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Abstract – The survival of the highly endangered, anadromous fish species North Sea houting (Coregonus oxyrinchus)
depends on the correct timing of downstream dispersal during its early ontogenetic stages. To date, however, no studies
have investigated the ontogenetic differentiation of swimming performance and behaviour, including the potential of
habitat complexity to influence dispersal rates. By testing larval and juvenile North Sea houting in a laboratory, we
examined (1) swimming performance measured as maximum swimming performance (Umax) and routine swimming
speed (Uroutine) and (2) the potential of habitat complexity (i.e., cover providing shade) to influence dispersal behaviour
in an indoor stream channel. The Umax and the Uroutine were 9.4 and 4.6 cm s−1, respectively, in the larvae [body length
(BL) s−1: 7.3 and 3.5, respectively], and 25.2 and 16.3 cm s−1 in the juveniles (BL s−1: 7.0 and 5.2, respectively). We
compared laboratory swimming performance data with water speeds in North Sea houting spawning areas in the Danish
River Vidaa. Results showed that the water speeds present in 95% and 85% of the water column caused downstream
displacement of larvae and juveniles, respectively. However, areas with slow-flowing water near river banks and river
beds could function as nursery habitats. Stream channel experiments showed that cover providing shade caused de-
layed dispersal in both larvae and juveniles, but the larvae dispersed later and spent less time under cover than the
juveniles, a finding that implies ontogenetic effects. Finally, the larvae refused to cross an upstream-positioned cover,
a behaviour that was not observed in the juveniles. Therefore, habitat complexity may have the potential to influence
dispersal behaviour in both larval and juvenile North Sea houting. Overall, we provided the first evidence of ontoge-
netic differentiation in the North Sea houting. These findings will be valuable for the development and dissemination of
science-based conservation strategies.

Keywords: Conservation / Fish behaviour / Early life history / Nursery habitat /Management / Coregonid /
Salmonid /Wadden Sea

1 Introduction

Newly-hatched salmonid larvae may be challenged by high
flow conditions. Salmonid species such as brown trout (Salmo
trutta) and Atlantic salmon (Salmo salar) reduce the risk of
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downstream displacement by depositing their eggs in nests
during spawning. Upon hatching, the larvae spend their first
three to eight weeks in these nests before they emerge and start
their life stage in lotic environments (Aas et al. 2011). At the
point of emergence, the critical water speed that causes down-
stream displacement is 10 cm s−1 to 25 cm s−1, but this speed
varies among individuals and depends on species and water
temperature (Heggenes and Traaen 1988). Downstream dis-
placement may be lethal to newly emerged salmonids and con-
tribute substantially to first year mortality (Saltveit et al. 1995;
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Jensen and Johnsen 1999; Cattanéo et al. 2003; Wenger et al.
2011).

In contrast to Atlantic salmon and brown trout, most core-
gonids such as the North Sea houting (Coregonus oxyrinchus)
spawn freely in water, with their eggs adhering to gravel
and vegetation. Upon hatching, the offspring of free-spawning
species may potentially drift for substantial distances, because
many larvae possess poorly developed locomotor capabilities
compared with fry emerging from their nests (Lucas and Baras
et al. 2001).

The upstream migration performed by mature adults may
counteract the downstream dispersal of the offspring in early
life stages (Lucas and Baras et al. 2001). However, access to
upstream spawning areas is often obstructed by barriers such
as weirs and dams (Jensen et al. 2003; Aas et al. 2011) that
force mature fish to spawn in downstream regions (Jensen et al.
2003). This condition may be detrimental to the offspring be-
cause they are likely to be displaced prematurely into the ma-
rine environment.

The North Sea houting is a highly endangered anadromous
coregonid species (Stoltze and Pihl 1998) endemic to the Wad-
den Sea (Jensen et al. 2003). In late autumn, adult North Sea
houting migrate from the Wadden Sea into the rivers to spawn
(Hvidt and Christensen 1990; Jensen et al. 2003). Successful
reproduction depends on the spawning areas, which should
contain dense aquatic macrophytes in winter and should be
covered by stones or gravel to which the eggs can attach. The
eggs hatch in the early spring, and the young North Sea hout-
ing remain in the river until April or May by which time they
will have reached 3 cm to 5 cm in total length (Rasmussen
2004). At this point, most start their migration into the Wadden
Sea. Premature arrival at sea is lethal for both larval and juve-
nile North Sea houting (Thomsen 2003; Jensen et al. 2003), so
survival in the early life stages depends on habitats that allow
the fish to remain in the nursery areas of the river (Jensen et al.
2003).

