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ABSTRACT: Fish entrainment occurs when individuals are displaced from reservoirs to downstream waters by way of water diversion through turbines or other water release structures. While
much effort has been put into quantifying and reducing entrainment of downstream migrating
salmonids, considerably less research has focused on fish that are residents in reservoirs and in
many cases are the top piscivores in these systems. We used 2 yr of acoustic telemetry data on
adult bull trout Salvelinus confluentus and burbot Lota lota tagged in Kinbasket Reservoir (British
Columbia, Canada) to investigate entrainment vulnerability by measuring forebay use and
entrainment rates. Our results revealed that (1) adult bull trout and burbot made little use of the
forebay; (2) bull trout used the forebay more and had higher rates of entrainment than burbot; and
(3) both forebay use and entrainment varied among seasons. Bull trout used the forebay more
intensively and were mostly entrained in the fall and winter. Limited forebay use and entrainment
data for burbot suggest that they are more vulnerable to entrainment in the fall. These findings
should be generally applicable for adult bull trout and burbot in reservoirs that maximize operations in the fall and winter, and could help managers and industry to make informed decisions on
how to mitigate and compensate for entrainment.
KEY WORDS: Entrainment · Hydropower · Bull trout · Burbot · Forebay · Turbines · Acoustic
telemetry · Detection efficiency
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Fish entrainment — the displacement of individuals
from reservoirs to downstream waters by way of water
diversion through turbines or other water release
structures (Johnson et al. 2004) — can directly result
in injury or death of individuals, as well as reduce the
abundance of upstream populations and increase the
abundance of downstream populations (reviewed in
Coutant & Whitney 2000). To date, most of the efforts
to quantify and reduce entrainment from reservoir

operations have focused on downstream-migrating
salmonids (e.g. Thorne & Johnson 1993, Mathur et al.
2000, Scruton et al. 2002, 2008). In those instances, a
variety of bypass structures attempt to direct smolts or
downstream migrating adults (for iteroparous species)
safely past turbines (Coutant & Whitney 2000, Schilt
2007). However, resident species (i.e. those that do
not emigrate from reservoirs) are also vulnerable to
entrainment when they use habitats near water intake
structures, with vulnerability to entrainment varying
with factors such as species, life stage, time of day,
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al. 2013), we hypothesized that bull trout are more
season and operations (Coutant & Whitney 2000,
likely to encounter and use the forebay and hence beGrimaldo et al. 2009, Spinelli 2010).
come vulnerable to entrainment. We also hypotheDetailed studies of entrainment of adult resident
sized that bull trout would have a stronger seasonal
fish in western North America have focused on small
pattern of entrainment vulnerability than burbot bepelagic planktivores such as kokanee Oncorhynchus
cause adult bull trout are known to undergo seasonal
nerka and have noted strong and predictable diel and
spawning migrations into streams (Dunham et al.
seasonal patterns of entrainment through hydro2008). Finally, given that habitat use in fishes can
power turbines (e.g. Maiolie & Elam 1996, Skaar et al.
vary between day and night (Helfman 1993), between
1996). Considerably less research has focused on the
males and females (Hanson et al. 2008), and ontogeadults of other resident populations of fish that in
netically (Ross 1986), we also evaluated if forebay use
many cases are the top piscivores in reservoirs and
is associated with diel period, sex and size.
are represented by relatively long-lived, slow-growing
species (e.g. rainbow trout Oncorhynchus mykiss,
walleye Sander vitreus, bull trout Salvelinus confluMATERIALS AND METHODS
entus, burbot Lota lota) (see review in CH2M HILL
2007). Given that even low levels of adult mortality
Study site
have the potential to greatly impact the demography
of such species, understanding the factors associated
Kinbasket Reservoir (52° 8’ N, 118° 28’ W) is a large
with the entrainment of resident adult fish is imporglacial- and snowmelt-fed reservoir located about
tant for the development of models to predict popula150 km north of Revelstoke in the north Kootenay
tion-level consequences of entrainment and explore
Mountain region of British Columbia, Canada
management measures to reduce its impacts. For ex(Fig. 1a,b). The reservoir covers an area of 43 200 ha
ample, assessing the population-level consequences
of entrainment can help managers
make informed decisions on the imple120°
135°W
118°35’W
118°34’
mentation of compensation plans (e.g. 60°N
a c
habitat improvement), whereas identifying the seasons and times of day
52°5’
N
British
when entrainment is more likely to ocForebay
Columbia
cur could provide information to help
optimize the timing of operation of deterrent devices (e.g. strobe lights).
50°
In this paper, we investigated entrainment vulnerability of resident
VR2W
adult bull trout and burbot in a large
0 200 400 km
VR2W detection range
hydropower
reservoir
(Kinbasket
Water
b
Reservoir, Mica Dam) in British CoPowerhouse
lumbia, Canada. Recent risk-screening
Mica Dam wall
exercises, based on expert opinion and
Main pool
52°4’
literature reviews of species-specific
e
c
a
il r
life history characteristics and habitat
Ta
C
ol
use, concluded that adult bull trout 52°N
um
bi
aR
and burbot were at moderate risk of
Revelstoke
ea
ch
Reservoir
entrainment at the Mica Dam (BC
Hydro 2006, 2009). However, these
0 20 40 km
0 200 400 m
analyses also identified uncertainties
119°W
118°
with regard to bull trout and burbot
entrainment, particularly in speciesFig. 1. (a) British Columbia showing the location of Kinbasket Reservoir (open
square); (b) Kinbasket Reservoir showing the location of the forebay and tailspecific differences in entrainment vulrace (red square); and (c) Mica Dam forebay and tailrace showing the locanerability (i.e. intensity of forebay use)
tions of VR2Ws and their combined expected detection range based on a raand seasonal rates of entrainment.
dius of 500 m around each receiver. The main pool indicated by a solid arrow
Given that adult bull trout are more
in (b) is the confluence of the Canoe and Columbia reaches. Dashed arrows in
(b) indicate the direction of water flow
mobile than adult burbot (Harrison et
no

