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In this study, animal-borne telemetry with temperature sensors was coupled with extensive habitat tem-
perature monitoring in a dimictic reservoir, to test the following hypotheses: behavioural thermoreg-
ulation occurs throughout the year and temperature selection varies on a diel and seasonal basis, in
a winter-specialist diel-migrating fish. Burbot Lota lota demonstrated nightly behavioural thermoreg-
ulation throughout the year, with a large seasonal shift between selection for very cold temperatures
(<2∘ C) optimal for reproduction during the spawning period and selection for warmer temperatures
(12–14∘ C) optimal for hunting and feeding during non-reproductive periods. During daylight hours,
while L. lota avoided habitats warmer than optimal for reproduction and feeding during the spawning
and non-reproductive periods, respectively, active selection was limited to selection for 4–6∘ C habi-
tat during the prespawning period. Although behavioural thermoregulation explained the night-time
migration, behavioural thermoregulation only partially explained daytime behaviour, indicating that
diel migration is best explained by a combination of factors. Thus, thermal-habitat selection was a good
predictor of night-time habitat occupancy in a diel-migrating species. Together, these results show that
thermal-habitat selection by fishes may be important throughout the year and a more seasonally plastic
behaviour than previously recognized.

© 2016 The Fisheries Society of the British Isles

Key words: acoustic telemetry; behavioural thermoregulation; diel migration; resource selection; ther-
mal ecology.

INTRODUCTION

As obligate ectotherms, fish body temperature (TB) reflects environmental temperature
(TE), with the result that TE is the dominant environmental variable controlling the
physiology and behaviour of fishes (Fry, 1971; Angilletta et al., 2002). In TE heteroge-
neous environments, temperature is competed for and exploited to maximize fitness
and may be considered a niche resource (Magnuson et al., 1979; Attrill & Power,
2004). Resource selection, the disproportionate use of a resource in relation to avail-
ability (Manly et al., 2002) and its opposite measure, resource avoidance, are important
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behaviours that allow animals to optimize fitness needs (Boyce & McDonald, 1999)
and detection of resource selection patterns has often advanced understanding of the
relationship between animals and their habitats (Boyce et al., 2002). Thermal resource
selection, where animals select and avoid thermal habitats to optimize fitness, is often
referred to as behavioural thermoregulation (Huey & Stevenson, 1979; Hertz et al.,
1993).

In ectotherms, thermal optimum, the temperature at which a process is maximal,
is dependent on physiological and behavioural states (Angilletta et al., 2002). Thus,
thermal optima vary between differing processes such as consumption, respiration,
ova maturation and reproduction (Hasnain et al., 2013). Bioenergetics theories sug-
gest that animals can optimize fitness with temporal shifts in thermal-habitat selection
in response to changes in physiological state, such as the diel pattern of ‘hunt-warm
rest-cool’ (Sims et al., 2006). The thermal optima of fishes are not static, they can
shift seasonally in relation to reproductive and energetic state (Hasnain et al., 2013)
but research on behavioural thermoregulation in winter has been limited to thermal
effluent studies (Cooke & McKinley, 1999; Cooke et al., 2000). Few researchers have
studied the role of behavioural thermoregulation outside of the summer period in sys-
tems with natural temperature regimes. In temperate aquatic systems, thermal hetero-
geneity is reduced in cooler periods compared with the summer. Nonetheless, where
thermal-habitat heterogeneity exists, exploitation of heterogeneity seems likely, given
the known importance of TE to ectotherm physiology.

Diel migration (DM), cyclical movements in relation to light and dark periods, is
a common behaviour in a broad range of taxa and environments and is important in
the structuring of aquatic ecosystems (Lampert, 1989; Mehner, 2012). In aquatic sys-
tems, DMs are often vertical through the pelagic zone (DVM) (Scheuerell & Schindler,
2003). Benthic migrations between the profundal and littoral zone, known as diel bank
migrations (DBM), have also been noted in several taxa (Gorman et al., 2012) and
horizontal migrations (DHM) have been reported in riverine fishes (Armstrong et al.,
2013). The leading hypotheses for the adaptive significance of diel migrations in fishes
suggest that a fitness gain is achieved through a combination of improved feeding
opportunity at night, increased predation shelter during the inactive daytime period
and the use of thermal habitats optimal for feeding, hunting and resting states (Donner
& Eckmann, 2011; Mehner, 2012; Harrison et al., 2013). The multi-factor bioener-
getics DM hypothesis is supported by evidence that fishes use thermal habitat similar
to their final temperature preferendum (FTP) at night (Mehner et al., 2010), with sea-
sonal nightly fish depth distributions correlated with the depth of optimal thermal habi-
tat (Busch & Mehner, 2009). To date, field-based empirical evidence has been based
largely on thermal habitat use data (Andrews et al., 2009), without reference to pro-
portionate habitat availability or habitat use data, both of which are necessary to infer
actual preference (Manly et al., 2002).

