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Abstract
Populations of many fish species are sensitive to changes in vital rates during early life stages, but our understanding

of the factors affecting growth, survival, and movement patterns is often extremely limited for juvenile fish. These
critical information gaps are particularly evident for bull trout Salvelinus confluentus, a threatened Pacific Northwest
char. We combined several active and passive mark–recapture and resight techniques to assess migration rates and
estimate survival for juvenile bull trout (70–170 mm total length). We evaluated the relative performance of multiple
survival estimation techniques by comparing results from a common Cormack–Jolly–Seber (CJS) model, the less
widely used Barker model, and a simple return rate (an index of survival). Juvenile bull trout of all sizes emigrated
from their natal habitat throughout the year, and thereafter migrated up to 50 km downstream. With the CJS model,
high emigration rates led to an extreme underestimate of apparent survival, a combined estimate of site fidelity and
survival. In contrast, the Barker model, which allows survival and emigration to be modeled as separate parameters,
produced estimates of survival that were much less biased than the return rate. Estimates of age-class-specific annual
survival from the Barker model based on all available data were 0.218 ± 0.028 (estimate ± SE) for age-1 bull trout and
0.231 ± 0.065 for age-2 bull trout. This research demonstrates the importance of incorporating movement patterns
into survival analyses, and we provide one of the first field-based estimates of juvenile bull trout annual survival
in relatively pristine rearing conditions. These estimates can provide a baseline for comparison with future studies
in more impacted systems and will help managers develop reliable stage-structured population models to evaluate
future recovery strategies.

Knowledge of a species’ life history and associated vital rates
is crucial for development of effective conservation and recovery
strategies (Williams et al. 2002). For many fish species, popu-
lation dynamics are extremely sensitive to changes in survival
at early life stages (Houde 1994; Hilborn et al. 2003). However,
demographic rates are often difficult to assess between egg de-
position and subadult stages, in part because survival rates dur-
ing early stages are typically relatively low and can be highly
variable (Bradford 1995). Although they are sometimes costly
to obtain, life-stage-specific estimates of survival can be used
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Received February 1, 2012; accepted July 31, 2012

to evaluate the relative contribution of various subadult stages
to overall population change and identify targets for manage-
ment (Caswell 2001; Morris and Doak 2003; Gross et al. 2006).
Further, precise estimates of survival can help managers com-
prehend the magnitude of variability that may occur naturally
as a result of environmental factors, such as density-dependent
interactions, relative to anthropogenic influences (e.g., Johnston
et al. 2007).

Mark–recapture studies provide a way to estimate survival
and other key demographic information specific to individual
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1124 BOWERMAN AND BUDY

cohorts or life stages (e.g., Lebreton et al. 1992; White and
Burnham 1999). However, estimation of demographic rates may
be complicated for highly migratory species, both because of
the effort needed to recapture mobile individuals and because
animal movement patterns can affect interpretation of survival
estimates (Cilimburg et al. 2002; Horton and Letcher 2008). For
example, estimates of apparent survival (ϕ) generated using the
common Cormack–Jolly–Seber (CJS) model are a combined
estimate of true survival and site fidelity, the probability that
an animal remains available for recapture within the study area
(White and Burnham 1999; Sandercock 2006). With CJS es-
timates, it is not possible to distinguish permanent emigration
from mortality or temporary emigration from capture probabil-
ity (Barker et al. 2004; Horton and Letcher 2008). As a result,
frequent emigration of marked organisms from the study area
can confound estimates of apparent survival, and this issue has
previously limited studies that sought to estimate the survival of
migratory stream-dwelling fishes (e.g., Paul et al. 2000; Letcher
et al. 2002). However, recent advances in technology have al-
lowed researchers to improve recapture and resighting probabil-
ities, while new analytical techniques have improved the ability
to incorporate movement patterns into mark–recapture survival
analyses.

The use of passive integrated transponder (PIT) tags has
become increasingly common in fisheries research. Novel tech-
nology, including mobile PIT tag readers and passive (station-
ary) in-stream antennas, now often accompany the use of PIT
tags. These technical advances offer a promising means of in-
creasing the spatial and temporal extent of resight information
(Zydlewski et al. 2006). Fish marked with PIT tags can be lo-
cated by a researcher actively moving a mobile PIT tag reader
through a study site (e.g., Roussel et al. 2000). In comparison, a
passive in-stream antenna (PIA) can be operated continually to
detect PIT-tagged fish as they swim past a stationary location in
the stream. Both of these methods allow detection (i.e., resight)
of marked individuals without handling or harassment.

Although PIT tag data acquired at PIAs can help describe
fish movement patterns within a stream system, resight data
collected on a continual basis cannot be incorporated into many
standard mark–recapture survival models. In the common CJS
model, for example, captures and recaptures must take place
over a short time period relative to the time between sampling
events to ensure that survival probability is constant among indi-
viduals (Lebreton et al. 1992). A more recent model developed
by Barker (1997) similarly requires captures during discrete
events, but can also incorporate resights of marked animals dur-
ing the intervals between discrete sampling periods. Whereas
captures usually occur within a specific study area, resights of
marked animals are assumed to take place throughout the range
of the population of interest. Inclusion of this information allows
for direct estimation of true survival and site fidelity as distinct
parameters (Barker and White 2001; Barker et al. 2004). This
model is uncommon in the fisheries literature (but see Buzby
and Deegan 2004; Al-Chokhachy and Budy 2008), although it

appears promising for studies that include numerous data types
(Barker et al. 2004) or for fishes that exhibit coexisting life
history strategies and diverse migration patterns (Buzby and
Deegan 2004; Horton and Letcher 2008).

One such fish species that demonstrates a range of move-
ment patterns is the bull trout Salvelinus confluentus. The bull
trout is a threatened species of stream-dwelling char that ex-
hibits variability in life history types, migration patterns, and
maturation schedules (Bahr and Shrimpton 2004; Johnston and
Post 2009). Bull trout populations often include both migra-
tory and nonmigratory (resident) life history types (McPhail
and Baxter 1996; Homel et al. 2008). Adults typically spawn
in cold headwater streams which also serve as rearing habitat
for juveniles. Bull trout usually disperse between ages 1 and 4,
migrating downstream into larger river systems and lakes where
they may reside for several years before returning to natal wa-
ters to spawn, although resident adult bull trout may inhabit
the upper portions of a watershed throughout their lives (Fraley
and Shepard 1989; Ratliff 1992; Rieman and McIntyre 1993).
For bull trout, high within-population variability and behavioral
plasticity encumber the quantification of movement patterns and
survival estimates. Bull trout migration distances can range from
just a few kilometers to more than 200 km (McPhail and Baxter
1996; Hogen and Scarnecchia 2006), further complicating the
estimation of demographic parameters.

Considerable research has been conducted to describe mi-
gratory behavior and habitat use for individual bull trout pop-
ulations (Swanberg 1997; Bahr and Shrimpton 2004; Watry
and Scarnecchia 2008), but the majority of these studies have
focused on adults. Information about bull trout life history re-
quirements and vital rates is still relatively sparse, particularly
for early life stages. Very few studies have assessed juvenile
bull trout migration patterns, rates of survival, or the environ-
mental factors affecting survival. Life-stage-based population
projection models developed for bull trout suggest that popula-
tion growth may be most sensitive to changes in the survival of
large adults and early life stages (Rieman and McIntyre 1993;
Al-Chokhachy 2006). However, the predictive ability of such
models is currently limited by a lack of empirical survival esti-
mates specific to subadult stages.

To our knowledge, reliable estimates of survival for juvenile
age-classes (<120 mm total length [TL]) are unavailable for bull
trout. Previous studies assessed relative survival for early age-
classes of bull trout by comparing abundances between years
but did not produce precise juvenile survival estimates (Paul
et al. 2000; Johnston et al. 2007). Al-Chokhachy and Budy
(2008) used mark–recapture methods to develop stage-specific
survival estimates for bull trout larger than 120 mm TL, but
their study did not include smaller individuals. Obtaining sur-
vival estimates specific to juvenile stage classes will help fill
an important gap in our understanding of factors that determine
bull trout survival at different life stages. Estimates of stage-
specific survival rates will also aid in identifying the life stages
to target for recovery and improve the ability of population
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IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1125

models to predict population-level responses to environmental
changes.