eR

ea

ch

Author copy

Martins et al.: Entrainment of resident adult fish

and was formed by the impoundment of the Canoe
and Columbia Rivers with the construction of the
Mica Dam in 1973. The reservoir is oligotrophic and
characterized by steep rocky shorelines, sand, rock
and mud substrates, and little vegetation. At its highest elevation (high pool), the reservoir has a mean
depth of 57 m and maximum depth of about 190 m
that is located in the forebay (Sebastian et al. 1995).
Surface water temperatures in the reservoir range
from 2 to 15°C in early spring, with summer surface
temperatures typically between 12 and 18°C (Bray
2012). From mid-summer to early fall, a gradual thermal gradient is usually formed in the reservoir, with
temperatures decreasing to 4°C at 60 m (Bray 2012).
The powerhouse at Mica Dam currently consists of
4 Francis-type turbines that each have a rated maximum flow of 283 m3 s−1 and a capacity of 465 MW (BC
Hydro 2006). The top of the intakes is located at a
depth of about 55 m during high pool and the turbines are used approximately 95% of the time, with
generation being maximized during the day (BC
Hydro 2006). However, operation at the Mica Dam
powerhouse is markedly seasonal, with drawdown
starting in mid-summer and lasting until mid-April in
preparation for the spring freshet (BC Hydro 2006).
During the 2 monitoring years of this study, the mean
total daily operational discharge at the Mica Dam
powerhouse varied substantially on a daily basis (6.3
to 1177.0 m3 s−1), being greater during the fall and
winter (Fig. S2 in the Supplement at www.int-res.
com/articles/suppl/b019p253_supp.pdf).
The mean water surface elevation of the reservoir
(hereafter reservoir elevation) varies seasonally as a
result of the spring freshet and drawdown and can
change by as much as 47 m under normal operating
elevation ranges (i.e. between 707.0 and 754.4 m).
The reservoir reaches its lowest elevation (low pool)
in the early to mid-spring and its highest elevation
(high pool) by late summer or early fall (BC Hydro
2006). Mean daily reservoir elevation during the 2
monitoring years of this study ranged from 723.7 to
754.2 m, resulting in a maximum change in elevation
of 30.5 m.