Historically, the North Sea houting was distributed across
the entire Wadden Sea area, which is bordered by Germany, the
Netherlands and Denmark. By the 1930s, the North Sea hout-
ing disappeared entirely from Germany and the Netherlands
because of severe pollution, migratory barriers, fishing and
eradication of spawning and nursery areas. A recent study
showed that eutrophication plays a similar role in a number
of whitefish species (Vonlanthen et al. 2012). By the 1970s
and 1980s, remaining populations of the North Sea houting
were extirpated from all Danish rivers except the River Vidaa
(54o 55′ N; 8o 52′ E). At this point, the species was on the
brink of becoming extinct (Jensen et al. 2002; Borcherding
et al. 2006; Madsen and Murray 2007; Hansen et al. 2008).

Although the North Sea houting is broadly acknowledged
as an endangered species, its taxonomic status has become
controversial. Freyhof and Schöter (2005) suggested that the
North Sea houting was confined to the region of the Rhine
River and is now extinct, a conclusion that has been adopted
by the International Union for the Conservation of Nature.
However, the study of Freyhof and Schöter (2005) focused on
morphological traits that are highly homeoeplastic in whitefish
(Bernatchez et al. 1996; Østbye et al. 2005, 2006; Etheridge

et al. 2012). Therefore, the conclusion of extinction is consid-
ered disputable (Jacobsen et al. 2012).

In an effort to save the North Sea houting, a large-scale
restoration program was initiated in 2005, aiming to restore
the species to a favourable conservation status. The program
facilitates the free upstream migration of adult North Sea hout-
ing and promotes larval and juvenile survival by establishing
spawning and nursery areas (Jensen et al. 2003). The early life
stages are particularly critical for the survival of the species
(Jensen et al. 2003; Madsen and Murray 2007; Borcherding
et al. 2006; Hansen et al. 2008). However, the ecology, be-
haviour and habitat requirements and the potential linkage be-
tween habitat availability and downstream dispersal of larval
and juvenile fish remain unknown. Therefore, insights into the
swimming performance and behaviour of the North Sea hout-
ing in its early life stages are needed to determine the potential
benefits of habitat restoration.

We investigated ontogenetic differentiation in the early life
stages of the North Sea houting to identify the direct impli-
cations of this differentiation to the conservation and man-
agement of this endangered fish species. Specifically, we ex-
amined swimming performance and the link between habitat
complexity and the tendency of the species to disperse. The
following variables were tested: (1) swimming performance
measured as maximum swimming performance (Umax) and
routine swimming speed (Uroutine) and (2) potential of habitat
complexity (i.e., cover providing shade) to modify dispersal
behaviour in an indoor stream channel. By comparing labora-
tory swimming performance data with water speed data from
North Sea houting spawning areas in the Danish River Vidaa,
we aimed to identify whether the spawning areas could func-
tion as nursery habitats for newly-hatched larvae and juveniles
without causing downstream displacement.

2 Materials and methods

2.1 Experimental fish

Experiments were conducted at the Research and Technol-
ogy Centre Westcoast, University of Kiel, Büsum, Germany.
Larval and juvenile North Sea houting (one to two and seven to
eight weeks old, respectively) were obtained from a commer-
cial hatchery (Malente, Germany) that uses adults caught in the
River Vidaa for breeding purposes. Fish were kept indoors in
an ambient light regime [April (14L:10D) to June (17L:7D)]
in holding tanks supplied with recirculated tap water [mean
temperature: 10.3 ◦C (range 99 ◦C to 108 ◦C)]. Larvae were
fed with a diet of commercial rearing food six times a day,
whereas juveniles were fed with a diet of frozen Chironomus
sp. larvae (Borcherding et al. 2006) three times a day.