To evaluate migration patterns and estimate survival rates for
juvenile bull trout, we conducted an intensive mark–recapture
study within one of several important spawning areas used by a
relatively large population of bull trout in the South Fork Walla
Walla River (SFWW), Oregon. The population of bull trout in
the SFWW exhibits both migratory and resident life history
forms (Homel et al. 2008), and migration distance and timing
can be highly variable (Homel and Budy 2008). Prior to this
study, little was known about juvenile bull trout dispersal and
survival rates in this system.

The overall goal of this research was to provide insight into
a stage of bull trout life history which has previously not been
well quantified and which has important implications for un-
derstanding how juvenile life stages affect population growth
and persistence. To meet this goal, the specific objectives of
this study were to (1) quantify and better understand the move-
ment patterns exhibited by juvenile bull trout (70–170 mm TL)
and (2) incorporate knowledge of juvenile migration rates into
mark–recapture analyses to obtain the most precise estimates of
survival for bull trout during these influential early life stages.

METHODS

Study Area
We conducted this study over approximately 600 m of

Skiphorton Creek directly upstream of the confluence with the
SFWW (Figure 1). Skiphorton Creek originates in the foothills
of the Blue Mountains in northeastern Oregon and enters the
SFWW approximately 113 km upstream from the Columbia
River. The Skiphorton Creek study area has an average slope
of 3–5%, a mean width of 5 m, and a mean water depth of
0.24 m. The study area is characterized by complex habitat, in-
cluding numerous small side channels, pools, undercut banks,
and large woody debris. Bull trout primarily use Skiphorton
Creek for spawning and juvenile rearing, and the fish assem-
blage is composed of juvenile or small resident bull trout (pri-
marily <170 mm TL) and rainbow trout Oncorhynchus mykiss
and/or juvenile steelhead (anadromous rainbow trout). Skiphor-
ton Creek is located on roadless forest lands, and owing to the
remote location, sampling was limited to the snow-free months
of June through October.

We also gathered additional data throughout the SFWW and
main-stem Walla Walla River (WW), both considerably larger

FIGURE 1. Map of the Skiphorton Creek study area, where juvenile bull trout were initially captured and marked. Marked fish could be resighted throughout
the South Fork Walla Walla and Walla Walla rivers, including at any of the six passive in-stream antennas (PIAs) located downstream of the study area.
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1126 BOWERMAN AND BUDY

streams than Skiphorton Creek. Bull trout spawn throughout
approximately 20 km of the upper SFWW and its tributaries,
and adult and subadult bull trout use the entire SFWW and
WW (43 and 81 km in length, respectively) for migration and
overwintering habitat (Anglin et al. 2009).

Mark, Recapture, and Resight Techniques
Mark and recapture.— We conducted two discrete mark–

recapture sampling events during the summers of 2007 and 2009
and three in 2008 (Table 1). We captured bull trout in Skiphor-
ton Creek by chasing fish with a low-voltage electrical current
downstream into a seine (hereafter referred to as “electrosein-
ing”). We constrained the number of electroseining events to
minimize the stress to juvenile fish, and we gathered initial
data on all captured fish between 70 and 170 mm TL. We anaes-
thetized, weighed, measured, and marked bull trout with both an
external fin clip and an internal PIT tag (12.5 mm Full Duplex
134.2 kHz) surgically inserted into the peritoneal cavity. We
double-marked all individuals to identify recaptures and quan-
tify tag retention rates. We checked all recaptured fish for tag
loss and recorded the unique PIT tag code. We released all fish
near the point of capture after full equilibrium had been restored.

Mobile resights.—In 2008 and 2009, we also used a mobile
PIT tag reader to detect marked fish throughout the Skiphorton
Creek study area. We refer to this type of sampling as “mo-
bile resight” surveys to remain consistent with the literature
on Barker models, in which the term “resight” has been used
to refer to any method for obtaining observations of marked
animals other than physical live recaptures. The mobile reader
consisted of a backpack-mounted tuner and receiver connected

to a 0.35-m × 0.35-m triangular antenna at the end of an ex-
tendable pole (Biomark BP portable antenna; see Roussel et al.
2000; Cucherousset et al. 2005; Keeler et al. 2007). The reader’s
maximum vertical PIT tag detection distance ranged between
0.15 and 0.35 m, depending on the orientation of the tag and the
reader’s tuning. Lateral read range was extremely limited, such
that a PIT tag had to be directly below the triangular antenna to
be identified.

During each mobile resight survey, the operator waded up-
stream through the entire study area, passing the reader over all
areas of the streambed at a height that would allow for PIT tag
detection. The operator recorded the date, time, and exact loca-
tion of each PIT tag. Each mobile resight sampling period took
approximately 8 h, and all surveys were conducted by the same
person to minimize sampling variability. We performed mobile
resight surveys both during the day and at night and compared
the recapture probabilities between these two time periods. We
generally conducted mobile resight sampling approximately 1
week after electroseining mark–recapture events (Table 1) to
assess mortalities following tagging.

Tag recoveries.—During the mobile resight surveys, we did
not actually see marked fish, so we could not be certain whether
(1) the PIT tag had been shed from a fish that was still alive, (2)
the PIT tag was in a live fish, or (3) the marked fish had died but
the tag remained in the river. We addressed the first possibility
by double-marking all fish with both a PIT tag and external fin
clip. Because the observed rate of PIT tag retention was high (see
Results), we assumed that immobile tags represented dead fish.
We distinguished between a live resight and a “tag recovery” in
the following manner: after detecting a PIT tag with the mobile

TABLE 1. Sampling schedule and methods used to capture, recapture, or resight juvenile bull trout. Fish were captured by electroseining (ES) and resighted
with a mobile PIT tag reader (MPR) in Skiphorton Creek. Marked fish were resighted during intervals between discrete sampling events at a passive in-stream
antenna at the downstream end of the study area (PIASH) and at five passive in-stream antennas (PIAWW) as well as via ancillary capture (ANC) throughout the
South Fork Walla Walla and Walla Walla rivers.

Resight Number Live recaptures/ Live Dead
Sampling date interval (d) marked resights resights recoveries Sampling method

Jul 10–13, 2007 86 0 ES
34 0 0 PIAWW + ANC

Aug 14–15, 2007 65 14 ES
261 6 0 PIAWW + ANC

May 2–3, 2008 52 5 ES
67 2 0 PIAWW + ANC

Jul 7–8, 2008 94 3 ES
34 4 3 PIAWW + ANC + PIASH

Aug 13–19, 2008 123 23 ES + MPR
293 62 5 PIAWW + ANC + PIASH

Jun 8–15, 2009 107 12 ES + MPR
36 34 0 PIAWW + ANC + PIASH

Jul 21–31, 2009 142 79 ES + MPR
363 101 4 PIAWW + ANC + PIASH

Total 1,108 669 136 209 12
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IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1127

reader, the operator tapped on the substrate adjacent to the tag
location, and if the tag was in a different place following the
disturbance, the observation was considered a live resight. To be
considered a tag recovery, a PIT tag had to be found immobile
in the same location during two consecutive mobile surveys.
Although we did not actually observe dead fish, we used the
term “recovery” to describe detections of immobile PIT tags,
to remain consistent with previous mark–recapture literature in
which the term “dead recovery” has been used (Barker et al.
2004).

Passive in-stream antenna arrays and ancillary resight
data.— In addition to sampling within the Skiphorton Creek
study area, we collected continuous resight data from marked
fish as they swam past stationary PIAs. As part of a large-scale,
multiyear research project (see Al-Chokhachy and Budy 2008),
five PIAs operated in the SFWW and WW river system located
approximately 7, 16, 38, 52, and 103 km downstream from the
Skiphorton Creek study area (Figure 1). The devices operated
year-round, except for short periods when maintenance was re-
quired, and enabled us to gather resight data at multiple locations
outside of the immediate study area. In 2008 and 2009, we in-
stalled one additional PIA at the downstream end of Skiphorton
Creek (Skiphorton PIA) to identify when fish emigrated from
the study area. We used a solar panel to generate power for
the remote site; the PIA only operated between 24 July and 28
September 2008 and from 8 June to 30 September 2009, when
sufficient sunlight was available.

