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Abstract Impoundments of free-flowing rivers for hy-
dropower generation often confine fish to relatively
small reaches that can restrict movement, limit habitat
availability, and alter life history strategies. Here, acous-

tic telemetry was used to describe the seasonal habitat
use, locomotory activity, and depth use for Lake Stur-
geon (Acipenser fulvescens) and Walleye (Sander
vitreus) within an impounded reach on the Winnipeg
River, Manitoba, Canada. Lake Sturgeon foraged and
overwintered in the riverine-lacustrine transitionary
habitat as well as immediately below the tailrace of the
upstream run-of-river facility. Walleye demonstrated
high site fidelity to the upstream habitat situated
near the tailrace of a hydropower facility. Contrary
to Lake Sturgeon, that used multiple habitat types,
Walleye used the tailrace for spawning, foraging,
and overwintering, given their high residency rates
throughout all months at this location. Activity for
both species increased with water temperature and
when residing in habitat types located farther up-
stream, but were minimally active during the winter
season throughout the impounded reach. On aver-
age, Lake Sturgeon utilized 73% of the available
depth while Walleye utilized 62% of the available
depth across habitat types and months. Overall, the
habitat located within the tailrace and below run-of-
river facilities should be a conservation priority for
both Lake Sturgeon and Walleye populations. There
was persistent presence of Lake Sturgeon and Wall-
eye throughout the spawning, foraging, and
overwintering periods in the SSGS tailrace and with-
in the first rkm downstream of the tailrace. The
habitat proximal to run-of-river facilities generally
encompasses small areas of the total potential habi-
tat within impoundments, yet is important to both
species studied here. The results provide information
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on the seasonal habitat use and biological responses
to environmental cues for Lake Sturgeon and Wall-
eye that will enhance management and ecological
understanding for populations that are confined to
impounded reaches.

Keywords Lake Sturgeon .Walleye . Run-of-river
Impoundments . Acoustic telemetry . Spatial ecology

Introduction

Large rivers have been altered for hydroelectric devel-
opments (Cada 1998; Bednarek 2001). There is consid-
erable diversity in hydropower infrastructure and oper-
ations, but in general a dam is built to store water to
create hydraulic head before water is released through
turbines that generate electricity (Baxter 1977;
Bednarek 2001). Storage reservoirs and run-of-the-
river systems are common and lead to the creation of
impoundments (Geen 1974; Baxter 1977) that can affect
the natural flow regime of river systems (Poff et al.
1997). Lake Sturgeon (Acipenser fulvescens) and Wall-
eye (Sander vitreus) are two fish species that can be
found in larger storage reservoirs and typically smaller
run-of-river reservoirs (McDougall et al. 2014; Haxton
2011, 2015). Both species can move large distances
between spawning, foraging, and overwintering loca-
tions (Caswell et al. 2004; Haxton et al. 2015).
Fragmented river systems may threaten Lake Sturgeon
and Walleye populations by reducing habitat availabili-
ty, altering natural behaviours, and causing genetic
structuring (Gyllensten 1985). Habitat fragmentation
can diminish resiliency to environmental stochasticity
(e.g., drought, extreme flooding events) or human-
induced stressors such as abrupt discharge reductions,
habitat alterations or recreational angling pressure
(Saunders et al. 1991; Rosenberg et al. 1997; Haxton
et al. 2015). In Canada, populations of Lake Sturgeon
have been assessed as a species of special concern,
threatened, or endangered across their native range
(COSEWIC 2006) and they are being considered by
Fisheries and Oceans Canada for federal protection un-
der the Species at Risk Act (SARA; DFO 2010). While
Walleye have not been designated as at risk, this species
is an important commercial, subsistence, and recreation-
al fisheries resource in central and eastern North Amer-
ica (Sullivan 2003; Bozek et al. 2011).

Building an understanding of the behaviour and spa-
tial ecology at the population level is important for
achieving conservation goals (Caro 1998; Cott et al.
2015). Spatial ecology, movement, and behaviour of
fish have been related to biological and environmental
cues such as ontogeny, water temperature, ambient light,
and discharge (Lucas et al. 2001). For Lake Sturgeon,
environmental variables such as water temperature and
discharge are thought to initiate spawning behaviour in
the early spring (Forsythe et al. 2012; Dempsey and
Auer 2013; McDougall et al. 2014). Walleye are a
photophobic species that are generally more active dur-
ing the crepuscular and nocturnal periods (Swenson and
Smith 1973; Kelso 1978; Einfalt et al. 2012), and their
spawn timing and foraging are correlated to water tem-
perature, photoperiod, and discharge (Ellis and Giles
1965; Ryder 1977). Furthermore, seasonal habitat se-
lection of Lake Sturgeon and Walleye can be pre-
dicted based on ontogeny, water temperature, and
discharge (Auer 1996; Knights et al. 2002;
Peterson et al. 2007). However, habitat use, move-
ments, and biological responses to environmental
cues are not well documented for Lake Sturgeon or
Walleye in run-of-river impoundments.

Biotelemetry technology has enabled researchers to
investigate animal space-use and movement with mini-
mal human interference (Cooke et al. 2004a, b; Hussey
et al. 2015). Transmitters can be equipped with environ-
mental and biological sensors (e.g., temperature, depth,
and acceleration) that provide detailed animal-borne
information to make inferences about behaviour and
physiology relative to abiotic variables (Cooke et al.
2004a, 2004b; Wilson et al. 2015). Relatedly, acoustic
telemetry has been used to track the migrations of
acipenserids (McDougall et al. 2014; Raischi et al.
2016). Here, we used an acoustic telemetry array to
investigate the habitat use, locomotory activity, and
depth use for Lake Sturgeon and Walleye in a run-
of-river impoundment situated on a large boreal
shield river system. Specifically, we explored two
questions: 1) what type of habitat do Lake Sturgeon
and Walleye utilize seasonally in impounded sys-
tems, and 2) how can the relationships between fish
behaviour and abiotic variables be used to increase
our understanding of ecology of these fishes in
impounded large rivers? This information will build
upon the known ecology of these two fishes to aid
the management for Lake Sturgeon and Walleye
populations that reside within impoundments.
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Methods

Study location

This study was completed in an impounded reach locat-
ed on the Winnipeg River. The Winnipeg River extends
260 km downstream from Lake of the Woods, Ontario,
to Lake Winnipeg, Manitoba, and has eight run-of-river
hydropower facilities located along the length of the
river system. The study reach is bound on the upstream
end by the Seven Sisters Generating Station (SSGS;
50°7′14″N, 96°1′04″W) and the downstream end by
McArthur Falls Generating Station (MFGS; 50°23′52″
N, 95°59′50″W; Fig. 1). The telemetry array extends
across 50 km typical of run-of-the-river systems where
the upper region (~12 rkm) is characterized by mostly
riverine habitat while the remaining portion of the reach
(30 rkm) is mainly lacustrine that is associated with the
backwater area of the downstream generating station
(Fig. 1).

