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range. The ability of brook trout to maintain diurnal
activity patterns throughout a wide spectrum of environ-
mental conditions suggests a strong behavioral and
physiological capacity to adapt to their seasonally vari-
able environment.
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Introduction

In temperate and Arctic regions, winter imposes chal-
lenging environmental conditions that can lead to met-
abolic and food limitations, changing predation risks,
and environmental volatility (Brown et al. 2011;
McMeans et al. 2015). Animals adapt to these environ-
mental conditions through a variety of morphological
(Prestrud 1991), physiological (Goddard et al. 1992),
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Abstract Despite the challenges winter poses to salmo-
nids inhabiting temperate and northern environments,
there are relatively few studies that evaluate the factors
that influence activity and habitat use during this season,
particularly for lake environments that are ice-covered.
This study examines brook trout depth distribution and
movement (activity and range) in relation to tempera-
ture, light, and time of day across a 17-month period in a
small lake in Newfoundland, Canada. Brook trout main-
tained elevated diurnal activity patterns throughout the
year, despite seasonal changes in temperature, shifts in
depth use, and prolonged, ice-induced darkness. Despite
the tendency for relatively lower activity at night, brook

trout remained active nocturnally, inferring a shift in
foraging modes rather than a cessation of feeding. Win-
ter movement velocities and ranges were less than other
seasons but they occupied littoral areas that overlapped
extensively with spring and fall core ranges. In contrast,
summer core ranges of brook trout were principally
comprised of areas with cooler water in the deep portion
of the lake. As water temperature increased, daytime
movement velocities increased in a log-linear fashion,
whereas modeled nighttime movement velocity rela-
tionships with temperature were curvilinear and includ-
ed the lowest movement velocities at 2–3 °C and the
highest at the extremes of the occupied temperature
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and behavioral responses that include migration/habitat
selection (Angiletta et al. 2002; Linnansaari and Cunjak
2013; Goyer et al. 2014) and hibernation/torpor (Curry
et al. 2005). Fish in these environments face an addi-
tional set of challenges due to dynamic ice conditions,
which can rapidly modify habitat suitability
(Linnansaari and Cunjak 2010). In small streams and
rivers, this habitat instability, combined with decreased
food availability and lowered metabolic rates, can re-
duce fish survival (Sweka et al. 2004; Utz and Hartman
2006). Snow accumulation on ice and low temperatures
in lake environments has also led to recruitment failures
in some salmonids (Borgstrøm and Museth 2005). Un-
fortunately, the vast majority of studies of aquatic or-
ganisms in northern regions are conducted during open
water seasons when they are more accessible to re-
searchers (Huusko et al. 2007) and therefore, there is
limited information on the overwintering behaviors of
most north temperate and northern fish species (Mulder
et al. 2018a).

Brook trout Salvelinus fontinalis, a widespread, cold
water species endemic to northeastern North America
(Scott and Crossman 1973), are a popular species amongst
anglers yet remain poorly studied in the winter period. For
example, a considerable body of ecological research has
been conducted on this species during the open water
seasons (e.g., Magnan and Fitzgerald 1982; Tremblay
and Magnan 1991; Bourke et al. 1996; Erkinaro and
Gibson 1997; Mucha and Mackereth 2008) but few have
targeted brook trout under the ice. Those studies done in
winter have been largely focused on fluvial environments
(but see Cavalli et al. 1997; Spares et al. 2014) and have
found that brook trout overwintering in streams were
largely inactive, aggregated in deep pools or near ground
water seeps, and only moved sporadically in response to
destabilized ice conditions (Huusko et al. 2007). Unlike
open water periods, fluvial brook trout have been reported
to be nocturnal in winter (Meyer and Gregory 2000),
which may be a response that minimizes predation risk
during a time when their metabolism is low (Huusko et al.
2007). Nevertheless, lake environments can also serve as
important habitats for brook trout (e.g., Cote et al. 2011).
Lakes can favor growth conditions (Jardine et al. 2005) as
well as provide refugia likely related to greater environ-
mental stability during winter extremes (Curry et al. 2006;
Pépino et al. 2017). However, lakes can experience periods
of anoxic conditions associated with vertical temperature
structuring and mixing throughout the winter (Wetzel
2001; Dillon et al. 2003; Guzzo and Blanchfield 2017).

Brook trout living in lake environments, therefore, may not
exhibit the same behavioral adaptations such as restricted
movements or nocturnalism as those used in fluvial habi-
tats and may adopt other strategies to avoid anoxic condi-
tions or to forage under ice in low light conditions (e.g.,
Snucins and Gunn 1995). Unfortunately, little knowledge
exists of the winter behavior and habitat use of brook trout
in lakes beyond what is based on under-ice catches
(Lackey 1969; Lackey 1970; Bourke et al. 1996; Fraser
and Bernatchez 2008) or intermittent tracking (Curry et al.
2006; Mucha and Mackereth 2008). The lack of winter
behavior information leaves important knowledge gaps
related to the presence of diel activity patterns, bioenerget-
ics, mortality, and resource partitioning processes that
could be altered with our changing climate (e.g., Chu
et al. 2005; Jeppesen et al. 2010).

