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Anadromous salmonid populations in the Pacific Northwest have declined over the
past 150 years. In 1999, wild spring Chinook salmon (Oncorhynchus tshawytscha)
were federally listed as threatened within the Willamette Basin, OR. Current practices
to restore wild populations in the upper Willamette Basin involve trapping wild adults
at the base of high-head dams and hauling them upstream to historic spawning
locations. Their resulting progeny must migrate downstream past the dams,
highlighting the necessity of effective juvenile passage. Ideally, studies evaluating
downstream juvenile passage structures would use wild fish, but this is often not
feasible because of the large number of fish required for reliable estimates. The Wild
Fish Surrogate Project at Oregon State University rears juvenile spring Chinook
salmon as substitutes for wild-origin fish that are intended to behave similarly to wild
ones and emulate wild juvenile migratory phenotypes in the Willamette Basin. We
compared survival and movement of wild and wild fish surrogate juvenile Chinook

salmon using a combination of PIT-tag detections at interrogation stations and seining
recaptures in the McKenzie River Basin. We estimated survival, movement, and
detection with multi-state Cormack-Jolly-Seber models and compared survival
between the two groups through time. Overall, detection and movement of wild and
surrogate juveniles were similar, although surrogates tended to move earlier than their
wild juvenile counterparts. Surrogate juveniles had a greater probability of movement
within the upper Willamette River Basin compared to wild juveniles. This was likely
due to the wild fish surrogates experiencing a novel environment and searching for
suitable resources within the river system. Movement both within the upper
Willamette River Basin and past Willamette Falls increased as the mean 7-day
maximum temperature decreased, reflecting seasonal changes. Apparent survival
differed between the two groups, and varied with maximum temperature. Surrogate
fish had greater apparent survival at warmer temperatures compared to wild juveniles.
This difference may have been a result of surrogate juveniles rearing at warmer
temperatures prior to release and also being more likely to move downstream soon
after being introduced into the McKenzie River.
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Introduction
Numerous wild salmonid populations in the Pacific Northwest are listed as
threatened or endangered under the Endangered Species Act (Gustafson et al. 2007;
Nehlsen et al. 1991). These anadromous populations have declined over the past 150
years because of overfishing and habitat alterations, primarily the construction of
dams (Chapman 1986; Levin and Tolimieri 2001; Nehlsen et al. 1991; Schaller et al.
1999). Human alterations such as hydroelectric dams are present in many river
systems (Graf 2006), and dams are thought to be largely responsible for the decline in
salmonid populations due to the effects on fish movement to and past them (Levin
and Tolimieri 2001; Pringle et al. 2000; Schaller et al. 1999). Juvenile bypass
structures have been constructed at some dams to allow fish to circumvent the
turbines as they migrate downstream (Keefer et al. 2013; Matthews et al. 1977;
NMFS 2008). The design and operation of juvenile bypass facilities must be tested
and modified if necessary to improve their operation. Juvenile bypass structure are
evaluated by observing the responses of juvenile fish to the facilities and estimating
fish survival during their downstream movement (Klopries et al. 2018; NMFS 2008).
However, researchers must use a large number of juvenile salmon for survival studies
to evaluate the effectiveness of these bypass structures (Colotelo et al. 2017; Keefer et
al. 2013; Klopries et al. 2018). This often prevents researchers from using wild
salmon, because of the at-risk status of wild populations and difficulties associated
with obtaining such large numbers of wild individuals.
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Hatcheries in the Pacific Northwest release millions of salmon (Oncorhynchus
sp.) each year (Mahnken et al. 1998; Ruggerone and Irvine 2018). These hatchery
salmonids could serve as a possible alternative to the wild fish when conducting
movement and survival studies, since hatchery fish are available in large numbers
(Adams et al. 2014; Hockersmith et al. 2003; Perry et al. 2016). However, there is
growing evidence for differences between hatchery and wild origin salmonids (Brown
et al. 2013; Christie et al. 2016; Haring et al. 2015; Hill et al. 2006; Taylor 1986;
Tiffan and Connor 2011; Wessel et al. 2006b). Wild- and hatchery-origin salmonids
also display differences in juvenile behavior and survival (Beamish et al. 2012;
Berejikian 1995; Fritts et al. 2007; Kostow 2004; Osterback et al. 2014; Pinter et al.
2018; Salvanes 2017; Wessel et al. 2006a). In research studies with the goal of
assessing wild populations, using hatchery fish instead of wild ones may confound
results.
In response to this problem, the Wild Fish Surrogate Project was established
at Oregon State University with the goal of producing juvenile spring Chinook
salmon (Oncorhynchus tshawytscha) and winter steelhead (O. mykiss) that behave
similarly to wild fish and emulate wild juvenile migratory phenotypes in the
Willamette Basin, Oregon (Schroeder et al. 2016). Production of wild salmon
surrogate fish is accomplished in an artificial environment by implementing rearing
practices that differ from those at large-scale production hatcheries (Cogliati et al.
2019). Several studies have shown that rearing environment and hatchery practices
can affect behavior and morphology of salmonids (Brignon et al. 2018; Cogliati et al.
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2019; Kihslinger et al. 2006; Larsen et al. 2006; Naslund and Johnsson 2016). The
Wild Fish Surrogate Project provides juvenile salmonids to researchers conducting
field studies in the Willamette River basin as surrogates for wild juvenile salmonids.
Fish produced by the Wild Fish Surrogate Project are referred to as “surrogates”
hereafter. The term “hatchery” (or hatchery-origin) salmon is used when referring to
fish reared at a conventional production hatchery, while “wild” (or wild-origin) refers
to those individuals that originate from and rear in a natural freshwater environment.
The Wild Fish Surrogate Project rearing practices include changes to diet and
feeding regimes, incubation and rearing environments, and fish rearing densities. The
Wild Fish Surrogate Project rears fish at the Fish Performance and Genetics Lab
(FPGL) and the Oregon Hatchery Research Center (OHRC), research facilities
associated with Oregon State University. This provides the opportunity to change
rearing environments and evaluate the effects in a research setting. Surrogate fish are
fed a low-lipid, high nutrient experimental diet that differs from commercial feed
used at most conventional hatcheries. Juveniles are also fed at irregular intervals, with
a growth trajectory designed to mimic the growth of wild salmonids rather than an
accelerated growth trajectory often used in conventional hatcheries. Fish are reared
under much lower densities through this altered rearing protocol. In addition,
substrate and structure are added to tanks, mimicking a more natural stream
environment.
The Wild Fish Surrogate Project evaluates fish reared under these altered
practices by comparing surrogate fish to hatchery reared and wild individuals within
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the Willamette Basin. Comparisons include measures in morphology, physiology, and
behavior (Noakes et al. 2013; Noakes et al. 2014). These evaluations have occurred
over several years to ensure that surrogate fish are more similar to wild salmonids.
Differences within surrogate fish have also been examined (Unrein et al. 2018), with
the assumption that surrogate spring Chinook salmon contain individuals predisposed
to be either fall or spring migrants (Cogliati et al. 2018). However, while the Wild
Fish Surrogate Project has the goal of emulating wild fish migratory phenotypes,
comparisons of survival and migration patterns between surrogate and wild juveniles
have not yet been evaluated.
Wild spring Chinook salmon in the Willamette Basin, Oregon were federally
listed as threatened in 1999 (NMFS 2008). As a result of this threatened status, there
has been significant interest in the management of wild spring Chinook salmon within
the Willamette basin. Several studies have examined juvenile migration, one of which
demonstrates that spring Chinook salmon in the Willamette basin display a variety of
migratory patterns (Schroeder et al. 2016). Schroeder et al. (2016) found that the
primary life histories consisted of sub-yearling, fall, and yearling smolts, which
migrate to the Columbia River in the late spring, autumn, or the following spring,
respectively. This life history diversity may provide stability and resilience for the
threatened spring Chinook salmon populations, and maintaining this diversity is
considered a critical component for conservation actions. Diversity in life histories
may allow some populations to persist in the event of increased environmental
variation due to climate change (Greene et al. 2009).
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During late spring 2016, the Wild Fish Surrogate Project released 4,925
Passive Integrated Transponder (PIT) tagged juvenile spring Chinook salmon into the
upper McKenzie River within the Willamette Basin. This release was conducted with
the goal of evaluating differences among groups of surrogate fish (see Appendix A
for further details). During the summer of 2016, biologists working for the Oregon
Department of Fish and Wildlife (ODFW) also PIT tagged several thousand wild
juvenile spring Chinook salmon in the upper McKenzie River basin. These groups of
tagged surrogate and wild juveniles within the same basin presented the opportunity
to compare surrogate and wild spring Chinook salmon movement and survival. Since
our research focused on comparing wild and surrogate juveniles, all surrogate
juveniles were treated as one group. This allowed us to assess the movement of
surrogate fish in the wild to provide the Wild Fish Surrogate Project and other
researchers using surrogate fish valuable insights into surrogate fish behavior and
migratory phenotypes relative to wild fish.
We compared juvenile spring Chinook salmon survival and movement
between tagged surrogate and wild fish in the McKenzie River basin. The goal of our
research was to determine whether surrogate fish have similar movement patterns and
survival compared to wild juveniles. Our objectives to complete this goal included:
(1) evaluate the influence of environmental covariates on movement and survival of
juvenile Chinook salmon; (2) evaluate the evidence for differences in movement
patterns and survival between surrogate and wild juveniles; and (3) describe
implications for managing juvenile salmon habitat in the McKenzie River and for
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researchers that use surrogate fish. We hypothesized that the overall patterns and
influences of environmental factors on apparent survival would not differ
significantly between surrogate and wild juvenile salmon.
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Literature Review
Spring Chinook salmon typically spend several months to a full year in
freshwater, although in rare instances some individuals may reside in streams for 2
years before migrating to the ocean (Schroeder et al. 2016). Movement within
freshwater can vary substantially among individuals (Zabel et al. 1998), as fish may
move downstream in phases rather than making the complete movement to the
estuary at once. Abiotic variables such as water temperature and flow are known to
influence movement timing, as well as survival (Baker et al. 1995; Berggren and
Filardo 1993; Connor et al. 2003; Sykes et al. 2009). Movement within freshwater
may also be in response to the environment, such as moving to habitat with more
suitable rearing conditions, rather than active migration (Bjornn 1971; Harvey and
White 2017). Variables such as temperature, flow, turbidity, pH and dissolved oxygen
concentrations might influence fish survival, or motivate movement to other locations
within the watershed that may be more preferable. Deciding to move downstream in
response to the existing environment is consistent with a behavioral state-space model
framework (Houston and McNamara 1999).Thus, when constructing survival and
movement models it is also important to consider environmental covariates that can
affect these parameters.
Environmental effects on juvenile survival are often only considered when
they approach extreme values, or the fish’s critical lethal limit. However,
environmental factors can influence survival even when values are within the
tolerance range. For instance, studies have demonstrated that juvenile Chinook
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salmon display reduced growth and increasing mortality when water temperatures
begin to exceed 15.6 °C (McCullough 1999; Richter and Kolmes 2005). Additional
stress from experiencing non-optimal environmental conditions can result in a
repressed immune system, which may lead to reduced survival in fish (Maule et al.
1989). Warm water temperatures can increase infection rates while also reducing a
fish’s ability to withstand disease (Fryer and Pilcher 1974; Materna 2001). Therefore,
environmental factors have the potential to influence juvenile Chinook salmon
survival even when they do not exceed the fish’s tolerance thresholds.