Bull trout marked in Skiphorton Creek were also recaptured
throughout the entire SFWW and WW system via several differ-
ent methods. Each summer, as part of the larger study mentioned
previously, approximately 20 km of the SFWW were sampled
for bull trout via electroseining, and all recaptures of fish marked
in Skiphorton Creek were recorded. Marked bull trout were also
recaptured throughout the year at screw traps and via research-
related angling at multiple locations on the WW. Fish recap-
tured in the SFWW or WW were considered “ancillary resights”
collected during the intervals between discrete mark–recapture
sampling periods. Although ancillary resights made up a small
proportion of the total data, this additional sampling allowed
us to consider marked fish to be at risk of recapture anywhere
in the geographic range of interest (Barker 1997; Barker et al.
2004).

Juvenile Movement Patterns
We evaluated the timing, direction, distance, and frequency of

juvenile bull trout movement within the study area and through-
out the SFWW and WW based on data combined from all of
the sampling methods described above. We assumed that any
marked fish that was detected in the SFWW or WW or resighted
at the Skiphorton PIA had emigrated from the study area. We
considered the assumption of emigration valid for the duration
of our study because we observed no marked fish to have reen-
tered Skiphorton Creek after having left. For fish detected at
the Skiphorton PIA, we used data from physical recaptures to

estimate the length at emigration based on a linear equation for
the absolute growth rate applicable to short time scales (Isely
and Grabowski 2007), namely,

Lengthemigration = Lengthtagging + 5.23 + 0.099

× (timeemigration − timetagging). (1)

We used movement observations to describe emigration rates
and timing and examined the impact of emigration on survival
estimates.

Survival Analyses
We estimated annual survival probability for two separate

age-classes of juvenile bull trout: age 1 (70–120 mm TL) and
age 2 (121–170 mm TL), where length at age at initial capture
was estimated based on combined length-frequency analyses
and otolith aging (Al-Chokhachy and Budy 2008; Budy et al.
2011). All survival analyses were conducted in Program MARK
(White and Burnham 1999). First, we estimated apparent sur-
vival from a CJS model (Cormack 1964; Jolly 1965; Seber
1965), a model commonly used to assess survival probabilities
for a wide range of taxa (e.g., Lebreton et al. 1992; Muir et al.
2001; Letcher et al. 2002). The CJS model only incorporates data
obtained from discrete mark–recapture sampling periods, so we
only used data collected during electroseining mark–recapture
and mobile resight sampling in Skiphorton Creek. We combined
mobile resights with active captures in the same discrete sam-
pling period, as mobile resight surveys were conducted shortly
after mark–recapture periods. The two parameters estimated by
the CJS model are apparent survival (ϕi; the probability that an
animal survives and remains in the sample from time i to i + 1)
and pi (the probability of encountering an individual given that
it is alive and in the sample). Because emigration can confound
these two parameters, we also used an ad hoc method in the CJS
model to account for known emigration: when we observed an
individual emigrate from the study area, we removed its contri-
bution to survival parameter estimation at that time (see Horton
and Letcher 2008). We included only known emigrants in this
approach, which did not allow us to account for incomplete
detection of emigrants.

We compared estimates of apparent survival from the stan-
dard and ad hoc CJS models with estimates of survival from
the Barker model (Barker 1997; Barker and White 2001). As in
the CJS model, mobile antenna resights from within the study
area were incorporated into the data from the previous mark–
recapture period. In addition to this data, the Barker model also
allowed inclusion of data obtained during the interval from i to
i + 1 between discrete sampling events, which included tag
recoveries, resights at PIAs, and ancillary resights throughout
the SFWW and WW. If an individual was either recaptured or
resighted on more than one occasion during the interval from i
to i + 1, only a single detection was recorded in the encounter
history (Barker et al. 2004). The model complexity necessary
to accommodate this additional data results in a total of seven
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1128 BOWERMAN AND BUDY

parameters in the Barker model (Barker 1997). In addition to
survival (Si) and recapture ( pi) probabilities, the model param-
eters include Fi (the probability that an animal at risk of capture
at time i is at risk of capture at time i + 1 [i.e., has not emigrated
from the study area]), F’i (the probability that an animal not at
risk of capture at time i is at risk of capture at time i + 1 [e.g.,
temporary emigration]), Ri (the probability that an animal alive
at time i is resighted alive in the interval from i to i + 1), and R’i

(the probability that an animal is resighted before it dies in the
interval from i to i + 1). A final parameter, ri (the probability
that an animal dies and is found dead in the interval from i to i +
1) allowed us to incorporate data from tag recoveries. Because
we recovered only a relatively small number of tags, we also
compared survival estimates between a data set that included
tag recoveries and another which did not, where we set r = 0.

We assessed model fit using the median ĉ approach in pro-
gram MARK to estimate a variance inflation factor (ĉ) for the
most saturated model given available data (e.g., Horton et al.
2011). Because the variance inflation factor was reasonable
(1.98) and we expected that model fit improved with the in-
clusion of individual covariates, we based model selection on
Akaike’s information criterion corrected for effective sample
size (AICc). We considered models with a difference of 0–2 in
AICc to have substantial support, models with >4 to have con-
siderably less support, and models with >10 to have virtually
no support (Burnham and Anderson 2002). Data limitations and
model parsimony led us to model some parameters as constant
across time and between size-classes.

Our primary parameter of interest was survival, so we used a
two-step approach to the model selection process. Initially, we
retained high dimensionality in our survival parameters (ϕ in
the CJS model and S in the Barker model) and iteratively mod-
eled the remaining parameters based on a priori knowledge of
sampling efficiency and bull trout ecology. With the CJS model,
model selection of the less pertinent parameter (recapture prob-
ability [ p]) resulted in a set of candidate models for which p
varied as a function of an increasing trend across sampling peri-
ods and with length as an individual covariate. For all candidate
Barker models, we modeled p as a function of individual length
and r as constant over time and among size-classes. Owing to
the variability in resights among sampling intervals (Table 1),
we modeled both R and R′ as functions of time. Finally, we
found strong support for models in which we explicitly mod-
eled permanent emigration by setting F′ to 0 and we allowed F
to vary as a function of individual length.

After selecting the model structure for the less pertinent pa-
rameters, we then focused on modeling survival, the parameter
of greatest interest (e.g., Slattery and Alisauskas 2002; Collins
and Doherty 2006). In both the CJS and Barker candidate model
sets, we estimated survival for the two different age-classes as
separate groups and modeled survival in relation to factors deter-
mined a priori, including annual variation, time interval, season,
and individual covariates measured at the time of tagging, such
as length. In addition, we included models with a marking effect

to test the hypothesis that survival rates would be lower during
the time interval immediately following initial capture. To fa-
cilitate comparison of survival estimates and variance between
the CJS and Barker model types, we present estimates from the
single best model from the set of candidate models.

We compared survival estimates from the top CJS and Barker
models with an estimate of the return rate, an index of survival.
Return rates can be considered a minimum estimate of true
survival, because they do not account for detection probability
or site fidelity (Sandercock 2006). We estimated a simple return
rate by calculating the proportion of marked fish in each size-
class that were recaptured or resighted nine or more months
after initial tagging (fish that survived until the subsequent field
season and afterward). We estimated a return rate (̂RR) for
marked fish from a simple proportion with binomial variance
using

̂RR = Y

N
(2)

var(̂RR) =
̂RR(1 − ̂RR)

N
, (3)

where Y represents the number of marked fish that were re-
sighted and N is the total number of marked fish.

