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ARTICLE

Bull Trout Movements Match the Life History of Sockeye
Salmon: Consumers Can Exploit Seasonally Distinct
Resource Pulses

N. B. Furey* and S. G. Hinch
Department of Forest and Conservation Sciences, University of British Columbia, 2424 Main Mall,
Vancouver, British Columbia V6T 1Z4, Canada

Abstract
Resource pulses provide consumers with opportunities to feed at high rates. The spawning and die-off of

semelparous Pacific salmon provide consumers with feeding opportunities that contribute substantially to annual
energy budgets. The life history of Pacific salmon also includes the downstream migration of smolts, which could
provide similar opportunities for consumers to exploit. We tracked seasonal movements of adult Bull Trout
Salvelinus confluentus in and out of the Chilko Lake–River outlet in interior British Columbia, which is character-
ized by a large Sockeye Salmon Oncorhynchus nerka population. Use of the outlet, lake, and river habitats were
compared with the timing of out-migrations of Sockeye Salmon smolt and the spawning events of Sockeye Salmon,
Chinook Salmon O. tshawytscha, and Coho Salmon O. kisutch. Bull Trout activity and residency in the outlet
increased during the spring Sockeye Salmon smolt out-migration, and 40% of Bull Trout were found to return to
the outlet in successive years. During Sockeye Salmon spawning, Bull Trout residency was increased in the river
where most Sockeye Salmon spawning occurs. Therefore, Bull Trout may exploit both life history events, although
direct consumption of eggs was not observed. Spawning by Chinook Salmon and Coho Salmon in the river did not
appear to attract Bull Trout; Bull Trout residency increased in the lake (where spawning does not occur) during
these times. Bull Trout residency in the lake also increased when outlet water temperatures were >16°C, and thus
the lake may provide thermal refuge when river temperatures are above optima for this coldwater char. This
research demonstrates that movements of aquatic consumers can depend upon smolt out-migrations, and such
movements can allow exploitation of multiple pulses that are seasonally distinct. These results also highlight the
ecological significance of Pacific salmon for consumers in freshwater systems.

Resource pulses are ephemeral, high-magnitude events that
provide consumers opportunities to feed at high rates (Yang
et al. 2008). Consumers have adaptations that maximize the
exploitation of resource pulses, and examples in fish include
the maintenance of excess digestive capacity (Armstrong and
Schindler 2011), seasonal flexibility in digestive capacity
(Armstrong and Bond 2013), and the ability to binge-feed
(Furey et al. 2016b). Behavioral adaptations include move-
ments at broad scales to track resource pulses in space and
time (Sergeant et al. 2014; Deacy et al. 2016) and at fine scales
to exploit spatial variability in temperature to increase diges-
tion rates (Armstrong et al. 2013). Such associations between

resource pulses and consumer movements, however, remain
rare.

Most examples of fishes exploiting resource pulses are
from North American systems that are home to Pacific salmon
Oncorhynchus spp. Temperate and high-latitude systems
where Pacific salmon reside are characterized by low aquatic
productivity relative to other marine waters (Gross et al.
1988). Thus, Pacific salmon life history is characterized by
strictly timed migrations and reproduction that result in
resource pulses. In semelparous species, the spawning of
adult salmon provides both nutrient-rich eggs and spawned-
out carcasses, which are exploited by resident fishes

*Corresponding author: n.b.furey@gmail.com
Received August 18, 2016; accepted January 11, 2017

450

Transactions of the American Fisheries Society 146:450–461, 2017
© American Fisheries Society 2017
ISSN: 0002-8487 print / 1548-8659 online
DOI: 10.1080/00028487.2017.1285353

http://orcid.org/0000-0002-8584-7889


(Scheuerell et al. 2007; Armstrong et al. 2013; Sergeant et al.
2014; Lowery and Beauchamp 2015) as well as other taxa
including bears and gulls (Gende et al. 2002; Schindler et al.
2013; Deacy et al. 2016). Consumer use of and behavior
towards the downstream migrations of juvenile smolts as
resource pulses, however, are less studied.

After rearing, juvenile salmon undergo smoltification (the
physiological and morphological changes needed for life in
saltwater) and migrate downstream. Although aquatic rearing
habitats vary among Pacific salmon species, Sockeye Salmon
O. nerka generally reside in freshwater lakes prior to initiating
the downstream migration as smolts. As a result, Sockeye
Salmon smolts can aggregate in high densities as they emi-
grate from lakes and funnel into rivers, providing consumers a
potential resource pulse to exploit. High consumption rates on
migrant smolts have been observed in numerous fishes
(Rieman et al. 1991; Petersen 2001; Furey et al. 2015,
2016b) and birds (Evans et al. 2012, 2016; Hostetter et al.
2012). Although predators can congregate in specific areas to
feed on smolts, particularly near hydropower facilities
(Petersen 2001; Evans et al. 2016), and the benefits of feeding
on smolts appear large (Furey et al. 2016b), the influence of
the smolt migration on seasonal movements of consumers is
largely unknown.