Fish capture and tagging
Adult bull trout (> 300 mm; Scott & Crossman 1998)
were captured throughout the Kinbasket Reservoir
main pool (Fig. 1b) by trolling in the early spring of
2010. Bull trout were also captured by angling near
the mouths of spawning tributaries at the upper
Canoe and Columbia reaches (Fig. 1b) in the late
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summer of 2010. Capture yielded minimal injury or
evidence of short-term mortality (Gutowsky et al.
2011). In total, 187 (109 males, 72 females, 6 uncertain sex) captured bull trout were tagged with an
acoustic transmitter (see tagging details below). The
average total length of the tagged bull trout was
591 mm (± 95 mm SD, min to max: 355 to 881 mm)
and their median mass was 1784 g (inter-quartile
range [IQR]: 1426 g, min to max: 310 to 5857 g).
Adult burbot (> 300 mm; Scott & Crossman 1998)
were captured using baited cod traps set at several
locations throughout the reservoir main pool in the
early spring of 2010 and 2011. Since traps were set in
deep water (up to 27 m), decompression procedures
were carried out before landing burbot to reduce the
risks of barotrauma. Decompression consisted of
holding fish in traps for 24 h at a depth that was approximately half of the initial capture depth (Neufeld
& Spence 2004). When fish were caught at a depth
greater than 15 m, a second 24 h decompression
period was implemented at a quarter of the initial
capture depth. In total, 75 (4 males, 24 females, 47
uncertain sex) captured burbot were tagged with
acoustic transmitters. The median total length and
mass of the tagged burbot was 561 mm (IQR:
121 mm, min to max: 425 to 975 mm) and 794 g (IQR:
397 g, min to max: 465 to 4801 g), respectively.
Landed fish were anaesthetized using clove oil (40
and 90 mg l−1 of clove oil emulsified in 95% ethanol
at a 1:9 ratio for bull trout and burbot, respectively).
Following loss of equilibrium, total length (mm) and
mass (g) were measured. Fish were surgically tagged
with temperature- and pressure-sensing acoustic
transmitters (model VEMCO V13TP-1L, dimensions:
45 × 13 mm, weight in water: 6 g, weight in air: 12 g,
signal transmission rate: random between 60 and
180 s [mean 120 s], expected battery life: 1028 d,
VEMCO Division, AMIRIX Systems). Briefly, fish
were placed on a V-shaped trough where the gills
were continuously irrigated with ambient reservoir
water. A small incision (20 to 30 mm) was made to
one side of the ventral midline, 30 to 50 mm posterior
to the pectoral fins, and the fish was sexed visually by
examining the gonads. The acoustic tag (cleaned
with betadine) was inserted into the coelomic cavity
and the incision was closed with 3 to 4 simple interrupted sutures (Ethicon 3-0 PDS II monofilament
absorbable suture material, Johnson & Johnson)
(Wagner et al. 2011). Fish were then placed in a
recovery box filled with ambient reservoir water and
released at the capture site once they regained equilibrium. Burbot were recompressed at depth if showing significant signs of barotrauma (Neufeld & Spence
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2004). Briefly, this involved placing burbot back in
the trap and sinking it down to about 10 m for 24 h.
The shallow recompression depth and short handling
time (<1 min) enabled us to safely pull the net back to
the surface and quickly release recovered burbot,
without risking further barotraumas. Only fish that
met the maximum 2% tag burden computed as tagweight-in-water divided by fish-weight were tagged
(Cooke et al. 2013). The maximum tag burden was
1.9% and 1.3% for bull trout and burbot, respectively. Tagging and recovery typically took between
10 and 15 min for bull trout and 15 and 20 min for
burbot.
Permits to capture fish were issued by the British
Columbia Ministry of Environment (Permit No. CBPG10-61414). Tagging protocols were approved by
the Carleton University Animal Care Committee.