RESULTS

Recaptures and Resights of Marked Fish
Between 2007 and 2009, we marked 669 bull trout in

Skiphorton Creek. Nearly 50% were recaptured or resighted
at least once (n = 327), and approximately 11% multiple times
(n = 71). The total number of unmarked fish caught in a sin-
gle mark–recapture sampling period ranged between 52 in May
2008 and 142 in July 2009 (Table 1). The majority of bull
trout captured and PIT-tagged were in the age-1 size-class,
whereas only 25% of the marked individuals were >120 mm TL
(Figure 2).

Multiple techniques were necessary to obtain sufficient data
to track the movement patterns of marked individuals and eval-
uate survival rates, although the efficiency of resighting tech-
niques varied. Data from the mobile PIT tag reader, all PIAs
combined, and ancillary resights accounted for 62, 36, and 2%
of total resight observations, respectively. The number of fish re-
sighted during each interval between discrete sampling periods
increased over the duration of the study (Table 1), as both the
number of marked fish and sampling effort increased. In 2007,
we resighted no fish between the two summer capture periods
and only six between the 2007 and 2008 field seasons. After we
added the PIA at the lower end of the Skiphorton Creek study
area during 2008 and 2009, PIA resights increased dramatically.

The mobile PIT tag reader enabled us to resight marked bull
trout while minimizing disturbance to the stream and fish and
was particularly effective when used at night (Table 2). The
recapture probability with the mobile PIT tag reader at night
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IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1129

FIGURE 2. (A) Length at capture of juvenile bull trout caught in Skiphorton
Creek and marked with PIT tags and (B) proportion of marked fish in each
size-group for which the exact date of emigration from the Skiphorton Creek
study area was known. Emigration was determined when PIT-tagged fish were
detected at a passive in-stream antenna located at the lower boundary of the study
area. Length at emigration was estimated based on a linear growth relationship
developed for the study population.

(p = 0.51 ± 0.04; estimate ± SE) was 4.5 times that of the
mobile reader during the day (p = 0.11 ± 0.02) and 2.5 times
that of electroseine sampling (p = 0.22 ± 0.03). We recaptured
only one fish that had shed its PIT tag, resulting in an estimate
of 98.8% tag retention. Given this high rate of tag retention, we

did not explicitly account for tag loss and considered the 12 tag
recoveries found during 2008 and 2009 to represent mortalities
in our analyses.

Juvenile Bull Trout Movement Patterns
Recapture data collected via multiple methods allowed us

to determine when juvenile bull trout emigrated from the natal
spawning/rearing tributary and enabled us to observe bull trout
movements throughout the study area and the larger SFWW and
WW system. Within the Skiphorton Creek study area, juvenile
bull trout moved both upstream and downstream, but the pre-
dominant direction of movement was downstream (Figure 3).
Movement in the upstream direction occurred at low frequen-
cies within the study area, and the largest recorded upstream
movement was only 0.2 km. We observed numerous juvenile
bull trout that remained for more than 1 month within 50 m of
their original capture location, and in many instances those fish
were located in the same habitat unit (e.g., a small pool or eddy)
during numerous consecutive sampling periods. The majority
of marked fish remained within 0.5 km of their initial capture
location until they began a downstream migration, after which
many moved rapidly downstream, some traveling up to 6 km in
3 d. We resighted marked fish at various locations throughout
the larger SFWW and WW, and the greatest observed travel dis-
tance was 53 km downstream from the study area. We did not
detect a relationship between stream discharge and movement
patterns (Figure 3).

Juvenile bull trout emigrated from the study area at a range
of sizes and during all seasons. Based on a linear relationship
between juvenile bull trout growth and time, we estimated the
length of marked fish for which the exact date of emigration was
known (i.e., fish detected passing the Skiphorton PIA). Juvenile
bull trout of all sizes exceeding 80 mm TL emigrated from the
study area, although the majority of emigrants were longer than
100 mm (Figure 2). The proportion of emigrants increased with
fish length, but we did not observe a distinct size threshold at
which movement was initiated. Emigration occurred throughout
the year, with a slight increase in the emigration rate from late
August through October. In the age-1 age-class, 52% of the fish
recaptured between 4 and 12 months after initial capture had
moved more than 4 km downstream of the study area, and 92%

TABLE 2. Comparison of capture probabilities for the capture and recapture/resight methods used to estimate juvenile bull trout movement and survival. The
parameter p is the probability of capturing an individual given that it is alive and in the sample, R is the probability that an animal is resighted alive in the time
interval from i to i + 1, and R′ is the probability that an animal is resighted before it dies in that time interval.

Capture probability Average recapture/
Sampling method Data type (p or R) SE sampling hour

Electroseining Live recapture p = 0.22 0.03 0.76
Mobile antenna, day Live resight in study area/dead recovery p = 0.11 0.02 2.29
Mobile antenna, night Live resight in study area/dead recovery p = 0 0.51 0.04 7.55
PIAs + ancillary Live resight outside study area R = 0.19a 0.06 n.a.
PIAs + ancillary Live resight outside study area R′ = 0.16a 0.01 n.a.

aFor the time period when the Skiphorton PIA was operating continuously (maximum observed R).
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1130 BOWERMAN AND BUDY

FIGURE 3. Monthly juvenile bull trout migrations (left y-axis) and stage
height of the South Fork Walla Walla River (right y-axis). The circles represent
the mean distances moved during the specified month, and the bars represent the
maximum and minimum distances moved; positive values represent distances
moved upstream, and negative values represent distances moved downstream (a
horizontal line at 0 is provided for reference). The continuous gray line depicts
stage height.

of the age-2 fish appeared to have emigrated (Figure 4). As a
result of high emigration rates and variable emigration timing,
a substantial proportion of the marked fish were unavailable
for recapture during subsequent sampling periods. Furthermore,
no marked fish were detected within the study area more than
18 months after tagging, suggesting that nearly all juveniles
emigrated from their natal habitat between age 1 and age 3.

Juvenile Bull Trout Survival Rates
Estimates of survival based on the simple return rate were

0.171 ± 0.017 (estimate ± SE) for the age-1 class and 0.190 ±
0.030 for the age-2 class (Figure 5). Compared with the return
rate, the estimates of apparent survival from the naı̈ve CJS model
were extremely biased downward but improved when emigra-
tion was included in the models via the ad hoc approach. Point
estimates of annual survival using the Barker model were higher
than the return rate, and the 95% confidence intervals encom-
passed the return rate. Across models, the variance associated
with survival estimates was greater for age-2 fish, as there were
fewer fish marked in this size-class.

The CJS model that minimized AICc was constant across
time and included separate estimates of apparent survival for
the two age-classes and fish length as an individual covariate
(Table 3). From this model, the estimate of apparent annual
survival for the age-1 class was 0.090 ± 0.018 for a fish with
a mean length of 100 mm TL and 0.009 ± 0.009 for the age-2
class based on a mean length of 133 mm. Compared with the
return rate, the CJS estimates accounted for only 52% and 5% of
the return rate for the two size-classes, respectively (Figure 5).
The ad hoc CJS approach resulted in the same best model as
the naı̈ve CJS model, and with emigration explicitly incorpo-

FIGURE 4. Number of age-1 and age-2 bull trout resighted in the Skiphorton
Creek study area, within 4 km of the study area, and >4 km away from the
study area per month after initial capture and marking.

rated, survival estimates were 0.142 ± 0.023 for the age-1 class
(similar to the return rate), but 0.069 ± 0.030 for the age-2 class
(only 36% of the return rate). Model selection showed much
less support for the model that included a tagging effect, and
a likelihood ratio test provided no evidence of a difference in
survival during the time period immediately following tagging
(χ2 = 1.112, df = 2, P = 0.57).