Environmental covariates
Water temperature plays a critical role in determining juvenile Chinook
salmon survival and movement, as their life histories are strongly related to historic
temperature conditions (Brannon et al. 2004). In natural feeding regimes, Chinook
salmon have an optimal rearing temperature of approximately 12-15 °C (Richter and
Kolmes 2005, Hicks 2000). The upper critical lethal limit for juvenile Chinook
salmon is 25.1 °C (Brett 1952). However, the preferred temperature range for
juveniles is much lower, at approximately 11.7-14 °C (Brett 1952; McCullough 1999;
Richter and Kolmes 2005). In a river system, fish may choose to search for more
suitable water temperatures in the event that temperatures in the current location
prove too warm or cool, as remaining in non-optimal temperatures for an extended
length of time can decrease growth and survival potential (Beauchamp 2009).
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Changes in water temperature are also known to stimulate fish movement. A
sudden drop in temperature is more difficult for a fish to cope with compared to a
sudden increase in temperature, when the temperatures are still within the fish’s
thermal tolerance (Sullivan et al. 2000). Changes in temperature can also trigger
downstream migration (Zydlewski et al. 2005), as they may serve as indicators for
seasonal changes or that the current environment will soon be sub-optimal (Bjornn
1971). Cumulative temperature experience has also been used to evaluate migration
timing (Sykes et al. 2009; Zydlewski et al. 2005), as temperature is directly related to
the juvenile salmonid’s metabolism and growth (Sullivan et al. 2000).
Stream discharge can affect both fish survival and movement. Survival may
decrease during low water discharge, as this means there is less available space for
fish within the stream (Connor et al. 2003). Fish are constrained by the available
water, which can increase competition for resources and the risk of encountering
predators (Harvey and White 2017). Juvenile salmonids may also have reduced cover
available to them during low flows, further increasing predation risk. Similarly, fish
may be less likely to move during low flows in an attempt to minimize predation risk
(Harvey and White 2017). As a result, fish might wait until a rise in water level
triggers a movement response (Sykes et al. 2009). However, fish may not move
downstream during flooding, as these events would give fish access to off-channel
habitats that have the capacity for greater growth and survival (Jeffres et al. 2008;
Katz et al. 2017; Sommer et al. 2001; Takata et al. 2017). Thus, a change in flow may
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be important for predicting fish movement, if a moderate rise in water level triggers
downstream migration for some individuals.
Turbidity is another environmental variable that may potentially affect
juvenile salmon survival and movement. When streams are highly turbid, this could
decrease survival if juveniles have increased difficulty foraging (Gregory and
Northcote 1993). In addition, suspended particles can cause damage to gills and
impede oxygen intake (Noggle 1978). However, the reduced visibility in highly
turbid waters may also reduce the predation risk from predators that rely on visual
cues (Gregory and Levings 1998). Highly turbid waters may also influence juvenile
salmon movement, as fish will be unable to navigate by sight. Hatchery Chinook
salmon have been reported to reduce their swimming speeds in turbid water (Lehman
et al. 2017). Conversely, juvenile salmonids were reported to be more likely to
emigrate from highly turbid areas (Sigler et al. 1984). Juveniles are also more likely
to move downstream during the day in moderately turbid waters compared to clear
streams (Melnychuk and Welch 2018).
The pH levels of a stream could also affect juvenile salmonid survival and
movement. Juvenile Chinook salmon have an optimal pH range of 6.8-8.0 (Raleigh et
al. 1986), indicating they tend to prefer water that is slightly basic. A pH level lower
than this range could increase the stress that the fish experiences, which can result in
increased sensitivity and elevated stress responses to other disturbances (Barton et al.
1985). In addition, slightly acidic conditions may impair the detection of chemical
alarm cues, thereby reducing predator avoidance behaviors (Leduc et al. 2010; Leduc
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et al. 2006). If a fish experiences a pH level outside their optimal range, this aspect of
the physical environment may cause the fish to move elsewhere in search of habitat
with a more suitable pH level (Gunn 1986).
Dissolved oxygen concentrations are critical for fish survival, and can
influence movement as well. Fish survival decreases at low dissolved oxygen
concentrations, with acute mortality occurring at concentrations below 3 mg/L as
juveniles are unable to extract enough oxygen from the water (Carter 2005). The
preferred dissolved oxygen level for juvenile salmon is reported to be 9 mg/L for
water temperatures less than 10 °C and 13 mg/L for temperatures greater than 10 °C
(Raleigh et al. 1986). Similar to other physical characteristics of the freshwater
environment, if dissolved oxygen levels are low, even without reaching the minimum
threshold, this may result in stress for the fish that can reduce survival. In addition,
low dissolved oxygen concentrations in one area of the stream may result in fish
moving to other areas with greater dissolved oxygen concentrations. Juvenile
Chinook salmon are known to actively avoid areas with dissolved oxygen
concentrations below 6 mg/L (Whitmore et al. 1960).
Precipitation itself is unlikely to influence juvenile fish survival outside of
causing increased turbidity in the stream. However, precipitation may play a role in
fish movement and downstream migration (Greenstreet 1992; Hoffnagle and
Fivizzani 1990; Solomon 1978). Rain events may alter fish behavior and trigger
downstream movement (Greenstreet 1992; Solomon 1978) because the rainfall is a
different water source. Novel water chemistry can act as a stimulus for elevating
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plasma thyroxine levels, a physiological response associated with the smoltification
process (Hoffnagle and Fivizzani 1990). Thus, an influx of new water in the form of
rainfall may be a cue for juvenile salmon to begin their downstream migration to the
ocean.
Many of these physical stream characteristics are interrelated. For instance,
colder water is capable of containing more dissolved oxygen than warmer water.
Water may be warmer during lower discharge, as the smaller water volume can heat
more rapidly. Precipitation events are also closely related to water discharge, as
intense rainstorms provide a large influx of water to the system. Consequently, the
increase in water levels may result in a drop in water temperature. Precipitation can
also be associated with turbidity levels, since rainstorms may erode hillsides and
carry sediments into the stream channel. The interconnectedness of many of these
environmental variables can make associations with fish survival or movement
difficult in a field setting.
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Methods
Study area
As a tributary of the Columbia River, the Willamette Basin drains
approximately 30,000 km2 in western Oregon and contains 13 storage reservoirs
(Leland et al. 1997). In addition to these large dams, numerous smaller dams and
culverts act as barriers to fish passage within the region (Sheer and Steel 2006). Loss
of habitat and hydropower development are factors contributing to the decline of
salmon populations within the Willamette Basin, which led to the 1999 listing of
spring Chinook salmon as threatened (McElhany et al. 2004). Anthropogenic barriers
in the McKenzie River basin, a tributary of the Willamette River, have resulted in a
42% loss of Chinook salmon habitat (Sheer and Steel 2006). These dams and loss of
habitat, in addition to the threatened status of spring Chinook salmon in the upper
Willamette Basin, have led to research interest in juvenile survival and migration
patterns. Juvenile salmonids from the upper McKenzie River undergo a downstream
migration of several hundred kilometers through a highly altered hydrological system
(Leland et al. 1997; Wallick et al. 2006) before reaching the Pacific Ocean. This
migratory route from the upper McKenzie River to Willamette Falls comprised the
study area for this project (Figure 1).