Fish capture and tagging

Based on recent assessments with egg counts and gillnet
sampling within the upstream region of this impound-
ment, there were Lake Sturgeon of all age classes pres-
ent and recruitment appeared to be occurring (Hrenchuk
et al. 2009; Manitoba Fisheries Branch 2012). Fish
capture and tagging procedures were conducted be-
tween May 20 and June 2, 2014. Multi-panel multifila-
ment gillnets with large mesh size (200 mm to 300 mm)
and boat electrofishing were used to capture Lake Stur-
geon. Gillnet panels were placed in deep pools situated
downstream of the SSGS tailrace. Spring upstream
spawning migrations commonly occur for Lake Stur-
geon (Auer 1996) and Walleye (Crowe 1962), conse-
quently, the individuals captured below the SSGS tail-
race (1–1.8 rkm from SSGS powerhouse) were expected
to be a mixture of spawning and non-spawning fish.
Gillnets were set at dusk (~17:00–21:00 CDT) and
pulled at dawn (soak time of 10–12 h). Walleye were
captured with a combination of fine- (100–200 mm) and
large- (200–300 mm) meshed multi-panel gillnets, and
with boat electrofishing during the crepuscular and noc-
turnal periods.

Upon capture, Lake Sturgeon and Walleye were
placed in holding tanks filled with ambient river water
prior to surgical procedures. Total length (TL, measured
to the nearest mm) and weight (kg) were recorded for

each fish during the tagging procedure. During the
capture period, no Lake Sturgeon or Walleye were
recaptured during netting or electrofishing procedures.
We used conventional transmitters (V13; n = 40;
lifespan: 818 days; Vemco, Halifax, Nova Scotia, Can-
ada), as well as transmitters with integrated biological
sensors (V13AP; n = 40; lifespan: 649 days; Vemco).
The sensor transmitters provided an equal ratio of depth
(i.e., hydrostatic pressure; max. Depth = 50 m; accura-
cy = ± 2 m; resolution = 0.5 m) and locomotory activity
using integrated sensor accelerometers. Acceleration
provides a general locomotory activity measured
across three axes (x, y, and z) that is averaged from
5 samples/s with a 10 s accelerometer sample time.
These sampled values are then root-mean-squared
and summed using the formula,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2þ y2þ z2
p

,
which provides locomotory activity in SI units
(m·s−2). The transmitters were divided equally be-
tween Lake Sturgeon (n = 40) and Walleye (n = 40)
for both transmitter models (20 V13 and 20 V13AP
per species). Transmitters propagate a unique coded
ID at 69 kHz frequency to distinguish each tagged
fish. Acoustic transmitters were manufactured with a
random delay range of 50–130 s (nominal average
delay = 90 s) to help reduce code collisions from
multiple fish (Heupel et al. 2006).

Lake Sturgeon were immobilized in a fine-mesh
cradle that was submerged in ambient river water and
oriented into a supine position to induce catatonic im-
mobility and to access the ventral side for the tagging
procedure. No anaesthetic was used to immobilize Lake
Sturgeon during tagging procedures as per previous
tagging operations (Thiem et al. 2013). The head and
gills remained submerged in a trough filled with fresh
river water to maintain normal respiration during the
tagging procedures. All surgical tools, gloves, and
acoustic transmitters were disinfected using a 10%
povidone-iodine solution (Betadine®, Stamford, Con-
necticut, USA). An incision (~2 cm) was made with a
scalpel on themidline positioned slightly posterior to the
pectoral girdle and an acoustic transmitter was inserted
posteriorly into the coelom cavity. This was followed by
three simple interrupted sutures (3–0 polydioxanone-II
violet monofilament; Ethicon, Cincinnati, Ohio, USA)
to close the wound. Each tagging procedure took less
than 5 min to complete. The tagged Lake Sturgeon were
held in a tank filled with fresh river water to monitor for
post-tagging effects for 10–15 min, then released at a
location downstream from the capture site.
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Similarly, the captured Walleye were implanted with
either a V13 or V13AP acoustic transmitter. Certain
methods (i.e., tool disinfection, gloves worn, incision
location, and number of sutures used to close wound)
were identical to those that were used for Lake Sturgeon.
However, Walleye were immobilized using stage-4
electro anaesthesia (Summerfelt and Smith 1990) using
a Portable Electro Sedation Unit (PES; Smith-Root,
Vancouver, Washington, USA; Vandergroot et al.
2011) prior to tag implantation. The PES was set to
100 Hz, 25% duty cycle, and 40 Volts. Pulsed direct
current is an appropriate anaesthetic for adult Walleye,
providing a surgery window of 250–350 s, short recov-
ery time, and has minimal impact on vertebral integrity
(Vandergroot et al. 2011). Upon stage-4 anaesthesia,
Walleye were placed supine in a padded v-shaped
trough. Ambient river water was continuously pumped
into the mouth and over the gills using a recirculating
pump system to maintain normal respiration during the
tagging procedure (< 5 min).

