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Abstract.—We compared growth properties of
juvenile spotted wolffish with initial mean weight
(6SE) 105.9 (63.1) g reared in shallow raceways
and conventional circular tanks in a 202-d-long
growth trial at ambient temperature (approximately
4.0 C). From Day 41 onward, the fish in the shallow
raceways was significantly larger, and final mean
weights were 356.3 (618.2) and 318.2 (615.6), in
the shallow raceways and the circular tanks, respec-
tively. Overall, growth rates were 14% higher
(0.62%/d) in the shallow raceway group compared
to the circular tanks (0.52%/d). Feed conversion
efficiency differed and was 17% higher in the
shallow raceways (1.01) compared to the circular
tanks (0.84). Correlation between adjacent growth
rates was more profound in the circular tanks (mean
Spearmans rank, rSp 5 0.38) than in the shallow
raceways (mean rSp 5 0.15). This could indicate
a stronger social hierarchy in conventional tanks
leading to suppressed growth, which is in line with
the growth data presented in this study. The findings
of the present study may have important consequen-
ces for optimization of commercial production of
spotted wolffish and could be applicable to other
bottom-dwelling species.

The idea of using a shallow raceway system
(SRS) for fish production appeared in the late
1980s and has been developed in an experi-
mental scale (e.g., Øiestad 1999). A shallow
raceway is similar to a standard raceway, with
some small, but crucial, differences that must

be fully accomplished: (1) low water level, rang-
ing from 0.7 to 25 cm, depending on the fish
size; (2) high density, where fish use 200–
300% of the available bottom area; and (3) the
existence of a turbulent and plug-flow pattern
(Øiestad 1999; Foss et al. 2004; Labatut and
Olivares 2004). The principle has been demon-
strated to work in single raceways without the
reuse of water (flow-through once, Øiestad
1999; Foss et al. 2001; Foss and Imsland 2002).
The technology is especially well suited for land-
based production of flatfish like turbot, Scoph-
thalmus maximus (Rafinesque); and halibut,
Hippoglossus hippoglossus (L.); or bottom-
dwelling species like the spotted wolffish, Anar-
hichas minor (Olafsen), as it opens possibilities
for reduced land requirement and building in-
vestments as well as reduced water consump-
tion, by stacking the raceways in several levels
and reusing the water from level to level. The
compactness, and the self-cleaning properties
of the system in combination with high stocking
density, are important characteristics of the
SRS. But it is also possible that growth could
be improved in the SRS compared to conven-
tional circular tanks because of better utilization
of the feed (e.g., pellets floating over a large area
could increase each fish possibility of receiving
pellet) and lower antagonistic behavior (i.e., less
water volume to intimidate conspecifics). In
contrast, Hickman and Tait (2001) suggested
(using a literature comparison of growth data)1 Corresponding author.
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that the shallow raceway was a less effective
rearing system for New Zealand turbot,Colistium
nudipinnis (Waite 1910), than conventional tanks.
In Norway and Iceland, spotted wolffish are
commonly reared in shallow raceways (e.g.,
Foss et al. 2001, 2002; Imsland et al. 2006), a
system designed for carrying high densities of
fish. However, no direct comparison between
growth properties of candidate species, for ex-
ample, spotted wolffish, in shallow raceways
and circular tanks has been published. Accord-
ingly, the main aim of the present study was to
compare growth of juvenile spotted wolffish in
shallow raceways and conventional circular tanks.

Many different factors have been put forward
to explain observed size variation in an aquacul-
ture fish population; for example, genetic differ-
ences producing size variability (Forsberg 1996;
Imsland et al. 1998), social interactions (Jobling
and Koskela 1996), and antagonistic behavior
(McCarthy et al. 1992; Imsland et al. 1998).
Social interactions can lead to decreased growth
in low-ranking individuals (McCarthy et al.
1992; Jobling and Koskela 1996) and leading to
the establishment of size hierarchy. The estab-
lishment of size hierarchy may be caused by
direct competition for food (McCarthy et al.
1992; Jobling and Koskela 1996) or by other,
less well-understood, social interactions (Jobling
1982). It is important to study, and compare, the
size-related hierarchies in shallow raceways and
conventional tanks as less stringent size hierarchy
in either rearing system could lead to more
homogenous biomass growth.