Herein, we used acoustic telemetry and a fixed re-
ceiver grid to track the seasonal patterns of movement
and occupied habitats (depth, temperature) of lake-resi-
dent, adult brook trout for a continuous period of 17
months. We hypothesized that increased habitat stability
in lake environments would enable continuous activity
of brook trout during winter periods as opposed to the
sporadic activity previously documented in fluvial hab-
itats. We also predicted that diel fish activity patterns
would be less pronounced when the lake was ice-
covered because of reduced light levels and a relatively
stable thermal regime. Similarly, we predicted that depth
use restrictions would also relax during the winter peri-
od because the water column had a smaller thermal
gradient as opposed to observations made in summer
when thermoregulation can be important (Bertolo et al.
2011; Goyer et al. 2014).

Methods

The study was conducted in Little Bear Cave Pond
(LBCP), a 235-ha dimictic lake in the upper reaches of
the Indian Bay watershed in central Newfoundland, Can-
ada (Fig. 1). The lake has a maximum depth of 12 m and a
mean depth of 4.1 m. Ice conditions vary but typically ice
forms in December and extends into April. The lake
supports a fish community dominated by brook trout and
anadromous and landlocked Atlantic salmon (Salmo
salar), as well as populations of rainbow smelt (Osmerus
mordax), three-spined stickleback (Gasterosteus
aculeatus), American eel (Anguilla rostrata), and banded
killifish (Fundulus diaphanus). Based on genetic and
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mark-recapture data, lake populations of brook trout in
Indian Bay watershed are thought to be reproductively
isolated (Adams and Hutchings 2003).

Fish sampling

Brook trout were collected between September 10 and
October 22, 2008, using trap nets and angling at loca-
tions throughout the lake (Table 1). Twenty-two fish
greater than 250 g were retained and surgically im-
planted with Vemco model V9TP-2L coded acoustic
tags (47 mm [length], 9 mm [diameter], ~ 7.5 g in air)
using the methods described by Anderson et al. (1997)
and Murchie and Smokorowski (2004).

Fish were anesthetized using a 40 mg/L clove oil
bath, before being partially submerged in a surgery
cradle where water was continuously pumped over their
gills. Tags were inserted into the coelomic cavity of the
pelvic girdle through a 25-mm incision in the abdominal
wall, and the incision was closed using a row of three to
four monofilament sutures. Fish were also fitted with a
coded floy tag posterior to the dorsal fin (Guy et al.
1996) before being placed in a 20-L cooler containing
clean, aerated lake water for 60–90 min to recover.

Surgeries took less than 5 min to complete. Fish were
released in the same general area from which they were
collected. Acoustic tags transmitted a unique identifica-
tion code, as well as recorded and transmitted the inter-
nal body temperature and pressure (depth) of tagged
brook trout. Internal body temperature might be expect-
ed to lag changes to ambient temperatures (Pépino et al.
2015); however, this measure is more likely to reflect
the conditions influencing fish physiology (e.g., meta-
bolic rate). Acoustic tags were programmed to transmit
data at random intervals within a range of 16–24 min in
order to reduce signal collisions and to minimize mem-
ory overload of the receivers.

Two of the fish tagged in October 2008 were har-
vested by local anglers in the spring (T08) and winter
(T15) fisheries. These tags were redeployed in two
additional brook trout (T08b and T15b) in June 2009.
Tagged brook trout ranged in size from 283 to 418 mm
fork length (FL) (mean, 358 ± 35 mm SD) and 278.1 g
to 1008.1 g wet weight (WT) (603.0 ± 218.4 g SD).
These fish were presumed to range in age between 4 and
6 years, based on standardized weight and age data from
local brook trout populations (Indian Bay Ecosystem
Corporation, Unpublished Data).

Fig. 1 Bathymetry of Little Bear Cave Pond and the acoustic
receiver grid used for monitoringmovements of brook trout tagged
with acoustic transmitters in (September 2008 to February 2010).

Temperature logger and synchronization tag sites are also indicat-
ed. Depths are represented in meters
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Fish tracking and environmental monitoring

The positions of brook trout in the lake were monitored
from September 2008 to February 2010 using an array
of 17 Vemco VR2W, single-channel, hydroacoustic re-
ceivers (Fig. 1). Each receiver was placed ~ 0.5 m above
the bottom of the lake and secured to an 18-kg anchor.
Receivers were arranged in an equilateral triangle grid
spaced 400 m apart, which accounted for the effective
range of the acoustic tags (80% signal reception;
VEMCO 2008). Range testing confirmed this was an
effective receiver spacing. Receivers were retrieved and
redeployed at approximately 6-month intervals.

Eight stationary Vemco V16-H synchronization tags
were placed throughout the lake (Fig. 1) to provide a
continuous time reference to compensate for differences
in the time drift of an individual receiver’s internal clock.
Hobo Pendant temperature data loggers (model UA-001-
08) were also deployed at 1-m depth intervals from 1 m
above the bottom to 1 m below the surface to provide
seasonal, lake temperature profiles (Fig. 1). Temperatures
were also used to refine sound speed estimates and
improve the accuracy of triangulations of tagged brook
trout. Finally, Hobo Pendant temperature/light data log-
gers (model UA-002-64) were placed in the lake at 1 m
below the surface.

Vertical profiles of water temperature, pH, dissolved
oxygen, and conductivity were collected once per

season using an YSI model 556 MDS Data Sonde.
Bathymetry maps were created from hydroacoustic data
(BioSonics single beam DT-X echosounder).

