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Abstract: Fragmentation of rivers through anthropogenic modifications poses an imminent threat
to the persistence of migratory fish, necessitating direct actions such as trap-and-haul programs to
restore and conserve the migratory life-history component in populations of partially migratory
species such as bull trout Salvelinus confluentus. We used a PIT-tag system to assess how biological and
abiotic factors influence the out-migration dynamics of juvenile bull trout in Graves Creek, Montana,
USA. The largest fish within a cohort were more likely to out-migrate at age 1 when compared to
smaller fish within the cohort, and this was particularly evident in a high-density year-class (2018),
where large bull trout out-migrated an average of 115 days earlier than bull trout in the medium
size category, and 181 days earlier than bull trout in the small size category. Relative changes in
abiotic factors, including discharge, water temperature, and photoperiod, appeared to act as cues to
out-migration, with the direction of change varying by season. These results highlight the complex
interplay between individual characteristics, population dynamics, and environmental conditions,
which influence out-migration dynamics and can be used to inform management actions to conserve
the migratory component in bull trout populations.

Keywords: conservation; migration; life-history

1. Introduction

Migration is a common phenomenon observed in nature, exhibited by a variety of
species at varying ecological scales. While some species are obligate migrants (i.e., requiring
migration to complete their life cycle), many species demonstrate partial migration [1,2].
Partial migration is the ability of a species or population to demonstrate both migratory
and resident life-history strategies [1,2]. For partially migratory species, migration repre-
sents a trade-off because migration is energetically costly; however, migration can allow
individuals to maximize growth potential by exploiting a diversity of resources [1,3,4]. The
presence of migratory individuals has substantial effects on the dynamics of ecosystems at
multiple scales [1,3] because migratory individuals can act as vectors to transport nutrients
between habitats [5], facilitate gene flow among populations [6], and repopulate areas in
the event of local extirpation [7].

Habitat fragmentation due to physical and thermal barriers has reduced connectivity
among many freshwater habitats, to the detriment of migratory fish [8]. In the presence
of barriers, the relative success of the migratory life-history strategy in populations can
decrease or may be eliminated entirely [7]. Populations become dependent on resident fish
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to persist as the success of migration declines [6,9,10]. Resident populations are less resilient
to stochasticity in the environment and become increasingly vulnerable to extirpation the
longer they remain isolated [7,11].

Bull trout Salvelinus confluentus are a species of char native to the northwestern United
States and western Canada that exhibit a high degree of plasticity in life-history strate-
gies [12]. Bull trout may be resident or migratory and life-history strategies can vary within
and among populations [12–15]. Variation in life-history strategies is thought to be an evolu-
tionary adaption to allow the species to persist in variable environments [11,12]. However,
formerly large, interconnected bodies of water vital to the persistence of bull trout have
become increasingly fragmented as a result of physical and thermal barriers [6,9]. Frag-
mentation of habitats has led to declines and losses of the migratory life-history strategy in
some populations [6,9,15]. In addition, climate change is likely to further the fragmentation
of large habitat areas inhabited by bull trout [16,17].

Conserving the migratory life-history strategy in bull trout populations is considered a
key component to ensuring long-term persistence of the species [18]. However, as connectiv-
ity in watersheds continues to decline, management actions requiring an increased degree
of human intervention may be necessary to conserve migratory bull trout by ensuring con-
nectivity between natal streams and cold-water refuges. Examples of management actions
include trap-and-haul programs [19,20], where connectivity is maintained by physically
transporting bull trout between natal streams and cold-water refuges, and translocations,
where bull trout may be introduced into formerly uninhabited habitat areas that remain
connected and undisturbed [21]. In some cases, the success of management actions hinges
on the ability to restore the migratory life-history strategy in bull trout populations where
it has been eliminated. Transporting resident bull trout could lead to lower return rates
and removing resident individuals may be detrimental to source populations [22]. Thus,
understanding the factors that ultimately lead to a population of bull trout producing out-
migrants (i.e., a number of juvenile bull trout that can be captured actively out-migrating
from a stream) would enable more informed and successful management actions.