In contrast to the CJS model results, the annual survival
estimates from the Barker model were somewhat higher than
those from the return rate (Figure 5). Model selection produced
identical model ranking for data with and without tag recoveries
but led to slightly different estimates of survival with similar
precision. For both data sets, the model with the greatest
support was one in which survival was constant across time
and varied between size-classes (Table 3). Estimated annual
survival for the Barker model including dead recoveries was
0.218 ± 0.028 for fish in the age-1 class and 0.232 ± 0.065 for
age-2 fish. When tag recoveries were omitted from the data (r =
0), the same best-ranking model provided similar estimates of Ŝ

(0.195 ± 0.026 and 0.191 ± 0.062, respectively). Based on the
AICc values, there was little support for the model that included
annual variability in survival, although this was unsurprising
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IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1131

FIGURE 5. Estimates of survival probability for age-1 and age-2 bull trout
marked in Skiphorton Creek calculated using different methods (RR = return
rate, CJS = naı̈ve Cormack–Jolly–Seber, CJSem = ad hoc CJS with emigration
included, BD = Barker model with dead recoveries, BN = Barker model without
dead recoveries). Error bars represent 95% confidence intervals.

given that there were only 3 years of data. There was also
considerably less support for a model that included a tagging
effect, and a likelihood ratio test provided no evidence of lower
survival during the time period directly following tagging (χ2 =
1.768, df = 2, P = 0.41).

In addition to providing robust estimates of survival, the
Barker model included specific parameters to estimate site fi-
delity, providing additional insight into juvenile bull trout mi-
gration patterns. Model selection demonstrated stronger support
for a model in which we explicitly modeled permanent emigra-
tion (F′ = 0) than for a model that included random emigration
(Barker and White 2001), which was consistent with our move-
ment observations. In this model, F varied as a function of indi-
vidual length and parameter estimates indicated that F was neg-
atively related to fish length at marking and decreased sharply
for fish larger than 100 mm. Estimates of F were 0.735 ± 0.151
for a fish measuring 90 mm TL, compared with 0.125 ± 0.063
for a 110-mm TL bull trout. This sharp decline in the probability
of an individual’s remaining at risk of capture was consistent

with our observations of emigration rates for bull trout across
this range of sizes.

DISCUSSION
Our results provide some of the first estimates of annual

survival rates for age-1 and age-2 bull trout based on individ-
ual mark–recapture information. Use of multiple recapture and
resighting techniques allowed us to assess rates of emigration
from natal habitat and to describe the movement patterns of ju-
venile bull trout. In addition, incorporating emigration into our
survival analyses improved the accuracy of annual survival esti-
mates for juvenile bull trout. The results from the Barker model
appeared to be the least-biased estimates of survival based on
the model types we considered and are the most precise field-
based survival rates available for juvenile bull trout of which we
are aware. Our study demonstrates the importance of incorpo-
rating movement patterns into survival analyses for migratory
species and provides an important comparison of contemporary
capture–recapture techniques in stream systems.

Mark, Recapture, and Resight Techniques
The use of PIT tags was highly effective in this study, as

it enabled us to detect marked fish across a large geographic
range with minimal handling. We found 2 of the 12 recovered
tags during the sampling period directly after tagging, but we
found no evidence that PIT-tagging individuals affected sur-
vival estimates. These results correspond with those of previous
studies of juvenile salmonids, which have likewise detected no
discernible difference in survival between PIT-tagged and non-
tagged fish held in a controlled setting (Prentice et al. 1990;
Gries and Letcher 2002) or in the wild (Ombredane et al. 1998).

The use of the mobile PIT tag reader allowed us to increase
the probability of resighting a marked individual while causing
little disturbance to the stream and fish. The mobile reader also
enabled us to make an efficient use of our sampling time, as
it required only one person to operate (compared with three
for the electroseining method) and the entire study area could
be scanned in 8 h. The mobile reader was most effective when
operated at night, when juvenile bull trout often moved very little
from their location as the reader passed over them, even after
the operator tapped on the substrate (in contrast with daytime
sampling, when fish usually moved immediately). As a result,
five resights were initially misidentified as tag recoveries, but the
marked fish subsequently changed locations or were detected at
downstream PIAs. Thus, we only classified tags as recoveries
when they were found in the same place during at least two
consecutive sampling periods.

We recovered only 12 tags, and this relatively small number
may not have been sufficient to improve the precision of survival
estimates from the Barker model. Nonetheless, it is reasonable to
expect that larger numbers of tag recoveries would yield greater
precision in estimating the parameters of interest (Barker and
Kavalieris 2001). Tag recoveries could also have represented
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1132 BOWERMAN AND BUDY

TABLE 3. Survival models for juvenile bull trout captured and marked in Skiphorton Creek, 2007–2009. Two age-classes were modeled as separate groups: age
1 (70–120 mm TL) and age 2 (121–170 mm). Periods indicate no difference across time or among groups, plus signs denote additive parameters, and = 0 indicate
parameters set to 0; length at capture was included as an individual covariate. See text for variable descriptions.

Model Number of
Survival varies by Candidate model AICc likelihood parameters

CJS models
Age group + length ϕ(group + length) p(timetrend + length) 664.95 1.00 7
Age group ϕ(group) p(timetrend + length) 668.87 0.14 5
Year ϕ(year) p(timetrend + length) 681.87 0.04 6
Group + tag effect ϕ(group + tag effect) p(timetrend + length) 673.25 0.00 9

Barker models
Age group S(group) p(length) r(.) R(time) R′

(time) F(length) F′
( = 0) 1,839.63 1.00 18

Age group + length S(group + length) p(length) r(.) R(time) R′
(time) F(length) F′

( = 0) 1,841.49 0.39 19
Age group + tag effect S(group + tag effect) p(length) r(.) R(time) R′

(time) F(length) F′
( = 0) 1,844.35 0.09 20

Year S(year) p(length) r(.) R(time) R′
(time) F(length) F′

( = 0) 1,860.91 0.00 19

PIT tags that were shed from fish that were still alive rather
than true mortalities. However, based on the high rate of PIT
tag retention that we observed, we considered the probability
of a shed tag unlikely and therefore did not incorporate tag loss
rates in our survival estimates. Other studies of similar-sized ju-
venile fish have also shown high rates of PIT tag retention (Om-
bredane et al. 1998; Gries and Letcher 2002). If PIT tag retention
were lower than we observed, we would have underestimated
true survival (Knudsen et al. 2009) and our annual survival es-
timates would be conservative.

Passive in-stream antenna arrays stationed at six locations
throughout the geographic range of the population allowed us
to collect data continually throughout the year, including in win-
ter when our remote field site was inaccessible. Use of multiple
PIAs also helped us develop a detailed spatial and temporal
understanding of juvenile bull trout movement patterns and em-
igration rates. Detection efficiency varied among PIAs and at
different discharges, but we did not have sufficient data or the
analytical ability to incorporate this variability into our analy-
ses. Operation of the PIA at the downstream end of the study
area over the entire year would certainly have increased our
knowledge of emigration timing and improved the survival esti-
mates from the ad hoc CJS method. However, the Barker model
can incorporate data collected opportunistically (Barker 1997)
and thus allowed for the inclusion of PIA data even when sites
operated at less than 100% detection efficiency.

We observed an increasing trend in the number of recap-
tures/resights over the course of the study, which likely oc-
curred as a result of increased effort and efficiency over time.
This increase in efficiency resulted from the installation of the
Skiphorton PIA, the use of the mobile PIT tag reader at night,
and the potential improvement in the skill of the person op-
erating the mobile reader. Due to the high emigration rates,
variation in emigration timing, and low capture probabilities of
juvenile bull trout, multiple resight techniques were necessary
to obtain sufficient resight data to estimate survival and char-

acterize movement patterns. Each of these techniques provided
data that informed estimates of survival and emigration in a
different way. While the use of the mobile PIT tag reader at
night resulted in a relatively high capture probability compared
with other methods, it only allowed detection of fish that re-
mained in the study area. Data collected at PIAs were integral
in monitoring movements throughout the broader range of the
population, but the spatial and temporal scope of this research
was possible only because there was a preexisting infrastructure
of PIAs within the river system. The high cost of obtaining this
type of information, both in terms of money and effort, may
be prohibitive in many studies. In our research, it would not
have been possible to reliably estimate survival without the use
of additional resight methods both within and outside of the
Skiphorton Creek study area. Thus, the cost of using various
sampling techniques relative to the information gained should
be weighed carefully within the context of overall study objec-
tives (e.g., Al-Chokhachy et al. 2009).