Chilko Lake, British Columbia, supports one of the largest
Sockeye Salmon populations in Canada; 10–40 million smolts
emigrate from the lake each spring, and on average 1–2
million adults spawn in the river and the lake in the fall. The
upper Chilko River also supports smaller populations of
Chinook Salmon O. tshawytscha, Coho Salmon O. kisutch,
and steelhead O. mykiss. Bull Trout Salvelinus confluentus are
resident to the system and support local First Nations subsis-
tence fishing as well as a summer recreational fishery. Bull
Trout can binge-feed on out-migrant Sockeye Salmon smolts
at the lake–river outlet in the spring (Furey et al. 2015, 2016b)
and appear to aggregate in this area for feeding (Clark et al.
2016). It is unknown, however, whether these apparent aggre-
gations are due to seasonal movements by Bull Trout to the
outlet specifically to exploit smolts and whether individuals
return to the outlet during the smolt out-migration in succes-
sive years. Lastly, if Bull Trout only use the outlet seasonally,
the habitats used by these fish during other times of the year

are unknown. Bull Trout exhibit both lake-resident and river-
resident life history types (Dunham et al. 2008) and are known
to move between the lacustrine and riverine systems
(Muhlfeld and Marotz 2005; Paragamian and Walters 2011).

The aim of this study was to characterize seasonal use of
the Chilko Lake–River outlet by Bull Trout relative to the
Sockeye Salmon smolt out-migration period and to determine
whether Bull Trout repeatedly return to the region to exploit
this resource pulse. Although we focused on the smolt out-
migration, we also examined use of lake, outlet, and river
habitats relative to periods of spawning and die-off of adult
Sockeye Salmon, Chinook Salmon, and Coho Salmon that
could provide opportunities for exploitation. Lastly, as Bull
Trout are reliant on cold waters (Selong et al. 2001; Dunham
et al. 2008; Isaak et al. 2015), we also assessed habitat use
relative to periods of high water temperature in the river
outlet.

METHODS
Field location.—Each spring in April andMay, 10–40million

Sockeye Salmon smolts emigrate from the lake and swim
downstream through the Chilko River. On average >750,000
adult Sockeye Salmon return in August and September, with
spawning and die-off occurring in September and October
(Table 1). Sockeye Salmon spawn in the first ~3 km
downstream from the outlet as well as in distinct locales along
the lake’s shores (Figure 1). Roughly 85–90% of all spawning
occurs in the river (B. Leaf and K. Benner, Fisheries and Oceans
Canada, personal communication). Both Chinook Salmon and
Coho Salmon spawn in the river between ~4 and 8 km
downstream from the outlet (Figure 1), although sporadic
spawning by Chinook Salmon occurs throughout the most
upstream portions of the river (near the outlet). Spawning by
Chinook Salmon generally occurs between August through
October, whereas Coho Salmon spawning occurs later between
November and December (Table 1). Although smaller than the
Sockeye Salmon population, the Chinook Salmon population
(~11,000 spawners estimated in 2014 with a mean return
annually of 8,000 since 1975: N. Trouton, Fisheries and Oceans
Canada, personal communication) is much larger than the Coho

TABLE 1. Summary of salmon life history events that were compared with Chilko Bull Trout movements in 2014. Time periods represent general timing trends
observed in recent history and are not exact. Abundances are estimated through a variety of techniques (including a smolt-counting fence, mark–recapture
studies, and visual counts) by Fisheries and Oceans Canada (B. Leaf, K. Benner, N. Trouton, and L. Ritchie, DFO, personal communication).

Event Time period Estimated 2014 abundance

Sockeye Salmon smolt migration Apr 1–May 31 12,568,328
Sockeye Salmon spawning Sep 14–Oct 15 1,029,000
Chinook Salmon spawning Aug 24–Oct 10 11,283
Coho Salmon spawning Nov 1–Dec 7 480
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Salmon population (~500 spawners estimated in 2014: L.
Ritchie, Fisheries and Oceans Canada, personal communication).

Bull trout capture and tagging.—Between April 26 and
May 2, 2014, 25 Bull Trout were captured between the
outlet and the first 200 m of the lake via hook and line or by
dip net for tagging. Bull Trout were held in a cooler containing
fresh river water. A small (~9 mm) incision was made a few
centimeters off the ventral side of the fish between the pectoral
fin and vent. A single Vemco V9T-2L tag (69 kHz, 9 mm in
diameter, 45 mm long, and 6.2 g in air, nominal delay of 180 s,
and estimated battery life of 404 d) was implanted, and the
incision was closed with a single simple surgeon’s knot (size 0
violet monofilament suture with a 36-mm reverse cutting
needle). Bull Trout were then released at the site of capture.
Bull Trout ranged in FL between 46 and 71 cm (mean =
60 cm, SD = 6 cm) and mass between 1.3 and 4.7 kg (mean
= 2.6 kg, SD = 0.9 kg).