No mortality was observed in Lake Sturgeon or Wall-
eye during or immediately after the tagging procedures.
All tagged fish were below the 2% transmitter-to-fish
weight ratio that is recommended tominimize the chance
of altering their natural behaviour due to transmitter

presence (Rogers and White 2007). Fish handling and
surgical procedures were approved and followed the
Canadian Council on Animal Care animal use protocol
(AUP #101065). This research project was also ap-
proved by Manitoba Water Stewardship, Fisheries
Branch under Scientific Collection Permit No. 14–14.

Receiver array

An array of 32 acoustic telemetry receivers (VR2W;
Vemco, Halifax, NS) were used to passively-track
tagged Lake Sturgeon and Walleye throughout the
impounded reach during the study period. The receivers
were set as singular or paired gates (i.e., a receiver
anchored on each river bank) depending on river width
and flow characteristics. Prior to receiver placement, we
performed stationary range testing, using a V13 trans-
mitter that was identical to fish tags, to assess detection
range of the VR2Ws in relation to the general flow
characteristics (i.e., high, moderate, minimum flow) that
were visually identified in the field when setting up the
acoustic receiver array. Upon completing in-situ range
testing, the detection range was considerably lower
(~75 m) within the SSGS tailrace due to ambient noise
in comparison to riverine (~200 m) and lacustrine

Fig. 1 An overview of the
VR2Wacoustic receiver (Vemco)
array within the impounded reach
situated between the Seven Sis-
ters GS and McArthur Falls GS
on the Winnipeg River. The re-
ceivers are shaded by their habitat
types. The map inset shows the
acoustic receivers that are in the
tailrace (white) and below the
Seven Sisters GS (grey)
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(~500 m) habitat types. Due to the limited detection
range in the tailrace, the acoustic receivers were spaced
closely together to maximize detection coverage in the
tailrace area. The SSGS tailrace extends approximately
1200 m downstream from the powerhouse, with a width
of 40–70 m. The upper region of the tailrace (0–400 m)
was unsuitable for placing VR2Ws due to swift currents
and the lack of suitable anchoring locations. There were
no receivers placed near the SSGS spillway because this
area was dangerous to navigate by boat. Receivers were
spaced farther apart throughout the riverine and lacus-
trine habitat because of the greater detection range. The
VR2Ws were affixed to 3/8″ braided line and situated
between a granite anchor (27–36 kg) and a sub-surface
buoy. The receivers that were placed in swift-water
conditions were tethered to shore using 1/4″ galvanized
steel cable, and positioned 50–200 m away from the
shoreline in 2–6 m of water. Receivers located in still-
water conditions were set in 5–11 m depth with an
additional trailing anchor attached to the granite anchor
with 10–20 m of line. Receivers were retrieved to
offload data by catching the line between the anchors
with a grappling hook. The anchor systems were not
affected by the hydraulic conditions in the river and
remained in place for the duration of the study. Receiver
deployment commenced from June 2 to August 9, 2014,
inclusively. Data collection commenced when all re-
ceivers were anchored and continued up to the date of
the final data offload. Overall, the passive study period
commenced on August 10, 2014 through to July 6,
2015, for a duration of 330 days.

Database management

The internal clocks of the VR2Ws drift over time,
therefore, time of arrival for detections were corrected
using a linear regression algorithm in the Vemco User
Environment (VUE; Vemco) prior to filtering data. In
addition, false-positive transmissions needed to be iden-
tified and removed from the dataset prior to performing
analyses. False-positive detections can occur when mul-
tiple tags transmit simultaneously within the detection
range of a receiver. This collision of transmissions may
produce erroneous tag identification (Skalski et al. 2002;
Pincock 2011). False-positives were first assessed in the
VUE as single detections from unidentified coded trans-
mitters. The database was further filtered by assessing
spatiotemporal order of detections. Distance and time
between consecutive detections was calculated for each

fish. If a fish was detected at an unrealistic speed be-
tween two consecutive detections (i.e., movement ve-
locity > 5 m·s−1) then the subsequent detection was
removed from the data set (Skalski et al. 2002;
Pincock 2011). Because of the proximity of some re-
ceivers, a transmission from a fish could be detected
multiple times if a fish is within range of multiple
receivers. As such, duplicate transmissions were filtered
from the database by identifying consecutive detections
from each fish that was recorded less than the minimal
tag delay (i.e., < 50 s). If a fish was detected at the same
receiver continuously for 6 months (i.e., no change in
lateral or vertically position or with swimming acceler-
ation), then the fish was assumed dead and the post-
mortality data removed. Data filtration was completed
using the R Statistical Environment (R Core
Development Team 2016), MS Access, and VUE soft-
ware (Vemco).

Data were grouped per calendar month, and across
five general habitat types characterized by water veloc-
ity, which included: (1) Tailrace, (2) Below Tailrace (3)
Riverine, (4) Riverine-Lacustrine, and (5) Lacustrine
(Fig. 1). Daily discharge data (m3·s−1) from the SSGS
powerhouse and spillway, as well as tailrace height (m),
was acquired from Manitoba Hydro (Fig. 2). Daily
water temperature readings were acquired from the
township of Powerview-Pine Falls (Fig. 2). Local solar
information was retrieved online (acquired from www.
ptaff.ca) and used to summarize the detection data into
diel periods (i.e., day: ≥ sunrise and < sunset; night: ≥
sunset and < sunrise).

Residency

To investigate residency, we calculated the proportion of
tagged fish that were present monthly in each habitat
type. Sometimes, a tagged fish went undetected on a
given day due to the limited spatial coverage of the
acoustic receiver array, particularly in the riverine-
lacustrine and lacustrine habitats. When this occurred,
the previous position was estimated using the last-
observation-carry-forward approach (Shao and Zhong
2003; McDougall et al. 2014). When a fish went unde-
tected, it was assumed to be near the last known posi-
tion, which was used to infer its position for the unde-
tected day(s). When implementing this approach, the
inferred position was always generated in the same
habitat type as the previous and subsequent positions.
This indicates that the fish did not move considerable
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distances between detection events and that this ap-
proach is accurate for coarse-scale positioning (i.e.,
positioning within broader habitat classes) of the tagged
fish when going undetected on a given day. For a fish to
be present in a habitat type on any given study day, it
was required to be detected at least two times daily on
the receivers associated within that specific habitat type.
For each study day, the number of fish were summed for
each habitat type and divided by the total number of fish
remaining in the system for the entire study period to
calculate a residency index. Daily values were then
grouped according to the calendar month of the study
period. This provided a proportional outcome for fish
presences that ranged between 0.0–1.0, where 0 would
be no fish and 1 would be all fish being present.