Data analysis

Analyses focused on depth use and two activity met-
rics: movement velocity and range of movement. For
all analyses, the data were grouped into seasons
(Fig. 2). Spring (April 18–June 14, 2009) and fall
(September 4–December 19, 2008, and August 19–
December 8, 2009) seasons were defined as the period
when LBCP was isothermal, whereas winter (Decem-
ber 20, 2008–April 17, 2009, and December 8, 2009–
February 19, 2010) and summer (June 15–August 18,
2009) were periods of thermal stratification. The last
winter season was truncated when the study ended.
Also, winter season data was further subdivided into
periods of open water or ice cover. Ice cover was
defined as 24-h periods when no light was detected
by light loggers deployed at 1 m depth.

Diel periods were subdivided into day, dusk, night, and
dawn according to sunrise and sunset data (NRC 2009),
with dawn and dusk encompassing a period equal to twice
civil twilight (i.e., when the sun is within 6° of the horizon).

Fish positions were estimated using hyperbolic posi-
tioning, when tag transmissions were detected on at least
three acoustic receivers (Espinoza et al. 2011). Precision

Table 1 Brook trout tagged with acoustic tags in Little Bear Cave Pond, NL

Fish Date
tagged

Collection
gear

Fork length
(mm)

Wet weight
(g)

Sexa Last date
observed

Presumed fate Detections

T01 22-Oct-08 Angling 338 613.5 Male 27-Feb-09 Harvested/tag failure 1484

T03 15-Sep-08 Angling 343 577.1 Male 04-Aug-09 Left lake/tag failure 7778

T04 12-Sep-08 Angling 415 934.3 Female 18-Aug-09 Remained in lake except during spawning 5413

T08 11-Sep-08 Angling 375 682.1 Female 22-May-09 Harvested 22-May-09 2611

T14 18-Sep-08 Trap net 320 468.0 Male 02-Oct-09 Left lake before ice up, 2008
Returned spring, 2009
Moved downstream, Fall, 2009

3758

T15 22-Oct-08 Angling 323 382.5 Female 02-Feb-09 Harvested 2-Feb-09 1941

T15b 13-Jun-09 Trap net 397 855.8 Unknown 12-Aug-09 Harvested/tag failure 473

T16 11-Sep-08 Angling 338 523.3 Female 18-Feb-10 Remained in lake 8276

T17 28-Sep-08 Angling 399 816.3 Male 01-Feb-10 Remained in lake 4094

T20 10-Sep-08 Trap net 320 405.9 Female 19-Feb-10 Remained in lake 12051

Only individuals that were used in the data analyses are shown (N = 10). Information related to the remaining tagged fish are provided in
Supplement 1
a Sexes were determined visually using external secondary sex characteristics

34 Environ Biol Fish (2020) 103:31–47



of these positions was estimated using the synchroniza-
tion tags and extrapolated to fish positions as horizontal
positioning error (HPE) (Roy et al. 2014). Fish positions
with HPE values greater than 20 were removed from the
analysis. The remaining 80% of the data had estimated
HPE values of < 12.5 m.

Movement velocities of brook trout were estimated
using the distance between consecutive positions divided
by the difference in time between positions. Given that we
did not account for possible deviations from the straight-
line path between consecutive positions, the calculated
velocities were likely underestimates. However, error in
successive points could also generate instances where
movement velocity was overestimated. For example, a
stationary fish might appear to be moving due to error in
successive position estimates. These overestimates were
considered negligible (~ 1.25 m/min), given the relatively
long transmission interval used in this study.

Serial correlation is an analytical challenge of telem-
etry data because the technology permits repeated mea-
surements of individuals at high temporal resolution.
Therefore, it is not unusual that these datasets lack

independence across successive data points (Dray et al.
2010). Analysis is further complicated in instances
where data is collected at irregular intervals, as many
sophisticated and increasingly accessible tools used to
overcome serial correlation are designed for data collec-
tion at fixed intervals or are not suitable for analyses
within a mixed model framework (e.g., momentuhmm
package in R; McClintock and Michelot 2018). In this
case, we dealt with serial correlation by thinning the data
to a single randomly selected record within successive
6-h time blocks. Examination of residuals from the best
velocity models confirmed that a 6-h interval was suffi-
cient to limit serial correlation.

We then assessed whether diel period, water temper-
ature, season, and ice cover influenced movement ve-
locities of tagged individuals within a mixed effect
generalized additivemodel (gam inmgcv package in R).

The full model was formulated as follows:

Velocity∼s Hour of Dayð Þ þ s Temperatureð Þ þ Seasonþ 1jFish ID

where Velocity is in meters per hour. Predictor variables
included smoothed variables of Hour of Day and

Fig. 2 Seasonal behavioral patterns both in the night and day for
tagged brook trout in Little Bear Cave Pond between 2008 and
2009. aActivity rates, bDiel movement area based on 80% kernel
densities, c Occupied depths, d Distance from shore, and e

Occupied temperature. Dashed vertical lines represent season tran-
sitions. Data points reflect daily average values for individual fish
for all data of suitable precision. LOESS smoothers (span = 0.1,
with standard errors) of these data are overlaid to illustrate trends
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Temperature (°C) using cyclic and cubic regression
splines, respectively, whereas Season was included as
a categorical variable. A random intercept for Fish ID
was applied in the gam model using a random effect
smoother. Additional variants of this model were includ-
ed to assess specific questions of interest. First, to de-
termine the influence of ice presence on fish velocity, we
reran the season models that distinguished winter con-
ditions with and without ice. If model fit improved, we
could conclude that the presence of ice had altered fish
activity. To address the question of whether diel activity
patterns change by season or remain static, we ran a
second set of models with and without season-specific
smoothers for hour of day. Finally, we attempted to
assess whether diel period mediated movement velocity
responses to water temperature by applying day- and
night-specific smoothers to the best model (assuming it
included Hour of Day and Temperature).