Telemetry array
A total of 42 omni-directional hydrophone
acoustic telemetry receivers (VR2W, VEMCO Division, AMIRIX Systems) were deployed throughout
Kinbasket Reservoir in the spring of 2010. For the purposes of this paper, we used detection data collected
by only 6 VR2Ws that were deployed in the dam forebay (Fig. 1c). Additionally, 2 VR2Ws were deployed
downstream of the Mica Dam tailrace to provide postentrainment detection of tagged fish (Fig. 1c). One
VR2W was deployed in the spring of 2010 and another
in the spring of 2011. However, one of the VR2Ws was
lost before we returned to download the data in the
spring of 2012. Therefore, detection data in the
tailrace is available for only 1 VR2W in each monitoring year. Beacon tags were deployed along with each
one of the VR2Ws in the forebay to assess detection
efficiency (see the Supplement). All data presented
here were collected by the forebay and tailrace
VR2Ws between May 2010 and April 2012.

Data processing
The detection data were incorporated into a Microsoft Access® database and processed to include only
valid detections (see Beeman & Perry 2012). Due to
the low and variable detection efficiency of the forebay VR2Ws (Fig. S4 in the Supplement), it was not
feasible to detect false positives based on the number
of detections within a given time period (Beeman &
Perry 2012). Alternatively, we regarded false positives as those detections for which no temperature or

depth sensor data were recorded. To avoid any potential short-term effects of tagging on fish behaviour, detections were excluded if they occurred
within 7 d of tagging a fish. To identify individuals
that had died or shed a tag near a VR2W, depth sensor data from the tags were plotted by time for each
fish. Those presumably deceased individuals (n = 11)
showed a long depth record that, after accounting for
changes in reservoir elevation, translated to a nearly
constant elevation for the fish.
Each detection was classified according to the diel
period, season and year when it occurred. Diel period
was determined by comparing the detection time to
the times of sunrise and sunset at Kinbasket Reservoir (data freely available at www.nrc-cnrc.gc.ca/
eng/services/sunrise/index.html). Seasons were defined as spring (April to June), summer (July to September), fall (October to December) and winter (January to March). The year variable was defined based
on monitoring year (i.e. first monitoring year: May
2010 to March 2011; second monitoring year: April
2011 to March 2012). This classification was used so
that each year contained all 4 seasons to facilitate
analyses involving interactions.