Migration of fish has been described as a behavioral response to adversity [4,23].
Interspecific and intraspecific competition for resources, predator–prey dynamics, and
seasonal resource availability can cause variability in the magnitude of out-migration and
the age at which fish out-migrate [24–26]. Trade-offs between limited resources available
in tributaries and an increased risk of mortality associated with migration at a young
age can lead to density-dependent responses in out-migration dynamics, with fish more
likely to migrate at a younger age when densities in tributaries are high and resources are
limited [26,27]. However, a complex interplay of genetic, physiological, and environmental
cues may influence out-migration decisions [1,3]. In this study, we sought to answer
the following questions regarding the individual characteristics and abiotic factors that
influenced the out-migration dynamics of juvenile bull trout: 1) how do the individual
characteristics of a fish, and inter-cohort and intra-cohort densities, relate to age-at-out-
migration, magnitude of out-migration, and timing of out-migration; and 2) is relative
change in water temperature, discharge, and photoperiod related to peaks in out-migration?
Identifying biological characteristics of out-migrating bull trout and abiotic factors that
correlate with out-migration can improve our understanding of the underlying mechanisms
that ultimately lead a population to adopt a migratory life-history strategy.

2. Materials and Methods
2.1. Study Area

The Clark Fork River originates near Butte, Montana, and flows in a northwest di-
rection through western Montana before reaching Lake Pend Oreille, Idaho. The lower
Clark Fork River has been altered by a series of hydropower dams and reservoirs (Figure 1).
Beginning in the early 2000s, a two-way trap-and-haul program was implemented to re-
store connectivity between local bull trout populations in tributaries to the lower Clark
Fork River and Lake Pend Oreille. Recent investments in infrastructure to better monitor
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the out-migration dynamics of juvenile bull trout in tributaries within the trap-and-haul
program has allowed for the monitoring of out-migration year-round using PIT (passive
integrated transponder) antennas. For this study, we focused on one of the primary streams
within the trap-and-haul program, Graves Creek.
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Figure 1. The lower Clark Fork River watershed, with major lakes and streams in Montana (1:100,000
scale) and Idaho (1:250,000 scale). The lower left inset map depicts the study area on Graves Creek,
with the location of the sampling reaches. The upper right inset map depicts the location of the study
relative to the state of Montana. The maps were created using QGIS 3.4.7, with layers from the U.S.
Geological Survey (USGS) National Hydrography Dataset.

Graves Creek enters the north side of Noxon Reservoir as a fourth order stream
with a length of about 21 km. Graves Creek Falls is a natural barrier to upstream fish
passage located at river kilometer 5.2, and bull trout distribution is limited to below the
falls (Figure 1). Despite the small area of habitat occupied by bull trout, Graves Creek has
consistently contributed a large proportion of transports to the downstream trap-and-haul
program (i.e., juvenile bull trout that are captured out-migrating and transported into Lake
Pend Oreille) [20]. Bull trout and westslope cutthroat trout Oncorhynchus clarkii lewisi, are
the most predominant species present below Graves Creek Falls [28]. The habitat in Graves
Creek below Graves Creek Falls is primarily classified as pool–riffle stream type, with small
sections of higher gradient step-pools [29]. The Graves Creek watershed is encompassed
by a mix of private and public land ownership [29].

2.2. Sampling and Abundance Estimates

Juvenile bull trout were sampled once per year at twelve 100-m reaches in Graves Creek
during the summer of 2019 and the summer of 2020 (Figure 1). A backpack electrofisher
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(Smith-Root, LR-24 model) was used in a downstream direction. All the fish sampled
were measured for total length (mm), weight (g), and scanned for the presence of a PIT
tag. If a PIT tag was not detected from a previous tagging event, bull trout > 100 mm
were implanted with a 12-mm full duplex PIT tag. Prior to tag insertion, bull trout were
anesthetized with 60–100 mg/L of MS-222 or Aqui-S. A disinfected needle or Biomark
MK25 injector was used to insert the PIT tag into the anterior dorsal sinus of the bull trout.
Bull trout were kept in live cars to recover before being released throughout the sampling
reach. We tagged 821 juvenile bull trout in Graves Creek. The age of sampled bull trout was
determined by removing scales from the area above the lateral line and below the leading
edge of the dorsal fins using a clean knife. A subset of scales was aged and were used to
construct a length-at-age key using the ‘FSA’ package in R [30]. The length-at-age key was
used to assign ages to all the bull trout sampled, following methods outlined by Isermann
and Knight [31]. Year-class was assigned based on the year that the bull trout hatched (i.e.,
redds in the autumn of 2017 resulted in the 2018 year-class), to enable tracking of cohorts
through time.