Wild fish capture and tagging
During the summer of 2016, ODFW crews tagged wild juvenile Chinook
salmon throughout the McKenzie River basin. Wild juveniles were identified by the
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presence of an adipose fin, as hatchery fish have the adipose fin removed prior to
release. Crews captured juvenile salmon by using beach- and snorkel-seining
methods. After capture, juveniles were measured (fork length, nearest mm) and
scanned for the presence of a PIT tag. Unmarked and untagged juvenile Chinook
salmon were implanted with Passive Integrated Transponder (PIT) tags following the
procedure described in Schroeder et al. (2016). Briefly, fish were placed into an
anesthetic bath containing buffered solution of tricaine methansesulfonate (MS-222,
60-80 mg*L-1). ODFW personnel injected 12mm PIT tags (Biomark, ID) into the
anesthetized fish using sterile hypodermic needles. Tagging in the upper McKenzie
basin began in early June and continued through early September, resulting in 7,248
wild juveniles tagged during this time period. Only fish tagged in June that were at
least 65 mm in fork length at the time of tagging were included in this study. ODFW
crews tagged 1,383 natural-origin juveniles meeting these criteria in the upper main
stem McKenzie River sites and tributaries to the upper McKenzie River. Since
tagging occurred during the summer months, the majority of juveniles tagged by
ODFW crews were presumed to be either autumn smolt migrants or yearling smolts
that would migrate the following spring.

Surrogate fish rearing, tagging and release
Details of origin, rearing, and previous handling of the surrogate juvenile
Chinook salmon are located in Appendix A. Surrogate juvenile Chinook salmon were
implanted with 12mm PIT tags (Biomark, ID) on May 16 and 17, 2016 in accordance
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with animal care protocol (Oregon State University, ACUP 4688). A total of 5,012
juveniles were tagged, and the fork length of each individual was recorded to the
nearest millimeter. Fish were held for a 2-week observation period after tagging, to
account for any tag loss or potential mortalities from the tagging and handling
process. Mortalities and tag loss resulted in 87 fewer individuals, leaving a total of
4,925 PIT tagged juveniles. On May 31, 2016, the surrogate juveniles were
transported from the Fish Performance and Genetics Laboratory (FPGL) at Oregon
State University in Corvallis, Oregon to the upper McKenzie River (following
standard Wild Fish Surrogate Project transport and handling procedures, ACUP
4688). The fish were released in four groups into the mainstem McKenzie River
upstream of Leaburg Dam (Figure 1). Two groups were released into the McKenzie
River between the confluence with Silver Creek (river kilometer [rkm] 80) and the
confluence with the South Fork McKenzie River (rkm 96), termed the “downstream”
site. The remaining two groups were released further upstream of the confluence with
Horse Creek, either at or above rkm 105, which is termed the “upstream” site. The
upstream or downstream release location was recorded for each individual fish.

Data collection
Juvenile salmonids implanted with a PIT tag could be detected at several
points during their emigration from the upper McKenzie River to the ocean. These
detection sites included Leaburg Dam, the Walterville juvenile fish bypass, and
Sullivan Dam juvenile fish bypass at Willamette Falls (Figure 1). Tagged fish could
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also be recaptured by ODFW seining crews, who recorded each previously tagged
fish’s PIT tag number along with the recapture location and time. ODFW crews
operated in several areas throughout the McKenzie River and portions of the
Willamette River in 2016. They recaptured several tagged fish from this study at
seining sites in the upper and lower McKenzie River, but they did not capture fish
from this study during the few sampling events in the Willamette River. PIT tag
detections from the antenna arrays and seining crews were uploaded to the Columbia
Basin PIT Tag Information System (PTAGIS) database. These detections were freely
available through the PTAGIS website (https://www.ptagis.org).
Leaburg Dam is located on the McKenzie River at rkm 56, and was the first
PIT tag interrogation site a juvenile salmonid in this study would encounter (Figure
1). The antenna arrays at Leaburg Dam are located at the exit of a screened bypass
that diverts downstream migrating juvenile fish from the turbines. However, juveniles
can still pass through the spillway. The Leaburg juvenile bypass was tested on May 4,
2016 following a reader board upgrade and retuning of the detection antennas. The
1.524 meter by 1.524 meter exit canal contained two antennas, approximately 7.6
meters apart. The testing confirmed that both antennas were operational, and they
successfully detected each of the 20 PIT tagged fish used to test the system.
The Walterville detection site is owned by the Eugene Water and Electric
Board, and is located at river kilometer 39 on the McKenzie River (Figure 1). This
interrogation site consists of a bypass used to divert fish in the Walterville Canal,
preventing them from approaching the Walterville Dam. Two antennas for detecting
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PIT tags are located at the end of the exit pipe for the bypass, where fish re-enter the
McKenzie River.
Sullivan Dam powerhouse is located at the Willamette Falls, near river
kilometer 4 on the Willamette River (Figure 1), and is operated by Portland General
Electric. It contains a bypass for diverting juvenile fish away from the turbine intakes,
returning the fish to the Willamette River below the plant. The juvenile bypass at
Sullivan powerhouse consists of two possible routes, the North Fish Bypass and the
Turbine 13 Full Flow Bypass, and can be switched between the two. The Turbine 13
bypass is used during high water levels and contains one detection antenna. The
North Fish Bypass is used during normal and low water levels, and also contains one
detection antenna that is separate from the one housed in the Turbine 13 bypass.
Large volumes of water at Willamette Falls typically result in lower PIT tag detection
efficiencies compared to the PIT tag arrays located in the McKenzie River.
We divided the study area into four distinct sections, or strata, based on the
locations of the PIT tag detection arrays and ODFW seining sites (Figure 3). We used
these four sections in the multi-strata model (described below in the subsection Data
Analysis) to estimate fish survival and movement for different locations within the
study area. The upper McKenzie basin, section A, extended from above Leaburg Dam
to the headwaters (Figure 3). ODFW seining crews captured juvenile salmon in
section A, and these captures were the sole method of detection in the upper
McKenzie basin. Section B was the mid-McKenzie River, which extended from the
mainstem McKenzie River below Leaburg Dam to the Walterville canal. Detections
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in section B were from the Leaburg PIT-tag array. The lower McKenzie River and
upper to mid-Willamette River comprised section C, which extended from the
Walterville detection array to Willamette Falls. Detections in this area were primarily
from the Walterville detection array, although ODFW crews also recaptured several
tagged juveniles at the lower McKenzie River seining sites. Finally, section D was the
lower Willamette River below Willamette Falls. Juveniles entering this section were
detected exclusively at the Sullivan juvenile bypass, located at Willamette Falls.

Environmental data
We obtained stream environmental data from multiple United States
Geological Survey (USGS) gages located within the McKenzie and Willamette River
basins (Table 1). The Vida gage (station 14162500) was located in section A of the
study area, between the downstream surrogate release site and the Leaburg detection
array. It recorded a variety of stream measurements including river discharge, water
temperature, turbidity, dissolved oxygen concentration, and pH levels. The
Walterville gage (station 14163900) was located in section B below Leaburg dam, but
upstream of the Walterville PIT tag detection array. This gage recorded river
discharge and, beginning in 2017, water temperature. However, the water temperature
at this gage correlates strongly with the water temperature at the Vida station. To
estimate water temperature for section B in 2016, before temperature measurements
were recorded, we compared the 2017-2019 daily temperatures at the Vida gage and
the Walterville gage. The daily maximum temperature between these gages exhibited
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a strong positive linear relationship (Figure 2). We used this relationship and the daily
maximum temperature recorded at the Vida gage to estimate the daily maximum
water temperature at the Walterville gage, using the linear equation:
𝐷𝐷𝐷𝐷𝐷𝐷𝑊𝑊 = 1.1478 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 − 0.695,

