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ABSTRACT: Farmed ﬁsh released in a native environment can display different spawning behaviour compared to their wild conspeciﬁcs. In our study, farmed and wild burbot, a species recently
introduced for aquacultural production, were equipped with electromyogram (EMG) radio tags.
EMG biotelemetry allows a description of the spatial distribution of ﬁsh together with simultaneous measurements of individual energy consumption. Farmed burbot were released into the wild
to simulate stocking or hatchery escape and were observed over a nocturnal phase during
November to January. The observational period was assumed to cover the whole spawning season, including an expected peak of spawning activity determined according to egg production by
naturally spawning burbot in an experimental seminatural river channel. We detected increased
energy consumption and lower movement activity at the time of expected peak spawning for wild
burbot only. Across the whole spawning season, farmed females showed lower movement activity
and energy consumption than wild females, whereas the opposite results were found for farmed
males. Farmed and wild ﬁsh kept larger distances between each other than the individuals within
a group (farmed and wild) across the whole spawning season. The closest positions occurred
between males and females in the wild group, while for farmed ﬁsh, the closest position was found
within the same sex. Sexually conditioned energy consumption and spatial distribution differed
between wild and farmed ﬁsh.
KEY WORDS: Radio telemetry · Electromyogram · Spawning · Escape simulation · Hatchery
experience

1. INTRODUCTION
Stocking farmed ﬁsh to strengthen waning wild
populations and escapes of ﬁsh from aquaculture
may differentially inﬂuence wild populations worldwide (Jensen et al. 2010, Lorenzen et al. 2012,
Diserud et al. 2019). Farmed ﬁsh can affect the vitality of wild populations (Araki et al. 2007, Buhle et al.
2009, Araki & Schmid 2010, Lorenzen et al. 2012),
especially via kin crossbreeding, leading to losses
in genetic diversity (Skaala et al. 2005, Hindar et al.
2006) and morphological differences (Fleming et al.
1994, Kihslinger & Newitt 2006). Hatchery-reared
*Corresponding author: oslavik@af.czu.cz

ﬁsh are stocked under simpliﬁed conditions (Einum
& Fleming 2001, Huntingford 2004, Johnsson et al.
2014) at densities too high for natural behaviors to
develop (Brockmark & Johnsson 2010). Hence, after
restocking or escape, ﬁsh may display changes in
behavior and ecology that result in lower survival
and vitality in the wild (McGinnity et al. 2003, Jonsson & Jonsson 2006, Johnsson et al. 2014). In contrast, many successful restoration programs have
been reported for rivers affected by overﬁshing
and/or dam construction accompanied by changes in
temperature and ﬂow regimes (Stapanian et al. 2006,
Harrison et al. 2016a), where weakened wild popula© The authors 2021. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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tions recovered by stocking hatchery-reared ﬁsh and
restoring habitat (Stapanian et al. 2010, Neufeld et al.
2011, Hardy & Paragamian 2013, Hardy et al. 2015).
Examples of ongoing discussions about the interactions between wild and farmed ﬁsh during spawning
include salmonids and codﬁsh. When migrating from
the sea to spawning sites in rivers, farmed salmon
showed lower homing accuracy than wild salmon
(Quinn 1993, Jonsson et al. 2003, Jonsson & Jonsson
2017). Furthermore, farmed salmon displayed differences in the timing of the spawning season compared
to wild salmon, for example, staying longer at sea
(Heggberget et al. 1993, Fleming et al. 1997, Aarestrup
et al. 2000) and spawning later (Fleming & Gross 1993)
and/or earlier (Lura & Saegrov 1993, McLean et al.
2003). Moreover, they can show suboptimal energy
consumption during spawning migrations, for example, undertaking longer upstream migrations than their
wild conspeciﬁcs (Thorstad et al. 1998, Moe et al. 2016).
In spawning areas, farmed salmon spend less time
(Jonsson et al. 1990, Økland et al. 1995), display higher
movement activity and occupy less beneﬁcial spawning positions (Berejikian et al. 2001). These characteristics can be associated with the lower ability of farmed
ﬁsh compared to wild ﬁsh to effectively form social hierarchies (Fleming 1996, Weir et al. 2004), agreeing
with the ﬁnding that spawned farmed ﬁsh are subordinate to wild conspeciﬁcs (Fleming & Gross 1993,
Fleming et al. 1997, Fleming & Petersson 2001).
Atlantic cod Gadus morhua (Linnaeus, 1758) display lek-like mating aggregations (Meager et al. 2010)
and spawning site ﬁdelity (Skjæraasen et al. 2011)
during reproduction, and wild and farmed ﬁsh have
been observed together at spawning sites (Uglem et al.
2008, Meager et al. 2010, Zimmermann et al. 2013).
However, occurrence at the spawning sites differed
according to sex. Speciﬁcally, aggregation of farmed
males rarely occurred at the spawning sites, and
these males did not participate in the spawning process, whereas farmed females did, suggesting hybridization between wild and farmed individuals (Meager et al. 2010). Reproductive success, however, is
likely not guaranteed by the presence of individuals
in mating aggregations alone (Wringe et al. 2015) but
also associated with energetically demanding male
reproductive behaviors, which are decisive for success in female mate choice (Skjæraasen et al. 2010a).
Skjæraasen et al. (2010b) found that wild males fertilized more eggs from wild females than from
farmed females, and wild females preferred wild
males according to behavioral indicators, whereas
farmed males were more frequently rejected. In summary, the behavior of farmed ﬁsh during reproduc-