Abundance at each electrofishing reach was estimated using a relationship derived
from historical data collected from 2002 through 2018 as part of long-term monitoring in
Graves Creek. Abundance estimates from historic multi-pass depletion surveys were calcu-
lated using the Zippin K-pass removal estimate with the FSA package in R [30]—surveys
with a capture probability of < 0.5 were removed to avoid bias associated with low capture
probabilities [32]. First pass capture numbers and subsequent abundance estimates for
each survey were plotted and a linear regression model was fit to the data collected on
each stream. A standardized residual cut-off of ± 3 was used to eliminate outliers. The
model for Graves Creek indicated strong evidence for a relationship between the number
of bull trout sampled on the first pass of a multi-pass depletion survey and the population
estimate produced from that survey (b0: −0.611, b1: 1.249, r2 = 0.97, p = < 0.0001). Thus,
data from the first pass were used to predict the abundance in each reach where single-pass
electrofishing was used. High and low abundance estimates were based on the 95% pre-
diction intervals from the linear model. Density (number per m2) was calculated for each
reach and each year-class by reach and was the quotient from abundance and wetted area
of the reach.

2.3. Monitoring Out-Migration

In Graves Creek, out-migration was monitored using a PIT-monitoring station located
at river kilometer 0.5 (Figure 1). The PIT-monitoring station consists of four full-span
antennas that are operated year-round, two upstream of the trap, two downstream of the
trap, and two antennas that are integrated into the permanent weir trap. The permanent
weir was constructed to capture juvenile bull trout for the trap-and-haul program, and
two antennas within the trap operate when the trap is in use (September–late November
and April–early July). Bull trout were considered out-migrants if detected on at least one
antenna downstream of the trap, or captured in the trap, with the out-migration date
considered as the last date that the fish were detected.

2.4. Abiotic Factors

Water temperature data were collected from temperature loggers (OnSet HOBO TidbiT
V2) placed in each electrofishing reach that recorded water temperature (◦C) at 30-min
intervals. Discharge data (m3/s) were collected at a stream gauging site located near the
permanent weir trap in Graves Creek. The photoperiod was estimated for the appropriate
latitude and dates using the ‘geosphere’ package in R [33].

2.5. Individual Characteristics Influencing Age and Timing of Out-Migration

Time-to-event analysis was used to evaluate whether the individual characteristics of
a bull trout were related to time to out-migration. Time-to-event analysis was implemented
using bull trout from the 2019 year-class, initially encountered at age 1 in 2020, bull trout
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from the 2018 year-class, initially encountered at age 1 in 2019, and bull trout from the
2017 year-class, initially encountered at age 2 in 2019. The sample for the analysis only
consisted of bull trout that out-migrated during the study. We did not include tagged fish
that did not out-migrate because we could not discern whether the fish were mortalities or
remained in the stream. The entrance date for time-to-event analysis was 10 August 2019,
for bull trout from the 2018 and 2017 year-class, and 1 September 2020, for bull trout from
the 2019 year-class.

Two variables (i.e., total length (mm), relative condition) were selected based on prior
hypotheses regarding bull trout out-migration. Length at the time of summer electrofishing
was included and used as a surrogate of growth rate. Relative condition factor (Kn; [34])
was calculated and included as an index to body condition. The Kaplan–Meier product limit
method, a non-parametric maximum likelihood step function that evaluates the probability
of an event occurring (in our case, out-migration) for a given group over time was used to
evaluate the effects of each variable on time-to-out-migration [35]. To enable visualization
of time-to-event curves, each variable was divided into three categories (quantiles of equal
size) and fish were assigned into the categories (Table 1). Kaplan–Meier curves were fit for
each category within a variable using the ‘survival’ package in R [36]. A log-rank test was
performed to determine whether curves differed by category [36].

Table 1. Variables and associated category values (minimum–maximum) for the Kaplan–Meier
analysis of time to out-migration for juvenile bull trout sampled from Graves Creek, Montana, in the
summer of 2018 and 2019 (sample size in parentheses).