Depth use

Depth use (hydrostatic pressure sensors; m) was investi-
gated to understand habitat selection of Lake Sturgeon
andWalleye in habitat types found in impounded reaches.
Daily depth averages for detected fish were calculated
when a minimum of 10 detections were recorded on any
given day of the study period (Gutowsky et al. 2013). For
depth use, we generated a depth electivity index (DEI) by
determining depth position relative to the maximum
depth available near a receiver. The receiver depths in
the SSGS tailrace were corrected using the daily change
in the tailrace water surface elevation. Digital bathymetry
maps of the study area were used to measure maximum
depth within the estimated detection range of the acoustic
receivers (i.e., 50 m radius within and below the SSGS
tailrace, and a 500m radius within all other habitat types).
The average daily depth values were divided by the
maximum depth for the receiver that recorded the

detections to generate a DEI value for each sampled fish.
Daily DEI values for each sampled fish were averaged by
the calendar months and habitat types. The DEI response
has a proportional data structure that ranges between 0
and 1, where values of 0 would be surface water and
values near 1 would be at the maximum depth available.
DEI values for each sampled fish were also analysed in
relation to the mean water temperature, powerhouse dis-
charge, and spillway discharge.

Locomotory activity

Locomotory activity (tri-axial acceleration from V13AP
tags; m·s−2) was investigated to understand Lake Stur-
geon and Walleye movement behaviour when residing
in various habitat types found within run-of-river im-
poundments. Acceleration averages (x̅) for detected fish
were calculated when a minimum of 10 detections were
recorded on any given day of the study period
(Gutowsky et al. 2013). Average sensor values of less
than 0.1 were removed from analyses since they were
considered erroneous or unrealistic with being near the
threshold of no activity. Since daily values were expect-
ed to be similar between days, the daily values were
averaged for each week of the study period and further
summarized by diel period and calendar months. Loco-
motory activity for each sampled fish were also analysed
in relation to the mean water temperature, powerhouse
discharge, and spillway discharge.

Data analyses

AIC model selection was applied to determine appro-
priate models for residency, depth use, and locomotory
activity (Zuur et al. 2009). The dependent variables were

Fig. 2 An overview of the daily
water temperature (°C; dashed
line) acquired from the township
of Powerview-Pine Falls, as well
as discharge (m3·s−1) from the
Seven Sisters GS spillway (dotted
line) and powerhouse (solid line)
provided by Manitoba Hydro
through the study period (August
10, 2014 to July 6, 2015)

1090 Environ Biol Fish (2017) 100:1085–1103



fitted with models that could include water temperature,
powerhouse discharge, spillway discharge, diel period,
calendar month, or habitat type, as well as selected two-
way interactions. Separate candidate model sets were
generated for each species to discriminate species-
specific trends for residency, depth use, and locomotory
activity. Generalized linear models (GLM) were fitted to
the residency data, which assumed a binomial outcome
due to the proportional structure of the data. GLMswere
specified using the built-in GLM function in the R
statistical environment (R core team 2016). Linear
mixed-effects modelling (LME) were fitted using
‘lme’ function from the ‘nlme’ package (Bates et al.
2015; Pinheiro et al. 2015) in R to model depth use
and locomotory activity. Because the sensor data (i.e.,
depth use and locomotory activity) were summarized
for each individual fish, the variance was expected to be
dependent on the sampled individuals. As such, the
ID for the tagged fish was included as a random
effect in all LME models. All data were visually
examined for outliers, correlation, and heterogeneity
using boxplots, pair-plots, and Cleveland dot-plots,
respectively. Fitted models were checked for residu-
al homogeneity, independence, and normality fol-
lowing techniques described by Zuur et al. (2009).
When modelling locomotory activity, we tested
whether residual homogeneity was improved de-
pending on fixed terms by testing the inclusion of
residual covariates for model terms that demonstrat-
ed heteroscedasticity when plotting model residuals
(Pinheiro et al. 2015).

Results

During the study period, the acoustic array retrieved
2,888,832 valid detections. Tagged Lake Sturgeon pro-
vided 1,280,860 (43.7%) and Walleye 1,649,823
(56.3%) of all detections over the monitoring period
and habitat types. Of the total detections, 657,177 were
depth records and 658,215 were acceleration records.
The remaining 1,615,292 were positional detections.
NineWalleye were reported as harvested by recreational
anglers, and eight additional Walleye either died or
moved to areas within the study reach where they were
no longer detected. All tagged Lake Sturgeon survived
or did not dispel internal tags throughout the study
period based on the retrieved data.

Seasonal residency

The top model fitted to the residency data included the
interaction between habitat type and water temperature
(Table 1). However, the models that included interac-
tions between spillway and powerhouse discharge with
habitat type were ranked 2nd and 3rd amongst the fitted
models (Table 1). When total discharge (i.e., Power-
house + Spillway) was below 1000 m3·s−1, individuals
were dispersed throughout the impoundment. However,
more fish were present in the lacustrine habitat and at a
lesser extent in the riverine-lacustrine habitat as dis-
charge increased towards 2000 m3·s−1. Overall, Lake
Sturgeon were only detected in the SSGS tailrace habitat
between weeks 11 to 27 (i.e., March 9 to July 5, 2015).
These residency rates were measured between the dates
of May 10-20, 2015. There were moderate proportions
of Lake Sturgeon residing below the SSGS tailrace
throughout the study period, but more so in winter
months (Fig. 3). The greatest proportions of Lake Stur-
geon (i.e., 16–38% of tagged individuals) were present
at the SSGS tailrace when water temperatures measured
between 9.1–9.8 °C (Fig. 4), while SSGS powerhouse
discharge measured 429.9–502.4 m3·s−1 (Fig. 2). The
lacustrine habitat was found to have the highest residen-
cy rates of Lake Sturgeon during the months of June
(0.54), July (0.49), and August (0.40). Through June
and July of 2015 there were increasing numbers of Lake
Sturgeon residing in the riverine and lacustrine habitats,
while decreasing numbers of fish residing below the
SSGS tailrace and the riverine-lacustrine habitat
(Fig. 3). This trend appears to be driven by water tem-
perature since the top candidate model included only the
interaction between habitat type and water temperature
(Table 1). There was a trend for the tagged Lake Stur-
geon to move to downstream habitats as water temper-
ature increased, whether they were residing below the
SSGS tailrace or in the riverine-lacustrine habitat
(Fig. 4). Lake Sturgeon were found to overwinter below
the SSGS tailrace, the riverine-lacustrine habitat, and
lacustrine habitat.