tion is species-speciﬁc and may differ from that of
wild individuals in terms of timing, spatial distribution, movement activity and social interactions.
The burbot Lota lota (Linnaeus, 1758) has recently
been extensively studied in the wild (Cott et al. 2013,
Harrison et al. 2015, Blábolil et al. 2018) and in aquaculture (Trabelsi et al. 2011, Wocher et al. 2011,
Kucharczyk et al. 2018). Yet, information about potential behavioral differences between farmed ﬁsh
and their wild conspeciﬁcs is generally lacking. The
burbot, the only freshwater representative of the
Gadidae family, is a predator with a northern circumpolar distribution occupying rivers and lakes (Lehtonen 1998). Its occurrence closely correlates with the
availability of shelters (Ryder & Pesendorfer 1992,
Fischer 2000, Cott et al. 2015). It is predominantly
nocturnal (Müller 1978, Slavík et al. 2005, Eick 2013,
Cott et al. 2015, Harrison et al. 2016b), and its spawning occurs at night during winter (Maitland & Campbell 1992) at temperatures of approximately 0 to 4°C
(McPhail & Paragamian 2000, Harrison et al. 2016b).
In rivers, the species is less active in summer (Bergersen et al. 1993, Slavík & Bartoš 2002, Hölker et al.
2004, Slavík et al. 2005), while in lakes, its activity
can be higher. It searches for hiding places during
the day and for food at night to maintain optimal temperature conditions for resource use (Harrison et al.
2013, 2016b, Cott et al. 2015).
In the present study, male and female farmed and
wild burbot with a common genetic background
were radio-tagged with physiological sensors to estimate their energy consumption. Fish were observed
during the whole spawning season from November
to January in the Vltava River, Elbe catchment area,
Czech Republic. To precisely detect the expected
spawning activity and estimate its timing, we observed parallel spontaneous spawning activities of
burbot in a seminatural river channel with the same
water temperature as its source, the Vltava River,
where radio-tagged individuals were also observed.
We assumed that if farmed and wild ﬁsh displayed
differences in behavior during the spawning season,
then their energy consumption would also differ,
reﬂecting differences in movement activity and spatial distribution in relation to spawning sites.

2. MATERIALS AND METHODS
2.1. Study area
The study was carried out in the headwaters of
the Vltava River, located in Šumava National Park,
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A total of 26 adult burbot (Table 1) with a common
genetic background, including 12 hatchery-reared
ﬁsh selected to simulate escape and/or restocking
(Heggberget et al. 1993, Økland et al. 1995, Horká et
al. 2015) and 12 wild ﬁsh, were used to study behavior and energy consumption in the wild, and 2
hatchery-reared ﬁsh were used to monitor energy
consumption during the spawning season in the
seminatural river channel. Fish were sexed during
the surgical tagging procedure. Hatchery-reared
burbot (7 females and 7 males) were obtained from a
local ﬁsh supplier (Borová Lada, Czech Republic).
The hatchery is located approximately 800 m from
the studied stretch of the Vltava River and is supplied
by water from its tributary, the Malá Vltava (Fig. 1).
Wild burbot (6 females and 6 males) were captured
with electroﬁshing techniques (650 V, 4 A, pulsed
DC) at the conﬂuence of the Vltava and Malá Vltava
rivers on 31 October 2014. All 26 ﬁsh were tagged on
the day of capture. The ﬁsh were anesthetized with
2-phenoxyethanol (0.2 ml l−1; Merck KGaA) and then
measured (standard length; mean 492 mm and range
465−601 mm for farmed ﬁsh; mean 472 mm and
range 465−477 mm for wild ﬁsh) and weighed (body
mass; mean 881 g and range 652−1200 g for farmed
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Czech Republic. The Vltava River is 430.2 km long
with an overall catchment area of 28 090 km2. The
headwaters consist of mountainous oligotrophic
streams with pristine morphologies, with the studied
stretch located approximately 15 km downstream of
the river source. The studied stretch is ca. 2.8 km
long with an average discharge of 0.7 m3 s−1 and an
average width of 8 m. The river slope of the studied
stretch can reach 26%, with alternating occurrences
of rapids and pools. The river bottom consists of sand
and gravel and is covered by boulders. The most
numerous species is the brown trout Salmo trutta
(Linnaeus, 1758), followed by the bullhead Cottus
gobio (Linnaeus, 1758), burbot and grayling Thymallus thymallus (Linnaeus, 1758). The seminatural river
channel used for monitoring burbot spawning
activity is 250 m long, with a width of 2 m and depth
of 0.2 to 1.2 m; the gravel channel bottom is covered
by boulders and enriched by dead wood. The seminatural river channel has a continuous ﬂow of 0.2 m3
s−1 and is supplied by water from the Malá Vltava,
a tributary of the Vltava River (Fig. 1). To prevent
fish escape, the channel was blocked by standard
inﬂow−outﬂow obstructions.
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12 farmed spec.
(mean body mass 881 g)
+ 12 wild spec. (mean body mass 815 g)
radiotelemetry