Competing models were assessed using the Akaike
information criterion (AIC) using the recommendations
of Burnham and Anderson (2004) in which models with
ΔAIC scores of less than 2 have substantial support.

Range of brook trout movement was also assessed
across temporal periods. We used 80% kernel density
estimates with least square cross-validation smoothers
(adehabitat package for R; Calenge 2006) on day and
night periods with a minimum of 10 positions (Börger
et al. 2006). The kernel densities were then analyzed
using a generalized linear mixed effects model (lme4
package in R) with a gamma (log link) error structure.
The full model examined was:

Range∼Diel Period� Seasonþ 1jFish ID

where range represents the area in ha of the 80% kernel
area and diel period was restricted to Day or Night. As
before, potential effects of ice cover on the range of fish
was assessed by replacing Season with a variant that
split winter periods into open water and ice covered.
Finally, a random intercept was included for Fish ID.
Model fit was assessed with ΔAIC scores. Tukey post
hoc tests were conducted on the best model using the
emmeans package in R. Since tagged fish collectively
used much of the lake habitat across entire seasons, core
areas were used for seasonal comparisons. Specifically,
50% kernel densities and least squares cross-validation
smoothing were assessed against a null model with a
generalized linear mixed effects model (random

intercept for Fish ID and a gamma (log link) error
structure) and using ΔAIC scores.

Depth use was evaluated using data thinned to 6-h
intervals and included models of similar structure, pre-
dictor variables, and variants as those used for move-
ment velocity. There was an exception wherein temper-
ature was not included in depth models due to the
transmitters alternating between depth and temperature
transmissions. Therefore, no concurrent temperature
and depth data were available.

The following full model and subsets were evaluated
using ΔAIC criteria:

Depth∼s Hour of Dayð Þ þ Seasonþ 1jFish ID

where Depth represented the depth of the fish in the
water column in meters. As before, Season was a cate-
gorical variable that could be replaced by a variant that
divided up Winter into open water and ice-covered
periods. Hour of Day (with a cyclical smoother) was
specified with a common smoother to all seasons or a
season-specific smoother. Once again, a random inter-
cept was defined for each tagged fish.

Results

Six (T03, T04, T14, T16, T17, and T20) of 22 tagged
brook trout remained in the lake for the duration of the
study. Each fish was tracked for a mean of 440 days
(range, 310–509 days; Table 1). An additional 4 brook
trout (T01, T08, T15, and T15b) remained in the lake for
two seasons (65-236 days; Table 1) and were included in
the analyses of the corresponding periods. Therefore,
data analyses for assessing movement patterns in LBCP
was based on these 10 brook trout, which represented
36,397 positions of acceptable precision. There were
insufficient data to include the other 12 tagged brook
trout (Supplement 1); two tagged individuals ceased
movement shortly after returning from the spawning
grounds in November 2008 (presumed dead or to have
expelled their tags); five trout did not return from the
spawning grounds in 2008; and five returned after
spawning in 2008 but emigrated from the lake before
freeze-up. Two brook trout (T03 and T04) could not be
located after August 4, 2009, and August 18, 2009,
respectively. It is suspected that these brook trout were
either harvested by local anglers or the tags
malfunctioned.

36 Environ Biol Fish (2020) 103:31–47



Seasonal dissolved oxygen (DO) concentrations
stayed above 7.76 and only dropped below 9.0 mg/L
once in mid-winter in the deepest part of the lake. Since
DO never dropped below levels thought to influence
brook trout habitat use (5 mg/L; Spoor 1990), this
environmental variable was excluded from further anal-
yses. Other statistics of brook trout habitat occurrence
are provided in Table 2.

Movement velocity

The best model for predicting brook trout movement
velocities (adjusted R2 = 0.23), using ΔAIC model
selection criteria included Season, Fish Temperature,
and Season-specific Hour of Day smoothers (Table 3).
Furthermore, this model included the season variant that
accounted for the presence or absence of ice as it mar-
ginally improved performance when compared with the
model with no ice cover specification.

Movement velocity fluctuated over the year, slowly
declining as waters cooled in the fall, reaching their
lowest point during winter (Fig. 2). Brook trout veloci-
ties quickly increased to their highest levels at the onset
of spring then fell to an intermediate level as tempera-
tures warmed progressively throughout the summer.
The cycle began to repeat itself the following fall, as
velocities progressively declined below witnessed sum-
mer levels then subsequently returning to their lowest
levels in the last winter of the study period.

Additionally, among all seasons, model results
showed elevated movement velocities for brook trout
during day and dusk periods when compared with those
during night and dawn velocities (Fig. 3). While speci-
fying season-specific smoothers accounted for the

changes in diel patterns attributable to changing day
length, we still witnessed diel patterns that differed in
magnitude among seasons. For example, model esti-
mates for spring indicate that brook trout movement
velocity climbed from a low of less than 100 m/h at
04:00 to a peak that exceeded 500 m/h at 09:00 (Fig. 3).
In comparison, the changes in winter movement

Table 2 Mean daily values (unless otherwise noted) of brook trout activity and habitat use in Little Bear Cave Pond, NL

Fall Winter open Winter ice Spring Summer

Seasonal core range (50% kernel, ha) 37.5 (16.9–60.1) 28.7 (16.0–44.4) 26.8 (13.8–43.4) 47.3 (21.3–70.7) 39.0 (27.5–57.8)