where DMT is the daily maximum temperature at Walterville (W) and Vida (V) in
Celsius. Section C, the lower McKenzie River, contained a USGS gage at Hayden
Bridge (station 14164900) that recorded both river discharge and water temperature.
This gage was located downstream of the Walterville PIT tag detection array, but
upstream of ODFW beach seining sites in the lower McKenzie River. We used data
from the Keizer (station 14192015) and Newberg (station 14197900) gages in section
C, the Willamette River, to obtain water temperature and river discharge
measurements, respectively.
Finally, we also obtained precipitation data from three NOAA climate stations
within the study area (Table 1). The McKenzie Bridge station (US1ORLA0130) was
located in section A, near the upstream surrogate release locations. Leaburg climate
station (USC00354811) was in section B, the mid-McKenzie River basin, near the
Leaburg PIT tag array. Section C, the lower McKenzie River watershed, contained
the Springfield station (US1ORLA0121) located in north Springfield, Oregon near
the Hayden Bridge USGS gage.
We derived several covariates from the environmental data gathered from the
USGS stream gages and NOAA climate stations. We calculated degree days for the
length of the study, which was the cumulative sum of the average daily water
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temperature beginning on June 1, 2016 (the first full day of the study) and continuing
until the end of the study in April 2017. The cumulative number of days in which the
average or maximum water temperature exceeded 18 degrees Celsius was also
determined as a proxy for evaluating fish stress due to warm water temperatures
(Table 2). We also calculated several metrics to assess changes in temperature,
discharge, or precipitation during the week that could influence fish movement. The
discharge ratio was calculated as the maximum discharge recorded in a given week
divided by the average discharge for that week. This covariate was used to represent
the occurrence of pulse flows, when there was a relatively sudden increase in water
discharge (Table 4). A precipitation ratio was calculated as the maximum daily
precipitation for the week divided by the average precipitation for the week. The
precipitation ratio represented abnormally large precipitation events for the week that
may have motivated fish movement (Table 4). We calculated ratios for maximum and
minimum temperature in a similar manner. The maximum temperature ratio was
calculated as the maximum water temperature recorded in a given week divided by
the average maximum temperature for that week. Similarly, the minimum
temperature ratio was calculated as the minimum water temperature recorded in a
given week divided by the average minimum temperature for that week. We used
these temperature ratios to represent the presence of an abnormally hot or cold period
within the week that could be a cue triggering fish movement (Table 4). We
standardized all continuous covariates to have a mean of 0 and standard deviation of 1
to aid in model fitting.
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Data Analysis
We used multi-state Cormack-Jolly-Seber (CJS) models to compare juvenile
surrogate and wild Chinook salmon apparent survival, movement, and detection in
the McKenzie River. The CJS models are unable to differentiate between individuals
that died and those that permanently emigrated and were undetected during
emigration. We use the term “apparent survival” to indicate the probability that a fish
remained in the study area. This differs from true survival because we cannot
determine whether the fish died or permanently emigrated without being detected.
Incorporating multiple states in the CJS framework provided the ability to
model movement between spatial areas. This allowed us to account for fish
movement within the river system, while also permitting different river sections to
vary in both apparent survival and detectability. However, the primary assumption of
the multi-state model is that movement and apparent survival are independent
processes (Cooch and White 2001). This effectively meant that the fish must first
survive the period, and then only after surviving can the fish move to another river
section. Another assumption in the model is that all fish moved at the same time
within the period, meaning they only moved at the very end of the time step (Cooch
and White 2001). This assumption is necessary for apparent survival and movement
to be independent processes, since all fish must first survive before moving.
However, fish in our study could move to another river section at any point during the
time interval.
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The CJS framework assumes captures are discrete events. Since the detections
at PIT tag arrays were continuous, rather than discrete events, we collapsed all
detections by river section into weekly time intervals. In addition, we excluded four
outlier detections (three surrogate fish, one wild fish) that occurred in February 2018,
as these were unusual detections and most fish would have migrated to the estuary by
spring of 2017. We had detections ranging from May 31, 2016 to April 19, 2017 after
excluding these outliers.
We fixed several parameters in the multi-state CJS model to aid in estimation.
ODFW crews did not operate in the upper McKenzie basin during the winter and
early spring. To account for this, we fixed the detection probability to be 0 in Section
A for weeks between October 26, 2016 and April 19, 2017. The Leaburg PIT tag
array was non-operational from March 25 – April 25, 2017 because of maintenance at
the Leaburg canal. Therefore, we also fixed the detection probability to 0 for Section
B during these weeks. Apparent survival in Section D, downstream of Willamette
Falls, was inestimable due to limited numbers of detections and the fact that tagged
individuals would not return until years after the study. Thus, apparent survival was
fixed to be 0 for Section D. Finally, none of the fish were detected moving to an
upstream section. In the case of Section B, the mid-McKenzie River, upstream
movement was prevented by the presence of Leaburg Dam. Therefore, we fixed all
upstream movement probabilities at 0.
We used a systematic procedure to fit covariates in the multi-state CJS model.
First, we evaluated pairwise correlations between all possible covariates by using

23
Pearson correlation coefficients. We only included covariates in the same model if
they had a correlation less than 0.7 and greater than -0.7, to avoid issues arising from
multicollinearity (Moore et al. 2012). Next, we constructed models for survival and
movement using several uncorrelated variables. The covariates used in the models
represented specific hypotheses regarding juvenile Chinook salmon survival,
detection, or movement (Tables 2-4). Differences between surrogate and wild fish
were evaluated by creating a binary indicator variable (0, 1) and fitting models both
with and without a “wild-type” variable that denoted the origin of the fish (either
surrogate = 0 or wild = 1 origin). We used the log-log link function for model fitting
and parameter estimation. All analyses were conducted in R (R Core Team 2017)
using the package RMark (Laake et al. 2012).
To determine the best model for estimating detection probability, we used the
global (all uncorrelated parameters) survival and movement models while fitting
several alternative detection models (p). We used measurements from the USGS gage
closest to the PIT tag array (Sections B, C, and D) or beach-seining sites (Section A)
to estimate average flow in the corresponding section. Section C was used as the
reference detection stratum, or the intercept, because this area had detections from
both PIT tag arrays and beach-seining events. We used an information theoretic
approach (Burnham and Anderson 2002) to evaluate the relative model fit of each
candidate detection model. We compared the relative fit of different models by
calculating the small-sample adjustment for Akaike’s Information Criteria (AICc;
Hurvich and Tsai 1989), Akaike weights, and delta AICc, the difference between each
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model’s AICc score and the model with the lowest AICc (Burnham and Anderson
2002). The best fitting detection model was the one with the smallest AICc and it was
used during model selection of the movement and survival models. We also used
Akaike weights to evaluate the relative support for candidate detection models.
Akaike weights range from 0 to 1, and all the weights in the candidate set sum to 1.
The most plausible model in the candidate set has the greatest weight. We assessed
the plausibility of the best fitting detection model to the second best by using
evidence ratios, calculated simply as the ratio of their Akaike weights (Burnham and
Anderson 2002). This was akin to a likelihood test and allowed us to evaluate the
likelihood of our top model relative to other models in the candidate set.
We evaluated the relative fit of alternative models for fish movement between
sections using the best fitting detection model. Movement was allowed to vary
between each combination of stratum (i.e., movement from one strata to another), and
only uncorrelated environmental parameters were included in the same movement
model. After determining the best movement model, we then constructed several
different survival models and evaluated them while keeping the best models for
detection and movement. We used the same information theoretic approach for
evaluating the best movement and survival models that we used for evaluating the
candidate detection models (see above). Our final best CJS model consisted of the
best fitting detection, movement, and survival sub-models.
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Table 1. Data sources for environmental covariates used in the model. Environmental
measurements were obtained from USGS gages and a NOAA climate station.
Gage or Station
Name
Vida gage

ID Number

Environmental measurements

River
Section
A

14162500

Leaburg gage
Walterville gage

14163150
14163900

Hayden Bridge
gage
Keizer gage

14164900

Discharge, water temperature,
dissolved oxygen, pH, turbidity
Discharge
Discharge, water temperature
(beginning in July 2017)
Discharge, water temperature

14192015

Water temperature

D

Newberg gage

14197900

Discharge

D

McKenzie Bridge
station 1 N, OR
US
Leaburg station 1
SW, OR US
Springfield station
2.1 WNW, OR US

US1ORLA0130 Precipitation

A

USC00354811

Precipitation

B

US1ORLA0121 Precipitation

C

B
B
C
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Table 2. Candidate covariates for the survival section of the CJS model and
hypothesized relationships between covariates and fish survival.
Variable
Discharge (CFS)

Minimum
turbidity (FNU)

Maximum water
temperature (°C)

Cumulative
degree days
(°C)

Hypothesized survival relationship and explanation
Two measures of discharge may relate to fish survival:
1) Maximum discharge per week
2) Average discharge per week
Survival will decrease during low flows (either low
maximum flows or low average flows) because fish are
constrained by available space, increasing competition
and contact with predators. Survival will be higher during
moderate and high flows because fish will have more
available space and access to off-channel areas.
Minimum stream turbidity may impact survival in two
directions:
1) Survival decreases as turbidity increases, because fish
will have more difficulty locating food
2) Survival increases as turbidity increases, because turbid
waters will make juvenile salmon less susceptible to
predation.
Turbidity may have a different effect on surrogate fish as
they are naïve to the stream environment and
unaccustomed to predators or foraging in the wild.
Survival will decrease if maximum water temperatures
become too warm, as Chinook salmon are a cold-water
species. Warm water may stress the fish and increase
infection rates. Maximum water temperature may be
measured in two ways:
1) Maximum temperature recorded for a given week. This
may indicate an acute temperature stress for fish.
2) The 7-day average maximum temperature for the week.
This may correspond to an extended stress resulting from
multiple days of warm water temperatures.
Cumulative degree-days may affect juvenile survival in
two primary ways:
1) Fish survival will increase with cumulative degreedays, as juvenile metabolism is strongly tied to
temperature. Cumulative temperature may serve as a
proxy for juvenile growth, and larger fish typically have a
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Table 2 (Continued)

Number of days over
18 °C

higher probability of survival. This assumes sufficient
food resources to meet increased metabolic needs.
2) However, in areas where maximum temperatures
approach a fish’s upper tolerance limit, fish survival may
decrease after reaching a threshold number of cumulative
degree-days. The stress from experiencing high
temperatures over an extended time could have a negative
effect on survival. In addition, food availability may not
be sufficient to meet metabolic demands over time
Fish survival may have an inverse relationship with the
number of days over 18°C. The number of days over 18°C
could be measured by either:
1) Days in which average temperature exceeds 18°C
2) Days in which maximum temperature exceeds 18°C