N

200 m

Fig. 1. Study site

ﬁsh; mean 815 g and range 679−1050 g for wild ﬁsh).
No body mass differences were detected between
the groups (wild × hatchery reared, t = 1.26, p = 0.22;
male × female, t = 1.55, p = 0.14). The ﬁsh were
equipped with electromyogram (EMG) transmitters
(CEMG2-R11-25; mass 12 g in air and 5.7 g in water,
5 s burst rate, with an operational life of ca. 89 d).
EMG biotelemetry allows a description of the spatial
distribution of ﬁsh together with simultaneous
measurements of individual energy consumption,
measured as the voltage corresponding to muscle
activity. EMG transmitters were implanted in the
body cavity of each ﬁsh through a midventral
incision that was closed by 3 or 4 separate stitches
using a sterile, braided, absorbable suture (coated
VICRYL, Ethicon). The 2 electrodes of the surgically
implanted EMG transmitters were positioned in the
red aerobic musculature below the lateral line on the
left side of the ﬁsh. The distance between the electrodes ranged from 10 to 12 mm (Cooke et al. 2004).
The individuals equipped with the EMG transmitters
were kept in cages in the river stretch for ca. 30 min
after implantation of the transmitters for recovery
(Slavík et al. 2017). They were then released at or
near the point of wild ﬁsh capture, and 2 hatcheryreared ﬁsh were released into the cage in the seminatural river channel. It is recommended that more
complete and detailed records be collected for
smaller ﬁsh patterns when utilizing physiology sensors such as EMG transmitters instead of observing
large numbers of individuals at a lower frequency
(Cooke et al. 2004). The importance of telemetry data
for ﬁeld observations of ﬁsh behavioral patterns in
the wild was shown by earlier studies with a smaller
number of tracked ﬁsh (Slavík & Horký 2009, O’Neill
et al. 2018).
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Table 1. Tagged individuals of burbot with their sex, origin, body mass, standard length (SL), estimated time of death and
number of weekly tracking cycles (all and during expected spawning intensities). Two individuals (nos. 25, 26) were used to
monitor the energy consumption during spawning season in the seminatural channel. na: not available
Fish
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Sex

Origin

Mass
(g)

SL
(mm)

Estimated time
of death
(d.mo.)

Female
Male
Female
Male
Female
Male
Male
Male
Male
Female
Male
Female
Female
Male
Male
Female
Female
Female
Male
Male
Female
Male
Female
Female
Male
Female

Wild
Farmed
Wild
Farmed
Wild
Farmed
Wild
Farmed
Wild
Farmed
Wild
Wild
Wild
Farmed
Wild
Farmed
Farmed
Farmed
Wild
Wild
Farmed
Farmed
Farmed
Wild
Farmed
Farmed

699
746
728
739
679
890
720
652
679
995
818
906
827
875
852
997
846
1200
895
925
825
1000
998
1050
747
819

465
477
473
465
466
490
471
473
468
477
470
476
470
465
475
495
495
601
473
475
537
473
500
477
469
472

na
na
na
na
na
4.11.
4.11.
na
4.11.
27.11.
4.11.
4.11.
5.12.
5.12.
na
na
na
na
na
na
na
na
na
na
na
na