Variable Category
Year-Class

2017 2018 2019

Total length (mm)
Small 151–169 (11) 100–110 (70) 105–111 (6)

Medium 170–181 (9) 111–118 (74) 112–116 (7)
Large 182–201 (10) 119–138 (80) 116–129 (8)

Relative body
Condition (Kn)

Low 0.91–0.97 (10) 0.81–0.98 (74) 0.91–0.99 (8)
Medium 0.98–0.99 (10) 0.99–1.02 (74) 1.00–1.03 (6)

High 1.00–1.10 (10) 1.03–1.24 (74) 1.04–1.12 (7)

2.6. Inter-Annual Variation in Density and Magnitude of Out-Migration by Age Class

To evaluate the potential for density-dependent out-migration, we assessed inter-
annual variation in the year-class specific density of bull trout, and the number of out-
migrating bull trout by year-class. In Graves Creek, density is the mean overall density of
each year-class during the summer sampling season, calculated as described above. The
magnitude of out-migration by year-class and age was compared between the autumn
out-migration events in 2019 (4 September 2019–27 November 2019) and 2020 (2 September
2020–20 November 2020), and the spring out-migration events in 2020 (15 April 2020–2 July
2020) and 2021 (29 March 2021–2 July 2021).

2.7. Abiotic Cues to Out-Migration

Changepoint analysis was implemented to assess whether changes in abiotic factors act
as cues to juvenile bull trout out-migration in Graves Creek. Changepoint analysis identifies
the points in a time series where the statistical properties of the time series demonstrate
a change [37]. The ‘changepoint’ package in R was used to identify changepoints in the
time series of abiotic factors, with the pruned exact linear time (PELT) method, with a
minimum segment length of 30 days [37,38]. Water temperature data were summarized
using the daily mean water temperature at a single reach within each stream. Reach 1, the
downstream most reach, in Graves Creek was selected for water temperature data because
this allowed for the longest period of time to be included in the analysis (Figure 1). Time
series began two days after the temperature loggers were placed, which was 25 July 2019
for Graves Creek. Time series were created for mean daily water temperature, maximum
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daily discharge, and photoperiod. The time series of maximum discharge was natural
log-transformed to reduce the skewness.

For water temperature and discharge, changepoints were based on the mean and
variance, and for the photoperiod, changepoints were based on the mean. Changepoints
were subsequently plotted with the time series of bull trout out-migrating per day to
examine whether the changepoints acted as potential cues to out-migration, as evidenced
by changepoints preceding major out-migration events.

3. Results
3.1. Biological Characteristics Influencing Age and Timing of Out-Migration

Length category at time of tagging influenced time-to-out-migration (log-rank test:
c2 = 9.1, df = 2, p = 0.01) for bull trout from the 2019 year-class that were initially encountered
at age 1 in 2020 (n = 21), with large fish more likely to out-migrate early in the study period,
followed by fish from the small category, with fish in the medium category having the
longest time to out-migration (Figure 2). The median time to out-migration (defined as the
point when probability of remaining in the stream = 0.5) was 281.5 days for bull trout in the
small category (n = 6; TL (mm): 105–111), 293 days for bull trout in the medium category
(n = 7; TL (mm): 111–116), and 175 days for bull trout in the large category (n = 8; TL (mm):
116–129). Relative condition factor did not influence time to out-migration for bull trout
from the 2019 year-class (log-rank test: c2 = 4.8, df = 2, p = 0.09).
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Figure 2. Probability of remaining in Graves Creek, Montana, for juvenile bull trout from the 2019
year-class, with colors delineating three size categories based on the length at time of summer
electrofishing, small (TL (mm): 105–111, n = 6), medium (TL (mm): 111–116, n = 7), large (TL (mm):
116–129, n = 8), and associated 95% confidence interval.

Length category at time of tagging influenced time-to-out-migration (log-rank test:
c2 = 83.3, df = 2, p < 0.0001) for bull trout from the 2018 year-class that were initially
encountered at age 1 (n = 224), with large fish more likely to out-migrate early in the study
period (Figure 3). The median time to out-migration was 338.5 days for bull trout in the
small category (n = 70; TL (mm): 100–110), 262 days for bull trout in the medium category
(n = 74; TL (mm): 110–118), and 76.5 days for bull trout in the large category (n = 80; TL
(mm): 118–138). Relative condition factor also influenced time to out-migration for bull
trout from the 2018 year-class, although the effect was less substantial than the effect of
length (log-rank test: c2 = 8.8, df = 2, p = 0.01) (Figure 4). The median time to out-migration
was shortest for bull trout in the high condition category (n = 74; 1.1–1.2) at 257.5 days,
followed by bull trout in the medium category (n = 74; 0.99–1.0) at 264.5 days, and longest
for bull trout in the low condition category (n = 74; 0.81–0.98) at 266 days (Figure 4).
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Figure 4. Probability of remaining in Graves Creek, Montana, for juvenile bull trout from the 2018
year-class, with colors delineating three condition categories based on the relative body condition
at time of summer electrofishing, low (0.81–0.98, n = 74), medium (0.99–1.0, n = 74), high (1.1– 1.24,
n = 74), and associated 95% confidence interval.