Diurnal range (80% kernel, ha) 15.8 (7.4–26.3) 3.7 (1.3–7.5) 4.2 (0.8–8.8) 25.4 (6.8–43.8) 23.7 (9.9–43.5)

Nocturnal range (80% kernel, ha) 2.7 (0.6–6.7) 2.8 (0.1–5.4) 0.9 (0.1–2.6) 7.2 (1.5–18.5) 16.2 (2.6–39.7)

Movement velocity (m/h) 271 (60–541) 131 (15–298) 128 (16–291) 363 (112–641) 387 (59–776)

Depth (m) 2.9 (1.2–5.0) 3.9 (1.8–6.1) 3.5 (1.3–5.6) 3.6 (1.6–5.9) 5.0 (1.7–7.7)

Distance above bottom (m) 1.1 (0.1–2.6) 0.5 (0.1–1.2) 0.5 (0.1–1.2) 0.9 (0.1-1.9) 2.0 (1.0–3.3)

Distance from shore (m) 147 (48–256) 134 (45–221) 132 (45–226) 159 (62–249) 265 (149–378)

Temperature occupied (°C) 8.7 (2.2–15.1) 2.3 (1.0–3.5) 1.8 (0.8–2.7) 9.5 (4.2–13.3) 17.1 (13.7–19.9)

Values displayed as themean, and 10th and 90th percentiles. In seasons sampledmore than 1 year (fall andwinter), data are aggregated across years

Table 3 Best models for movement velocity of brook trout (n =
10) in Little Bear Cave Pond, NL

Model df ΔAIC

HoD* by ice season + ice season + temp* 38.9 0

HoD* by season + season + temp* 33.5 4.3

HoD* by season + season 34.9 84.6

HoD* + ice season + temp* 18.4 86.4

HoD* + season + temp* 17.2 88.6

HoD* by ice season + ice season 39.9 89.7

HoD* + temp* 15.1 155.4

HoD* + season 17.3 177.3

HoD* + ice season 18.3 179.0

Ice Season + temp* 12.7 492.7

Season + temp* 11.5 493.7

HoD* by season 32.3 515.7

Temp* 8.9 553.4

Season 5.0 565.6

Ice Season 6.0 567.4

HoD* 17.0 585.8

Null Model 9.5 878.0

Model components included HoD (hour of day), season with (ice
season) and without ice (season) differentiation, and temp (tem-
perature). The lowest ΔAIC score indicates best model

*Denotes smoothed terms
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velocity estimates were diminished and only ranged
from a minimum of less than 100 m/h in the early
morning to high just exceeding 200 m/h by mid-day.
The model that accounted for the presence of ice cover
did improve the model; however, the difference in diel
patterns between ice-covered and open water periods
was subtle (Fig. 3).

Our best single variable model included Temperature
(Table 3) and as temperature fluctuated during different
periods of the day, it prompted us to consider that the
influence of temperature on movement velocity might
differ in active versus inactive diel periods. Consequent-
ly, we modified the best movement velocity model to
include a diel period-specific smoother for temperature.
The resulting model was improved, reducing the AIC
score by 27 units. With diel period specified in the
smoothed temperature term, model results did indeed
show a different relationship between day and night.
Daytime active periods showed a log-linear increase in

velocity associated with temperature increases, whereas
nocturnal movements first showed declining velocities
as temperatures increased from 0 to 3 °C but then began
to increase as temperatures continued to warm beyond 3
°C (Fig. 4). Interestingly, the highest modelled move-
ment velocities during night occurred at the extremes of
the temperature spectrum experienced by brook trout.

Range of movement

Diel brook trout range was best described by the full
model that included terms for Season, Diel Period (Day
or Night), and their interaction. Specifying ice cover
also improved the model (Table 4). Post hoc tests show
that diurnal ranges were significantly higher than noc-
turnal ones in every season (p < 0.001; Fig. 5 and
Table 2). Ranges for given diel periods did not differ
across seasons however (all p values > 0.61), except for
winter in which both ice-covered and open water

38 Environ Biol Fish (2020) 103:31–47
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periods were significantly lower than the other seasons
(p < 0.001). Modelled ranges were highest during spring
(day, 22.4 ha; night, 5.7 ha), followed by summer (day,
21.4 ha; night, 5.4 ha), fall (day, 15.7 ha; night, 4.0 ha),
and winter (open water day, 5.4; night, 1.4 and ice-
covered day, 2.5 ha; night, 0.7 ha). Model-predicted
nighttime ranges were 25–28% of the daytime ranges
in the same season. However, even the daytime range in
winter was only a third of the nocturnal range during any
other season.

Seasonal core areas (50% kernel density) of individ-
uals overlapped across seasons, occurring primarily in
the littoral zones of the lake (Fig. 6). Summer core areas
were a notable exception however, occurring principally
in the deepest basin (Fig. 6). Mean core area across all
seasons ranged in size from 26.8 ha (winter ice) to 47 ha
(spring) (Table 2). Season was not a good predictor of
seasonal core area size as it did not improve the AIC
score over the null model.