The following experiment was designed to
investigate the effects of different rearing units
on growth rate and feed efficiency ratio in juve-
nile spotted wolffish. Attempts were made to
study possible formation of size hierarchies and
social interactions in the two rearing systems.
The aim of the study is to compare ingrowth,
feeding utilization, and formation of size hierar-
chies in the two rearing systems.

Materials and Methods

Fish Stock and Rearing Conditions

Spotted wolffish juveniles (see Imsland et al.
2006 for more details on larval and early juvenile

phase) were reared in shallow raceways (Øiestad
1999) and fed using commercial dry pellets until
the start of the experiment. In November 2005,
the fish were distributed randomly into two race-
ways (0.4 3 1.8 m, 0.72 m2) with a water level
of 8–10 cm, providing a total volume of 0.06–
0.08 m3 (60–80 L) and into two circular tanks
(bottom area, 0.78 m2) with a water level of
5–20 cm (volume 0.04–0.16 m3, 40–160 L).
Hence, the experimental setup is a two-way nested
design, where the two replicates are nested within
the experimental groups (i.e., shallow raceways
and circular tanks).

Water flow was set to 10–15 L/min for each
of the experimental units. In the shallow race-
ways, the water inlet pipe was in front of per-
forated screens. To avoid the formation of jet
currents, the inlet flow was pointed against the
wall and away from the screens. In the circular
tank, the water inlet was through a vertical inlet
pipe approximately 5 cm from the sidewall cre-
ating a circular flow movement in the tank. The
water current speed during the trial was between
2–3 cm/s in both systems. Oxygen saturation
was measured with a hand-held Oxygard Handy
Alpha meter (Oxyguard International, Birken-
rød, Denmark) at regular intervals in the effluent
water of all rearing units and was never below
80%. Two 25-W light bulbs dimmed to 5% of
maximum capacity supplied the rearing units
with low-level light during the experiment and
all groups were maintained under a constant
photoperiod of eighteen hours of light and six
hours of dark (LD18:6).

Experimental Design

The growth study was carried out from
December 1, 2005, to June 21, 2006, with 188
juvenile spotted wolffish. On November 21,
2005, in preparation for the study, a subgroup
within each rearing unit (n 5 19–21 in each unit,
ntotal 5 78) were tagged intraperitoneally with
Trovan� Passive Transponder (Trovan Ltd., BTS
Scandinavia, A.B. Åhus, Sweden) tags. The fish
were reared under an ambient seawater regime
for Neskaupsta+ur with minimum in March
(approximately 3.0 C) and maximum in June
(4.5 C). The tagged fish were reared together
with 109 untagged fish (19 fish in one circular

REARING OF SPOTTED WOLFFISH IN SHALLOW RACEWAYS 155



tank, 30 fish in the three other units) giving a
stocking density of 3.7–5.1 kg/m2 in all rearing
units at the start of the experiment. All fish were
anaesthetized (phenoxyethanol, 0.05 g/L) and
weighed individually approximately every 6
wk during the experiment. Growth results are
based on registration of the tagged fish and other
results are based on tank biomass registrations.

The fish were fed a commercial formulated
floating feed (Dan-ex 1562, Dana Feed, Horsens,
Denmark) containing 53% protein, 17% fat, and
8% carbohydrate (pellet size 4–6 mm). Feed
was provided in excess from automatic belt
feeders for 6 h daily (0900–1500 h) situated close
to the water inlet and thus enabling the pellets to
float downstream. In addition, the fish were hand-
fed occasionally to ensure that a satiation level
was obtained. Uneaten pellets were collected after
each feeding (no later than 30 min after each feed-
ing pulse) and counted to estimate feed intake.
The uneaten feed was collected by filtering the
outlet water with a fine mesh. Our observations
showed that the amount of feed broken down
was negligible in the short time from feeding to
sampling and that this sampling method gave an
accurate estimate of the amount of feed eaten.

