578

1.63%

569

5,747

2008

4/14

1,006

113.73

494

2.12%

484

5,719

2009

5/3

1,060

114.18

1443

2.35%

1409

5,705

2010

4/20

1,847

120.80

1081

5.66%

1020

5,512

2011

4/1

2,473

126.05

654

8.29%

600

5,359

2012

4/20

1,424

117.24

2809

3.88%

2700

5,616

2013

4/3

710

111.24

4319

0.88%

4281

5,791

2014

12/24

978

113.50

3386

2.01%

3318

5,725

2015

2/7

545

109.86

1383

0.19%

1380

5,832

2016

3/6

1,488

117.78

185

4.15%

177

5,600
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Figure 9. Predicted average increase in juvenile and adult redband trout density downstream of
Bowman Dam in response to reduced TDG.

UPPER CROOKED RIVER REDBAND TROUT PRODUCTION ESTIMATES
The majority of redband trout production potential in the North Fork Crooked River
subbasin exists in the North Fork Crooked River, Lost Creek, and Brush Creek (Figure 10).
Limited production is expected to occur in Porter Creek and East Fork Porter Creek. Almost 90%
of the estimated production potential in Brush Creek was deemed inaccessible because it exists
upstream of a complete fish migration barrier (Table 6). About 4% of the total estimated fish
production potential in Lost Creek also exists above a complete migration barrier.
Total adult and juvenile redband trout production potential estimates in the South Fork
Crooked River subbasin were substantially lower relative to the North Fork Crooked River
estimates, which is consistent with what has been reported in the literature (Figure 10). Selfsustaining populations of redband trout do not exist in the South Fork Crooked River due to poor
water quality and poor habitat conditions. Roba and Twelvemile Creeks were estimated to
support modest levels of redband trout (Figure 10), with Twelvemile Creek estimated to have a
higher per kilometer production potential compared to Roba Creek (Table 6). In total, the
accessible portions of the upper Crooked River Basin were estimated to support more than
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60,000 adult and juvenile redband trout and inaccessible portions were estimated to support
almost 30,000 fish. Brush and Lost creeks were estimated to support the highest amount of fish
per kilometer at nearly 1,700 and 1,400, respectively.

35,000

Redband Trout Production Potential

30,000

29,828

29,415

25,000

20,000

15,000

Accessible

13,640

Inaccessible
10,000
6,794

0

0

2,680
0 0
SF Crooked
River

0

Roba Creek

548

NF Crooked
River

EF Porter Creek

0

Brush Creek

1,189
0

Porter Creek

3,033

0
Twelvemile
Creek

3,492

Lost Creek

5,000

Figure 10. Estimated redband trout production potential for all age classes in streams of the North
Fork Crooked River and South Fork Crooked River subbasins. Production potential estimates were
calculated for accessible and inaccessible areas based on the location of complete fish migration
barriers (refer to Figure 2 for barrier locations).
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Table 6. Estimated redband trout production potential for all age classes in the North and South
Fork Crooked River subbasins.
Estimated Redband Trout Production Potential (fish/km)
Stream
Inaccessible
Accessible
Brush Creek
2,430
1,766
East Fork Porter Creek
323
Lost Creek
212
1,435
North Fork Crooked River
817
Porter Creek
900
Roba Creek
396
South Fork Crooked River
Twelvemile Creek
609

SUMMARY CONCLUSION
To support the proposed development of hydropower at Bowman Dam, we were asked to
compare the benefits of fish passage to the benefits of reduced TDG levels downstream of
Bowman Dam. Initially, this seemed like a straightforward assessment and our approach outlines
how this can be done. Our findings suggest that if TDG levels were reduced to optimum levels
below Bowman Dam, we might expect a maximum annual increase of approximately 752 adult
and juvenile trout per rkm, which equates to an increase of about 11,129 fish over the entire 14.8
km reach currently impacted by elevated TDG levels. On average, TDG reductions should be
expected to provide modest gains in trout production potential, with increases in fish density of
approximately 140 fish/km and 200 fish/km for TDG reductions of 5% and 10%, respectively
(Figure 9).
Accessible habitats upstream of Bowman Dam may be capable of supporting over 60,000
adult and juvenile trout, suggesting that fish passage would provide a five-fold greater benefit to
fish enhancement efforts in the basin. However, upon further consideration of these two
restoration measures, we found comparing their benefits to be inappropriate. Upper basin
carrying capacity for redband trout is already occupied, and restoring passage should not be
expected to appreciably increase trout biomass in the Crooked River basin. Instead, the benefits
of fish passage are more likely related to life-history diversity and population connectivity,
which could increase the resilience of Crooked River redband trout populations, but would not
appreciably enhance trout fisheries or increase fish abundance. Because the benefits of passage
and reducing TDG are different, choice of which management measure is more beneficial is a
question of whether managers wish to restore life-history diversity (i.e., anadromy) or enhance
resident trout fisheries in the basin.
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