Minimum dissolved
oxygen (mg/L)
Minimum pH

Stratum

Fish with exposure to a greater number of days over 18°C
will have elevated stress levels, which can decrease
survival. The fish’s immune system can be suppressed
when the fish is stressed, and multiple days of warm water
temperatures may increase infection rates.
Fish survival will decrease if minimum dissolved oxygen
concentrations become too low. Low oxygen levels will
stress fish, or potentially lead to direct mortality if
extremely low.
Survival will decrease at low pH values because water
may be too acidic and stress the fish. In addition, slightly
acidic water impairs alarm cue odors, which alert
conspecifics to the presence of predators. The inability to
detect active predation through olfaction will decrease
survival.
Survival varies by river section, as areas could differ in
available food resources or the abundance of predators.
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Table 3. Candidate covariates for the detection component of the CJS model and
hypothesized relationships between covariates and fish detections.
Variable
Average
discharge (CFS)

Stratum

Wild type

Hypothesized detection relationship and explanation
Detection probability will decrease as average stream
discharge increases because fish may be swept away in
the main river channels. This would prevent fish from
being detected at the PIT tag arrays since the detection
antennas are located on bypass pipes, not on the mainstem
river.
Detectability varies according to river section, which
corresponds to differences among PIT tag arrays (Sections
B, C, and D) and beach-seining methods (Sections A and
C). Different PIT tag arrays may have different
efficiencies. Fish also may be more likely to enter some of
the bypass detection canals than others.
Surrogate and wild juveniles have different detection
probabilities. Either different PIT tags, beach-seining site
locations (Section A), or behavioral differences, such as
one group of fish being more likely to use a bypass canal,
could cause this.
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Table 4. Candidate covariates for the movement section of the CJS model and
hypothesized relationships between covariates and fish movement.
Variable
Average
discharge (CFS)

Pulse flow
(Maximum
discharge/
Average
discharge)
Minimum
turbidity (FNU)

Hypothesized movement relationship and explanation
Fish will move downstream when there are intermediate
flows. During extremely low flows, fish will not move
because they would risk predation at low water levels.
Instead, fish might wait until there is a consistently
moderate water level before risking movement, as they will
have more space in which to move and avoid predators.
During flood levels, fish will not move downstream
because they will have access to off-channel habitats.
Fish will move during pulses of high discharge events,
when the maximum discharge for a given week is much
greater than the average discharge for the week. Pulse
events may act as cues for downstream migration. A
relatively sudden increase in water discharge may trigger
emigration.
Minimum stream turbidity may impact fish movement in
two directions:
1) Movement decreases as turbidity increases, because fish
will be unable to navigate by sight and have reduced
swimming speeds
2) Movement increases as turbidity increases, because
turbid waters will make juvenile salmon less susceptible to
predation. Highly turbid waters may also motivate fish to
search for more suitable habitat, or to travel during
daylight as opposed to moving primarily at night.
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Table 4 (Continued)
Maximum water
temperature
(°C)

Fish will emigrate if maximum water temperatures become
too hot, as they may try to leave the system. They may also
move downstream in search of cold-water refugia.

Cumulative
degree days
(°C)

The beginning and end of juvenile downstream migration
will correspond to the cumulative stream temperature.
Overall temperature experience may be related to fish
movement, as juvenile metabolism is strongly tied to
temperature. Cumulative temperature may serve as a proxy
for juvenile growth, and fish tend to emigrate when they
become larger in size.
An abnormally hot water temperature for the week could
be a cue for fish to move downstream.

Maximum water
temperature /
Average
maximum water
temperature
Minimum water
temperature
(°C)
Minimum water
temperature/
Average
minimum water
temperature
Precipitation
(mm)

Fish may move downstream if water temperatures become
too cold, particularly in high elevation locations. They may
move downstream to seek warmer waters.
An abnormally cold, water temperature for the week could
be a cue for fish to move downstream. This may signal
changing seasons.

Fish will move downstream during precipitation events
because the new water source will trigger migratory
behaviors. Two ways of measuring precipitation per week
could motivate fish movement:
1) Maximum precipitation – fish move when there is a
large and/or intense rain event in a single day of the week
2) Average precipitation – fish move when the overall
average rainfall throughout the week is large (i.e. can be
due to either low intensity, high duration or high intensity,
short duration rain events)
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Table 4 (Continued)
Ratio
precipitation
(Max.
precipitation/
average
precipitation)

Minimum
dissolved oxygen
(mg/L)
Minimum pH

Julian date

Seasonality
(spring and/or
autumn)
Stratum

Fish will move downstream when there is an abnormally
large maximum precipitation event for the week. This
could be a trigger for fish to begin migrating. The ratio of
maximum precipitation to average precipitation will be
larger when:
1) There is a very large and intense rain event in a single
day, compared to the rest of the week, or
2) There is a small rain event, but it is the only one during
the week. The first several rainstorms during the autumn
would likely fall into this category.
Fish will move downstream if minimum dissolved oxygen
levels are low, because they will search for better habitat
conditions. Juvenile Chinook salmon actively avoid areas
with low dissolved oxygen concentrations below 6 mg/L.
Fish will move downstream if minimum pH levels are too
low, as juvenile Chinook prefer slightly basic water. They
will move in search of habitat with more suitable pH
levels.
Julian date can be used to represent seasonality associated
with fish movements. Juvenile spring Chinook salmon
typically emigrate during a few seasonal windows
throughout the year, primarily mid-autumn and early
spring. Fish will move downstream during Julian dates that
correspond to these seasonal windows.
Fish will move to downstream areas during the autumn
and/or spring, since these are the seasonal times typically
associated with juvenile spring Chinook salmon
emigration.
Movement varies according to spatial areas.
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Figure 1. Map of study area for this mark-recapture project, extending from the upper McKenzie River to lower Willamette
River. Black triangles denote the three PIT tag antenna locations where fish were detected (downstream to upstream:
Willamette Falls, Walterville, and Leaburg). Orange circles represent release locations for the surrogate fish. Left: The
Willamette River basin, located in Oregon. Shaded area represents the McKenzie River basin. Right: A zoomed-in view of
the McKenzie River basin.
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Figure 2. Positive linear relationship between maximum daily water temperatures
recorded at the Vida and Walterville USGS gages from July 2017 to November 2018.
The equation for this linear relationship (shown on graph) was used to estimate the
maximum water temperature in Section B of the McKenzie River during 2016 and
early 2017.
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Figure 3. Four different stratum, or river sections, used in the multi-state CJS model. Section A, the upper McKenzie River
basin, is highlighted in red. Section B, the mid-McKenzie River, is shown in purple. Section C is the lower McKenzie
River and mid-Willamette River upstream of Willamette Falls, shown in yellow. Section D, the lower Willamette River
below Willamette Falls, is blue.
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Figure 4. Locations of USGS gages and NOAA climate stations within the McKenzie and Willamette Rivers.
Environmental data from these sites were used in the multi-state CJS model.
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Results
Overall, 60.0% of the surrogate fish and 32.7% of the wild fish were detected
at least once (Table 5). However, a large number of the surrogate juvenile Chinook
salmon detections occurred immediately after release. Of the 4,925 juveniles released
by the Wild Fish Surrogate Project, 2,115 fish were detected downstream in the
McKenzie River within the first week, with 1,952 individuals detected at Leaburg and
978 detected at Walterville (Figure 6). Conversely, wild juveniles were more likely to
be detected later in the year compared to the surrogate juveniles (Figure 6). Surrogate
juveniles had an average fork length of 81.0 mm at the time of tagging, which was
slightly larger than the 76.8 mm average length of wild fish tagged 3-6 weeks later
(Figure 7).
Environmental covariates in the study area followed several general patterns.
Downstream river sections typically displayed a larger range of water temperatures,
as these areas became much warmer during the summer months (Table 6).
Temperatures recorded in the upper McKenzie River during the study were warmer
than average in the summer months, although these temperatures were still within the
95th percentile for the 26-year average water temperatures (Figure 8). Spring
temperatures during the study were more typical of historic temperature conditions.
However, a large ice storm at the beginning of January 2017 resulted in some of the
coldest water temperatures recorded at the Vida gage for those Julian days (Figure 8).
Stream discharge was lower than average during the summer months of the
study (Figure 9), constituting moderate drought conditions. These water discharge
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levels during summer 2016 approached the 5th percentile for 94-year average historic
conditions (Figure 9). Discharge during the later portion of the study was quite
variable, and there were unusually large flows during the mid-autumn and spring that
were associated with storm events. Downstream river sections usually had greater
stream discharge. Several other stream covariates, such as dissolved oxygen, pH, and
turbidity, were only recorded at the Vida gage above Leaburg Dam (Table 6).
However, dissolved oxygen concentrations were strongly correlated with water
temperatures and stream discharge, which limited the inclusion of dissolved oxygen
in models.
We evaluated the relative fit of several factors that we believe would affect
fish detection, including stream discharge. However, the best detection model
contained the variables stratum, wild type, and an interaction between them (Table 7).
This meant that detection probability varied by river section and was constant through
time but differed between wild type and surrogate fish. The best detection model had
all the Akaike model weight, meaning it was by far the most plausible explanation for
juvenile detectability (Table 7). There was no support for differences in detection
based on river discharge for each stratum.
Using the best detection model (interaction between stratum and wild type),
we found that the best-supported movement model included parameters wild type,
movement below Willamette Falls (Section D), average maximum water temperature
(using Section B), and interactions between these three covariates. (Table 8). Based
on evidence ratios calculated from Akaike weights, this movement sub-model was 8.4
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times more likely than the second-best movement model that included a covariate for
autumn seasonality (8.4 = 0.894/0.106). A similar model that included autumn
seasonality but excluded the wild type interactions received very little support (Table
8). The other models in our set had no support, as their model weights were less than
0.001 and the delta AICc values were greater than 30.
The best survival model contained the variables wild type, maximum water
temperature by stratum, and interactions between wild type and maximum
temperature for strata B and C (Table 9). The maximum water temperature recorded
in a given week provided a better model fit for survival than the weekly average
maximum temperature. This model received all the Akaike weight, making it the only
likely survival model in our candidate set. The interaction between wild type and
maximum water temperature in sections B and C meant that apparent survival
differed by wild type in these areas.
Based on our overall best fitting CJS model, wild fish had higher detection
probabilities in the upper McKenzie River (stratum A) and lower McKenzie River to
Willamette Falls (stratum C) sections (Table 10). Surrogate fish had greater estimated
apparent survival at warmer water temperatures compared to wild fish in Sections B
and C (Figure 10). However, apparent survival decreased for both groups as the
maximum water temperature observed during the week increased above 15 °C.
Differences in apparent survival between surrogate and wild juveniles were most
noticeable for Section C, the lower portion of the McKenzie River to Willamette
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Falls, as wild fish apparent survival was estimated to be near 0 when maximum water
temperatures exceeded 17 °C (Figure 11).
Movement trends within the McKenzie River and to the lower Willamette
River, below Willamette Falls, were similar for surrogate and wild juveniles (Figure
12). Fish had lower probability of movement as the 7-day average maximum water
temperatures increased. Movement to the area below Willamette Falls was near 0
during warmer water temperatures, and increased dramatically for both groups at
cooler temperatures (Figure 12). However, surrogate fish were more likely to move
within the McKenzie and Willamette Rivers compared to wild fish (Table 11).
Conversely, wild fish were more likely to move below Willamette Falls, particularly
during cooler water temperatures.
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Table 5. Summary of juvenile fish detections for both wild and surrogate Spring
Chinook salmon released in the upper McKenzie River. Detections include both
recaptures by ODFW seining crews and detections at PIT tag antennas.