Feed Data

Total feed consumption (CT) was calculated
as total feed supplied � total remaining feed
in the effluent water.CTwas calculated on a daily
basis and then summarized for each of the four
rearing units. Daily feeding rate (F%) was cal-
culated as follows:

F% ¼ 100½C=ððB1 1B2Þ=2)�ðt2 � t1)�1

where C is feed consumption (g dry matter) in

the period, and B1 and B2 are fish biomass
(g wet weight) on days t1 (start) and t2 (final),
respectively. Feed conversion efficiency (FCE)
was calculated as biomass gain per weight unit
of consumed feed:

FCE ¼ ðB2 � B1Þ=C

Data Analysis and Statistical Methods

Specific growth rate (SGR) was calculated ac-
cording to the formula SGR 5 (eg � 1) 3 100,

where g 5 (ln W2 � ln W1) (t2 � t1)�1 and W2

and W1 are wet weights (g) at days t2 and t1,
respectively. A two-way nested ANOVA (Searle
et al. 1992), where the two replicates were nested
within rearing systems (i.e., shallow raceways or
circular tanks), was applied to calculate the effect
of different rearing systems on mean weights and
SGR.

The model equation of the nested ANOVA
had the form:

Xijk ¼ m1ai 1Bij 1 eijk ð1Þ

where m is the general level, ai is the treatment

effect of rearing system (i.e., shallow raceways
or circular tanks), Bij is the contribution caused
by replicate (here tank a or b and raceways a and
b) j in group i, and eijk is the error term. Signif-
icant ANOVAs were followed by a Student–
Newman–Keuls multiple comparison test (Zar
1984) to locate differences among treatments.
For parameters where only group data existed
(FCE, F%, and CT) a two-way nested ANOVA
was applied, followed by a Student–Newman–
Keuls multiple comparison test to locate any dif-
ferences among treatments.

Individual growth trajectories were analyzed
using a growth curve analysis (GCM) multivar-
iate analysis of variance (MANOVA) model
(Timm 1980; Chambers and Miller 1995). The
model equation of the GCM had the form:

Yðn3pÞ¼Xðn3qÞBðq3pÞ1Eðn3pÞ ð2Þ

where Y(n 3 p) are the growth at age vectors

y ¼ ðy1; y2; . . . ; ypÞ ð3Þ

for each p (age) measurements on n individual

fish, X(n 3 q) is the design matrix or the set
of extraneous variables measured for each indi-
vidual, that is, q 5 agep + rearing systemi +
replicatej (i 5 shallow raceway or circular tank;
k 5 replicate a, replicate b); B(q 3 p) is the
matrix of parameters estimated by the model;
and E(n 3 p) is the matrix of deviations for
each individual from the expected value of
Y 5 XB.
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Size ranking (initial size rank versus final size
rank) and growth rate ranking (initial growth
rate versus final growth rate and growth in
adjacent periods) was tested using Spearmans
rank correlation (rSp) (Zar 1984). A significance
level (a) of 0.05 was used if not stated other-
wise. In cases with nonsignificant statistical
tests, power (1 � b) analysis were performed
using the PASS program package (Hintze
1996) using a 5 0.05.

Results

Mortality

During the experiment, a total of six tagged
fish were found dead either in the rearing units
or on the floor. This amounts to 7.6% mortality.
Overall mortality (tagged and untagged fish)
was 7.2% (12 fish). No systematic trend was
found as mortality occurred in all rearing units
and no size difference was found between the
dead and the surviving fish.

Growth: Effect of Culture System

The initial mean weight (6SE) was 105.9
(63.1) g and did not differ significantly
between the two rearing systems, that is, shallow
raceways and circular tanks (two-way nested
ANOVA, power [1 � b . 0.6]). From Day 41
onward, the mean weights in the two rearing sys-
tems varied (two-way nested ANOVA,P , 0.01,
Fig. 1A) as the fish in the shallow raceways
were larger. Final mean weights 6 SE were
356.3 6 18.2 and 318.2 6 15.6 in the shallow
raceways and the circular tanks, respectively.
Mean individual growth trajectories were differ-
ent (GCM, MANOVAGROUP, Wilk’s lambda
(L) 5, 55 5 0.65, P , 0.001) between the shal-
low raceways and the circular tanks. Significant
higher growth rates for the shallow raceways
group were found in three experimental periods
(Student–Newman–Keuls test, P , 0.05, Fig. 1
B). Overall mean growth rates were 0.52 and
0.62%/d for fish in circular tanks and shallow
raceways, respectively.