The top model for Walleye residency included the
interaction between habitat type and water temperature
(Table 1). Walleye had an preferred the habitat within
and below the SSGS tailrace (Fig. 3). In general, the
residency rate was higher during the autumn (0.55),
winter (0.70), and spring (0.57) in the habitat located
below the SSGS tailrace. Walleye moved upstream into
the SSGS tailrace and downstream into the riverine
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habitat during the months of May to July. A small
proportion (13.2–14.3%) of the tagged Walleye used
the riverine-lacustrine habitat to overwinter between
the months of November 2014 to April 2015. Only
one fish was found to reside in the lacustrine habitat
across the study months. Some of the Walleye moved
out of the area below the SSGS tailrace as water tem-
perature approached 15 °C. Walleye residency within
the SSGS tailrace and riverine habitat increased between
15 and 20 °C. Walleye residency diminished in the
riverine-lacustrine habitat when water temperature in-
creased above 5 °C and remained low in the lacustrine
habitat across the water temperature range (Fig. 4).

Depth use

The top candidate model for explaining depth use for
Lake Sturgeon included the interaction between habitat
type and water temperature, as well as powerhouse dis-
charge (Table 1). The random effect of individual fish was
found to improve the full model for Lake Sturgeon

(ΔAIC = −495.9). On average, Lake Sturgeon utilized
depths closer to the maximum depth recorded in the
tailrace of the SSGS (DEI = 0.97 ± 0.05 SD) and riverine
habitat (DEI = 0.90 ± 0.16 SD). Depth utilization was
similar for Lake Sturgeon that were residing below the
SSGS (DEI = 0.63 ± 0.21), riverine-lacustrine
(DEI = 0.72 ± 0.20), and lacustrine (DEI = 0.68 ± 0.15)
habitats (Fig. 5). Lake Sturgeon utilized greater depths
below the SSGS tailrace and riverine habitat when water
temperature and powerhouse discharge increased (Fig. 6).

The top fitted model for explaining the depth use of
the taggedWalleye included month, diel period, and the
interaction between powerhouse discharge and habitat
type (Table 1). The random effect of individual fish was
found to improve the fitted models (ΔAIC = −1752.4).
On average, Walleye utilized habitat at 0.62 (± 0.16)
across all habitat types and through the full study
period. Walleye were found to utilize shallower
depths when detected in the lacustrine habitat
(DEI = 0.51 ± 0.30) and greater depths when located
in the riverine habitat (DEI = 0.74 ± 0.19; Fig. 7).
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Fig. 3 The proportion of tagged fish for Lake Sturgeon (shaded plots) and Walleye (open plots) residing in five habitat types across the
study months (x-axis) located between the Seven Sisters GS and McArthur Fall GS on the Winnipeg River
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Walleye depth use was similar when located within the
tailrace (DEI = 0.60 ± 0.27), below the tailrace
(DEI = 0.67 ± 0.19), and within the riverine-lacustrine
habitat (DEI = 0.63 ± 0.24; Fig. 7). On average, Walleye
resided in less than 0.60 of the available habitat during
the months of July (DEI = 0.55), August (DEI = 0.48),
and September (DEI = 0.58), while all other month were
situated in depths greater than 0.60 of the available
habitats (Fig. 5). When powerhouse discharge in-
creased, Walleye moved into shallower habitat when
located in the tailrace environment. Walleye remained
at similar depths in all habitat types as the powerhouse
discharge rate changed.

Locomotory activity

The best model that best explained locomotory activity
for Lake Sturgeon included the term for month, as well
as the interaction between habitat and water temperature
(Table 1). The inclusion of individual fish as a random

effect improved the model (ΔAIC = −695.4). Allowing
the residual variance to depend on month and water
temperature improved residual homogeneity in the can-
didate models. Lake Sturgeon locomotory activity var-
ied through the study period with a range between 0.1
and 1.48 m·s−2 (Fig. 7). In general, Lake Sturgeon
became more active with rising water temperature, and
remained similarly active when water temperatures
ranged between 10 to 25 °C (Fig. 8). Lake Sturgeon
were most active in the riverine habitat (x̅ =
0.85 m·s−2 ± 0.25 SD) while moderately active in the
SSGS tailrace (x̅ = 0.69 m·s−2 ± 0.18 SD) and in the
habitat located below the tailrace (x̅ = 0.70 m·s−2 ± 0.33
SD). Lake Sturgeon were relatively less active when
residing in the riverine-lacustrine (x̅ = 0.48 m·s−2 ± 0.19
SD) and lacustrine (x̅ = 0.47 m·s−2 ± 0.20 SD) habitat
types. On average, locomotory activity rates for Lake
Sturgeon were elevated between May through to Octo-
ber, while lowest from December through to March
(Fig. 7). Locomotory activity was only recorded in
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Fig. 4 The proportion of fish present in each habitat type (y-axis)
across the water temperature range (x-axis) for Lake Sturgeon
(circles; solid line) and Walleye (triangles; dotted line) that reside

within the impounded reach situated between Seven Sisters GS
and McArthur Falls GS on the Winnipeg River
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the SSGS tailrace during the month of May for Lake
Sturgeon, with an average activity value of
0.69 m·s−2 (range: 0.61–0.81 m·s−2). Locomotory
activity from Lake Sturgeon within in the SSGS
tailrace was recorded when powerhouse discharge
measured between 467 and 616 m3·s−1 and water
temperature were between 8.8–12.3 °C.