Burbot Lota lota (L. 1758) is a useful model species for testing hypotheses regard-
ing seasonal and diel patterns of thermal resource selection, because it is a diel
migrating (Harrison et al., 2013), stenothermic (Pääkkönen & Marjomäki, 2000),
winter-specialist species (Shuter et al., 2012) that inhabits thermally heterogeneous
environments, such as dimictic lakes and reservoirs (Harrison et al., 2016). In this
study, animal-borne thermal biotelemetry and TE logging was combined to investigate
thermal-resource use, selection and avoidance in 18 L. lota, tracked for 1 year, in a large
hydropower reservoir in British Columbia (BC), Canada. Zero-inflated mixed-effects
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resource-selection index models were used to test the following hypotheses: H1,
behavioural thermoregulation occurs throughout the year; H2, temperatures selected
differ on a diel and seasonal basis.

MATERIALS AND METHODS

S T U DY S I T E

Data were collected in Kinbasket Reservoir, a large (43 200 ha), deep (190 m) glacial-fed reser-
voir in the Kootenay–Rocky Mountain region of south-eastern BC. The reservoir is operated
for storage and hydroelectric generation and was formed by the construction of the Mica Dam
(52∘ 04′ 40′′ N; 118∘ 34′ 00′′ W) in 1976. The reservoir is fed by two major tributaries, the
Canoe River and the Columbia River, which form the main two arms of the reservoir. During
the study period, reservoir levels reached maximum elevation (754 m) on 4 November 2011 and
the reservoir was drawn down to a minimum level (722 m) on 21 April 2011. Further details
about the study site have been described (Gutowsky et al., 2011, 2013; Harrison et al., 2013,
2015; Martins et al., 2013, 2014).

S T U DY O R G A N I S M

Lota lota is a large-bodied benthic piscivore and top predator (Cott et al., 2011, 2013) inhab-
iting both lake and river systems throughout their northern circumpolar distribution (Stapanian
et al., 2010). The species is most active during winter (Paragamian & Wakkinen, 2008) and is
considered nocturnal (Müller, 1973; Harrison et al., 2013). Typically, L. lota spawn in late winter
to early spring, with spawning in the study region (Kootenay) thought to occur between Febru-
ary and April (McPhail & Paragamian, 2000). Lota lota are known to undergo DBM between
the profundal and littoral zone (Cott et al., 2015) and DM behaviour has been established in the
study system (Harrison et al., 2013) using a data set of which this paper is a sub-set.

T H E R M A L- H A B I TAT AVA I L A B I L I T Y

Temperature logger chains featuring TidbiT thermistor temperature loggers (Onset Hobo Data
Loggers UTBI 001; www.onsetcomp.com), accuracy of ±0·2∘ C, programmed to record tem-
peratures at a minimum of every 5 min, were deployed at four sites within the reservoir (Fig. 1
for locations and Table I for details) at lowest reservoir fill levels, in April 2011. The Columbia
and Canoe River sites were chosen because of their location on the two main tributary arms of
the reservoir (Fig. 1). Encampment was chosen because of the high number of L. lota detections
recorded at the station (Harrison et al., 2013) and the Forebay site was chosen as the most down-
stream site relevant for the study. Together, the inclusion of sites on both main tributary arms, in
the forebay and in a bay on the main confluence region, was chosen as a reasonably representa-
tive sample of reservoir thermal-habitat availability. In addition to the logger chains, a series of
shore-based logger arrays were deployed at each site between the low-pool and high-pool marks
to ensure coverage of the upper water column during periods of high reservoir fill (Fig. 1 for
locations and Table I for details). Reservoir elevation data provided by the BC Hydro and Power
Authority (www.bchydro.com) ensured that only data from submerged loggers were included in
the thermal-habitat data set. Mean temperatures at depth for each diel period, on each day dur-
ing the study period, were computed for each logger. Cubic spline interpolation (Livingstone,
2003; Jankowski et al., 2006) at 5 m intervals was used to generate nightly and daily site-specific
thermal profiles. Because of the varying reservoir levels, the number of loggers used to create
a thermal profile varied (see Table I for details). Site-specific thermal profiles were estimated
only on days when a minimum of three loggers were submerged. The number of days meeting
the criterion at each location is given in Table I. The reservoir operational regime ensured that
periods of high thermal heterogeneity, i.e. late summer, coincided with the maximum numbers
of submerged loggers. The maximum depth use recorded by L. lota at each site during the study
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Fig. 1. Map of Kinbasket Reservoir telemetry and temperature logging array. Inset (a) , the location of the
reservoir in relation to provinces and states of western North America; (b) details of the Forebay Site near
the dam face; (c) features the Encampment Site; (d) shows the Canoe Site; (e) details of the Columbia Site.