None of the categories for any variable (i.e., length, condition) predicted time to out-
migration for juvenile bull trout from the 2017 year-class that were initially encountered
at age 2 (n = 30) (length [log-rank test: c2 = 0.1, df = 2, p = 0.97], condition [log-rank test:
c2 = 0.2, df = 2, p = 0.92]). The median time-to-out-migration for bull trout from the 2017
year-class was 46 days (Figure 5).

3.2. Inter-Annual Variation in Density and Magnitude of Out-Migration by Age Class

The overall mean density of juvenile bull trout in Graves Creek was higher in 2019
compared to 2020 (Table 2). The proportion of autumn out-migrating bull trout that were
age 1 varied considerably between the two autumn trapping seasons, from 74% in 2019
to 5% in 2020 (Table 2). In autumn of 2019, 90 bull trout out-migrated and 67 were age 1
from the 2018 year-class, 22 were age 2 from the 2017 year-class, with 1 fish from the 2016
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year-class (Table 2). In autumn of 2020, 102 bull trout out-migrated and 5 were age-1 bull
trout from the 2019 year-class, 96 were age 2 from the 2018 year-class, and 1 was age 3
(Table 2). The magnitude of spring out-migration varied considerably between 2020 and
2021 (Table 2). In the spring of 2020, a total of 86 tagged bull trout out-migrated and were
age 2 from the 2018 year-class. In the spring of 2021, the overall number of out-migrants was
22, and the majority of spring out-migrants were age 2 from the 2019 year-class; however, 9
bull trout from the 2018 year-class out-migrated at age 3 (Table 2).
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Figure 5. Probability of remaining in Graves Creek, Montana, for juvenile bull trout from the 2017
year-class initially encountered at age 2 (n = 30).

Table 2. Summary of the sample population of bull trout in Graves Creek, Montana, following
electrofishing in the summer of 2019 and summer of 2020. Summer sampling numbers indicate the
total number of bull trout sampled, with the number of tagged bull trout in parenthesis. Density is the
mean overall density of each year-class during the summer sampling season. Autumn out-migrants
are tagged bull trout that out-migrated during the autumn out-migration events in 2019 (4 September
2019–27 November 2019) and in 2020 (2 September 2020–20 November 2020). Spring out-migrants
are bull trout that out-migrated during the spring of 2020 (15 April 2020–2 July 2020) and the spring
of 2021 (29 March 2021–2 July 2021).

Age during
Summer

Sampling
(Year-Class)

Summer
Sampling (N

Tagged)

Density (Mean
Number/m2)

[95% P.I.]

Autumn
Out-Migrants

Spring
Out-Migrants

Graves Creek 2019/2020
Age 1 (2018) 486 (451) 0.0701 (±0.093) 67 86
Age 2 (2017) 37 (37) 0.059 (±0.0011) 22 0
Age 3 (2016) 4 (4) 0.0007 (±0.0001) 1 0

Total 527 (492) 0.0767 (±0.0103) 90 86

Graves Creek 2020/2021
Age 1 (2019) 283 (251) 0.0418 (±0.0075) 5 13
Age 2 (2018) 92 (90) 0.0138 (±0.0024) 96 9
Age 3 (2017) 3 (3) 0.0005 (±0.0001) 1 0

Total 378 (344) 0.0561 (±0.0100) 102 22

3.3. Abiotic Cues to Out-Migration

Changepoints in natural log of maximum discharge, water temperature, and photope-
riod preceded out-migration events in Graves Creek with the direction of the changepoints
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varying by season. In Graves Creek, 12 changepoints were identified in the mean and vari-
ance of log-maximum discharge (Figure 6). In autumn 2019, out-migration was occurring as
discharge was reaching base flows (Figure 6). In late October 2019, a small positive change-
point in discharge, increasing from a mean natural log-maximum discharge of −1.17 m3/s
to −0.98 m3/s, preceded the largest peak in out-migration (Figure 6). Out-migration in
April 2020 began as mean log-maximum discharge increased from −1.46 m3/s to 1.00 m3/s
and peaked immediately following a large positive changepoint from a mean of 1.00 m3/s
to 1.60 m3/s (Figure 6). Out-migration continued through the peak in discharge and began
to taper off as discharge declined in mid-June 2019 (Figure 6). In the autumn of 2020, steady
out-migration began as discharge declined to a mean of −0.79 m3/s and peaked once
discharge reached −1.15 m3/s (Figure 6). In the spring of 2021, out-migration began with a
large peak which coincided with a large positive change point in discharge from a mean of
−0.86 m3/s to a peak of 1.19 m3/s (Figure 6).
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Figure 6. Time series from Graves Creek, Montana, from 25 July 2019 through 1 August 2021, with
light blue lines delineating time series of natural log-maximum daily discharge (cubic meters per
second; m3/s) and dark blue lines delineating time series of bull trout out-migrating by day. Dotted
yellow lines delineate changepoints, and green horizontal lines represent the mean for each segment
between the changepoints.