2.2 Experimental setups

2.2.1 Swim tunnel

A mini swim tunnel was used (Loligo Systems APS, Tjele,
Denmark) to measure the maximum swimming performance
(Umax). The inner dimensions of the cylindrical observation
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section were 2.6 cm × 10.0 cm (diameter and length, respec-
tively). An impeller, placed downstream of the observation
section, was driven by an external electric motor that gener-
ated a re-circulating flow. Deflectors, situated upstream of the
observation section, collimated the flow. Water passed through
an upstream honeycomb (0.2 cm cell diameter) to promote rec-
tilinear flow and a uniform water speed profile in the observa-
tion section; a micro turbulent flow was produced. The obser-
vation section was bounded by a grid (0.1 cm × 0.1 cm) in
both upstream and downstream directions. Water speeds in the
observation section were measured with a laser doppler ve-
locimeter (Albrecht et al. 2003) consisting of a 4 W Ar-ion
laser, a Fiberprobe and BSA data processors (Dantec Dynam-
ics, Skovlunde, Denmark). The equipment used small particles
naturally occurring in tap water as seeding particles. Water
speeds were confirmed repeatedly by video tracking of neu-
trally buoyant particles and dye. The measurements were used
to correlate water speed to voltage output from the external
motor controller. In addition, because the body of a fish in the
observation section obstructs the cross-sectional area, water
flows at a fast speed around the fish. Therefore, solid blocking
correction in accordance with the methods of Bell and Terhune
(1970) and Gehrke et al. (1990) was performed preceding the
tests.

2.2.2 Indoor stream channel

Fish were tested in two identical indoor stream channels, in
a way similar to the method of Vehanen (2000), to investigate
the Uroutine and the dispersal tendency in response to habitat
modification. The 400 cm-long, 20 cm-wide (inner diameter)
stream channels were half-tubular and had a smooth bottom to
minimise the thickness of the boundary layer. The water speed
in the stream channels was 4 cm s−1. Additional details were
published in our previous work (Poulsen et al. 2010).

2.3 Test procedures

For all tests, individual fish were transferred from the hold-
ing tank to the experimental setup (swim tunnel or stream
channel) using a small container (0.3 l). To minimise stress,
the fish were guided into the container without any contact
with air.

2.3.1 Umax

Before testing, the individual fish were starved for 15 h to
25 h and then acclimated in the swim tunnel for 15 min (Guan
et al. 2008; Koumoundouros et al. 2009) at a water speed of
1.5 cm s−1. Subsequently, the swimming speed was increased
by 0.5 cm s−1 every 30 s until the fish were fatigued and could
no longer maintain their position, which was defined as inca-
pability to move away from the downstream grid (Bushnell
et al. 1994). Recent studies show that the Umax swimming pro-
tocol provides measurements that are repeatable in individual
fish (Oufiero and Garland 2009). The short-speed step duration
(30 s) used in our Umax protocol (Farrell 2008) means that the

energy expenditure is partly covered by anaerobic metabolism.
By contrast, the long duration of the speed steps used in con-
ventional Ucrit protocol means that the energy expenditure is
mostly covered by aerobic metabolism. The Ucrit protocol pro-
vides measurements of maximum prolonged swimming per-
formance (Farrell 2007). The Umax was calculated in the same
manner as Ucrit (Brett 1964) because the two protocols only
differ in speed step duration. The test involved 12 larvae [mean
± SE, BL: 1.3 ± 0.1 cm (range: 1.1 cm to 1.4 cm); mass: 7 ±
1 mg (range: 5 mg to 9 mg)] and 12 juveniles [BL: 3.6 ± 0.1 cm
(range: 3.3 cm to 3.9 cm); mass: 259 ± 16 mg (range: 192 mg
to 375 mg)]. The mean temperature in the swim tunnel was
10.3 ◦C (range: 9.9 ◦C to 10.5 ◦C).