Feed Intake and FCE

Daily feeding rate did not differ in the two
groups (Table 1). However, FCE differed

between shallow raceways and circular tanks
(two-way nested ANOVA, F1, 14 5 3.7, P ,

0.05, Table 1) and was 17% higher in the
shallow raceways compared to the circular
tanks.

Size and Growth Ranking

A significant size rank correlation (initial
weight versus final weight) was maintained
throughout the study in both groups (rSp . 0.58,
P , 0.05, Table 2) but was higher in the circu-
lar tanks (rSp 5 0.81). Further, an overall posi-
tive correlation between adjacent periods (i.e.,
periodn and periodn + i) growth rates was only
found in the circular tanks. When comparing
initial versus final growth rates, no correlation
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FIGURE 1. Mean weight (A) and specific growth rates (B) of

juvenile spotted wolffish reared in shallow raceways and

circular tanks. Vertical line indicating SE may be obscured

by symbol. Different letters indicate statistical differences

(two-way nested ANOVA, P , 0.05), with ‘‘a’’ as the

highest value. The values for two replicates are combined.

N 5 38–42 for each mean value. Symbols in A: shallow

raceways, whole line, and filled diamonds; circular tanks,

dashed line, and open squares. Symbols in B: shallow

raceways, black bars; circular tanks, white bars.
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was found in either group, as initial growth rates
were slightly negatively correlated (not signifi-
cantly) with final growth rates in both groups.

Discussion

Growth rate and feed efficiency ratio of juve-
nile spotted wolffish was positively influenced
by rearing in SRS. Overall growth rate and
FCE, respectively, was 14 and 17% higher in
the SRS compared to the circular tanks. To the
authors’ knowledge, there are no published
growth studies that directly compare growth of
bottom-dwelling species cultured in shallow
raceways with conventional circular tanks, but
Labatut and Olivares (2004) reared juvenile tur-
bot in SRS and compared their data with exist-
ing data in the literature. They concluded that

this alternative culture system could produce
similar growth rates but at higher densities than
in conventional systems. They also found higher
FCE for turbot reared in SRS compared to ear-
lier studies conducted in circular tanks. Part of
the growth differences found in the present
study could be explained by less human inter-
vention into the fish environment because of
the less frequent husbandry tasks required in
the shallow raceways. Daily tasks in conven-
tional tanks may be stressful to the fish, includ-
ing sweeping of the bottom area and walls of the
tank and flushing almost the entire volume of
the tank. Conversely, shallow raceways are self-
cleaning and thus minimal human intervention
into fish environment is required. Further, they
may be attributes facilitating better growth in
SRS linked to water transport aspects and swim-
ming behavior. The current pattern in SRS is
turbulent, which ensures almost the same cur-
rent speed everywhere in the tank (Øiestad
1999), whereas current speed in a circular tank
will vary with greatest water current speeds near
the tank wall (Ross and Watten 1998). The more
even current speed in the SRS suits the behavior
of spotted wolffish as it seeks very dense aggre-
gations of conspecifics (Foss et al. 2001). In cir-
cular tanks, it may find itself swimming against
the current near the tank wall spending more
energy for swimming than in the SRS. In our
study, we observed the highest density of fish
away from the tank wall (often near the tank
center) in the circular tanks, whereas a more
homogenous aggregation was seen in the SRS.
This may indicate that spotted wolffish is using
less energy for swimming in the SRS allowing
more energy to be allocated to growth, which
could partly explain the growth differences seen
between the two systems in the current study.

TABLE 1. Feed consumption (CT), daily feeding rate (F) and FCE of juvenile spotted wolffish reared in shallow raceways

or circular tanks.

Experimental group CT (g ww) F% FCE

Shallow raceways 2362.7 (756.9)a 0.61 (0.13) 1.01 (0.21)b

Circular tanks 1792.7 (520.9)b 0.66 (0.12) 0.84 (0.22)a

FCE 5 feed conversion efficiency.