The ﬁsh were monitored from 4 November 2014
through 16 January 2015. All individuals were
tracked from shores weekly with a radio receiver
(SRX_600, Lotek Engineering) and a 3-element Yagi
antenna equipped with a compass. The ﬁsh were
tracked to check their positions during the daylight
interval between 11:00 and 14:00 h, and the positions
of the ﬁsh were determined during 3 subsequent 3 h
nocturnal intervals (19:00−22:00, 22:00−01:00 and
01:00−04:00 h). All tagged ﬁsh can be tracked during
1 tracking interval in the context of our study. The
data on ﬁsh movements were transferred from a GPS
device to a PC and analyzed with MapSource version
5.3 (Garmin). A computer program was developed to
obtain the positional coordinates of the ﬁsh and plot
the coordinates on a map with the biangulation
method proposed by White & Garrott (1990). EMG
data from the sensor transmitters were stored automatically and subsequently downloaded from the
receiver. The accuracy of the determined ﬁsh positions was estimated to be ±1 m according to a calibration procedure performed with a tag located at

No. of weekly tracking cycles
All tracking
Spawning
cycles
None
Low
Peak
11
12
12
12
12
na
na
12
na
4
na
na
5
5
7
11
6
9
6
9
12
5
12
12
na
na

8
9
9
9
9
na
na
9
na
4
na
na
5
5
7
8
6
8
6
8
9
5
9
9
na
na

1
1
1
1
1
na
na
1
na
0
na
na
0
0
0
1
0
1
0
1
1
0
1
1
na
na

2
2
0
2
2
na
na
2
na
0
na
na
0
0
0
2
0
0
0
2
2
0
2
2
na
na

the river bottom. The calibration was repeated 10
times, and the observer did not know the position of
the tag.

2.3. Monitoring of spawning activity
The methods required for obtaining reliable estimates of spawning activity (e.g. using nets) in the
wild can seriously disturb observed ﬁsh, inﬂuencing
not only their movement but also their EMG values,
which are stress sensitive (Slavík et al. 2011). Furthermore, the use of these tools is not permitted by
state authorities due to strict regulations for the protected areas of national parks. Hence, only indirect
evidence of burbot spawning was obtained, but the
undisturbed behavior of ﬁsh in the wild was preserved in our study. To estimate the period of spawning, including the period of peak spawning activity,
we adopted a seminatural spawning method developed for the support of wild burbot populations in the
surrounding Šumava National Park. Before this
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and/or other predators occurred during the study).
When the water temperature decreased to 4°C,
8 males and 12 females were caught and placed in a
polypropylene cage (length 5 m, width 1.5 m, depth
1 m) located in the seminatural river channel. One
male and 1 female in the cage were equipped with
EMG tags used to monitor energy consumption during spawning. Their EMG values were recorded
daily and handled in the same way as the EMG values of individuals tracked in the Vltava River and
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method was applied, it was tested for several years,
including tests on the timing of spawning in the wild
and under seminatural conditions due to its synchronization. The number of eggs in the wild was
checked by drift nets, while the number of eggs in
the hatchery was checked in the same manner as described further below and used for spawning detection in the present study. The tests revealed no differences, and it appears that burbot spawning is strictly
related to water temperature and, more speciﬁcally,
the decrease in temperature to values of approximately 2°C at the end of the calendar year (J. Šperl
pers. comm.). Water temperature in the wild as well
as in the seminatural conditions is equal (water from
the river is directly used in the seminatural channel).
The accuracy of the technique was further veriﬁed by
burbot artiﬁcial spawning methodology (Pokorný &
Adámek 1997) as well as by data from our current
study (Fig. 2A). The preliminary tests showed that
the spawning is strictly related to temperature decrease and is synchronized in the river and in the
seminatural conditions. The preliminary tests were
conducted in the same facility as was used for
spawning detection in the present study.
We used 30 hatchery-reared burbot (mean body
mass 825 g, range 490−2010 g) stocked in a seminatural river channel supplied with water from the Malá
Vltava River and located within the study area
(Fig. 1). The ﬁsh were kept in the seminatural river
channel until mature. We assumed that spawning in
a seminatural channel would be synchronized with
spawning in the river because ﬁsh in the river and
the seminatural channel were exposed to the same
water temperatures. Furthermore, the hatcheryreared burbot that were used for spawning detection
had the same genetic background as the wild ﬁsh
(Vltava River origin), allowing us to predict no interpopulation differences in spawning timing between
hatchery-reared and wild ﬁsh. Burbot are also highly
communal during spawning (Maitland & Campbell
1992), suggesting that wild and farmed ﬁsh will
spawn at the same time after release into the river.
Despite the fact that we expected spawning synchronization in the seminatural channel and Vltava River,
we have only indirect evidence of spawning in the
river itself. Therefore, hereafter, we use the term
expected spawning intensity in the context of our
results. Fish were supplied with live food (ﬁsh) and
were in random contact with predators to simulate
natural conditions (as the whole study was located
within Šumava National Park, only fencing of the
seminatural river channel was allowed by local
authorities; hence, random visits by otters, herons
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C