Juvenile Bull Trout Movement Patterns
Migratory behavior is known to vary among different age-

classes of bull trout and among populations (McPhail and Baxter
1996; Monnot et al. 2008). For the population of juvenile bull
trout in Skiphorton Creek, emigration from the natal stream
occurred across a range of sizes >80 mm TL, and rates of em-
igration increased with fish length. These results are consistent
with those of research in other locations where juvenile bull trout
typically migrate from rearing areas into larger rivers between
age 1 and 3, with the majority migrating at age 2 (Oliver 1979;
McPhail and Baxter 1996). However, our research demonstrated
that a surprisingly large proportion of age-1 juveniles emigrated
from rearing habitat into the larger SFWW. These data suggest
that as juveniles grow larger, selective forces favor migration
downstream into larger, warmer, and more productive habitat,
despite potentially greater risk of mortality from predators (e.g.,
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IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1133

adult bull trout) and environmental catastrophes, such as flood-
ing. Our data also showed that after leaving their natal stream
juvenile bull trout migrated throughout more than 50 km of
downstream habitat in the SFWW and WW, indicating that im-
mature fluvial bull trout used a wide range of rearing habitat
throughout the entire river network.

Over the course of this study, juvenile bull trout emigrated
from spawning and rearing habitat continuously throughout the
year. We observed a pulse of emigration into the SFWW and
WW from July through October, when stream discharge is at
its lowest and instream barriers may be more difficult to pass.
Increased observations during this time period may have been
influenced by higher sampling intensity during these months,
although other research has similarly demonstrated higher rates
of downstream subadult migration during late summer and fall
(Oliver 1979; Homel and Budy 2008). Immature bull trout also
migrated downstream throughout the remainder of the year, in-
cluding during winter months, a time period during which adult
bull trout are often considered sedentary (Bahr and Shrimpton
2004; Watry and Scarnecchia 2008). These data illustrate the
variability of juvenile bull trout migratory behavior, a compo-
nent of the fluvial life history which is not always considered in
management objectives.

Mark–Recapture Models and Annual Survival Estimates
Migration rates and distances are often difficult to quantify

for species that exhibit diverse life history characteristics or
variation in both migratory behavior and home range size, such
as bull trout, coastal cutthroat trout O. clarkii clarkii, rainbow
trout, and brook trout Salvelinus fontinalis (e.g., Trotter 1989;
Rodrı́guez 2002; Meka et al. 2003). Nonetheless, understand-
ing and incorporating movement patterns into capture–recapture
studies can dramatically improve estimates of survival and other
important vital rates (Cilimburg et al. 2002; Horton and Letcher
2008). In our study, continuous emigration from the study area
resulted in a constant loss of marked fish from the study popu-
lation. The return rate (the minimum estimate of true survival)
was higher than the estimates of apparent survival using the
CJS model because it included data from individuals resighted
anywhere in the geographic range of the population, including
fish that had emigrated from Skiphorton Creek. In contrast, the
naı̈ve CJS model only used data collected within the study area,
from which marked fish emigrated continually, resulting in es-
timates of apparent survival that were considerably lower than
the return rate. This bias was more pronounced for the age-2
class because fish in this size range demonstrated higher em-
igration rates. When we incorporated emigration directly into
encounter histories we observed an improvement over the naı̈ve
CJS model, but the ad hoc approach still produced estimates of
apparent survival that were biased downward, particularly for
the age-2 size-class.

In contrast to the CJS model, the Barker model produced es-
timates of annual survival which were higher than the observed
return rate and similar between the two size-classes (or slightly

greater for the age-2 size-class). This latter observation indi-
cates that bull trout survival rates may increase with size and
age, which is consistent with many other fish species (Lorenzen
2006). Although we have no way of knowing the true survival
rates in the wild, it is reasonable to expect that the true survival
rates would be higher than the return rate, which does not ac-
count for recapture probability (Martin et al. 1995; Sandercock
2006). In simulation analyses, Horton and Letcher (2008) found
that the Barker model yielded robust estimates of survival with
very little bias, regardless of whether emigration was temporary
or permanent. Given the robust nature of the Barker model and
the relative agreement between annual survival estimates de-
rived from this model and observed return rates, we believe that
the best estimates for juvenile bull trout annual survival from
our study are those obtained from the Barker model.

Our study provides an important baseline of field-based an-
nual survival estimates for age-1 bull trout (70–120 mm TL).
Prior to our study, the survival of this age-class represented a
significant gap in our understanding of bull trout demography.
Our estimates of annual survival rates are within the range of
other annual survival estimates for juvenile brook trout, a closely
related species (mean ± SE apparent survival = 0.218 ± 0.149;
Petty et al. 2005). For age-2 bull trout, survival estimates for the
fish marked in Skiphorton Creek were higher than those for fish
from the larger SFWW River (Al-Chokhachy and Budy 2008),
where estimates of annual survival for subadult bull trout (120–
170 mm TL) varied between 0.025 ± 0.009 and 0.154 ± 0.052,
depending on the year. Our results were also comparable to the
highest annual return rates for subadult bull trout (<270 mm
fork length) observed in Mill Creek, another tributary to the
Walla Walla River (P. Howell, U.S. Forest Service, unpublished
data).

While the higher estimates of annual age-2 bull trout survival
in this study may in part reflect the greater sampling intensity
in our study design, they may also represent true biological dif-
ferences in survival between stream types. Our results indicate
that survival rates for juvenile bull trout are higher in small
tributaries than in larger rivers but also that fish emigrate from
these tributaries as they mature. Together, these observations
suggest that there may be a trade-off in fitness between the in-
creased risks faced in large rivers (e.g., predation, displacement
by flooding) and the faster growth rates associated with warmer,
more productive waters (Selong et al. 2001). While emigration
from small, hydrologically stable headwater streams may de-
crease the probability of survival, fish that do survive likely
grow faster than their later-emigrating counterparts. The vari-
ability in size at which juvenile bull trout emigrate from na-
tal streams may represent an important adaptation that allows
populations to hedge their bets in an unpredictable environment
(Olofsson et al. 2009).

Conservation and Management Implications
This research describes movement patterns and survival rates

for juvenile bull trout (<170 mm TL) and provides insight into
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1134 BOWERMAN AND BUDY

a life stage that is not well understood. Our data demonstrate
that juvenile (ages 1 and 2) fluvial bull trout exhibit a range of
migratory behaviors. In the SFWW, juveniles moved from natal
rearing habitat to larger rivers throughout the year and across
a range of sizes. Based on these data, maintaining diversity in
life history adaptations, including the variability in juvenile mi-
gratory behavior, may be important for long-term population
persistence. Further, juvenile bull trout from 80 to 100 mm TL
and larger used habitat throughout the SFWW and main-stem
WW in all seasons, suggesting that these size-classes should be
considered in management decisions regarding flow regulation
and fish passage. In addition to documenting juvenile migratory
behavior, our research demonstrates the importance of incorpo-
rating emigration rates into survival analyses for species that
exhibit variable migration patterns and improves our under-
standing of the influence of migration on survival rates.

We provide some of the first field-based, empirical estimates
of juvenile bull trout annual survival based on marked indi-
viduals. These estimates can provide a baseline against which
to compare the results of future studies of juvenile bull trout
survival in more impacted systems as well as improve our un-
derstanding of how various management actions may affect bull
trout at specific life stages. Given the sensitivity of bull trout pop-
ulation growth to survival rates at early life stages, stage-specific
estimates of vital rates are important for the development and
use of reliable stage-structured population models. The survival
estimates from this research will help improve the predictive
ability of bull trout population viability analyses, which can be
used to evaluate population-level responses to different man-
agement scenarios and to develop sound recovery plans for this
imperiled species.