Depth use

Brook trout in LBCP spent most of their time near the
bottom in shallow, nearshore waters, with over 70% of
their recorded locations occurring in water less than 5 m
in depth (Fig. 2; Table 2). Patterns of diel depth use,
however, varied by season. The strongest depth use
model (adjusted R2 = 0.235) included variables for Hour
of Day and Season, with ice cover specified (Table 5).
Season-specific diel patterns were also an important
inclusion in this model, as illustrated in Fig. 7, where
diel depth use of brook trout in fall and spring were
opposite to those in summer and winter. Differences
between winter open water and ice-covered conditions
were more subtle and this is supported by the small
improvements (3.9) in ΔAIC scores when we included
ice cover in the season category. While depth use was
quite variable (Fig. 2), brook trout tended to stay in

Fig. 4 Best model predictions of
movement velocity for brook
trout in relation to temperature for
day and night periods after
controlling for factors associated
with hour of day and season. The
shape of the curves generically
reflects the average responses to
temperature for day and night;
however, the y-intercept of these
curves is arbitrarily specified to
reflect the fall season and for
midnight and noon during night
and day periods, respectively.
Dashed lines reflect 95%
confidence intervals of the model
predictions

Table 4 Best models for 80% kernel range areas of brook trout (n
= 10) in Little Bear Cave Pond, NL

Model df ΔAIC

Diel period x ice season 12 0

Diel period + ice season 8 8.5

Diel period x season 10 18.8

Diel period + season 7 26.5

Ice Season 7 175.9

Season 6 185.9

Diel period 4 188.6

Null model 3 414.6

Model components included diel period (restricted to day and
night), and season with (ice season) and without ice (season)
differentiation. The lowest ΔAIC score indicates best model
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waters shallower than 6 m, except during summer when
they frequently occupied deeper and relatively cool
habitats and were largely absent from warm surface

waters (Figs. 2 and 8). Despite the divergent patterns
observed across seasons, model results indicate the
brook trout tended to occupy depths of ~ 3–5 m during

Fig. 5 Brook trout 80% kernel
density range across seasons and
ice cover conditions, and day/
night periods in Little Bear Cave
Pond from fall 2008 to winter
2009. Horizontal lines represent
median catch rates, boxes repre-
sent the middle quartiles, and
whiskers represent 1.5 times the
interquartile range. Data beyond
the whiskers are represented as
individual data points

Fig. 6 Core areas (50% kernel
home range) for Little Bear Cave
Pond brook trout in fall and
winter of 2008 and 2009 and
spring and summer of 2009.
Colors represent different
individuals
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their active diurnal periods, regardless of season. What
differed was where brook trout spent nights, which was
in relatively deep water far from shore in summer and in
shallow water close to shore during spring and fall
(Fig. 2). Diel patterns in depth use were much less
pronounced in winter time (Figs. 2 and 7).

Discussion

Brook trout display remarkable habitat plasticity;
existing in freshwater fluvial, lacustrine, and marine
habitats (Jardine et al. 2005; Spares et al. 2014). Within
waterbodies, brook trout can also modify their activity
patterns or habitat use in accordance with environmental
conditions such as predation risk, food availability, or

Table 5 Best models for depth use of brook trout (n = 10) in Little
Bear Cave Pond, NL

Model df ΔAIC

HoD* by ice season + ice season 36.1 0

HoD* by season + season 33.2 3.9

HoD* + ice season 20.5 391.5

HoD* + season 19.5 393.0

Ice season 14.9 411.5

Season 13.9 413.0

HoD* + season 27.7 753.0

HoD* 15.6 1109.4

Null model 9.9 1126.4

Model components included HoD (hour of day), and season with
(ice season) and without ice (season) differentiation. The Lowest
ΔAIC score indicates best model

*Denotes smoothed terms

Fig. 7 Predicted depths (with 95% confidence intervals) occupied by brook trout from the best model that included hour of day and season
with ice cover specified
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thermoregulation (Curry et al. 1997; Bertolo et al. 2011;
Goyer et al. 2014). In the lacustrine habitats of this
study, adult brook trout exhibited complex and variable
behavior including tendencies of diurnal behavioral pat-
terns and broad habitat use over a wide range of water
temperatures, light levels, and ice cover.

Diel patterns of activity and thermoregulation have
been described for brook trout in other studies (Bourke
et al. 1996; Bertolo et al. 2011) where nocturnal and
crepuscular activity patterns and variations within the same
waterbody were noted (Bertolo et al. 2011). Brook trout
activity patterns observed in this study were diurnal in
nature. Elevated diurnal activity is also not uncommon
for salmonids (Schulz and Berg 1992; Bjornsson 2001;
Baldwin et al. 2002; Bertolo et al. 2011). However, other
species of Salvelinus use different strategies in winter. For
example, Arctic charr Salvelinus alpinus alter behavior
during winter by selecting specific thermal habitats and
reducing activity to conserve energy (Mulder et al. 2018b).
Lake trout Salvelinus namaycush also change their behav-
ior, moving to pelagic habitats in more spatially restricted,
but distinct areas of the lake during the winter period
(Blanchfield et al. 2009). Though there was a tendency
to occupy deeper areas in summer as observed in lake trout
(Blanchfield et al. 2009; Plumb and Blanchfield 2009),
brook trout in this study still were found in a wide range of
available depths throughout the seasons, despite large
changes in temperature. Similarly, diurnal activity patterns
were maintained (albeit at reduced rates throughout the
winter), evenwhen ice cover greatly reduced light levels in
the water column. This too was in opposition to lake trout
behavior in winter, which maintained summertime activity
levels through winter and were heavily influenced by light
(Blanchfield et al. 2009).