Fourteen changepoints in the mean and variance of mean daily water temperature
were identified (Figure 7). In autumn 2019, out-migration occurred prior to the first
negative changepoints in water temperature (Figure 7). A large negative changepoint
in water temperature occurred in late September 2019 and preceded the largest peak in
out-migration, with the mean water temperature dropping from 9.9 ◦C to 5.4 ◦C (Figure 7).
Immediately following the peak in out-migration, the mean water temperature dropped
to 2.6 ◦C, and out-migration declined, with only a few out-migration events occurring
in November and December 2019 (Figure 7). The mean water temperature remained
near 2.6 ◦C, with sporadic out-migration, until mid-March 2020 when the mean water
temperature increased to 4.2 ◦C, and out-migration began (Figure 7). Out-migration peaked
as the mean water temperature increased to 5.8 ◦C (Figure 7). Out-migration tapered off
in mid-June as the mean water temperatures increased to 7.9 ◦C. Similar to autumn 2019,
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out-migration began in autumn 2020 prior to the first negative changepoints in water
temperature. Out-migration peaked following the first negative changepoint in mean
water temperature, with the mean water temperature declining from 10.1 ◦C to 8.4 ◦C, and
another peak in out-migration occurred at the next negative changepoint, where the mean
water temperature declined to 4.5 ◦C (Figure 7). Out-migration tapered off following the
next negative change point and remained low over the winter (Figure 7). Out-migration
in the spring began with a peak following a change point to a mean temperature of
5.8 ◦C (Figure 7).
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Figure 7. Time series from Graves Creek, Montana, from 25 July 2019 through 1 August 2021, with
the light blue line delineating time series of mean daily water temperature (◦C) and the dark blue line
delineating time series of bull trout out-migrating by day. Dotted yellow lines delineate changepoints,
and horizontal green lines represent the mean for each segment between the changepoints.

Twelve changepoints were identified in the mean of the photoperiod (Figure 8). Due to
the smooth and cyclic nature of the photoperiod, changepoints are evenly spaced other than
in the intervals of summer and winter (Figure 8). The relationship between change points
in photoperiod and out-migration was inconsistent between the years. In autumn 2019 and
autumn 2020, out-migration was associated with negative changepoints in photoperiod;
however, out-migration peaked in the autumn of 2019 later than in 2020 (Figure 8). In the
spring of 2020, positive changepoints in photoperiod preceded out-migration; however, out-
migration continued through the summer solstice, and in the spring of 2021, out-migration
did not begin until after the peak in mean photoperiod was reached (Figure 8).
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4. Discussion

Our results highlighted that multiple interrelated processes interact to influence varia-
tion in the out-migration dynamics of juvenile bull trout. Age at out-migration was related
to the individual characteristics of bull trout, and the strength of this effect varied with
changes in population density and year-class strength. Changes in abiotic factors preceded
the initiation of out-migration events, and peaks in out-migration during out-migration
events, with the direction of change varying based on the season.

At the individual level, length (surrogate for growth rate) was correlated with time
to out-migration for bull trout initially tagged at age 1 in Graves Creek. The relationship
between growth and migration has been studied in anadromous, fluvial, and adfluvial
salmonids [39–43]. It is hypothesized that migration is a behavioral response to a lack
of resources needed to reach maturity in natal streams with limited resources and low
productivity [4]. Within migratory populations of salmonids, growth rate can influence the
age or size when a fish will out-migrate [39,42,43]. A high metabolic rate associated with
fast growth may result in faster-growing individuals becoming energetically limited earlier
in life than slower growing conspecifics, causing fast-growing fish to out-migrate and seek
more abundant resources at a younger age and smaller size than slower growing fish in
the same cohort [41–43]. A lower metabolic rate may enable fish to remain in their natal
stream longer, allowing slow-growing fish to reach a larger size before out-migrating with
less risk [4,41,42].