2.3.2 Dispersal and response to habitat modification

Indoor stream channels were used to investigate the dis-
persal behaviour of North Sea houting, in accordance with
the methods used in previous studies (Wilzbach 1985; Mesick
1988; Crisp 1991; Crisp and Hurley 1991a, 1991b; Rehage and
Sih 2004; Cote et al. 2010). We aimed to determine whether
habitat complexity (i.e., cover providing shade) could be a
conservation tool to delay dispersal. Shade was provided by
a downstream and an upstream cover (length: 44.5 cm; width:
20 cm) positioned 2 cm above the water surface (Pusey and
Arthington 2003). For 15 min ahead of data collection, indi-
vidual fish were acclimated to the indoor stream (Krause et al.
1998, 1999) in a transparent chamber (length: 8 cm; width:
4 cm; height: 8 cm) positioned centrally between the two cov-
ered areas. Trials were started by lifting the acclimation cham-
ber and were ended when the fish crossed the downstream or
the upstream border, each situated 200 cm from the central re-
lease point. The following variables were quantified: (1) time
(s) spent in the experimental section before dispersing (i.e.,
time elapsed before the fish crossed the upstream or the down-
stream border, in accordance with Mesick 1988), 2) percent-
age of time spent under cover and (3) number of fish passing
the upstream or the downstream covered area. If a fish stayed
within the upstream and the downstream borders for >2700 s
(45 min), the trial was terminated, and 2700 s was noted as the
time spent in the experimental section before dispersal. The
tests included 20 larvae [BL: 1.3 ± 0.1 cm (range: 1.1 cm to
1.4 cm); mass: 7 ± 1 mg (range: 5 mg to 9 mg)] and 30 ju-
veniles [BL: 3.3 ± 0.1 cm (range: 2.6 cm to 3.7 cm); mass:
190 ± 13 mg (range: 81 mg to 312 mg)]. Tests without cov-
ered areas (i.e., control experiment) were performed with the
use of an identical protocol and included 20 larvae [BL: 1.3 ±
0.1 cm (range: 1.2 cm to 1.4 cm); mass: 8 ± 1 mg (range: 5 mg
to 11 mg)] and 30 juveniles [BL: 3.2 ± 0.1 cm (range: 2.6 cm
to 3.9 cm); mass: 169 ± 12 mg (range: 80 mg to 389 mg)].
The mean temperature in the experimental setup was 10.0 ◦C
(range: 9.7 ◦C to 10.4 ◦C). Analyses included data from our
parallel study (Poulsen et al. 2010) on juvenile North Sea hout-
ing testing the effect of cover under identical conditions.

2.3.3 Uroutine

For the measurements of Uroutine, each stream channel was
divided into nine sections measuring 44.5 cm each. The mean
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Uroutine was estimated with upstream swimming through mea-
surement of the time spent from entering a section downstream
until leaving it in the upstream direction (measured to the near-
est second). The mean Uroutine was calculated by division of
the section length by the time spent in the section and by sub-
sequent addition of the water speed experienced by the fish
(4 cm s−1). The tests involved 13 larvae [BL: 1.3 ± 0.1 cm
(range: 1.2 cm to 1.4 cm); mass: 7 ± 1 mg (range: 5 mg to
9 mg)] and 15 juveniles [BL: 3.1 ± 0.1 cm (range: 2.7 cm to
3.9 cm); mass: 169 ± 18 mg (range: 96 mg to 389 mg)]. The
mean temperature in the stream channels was 10.0 ◦C (range:
9.7 ◦C to 10.4 ◦C).

2.4 Water speed measurements collected
in the Danish River Vidaa

Water speeds in the Danish River Vidaa system were mea-
sured at two locations [the River Grønaa (54o 55′ N; 8o 59′ E)
and the River Sønderaa (54o 53′ N; 8o 59′ E)] to compare the
Umax and the Uroutine swimming speeds with field water speed
data. These locations are known spawning areas of the North
Sea houting (Hvidt and Christensen 1990; Jensen et al. 2003)
and are characterised by the presence of riverbeds covered by
sand and of sparse bottom vegetation. Therefore, the oppor-
tunity for young fish to find shelter from currents is limited.
Adult North Sea houting were observed upstream of the lo-
cation in the River Sønderaa (Hvidt and Christensen 1990),
but no further data were available for the location in the River
Grønaa. Water speeds were measured at various depths (range:
3 cm to 217 cm above the river bed, Fig. 2) using a propeller
flow-meter (A. Ott, Kempten, Germany).

2.5 Statistics

Data were analysed with Mann-Whitney U−tests, ex-
cept for count data (i.e., data on the number of fish pass-
ing the downstream and upstream covered areas), which
were analysed with a chi-square goodness-of-fit pairwise test.
Significance levels for multiple comparisons were corrected
according to a sequential Bonferroni procedure (Rice 1989).
Proportion data were also logit-transformed before analysis, in
accordance with the method of Sokal and Rohlf (1995). Except
for count data, all values were given as mean ± SE. Results
were considered significant if α < 0.05. Statistical tests were
conducted with SPSS 10.0.5 (SPSS Inc., Chicago, IL, USA)
for Windows.