Elevated activity rates in brook trout are typically
associated with foraging (Boisclair 1992), which
suggests that brook trout were primarily feeding
during the day in LBCP, as previously observed
under laboratory conditions (Hoar 1942). However,
the continued movement during dark periods ob-
served in this study shows that movement-related
behavior occurs despite low light conditions created
by night or ice. Although this might be unexpected
in a visual feeder (Sweka and Hartman 2001), brook
trout can have varied diets (Cavalli et al. 1997; Cote
et al. 2005; Spares et al. 2014), are quite capable of
locating food in the dark, and will feed during the
day when light is removed (Hoar 1942). Therefore,
persistent but slower movements at night or under
ice might reflect a shift to a non-visual feeding
mode. For example, in a high-altitude lake, Cavalli
et al. (1997) observed brook trout diet to shift toward
bivalves under ice from a more varied plankton and
benthic diet in other seasons. Unfortunately, diet
information was not available to provide insight into
what activities nighttime movements represented in
our study area.

Different diel patterns in depth use were observed
across seasons, with shallower nocturnal distributions in
spring and fall and deeper nocturnal distributions in
winter and summer. In summer, when surface waters
were warmer and the water column was strongly strat-
ified, tagged individuals tended to spend the reduced
activity period in habitats closer to their thermal optima.
In some instances, fish were located in cooler water
temperatures than detected by our string of temperature
loggers (see Fig. 8) suggesting their use of groundwater
flows. Similar summer thermoregulation has been

Fig. 8 Occupied temperature of
brook trout (blue dots) relative to
range of available temperatures
detected in the water column
(orange) in Little Bear Cave
Pond, NL (fall 2008 through
winter 2009). Trout temperatures
outside the available temperature
range are assumed to reflect oc-
cupation of localized temperature
anomalies (e.g., ground water
inflows)
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observed in lentic brook trout (Bertolo et al. 2011;
Goyer et al. 2014) and is thought to enable brook trout
access to preferred foraging areas while remaining in
close proximity to metabolically favorable, non-feeding
habitats (Baird and Krueger 2003; Mucha and
Mackereth 2008). If brook trout continue feeding at
night on less energetically demanding prey, e.g., sessile
organisms, shifting nocturnal depth zones across sea-
sons would also allow brook trout to access prey that
may not be available to them during warm, summer
periods.

Water temperature was the single most important
driver of brook trout activity in LBCP. Water tempera-
ture and brook trout activity patterns have been linked in
both stream and lake studies (De Staso and Rahel 1994;
Bertolo et al. 2011; Goyer et al. 2014) as well as in both
laboratory (Tang et al. 2001)- and field-based (Boisclair
and Sirois 1993, Marchand et al. 2003) experiments. In
LBCP, the range of movement velocity and daily range
was limited at low water temperatures, but remained
sufficient for brook trout to maintain high and low
activity periods during day and night, respectively. It
appears, therefore, that feeding continues through the
winter which is an inference supported by anglers, who
routinely captured brook trout through the ice in LBCP
and in many other lakes (Curry et al. 2003). Brook trout
have also been observed with full stomachs under the
ice in estuarine environments, even though their ability
to digest prey items was greatly limited (Spares et al.
2014). Other species of Salvelinus use specific temper-
ature ranges (0.5–2 °C) in winter presumably to con-
serve energy during reduced feeding periods (Mulder
et al. 2018b). For brook trout in LBCP, much of the
winter was spent at temperatures near 2–3 °C even
though colder water was available. The occupation of
these waters coincided with their low point in active
behavior. When they did venture into colder water, it
was associated with elevated activity rates and possibly
foraging, as sea run brook trout have been observed to
use cold and saline waters at 0–2 °C while improving
body condition (Spares et al. 2014).

Diel patterns in activity levels manifested different
observed movement velocity responses to water temper-
ature. During active daytime periods, movement veloc-
ity increased with temperature in a linear pattern, much
like those found in brook trout metabolic models
(Hartman and Cox 2008). In contrast, the relationship
with temperature andmovement velocity was non-linear
during low activity nighttime periods. Many studies

document physiological responses of brook trout to high
water temperatures. For example, activity (Beamish
1964) and energy conversion begin to decline in brook
trout at about 17 °C (McMahon et al. 2007) and Robin-
son et al. (2010) noted steady declines in consumption
by wild brook trout in a non-stratified lake as tempera-
tures increased from 10 to 24 °C. While temperatures in
surface waters of LBCP reached as high as 25 °C, the
temperatures occupied by brook trout in this study (< 20
°C) are thought to be within brook trout’s thermal opti-
ma (Scott and Crossman 1973; Power 2002). Further-
more, negative effects in other studies were only detect-
ed at temperatures beyond the range experienced by fish
in this study. For example, Goyer et al. (2014) observed
decreased daily movement at temperatures beyond 22.4
°C, while Biro (1998) observed lake dwelling young of
the year brook trout transition from feeding during the
day to defending cool-water refugia when temperatures
exceeded 23 °C. Signs of population stress in brook
trout have also been documented at temperatures ex-
ceeding 20 °C (Robinson et al. 2010).

The non-linear pattern of velocity-temperature rela-
tionships during the lower activity nighttime period was
interesting. As water temperature increased from near 0
°C, movement velocity dropped sharply until it reached
a low at approximately 3 °C. We can only speculate that
the high movement velocities at temperatures below 3
°C were not suitable for refuge habitat and thus, occu-
pation of such temperatures were associated with tran-
sitory movements. Beyond that, movement velocity
only increased very slowly until about 12 °C, after
which it tracked a slope similar to daytime velocities.
The minimal increase in nocturnal activity across the
intermediate temperature range could be an indication
that the foraging strategy employed by trout under non-
visual conditions is insensitive to temperature. Other
fish species (e.g., Atlantic cod; Cote et al. 2002) have
also been observed maintaining swimming speeds
across a wide range of temperatures that were presumed
to increase metabolic costs (Krohn et al. 1997).