The top model for Walleye locomotory activity in-
cluded month, as well as the interaction between habitat
type and water temperature (Table 1). The inclusion of
individual fish as a random effect improved the model
(ΔAIC = −91.4) and the inclusion of a variance covariate
for month improved the residual homogeneity. Walleye
activity rates ranged between 0.06–2.65 m·s−2 across
habitat types during the study period, being more active
through June (x̅ = 0.78 m·s−2), July (x̅ = 0.77 m·s−2) and
August (x̅ = 0.82 m·s−2) and less active between De-
cember through to March (range: 0.21–0.29 m·s−2;
Fig. 7). Walleye became more active as water tempera-
tures approached 20 °C, which was dependent on the
habitat type they were residing (Fig. 8). Walleye were
most active when situated in the SSGS tailrace (x̅ =

0.85 m·s−2 ± 0.33 SD; range: 0.60–1.01 m·s−2) and
riverine habitat (x̅ = 0.62 m·s−2 ± 0.21 SD), whereas
less active when residing in the other three habitat types
(range: 036–0.39 m·s−2).

Discussion

This telemetry study was implemented to evaluate and
compare the spatial ecology of Lake Sturgeon andWall-
eye within run-of-river impoundments using bioteleme-
try. The technology that was applied generated a large
dataset, which was used to assess habitat use, depth use,
and locomotory activity for these species in a Boreal
Shield river impoundment. Habitat use and ecological
information of Lake Sturgeon have been limited for
riverine/impounded populations (McKinley et al.
1998; McDougall et al. 2013a, 2013b, 2014). Further-
more, the movement behaviour for Walleye within run-
of-river impoundments has only recently begun to be
documented in the primary literature (Haxton et al.
2015). The habitat below the upstream run-of-river
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Fig. 5 Comparing the indexed depth use (DEI) for Lake Sturgeon (shaded plots) and Walleye (open plots) across habitat types within the
impounded reach situated between Seven Sisters GS and McArthur Falls GS on the Winnipeg River
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Fig. 6 Indexed depth use (DEI) for Lake Sturgeon within the habitat types of the impounded reach plotted across the Seven Sisters GS
powerhouse discharge range

Fig. 7 Locomotory activity rates (m·s−2) across the study month for Lake Sturgeon (shaded plots) and Walleye (open plots) relative to
habitat type in the impounded reach situated between Seven Sisters GS and McArthur Falls GS on the Winnipeg River
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hydropower facility (SSGS) was particularly important
for both Lake Sturgeon and Walleye. Water temperature
was an important driver of habitat use for Lake Sturgeon
and Walleye. As water temperature rose, Lake Sturgeon
generally moved to habitat located further downstream,
while Walleye moved upstream (i.e., tailrace habitat)
and downstream (i.e., riverine habitat) from the area
below the SSGS tailrace. Both species became increas-
ingly active as water temperatures approached 15–20 °C
throughout the impoundment, and less active through
the winter period as water temperatures approached
5 °C. Depth use for Lake Sturgeon and Walleye was
found to be related to habitat type and water tempera-
ture. On average, Lake Sturgeon utilized greater depths
than Walleye within the SSGS tailrace and lacustrine
habitat, while utilizing similar available depths in the
other habitat types.

Outcomes for Lake sturgeon

In open systems, Lake Sturgeon are known to migrate
upstream from lake environments after winter to spawn
at the base of natural barriers such as steep falls or river
narrows (Mosindy and Rusak 1991; Peterson et al.

2007). Similar results were found within this impounded
reach as Lake Sturgeon mainly utilized the upstream
habitat of the SSGS tailrace during the spring season.
The residency data, indicated that when water tempera-
ture was 9.1–9.8 °C and discharge was 429.9–
502.4 m3·s−1 the greatest numbers of tagged Lake Stur-
geon were located in the SSGS tailrace. These water
temperatures were within the optimal temperature range
reported for Lake Sturgeon spawning (8–19 °C,
Roussow 1957; LaHaye et al. 1992; Bruch and
Binkowski 2002). On a large peaking impoundment
on the Mattagami River, Ontario, Canada similar obser-
vations of Lake Sturgeon at spawning locations oc-
curred when water temperatures ranged between 8 and
10 °C (McKinley et al. 1998). Previous work has also
documented greater abundances of fish and lower resi-
dency durations in habitat near a hydropower facility
during run-of-river flow versus hydropeaking opera-
tions at the same facility (Auer 1996). This may occur
because more consistent powerhouse discharge rates
occur at run-of-river facilities, allowing Lake Sturgeon
to spawn when desired water temperature corresponds
with optimal discharge levels. We posit that tagged
Sturgeon in the current study were either utilizing

Riverine−Lacustrine Lacustrine

Tailrace Below Tailrace Riverine

0 to 5 5 to 10 10 to 15 15 to 20 20 to 25 0 to 5 5 to 10 10 to 15 15 to 20 20 to 25

0 to 5 5 to 10 10 to 15 15 to 20 20 to 25

0

1

2

3

0

1

2

3

WATER TEMPERATURE ( O C)

L
O

C
O

M
O

T
O

R
Y

 A
C

T
IV

IT
Y

  
 (m

s
2
)

Fig. 8 Locomotory activity rates (m·s−2) across water temperatures for Lake Sturgeon (shaded plots) and Walleye (open plots) relative to
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tailrace habitat to spawn or, based on their return to the
area in proximity of the SSGS facility where they were
tagged the previous spring, were migrating with
spawning conspecifics. There was no Lake Sturgeon
detected in the SSGS tailrace after week 27, suggesting
that Lake Sturgeon spawning was completed within this
ten-day period. Food and habitat for Lake Sturgeon is
generally restricted in spawning locations due to the
swift conditions near hydropower facilities, so fish do
not spend a considerable amount of time in this habitat
prior to or after spawning (Auer 1996).