, VEMCO VR2W receivers complete with thermistor chains; , VEMCO VR2W receiver only stations;
, shore-based thermistor arrays.

period, with a daily correction for reservoir fill elevation, was used to define the lower limit of
thermal-habitat availability.

C A P T U R E A N D TAG G I N G P RO C E D U R E

Seventy-five L. lota (50 during April to May 2010 and 25 during April to May 2011) were
surgically implanted with temperature sensing acoustic telemetry tags (VEMCO V13TP;
http://vemco.com/), 45 mm× 13 mm, 6 g in water, temperature signal transmission rate of
120–360 s, accuracy of ±0·5∘ C and average of 240 s and expected battery life of 1028 days.
Complete details of the capture and tagging procedure can found in Harrison et al. (2013,
2015). Briefly, L. lota were captured using baited cod traps and decompressed to reduce risk of
barotrauma (Neufeld & Spence, 2004). Lota lota were then anaesthetised in a 90 mg l−1 clove
oil bath, an incision was made just offset to the mid-ventral line, the transmitter was inserted
into the interperitoneal cavity and the incision was closed using three uninterrupted sutures.
Recirculating lake water was applied to the gills throughout the surgery and the entire procedure

Table I. Summary of environmental temperature logger data and Lota lota detections by site
(see Fig. 1)

Site
Maximum number
of active loggers

Mean number
of active
loggers

Number of
days when ≥3
loggers were
submerged

Maximum
L. lota

depth recorded
at site (m)

L. lota
detections
received

(sample size)

Canoe 4 3·38 152 87·3 77 (2)
Columbia 4 3·41 137 100·1 41 (2)
Encampment 10 7·4 305 128·3 19 162 (9)
Forebay 37 24·2 366 188·3 10 104 (12)
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was performed in <5 min. Recovered L. lota were released within 100 m of capture site. All
experimental procedures were approved by the Carleton University Animal Care Committee.

T E L E M E T RY A R R AY

Single omnidirectional hydro-acoustic receivers (VEMCO VR2W) were positioned at the
Columbia and Encampment logger stations (Fig. 1). The Canoe site featured an array of two
VR2W receivers both within detection range (c. 750 m) of the temperature-logger array. The
Forebay site featured six VR2Ws within detection range of the thermal-habitat loggers. Further-
more, 2 weeks of data from a thermal-logger chain installed at the outer Forebay site (Fig. 1)
indicated isothermal conditions between this site and the inner Forebay and therefore the three
VR2Ws placed at the outer Forebay were included in the Forebay group. VR2Ws were deployed
as described in Gutowsky et al. (2013) in the spring of 2011 and data were downloaded in the
spring of 2012.

T H E R M A L R E S O U R C E S E L E C T I O N

Resource selection was determined for the individual (i) at site (j) scale on a diel basis, with
the thermal profile at a given logger chain used to represent the thermal habitat within detection
range of the associated acoustic receivers. Diel period was defined by sunset and sunrise times
at 52∘ 08′ N; 118∘ 28′ W. To ensure an adequate sampling period to estimate proportionate use
and to reduce risk of false detections, selection indices were only calculated when individuals
were detected 10 or more times within a diel period. Thermal habitat was categorized into 2∘
C bins. The resource selection index for a given thermal habitat bin Wij was determined as
Wij =Oij Aij

−1, where Oij is equal to the proportion of detections in a given thermal habitat for
fish i at location j and Aij represents the proportion of available habitat. Wij index values <1
indicate avoidance, with Wij equal to 1 indicating neutral selection and Wij > 1 indicating active
selection (Manly et al., 2002). Wij is often standardized (constrained between 0 and 1, Bij) to
ease the interpretation of preference, i.e. the likelihood of selection under equal availability.
Standardization, however, relies on a fixed number of habitat categories (Manly et al., 2002),
because selection is interpreted as positive when Bij ≥ n−1, where n is equal to the number of
habitat categories. As the number of thermal habitats within and among seasons was variable in
the data set, n could not be reliably estimated and standardization was avoided.