Brook trout in this study clearly incorporated a vari-
ety of habitats, taking advantage of ephemeral resources
available in mesohabitats within (e.g., lake inflows) and
beyond (e.g., spawning grounds) the lake. All tagged
brook trout in LBCP moved to the mouth of the inflow
in early April where the lake first warmed and lost ice
cover. A high rain event on April 4 to 5, followed by a
spike in average daily air temperatures from April 8 to
15, and numerous spikes in water temperature coincided
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with this shift. Similar spring movements to local tem-
perature anomalies have been reported elsewhere for
brook trout in streams and rivers (Johnson and
Dropkin 1996; Johnson 2008) and in lakes (Erkinaro
and Gibson 1997; Biro 1998; Mucha and Mackereth
2008). Migrations occurred at different times between
the two years of study and likely corresponded to dif-
ferent flow regimes. We believe, these synchronized
movements required awareness of environmental cues,
whichmay have been generated by frequent visits to key
habitats. Brook trout have been shown to use extensive
areas of lacustrine environments and adjust habitat use
in order to find advantageous ecological conditions
(Mucha and Mackereth 2008). This simply underscores
that there are other benefits to maintaining activity be-
yond feeding.

Continued activity under low light conditions, during
periods of ice cover, as well as a tendency to remain
sluggish for a period after dawn is suggestive that light
conditions are not a primary driver in brook trout activ-
ity. Similar behavior has been observed in brook trout
under laboratory settings, where trout tended to feed
during the day, even when light was removed (Hoar
1942). The retention of a circadian rhythm in the ab-
sence of light has been documented in fish. Cave fish,
for example, have been shown to exhibit a circadian
rhythm in total darkness and at a constant water temper-
ature (Pradhan 1994). Similarly, Arctic charr maintain
seasonal cycles of food consumption irrespective of
photoperiod and temperature (Sæther et al. 1996;
Tveiten et al. 1996). On the other hand, numerous fishes
have been observed to adjust their circadian patterns in
response to food availability under constant light condi-
tions, including goldfish (Carassius auratus), mummi-
chog (Fundulus heteroclitus), and both silver
(Hypohthalmichtys molitrix) and common (Cyprinus
carpio) carp (Spieler 1992). We cannot say with certain-
ty that this rhythm is endogenous or whether brook trout
in LBCP were moving in response to external stimuli
other than light, such as food availability.

The delay in resumption of diurnal feeding to a few
hours after dawn remains perplexing, even though such
behavior has also been observed in the laboratory (Hoar
1942). Hoar (1942) observed that fish under controlled
conditions, “gradually resumed feeding activity after a
night of quiet.” In our field study, continued nocturnal
activity by brook trout show they do not experience a
night of quiet and may very well continue with some
feeding. If brook trout are feeding on easily captured

benthos in dark conditions (e.g., Cavalli et al. 1997),
then it may take them some time to shift modes to
mobile prey once light levels increase. Conversely, other
salmonids exposed to unpredictable shifts in food avail-
ability have shown the ability to quickly change focus
from diminished prey species to those that are more
available, by using alternate feeding modes (Fausch
et al. 1997). It is possible that potential prey sources
such as insects follow other environmental variables
(e.g., air temperature) that lag behind diel light cycles.
We can only speculate that the observed behavior fol-
lows the diel patterns of food availability (Spieler 1992).

Brook trout are a littoral zone species (Flick 1991;
Magnan and Fitzgerald 1982), associating with the bot-
tom (Tremblay and Magnan 1991) and occupying shal-
low water (< 7 m depth) near shore (within 400 m) even
in cases where much deeper water is available (e.g.,
Mucha and Mackereth 2008). These tendencies were
also apparent in this study, as individuals spent the
majority of time in the upper 5 m of the lake, in close
association with the bottom and within 300 m of shore.
It is not surprising, therefore, that the amounts of littoral
and shoreline habitats are good predictors of brook trout
biomass (Cote et al. 2011). During summer, however,
deeper, cooler waters were regularly used and the brook
trout’s close association to the bottom was diminished.
Similar cool-water refuge seeking has been observed for
lacustrine young of the year individuals (Biro 1998) and
other related species such as lake trout (Guzzo et al.
2017). While deeper water refuges may be less impor-
tant for feeding and growth, they may become increas-
ingly prominent in explaining brook trout distributions
under warming climate scenarios (Robinson et al.
2010). Even with access to deep water refuges, in-
creased reliance on them may have negative conse-
quences to growth and condition as fish are restricted
from better foraging habitats (Guzzo et al. 2017).

Ecological rhythms and phenology are an impor-
tant aspect of a species ecology’ since they have
evolved to provide animals with adaptations to deal
with temporally variable environments (i.e., variable
feeding opportunities and/or mortality risk; Hrabik
et al. 2006; Armstrong et al. 2016). Changing cli-
mate has the potential to extend occupation of ref-
uge habitats of poor foraging quality, which in turn
may result in negative energy balance (e.g.,
Robinson et al. 2010; Guzzo et al. 2017). More
research needs to be done to establish the conse-
quences of these habitat shifts for brook trout.
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