Telemetry infrastructure.—To monitor seasonal movements
of Bull Trout among outlet, lake, and river habitats, acoustic
telemetry receivers (Vemco VR2W, 69 kHz) were placed in
two locations. First, a single receiver was placed at the

northernmost edge of the lake (hereafter referred to as the
lake site; Figure 1). This receiver was attached to the
mooring of a small boat dock with cable ties approximately
1 m below the surface. Second, two receivers were placed
together in the river ~1.3 km downstream of the lake site
(hereafter referred to as the river site; Figure 1). River
receivers were mounted to several cinder blocks and sand
bags placed on the river bottom. We determined that the two
sites where the receivers were located delineated the outlet. A
single temperature data logger (Onset HOBO Pendant) was
placed at each site that recorded water temperature every 1 h.
Receivers were deployed on May 21, 2014, (towards the end
of the 2014 smolt out-migration) and recovered on April 20,
2015, (2–3 weeks into the 2015 smolt out-migration). Informal
range tests in the area confirmed that receivers could reliably
detect transmitters from bank to bank when a line of sight was
maintained.

Analysis of activity in the outlet.—The daily number of
detections (“activity”) for individual Bull Trout at each the
lake and river site was calculated during the study period
(May 21, 2014, through April 20, 2015). To determine
whether activity in the outlet varied seasonally, a Kruskal–
Wallis rank-sum test was used to assess whether the number of
detections per fish differed among months, as these data were
not normally distributed. The assumptions of the Kruskal–
Wallis test, namely similar distributions and variance, were
met. The monthly detections per fish among months were also
compared for the river and lake sites individually. We also
determined how many Bull Trout tagged and released during
the 2014 smolt out-migration were active in the outlet the
following spring (March 1, 2015, or later).

Analysis of residency.—As telemetry receivers only covered
a narrow spatial extent, we attempted to assign daily residency
for each Bull Trout as being in the lake, river, or outlet based
on detection history. Any day that a Bull Trout was detected at
both the lake and river sites, we assigned residency as being in
the outlet. We considered Bull Trout to be residing in the lake
if either all detections from that day occurred at the lake site or
both the previous and following detections for that fish
occurred at the lake site, regardless of the duration between
the two detections. Similarly, Bull Trout were considered to be
resident in the river if either all detections in a given day were
at the river site or both the previous and following detections
for that fish, regardless of date, occurred at the river site.
Residency was not assigned when two successive detections
for a fish occurring on separate dates occurred at different
sites, as this potentially implies missed detections. This only
occurred a total of six times throughout the study, and thus we
believe our detection efficiency at both sites was high, as
suggested during range testing.

For each fish, the total number of days residing in the lake
and river were calculated throughout the study period. We
considered a fish to be lake-resident across the study period
if more days were assigned to the lake than the river and river-

FIGURE 1. Chilko Lake, lake–river outlet, and Chilko River in British
Columbia. Locations for the two acoustic telemetry sites (river and lake
sites) as well as spawning distributions for Sockeye Salmon (red), Chinook
Salmon, and Coho Salmon (light blue) are given. Spawning distributions
represent general areas of high spawning intensity as observed in previous
years; Chinook Salmon spawn in much lower densities throughout the upper
river. These distributions are not meant to be specific to 2014 or any other
given year.

452 FUREY AND HINCH



resident for fish that spent more days in the river than the lake.
Residency in the outlet was not high for any individuals (see
Results), and thus no Bull Trout were classified as outlet-
resident. To determine whether long-term residency was
related to Bull Trout size, FL was compared between lake-
resident fish (more days resident in the lake than the river) and
river-resident fish (more days resident in the river than the
lake) with a t-test weighted by the total number of days that
residency could be assigned, using the “weights” package
(Pasek et al. 2016) in R (R Core Team 2015).

To determine whether daily presence in the lake, outlet, and
river was related to salmon life history events and/or temperature,
a binomial generalized linear mixed-effects model (GLMM) was

constructed for each habitat using the glmer function within the
lme4 package (Bates et al. 2015) in R (R Core Team 2015).Within
each of these three GLMMs, daily residency (i.e., a value of 1 if
resident in that habitat for a given day, otherwise 0) was the
response variable, and binary explanatory variables described if
any of the followingwere occurring: water temperatures were high
(>16°C), Sockeye Salmon smolts were out-migrating (start of
study to May 31, 2014, and from April 1, 2015, to end of study),
and spawning and/or die-off of adult Sockeye Salmon (September
14 to October 15, 2014), Chinook Salmon (August 24 to October
10, 2014), and Coho Salmon (November 1 to December 7, 2014)
(Table 1; Figure 2). The temperature threshold of 16°C is generally
considered to be a useful limit in delineating Bull Trout habitat

FIGURE 2. Upper panel: time periods of Pacific salmon life history stages during the study period. Time periods represent general timing trends observed in
recent history through a variety of techniques and are not intended to be exact. Middle panel: total number of daily Bull Trout detections at the lake and river
receiver sites. Bottom panel: proportion of Bull Trout that were assigned to be residing in the lake, outlet, and river habitats for each day across the study period.
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(Dunham et al. 2003, 2011), and temperatures above this limit can
influence their behavior and/or physiology (Selong et al. 2001).
Date ranges corresponding to Sockeye Salmon smolt out-migra-
tions and spawning events across salmon species were estimated
using both historical data as well as 2014-specific observations by
Fisheries and Oceans Canada (DFO, unpublished data). Bull Trout
transmitter identification (ID) was included as a random effect to
help account for repeated measures (note that only 21 Bull Trout
were detected and thus included within models; see Results). The
importance of individual explanatory variables (time periods) was
assessed by testing reduction in scaled deviance via likelihood
ratio tests between the full model and a model with the single
variable removed (Zuur et al. 2009). Although we use the like-
lihood ratio test for assessing variable significance, we also calcu-
lated the change in the Akaike information criterion (AIC)
between the full model and with each variable removed as another
means for understanding the importance of each time period.