Data analyses
To evaluate forebay use by bull trout and burbot,
we computed the proportion of detections recorded in
the forebay (pDF) by diel period, season and monitoring year for each fish. This proportion was computed
by dividing the number of detections of a tagged fish
at the forebay VR2Ws by the expected number of detections for a hypothetical fish residing exclusively in
the forebay area covered by the VR2Ws expected
maximum detection range (Fig. 1c). Due to the large
seasonal variation in the forebay VR2Ws detection efficiency, presumably due to the seasonality in operational discharge and weather, the expected number
of detections was computed through simulations.
Briefly, we first modelled detection efficiency by diel
period, season, monitoring year and distance between beacon tag and VR2W. Then we used the
model to simulate the expected number of detections
for a hypothetical tagged fish performing a correlated
random walk (Kareiva & Shigesada 1983) inside the
expected maximum detection range of the forebay
VR2Ws (see details in the Supplement). For each
tagged fish, the simulations generated up to 16 nonindependent replicates of pDF values (1 for each diel
period, season and monitoring year combination that
a fish was known to be in the reservoir).
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Due to the excessively large number of zero pDF
data (85% for bull trout and 97.7% for burbot), it was
not possible to adequately use and validate models fit
to the full data set of each species. Therefore, the
data and analyses presented in this paper refer only
to cases where fish were detected in the forebay. The
pDF values presented in the ‘Results’ (as %DF, see
below) can then be interpreted only as a measure of
how much a tagged fish encountering the forebay
used this area compared to a hypothetical fish that
would make full time use of the forebay. Burbot pDF
data were too sparse for statistical modelling, even
after the removal of zero proportions, and are only
described in the ‘Results’.
Before analysing bull trout pDF data, data exploration was conducted in an attempt to identify the
presence of outliers and evaluate the relationship
between variables (Zuur et al. 2010). Only interactions clearly indicated by exploratory interaction
plots were included in the analysis. We analysed
logit-transformed pDF data (Warton & Hui 2011) as a
function of total length and all possible 2-way interactions between diel period, season and monitoring
year using linear mixed-effects models (Pinheiro &
Bates 2000), where the intercept was allowed to vary
by fish. The analysis followed the general protocols
described by Pinheiro & Bates (2000) and Zuur et al.
(2009). Briefly, a continuous auto-regressive function
of order 1 (CAR-1) and variance structure were incorporated in the full model to account for residual autocorrelation and heterocedasticity, respectively. Subsequently, a backward model selection procedure
was carried out based on marginal F-tests. The
reduced model containing only significant predictors
was then re-fitted to a subset of the data for which
sex information was available to evaluate any possible differences in pDF between females and males.
All model assumptions were checked graphically
(Zuur et al. 2009).
Entrainment rates were computed from the first
detection of each entrained fish at the tailrace
VR2Ws using time-to-event analysis (Kaplan-Meier
estimator), where season was used as the time unit.
The time-to-event analysis enabled us to account for
changes in the total number of fish available to be
entrained in any season by censoring individuals
from the data set when they were lost to monitoring,
thus avoiding biases in entrainment rate estimates
(Harrell 2001). In our study, those individuals lost to
monitoring were represented by tagged fish captured and reported by anglers, or re-captured by our
team, or not detected anywhere in the reservoir for
more than 1 season (e.g. possible non-reported
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angler removals, tag loss/failure or natural mortality).
Although we did not deploy beacon tags to assess
detection efficiency of the tailrace VR2Ws, the time
interval between sequential detections of entrained
fish was generally within the minimum (60 s) and
maximum (180 s) limits of the tags transmission interval (median: 120 s, IQR: 60 s). This indicates that
detection efficiency in the tailrace VR2Ws was nearly
100% and, therefore, entrainment rates estimated
using time-to-event analysis were not biased by low
detection efficiency.
All continuous variables were centred before analysis (i.e. the mean of each variable was subtracted
from all of its values). Any post-hoc multiple comparison testing presented was based on Tukey’s test
(Quinn & Keough 2002). Central tendency values are
presented either as means ± 1 SD (for normally distributed data) or medians and IQR (for non-normally
distributed data). For presentation, all observed and
estimated pDF values were multiplied by 100 and are
presented as %DF. The critical value used in interpreting statistical significance was α = 0.05. The
analyses were conducted using the packages ‘nlme’
(Pinheiro et al. 2012), ‘survival’ (Therneau 2012) and
‘multcomp’ (Hothorn et al. 2008) in R version 2.15.1
(R Development Core Team 2012).

RESULTS
Bull trout
In total, 66 282 valid detections, corresponding to
97 bull trout (51.9% of the total tagged), were recorded on the forebay VR2Ws. The median %DF was
only 0.34% (1.70% IQR) and varied little by diel
period and monitoring year, but varied substantially
among seasons (Fig. 2). The highest %DF values
(>10% for 18 fish; > 50% for 4 fish) were observed in
the winter (Fig. 2). Backward model selection supported the seasonality observed in %DF, with the reduced model including an interaction between season and monitoring year (Table 1). Total length and
diel period were not retained in the final model
(Table 1). Furthermore, the analysis of a subset of the
data for which sex information was available did not
reveal any significant differences in %DF between
females (0.37% with 1.81% IQR) and males (0.29%
with 1.49% IQR) (F1, 93 = 0.07, p = 0.80).
Post-hoc comparisons among seasons within the
first monitoring year revealed that %DF was 9.7, 35.5
and 5.2 times higher in the winter compared with the
spring, summer and fall, respectively (all −8.5 < z <
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Fig. 2. Salvelinus confluentus. %DF (i.e. percentage of detections recorded in the forebay) by diel period, season and year
for bull trout in Kinbasket Reservoir. Box plot shows the median values (line), 25 and 75% quantiles (box), values <1.5
times the interquartile range (whiskers), and outliers (circles)

−5.0, p < 0.001). Percent detection in the forebay in
the fall of the first monitoring year was also significantly higher than in the summer (6.8-fold; z = −4.9,
p < 0.001), but not significantly different from that of
the spring (z = −1.5, p = 0.73). In the second monitoring year, there was no significant difference in %DF
among summer, fall and winter (all −1.5 < z < −0.3,
p > 0.84). However, %DF in these seasons were,
respectively, 3.8, 6.5 and 6.5 times higher compared
with the spring (all −5.0 < z < −3.5, p < 0.001).