Total # of juveniles tagged
Number of unique fish
detections
Upper McKenzie (stratum A)
detections
Mid McKenzie (stratum B)
detections
Lower McKenzie (stratum C)
detections
Willamette Falls (stratum D)
detections

Surrogate
4925
2951

Wild
1383
452

2

138

2589

108

1468

232

2

3
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Table 6. Mean value, standard deviation (SD), and range of environmental covariates
in the McKenzie River (Sections A, B, and C) used to construct CJS models. The
lower Willamette River, Section D, is not included in the table because survival and
movement for this stratum were fixed, rather than estimated.
McKenzie River Covariates
Temperature covariates
Average maximum temperature
Maximum temperature
Ratio max temp/average max temp
Minimum temperature
Ratio min temp/average min temp
Cumulative temperature (degree days)
Days per week with average temperature
exceeding 18 °C
Days per week with maximum
temperature exceeding 18 °C
Stream discharge covariates
Average discharge
Maximum discharge
Pulse flow (Maximum discharge/
Average discharge)
Precipitation covariates
Average precipitation
Maximum precipitation
Ratio maximum precipitation/ average
precipitation
Other covariates
only measured at Vida gauge – Section A
Minimum pH
Maximum pH
Minimum turbidity
Maximum turbidity
Minimum dissolved oxygen

Mean

SD

Range

10.67
11.37
1.08
9.02
0.92
1902.33
0.03

4.60
4.78
0.05
3.41
0.07
927.40
0.34

3.45 - 19.71
4.58 – 20.60
1.01 - 1.35
2.60 - 15.16
0.55 - 0.99
47.20 - 3393.70
0.00 - 4.00

0.46

1.51

3833.87
4839.24
1.22

2735.93
3698.51
0.23

1061.40 - 13718.60
1070.00 19900.00
1.00 - 2.21

5.23
15.00
2.94

5.22
13.73
2.00

0.00 - 25.73
0.00 62.00
0.00 - 7.00

7.30
7.90
0.45
2.52
10.80

0.10
0.40
0.28
4.33
0.94

7.00 - 7.40
7.30 - 8.60
0.10 - 1.30
0.40 - 28.60
9.40 - 12.20

0.00 - 7.00
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Table 7. Model selection results for the detection sub-model component of the multistate CJS model including the number of parameters (K), Akaike’s Information
Criteria with the small-sample adjustment (AICc), delta AICc (∆AICc), and model
weights (wi).
Detection Model
Ka AICc
∆AICc wi
Interaction between stratum and wild type 14 18314.14
0.00 1
Stratum
10 18487.01 172.87 0
Stratum and wild type
11 18491.41 177.27 0
Flow (by stratum)
11 18529.23 215.09 0
Wild type
8
18841.78 527.64 0
Constant
7
18846.32 532.17 0
a
parameter count includes parameters in global movement and survival models
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Table 8. Model selection results for the movement sub-model component of the
multi-state CJS model including the number of parameters (K), Akaike’s Information
Criteria with the small-sample adjustment (AICc), delta AICc (∆AICc), and model
weights (wi). Only models with a delta AICc (∆AICc) of less than 30 are shown.
Movement Model

Ka AICc

Wild * Movement to Willamette Falls
* Average maximum temperature (in
Section B)
Wild * Movement to Willamette Falls
* Average maximum temperature (in
Section B) + Autumn: Movement to
Willamette Falls
Wild + Movement to Willamette Falls
+ Average maximum temperature (in
Section B) + Autumn + Autumn:
Movement to Willamette Falls

16

17961.73

0.000 0.894

17

17965.98

4.255 0.106

16

17990.54

28.808 < 0.001

∆AICc

wi

parameter count includes parameters in best fitting detection and global survival
models
a
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Table 9. Model selection results for the survival sub-model component of the multistate CJS model including the number of parameters (K), Akaike’s Information
Criteria with the small-sample adjustment (AICc), delta AICc (∆AICc), and model
weights (wi). Only models with a delta AICc (∆AICc) of less than 30 are shown.

a

Survival Model

Ka

AICc

Maximum temperature by stratum (A, B, or C)
+ Wild:Maximum temperature in stratum B +
Wild:Maximum temperature in Stratum C

21

17505.70

∆AICc

wi

0.00 1

parameter count includes parameters in best fitting detection and movement models
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Table 10. Detection probabilities from the best fitting model, by wild type and
stratum, with upper and lower 95% confidence limits in parentheses.
Stratum

Surrogate Fish

Wild Fish

A (Upper McKenzie)

0.001
(0.0003 – 0.005)
0.070
(0.052 – 0.092)
0.038
(0.033 – 0.045)
0.022
(0.003 – 0.081)

0.027
(0.002 – 0.119)
0.048
(0.014 – 0.113)
0.135
(0.09 – 0.176)
0.016
(0.00002 – 0.21)

B (Mid McKenzie)
C (Lower McKenzie
to Willamette Falls)
D (Willamette Falls)
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Table 11. Model estimates, standard errors (SE), lower 95% confidence limits (Lower
CL) and upper 95% confidence limits (Upper CL) for apparent survival, detection,
and movement probability for the best model. Parameter estimates are on the log-log
scale.
Parameter
Detection

Intercept
Stratum A
Stratum B
Stratum D
Wild type
Wild type * Stratum A
Wild type * Stratum B
Wild type * Stratum D

Movement

Intercept
Wild type
To Willamette Falls
Average max. temperature (Stratum B)
Wild type * To Willamette Falls
Average max. temperature (Stratum B) *
To Willamette Falls
Wild type * Average max. temperature
(Stratum B) * To Willamette Falls

Apparent Survival

Intercept
Max. Temperature (Vida gauge - A)
Max. Temperature (Walterville gauge -B)
Max. Temperature (Hayden Bridge - C)
Wild type * Max. Temperature (B)
Wild type*Max. Temperature -C