Based on the residency data, Lake Sturgeon were
dispersed across the entire impoundment across all
months. Lake Sturgeon generally migrate between
spawning, foraging, and overwintering habitats or move
to avoid conditions that are unfavourable (Auer 1996;
Peterson et al. 2007). Here, Lake Sturgeon utilized
habitat closer to the SSGS (i.e., in and below the SSGS
tailrace) more so during the spawning season, yet, some
individuals remained just downstream of the SSGS tail-
race to forage and overwinter. In an impoundment lo-
cated farther upstream (Point De Bois GS – Slave Falls
GS), Lake Sturgeon of all age classes were also found
residing below the upstream facility in all seasons
(McDougall et al. 2014). Indeed, Lake Sturgeon resi-
dency was highest during the overwintering period in
the habitat below the SSGS tailrace. Lake Sturgeon
appear to generally prefer habitat with a transition zone
between riverine and lacustrine conditions to overwinter
and forage (Rusak and Mosindy 1997; Knights et al.
2002). Refugia from flow are important for fish to
tolerate elevated flow events (Murchie and
Smokorowski 2004). Given that Lake Sturgeon are
rheotaxic (McDougall et al. 2013b), individuals may
reside immediately below the tailrace during the period
of increased flow because of the available complex
habitat structures (i.e., rock peninsula, several small
islands, confluence with a small tributary; Fig. 1) that
create flow boundaries and make this area less energet-
ically taxing for Lake Sturgeon to reside here. Also,
there were observations of fine silt/sand located below
the SSGS tailrace when recovering receivers, which is
typical substrate used by Lake Sturgeon for foraging
(Chiasson et al. 1997; Peterson et al. 2007) and over-
wintering (McKinley et al. 1998). The lacustrine habitat
appears to be a preferred foraging habitat for Lake
Sturgeon during June, July, and August. During these
months, approximately 50% of the tagged fish utilized
this habitat. Lake Sturgeon have been found to prefer

substrate that consist of fine organic materials such as
silt and clay (Chiasson et al. 1997), which is character-
istic of the lacustrine habitat in this impoundment.Water
temperature and discharge were key determinants of
habitat use for Lake Sturgeon in this impounded reach.
The Lake Sturgeon demonstrated movement into the
lacustrine habitat as water temperatures exceeded
10 °C. Other research has also found that Lake Sturgeon
habitat use can be influenced by water temperature, as
well as having preference for specific habitat locations
(McDougall et al. 2014).

Locomotory activity was explained by the interaction
between habitat type and water temperature for Lake
Sturgeon. The results here demonstrated that locomoto-
ry activity rates increased as water temperature ranged
between 10 and 15 °C, then decreased marginally as
temperatures approached 20 °C. Past work has found
that locomotory activity decreases as water temperatures
approach 19 °C (Power and McKinley 1997) and Lake
Sturgeon avoid areas where water temperatures exceed
23 °C (Ono et al. 1983), which correspond to our results.
The tagged Lake Sturgeon were noticeably less active
during the overwintering period with lower water tem-
peratures (i.e., December – March). Lake Sturgeon are
known to forage throughout the year, but feeding may
slow in northern populations during the winter (Priegel
and Wirth 1974). Interestingly, discharge from the
SSGS powerhouse and spillway, and their interaction
with habitat type, were not identified as important pre-
dictors of locomotory activity for Lake Sturgeon within
the impounded reach.

The results indicate that the interaction between hab-
itat type and water temperature was important in the best
model for explaining depth use of Lake Sturgeon. Lake
Sturgeon utilized greater depths below the SSGS and
within the riverine habitat as water temperature in-
creased, while vice versa in other habitat types. Howev-
er, Lake Sturgeon generally utilized 52% (i.e., DEI of
0.52) of the available depths amongst habitats and
months. Lake Sturgeon is a demersal species, having
fidelity with the substrate to overwinter and forage
(Scott and Crossman 1973; Dempsey and Auer 2013).
Lake Sturgeon are thought to reside in deeper waters
during the summer months based on water temperature
(McKinley et al. 1998). Based on the DEI results, the
tagged Lake Sturgeon were generally found in less
than 50% of available depth through the spring, sum-
mer, and autumn months. As a fish with affinity to
the substrate, it is likely that the tagged sturgeon are
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residing in shallower areas rather than residing mid-
way in the water column. Lake Sturgeon may select
depths that contain a rich source of benthic macroin-
vertebrates when foraging (Harkness and Dymond
1961). Lake Sturgeon generally selected depths that
were approximately 60–80% of the available depth
during the foraging and overwintering months. Depth
data were only generated in the SSGS tailrace be-
tween late-May to early-June when tagged fish were
present. Lake Sturgeon used greater depths when
located in the SSGS tailrace relative to the other four
habitat types located further downstream. Although
measurements were not taken, the water velocity is
typically lowest adjacent to the substrate (Allan
1995), therefore, the tagged individuals may reside
at greater depths to minimize energy expenditure
through the spawning season.

Outcomes for walleye

Walleye habitat use was relatively restricted to the first
~9 rkm of the impounded reach. On the Ottawa River,
Ontario, Canada, Walleye were found to move to a
lesser extent in an impounded reach compared to an
open river system, with downstream movement being
limited (Haxton et al. 2015). Walleye particularly pre-
ferred the riverine and tailrace habitat during the sum-
mer months, while residing below the SSGS tailrace
through all months of the year. Past research document-
ed that Walleye utilize small habitat areas located near
spawning habitat during non-reproductive periods
(DePhilip et al. 2005). In open systems, Walleye gener-
ally do not move between connected systems (Weeks
and Hansen 2009) and demonstrate fidelity to a specific
habitat area (Palmer et al. 2005). The area proximal to
the SSGS (i.e., SSGS tailrace and below the tailrace)
have riffle sections with coarse substrate, which is typ-
ically important for spawning Walleye (Priegel 1970;
Hartley and Kelso 1991). There was a pronounced
increase inWalleye residency in the tailrace and riverine
habitats during the summer period, which is a produc-
tive foraging and growing period for Walleye when
water temperatures are optimal (Bozek et al. 2011).
The SSGS may provide a unique foraging habitat as it
is a barrier to fishmoving upstream and a location where
entrained fish would likely be available as a food source.