ACKNOWLEDGMENTS
Funding for this project was provided by the U.S. Fish and

Wildlife Service, Columbia River Fisheries Program Office; the
U.S. Geological Survey, Utah Cooperative Fish and Wildlife
Research Unit (in kind); and the Ecology Center at Utah State
University (USU). Additional support was provided by the USU
Vice-Presidential Fellowship and the Seeley–Hinckley Scholar-
ship, both awarded to T. Bowerman. This paper was improved
by reviews of previous drafts by Carl Saunders, Mary Con-
ner, Charles Hawkins, and Joseph Wheaton. Expert advice was
provided by Howard Schaller, David Koons, and Robert Al-
Chokhachy. Logistical support was provided by Peter MacK-
innon, Gary Thiede, John Ehart, George Ehmer, and Dwayne
Wright. Field data were collected with assistance from M. Todd,
R. Carpen, M. Mustin, M. Schifiliti, G. Hill, M. Archibald, A.
Dean, W. Kern, R. Al-Chokhachy, A. Hill, B. Simcox, S. Pe-
tre, L. Tennant, S. Rizza, and C. Cahill. We thank Phil Howell,
Paul Sankovich, Courtney Newlon, Don Anglin, Darren Gallion,
Ryan Koch, Marshall Barrows, David Hines, William Duke, and
the Fish Ecology Lab at USU for providing data and support.
This study was performed under the auspices of Utah State Uni-

versity protocol 1082. The use of trade names or products does
not constitute endorsement by the U.S. Government.

REFERENCES
Al-Chokhachy, R. 2006. An assessment of the dynamics and limiting factors of

a fluvial bull trout population. Doctoral dissertation. Utah State University,
Logan.

Al-Chokhachy, R., and P. Budy. 2008. Demographic characteristics, population
structure, and vital rates of a fluvial population of bull trout in Oregon.
Transactions of the American Fisheries Society 137:1709–1722.

Al-Chokhachy, R., P. Budy, and M. Conner. 2009. Detecting declines in the
abundance of a bull trout (Salvelinus confluentus) population: understanding
the accuracy, precision, and costs of our efforts. Canadian Journal of Fisheries
and Aquatic Sciences 66:649–658.

Anglin, D. R., D. Gallion, M. Barrows, R. Koch, and C. Newlon. 2009. Moni-
toring the use of the mainstem Columbia River by bull trout from the Walla
Walla basin. U.S. Fish and Wildlife Service, Columbia River Fisheries Pro-
gram Office, Final Report to the U.S. Army Corps of Engineers, Vancouver,
Washington.

Bahr, M. A., and J. M. Shrimpton. 2004. Spatial and quantitative patterns of
movement in large bull trout (Salvelinus confluentus) from a watershed in
north-western British Columbia, Canada, are due to habitat selection and not
differences in life history. Ecology of Freshwater Fish 13:294–304.

Barker, R. J. 1997. Joint modeling of live–recapture, tag–resight, and tag–
recovery data. Biometrics 53:666–677.

Barker, R. J., K. P. Burnham, and G. C. White. 2004. Encounter history mod-
eling of joint mark–recapture, tag–resighting and tag–recovery data under
temporary emigration. Statistica Sinica 14:1037–1055.

Barker, R. J., and L. Kavalieris. 2001. Efficiency gain from auxiliary data
requiring additional nuisance parameters. Biometrics 57:563–566.

Barker, R. J., and G. C. White. 2001. Joint analysis of live and dead encounters
of marked animals. Pages 361–367 in R. Field, R. J. Warren, H. Okarma, and
P. R. Sievert, editors. Wildlife, land, and people: priorities for the 21st century:
proceedings of the second international wildlife management congress. The
Wildlife Society, Bethesda, Maryland.

Bradford, M. J. 1995. Comparative review of Pacific salmon survival rates.
Canadian Journal of Fisheries and Aquatic Sciences 52:1327–1338.

Budy, P., L. B. Tennant, T. Bowerman, and G. P. Thiede. 2011. Bull trout popu-
lation assessment in northeastern Oregon: a template for recovery planning:
2010 annual progress report to U.S. Fish and Wildlife Service. Utah Cooper-
ative Fish and Wildlife Research Unit, UTCFWRU 2011:1–90, Logan.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel
inference: a practical information-theoretic approach, 2nd edition. Springer,
New York.

Buzby, K. M., and L. A. Deegan. 2004. Long-term survival of adult Arctic
grayling (Thymallus arcticus) in the Kuparuk River, Alaska. Canadian Journal
of Fisheries and Aquatic Sciences 61:1954–1964.

Caswell, H. 2001. Matrix population models: construction, analysis, and inter-
pretation, 2nd edition. Sinauer Associates, Sunderland, Massachusetts.

Cilimburg, A. B., M. S. Lindberg, J. J. Tewksbury, and S. J. Hejl. 2002. Effects
of dispersal on survival probability of adult yellow warblers (Dendroica
petechia). Auk 119:778–789.

Collins, C. T., and P. F. Doherty Jr. 2006. Survival estimates for royal terns in
southern California. Journal of Field Ornithology 77:310–314.

Cormack, R. M. 1964. Estimates of survival from the sighting of marked animals.
Biometrika 51:429–438.

Cucherousset, J., J. M. Roussel, R. Keeler, R. A. Cunjak, and R. Stump. 2005.
The use of two new portable 12-mm PIT tag detectors to track small fish in
shallow streams. North American Journal of Fisheries Management 25:270–
274.

Fraley, J. J., and B. B. Shepard. 1989. Life-history, ecology and population
status of migratory bull trout (Salvelinus confluentus) in the Flathead Lake
and River system, Montana. Northwest Science 63:133–143.

D
ow

nl
oa

de
d 

by
 [

U
ta

h 
St

at
e 

U
ni

ve
rs

ity
 L

ib
ra

ri
es

] 
at

 1
5:

05
 1

2 
N

ov
em

be
r 

20
12

 



IMPROVING SURVIVAL ESTIMATES FOR JUVENILE BULL TROUT 1135

Gries, G., and B. H. Letcher. 2002. Tag retention and survival of age-0 Atlantic
salmon following surgical implantation with passive integrated transponder
tags. North American Journal of Fisheries Management 22:219–222.

Gross, K., W. F. Morris, M. S. Wolosin, and D. F. Doak. 2006. Modeling
vital rates improves estimation of population projection matrices. Population
Ecology 48:79–89.

Hilborn, R., T. P. Quinn, D. E. Schindler, and D. E. Rogers. 2003. Biocomplexity
and fisheries sustainability. Proceedings of the National Academy of Sciences
of the USA 100:6564–6568.

Hogen, D. M., and D. L. Scarnecchia. 2006. Distinct fluvial and adfluvial migra-
tion patterns of a relict charr, Salvelinus confluentus, stock in a mountainous
watershed, Idaho, USA. Ecology of Freshwater Fish 15:376–387.

Homel, K., and P. Budy. 2008. Temporal and spatial variability in the migration
patterns of juvenile and subadult bull trout in northeastern Oregon. Transac-
tions of the American Fisheries Society 137:869–880.

Homel, K., P. Budy, M. E. Pfrender, T. A. Whitesel, and K. Mock. 2008.
Evaluating genetic structure among resident and migratory forms of bull
trout (Salvelinus confluentus) in northeast Oregon. Ecology of Freshwater
Fish 17:465–474.

Horton, G. E., and B. H. Letcher. 2008. Movement patterns and study area
boundaries: influences on survival estimation in capture–mark–recapture
studies. Oikos 117:1131–1142.

Horton, G. E., B. H. Letcher, and W. L. Kendall. 2011. A multistate capture–
recapture modeling strategy to separate true survival from permanent emi-
gration for a passive integrated transponder tagged population of stream fish.
Transactions of the American Fisheries Society 140:320–333.

Houde, E. D. 1994. Differences between marine and freshwater fish larvae:
implications for recruitment. ICES Journal of Marine Science 51:91–97.

Isely, J. J., and T. B. Grabowski. 2007. Age and growth. Pages 187–228 in C.
S. Guy and M. L. Brown, editors. Analysis and interpretation of freshwater
fisheries data. American Fisheries Society, Bethesda, Maryland.

Johnston, F. D., and J. R. Post. 2009. Density-dependent life-history compen-
sation of an iteroparous salmonid. Ecological Applications 19:449–467.