Estimate

SE

Lower CL

-1.181
-0.715
0.206
-0.159
0.487
0.121
-0.623
-0.564

0.023
0.092
0.031
0.191
0.050
0.106
0.066
0.242

-1.226
-0.896
0.145
-0.533
0.389
-0.087
-0.752
-1.039

-0.140
-0.601
-1.350
-0.121
0.887

0.044
0.039
0.096
0.036
0.122

-0.225
-0.678
-1.539
-0.192
0.647

-0.437

0.101

-0.634 -0.240

0.009

0.122

-0.230 0.248

7.263
2.394
-3.460
-4.879
-1.396
-7.787

0.825
2.704
0.660
0.573
0.304
1.646

5.646
-2.906
-4.754
-6.002
-1.992
-11.012

Upper CL
-1.136
-0.533
0.267
0.215
0.585
0.329
-0.493
-0.088

-0.054
-0.524
-1.161
-0.049
1.126

8.881
7.693
-2.166
-3.756
-0.800
-4.561
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Figure 6. Kernel density plot of juvenile surrogate and wild spring Chinook salmon detected in the McKenzie River at Leaburg and
Walterville PIT tag arrays. This plot used an Epanechnikov kernel function with a 7-day bandwidth smoother.
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Figure 7. Boxplots depicting fish lengths for surrogate and wild juveniles at the time of tagging. Surrogate fish were tagged May 16th
and 17th prior to release. ODFW crews tagged wild juveniles throughout the month of June in the upper McKenzie River. Fish length
was recorded as fork length, in mm. Wild fish smaller than 65 mm fork length were not included in this study.
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Figure 8. Daily average water temperatures for the upper McKenzie River, recorded at the USGS Vida gage (14162500) for the study
duration (red line) compared to the daily average temperature from 26 years of data (black line). The shaded region represents the 5th95th percentile range of observed water temperatures from the 26-year dataset. Our study began May 31, 2016 and continued through
April 30, 2017.
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Figure 9. Daily average discharge for the upper McKenzie River, recorded at the USGS Vida gage (14162500) for the study duration
(blue line) compared to the daily average discharge from 94 years of data (black line). The shaded region represents the 5th-95th
percentile range of observed discharge from the 94-year dataset. Our study began May 31, 2016 and continued through April 30, 2017.
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Figure 10. Relationship between weekly maximum temperature and apparent survival in Sections B (left) and C (right) of the study
area. Survival was the probability of surviving one week for both surrogate (orange) and wild (blue) juveniles.
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Figure 11. Relationship between mean 7-day maximum temperature and fish movement downstream of Willamette Falls (left) and
within the McKenzie and mid-Willamette Rivers (right). Movement was the probability of moving from one stratum to another at the
end of a weekly time step for both surrogate (orange) and wild (blue) fish.
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Discussion
A large number of surrogate juveniles left the upper McKenzie River during
the first week after release (Figure 6). However, it is important to note that the Wild
Fish Surrogate Project rears fish that are intended to migrate so that researchers can
evaluate dam bypass structures. Therefore, we expected to observe a significant
number of surrogate juveniles moving downstream shortly after being introduced to
the stream. Surrogate fish also may have moved downstream earlier due to their
larger size compared to the wild juveniles (Figure 7). Chinook salmon are more likely
to smolt and move downstream as larger individuals (Beckman et al. 1998; Ewing et
al. 1984), so a greater percentage of the surrogate juveniles may have been
undergoing smoltification relative to the wild ones. Surrogate juveniles also likely
contain fish that display a variety of life history strategies, similar to those observed
in wild individuals. Schroeder et al. (2016) reported two movement phenotypes in
young wild fish: juveniles that moved downstream soon after emergence from redds
(movers) and juveniles that migrated after rearing for several months near the
spawning grounds (stayers). The surrogate stayers, juveniles that remained in the
upper McKenzie River basin, would therefore be comparable to the wild fish tagged
by ODFW crews in June, since all of these individuals chose to rear near the upper
basin spawning grounds.
We found that detectability differed by wild type and stratum, as the best
fitting detection sub-model included an interaction between these two variables.
Although ODFW crews reported catching both surrogate and wild juveniles within
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the same beach-seining haul, ODFW crews focused more effort in the upper
McKenzie tributaries rather than the mainstem McKenzie where surrogate fish were
released. This likely contributed to differences in detection probabilities between
surrogate and wild juveniles in these areas. Differences in detectability also may be
due to some behavioral differences. For example, the Walterville PIT tag array in
Section C was located in a bypass that diverted fish in the Walterville Canal. If wild
fish were more likely to enter the Walterville Canal than surrogate juveniles, they
could have a higher detection probability in this area because the PIT tag array did
not span the mainstem McKenzie River. Surrogate juveniles may have been less
likely to enter the Walterville Canal if they were actively migrating downstream and
preferred to remain in the mainstem McKenzie River rather than enter a side channel.
Movement timing could also influence fish entry into the Walterville Canal, since
wild fish tended to move later in the year when stream discharge was greater. Fish
may be less likely to use the Walterville Canal during low or base flows if
temperatures in the canal are greater than the mainstem McKenzie River.
Temperatures in Walterville Canal could be greater due to a smaller water volume
and fewer trees providing shade compared to the mainstem McKenzie River. Thus,
surrogate juveniles moving downstream in June and July, along with potentially
warmer water temperatures in the Walterville Canal at this time, could lead to fewer
surrogate fish entering the canal and being detected in this section.
We found relatively strong evidence that wild and surrogate juveniles differed
with respect to movement within the study area. In the best movement model, an

55
interaction term between wild type, average maximum water temperature, and
movement downstream of Willamette Falls suggested that surrogate juveniles were
less likely to move below Willamette Falls during cooler water temperatures
compared to wild juveniles. However, surrogate fish were more likely to move within
the McKenzie and Willamette Rivers than wild fish. This difference in response is
likely due to surrogate juveniles being naïve to a riverine system upon their release
into the McKenzie River. Surrogate juveniles would need to locate food and suitable
habitat after being released into the river system. Searching for appropriate resources
would likely result in increased movement for surrogate fish within the McKenzie
and Willamette Rivers, particularly if surrogate fish were poorer competitors
compared to wild fish. Wild fish in the upper McKenzie River were likely occupying
suitable habitat at their time of tagging, and may have been less likely to move
downstream until their migration to the ocean. Our best-fitting model supports this
idea since wild fish had a higher probability of moving below Willamette Falls during
lower water temperatures compared to surrogate fish (Figure 11). The lowest water
temperatures occurred during January to early March, and movement during this time
corresponds to the “stayer” spring-migrant phenotype (Schroeder et al. 2016). The
estimated probability of moving downstream of Willamette Falls was near zero
during warmer water temperatures, which corresponds to the summer months when
juvenile salmon are less likely to emigrate (Schroeder et al. 2016).
Apparent survival differences between surrogate and wild juveniles were
strongly supported by our top model. The best fitting model included apparent
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survival differences based on maximum weekly temperature and wild type (Table 9).
Although apparent survival tended to decrease as maximum temperatures increased
above 15 °C, the surrogate juveniles had greater expected survival probabilities at
warmer temperatures compared to wild fish. Surrogate fish apparent survival was
0.91 at maximum temperatures of 18 °C in Section B, the mid-McKenzie River, while
wild fish apparent survival was 0.55 at the same temperature. Our estimates of
survival for both surrogate and wild fish may be biased low, as we could only
estimate apparent survival rather than true survival. Juvenile fish that permanently left
the study area without being detected could result in lower apparent survival
estimates because the CJS model cannot differentiate between permanent emigration
and death of an individual. Although juveniles can tolerate much warmer
temperatures in a lab setting, other field studies have estimated monthly Chinook
salmon survival to be in the range of 0.1 – 0.75 for water temperatures of 16 – 18 °C
(Smith et al. 2003). This roughly corresponds to the weekly survival between 0.56
and 0.93, which is similar to our study. In a lab setting, juvenile salmon often survive
exposure to temperatures over 22 °C. However, lab settings typically keep other
variables constant whereas in a riverine environment, fish may encounter multiple
other stressors such as predators and disease. The combination of other stressors in
the field may result in reduced survival at temperatures below a fish’s upper thermal
tolerance, in addition to further effects of warmer temperatures such as increased
infection rates. Therefore, our estimates of juvenile Chinook salmon survival appear
reasonable.
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The difference in apparent survival between surrogate and wild fish could be
due to a combination of surrogate juveniles rearing in waters that were warmer than
the upper McKenzie River and surrogate fish being more likely to move downstream
soon after release. Surrogate juveniles were reared at temperatures between 12-13 °C
and they experienced transport tank temperatures of 15 °C prior to their introduction
into the upper McKenzie River (Appendix A). A large number of surrogate juveniles
moved downstream soon after release, so these individuals would have continued
rearing at similar temperatures within the range of 13 – 17 °C. Conversely, wild fish
tagged in the upper McKenzie River were only exposed to cool temperatures prior to
moving downstream. Temperatures in the lower McKenzie River and Willamette
River were warmer than the upper McKenzie River (approx. 4-7 °C warmer). The
combination of warmer temperatures and a new spatial environment may have led to
cumulative stress resulting in reduced survival for those wild fish that moved
downstream during the hottest water temperatures in late June and July. This is in
contrast to the surrogate fish that moved downstream immediately in early June and
had several weeks to acclimate to the lower McKenzie River environment.
The sudden decrease in survival for wild fish in Section C includes decreases
in survival associated with the lower McKenzie River and Willamette River.
Although we used temperatures recorded at the Hayden Bridge gage in the lower
McKenzie River for the model, fish in this section may have occupied river areas
ranging anywhere from the Walterville PIT tag array in the McKenzie River to
Willamette Falls. This covers a large spatial area with significant variation in water
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temperatures. An average water temperature of 16.7 °C during the summer at the
Hayden Bridge gage corresponds to an average water temperature of 19 °C at the
Harrisburg gage in the upper Willamette River and an average of 20.9 °C in the midWillamette River at the Albany gage. Spring water temperatures averaging 7.3 °C at
the Hayden Bridge gage relate to temperatures of 8.1 and 8.8 °C at the Harrisburg and
Albany gages in the Willamette River, respectively. The model predicts wild fish
survival to be near zero when temperatures at Hayden Bridge are 17 °C because these
wild fish could actually be in the Willamette River experiencing temperatures above
21 °C.
Overall, environmental covariates related to water temperature appeared to be
the primary drivers for juvenile movement and apparent survival, regardless of wild
type. Fish tended leave the McKenzie River when the average maximum weekly
temperature was lower, which corresponds to the period from November through
March. This may be a tactic employed by many salmonid species in the Pacific
Northwest to determine emigration timing. Western Oregon rivers have a strong
seasonal component, and lower water temperatures may indicate an appropriate
migration time. Juvenile apparent survival decreased as water temperatures increased
for the lower and middle McKenzie River sections. This may have been a
physiological response, since Chinook salmon are a cold-water fish species.
However, decreases in apparent survival may not have been direct mortalities because
of warmer water temperatures. Infection rates and fish stress levels are both known to