RESULTS
In total, 101,066 detections of 21 Bull Trout were recorded at

the two receiver sites. Of these, 73,579 detections were logged on
the two river receivers, and 27,487 detections were recorded on the
one lake receiver. As the two river receivers were collocated, most
detections logged on one receiver were logged on the second,
indicating high detection efficiency. The number of detections
per Bull Trout ranged from 0 to 23,022 (Table 2). The total number
of days that residency could be assigned for individual Bull Trout
ranged between 1 and 335 (Table 2). Four Bull Trout were not
detected during the study period but were detected between tag-
ging and the start of this study as part of a separate project (N. B.
Furey, unpublished data). Of these, two Bull Trout were last
detected moving upstream into the lake, and two were moving
downstream into the river. Water temperatures were similar
between lake and river sites and ranged between ~1.0°C and
18.1°C (Figure 3). Water temperatures exceeded 16°C between

TABLE 2. Size of Bull Trout tagged with acoustic telemetry transmitters, and summary of detections, movements, and residency. The number of detections
(both total and by each receiver site) are given. Days in residence at each habitat are given, as well as proportions; NA = not applicable.

Fish
ID

TL
(cm)

FL
(cm)

Mass
(kg)

Total
detections

Lake
detections

River
detections

Days
in

river

Days
in
lake

Days
in

outlet
Proportion
days in lake

Proportion
days in river

Proportion
days in
outlet

1 75.0 71.2 3.7 805 573 232 5 314 8 0.96 0.02 0.02
2 61.0 60.0 2.5 14,705 1402 13,303 92 215 25 0.65 0.28 0.08
3 71.0 69.0 3.5 188 25 163 3 1 3 0.14 0.43 0.43
4 56.0 54.5 2.0 1,207 136 1,071 165 13 7 0.07 0.89 0.04
5 NA 46.2 1.3 2,024 431 1,593 314 0 11 0.00 0.97 0.03
6 61.2 59.9 2.5 9,023 3,423 5,600 83 90 27 0.45 0.42 0.14
7 69.0 68.0 3.0 0 0 0 NA NA NA NA NA NA
8 64.0 62.8 2.8 6,569 2,012 4,557 63 252 20 0.75 0.19 0.06
9 56.9 55.0 1.6 693 132 561 10 2 1 0.15 0.77 0.08
10 61.5 60.0 2.2 4,477 747 3,730 30 234 24 0.81 0.10 0.08
11 61.3 60.5 2.2 39 39 0 0 24 0 1.00 0.00 0.00
12 60.0 58.0 1.8 16 2 14 0 0 1 0.00 0.00 1.00
13 63.5 61.0 2.4 0 0 0 NA NA NA NA NA NA
14 50.0 48.0 1.4 65 15 50 1 0 1 0.00 0.50 0.50
15 68.0 65.0 3.2 659 483 176 1 16 3 0.80 0.05 0.15
16 56.4 55.0 1.4 15,284 3,534 11,750 43 127 32 0.63 0.21 0.16
17 60.0 58.0 2.1 285 73 212 4 12 4 0.60 0.20 0.20
18 62.0 60.0 2.6 16,101 6,962 9,139 13 232 49 0.79 0.04 0.17
19 57.5 55.0 1.9 376 83 293 4 0 5 0.00 0.44 0.56
20 69.0 66.0 4.0 84 27 57 35 102 4 0.72 0.25 0.03
21 60.0 58.0 1.7 0 0 0 NA NA NA NA NA NA
22 67.0 64.5 3.6 347 4 343 11 0 1 0.00 0.92 0.08
23 58.5 57.0 2.3 0 0 0 NA NA NA NA NA NA
24 65.0 63.0 4.0 23,022 6,841 16,181 181 56 90 0.17 0.55 0.28
25 72.5 70.0 4.7 5,097 543 4,554 33 294 8 0.88 0.10 0.02
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August 2 and August 31, 2014. Only 212 detections (~0.2% of the
total) from three Bull Trout were recorded during this period.

Activity
Bull Trout were detected at either site in all 12 months of

the study (May 2014–April 2015). The number of detections
per fish varied greatly among months (Kruskal–Wallis rank-
sum test: χ2 = 35.0, df = 11, P = 0.0002; Figure 2), with 212
total detections across Bull Trout in August 2014 and 16,790
detections in December 2014. The total number of Bull Trout
detected in months also varied between 3 (July 2014) and 18
(May 2014, the first month of the study). Ten Bull Trout were
detected in March and/or April of 2015 during the next year’s
smolt out-migration. Bull Trout activity at both sites was low
from mid-July through October 2014. The number of detec-
tions per fish at the river site also varied significantly among
months (Kruskal–Wallis rank-sum test: χ2 = 38.2, df = 11, P =
0.00007), with most detections occurring in May and June of
2014 and March and April of 2015 (Figure 2). Detections at
the lake site were more consistent throughout the year (besides
a general lull in the summer months; Figure 2), resulting in no
significant difference in the number of detections per fish
among months (Kruskal–Wallis rank-sum test: χ2 = 18.1, df
= 11, P = 0.078).