S TAT I S T I C A L F R A M E W O R K

Mixed-effects models, which can account for correlations within repeatedly measured indi-
viduals, are a valuable tool for fitting resource selection models to telemetry data (Gillies et al.,
2006; Hebblewhite & Merrill, 2008). Typically, these methods use logistic regression to model
presence (1) v. availability (0), where availability is estimated from a random sample of unused
habitats (Boyce & McDonald, 1999; Boyce et al., 2002). The approach is practical for data sets
featuring infrequent detections (such as hourly or daily GPS fixes), but less practical for large
data sets with fine-scale spatiotemporal coverage, such as high-frequency acoustic telemetry
data sets, where the size of the data set may result in excessively long model convergence times
(Hebblewhite & Merrill, 2008) and the inability to adequately capture intensity of use (Nielson &
Sawyer, 2013). One alternative approach is to use short-term resource selection indices, such the
Wij of Manly et al. (2002), as the response variable in a generalized linear mixed effects model.
The method ensures intensity of use is explicitly modelled and the precision at which habitat is
measured can be fully utilized, rather than sampled, as is the case with the presence availability
models. While the issue of temporal autocorrelation in resource selection modelling has been
extensively explored (Cagnacci et al., 2010; Fieberg et al., 2010; Nielson & Sawyer, 2013), the
issue of zero-inflation has received much less attention in regards to resource selection func-
tion (RSF) modelling. Excessive zeros associated with unused habitat are common in resource
selection models (Manly et al., 2002; Nielson & Sawyer, 2013) and have the potential to result
in biased parameter estimation (Zuur et al., 2009). Advances in zero-inflated modelling tech-
niques, however, designed for count data (Zuur et al., 2012) and continuous data (Pennington,
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1983; Helser et al., 2004) provide an excellent opportunity to incorporate zero-inflated distribu-
tions into resource selection modelling.

Generalized linear mixed model (GLMM) frameworks (Zuur et al., 2009) were fitted with a
delta-normal error distribution (Aitchison, 1955), to account for the high levels of zero infla-
tion (75·9%) that occurred as a result of the frequency of unoccupied thermal habitat. The
delta approach is a two-stage mixing process, suitable for zero-inflated data with a Gaussian
non-zero response, that has been extensively applied to zero-inflated continuous fisheries data
(Pennington, 1983; Helser et al., 2004; Anlauf-Dunn et al., 2014). The approach is similar to
the zero-altered Poisson (ZAP) and hurdle models often used for count data (Zuur et al., 2012),
but the method allows for a continuous distribution of the non-zero data. Delta model selection
estimates (Δij) were derived using:

Δij = pijNij, (1)

where pij is the probability of habitat occupancy and Nij is the estimate of Wij for the sub-set
of non-zero data, i.e. occupied habitats. For all models, separate intercepts were used for each
combination of individual L. lota× thermal-habitat category. This random effect structure was
chosen over a crossed or nested structure (Pinheiro & Bates, 2000; Zuur et al., 2009), for the
ability to account for the correlation between successive visits to the same habitat, which would
not be possible with a crossed or nested structure. Furthermore, separate intercepts for each com-
bination of individual and thermal-habitat category make sense from a biological perspective,
given that one would probably expect selection for differing habitats to be independent traits in
a given fish. Correlation was modelled using a continuous autoregressive correlation structure
(AR1), where the lag of 1 was used for consecutive diel periods (Pinheiro & Bates, 2000; Zuur
et al., 2009). Correlation structures were validated using autocorrelation function (ACF) plotting
for the habitat occupancy model sets and a combination of ACF plotting and AIC comparison
for the Nij model. For both model sets, beyond optimal models used the following categorical
fixed effects structure: thermal habitat (T , 2∘ C temperature bins starting at 0–1·99∘ C through to
18–20∘ C), season [S, prespawning (November to January), spawn and postspawning (February
to April) and summer (May to October)], diel period (D, night and day), location (L, Forebay,
Encampment, Canoe and Columbia) and all possible two- and three-way interactions.

P RO BA B I L I T Y O F O C C U PA N C Y M O D E L

Probability of occupation pij, or the probability of being detected at least once in a given
thermal habitat, was modelled using a penalized quasi-likelihood generalized linear mixed
effects logistic model, fitted using the glmmPQL function from the package MASS for R
(http://cran.r-project.org/web/packages/mass/index.html). Backwards selection was performed
using the wald.test function from the aod package for R (http://cran.r-project.org/web/packages/
aod/index.html/), which is deemed an appropriate method for quasi-likelihood approximation
(Breslow, 1990). Beyond optimal models took the form it(pij)= 𝛼 + 𝛽1 Tij + 𝛽2 Sij + 𝛽3 Dij +
𝛽4 Lij + 𝛽5 Iij + Fi, where Fi is the random intercept represented by individual fish i in a given
thermal habitat and is assumed to be c. N

(
0, 𝜎2

F

)
, pij represents the probability of a single

detection for fish i at location j and Iij is used to represent all possible two- and three-way
interactions.