2.6
2.2
1.8
1.4
1.0

None

Low

Peak

Expected spawning intensity
Fig. 2. Raw data of egg production (daily percentage of the
whole total no. of eggs gathered during the spawning season), mean daily temperature and electromyogram (EMG)
value during spawning in the seminatural river channel.
Egg production is (A) plotted against temperature and (B)
shown on a daily basis (dates as d.mo.). (C) EMG values
across expected spawning intensities are boxplots showing
median and interquartile range Q1–Q3 with whiskers from
the minimum to maximum
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used as supplementary data for spawning detection
(Fig. 2B,C). A net with a mesh size of 100 μm was
installed at the walls and bottom of the cage. The net
was checked every day for the presence of eggs. Any
eggs found were gently siphoned into a tank with
water using silicone tubing and a large 150 ml injector, and their volume was subsequently measured.
Egg abundance was estimated by removing a 1 ml
egg volume using a 1 ml injector. Eggs were counted
in this subsample (the procedure was repeated 3 times
and averaged), and these values were then used to
calculate the egg abundance for the whole volume.
The methods used are brieﬂy summarized in Table 2.

continuous data (a type of m-dependence structure;
Moon & Velasco 2013), a regular interval grid
approach was applied. Thus, every ﬁsh was assigned
1 mean ﬁeld EMG value in every tracking interval (3
subsequent 3 h nocturnal intervals). To obtain information on the resting activity levels for standardizing
data, the EMG transmitters were individually calibrated for each ﬁsh. The resting values were measured twice: from anesthetized ﬁsh and prior to
release, when the ﬁsh were held in cages. The average of all recorded EMG resting signals was subsequently considered the baseline value for the ﬁsh
and is henceforth termed the baseline EMG value
(Cooke et al. 2004). Each ﬁnal EMG value included
in the subsequent analysis was equal to the ﬁeld
2.4. Data analysis
EMG value minus the baseline EMG value. To
ensure that the individual EMG consumption anThe study period was assumed to cover the whole
alyses were independent of weight, relative
spawning season. In total, 8 tagged individuals were
EMG:weight ratios were calculated by dividing each
lost during the study. Two individuals died for
ﬁnal EMG value by ﬁsh weight (e.g. Aarestrup et al.
unknown reasons, and 6 were caught by otters. Five
2005). An analogous approach was used for ﬁsh
of the ﬁsh were lost shortly after tagging and theremovement, producing relative movement:weight
fore not considered further; the other 3 specimens
ratios. The EMG:weight ratios were used as general
died during the study, and their data were included
descriptors of energy consumption, and the movefor the time period in which they were known to be
ment:weight ratios were used as general descriptors
alive (Table 1). The EMG-coded transmitters allowed
of movement activity. Based on the ﬁsh positions, the
multiple transmitters to be monitored simultaneously
distance between individuals (m) was obtained. Disat the same frequency. Each transmitter had a unique
tances between individuals were assigned for all
code that served as the ﬁsh ID. The intensity of the
combinations of individuals tracked over 24 h trackmovements of individual burbot was quantiﬁed as
ing cycles (i.e. if 3 individuals [1, 2 and 3] were
the difference (m) between the positions determined
tracked, 3 distances between individuals [1−2, 1−3
in 2 successive tracking intervals and termed moveand 2−3] were obtained during the tracking interval).
ment. The transmitter recorded individual burbot
Distance between individuals is an indicative measEMG data (range 0−50) every 5 s (as per Cooke et al.
ure of social contacts within the observed population.
2004) and then transmitted the value to the receiver,
It should not be interpreted as an absolute distance,
where the data were stored during tracking. To avoid
as there can also be other (i.e. non-tagged) indiinterdependence of consecutive points in the raw
viduals present. It also does not show ‘who-withwhom’ is spawning.
Data from spawning activity
Table 2. Summary of the methods used. EMG: electromyogram
monitoring in the seminatural river
channel were used to determine
Environment No. of ind. Method
Variable
the expected spawning intensity in
(origin)
the wild, which was assigned as a
3-level class variable, from none
River
12 (wild)
EMG radio
Movement activity
(no eggs were observed) to low
telemetry
distance between ind.;
energy consumption
(eggs were observed, but the egg
production per day of the spawning
12 (farmed) EMG radio
Movement activity
season was lower than its 3 highest
telemetry
distance between ind.;
values) to expected spawning peak
energy consumption
(the 3 highest values of egg proSeminatural 28 (farmed) Egg collection
Spawning intensity
duction per day of the spawning
channel
2 (farmed) Egg collection;
Spawning intensity;
season were observed on 30 and 31
EMG radio telemetry
energy consumption
Dec 2014 and 1 Jan 2015; Fig. 2B).
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Fish origin was assigned as a 2-level class variable
distinguishing between farmed and wild ﬁsh.