Residency
In general, Bull Trout residency in the lake was greatest in

the late summer (August and September) and in the late winter
(February and March; Figure 2). Conversely, river residency
was generally highest in the spring (April and May) and in the
fall (October). As in the river, residency in the outlet was
highest in the spring but was also elevated during the winter
(December and January; Figure 2). Twelve Bull Trout spent
more days in the lake than the river, and eight Bull Trout spent

more days in the river than in the lake (Table 2). One Bull
Trout was only detected for 1 d and was detected at both lake
and river sites. Bull Trout that were more lake-resident (more
days assigned to the lake than the river) were on average
~9 cm larger than river-resident (more days assigned to the
river than lake) fish (63 versus 54 cm, respectively; weighted
t-test: t = 2.99, df = 11.2, P = 0.01; Figure 4). Lake-resident
fish were more likely to be detected in the lake–river outlet
during the following smolt out-migration in 2015 (8 of 12
detected in March 2015 or later) than river-resident fish (two
of eight).

On average (weighted), Bull Trout spent 58.4% of the study
days (for which residency could be assigned) in the lake
(weighted SD = 33.6%), 32.1% in the river (weighted SD =
32.0%), and 9.5% in the outlet (weighted SD = 8.8%).
Binomial GLMMs identified associations between residency
in each of the three habitats and both periods of salmon life
history events and warm water temperatures. Residency in the
outlet increased only during the smolt out-migrations, when
predicted daily probability of residence was 25.6%, and
decreased during times of high water temperatures (predicted
daily probability = 0.7%) and Chinook Salmon spawning
downstream (predicted daily probability = 1.5%; Table 3;
Figure 5). Of these, high water temperature had the strongest
effect on outlet residency (via regression coefficient; Table 3;
Figure 5). Neither spawning periods of Sockeye Salmon nor
Coho Salmon influenced residency in the outlet (Table 3;
Figure 5). Residency in the lake increased when water tem-
peratures exceeded 16°C in the outlet, and predicted daily

FIGURE 3. Water temperatures recorded at the river and lake sites at the
Chilko Lake–River outlet in British Columbia over the duration of the study
period. The dashed horizontal line represents 16°C, used to represent a
maximum optimal temperature for Bull Trout. Note that temperatures between
the two sites were very similar, giving the appearance of a single line.

FIGURE 4. Boxplots showing the size distributions of lake-resident and river-
resident Bull Trout. Criteria for defining residency of individual Bull Trout is
given in the Methods and Results. The lower and upper boundaries of the box
indicate the 25th and 75th percentiles, respectively, while the thick line within the
box represents the median. Whiskers indicate the extreme ends of the data.
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probability of residence equaled 90.9% during this time. Lake
residency also increased during times of Chinook Salmon
spawning and Coho Salmon spawning (daily predicted prob-
abilities of 78.6% and 79.2%, respectively; Table 3; Figure 5).
Residency in the lake, however, was decreased during both the

Sockeye Salmon smolt out-migration (when daily probability
of residence = 3.2%) and Sockeye Salmon spawning (daily
probability of residence = 41.2%; Table 3; Figure 5). Among
all factors in lake residency models, the effect (via regression
coefficient) of the smolt out-migration was the strongest.
Although river residency was also most influenced by the
smolt out-migration, in this habitat Bull Trout residency was
increased during this period (daily probability of residence =
58.0%). River residency also increased during Sockeye
Salmon spawning (daily probability of residence = 35.7%)

TABLE 3. Importance of individual variables in mixed-effect logistic regres-
sions. The AIC value and change in AIC from the full model (ΔAIC) describe
the resulting model after removing the listed variable. A positive ΔAIC
indicates poorer performance upon removing the variable. Conversely, a
negative ΔAIC indicates increased model performance when removing the
variable. Test statistic and P-values are from testing reduction in scaled
deviance via a likelihood ratio test between the full model and the resulting
model after removing the listed variable.

Model
AIC-
value ΔAIC

χ2

(df = 1) P-value

River habitat
Full model 2,537.7 0
Full – temperature 2,566.0 28.3 30.3 <0.0001
Full – smolts 2,641.6 103.9 106.0 <0.0001
Full – Sockeye Salmon

spawning
2,552.5 14.8 16.8 <0.0001

Full – Chinook
Salmon spawning

2,539.4 1.7 3.8 0.0525

Full – Coho Salmon
spawning

2,586.0 48.3 50.3 <0.0001

Outlet habitat
Full model 1,796.9 0
Full – temperature 1,827.4 30.5 32.4 <0.0001
Full – smolts 1,872.8 75.9 77.8 <0.0001
Full – Sockeye Salmon

spawning
1,795.3 −1.6 0.3 0.5614

Full – Chinook
Salmon spawning

1,814.4 17.5 19.5 <0.0001

Full – Coho Salmon
spawning

1,797.2 0.3 2.3 0.1315

Lake habitat
Full model 2,481.3 0
Full – temperature 2,564 82.7 84.7 <0.0001
Full – smolts 2,822.5 341.2 343.3 <0.0001
Full – Sockeye Salmon