T H E R M A L- H A B I TAT S E L E C T I O N F O R O C C U P I E D H A B I TAT S
M O D E L

Non-zero selection estimates (Nij) were computed using linear mixed effect models with
a Gaussian error structure fitted using the package nlme for R (http://cran.r-project.org/web/
packages/nlme/index.html/). Residual plotting was used to test for key model assumptions: het-
eroscedasticity between fixed effects levels, normality and independence (Zuur et al., 2009).
Where heterogeneity in variance between fixed effects levels was observed, the variance weight-
ing function varIdent was applied and where residual plots indicated deviance from normality,
cube-root transformations were used (Zuur et al., 2009). Backwards selection was applied using
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the conditional F test approach (Pinheiro & Bates, 2000). Resulting beyond optimal models took
the following form: Nij = 𝛼 + 𝛽1 Tij + 𝛽2 Sij + 𝛽3 Dij + 𝛽4 Lij + 𝛽5 Iij + Fi.

D E LTA T H E R M A L- H A B I TAT S E L E C T I O N M O D E L

Model estimates were derived using equation (1). Conditional confidence intervals (P< 0·05)
for DWij estimates were derived using the parametric bootstrap approach (Efron & Tibshirani,
1994; Davison & Hinkley, 1997), based on the assumption of a near asymptotic distribution of
estimates. Runs of 100 000 probable parameter estimates were drawn using the rmvnorm func-
tion from the mtvnorm package for R (http://cran.rproject.org/web/packages/mtvnorm/index.
html/) and the variance–covariance matrices from the nlme model outputs for the best Nij and
probability of occupancy models. The product of the parameter estimates from each model were
used to compute 100 000 fitted values from which the c.i. were estimated. The resulting c.i. from
the delta model were then used to test hypotheses regarding thermal-habitat selection, where
overlap with the Wij value of 1 indicated neutral selection and non-overlapping intervals above
or below 1 indicated positive selection or avoidance, respectively.

RESULTS

Eighteen of the 75 tagged L. lota were recorded at receivers within the vicinity of
temperature-logger chains, resulting in 34 246 detections. Sixty-seven of the 75 tagged
L. lota were detected at additional receivers employed in the reservoir for alternative
studies (Harrison et al., 2013, 2015). Individuals detected in this study had a mean
total length (LT) of 51·1 cm and ranged from 45·8 to 64·5 cm. Post-filtration, detec-
tions ranged from 35 to 12 910, with a median of 628 detections per individual over
the study period. Environmental thermal-habitat availability profiles were calculated
for 1913 diel period-based profiles across four stations (Table I). The combination of
these environmental-habitat availability and thermal-habitat use estimates resulted in
4153 resource selection index observations, with individuals meeting the 10 detection
per diel period criterion for diel Wij observations on an average of 40 (not necessar-
ily consecutive) days (range= 3–220 days). Eighteen L. lota were detected during the
summer period, 16 during the prespawning period and 15 during the postspawning and
spawning period. Diel depth distribution data in relation to thermal-habitat availability
over the course of the year is shown in Fig. 2.

T H E R M A L- H A B I TAT AVA I L A B I L I T Y

Seasonal and diel differences in overall thermal-habitat availability proportions were
observed (Fig. 3), with >80% of available thermal habitat during the prespawning
period falling between 2 and 6∘ C for both day and night periods and the range of
thermal habitat available falling between 0 and 12∘ C (day) and 0 and 10∘ C (night).
During the spawning and postspawning period, 2–4∘ C water accounted for up to 68·5
(day) and 67·7% (night) of the thermal habitat available and 0–2∘ C thermal habitat
accounted for 31·6 and 31·0%, of thermal-habitat availability. In the summer period,
66·40% of the available thermal habitat fell between 2 and 6∘ C.