3 Results

3.1 The relative Umax was identical for both larvae
and juveniles, but larvae showed a slower relative
Uroutine than juveniles

The Umax and the Uroutine were 9.4 and 4.6 cm s−1 in the
larvae, and 25.2 and 16.3 cm s−1 in the juveniles, respectively
(Fig. 1a, Table 1, p < 0.05), i.e., the larvae swam consider-
ably slower than the juveniles when the swimming speed was
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Fig. 1. Swimming speed (Umax and Uroutine) in larval (white bars) and
juvenile (grey bars) fish measured as cm s−1 (a) and relative swim-
ming speed (BL s−1; b). Each bar represents mean ± SE. * indicates
statistical difference (p < 0.05; Table 1).

measured in cm s−1. The relative Umax (i.e., BL s−1), however,
did not differ between the larvae and the juveniles (Fig. 1b,
Table 1, p < 0.05). By contrast, the relative Uroutine was sig-
nificantly lower for the larvae than for the juveniles (Fig. 1b,
Table 1, p < 0.05). For both larvae and juveniles, the relative
Umax was higher than their respective relative Uroutine (Fig. 1b,
Table 1, p < 0.05).

3.2 Some spawning areas in the River Vidaa may serve
as nursery habitats for young North Sea houting

Comparison of data on swimming performance with those
for water speeds in the North Sea houting spawning area in the
River Grønaa suggests that water speeds present in 95% and
85% of the water column cause a downstream displacement of
larvae and juveniles, respectively (Fig. 2). Larvae can main-
tain position near the river bank in the River Grønaa where the
water speed is 1 cm s−1 to 2 cm s−1 and thus lower than their
Uroutine (Fig. 2). Only in March 22, 2007 the water speeds were
consistently too high for the larvae to resist downstream dis-
placement (Fig. 2). Furthermore, juveniles may utilise current
fields further away from the river bank (Fig. 2). The River Søn-
deraa, by contrast, is unlikely to function as a nursery habitat
because its strong currents may subject larvae to downstream
displacement (Fig. 2). We did not investigate whether benthic
macrophytes or the boundary layer near the river bed provided
slow-flowing water. Therefore, the habitat suitable for larval
and juvenile fish may be underestimated.
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Table 1. Statistics of swimming performance (Umax and Uroutine (mea-
sured as cm s−1 and body length s−1)) and dispersal data (control vs.
trials with cover providing shade). P-values were determined with
Mann-Whitney U pairwise comparison test.

Pairwise test df p value

Swimming performance
cm s−1

larva Umax vs. juvenile Umax 24 < 0.001*
larva Uroutine vs. juvenile Uroutine 28 < 0.001*
larva Umax vs. larva Uroutine 25 < 0.001*
juvenile Umax vs. juvenile Uroutine 27 0.001*

Body Length s−1

larva Umax vs. juvenile Umax 24 0.977
larva Uroutine vs. juvenile Uroutine 28 0.001*
larva Umax vs. larva Uroutine 25 < 0.001*
juvenile Umax vs. juvenile Uroutine 27 0.003*

Dispersal
larva control vs. larva cover 40 0.020*
juvenile control vs. juvenile cover 60 0.002*
larva control vs. juvenile control 50 < 0.001*
larva cover vs. juvenile cover 50 < 0.001*

* Statistical significance determined with sequential Bonferroni cor-
rection (p < 0.05).

3.3 Habitat complexity decreased dispersal,
and larvae dispersed slower than juveniles

Both the larvae and the juveniles increased the time spent
in the experimental section before dispersing when they had
cover providing shade, compared with when they had no cover
(Fig. 3a, Table 1 p < 0.05). Furthermore, the larvae spent more
time in the experimental section than the juveniles, both in
tests with and without cover (Fig. 3a, Table 1, p < 0.05). When
cover was present, 65% of the larvae remained in the experi-
mental section throughout the whole test period (i.e., >2700 s),
whereas only 3% of the juveniles did.

3.4 Larvae spent a shorter time under the cover
than juveniles, and they refused to cross
the upstream-positioned covered area

The larvae spent a smaller percentage of the time under
the cover than the juveniles (Fig. 3b, p < 0.05). Furthermore,
no larvae crossed the upstream-positioned cover, whereas they
passed the downstream cover (Fig. 4a, p < 0.05). The number
of larvae passing the upstream-positioned area with the cover
was also significantly lower when the cover was present than
when it was not (Fig. 4a, p < 0.05). No such differences were
observed for the juveniles (Fig. 4b, p > 0.05).
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shade were absent (white bars) or present (grey bars) (a). Percentage of time spent under cover (b). Each bar represents mean ± SE. * indicates
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tistical difference (p < 0.05).