spawning
2,492.7 11.4 13.4 0.0003

Full – Chinook
Salmon spawning

2,501.9 20.6 22.6 <0.0001

Full – Coho Salmon
spawning

2,507.9 26.6 28.7 <0.0001
FIGURE 5. Logistic regression coefficients of investigated time periods on
the daily probability of residence in lake, outlet, and river habitats for Bull
Trout determined from logistic generalized linear mixed-effects models. The
dashed vertical line in the left portion of each panel represents zero and
horizontal bars indicate approximate 95% CIs of coefficients. In the right
portion of each panel, coefficients are converted to daily probability of
residence in a habitat during the given time period, and the dashed vertical
line represents the mean daily probability of residence in the habitat through-
out the study period across all Bull Trout. The variable “All other times”
represents the model intercept.
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and decreased during times of increased temperatures (daily
probability of residence = 7.4%) and Coho Salmon spawning
(daily probability of residence = 5.7%; Table 3; Figure 5).
Residency in the river was not significantly influenced by
Chinook Salmon spawning.

DISCUSSION
Seasonal Bull Trout movements and residency in outlet,

lake, and river habitats were linked to the timing of Sockeye
Salmon life history events, presumably to exploit feeding
opportunities. During both the Sockeye Salmon spawning
and smolt out-migration events, Bull Trout use was increased
in the outlet and river where spawning is concentrated and
smolts are funneled into high densities. Aquatic, terrestrial,
and aerial consumers exhibit seasonal movements to salmon
spawning grounds to exploit the resource pulse (Armstrong
et al. 2013; Schindler et al. 2013; Sergeant et al. 2014), and the
energy derived from exploitation can be a critical component
of the annual energy budget (Denton et al. 2009; Armstrong
and Bond 2013). However, our results potentially provide a
rare example of a consumer exhibiting seasonal movement to
exploit multiple life history stages of a salmonid, including the
smolt out-migration.

Bull Trout use of the outlet was highest during Sockeye
Salmon smolt outmigrations, events that represent large
energy sources for consumers. Smolt emigration estimates
can exceed 200,000 individuals per hour (Furey et al.
2016a), representing a large biomass that passes through a
narrow (~75 m) and shallow (<1 m) outlet. In addition,
water clarity at this time is high, and therefore smolts are
not provided protection from predators via turbidity (Gregory
and Levings 1998). Bull Trout in this system feed on smolts at
high rates (Furey et al. 2016b), and their stomachs regularly
contain >20 smolts (Furey et al. 2015). Although the contribu-
tion of smolts to the annual energy budget of Bull Trout is
unknown, we assume the energy garnered during this period
can be large. Ten Bull Trout (40%) returned to the outlet in
successive springs, indicating that a portion of fish consis-
tently rely on this resource pulse. The true proportion of the
Bull Trout population that rely on smolts year after year,
however, remains unknown, as we only captured and tagged
Bull Trout in the outlet. Thus, our sample may be biased
towards fish more likely to use (and therefore return to) the
outlet. Therefore, many Bull Trout may only exploit the smolt
migration opportunistically. Regardless, characteristics of this
system (large population of smolts that migrate, relatively
small water volume, and high water clarity) are present in
many systems across the geographic range of Pacific salmon
and therefore could be exploited by Bull Trout and similar
consumers. Indeed, consumption of smolts has been observed
elsewhere (Rieman et al. 1991; Petersen 2001), but here we
suggest that consumers undertake seasonal movements to

maximize exploitation of migrant smolts, even if literature to
support that view is limited.

Bull Trout use of the river increased during Sockeye
Salmon spawning. Although Sockeye Salmon spawn in both
the lake and the river (Figure 1), ~90% of spawning occurs in
the river and is concentrated over a stretch of a few kilo-
meters, whereas spawning in the lake occurs in multiple dis-
parate locations (B. Leaf and K. Benner, Fisheries and Oceans
Canada, personal communication). Therefore, the river would
provide more feeding opportunities in a more concentrated
space for Bull Trout than the lake. Spawned eggs provide a
rich energy source for consumers as they have a high lipid
content and a relative caloric content (7.8 kJ/g wet mass:
Scheuerell et al. 2007) that is nearly two times greater than
that of smolts (Parrish et al. 2006). Thus, Sockeye Salmon
spawning may explain Bull Trout movements into the river,
but given the limited spatial coverage of our array, we cannot
for certain state that individuals were in fact collocated with
spawning redds and/or carcasses.