T H E R M A L- H A B I TAT O C C U PA N C Y

The best model featured a significant three-way interaction among diel period,
season and thermal-habitat category (X2 = 238·7, d.f.= 26, P< 0·01). Location and
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Fig. 2. (a) Daytime and (b) night-time diel thermal depth profiles of Lota lota in Kinbasket Reservoir. , the
daily population mean depth (n= 18). Background colours indicate the mean temperature at depth across
all sites.

all interactions involving location were not found to influence L. lota thermal habitat
use (X2, all P≥ 0·05) and were subsequently removed from the final model. Model
estimates c.i. are plotted in Fig. 4. Temporal correlation for the residual temporal
autocorrelation was observed (Φ= 0·54) and accounted for. Individual differences
accounted for 49% of the variance in the thermal-habitat use. Significant differences
between diel periods within thermal-habitat categories (diagnosed by non-overlapping
95% c.i.) were observed in the spawn and postspawning periods, with increased
probability of use of the 0–2∘ C thermal-habitat category at night and increased prob-
ability of use of the 2–4∘ C habitat during the day. During the prespawning period,
0–2∘ C habitat was available during day and night (4·74 and 4·21%, respectively),
but never used. Habitat at 10–12∘ C was available (0·26%) during the day but never
used. During the summer, 16–18∘ C habitat was available during the day and night
(3·20 and 2·93%, respectively), but never used. Similarly, 18–20∘ C habitat was also
available during the day (1·00%), but never occupied.

T H E R M A L- H A B I TAT S E L E C T I O N F O R O C C U P I E D H A B I TAT S

The model was populated with 1001 non-zero observations. Individuals pro-
duced enough data to calculate non-zero Wij values for an average of 40, not
necessarily consecutive days (range= 3–220 days). A significant season× diel
period× thermal-habitat interaction effect was observed (Marginal F test, denominator
F25,906 = 10·88, P< 0·001). Location and all interactions involving location were not
found to significantly influence non-zero Wij (Marginal F test, all P> 0·05). In the
final model, residual temporal correlation was observed and accounted for (Φ= 0·82).

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12990
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Fig. 3. Per cent availability of thermal habitat for Lota lota in Kinbasket Reservoir in (a) summer, (b) prespawn
and (c) spawn and postspawn in the day ( ) and night ( ).

Individual differences accounted for 10·1% of variation in non-zero thermal-habitat
selection. Model estimates and confidence intervals are shown in Fig. 5.

D E LTA T H E R M A L- H A B I TAT S E L E C T I O N M O D E L

During the prespawning period L. lota showed significant selection for 4–6∘ C habitat
during the day and 8–10∘ C habitat during the night (bootstrapped c.i.> 1, P< 0·05),
L. lota avoided 0–2∘ C habitat during both diel periods and avoided 10–12∘ C habitat
that was only available during the day (bootstrap c.i.< 1, P< 0·05) and showed neutral
selection for all other habitats (c.i.= 1, P< 0·05).

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12990
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and night-time ( ); error bars represent conditional 95% c.i.

During the spawn and postspawning period, L. lota showed significant selection for
0–2∘ C habitat at night (bootstrapped c.i.> 1, P< 0·05), neutral selection for 0–2∘
C habitat during the day (bootstrapped c.i.= 1, P< 0·05) and avoided habitats >2∘ C
during both day and night (bootstrapped c.i.< 1, P< 0·05).

During the summer nights, L. lota showed positive selection for 12–14∘ C, neutral
selection for habitats between 4–12∘ C and 14–16∘ C and avoided habitats <4 and
>16∘ C. During summer daytime, L. lota showed neutral selection for 4–14∘ C and
avoided thermal habitat >14 and <2∘ C. Model estimates and c.i. are shown in Fig. 6.

DISCUSSION

The data set used in this study comprised high frequency thermal-habitat availability
and thermal-habitat selection measures of 18 L. lota tracked for a full year in a thermally

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, doi:10.1111/jfb.12990
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heterogeneous environment. Accordingly, these results provide a much more detailed
and long-term data set of the thermal behaviour of L. lota than was previously avail-
able. These results provide empirical evidence confirming the hypotheses of year round
behavioural thermoregulation (H1) and seasonal and diel patterns of thermal selection
and avoidance (H2) in a stenothermic fish, inhabiting a thermally heterogeneous envi-
ronment. Heterogeneity in diel patterns of thermal experience have previously been
used to test hypotheses regarding physiological advantage (Brett, 1971; Sims et al.,
2006; Andrews et al., 2009). These results, however, are among the first to utilize
detailed thermal-habitat availability data sets to provide empirical evidence of a diel
pattern of selection and avoidance during diel migrations. Furthermore, these results
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are among the first to provide a field-based description of such a large seasonal tem-
perature shift in the habitat selection (from 0–2∘ C to 12–14∘ C).