4 Discussion

We provided the first evidence of ontogenetic differenti-
ation of swimming performance and behaviour in the North
Sea houting. Both larvae and juveniles performed active po-
sitioning behaviour and responded behaviourally when they
were presented with habitat modification in the form of cover
providing shade (Fig. 3). The larvae, dispersed later and spent
less time under the covers than the juveniles. This behaviour
was facilitated by their reasonable swimming abilities compa-
rable to that of other fish species (Wolter and Arlinghaus 2003;

Guan et al. 2008; Koumoundouros et al. 2009) shortly after
hatching (Umax: 9.4 cm s−1 (BL s−1: 7.3), Uroutine: 4.6 cm s−1

(BL s−1: 3.5); Fig. 1). These data contradict earlier predictions
assuming that larval North Sea houting are inferior swimmers
that depend on stagnant water in their nursery habitats (Mad-
sen and Murray 2007).

We related these novel findings to water speed data col-
lected in North Sea houting spawning areas during the egg
hatching period (March). In the River Vidaa, larval North Sea
houting are exposed to water speeds exceeding their maximum
swimming performance in 95% of the water column (Fig. 2).
However, the larvae showed active positioning behaviour in
currents (4 cm s−1, Fig. 3). Newly-hatched larvae may thus ac-
tively seek areas with low water speeds (i.e., � Uroutine, Fig. 2).
Slow-flowing water near the river bank in the River Grønaa
may potentially function as nursery habitat for young North
Sea houting. By contrast, strong currents in the River Sønderaa
will presumably subject larvae to downstream displacement
(Fig. 2).

The construction of an artificial lake (Lake Nørresø) in the
River Vidaa (Madsen and Murray 2007; Hansen et al. 2008)
included assumption-based estimates of the swimming perfor-
mance of larval and juvenile North Sea houting. These esti-
mates were used in individual-based modelling and hydraulic
modelling. The present study is the first to examine the real
swimming performance of North Sea houting. Our measure-
ments of Umax and Uroutine (Fig. 1) could indeed be applicable
in future conservation programs and could serve as valuable
parameters to include in habitat suitability modelling and in
niche theory (Hirzel and Le Lay 2008).

The relative Uroutine was significantly higher in the juve-
niles than in the larvae (Fig. 1b), a finding that suggests onto-
genetic differentiation in the North Sea houting. With the as-
sumption that the Uroutine and the optimal relative swimming
speed (Uopt, i.e., the swimming speed where the amount of
work per metre is minimised) are comparable (Videler 1993),
this result is is in agreement with the work of by Dabrowski
et al. (1986). Using measurements of oxygen consumption
rates, these authors demonstrated that the relative Uopt is
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considerably higher in juvenile whitefish (Coregonus schinzi
palea) than in larval fish. Therefore, juvenile fish maintain a
higher relative Uroutine than larvae, as shown in the present
study. Moreover, we demonstrated that the relative Uroutine
tended to be closer to the relative Umax in juveniles than in lar-
vae (Fig. 1b). The same trend is evident when comparing Uopt

(Dabrowski et al. 1986) with the burst swimming speed (Uburst)
of another whitefish species, Coregonus clupeaformis (Hoag-
man 1974). Therefore, the Uroutine may be closer to the Umax
in juvenile than in larval fish. The downstream migration of
juvenile salmonids to the sea has been hypothesised to be due
to physiological changes that decrease their swimming perfor-
mance and that make them unable to maintain their position
in lotic environments. However, Peake and McKinley (1998)
provided no support for the proposed mechanism, which is
presumably not relevant for juvenile North Sea houting either.

Our Umax protocol is suitable for estimating the swimming
speeds used during short-term manoeuvring through current
fields in rivers (Reidy et al. 2000). The short duration of each
stepwise increase in the swimming speed (30 s) allows the
fish to rely partly on anaerobic metabolism to cover the swim-
ming costs at speeds approaching Umax. By contrast, the con-
ventional critical swimming speed protocol (Ucrit) normally
involves 15 min to 30 min steps and provides data that are
important for examining the long-term aerobic swimming per-
formance of fish (Brett 1964). Therefore, Ucrit protocols are
mostly relevant for long distance migration and long-term for-
aging activity (Reidy et al. 2000).