2.5. Statistical analyses
Statistical analyses were performed using the SAS
software package (SAS Institute, version 9.4, www.
sas.com). Separate linear mixed models (LMMs) with
random factors (PROC MIXED) were ﬁtted with
movement activity, distance between individuals and
energy consumption as dependent variables. The
data were transformed for normality prior to the LMM
analyses when necessary (log10 movement activity,
square root distance between individuals, log10 energy consumption). The random factors were used to
account for repeated measures of the same experimental units (individual ﬁsh) throughout the experiment. In repeated-measures experiments with people
or animals as subjects, subjects are declared random
because they are selected from the larger population
to which the outcome is generalized (SAS Institute
2004). The signiﬁcance of each explanatory variable
(ﬁsh origin, sex, expected spawning intensity and
their possible 2-way interactions) was assessed using
an F-test. Fixed effects and their interactions that
were not statistically signiﬁcant were removed, and
the model was reﬁt without them; therefore, these effects and interactions are not discussed further. The
design of ﬁeld studies is unbalanced with respect to
unpredictable external factors (e.g. predation and the
unavailability of an individual for regular tracking). In
unbalanced study designs with more than 1 effect, the
arithmetic mean of a group may not accurately reﬂect
the response of that group because other effects are
unaccounted for. Therefore, least square means (LSMs)
were used. LSMs (henceforth referred to as adjusted
means) are, in effect, within-group means appropriately adjusted for the other effects in the model computed for each signiﬁcant class of exploratory variables. The differences between classes were tested
with t-tests, and a Tukey-Kramer adjustment, henceforth referred to as adj. p, was used for multiple comparisons. The df was calculated using the KenwardRoger method (Kenward & Roger 1997).

3. RESULTS
3.1. Monitoring of spawning activity
Total egg production was estimated to be 9.2 million, with the percent distribution per day of the
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spawning season documented in Fig. 2B. Spawning
took place during the period from 24 December 2014
to 8 January 2015 at water temperatures ranging
from −0.3 to 2.6°C. The energy consumption of
hatchery-reared burbot in the seminatural river
channel did not show any clear trend during the
spawning season and did not change across the
expected spawning intensity (Fig. 2C; none−low, t =
0.19, p = 0.85; none−peak, t = 0.07, p = 0.95;
low−peak, t = −0.41, p = 0.69).

3.2. Movement activity
The movement activity of burbot decreased
throughout the nocturnal intervals (F2, 389 = 3.2, p =
0.042; adj. p < 0.05; Fig. 3A). Movement activity also
differed between wild and farmed conspeciﬁcs
across sexes (F2,19.1 = 7.43, p = 0.004; Fig. 3B) and
expected spawning intensities (F4, 396 = 3.7, p = 0.006;
Fig. 3C). Across the whole spawning season, farmed
females showed lower movement activity than wild
females and farmed males (adj. p < 0.05; Fig. 3B).
Wild burbot showed a decrease in movement activity
during the expected spawning peak (adj. p < 0.05),
while farmed burbot showed a decrease in activity
during low spawning intensity (adj. p < 0.05) and an
increase again during the expected spawning peak
(adj. p > 0.9; Fig. 3C).