During the summer and prespawning periods, results suggest that night-time migra-
tion is associated with a pattern of behavioural thermoregulation towards optima for
hunting, feeding and digesting in this night-active, nocturnal predator (Müller, 1973;
Kavaliers, 1980; Harrison et al., 2013). Summer night-time selected temperatures
(12–14∘ C) were similar to thermal optima for consumption reported for L. lota
(13·6–14·0∘ C; Rudstam et al., 1995; Pääkkönen & Marjomäki, 2000; Pääkkönen
et al., 2003). The selected temperatures were also similar to optimal temperatures for
gastric evacuation (12·6∘ C; Pääkkönen & Marjomäki, 1997), which would minimize
stomach fullness to enable maximum nightly food intake (Jeschke et al., 2002). In
addition, the selected temperatures were close to the species’ final temperature prefer-
endum (FTP) (14·2∘ C; Hofmann & Fischer, 2002). Use of temperatures similar to FTP
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during nightly diel migrations has been noted in wild coregonids (Busch & Mehner,
2009; Mehner et al., 2010) and these results confirm active selection for FTP. While
the relationship between FTP and specific physiological thermal optima has not been
quantitatively established for L. lota, FTP is often closely linked to an optimization of
physiological and bioenergetic processes (Beitinger & Fitzpatrick, 1979; Reynolds &
Casterlin, 1979; Jobling, 1981; Hasnain et al., 2013) and closely matches temperatures
that minimize the costs of swimming (Ohlberger et al., 2008). The selection for the
warmest available habitat (8–10∘ C) seen during the prespawning suggests a similar
attempt to optimize thermal conditions for hunting, feeding and digesting.

The nightly selection for water <2∘ C during the spawn and postspawning may opti-
mize thermal conditions for prespawning maturation and the spawning event and may
have consequences for thermal-habitat available for developing embryos. Lota lota
spawning maturation is strongly tied to temperature with Zarski et al. (2010) noting
spawning maturation was fastest when temperatures rapidly declined to 1∘ C. Lota
lota spawning has been observed at between 0 and 4∘ C (McPhail & Paragamian, 2000)
and Wismer & Christie (1987) suggested an optimum spawning temperature of 1·2∘ C.
Further, the selection for <2∘ C habitat may improve sperm motility, which was found
to be optimal at <5∘ C (Lahnsteiner & Mansour, 2012). Lacustrine L. lota spawn at
night in the littoral zone (McCrimmon, 1959) and while spawning takes place in the
water column (Fabricius, 1954), eggs quickly sink and mature within the substratum
(McPhail & Paragamian, 2000). Lota lota eggs have among the coldest optimum incu-
bation temperatures of all freshwater temperate species (Teletchea et al., 2009), thus
nightly selection of <2∘ C during the spawning event may benefit eggs postspawn even
though such temperatures are below those described as optimal for egg survival; 3·8∘ C
(Vught et al., 2008) and 3∘ C (Taylor & McPhail, 2000). Nonetheless, selection of these
<2∘ C temperatures would ensure an avoidance of thermal habitat likely to cause mor-
tality as 100% L. lota ova mortality has been recorded at >8·1∘ C (Vught et al., 2008),
>5∘ C (Zarski et al., 2010) and >6∘ C (Taylor & McPhail, 2000). In winter, when
temperatures fall below 4∘ C, available <2∘ C habitat tends to be located closer to the
surface (Fig. 2) and it is possible that the selection of these very cold temperatures could
be a function of selection for a non-thermal-habitat variable associated with shallow
depth. Given the importance of temperature, however, in the reproductive processes
of ectotherms (Huey, 1991; Van der Kraak & Pankhurst, 1996; Guderley & Pörtner,
2010), temperature is probably the most critical determinant of habitat selection.