Eight bull trout (4.3% of the total tagged) were
detected on the VR2Ws deployed in the tailrace, resulting in a cumulative entrainment of 6.7% (i.e. accounting for censoring of fish caught and reported by
anglers [n = 5], recaptured by our team [n = 1] and
non-reported angler captures, suspected mortalities
and/or tag loss/failure over the 2 monitoring years
[n = 90]). All but 1 entrained fish were first detected
on the tailrace VR2Ws in the fall or winter of both
monitoring years (Fig. 3). The exception is an individual that was first detected in the tailrace in the spring
of 2012, though it was last detected in the reservoir
during mid-winter. The elapsed time between the
last detection in the reservoir and the first detection
in the tailrace ranged from 0 to 34 d for fish (n = 4)
that were last detected in the forebay, and from 5 to
38 d for fish (n = 4) that were last detected in the main
pool (i.e. that were missed by the forebay VR2Ws).
For those individuals that were last detected in the
forebay prior to entrainment, %DF in the season that
they were entrained ranged from 0.03 to 21.0%. Both
males (n = 5) and females (n = 3) were entrained and
the total length of entrained fish (440 to 701 mm)
comprised most of the range of total length of the
tagged fish (355 to 881 mm).

Burbot
In total, 349 valid detections, corresponding to
6 burbot (8% of the total tagged), were recorded at
the forebay VR2Ws. Only 9 of these 349 detections
occurred in the second monitoring year (all during
the fall). Overall, burbot using the forebay were
infrequently detected in relation to the expected
number of detections (Fig. 4). Indeed, the median

Table 1. Estimates of the reduced model describing logit-transformed pDF (i.e. proportion of detections recorded in the forebay) data for bull trout. The table shows the model coefficient estimates, standard error (SE), degrees of freedom (df), t-test statistic (t) and p-value (p). Also shown are the standard deviation (SD) for the random intercept and residuals, and the residual
correlation (φ) between sequential observations of any given fish estimated with a continuous auto-regressive correlation
structure of order 1 (CAR-1)
Model coefficient
Intercept
Season
Spring
Summer
Winter
Monitoring year (Second)
Season × Monitoring year
Spring × Second
Summer × Second
Winter × Second

Estimate

SE

df

t

p

Other

Value

−5.50

0.19

220

−28.31

< 0.001

−0.58
−1.88
1.67
0.51

0.39
0.39
0.33
0.43

220
220
220
220

−1.50
−4.85
5.00
1.20

0.14
< 0.001
< 0.001
0.23

Random intercept SD
Residual SD
CAR-1 φ
Number of observations
Number of groups (i.e. fish)

0.49
1.74
0.13
342
97

−1.63
1.28
−1.52

0.60
0.65
0.68

220
220
220

−2.70
1.96
−2.23

0.01
0.05
0.03

Cumulative entrainment (%)
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%DF was only 0.33% (0.46% IQR). The highest %DF
values (~2%) for burbot were observed in the fall of
both monitoring years (Fig. 4).
Only 1 burbot (1.3% of the total tagged) was detected on a tailrace VR2W over the 2 monitoring
years, resulting in a total entrainment of 1.9% (i.e.
accounting for censoring of possible non-reported
fisheries capture, suspected mortalities and/or tag
loss/failure until the time of entrainment [n = 15]).
The total length of this individual was 442 mm and its
sex was unknown. Its last detection in the reservoir
(at a VR2W in the main pool) and first detection in the
tailrace occurred in the fall of 2010 (23 d apart).
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Fig. 3. Salvelinus confluentus. Kaplan-Meier estimates of
cumulative entrainment of bull trout through the Mica Dam
by season and year. Dashed lines denote 95% confidence
intervals
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Fig. 4. Lota lota. %DF (i.e. percentage of detections recorded
in the forebay) by diel period, season and monitoring year for
burbot in Kinbasket Reservoir. Each data point corresponds
to a %DF value for an individual burbot