We recognize that some movements in the fall may be due
to spawning by Bull Trout rather than attempts to exploit
Sockeye Salmon spawning. Bull Trout spawn in stream tribu-
taries of rivers and lakes (Dunham et al. 2008) and require
cold systems for both spawning (5–9°C) and rearing for juve-
niles (<15°C; Selong et al. 2001). Although little is known
about Bull Trout in the Chilko Lake–River system, spawning
has been confirmed in one tributary (~40 km south of the
outlet), and several other tributaries throughout the lake have
been identified as potential high-quality spawning habitat.
Chilko Bull Trout are not expected to spawn in tributaries of
the Chilko River, but such complex movements have been
observed in other systems (DuPont et al. 2007). Bull Trout
also exhibit variability in spawning frequency, as some indi-
viduals spawn annually, while others spawn every other year
(Paragamian et al. 2002; DeHaan and Bernall 2013). Thus,
Bull Trout may be moving throughout the system during the
fall for spawning rather than focusing on exploiting Sockeye
Salmon eggs and carcasses. However, if spawning tributaries
are at least evenly distributed in lake and river habitats, we
would not expect an overrepresentation of Bull Trout resi-
dency in the river during Sockeye Salmon spawning. In addi-
tion, the slight majority of tagged Bull Trout were lake
residents, and thus we would expect these fish to be more
likely to spawn in tributaries to Chilko Lake. Regardless,
direct observation of consumption of Sockeye Salmon eggs
by Bull Trout is needed to confirm exploitation, as has been
shown in systems with the closely related Dolly Varden S.
malma (Armstrong and Bond 2013).

Our ability to relate Bull Trout movements to Sockeye
Salmon life history events is further limited by the small
spatial coverage of our telemetry array and thus our inability
to determine exact locations of fish in lake and river habitats.
Both the number of detections and the number of days we
could assign residency varied greatly among fish. Thus, our
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results may be biased towards Bull Trout that were more
active in the outlet where our receivers were placed (although
we attempted to account for this by assigning residency to
habitats even when not detected). Similarly, as we only cap-
tured Bull Trout within or near the outlet, our sample may be
biased towards Bull Trout that are more likely to use the area
for exploiting Sockeye Salmon. Although we are confident
that our detection efficiency was high (based on detection
data and informal range tests), detection efficiency can be
affected by receiver placement, boat traffic, environmental
conditions, and even tagging procedure (Clements et al.
2005; Gjelland and Hedger 2013; Dance et al. 2016).
Sentinel tags were not available for this study (Kessel et al.
2014), and thus we were unable to describe variability in
detection efficiency across the study duration nor account for
such variations within analyses. Lastly, use of the outlet was
increased during the winter, for reasons that remain unclear (as
this time is not associated with any salmon life history event).
Thus, broader understanding of seasonal movements of Chilko
Lake Bull Trout throughout the lake is still needed to define
the true proportion of the population that exploits salmon life
history events.

Salmon-based resource pulses can result in substantial
short-term boosts to consumer growth and consumption
(Armstrong and Bond 2013; Furey et al. 2016b), and exploit-
ing multiple pulses should further optimize growth opportu-
nities. Brown bears Ursos arctus were recently shown to move
from one spawning ground to another in an apparent attempt
to match the phenology of salmon arrival to maximize feeding
opportunities (Deacy et al. 2016). But such examples of con-
sumers tracking multipulse phenology (Schindler et al. 2013;
Deacy et al. 2016) have focused on movements within a single
season. Chilko Lake Bull Trout may be exploiting two sea-
sonally distinct resource pulses provided by Sockeye Salmon
(smolt out-migration and adult spawning) simply by moving
towards the outlet and/or river during the spring and fall. As
most Bull Trout were found to be lake residents, we do not
expect Bull Trout to move into other systems to exploit other
salmon populations, but this possibility should be further
studied, particularly for river-resident fish. Theoretical inves-
tigations could help to identify not only the benefits of exploit-
ing multiple pulses, but also the costs of moving variable
distances across landscapes to reach resources.

The relative influence of the smolt migration and spawning
events on Bull Trout energy budgets is likely to be influenced
by many factors, including water temperature, foraging effi-
ciency, and predation risk. Sockeye Salmon smolt out-migra-
tions occur in spring, typically within weeks of ice breakup in
higher latitudes (Burgner 1991). Waters in the Chilko River
during smolt out-migration are generally 2–10°C and thus
cooler than when adults are spawning in late summer (~10–
15°C). Reduced temperatures constrain digestion and therefore
the degree of exploitation by consumers. Bull Trout can binge-
feed over short-term intervals (e.g., single day) to mediate the

influence of cold temperatures (Furey et al. 2016b), but ben-
efits of such hyperphagia are reduced over longer time peri-
ods. Consumers can exhibit further adaptations to maximize
feeding such as exploiting fine-scale thermal heterogeneity
(Armstrong et al. 2013) or allocating more energy towards
increasing the size of digestive organs (Armstrong and Bond
2013), but no such adaptations have been observed for con-
sumers exploiting migrant salmon smolts. Regardless of tem-
perature, foraging efficiencies on both smolts and eggs should
be high, but feeding on smolts may be less efficient as smolts
(1) are active swimmers, (2) migrate largely at night to pre-
sumably reduce foraging efficiency of predators (Clark et al.
2016; Furey et al. 2016a), and (3) are lower in relative caloric
content than eggs (Parrish et al. 2006; Scheuerell et al. 2007).
Feeding during spawning events may expose Bull Trout to
bear predation, although this seems unlikely given the density
of spawning salmon and availability of carcasses. In addition,
bear predation rates are expected to be inversely related with
river width and depth (Quinn et al. 2016), and the river’s size
at this time is expected to provide Bull Trout with potential
refuge. Regardless, both periods provide opportunities to feed
at efficiencies that are likely much higher than at other times
of the year, and Bull Trout exhibit movements consistent with
exploiting the seasonally distinct periods of Sockeye Salmon
smolt emigration and adult spawning events.