Johnston, F. D., J. R. Post, C. J. Mushens, J. D. Stelfox, A. J. Paul, and B.
Lajeunesse. 2007. The demography of recovery of an overexploited bull
trout, Salvelinus confluentus, population. Canadian Journal of Fisheries and
Aquatic Sciences 64:113–126.

Jolly, G. M. 1965. Explicit estimates from capture–recapture data with both
death and immigration–stochastic model. Biometrika 52:225–247.

Keeler, R. A., A. R. Breton, D. P. Peterson, and R. A. Cunjak. 2007. Apparent
survival and detection estimates for PIT-tagged slimy sculpin in five small
New Brunswick streams. Transactions of the American Fisheries Society
136:281–292.

Knudsen, C. M., M. V. Johnston, S. L. Schroder, W. J. Bosch, D. E. Fast, and
C. R. Strom. 2009. Effects of passive integrated transponder tags on smolt-
to-adult recruit survival, growth, and behavior of hatchery spring Chinook
salmon. North American Journal of Fisheries Management 29:658–669.

Lebreton, J. D., K. P. Burnham, J. Clobert, and D. R. Anderson. 1992. Modeling
survival and testing biological hypotheses using marked animals: a unified
approach with case studies. Ecological Monographs 62:67–118.

Letcher, B. H., G. Gries, and F. Juanes. 2002. Survival of stream-dwelling
Atlantic salmon: effects of life history variation, season, and age. Transactions
of the American Fisheries Society 131:838–854.

Lorenzen, K. 2006. Population management in fisheries enhancement: gaining
key information from release experiments through use of a size-dependent
mortality model. Fisheries Research 80:19–27.

Martin, T. E., J. Clobert, and D. R. Anderson. 1995. Return rates in studies of life
history evolution: are biases large? Journal of Applied Statistics 22:863–876.

McPhail, J. D., and J. S. Baxter. 1996. A review of bull trout (Salvelinus confluen-
tus) life-history and habitat use in relation to compensation and improvement
opportunities. British Columbia Ministry of Environment, Lands and Parks,
Fisheries Branch, Fisheries Management Report 104, Victoria.

Meka, J. M., E. E. Knudsen, D. C. Douglas, and R. B. Benter. 2003. Variable
migratory patterns of different adult rainbow trout life history types in a

southwest Alaska watershed. Transactions of the American Fisheries Society
132:717–732.

Monnot, L., J. B. Dunham, T. Hoem, and P. Koetsier. 2008. Influences of body
size and environmental factors on autumn downstream migration of bull trout
in the Boise River, Idaho. North American Journal of Fisheries Management
28:231–240.

Morris, W. F., and D. F. Doak. 2003. Quantitative conservation biology: theory
and practice of population viability analysis. Sinauer Associates, Sunderland,
Massachusetts.

Muir, W. D., S. G. Smith, J. G. Williams, E. E. Hockersmith, and J. R. Skalski.
2001. Survival estimates for migrant yearling Chinook salmon and steelhead
tagged with passive integrated transponders in the lower Snake and lower
Columbia rivers, 1993–1998. North American Journal of Fisheries Manage-
ment 21:269–282.

Oliver, G. G. 1979. A final report on the present fisheries use of the Wig-
wam River with an emphasis on the migration, life-history and spawning be-
haviour of Dolly Varden char, Salvelinus malma (Walbaum). British Columbia
Ministry of Environment, Lands and Parks, Fish and Wildlife Branch,
Cranbrook.

Olofsson, H., J. Ripa, and N. Jonzén. 2009. Bet-hedging as an evolutionary
game: the trade-off between egg size and number. Proceedings of the Royal
Society London B 276:2963–2969.

Ombredane, D., J. L. Bagliniere, and F. Marchand. 1998. The effects of passive
integrated transponder tags on survival and growth of juvenile brown trout
(Salmo trutta L.) and their use for studying movement in a small river.
Hydrobiologia 371/372:99–106.

Paul, A. J., J. R. Post, G. L. Sterling, and C. Hunt. 2000. Density-dependent inter-
cohort interactions and recruitment dynamics: models and a bull trout (Salveli-
nus confluentus) time series. Canadian Journal of Fisheries and Aquatic Sci-
ences 57:1220–1231.

Petty, J. T., P. J. Lamothe, and P. M. Mazik. 2005. Spatial and seasonal
dynamics of brook trout populations inhabiting a central Appalachian
watershed. Transactions of the American Fisheries Society 134:572–
587.

Prentice, E. F., T. A. Flagg, and C. S. McCutcheon. 1990. Feasibility of using
implantable passive integrated transponder (PIT) tags in salmonids. Pages
317–322 in N. C. Parker, A. E. Giorgi, R. C. Heidinger, D. B. Jester Jr., E.
D. Prince, and G. A. Winans, editors. Fish-marking techniques. American
Fisheries Society, Symposium 7, Bethesda, Maryland.

Ratliff, D. E. 1992. Bull trout investigations in the Metolius River–Lake Billy
Chinook system. Pages 37–44 in P. J. Howell and D. V. Buchanan, editors.
Proceedings of the Gearhart Mountain bull trout workshop. American Fish-
eries Society, Oregon Chapter, Corvallis.

Rieman, B. E., and J. D. McIntyre. 1993. Demographic and habitat requirements
for conservation of bull trout. U.S. Forest Service General Technical Report
INT-302.

Rodrı́guez, M. A. 2002. Restricted movement in stream fish: the paradigm is
incomplete, not lost. Ecology 83:1–13.

Roussel, J. M., A. Haro, and R. A. Cunjak. 2000. Field test of a new method
for tracking small fishes in shallow rivers using passive integrated transpon-
der (PIT) technology. Canadian Journal of Fisheries and Aquatic Sciences
57:1326–1329.

Sandercock, B. K. 2006. Estimation of demographic parameters from live-
encounter data: a summary review. Journal of Wildlife Management 70:1504–
1520.

Seber, G. A. F. 1965. A note on the multiple-recapture census. Biometrika
52:249–259.

Selong, J. H., T. E. McMahon, A. V. Zale, and F. T. Barrows. 2001. Effect
of temperature on growth and survival of bull trout, with application of an
improved method for determining thermal tolerance in fishes. Transactions
of the American Fisheries Society 130:1026–1037.

Slattery, S. M., and R. T. Alisauskas. 2002. Use of the Barker model in an
experiment examining covariate effects on first-year survival in Ross’s geese
(Chen rossii): a case study. Journal of Applied Statistics 29:497–508.

D
ow

nl
oa

de
d 

by
 [

U
ta

h 
St

at
e 

U
ni

ve
rs

ity
 L

ib
ra

ri
es

] 
at

 1
5:

05
 1

2 
N

ov
em

be
r 

20
12

 



1136 BOWERMAN AND BUDY

Swanberg, T. R. 1997. Movements of and habitat use by fluvial bull trout in the
Blackfoot River, Montana. Transactions of the American Fisheries Society
126:735–746.

Trotter, P. C. 1989. Coastal cutthroat trout: a life history compendium. Transac-
tions of the American Fisheries Society 118:463–473.

Watry, C. B., and D. L. Scarnecchia. 2008. Adfluvial and fluvial life history
variations and migratory patterns of a relict charr, Salvelinus confluentus,
stock in west-central Idaho, USA. Ecology of Freshwater Fish 17:231–243.

White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation
from populations of marked animals. Bird Study 46:120–139.

Williams, B. K., J. D. Nichols, and M. J. Conroy. 2002. Analysis
and management of animal populations. Academic Press, San Diego,
California.

Zydlewski, G. B., G. Horton, T. Dubreuil, B. Letcher, S. Casey, and J. Zydlewski.
2006. Remote monitoring of fish in small streams: a unified approach using
PIT tags. Fisheries 31:492–502.

D
ow

nl
oa

de
d 

by
 [

U
ta

h 
St

at
e 

U
ni

ve
rs

ity
 L

ib
ra

ri
es

] 
at

 1
5:

05
 1

2 
N

ov
em

be
r 

20
12

 