We used acoustic telemetry to assess entrainment
vulnerability of adult bull trout and burbot in a
hydropower reservoir. One major challenge in this
study was the low and temporally variable detection
efficiency of the VR2Ws deployed in the forebay,
which was possibly caused by noise emanating from
the turbines. Indeed, detection efficiency of acoustic
receivers is known to be reduced by and vary with
environmental noise (Gjelland & Hedger 2013), leading to erroneous interpretations of animal behaviour
and habitat use if left unaccounted for (Payne et al.
2010). In our case, failure to account for the seasonally varying detection efficiency would have resulted
in the conclusion that forebay use by adult bull trout
and burbot was as high as, or higher, in the spring
compared with the fall and winter — a finding that
would be inconsistent with the observed seasonal
pattern of entrainment (i.e. higher in the fall and winter). Our approach to account for detection efficiency
was to compute the ratio between the number of
detections of a tagged fish relative to the number of
detections that would be expected from a hypothetical fish residing exclusively in the forebay (i.e. represented by pDF or %DF). The expected number of
detections was simulated assuming that fish show no
preference for specific locations in the forebay (see
the Supplement), being thus likely to visit the vicinity
of each VR2W equally. However, if in reality, fish
preferentially used areas of the forebay where less
efficient VR2Ws were located (i.e. those located near
the powerhouse), then our approach might have led
to underestimates of %DF. Conversely, %DF might
have been overestimated if fish preferentially used
areas away from the powerhouse, where VR2Ws
tended to be more efficient. However, we cannot
assess the extent to which %DF was affected by the
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spatial distribution of fish in the forebay and the values presented here should be seen as a relative
measure of forebay use. Given the limitations
imposed by low and variable detection efficiency in
assessing forebay use by fish in this research, we
suggest that future studies on entrainment vulnerability consider using acoustic telemetry based on
code division multiple access (CDMA; Niezgoda et
al. 2002) or other coding schemes and frequencies
that may be less affected by noise than the acoustic
telemetry equipment used in this study.
Forebay use by adult bull trout was typically very
low (median %DF < 1), with only 4 out of 97 individuals having %DF > 50. Although generally low, forebay use was markedly seasonal, being highest in the
fall and winter. The seasonal pattern of forebay use
by bull trout is consistent with their migratory movements related to spawning and post-spawning (Dunham et al. 2008). In both fluvial (i.e. river residents)
and adfluvial (i.e. lake or reservoir residents) bull
trout, a fraction of the population migrates towards
tributaries in late spring and summer, spawn in the
late summer and early fall, and return to the mainstem of rivers or lakes/reservoirs by mid fall to overwinter (e.g. Fraley & Shepard 1989, Swanberg 1997).
As bull trout return to overwinter in the deep pools of
Kinbasket Reservoir, they are likely to search for
habitats with increased availability of prey to replenish their energy reserves spent during migration and
spawning. The forebay of Kinbasket Reservoir is possibly an area of increased prey availability during fall
and winter, as the flows generated by the maximization of turbine operations in these seasons could, by
advection or attraction, congregate invertebrates and
fish prey near the dam (e.g. Maiolie & Elam 1996,
Hiebert et al. 2003). Indeed, the density of age 0–1
(8 to 18 cm) kokanee Oncorhynchus nerka, one of the
main prey for adult bull trout, increases along the
dam face of Revelstoke Reservoir (150 km downstream of Kinbasket Reservoir) with increasing operational discharge (Dawson & Parkinson 2013). However, in the absence of fall and winter data for
kokanee abundance and distribution in Kinbasket
Reservoir, it is not possible to conclusively identify
prey resource use as the mechanism responsible for
the seasonally dependent variations in forebay use
and, hence, entrainment vulnerability.
Consistent with the increased use of the forebay in
the fall and winter, 7 out of 8 entrained tagged bull
trout were first detected on the tailrace VR2Ws in
those seasons. Although data from this study point to
low annual entrainment rates (about 3.4%), entrainment rates are highly site specific (Coutant & Whit-