Our results supported the hypothesis that faster growing fish are more likely to out-
migrate from the stream at a younger age. The smallest bull trout from 2018 were the
most likely to remain in Graves Creek, and the largest and highest condition fish were the
most likely to out-migrate at age 1. However, we found that the magnitude of the effect
that growth rate may have on age-at-out-migration is likely mediated by other factors,
such as density. The largest bull trout from the lower density 2019 year-class were still
more likely to out-migrate at age 1; however, the overall magnitude of age-1 out-migration
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was substantially less in the autumn of 2020 when compared to the autumn of 2019. At
high densities, both intercohort and intracohort competition may exacerbate the energetic
limits of fast-growing age-1 fish, leading to increased out-migration at age 1. For the 2017
year-class of bull trout in Graves Creek, that were initially encountered in the summer
of 2019 at age 2, we did not identify any biological factors that related to time to out-
migration. Most out-migration occurred in the autumn, with a small number remaining in
the stream to reach age 3. The out-migration of age-2 bull trout regardless of individual
characteristics supports what has been found in other adfluvial bull trout populations,
where the magnitude of age-1 out-migration was positively related with the density of bull
trout in a stream, whereas out-migration for age-2 and older bull trout was consistently
high and not correlated with density [26,27]. In small, habitat-limited streams such as
Graves Creek, it is likely that once bull trout reach a certain age or size, migration becomes
obligatory regardless of individual characteristics. The exact age or size of the bull trout
when migration becomes obligatory likely varies among streams and temporally within
streams as conditions change (e.g., resource availability or density).

Although density may be a common and easily observed driver of early out-migration,
the above evidence indicates that, fundamentally, out-migration may be driven by a de-
mand for resources (e.g., food, territory) that exceeds the supply in the stream [4]. Thus,
even at low densities, it is plausible that any mechanism that reduces the supply of re-
sources may lead to a greater majority of fish out-migrating at a young age. The mechanism
could be a stochastic environmental event (e.g., drought), or a long-term trend that reduces
the available habitat or resources (e.g., increasing stream temperatures). There is evidence
that bull trout that out-migrate at a younger age will have reduced survival to sexual
maturity [26,27,44,45]. Given the survival implications, continued monitoring of popula-
tions to discern potential drivers of early out-migration will aid in informing management
strategies to maximize the probability of survival to age at maturity.

The changepoint analysis indicated that relative changes in abiotic conditions may act
as cues to out-migration. While some changes may act as cues to initiate migration, others
may represent conditions that are selected for after out-migration has been initiated. For
example, although out-migration began as discharge declined in the autumn, small, positive
changepoints in discharge in the autumn preceded peaks in out-migration. Changing
abiotic factors during the spring and autumn may create periods where the supply and
demand for resources is mismatched in the stream, leading to increased out-migration. We
found that positive changepoints in water temperature in the spring preceded the initiation
of the spring out-migration event. As ectotherms, the metabolism and energetic demands
of salmonids are highly influenced by water temperature [46]. As the water temperature
increases from winter to spring, salmonids can experience a significant increase in metabolic
rate and growth [47]. If productivity and food availability in a stream increase at a rate that
is slower than the increase in the energetic demands of bull trout, out-migration may be
initiated. In other migratory salmonids, the proportion of smolts in the spring was related
to food availability and fish size, with large fish that experienced reduced feed rations being
the most likely to begin smolting (indicating out-migration) [48]. The proportion of smolts
declined with increased food availability, and smaller fish were less likely to smolt [48],
indicating support that energetic demand was the mechanism for spring out-migration.
However, labratory studies have indicated that increasing water temperature alone may not
lead to smolting, rather an interaction between increasing water temperature and changing
photoperiod explains spring out-migration [49,50]. We found similar responses of bull trout
out-migration to changepoints in time series of the photoperiod and water temperature in
the spring, however the correlation between water temperature and photoperiod makes
it difficult to identify an interaction in a natural setting. A small positive changepoint
in maximum discharge preceded the initial out-migration during the spring in Graves
Creek, and out-migration peaked as the mean maximum spring discharge was reached.
Past studies have indicated that the relationship between discharge and out-migration in
the spring can vary among salmonid species and among populations of salmonids [51,52].