Homing inWalleye is an adult-learned behaviour that
is strengthened through repeated annual homing move-
ments across several years (Olson et al. 1978). With

Walleye being relatively rare in the lacustrine and
riverine-lacustrine habitats throughout the study period,
it appears that habitat in the upstream area of the im-
poundment is important for the tagged Walleye. As a
schooling species, older individuals may show younger
conspecifics where optimal foraging and spawning hab-
itats exist (Palmer et al. 2005; Bozek et al. 2011).
Additionally, Walleye subpopulations may exist based
on habitat preferences. There are three unique life his-
tory strategies that Walleye employ: 1) river resident –
river spawning, 2) lake residency – river spawning, and
3) lake residency – lake spawning (Bozek et al. 2011).
Distinct populations of Walleye are known to coexist in
connected riverine – lacustrine systems (Palmer et al.
2005). The tagged individuals are more likely to be
‘river resident – river spawning’ individuals since the
fish were captured/tagged from the upstream portion of
the impoundment. The two receivers located farthest
downstream from the SSGS did not detect any tagged
Walleye, which further indicates fidelity to the areas
adjacent to SSGS while showing little association with
the backwater area near the MFGS.

Locomotory activity for Walleye was best explained
with a model that included habitat type, diel period,
water temperature, and SSGS discharge. Tagged Wall-
eye were more active with rising water temperatures,
with those in the tailrace, lacustrine, and riverine habi-
tats becoming more active as water temperatures
approached 20 °C. Optimal temperature for growth
and foraging activity occurs within the 18–24 °C range
(Wismer and Christie 1987; Christie and Regier 1988).
Peak spawning activity for Walleye occurs when water
temperature ranges between 4 and 14 °C (Bozek et al.
2011). Given the locomotory activity and residency in
the tailrace at these temperatures during spring, Walleye
utilized the area near the SSGS during the spawning
period as this area contains coarse-grain substrate mate-
rial and cold, well oxygenated water (DePhilip et al.
2005). Similarly, tailrace environments characterized by
rocky, turbulent conditions provide important habitat for
other important recreational fisheries species, such as
Smallmouth Bass (Micropterus dolomieu) (Janssen
1992; Weathers and Bain 1992). Indeed, the tailwaters
of the Wilson and Wheeler Dams on the Tennessee
River, Alabama, USA, have been popular and produc-
tive recreational fisheries for Largemouth Bass
(Micropterus salmoides), Smallmouth Bass, Catfish
(Ictalurus spp.), and Freshwater Drum (Aplodinotus
grunniens) (Janssen and Bain 1994).
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Depth use for Walleye was best explained by month,
diel period, and the interaction between powerhouse
discharge and habitat type. Walleye selected deeper
water when residing in the riverine-lacustrine habitat
compared to other habitats. Walleye were found to re-
side in the riverine-lacustrine habitats during the winter
period, when they are less active and likely selecting
deeper refugia habitat to conserve energy resources.
Alternatively, Walleye were found in less of the avail-
able depth (DEI = 0.59) when residingwithin the tailrace
of the SSGS, particularly during high powerhouse dis-
charge. The area near the shoreline provides flow
refugia and shallower depths (~ 0–3 m), whereas waters
located 2–5 m away from the shoreline provides greater
available depths (~ 8–15m).Walleye are likely selecting
favourable habitat based on flow conditions rather than
depth preferences when located in tailrace in effort to
avoid the consistently high flow velocity regions found
below run-of-river powerhouses. Other literature
sources have indicated that Walleye prefer depths be-
tween 3 and 12 m, with larger individuals associating
with greater depths (Bozek et al. 2011). Although diel
period was important for explaining the variance in the
fitted data, there was not discernable difference in depth
use between day and night periods for Walleye.

Management considerations

Overall, the habitat located within the tailrace and below
run-of-river facilities should be a conservation priority
for both Lake Sturgeon and Walleye populations. There
was persistent presence of Lake Sturgeon and Walleye
throughout the spawning, foraging, and overwintering
periods in the SSGS tailrace and within the rkm located
immediately downstream. The habitat proximal to run-
of-river facilities generally encompasses small areas of
the total potential habitat within impoundments. As
such, anthropogenic developments and potential threats
(e.g., fishing pressure) to impounded populations should
be managed rigorously in these areas in comparison to
other habitat types found within run-of-river impound-
ments. Palmer et al. (2005) noted that river populations
of Walleye are at risk year-round by angling pressure
since they have fidelity to a small area and are under
heavy fishing pressure in rivers in comparison to lake
systems. Indeed, 47.5% of the 40 tagged Walleye dis-
appeared or provided erroneous sensor data over the
course of the study (August 10, 2014 to July 6, 2015).
Of the tagged fish, 23% (n = 9) of the Walleye were

confirmed to be harvested by recreational anglers. The
tags that disappeared were not returned by anglers, but
could possibly have been harvested by anglers.

The depth use and locomotory activity findings pre-
sented here provide further insight into the ecology of
Lake Sturgeon and Walleye residing in impoundments.
The findings for these ecological responses elucidate
how the abiotic environment can influence depth selec-
tion and movement of these fishes. When working to
conserve populations within run-of-river impound-
ments, conservation initiatives and stock assessment
methods should consider habitat types water tempera-
ture, and discharge as influential variables for the eco-
logical responses of Lake Sturgeon and Walleye.

The goal in this study was to provide fisheries man-
agers, regulators, and hydropower proponents with per-
tinent information that can be applied to aid in the
conservation of Lake Sturgeon and Walleye. The gen-
erated information provides an in-depth description of
what motivates these species to utilize different habitats
found in restricted river systems on a multi-seasonal
basis. The information garnered from this study will
also aid managers in conducting population assessments
in impounded reaches by providing a general census on
the expected seasonal trends in residency and depth use
across various habitat types found in impoundments.
The documented information will help to prioritize hab-
itat augmentation initiatives, and managing endangered
Lake Sturgeon and recreationally important Walleye
fisheries where they are impounded by hydropower
facilities.
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