3.3. Distance between individuals
Our results showed larger spatial separation of
farmed and wild ﬁsh than the separation of individuals within both groups (farmed and wild)
across the whole spawning season (F2,1946 = 21.32,
p < 0.0001; Fig. 4A). The shortest mutual distance
between farmed individuals was recorded for
females (adj. p < 0.01), while for wild ﬁsh, it was
recorded between sexes (F4,1451 = 25.49, p < 0.0001;
adj. p < 0.01; Fig. 4B). Spatial separation increased
within all groups (farmed, wild, and farmed and
wild) with expected spawning intensity (F4, 3114 =
35.21, p < 0.0001; Fig. 4C). Additionally, the distance between males, females or between sexes
generally increased with expected spawning intensity (F4, 3118 = 27.60, p < 0.0001; Fig. 4D). This effect
was most intense in males that were more separated during the expected spawning peak than
females (adj. p < 0.0001) or females and males
(adj. p < 0.0001), whose distance was comparable
(adj. p > 0.9).
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4.1. Movement activity
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In central Europe, burbot display mostly nocturnal
activity (Müller 1978, Eick 2013) that peaks after
dusk and subsequently decreases (Slavík et al.
2005), which corresponds with our results during
the whole spawning season. Specimens from both
groups (wild and farmed) were distributed within a
few kilometers long stretch along the longitudinal
proﬁle of the river, which is typical for ﬁsh migrations in headwaters (Northcote 2010) and consistent
with the ﬁndings of earlier studies of salmonids in
the study area (Slavík et al. 2012, 2018). Farmed
burbot displayed higher movement activity during
the expected spawning peak than their wild conspeciﬁcs, which agrees with the general assumption
of higher investment in movement and a less successful spawning process in farmed ﬁsh. Differences in spawning strategies between sexes have
been reported for wild ﬁsh, e.g. for salmonids
(Fleming 1996, Esteve 2005); similarly, in farmed
ﬁsh, the sexes differ in spawning behavior (Fleming
et al. 1994, Skjæraasen et al. 2010b, Christie et al.
2014, Wringe et al. 2015). Hence, when we analyzed movement activity separately for sexes and
across the whole spawning season, higher movement occurred for farmed males, presumably indicating limited association with spawning sites as
recorded, e.g. for salmon (Jonsson et al. 1990,
Økland et al. 1995, Thorstad et al. 1998). In cod
Gadus morhua, more frequent refusal of farmed
males by wild females (Skjæraasen et al. 2010b)
can be related to their recorded higher movement
activity. Furthermore, wild females were more
active than farmed females, which corresponds
with the activity described in salmonids wherein
wild females were more active during reproduction
(Fleming et al. 1994, Gross 1998). Moreover, the
higher movement activity of wild females compared
to wild males may be associated with the search for
spawning areas, as reported for salmonids (Karppinen et al. 2004, Moe et al. 2016). Our results suggest a lower association of farmed males with
spawning sites, resulting in an increase in their
movement activity; the lower movement of farmed
females was likely indicative of reduced spawning
effort. As reported in an earlier study, farmed burbot stocked within a restoration program and
observed with telemetry were able to ﬁnd historical
spawning sites of the native population (Neufeld et
al. 2011, Hardy et al. 2015). The difference in
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Fig. 3. Burbot movement activity across (A) night intervals,
(B) ﬁsh origin and sex and (C) ﬁsh origin and spawning
intensity. Values are adjusted means (± SE) from log10transformed movement activity data

3.4. Energy consumption
Increased energy consumption was observed over
the expected peak of spawning for wild burbot
(F4, 355 = 3.43, p = 0.009; adj. p < 0.01; Fig. 5A), while
farmed ﬁsh showed no signiﬁcant changes in energy
consumption according to expected spawning intensity (adj. p > 0.9; Fig. 5A). Across the whole spawning
season, farmed females showed lower energy consumption than wild females (F2,57.2 = 20.73, p < 0.0001;
adj. p < 0.01; Fig. 5B), and the opposite results were
found for farmed males (adj. p < 0.01; Fig. 5B).
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4.2. Distances between individuals
Different spatial distributions of hatchery-originated ﬁsh compared to wild conspeciﬁcs can be
considered a potential limitation of their successful
spontaneous reproduction in native environments
(Berejikian et al. 2001, Moe et al. 2016). Our results
showed larger spatial separation of farmed and
wild ﬁsh than of individuals within each group
(farmed and wild). Moreover, the shortest mutual
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distance between farmed individuals was recorded
for females, while for wild ﬁsh, it was recorded
between sexes. Spatial separation of sexes around
a spawning area has been reported for marine relatives of burbot, such as Atlantic cod, with the
observed positions of wild males during spawning
being deeper and closer to the bottom than those of
farmed conspeciﬁcs (Meager et al. 2009). Similarly,
the observed positions of cod in relation to a
spawning area showed larger dispersion and a
more pelagic occurrence of wild females; however,
farmed females were more frequently found outside
the spawning area (Meager et al. 2010). Furthermore, after a simulated escape, farmed cod displayed broader dispersion than their wild conspeciﬁcs (Uglem et al. 2008). In contrast, no
differences in the dispersion of males and females
between farmed and wild cod were reported
(Skjæraasen et al. 2011). Spawning in groups and
compact clusters evocative of a lekking system has
also been reported for burbot in rivers (Maitland &
Campbell 1992). In our study, distance between
sexes differed, being the closest between wild
males and females, while for farmed ﬁsh, the
closest positions were recorded between females.
As reported for salmons, farmed females may not
participate in reproduction in the wild (Jonsson et
al. 1990). In our study, wild burbot, especially
males, were more widely spread in the stream during the expected peak of spawning activity. Similarly, the spawning distribution of female spring
Chinook salmon Oncorhynchus tshawytscha (Walbaum, 1792) reﬂected ﬁsh origin and showed an
upstream distribution of wild ﬁsh in natural
pool−riffle channels, while farmed females were
distributed only in the lower watershed with plane
bed channels, presumably more similar to hatchery
conditions (Hughes & Murdoch 2017). Different
spatial distributions of farmed burbot throughout
the spawning season, including during the
expected spawning peak, suggested a lower association of both sexes for farmed compared to wild
ﬁsh.
Telemetry methods are useful techniques with a
potential to provide interesting data about the
mutual spatial distribution of tagged individuals in
natural conditions (Slavík et al. 2007, 2018). However, obtained results should be interpreted as an
indicative measure of social contacts within
observed populations in the wild, as there can also
be other non-tagged individuals present. Despite
this limitation, radio telemetry can provide information about the spatial distribution of ﬁsh together