59
increase for Chinook salmon with increasing temperatures, and the decreased
apparent survival could have resulted from these effects of warmer temperatures.
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Conclusion
We found that water temperature influenced movement and apparent survival
for juvenile spring Chinook salmon in the McKenzie and Willamette River basins.
Differences in movement and apparent survival between these groups were likely due
to different initial rearing environments. The maximum water temperature affected
both groups of fish in a similar manner, with declining apparent survival as the
maximum water temperature increased in the lower and middle river sections.
Surrogate juveniles were most likely to move downstream immediately after being
released into the river. Short-term movement studies would likely benefit from the
use of surrogate juveniles, as these fish were likely to move immediately through the
river system and movement within the McKenzie River was greater for surrogate fish.
Downstream movement was similar for both surrogate and wild juveniles based on
average maximum water temperature. Wild fish had a greater probability of
movement to Willamette Falls during cooler temperatures compared to surrogate fish.
This study also highlights the importance of maintaining cold-water refugia in
the lower McKenzie River and Willamette River. Wild fish apparent survival
decreased dramatically with increasing water temperatures in these areas. Our best
fitting model estimated the probability of wild juvenile apparent survival at 0 when
maximum water temperatures exceeded 17 °C in the lower McKenzie River, which
corresponds to fish that experience maximum water temperatures greater than 20 °C
in the Willamette River. Thus, wild juveniles would likely benefit from cold-water
refugia in the lower watershed, particularly when future climate change scenarios are
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considered. We suggest that managers tasked with conserving wild salmon
populations within the Willamette River basin focus on protecting and creating coldwater refugia in the Willamette River and lower reaches of the McKenzie River basin.
Maintaining cold-water refugia may aid in conserving the diverse life history
strategies observed for wild juveniles in the Willamette River basin.
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Appendix A: History of brood-year 2015 juvenile wild fish surrogates
The Wild Fish Surrogate Project obtained several thousand hatchery Chinook
salmon eggs from the Oregon Department of Fish and Wildlife (ODFW) operated
McKenzie Hatchery on November 5, 2015. These eyed eggs (embryos) were
transported directly to the Fish Performance and Genetics Lab (FPGL) for incubation
and rearing in an experimental setting. The eyed eggs were placed into four 0.92meter diameter tanks containing gravel, with approximately 1500 eggs per tank.
Ambient water (approx. 12-13 °C) was pumped to each 0.92-meter tank, and all eggs
hatched by November 14, 2015. Prior to adding eggs, all four tanks were plumbed
from the bottom in a manner designed to produce no significant direction of water
flow (confirmed through visual assessment of colorant, half-and-half, that was added
to the water). After hatching, juveniles were able to emerge volitionally from the
substrate up into the water column. Tanks were positioned to be slightly tilted with
water overflowing from the top of each tank through a small notch, permitting newly
emerged juveniles the opportunity to exit the 0.92-meter tank and enter a collection
bin. Researchers collected juveniles from these bins on a daily basis, and then
separated fish based on their volitional emergence timing (Figure A1). The four 0.92meter tanks were located inside of a larger 3.05-meter tank, to collect any fish that
left the 0.92-meter tanks but failed to enter the collection bins.
The first fish entered the collection bins on November 25, 2015. Based on the
frequency of fish volitionally moving into the collection bins, five emergence timing
groups were established. “Early emergers” were the group of fish that entered the
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collection bins several days before the peak of fish emergence. Peak emergence
occurred on December 10, 2015. Juveniles that entered collection bins on the peak
emergence date or up to 3 days prior were termed the “Pre-peak/Peak” group. Fish
that entered the collection bins up to 2 days after the peak made up the “Late peak”
group. The “Post Peak” consisted of those individuals entering the collection bins up
to December 16. Some individuals did not enter the collection bins before December
16, and these fish were termed the “Stayers” group. Fish from this group were netted
out of the four 0.92-meter emergence tanks so that the “Stayers” group could be
combined into one tank. The emergence groups were held in separate 0.92-meter
tanks (5 tanks total) until the fish were large enough to be tagged and combined.
Feeding began for all groups on December 19. Fish were fed a lower-lipid
experimental diet (formulated by Bozeman Fish Technology Center, 11-12% lipid
content) compared to conventional hatchery diets, according to the Wild Fish
Surrogate Project rearing protocol (Noakes et al. 2014).
Beginning in January 2016, researchers sampled these juvenile Chinook
salmon on a monthly basis to determine length, weight, growth, and feed rations. On
February 23, 2016, researchers marked fish according to their emergence timing
group by using Visible Implant Elastomer (VIE) tags (Leblanc and Noakes 2012). As
there were five groups total, five unique color combinations were used to uniquely
identify a fish to its respective group. After marking, fish were randomly combined
into two 3.05-meter diameter tanks on February 24, 2016. Both tanks had
approximately equal numbers from the five emergence groups, for continued rearing.
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Once the majority of juveniles were larger than 65 mm in fork length, they
were implanted with 12 mm PIT tags (Biomark, ID) on May 16-17, 2016.
Immediately prior to implanting juveniles with PIT tags, each fish was anesthetized
according to animal care protocol (Oregon State University, ACUP #4688) and
examined for the VIE mark that corresponded to its emergence timing group. If a
fish’s VIE mark could not be determined, that fish was excluded from PIT tagging.
Those individuals whose VIE marks could be read were injected with PIT tags, for a
total of 5,012 fish. Fish were held for two weeks prior to being released to allow for
recovery and account for any mortality or tag loss. This resulted in 4,925 tagged
juveniles for release.
Tagged juvenile surrogates were released into the upper McKenzie River on
May 31, 2016 following standard Wild Fish Surrogate Project handling and transport
procedures (Oregon State University, ACUP #4688). Fish were transported in the late
afternoon and released directly into the McKenzie River. The juveniles were not fed
on the transport day or the day prior to transportation. Transportation consisted of a
large tank loaded onto the bed of a pickup truck. Fish were released either by netting
them out of the tank or through a temporary pipe extending from the transport tank to
the McKenzie River. All surrogate fish were released between 6:50 PM and 8:00 PM.
Juveniles released at the upstream sites experienced a transport tank temperature of
15.3oC and river temperatures of 11.2-11.6oC in the McKenzie River. Fish released at
the downstream sites had a transport tank temperature of 14.9oC and experienced
river release temperatures of 13.1-13.9oC in the mainstem McKenzie River. During
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release, transport tanks were examined for any fish mortalities during transit and only
one fatality was recorded.
The Wild Fish Surrogate Project intended to examine whether volitional
emergence timing of individual fish would later correspond with differences in
migration timing. The goal was to use results from this release into the McKenzie
River to evaluate the possibility of rearing fish on appropriate growth trajectories
according to their natural predisposition for a particular migration timing.

PostPeak
Stayers

Pre-peak +
Peak

Early
emergers

Late Peak + Super movers
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Figure A1. Distribution of natural emergence timing for brood-year 2015 surrogate
juvenile Chinook salmon. Researchers assigned categories according to frequency of
volitional movement into the collection bins. Fish in the collection bins were counted
and removed daily. Figure created by Julia Unrein and Karen Cogliati.
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Appendix B. Glossary of terms
Apparent survival - The probability that an individual did not permanently leave the
study area through either mortality or emigration. This differs from true
survival by including the possibility of permanent emigration (see “survival”).
CJS model – Cormack-Jolly-Seber model, used to estimate apparent survival from
mark-recapture studies.
Detection – Identification of a juvenile salmonid from this study, by recording the
PIT tag information.
Emigration – Juvenile salmonids migratory path from freshwater systems to the
ocean.
FPGL – Fish Performance and Genetics Lab
Hatchery fish – Salmonids reared in conventional, typically large-scale hatchery
programs.
Life history – The timing of events over the course of a salmon’s life, including
different tactics employed for survival, movement, and reproduction.
Migration – Long-distance movement to a different environment. In the context of
this research, we refer to migration as juvenile salmon leaving freshwater
habitats and entering the ocean.
Movement – Moving from one of the four river sections, or strata, to another (i.e. A
to B or B to D, for example). Movement can occur on a finer scale compared
to migration.
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Multi-state model – A model containing multiple states, of which an animal can only
occupy one at a time. States can be either spatial or related to a characteristic
of an individual (i.e. breeding or non-breeding).
ODFW – Oregon Department of Fish and Wildlife. Oregon’s state agency for fish and
wildlife management.
OHRC – Oregon Hatchery Research Center.
PIT tag – Passive Integrated Transponder tags, used to uniquely identify individual
salmon. Tags can be read by PIT tag antenna array.
Population – A distinct segment of a species, usually either separated genetically or
spatially.
Strategy – A rule that determines how an individual responds in any situation,
including conditional responses (compare to “tactic”). A strategy can also be
defined as a set of behavioral adaptations (Felton and Pugliese 2017).
Surrogate fish – Salmonids reared by the Wild Fish Surrogate Project, in accordance
with their altered rearing protocol to produce fish with more “wild-like”
characteristics.
Survival – The probability an individual remains alive from one time to the next.
Tactic – Individual responses of an organism, or specific behaviors employed when
following a particular strategy (compare to “strategy”).
Wild fish – Salmonids that originate from a natural stream environment and continue
rearing in natural freshwater areas.