The observations of a general daytime pattern of avoidance of thermal habitat >14
and <4∘ C during the summer and >2∘ C habitat during spawning and postspawning
imply an avoidance of suboptimal thermal habitat for consumption and reproduction,
respectively. With the exception of the selection observed for 4–6∘ C habitat during
prespawning, significant active selection was not observed, indicating that selection
for thermal habitat may not be as important during the day as at night. Together,
these results suggest that while selection for physiological optima provides an effec-
tive explanation for the night-time migration, thermal-habitat selection only partly
explains daytime behaviour. Accordingly, the data provide support for the contribution
of behavioural thermoregulation in a multi-factor hypothesis for diel migration,
similar to hypotheses proposed by Mehner (2012) and Harrison et al. (2013). The
results, however, do not support a stand-alone bioenergetics diel migration hypothesis
as proposed by Sims et al. (2006), under which one would expect to find a consistent
pattern of selection for cooler habitat during the day.
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Diel migration explanations have also been investigated using bioenergetics mod-
elling exercises (Sims et al., 2006; Busch et al., 2011; Mehner et al., 2011) and using
experimental data to simulate diel thermal experience changes (Donner & Eckmann,
2011). Such models and experiments have proved useful for quantifying the theoret-
ical bioenergetic fitness gains associated with diel migrations under a bioenergetics
stand-alone diel migration hypothesis. Nonetheless, these methods are dependent on
assumptions about activity levels and feeding rations, which are hard to estimate with
precision (Hansen et al., 1993; Mehner, 2012). Furthermore, these methods lack the
ability to quantify fitness gain to predation vulnerability trade-offs, which are expected
under a multifactor hypothesis. Indeed, given the close match with temperature selected
at night and temperatures previously experimentally defined as optimum and the find-
ings that suggest the daytime migration is not strongly tied to thermal-habitat selection,
the field-based approach has provided data that is likely to be more valuable than could
be provided by an experimental or modelling approach.

While seasonal shifts in thermal preference from experimental data have been
described in a few species, e.g. Arctic charr Salvelinus alpinus (L. 1758) (Mortensen
et al., 2007) and cod Gadus morhua L.1758 (Clark & Green, 1991), the detec-
tion of a large seasonal temperature shift in the habitat selection (from 0–2∘ C
to 12–14∘ C) is rare. Indeed, functional responses to availability, i.e. changes
in selection strength in relation to changes in resource or habitat availability
(Mysterud & Ims, 1998), are common in studies of non-thermal-habitat selection
(Osko et al., 2004; Hebblewhite & Merrill, 2008; Godvik et al., 2009). Accordingly, it
is suspected that temporal functional responses to thermal-habitat availability may be
more common than previously acknowledged and the rarity of such findings reflects
the lack of research into winter thermal ecology in general (Shuter et al., 2012).The
seasonal and diel shifts in temperature selection detected indicate that overall mea-
sures of thermal preference derived from a single season or single diel period may be
reductive, particularly for winter-active or diel-migrating species. Thus, seasonal and
diel thermal selection patterns warrant further investigation in additional species.

Behavioural thermoregulation still occurred during the winter period, despite the
large reduction in reservoir thermal heterogeneity compared with summer. The findings
that behavioural thermoregulation is an important tactic in winter in lake environments
parallel previous work in river environments. Thermal-habitat selection is an important
tactic used to survive winter in riverine salmonids (Cunjak, 1996), such as avoidance of
freezing temperatures (Cunjak et al., 1998) and the selection of warmer groundwater
input (Cunjak & Power, 1986). Results from this study indicate that winter thermoregu-
lation may also be important in lake environments. Furthermore, the fitness gains from
behavioural thermoregulation in winter are probably amplified in a winter-feeding
species (Hölker et al., 2004; Shuter et al., 2012). Accordingly, thermal heterogeneity
in winter may be more important in structuring lake fish distribution than previously
considered and more research is needed to understand how shorter winters might affect
freshwater fishes, particularly winter specialists. Indeed, winter specialist species are
already considered particularly vulnerable to winter temperature increases (Pörtner,
2006; Pörtner & Peck, 2010; Shuter et al., 2012). The selection for very cold thermal
habitat (<2∘ C) by L. lota during the late winter further highlights this vulnerability.

In conclusion, the results from this study are among the first to explicitly quantify
the role of thermal-habitat selection in diel migration behaviour. Results show that
behavioural thermoregulation towards optimal temperatures for reproduction, hunting
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and feeding consistently explain night-time behaviour throughout the year. Consistent
patterns of selection, however, for cooler habitat during the daytime period, which
would be expected from a bioenergetics-based ‘hunt-warm rest-cool’ diel migra-
tion strategy (Sims et al., 2006), were not observed. Together, these results imply
a partial role of behavioural thermoregulation within a multifactor DM hypothesis.
Behavioural thermoregulation has long been acknowledged as an important tactic
for maximizing fitness during summer periods (Huey & Stevenson, 1979). These
findings have provided evidence that this tactic may also be important during winter
periods and that selected temperatures can shift seasonally in response to reproductive
state. Furthermore, the requirement for cold thermal habitat during the reproductive
period highlights a potential vulnerability to increased winter temperatures. Given
the importance of temperature for ectotherms, a thorough understanding of the rela-
tionship between fish and thermal habitat, particularly in winter, is essential for a
complete understanding of fish ecology. Findings from the present study demonstrate
that consideration of thermal ecology at the diel and seasonal scale has the potential
to significantly advance knowledge in this area.
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