with a simultaneous measurement of other variables
such as individual energy consumption (Slavík &
Horký 2009).

4.3. Energy consumption
Farmed ﬁsh typically invest more energy into territorial conﬂicts than wild ﬁsh without increasing
the probability of winning and maintaining food
resources (Deverill et al. 1999, Sundström et al. 2003,
Lorenzen et al. 2012). Similarly, they also invest more
into reproductive processes with limited success
compared to their wild conspeciﬁcs (Fleming &
Petersson 2001, Weir et al. 2004, Jonsson & Jonsson
2006). Our results revealed differences in energy
consumption between farmed and wild burbot.
Energy consumption during the expected spawning
peak signiﬁcantly increased only for wild ﬁsh.
Higher EMG values can be related to reproductive
behavior and increased physical activity of spawning
individuals, as reported for salmonids (Kaseloo et al.
1996, Weatherley et al. 1996, Berejikian et al. 2007).
The EMG records collected during the expected
spawning peak thus indicated that only wild ﬁsh
spawned. In salmonids, differences in reproductive
behavior between sexes were associated with different levels of energy consumption (Healey et al.
2003). In our study, differences in energy consumption between sexes were found when considering
the whole spawning season. Farmed males showed
higher energy consumption, while farmed females
had lower energy consumption than their wild conspeciﬁcs. Similarly, cod male behavior during reproduction was accompanied by mass loss, suggesting
energetically demanding reproduction for males
irrespective of their origin (Skjæraasen et al. 2010a).
Differences in energy input to the reproductive process between farmed and wild burbot can be anticipated; however, disentangling the underlying reasons for these differences with respect to the ﬁeld
study characteristics is complex. Although the relationship between energy consumption and movement activity during the spawning season appears to
be a key issue, EMG records do not always necessarily correlate with changes in spatial position reliably
determined by tag signals (approximately 1−2 m);
hence, further conclusions are difficult to interpret
and decipher. For example, the long-term maintenance of positions at spawning sites accompanied by
minimal movement activity was revealed as a highly
energy-intensive process during salmon reproduction, in contrast to energetically demanding antago-
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nistic behaviors (e.g. chasing) performed for only a
short time (Healey et al. 2003). Correspondingly, the
amount of energy consumed by the European catﬁsh
Silurus glanis (Linnaeus, 1758) to defend food
resources within its core area was lower than the
amount of energy consumed during inspectional
swimming at the peripheries of its home range
(Slavík et al. 2014).

5. CONCLUSIONS
Currently, the burbot is introduced as a part of
many restoration programs aimed at strengthening
waning wild populations as a result of habitat losses
and/or overﬁshing. Moreover, this species is produced in aquaculture, which poses a risk of farmed
ﬁsh escaping into the wild. Restoration programs
have shown success in terms of the search for native
spawning sites by hatchery-originated individuals
that grew and matured in the wild. According to our
results, compared with wild conspeciﬁcs, adult
farmed burbot that escaped to the wild displayed differences in movement activity and spatial distribution during the spawning season. Furthermore, the
energy consumption of farmed ﬁsh differed between
sexes and tended to show differences in response to
spawning conditions. These differences indicate a
potentially limited success of farmed ﬁsh in the wild
when searching for resources such as spawning sites
and partners.
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