Although movements by Bull Trout were associated with
Sockeye Salmon life history events, the spawning of neither
Coho Salmon nor Chinook Salmon appeared to influence
movements into the river. Rather, Bull Trout were more likely
to be in the lake during these events, although it should be
noted that use of the river began to increase during the
Chinook Salmon spawning period, which temporally overlaps
with Sockeye Salmon spawning. The spawning populations of
Coho Salmon and Chinook Salmon are two to three orders of
magnitude smaller than that of Sockeye Salmon population. In
addition, juvenile Coho Salmon and stream-type Chinook
Salmon rear in the river or in smaller streams until down-
stream migration (Quinn 2005) and therefore are assumed to
be more disperse relative to Sockeye Salmon smolts that
emigrate from the lake and are funneled into the outlet.
Therefore, it appears that the combination of fewer smolts
spread over greater areas does not induce movements by
large contingents of Bull Trout in this system.

In addition to salmon life history events, Bull Trout space
use and movements were associated with times of high water
temperatures. Bull Trout were more likely to reside in the lake
when outlet water temperatures exceeded 16°C and less likely
to be found in either the outlet or river. Optimal temperatures
for Bull Trout are lower than that for many other salmonids
(Selong et al. 2001), and at temperatures above 16°C feeding
and digestion can be influenced (Selong et al. 2001).
Consequently, Bull Trout distributions are strongly associated
with availability of cold water (Dunham et al. 2003; Rieman
et al. 2007; Wenger et al. 2011; Jones et al. 2014), and with
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current changes in climate, range contractions have already
been observed (Eby et al. 2014). In response, identifying
thermal refuges for Bull Trout is a conservation priority
(Jones et al. 2014; Isaak et al. 2015). Much of this work
focused on small streams, but lakes can also provide thermal
refuge, particularly those without invasive competitors
(Kovach et al., in press). Chilko Lake is deep (>250 m:
Desloges and Gilbert 1998), and therefore thermal refuge
should be available to Bull Trout during times of peak tem-
peratures in the summer. We suggest researchers further inves-
tigate the ability for lakes to act as thermal refuge for Bull
Trout, including connectivity of refuges to foraging sites and
prey availability within lacustrine habitats.

Bull Trout tagged during the 2014 Sockeye Salmon smolt
out-migration were found to reside in both lake and river
habitats during other times of the year. Bull Trout can and
do make movements or migrations of tens or even hundreds of
kilometers across systems (Swanberg 1997; Muhlfeld and
Marotz 2005), and even within systems Bull Trout can exhibit
variability in movement propensity and resident habitat types
(Muhlfeld and Marotz 2005). Bull Trout were present in
successive smolt out-migration periods regardless of where
they resided during other times of the year, although larger
lake-resident fish were more likely to return to the outlet in
2015. While lake-resident Bull Trout may need to migrate to
the outlet to exploit smolts, river-resident fish may simply use
other locales downstream from the outlet where exploitation is
also possible. Mortality of smolts remains high through the
first several kilometers of the river (Clark et al. 2016; Furey
et al. 2016a), and we have observed Bull Trout to congregate
at spatial constrictions. Although we are confident in our
ability to assign residency of Bull Trout to either the river or
the lake due to apparent high detection efficiencies, the limited
spatial extent of our array prevented us from knowing where
(i.e., how far from the outlet) in these habitats Bull Trout
reside and/or how these habitats are used when Bull Trout
are not in the outlet.

Lake-resident Bull Trout were found to be larger than river-
resident fish. Growth and size at maturity of Bull Trout and
closely related chars are dependent upon system productivity,
and fish that utilize lakes or other habitats are often larger than
those that are strictly riverine (Jonsson and Jonsson 1993;
Hendry et al. 2004; Dunham et al. 2008). We expect these
differences in size between lake-resident and river-resident fish
to be diet-based. Bull Trout feed on both invertebrates and fish,
and piscivory in both river and lake habitats increases with size
(Beauchamp and Van Tassel 2001; Lowery and Beauchamp
2015). Lake-resident fish probably feed on smolts and other
fish year-round while river-resident fish may feed more on inver-
tebrates when smolts are unavailable. Comparisons of Bull Trout
age, growth, and metrics of feeding ecology (i.e., stable isotopes)
between systems with and without salmon-based resource pulses
would be valuable for both lake- and river-resident fish to fully
understand the effects of Pacific salmon on consumers.

In conclusion, we found Bull Trout to move towards the
river outlet of the lake or into the river during times of both
Sockeye Salmon smolt out-migrations and adult Sockeye
Salmon spawning. We presume Bull Trout, as consumers,
use these movements to exploit these events, although we
cannot confirm they feed on eggs or spawned-out carcasses.
Movements to exploit the smolt migration in successive years
were observed for a substantial contingent of fish, particularly
by larger lake-resident Bull Trout. This is a rare example of
consumer phenology matching the smolt out-migration as well
as consumers potentially exploiting two distinct resource
pulses that are seasonally separated. We surmise other con-
sumers in systems with Pacific salmon may exploit smolt
migrations as well. Our results highlight the importance of
Pacific salmon life history to consumers.
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