Fishes 2022, 7, 331 13 of 16

In some populations of salmonids, increased discharge in the spring may act as a cue to
out-migration [51,52]. However, in other populations, increasing discharge appears to
have a negative effect on out-migration and may act as a cue to cease out-migration [51,52].
The lack of a consistent relationship between increasing discharge and out-migration of
salmonids in the spring may indicate that local adaptions influence how populations
respond to abiotic cues [52]. Conversely, increased discharge may not be a primary cue
to initiate spring out-migration and observed relationships may be a result of seasonal
correlation [51]. Spring out-migration of juvenile bull trout occurs in the Metolius River
which lacks a large spring peak in discharge due to groundwater influence, providing
evidence that discharge may not be a primary cue to out-migration for bull trout in the
spring [27]. If other abiotic factors such as water temperature have a stronger influence
on out-migration timing in the spring than discharge, changing abiotic conditions could
lead to out-migration occurring before or after peak discharge. Out-migrating during
periods of high discharge may increase the survival of out-migrating bull trout by reducing
energetic costs and decreasing migration times [53,54], therefore, a mismatch in the timing
of out-migration relative to peak discharge could potentially lead to lower survival rates of
spring out-migrating bull trout.

In Graves Creek, negative changepoints in discharge preceded out-migration in the
autumn. As discharge declines and approaches base flows in the autumn, the area of
available habitat in streams is reduced. Although it would be expected that competition for
habitat would result in smaller and less dominant fish out-migrating, the balance of survival
in-stream over the winter and predation risk may explain why we observed the larger fish
of a cohort out-migrating prior to winter [24]. As fish increase in size, they have increased
energetic demands, making them more likely to starve in small headwater streams over
winter, and they become less vulnerable to predators that may be encountered in larger,
more productive environments [24]. Therefore, the risk from over wintering starvation in
small, headwater streams may outweigh the risk of predation in larger, more productive [24].
Although out-migration began in the autumn following negative changepoints in discharge,
a positive changepoint in discharge preceded the peaks in out-migration in the autumn
2019. Therefore, local increases in discharge may encourage out-migration by lessening
the risks and energetic costs of migration [53,54]. In both summers in Graves Creek,
out-migration began prior to the initial negative changepoints in water temperature. Out-
migration preceding changepoints in water temperature indicates that water temperature
may not be the primary cue to initiate out-migration in the autumn. However, as the season
progressed, negative changepoints in water temperature did precede major out-migration
events. Declining water temperatures and shortened photoperiods may act as a cue for bull
trout to begin movements to overwintering habitats [55].

Given the inherent seasonality of changing environmental conditions, and thus cor-
relation among variables, it is difficult to understand the relative importance of each
individual environmental cue in an uncontrolled natural setting. An additional challenge
when attempting to understand the influence that abiotic factors have on the magnitude of
out-migration is that the relationship between out-migrating bull trout and abiotic factors
may change throughout a season. Changes in abiotic factors can act as cues to begin
out-migration; however, once all ‘eligible’ out-migrants have out-migrated, migration
may decline even if the abiotic conditions remain the same [52]. However, the relative
importance and potential interaction among cues have implications for the conservation of
migratory bull trout. As climate change alters thermal regimes, and human development
continues to alter natural flow regimes, it will be vital to understand if and how migration
cues may be altered. Further research into the biological characteristics of and environmen-
tal cues to bull trout out-migration in a variety of streams, in conjunction with research
conducted in controlled environments, will aid in furthering the understanding of what
factors or combination of factors influence bull trout out-migration dynamics.
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5. Conclusions

Our results highlight the complexity in the relationship between the biological charac-
teristics of individual bull trout, population dynamics, and abiotic factors that ultimately
lead to out-migration. We found support for the hypothesis that out-migration of bull
trout is driven by density-dependent processes ([26,27,56], which has implications for the
restoration of the migratory life-history strategy in bull trout populations. If the migratory
life-history strategy in a population becomes less successful (i.e., migratory adults begin
to return at lower numbers or fail to return), densities will decline. As density declines,
the demand for resources will be lowered, therefore the remaining bull trout may begin
to adopt a resident life-history strategy [44]. Due to lowered fecundity associated with
smaller size-at-maturity, resident populations are likely to remain at low densities [12]. To
restore the migratory life-history strategy, the density of the population would need to
increase to a point at which demand for resources exceeds the supply of resources in a
stream, initiating density-dependent out-migration. Increasing densities may require the
translocation of large, fecund migratory adult bull trout, and active management actions
such as trap-and-transport programs to ensure the continued existence of the migratory
behavior of bull trout.
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