The present study estimated the swimming performance of
the North Sea houting in a constant rectilinear flow, a condition
used in most studies on swimming performance (e.g., Webb
et al. 1984). However, turbulence may influence the swim-
ming performance and the energetics of fish (Enders et al.
2003; Liao et al. 2007; Tritico and Cotel 2010; Taguchi and
Liao 2011). Eddy diameter, orientation and vorticity can play
important roles in decreasing swimming performance (Tritico
and Cotel 2010), so flows that have a component of predictabil-
ity may attract fish (Liao 2007). Our comparison of swim-
ming performance data with field data (Figs. 1 and 2) did not
consider variation in turbulence. Nevertheless, moderate tur-
bulence may increase the predator-prey encounter rate under
low prey abundance and increase the growth of fish larvae
(MacKenzie and Kiørboe 1995; Mariani et al. 2007; Pécseli
et al. 2010). Anneville et al. (2011) showed that whitefish lar-
vae Coregonus lavaretus L. adjust their predatory behaviour
(i.e., speed and pursuit) according to the swimming pattern
of the prey. Therefore, complex swimming abilities and feed-
ing strategies might be developed during the early ontogeny in
North Sea houting larvae. On the basis of these studies and the
present swimming performance data (Fig. 1), we speculate that
larval North Sea houting might benefit from slow-flowing wa-
ter, including moderate levels of turbulence, and that habitats
with stagnant water might not be preferable.

By using indoor stream channels, we demonstrated that
cover induced stationary behaviour and thus reduced the
dispersal tendency of larval and juvenile North Sea hout-
ing (Fig. 3a). The survival of the houting is assumed to be
jeopardised by high water speeds in rivers, which cause ar-
rival at sea before the fish are physiologically adapted to life in

seawater (Thomsen 2003; Madsen and Murray 2007; Hansen
et al. 2008). Our findings indicate that habitat modifications
could help prevent the premature downstream displacement of
both larval and juvenile North Sea houting.

The larvae spent less time under cover than the juveniles
(Fig. 3b). This finding agrees with previous ones showing that
coregonid larvae are positively phototactic and prefer illumi-
nated areas (Fabricius and Lindroth 1954; Lindroth 1957).
Similar patterns were reported by studies that investigated on-
togenetic differentiation in other fish species (Krause et al.
1998; Dowling and Godin 2002). Ontogenetic differentiation
may be a consequence of that larvae have a relatively higher
energetic demand than juveniles (Wootton 1994). Therefore,
larvae may spend more time in areas suitable for foraging, i.e.,
outside covered areas (Sih 1997; Krause et al. 1998). The re-
duced dispersal tendency in larvae (Fig. 3a) might be promoted
by avoidance of the covered/shaded areas, whereas in juve-
niles, it may be a result of the preference of fish for covered
areas functioning as refuge.

The water speeds sampled in the River Vidaa (Fig. 2) only
represent a fraction of the flow conditions experienced by
young North Sea houting in the spawning sites. The compari-
son of the samples with our laboratory Umax and Uroutine esti-
mates (Fig. 1) must therefore be interpreted with caution. The
results should be confirmed through an investigation of young
North Sea houting under field conditions. The laboratory-
based stream channels do not represent the exact field con-
ditions, but they are useful for improving our understanding of
behavioural ontogenetic differentiation and in determining the
effects of habitat modification. Moreover, the present study fo-
cused on identifying the effect of ontogenetic state on dispersal
and the use of cover providing shade. Further investigations
that address the effects of various light intensities (i.e., night
vs. day), threat from piscivores and food density would be of
interest.

5 Conclusion

This study provides the first evidence of ontogenetic dif-
ferentiation of the swimming performance and behaviour in
the North Sea houting. Both the larval and the juvenile fish
performed active positioning behaviour by responding to habi-
tat modifications that provided the opportunity to seek cover.
This behaviour was facilitated by reasonable swimming abili-
ties comparable to other fish species, in both larval and juve-
nile North Sea houting. The comparison of laboratory swim-
ming performance data with water speeds in North Sea houting
spawning areas in the River Vidaa shows that in one location,
the water speeds present in 95% and 85% of the water column
would cause a downstream displacement of the larvae and the
juveniles, respectively. However, areas near river banks and
river beds with slow-flowing water might function as nursery
habitats. We suggest that habitat complexity (e.g., cover) may
influence the dispersal behaviour in larval and juvenile North
Sea houting. Overall, the findings of this work will be valu-
able for the development and dissemination of science-based
conservation strategies.
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