Results are given as arithmetic mean (SD) for the five experimental periods (i.e., N 5 10 for each experimental group).

Different superscripts denote significant differences (Student–Newman–Keuls multiple comparisons, P , 0.05) between

experimental group.

TABLE 2. Results from Spearman rank analysis of corre-

lation for weight and size ranking of individually tagged

juvenile spotted wolffish reared in shallow raceways or

circular tanks.

Rearing
unit type Comparison

Spearman
rank (rSp)

p for
rSp 5 0

Shallow

raceways

W1 vs W6 0.58* ,0.05

G1 vs G2 0.12 .0.35

G2 vs G3 0.18 .0.30

G3 vs G4 0.14 .0.30

G4 vs G5 0.16 .0.30

G1 vs G5 �0.19 .0.25

Circular tanks W1 vs W6 0.81* ,0.001

G1 vs G2 0.44* ,0.05

G2 vs G3 0.56* ,0.05

G3 vs G4 0.16 .0.40

G4 vs G5 0.36* ,0.05

G1 vs G5 �0.25 .0.20

Results are given for size ranking (initial, W1 vs final

weight, W6), growth rank in adjacent periods (i.e., G-

periodn and G-periodn + i), and initial and final growth rank

(G1 vs G5). Significant rankings are indicated by *.
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In our study, there seems to be a growth delay
in the circular tank group (first period in Fig. 1
B) as this group might have experienced a higher
stress of acclimatization (as both groups were
reared in shallow raceways prior to the study).
However, this is compensated in the next period
as growth increases in the circular group but is
slightly reduced in the shallow raceway group.
Omitting the first period, there is still 11% dif-
ference in overall growth. However, the strength
of the study might have been further improved
by applying a longer acclimation period.

In general, land-based farming requires more
resources for the construction as well as for the
fish production compared to production in net-
pens in the open sea (Oca et al. 2002). For that
reason, it is strongly needed to implement tech-
nology that is competitive and has the potential
to be profitable also in the future. In conven-
tional land-based farming, feed accounts for
approximately 30% of the production costs
(Oca et al. 2002), so it is important to optimize
feeding management. In the present study,
a 17% higher FCE was achieved in the shallow
raceways. The higher FCE observed in the shal-
low raceway group in the present experiment
may indicate that the turbulent flow in the SRS
can lead to a more homogenous feed distribu-
tion, which will provide more equal opportuni-
ties for all the fish to consume pellets during
feeding. The application of shallow raceways
in full-scale fish farming is still at an early stage
of development, but our findings are encourag-
ing both in terms of fish husbandry and growth
management.

The high size rank correlation observed in
both experimental groups may indicate an early
establishment of stable size ranks (hierarchies),
which is common under culture conditions
(Huntingford et al. 1990; Imsland et al. 1998).
The lack of correlation between initial and final
growth rates seen in the present study indicates
that there might be a stochastic element causing
heterogeneous growth. As growth rate in both
experimental groups declined with increasing
size (Fig. 1), the lack of correlation between
initial and final growth can be interpreted as
increased growth variation with increasing size.
It is notable that the correlation between adja-

cent growth rates is more profound in the circu-
lar tank. This could indicate a stronger social
hierarchy in circular tanks compared to shallow
raceways. Social hierarchy may contribute to
the observed growth differences between the rear-
ing units as growth can be suppressed by com-
petition under such conditions (Sunde et al.
1998). It has been pointed out by Klokseth and
Øiestad (1999) and Øiestad (1999) that less anta-
gonistic behavior can be expected in the SRS
compared to other rearing systems. As feed is
floating past all individuals in the system, there
will be less competition for feed. This could
lead to less stringent formation of hierarchies
compared to conventional tanks and thereby
reducing size variation that is in line with our
findings.

In conclusion, the present study indicates that
growth and FCE can be improved in spotted
wolffish culture by rearing the fish in shallow
raceways. These findings may have important
consequences for optimization of commercial
production of spotted wolffish and could be
applicable to other bottom-dwelling species.
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