ney 2000), varying with reservoir type, dam structure
and operation. Thus, direct comparisons of the estimated entrainment rates at the Mica Dam with
entrainment rates observed in other systems are not
straightforward. Nonetheless, telemetry studies conducted at Arrowrock Dam (Idaho, USA), which forms
a reservoir used primarily for recreation, irrigation
and flood control, have found annual entrainment
rates of adult bull trout ranging from 4.0 to 11.3%
(Flatter 1998, Salow & Hostettler 2004). Salow &
Hostettler (2004) reported that 7 out of 8 entrainment
events occurred between the fall and winter, when
operational discharge at the dam was higher than
average and the intakes were only at <10 m of depth.
Several other entrainment studies have used various
trapping techniques to capture fish at the tailrace of
dams and reported an absence or low proportion of
trout in the catch (James 2002, Hiebert et al. 2003,
Spinelli 2010, see also review in CH2M HILL 2007).
In many cases, the trout species caught were small
(< 300 mm) and the investigators could not determine
if they were entrained fish or residents of the
rivers/lakes downstream of the dams.
The population-level consequences of bull trout
entrainment have been investigated in the Rimrock
Reservoir (Tieton Dam, Washington, USA) by Underwood & Cramer (2007). The authors developed a
deterministic life cycle model to simulate the population-level consequence of entrainment of subdaults
(1.4% annual entrainment rate) and adults (0.5%) in
the presence of harvesting (4% annual harvest rate).
Simulation results showed that the population was
resilient to these levels of entrainment and harvest
due to the high fecundity of bull trout, which allowed
the simulated population to quickly rebound from the
losses. However, the annual rate of adult entrainment
assumed in that study was nearly 7 times lower than
that observed in our study (3.4%). Future studies
should investigate the sensitivity of simulations of
population abundance to higher and varying levels
of adult entrainment rates, as well as to variation in
life history and harvest rate parameters, and incorporate the effects of environmental and demographic
stochasticity (Lande et al. 2003).
Burbot used the forebay even less than bull trout.
Although median %DF was similar between the 2
species, the maximum %DF observed for burbot was
about 2%, whereas %DF values between 10 and
55% were observed for bull trout. Although the forebay detection data for burbot were too sparse to
enable us to formally evaluate seasonal patterns in
%DF, it is noteworthy that burbot detections in the
forebay during the second monitoring year occurred
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only in the fall — the period when we observed the
lowest levels of detection efficiency of the forebay
VR2Ws over the 2 yr of study (Fig. S4, Table S1 in the
Supplement). Furthermore, the only entrainment
event recorded for a tagged burbot occurred in the
fall of the first monitoring year. These limited but
important findings suggest that burbot are more
likely to encounter and use the forebay in the fall.
The increased entrainment vulnerability at this time
of the year might be associated with the general
observation that burbot movement is greater during
the fall, presumably due to increases in feeding
activity before spawning (Carl 1995, Paragamian
& Wakkinen 2008). Few studies have investigated
entrainment of burbot at other dams (e.g. Libby Dam
and Hauser Dam, Montana), but what has been done
indicates increased entrainment in the summer and
fall, though entrained fish were mostly juveniles
(Skaar et al. 1996, Spinelli 2010).

SUMMARY AND CONCLUSIONS
Collectively, our findings revealed that (1) adult
bull trout and burbot made little use of the forebay;
(2) bull trout used the forebay more and had higher
rates of entrainment than burbot; and (3) both forebay use and entrainment varied among seasons, particularly so for bull trout. Bull trout seem to be at
higher risk of entrainment during the fall and winter,
whereas limited evidence indicates that burbot ➤
would be at higher risk of entrainment during the
fall. These findings should be applicable for adult
bull trout and burbot in other hydropower reservoirs,
particularly if water diversion is maximized in the fall
and winter, when bull trout are overwintering in the
lake and burbot seem more active due to increases in
pre-spawning feeding. Given that bull trout are
listed as threatened in the United States (USFWS ➤
1999) and considered of special concern or threatened in 3 of 5 biogeographic populations in Canada
(COSEWIC 2012), the impacts of additional mortality
due to entrainment of adults on the long-term viability of reservoir populations warrant further investiga- ➤
tion, which will enable both managers and industry
to make informed decisions on how to mitigate and
compensate for entrainment.
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