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INTRODUCTION

Furunculosis caused by Aeromonas salmonicida
subsp. salmonicida was introduced to the Norwegian
salmon industry with a shipment of live fish from Scot-
land in June 1985 (Egidius 1987), and caused consider-
able losses in salmon farms during the late 1980s
(Midtlyng 1996). In the early 1990s the work of Krantz
et al. (1964) describing the superior performance and
feasibility of oil-adjuvanted furunculosis vaccines was
rediscovered and this technique was subsequently
adopted by the industry (Midtlyng 1996, 1998). The
use of oil-based adjuvant systems has proved to induce
long-lasting protective immunity against furunculosis
(Midtlyng et al. 1996b), and largely reduces the risk of

disease in fish farming (Midtlyng 1998). Indeed, the
disease literally disappeared after 1993 as a result of
these vaccines (Lillehaug et al. 2003).

In some cases, the use of oil-adjuvanted vaccines has
led to considerable side effects (Poppe & Breck 1997,
Midtlyng 1998), of which the most frequently reported
are injection site lesions (Midtlyng et al. 1996b, Lund et
al. 1997), adhesions between internal organs (Midtlyng
1996, Midtlyng et al. 1996a), reduced appetite and
growth (Midtlyng et al. 1996b, Sørum & Damsgård 2004)
and malfunction of the reproductive organs. In the
worst cases, a difference in weight can still be seen 1 yr
after vaccination (Midtlyng 1998, Midtlyng & Lillehaug
1998), which in some cases may lead to downgrading at
slaughter (Midtlyng 1996, 1997, Poppe & Breck 1997).
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Poppe & Breck (1997) point out that the same vaccine
results in dramatically different levels of side effects,
both between farms and within the same populations,
and Midtlyng (1996) called for further studies to iden-
tify the causative factors and means of reducing these
side effects.

The production period of an S1 salmon smolt is
approximately 18 mo from fertilisation in November/
December until seawater transfer in April/May. In
practical fish farming it is possible to vaccinate these
fish from a size of 20 to 30 g and until 4 wk before
transfer to seawater. The present study aimed to com-
pare the potential short- and long-term effects on
growth and the side effects of a single intraperitoneal
injection administered at different times of the year
during S1 salmon smolt production.

MATERIALS AND METHODS

Fish stock and rearing conditions in fresh water.
Before the start of the experiment, Atlantic salmon
Salmo salar parr of the Aqua Gen strain had been
reared under continuous light and an average water
temperature of 12 ± 2°C. On 21 August 1998, 3068 fish
were randomly distributed into 14 square covered
green indoor tanks (1.5 × 1.5 × 0.7 m) at the Institute of
Marine Research, Matredal, Norway (61° N). The fish
were reared under simulated natural photoperiod
(SNP) supplied by 2 × 36W fluorescent daylight tubes.
Fresh water, buffered with 1% filtered seawater, was
adjusted to maintain the oxygen content in the outlet
water above 8 mg l–1. The water temperature during
the experiment is shown in Fig. 1. The fish were fed a
commercial diet (Skretting) in excess during the day-
light hours of the SNP.

Experimental design. Every 6 wk from 26 August
1998 to 23 March 1999, the fish in 2 tanks (re-
plicates) were vaccinated intraperitoneally (i.p.) with
0.2 ml of the multivalent oil-adjuvanted vaccine
Norvax® Protect IPN Vet (the groups were desig-
nated AUG, OCT, NOV, DEC, FEB, MAR according
to the month in which they were vaccinated; see
also Tables 1 & 2 and Fig. 1). Two tanks were held
as unvaccinated controls (CON). All the fish were
starved for 1 d prior to vaccination and sampling.
One OCT replicate was excluded from the study
because the fish in this tank were accidentally
injected with only 0.1 ml vaccine.

On 10 May 1999 the remaining fish (n = 2306) were
fin-clipped according to group. On 13 May 1999 these
fish were transferred to a single sea cage (12 × 12 ×
12 m). Commercial feed was distributed in excess, dur-
ing 2 periods of 2 h (morning and afternoon) until the
end of the experiment on 2 March 2000.

The experimental design meant that the different
groups were vaccinated at different fish size, day-
length and temperature. The time from vaccination to
smoltification and seawater transfer varied accord-
ingly. Because the amount of vaccine injected was con-
stant, the dose kg fish–1 decreased as fish grew
(4.7 ml kg–1 in the AUG group to 1.1 ml kg–1 in the
MAR group).

Data sampling. Randomised sampling of individual
weight, length, evaluation of side-effects and blood
collection was carried out as shown in Table 1. Fish
sampled for autopsy and/or blood samples were
stunned with a sharp blow to the head. Fish that were
only measured for length and weight were anaes-
thetised with Benzocaine (Norsk medisinalapotek).

Intra-abdominal lesions. The severity of intra-
abdominal lesions was determined visually according
to Midtlyng et al. (1996b). Individual fish were given a
lesion score from 0 (no adhesions) to 6 (most severe
adhesions and pigmentation), where 3 or higher is
classified as high lesion score.

Growth. Individual fork lengths were measured to
the nearest 0.1 cm and live body weight to the nearest
0.1 g in freshwater, and to the nearest 0.5 cm and live
body weight to the nearest 5 g in seawater.

Fulton’s condition factor was calculated as 100WL–3,
where W is live body weight (g) and L is fork length (cm)
(Busacker et al. 1990). Specific growth rate (SGR,% d–1)
was calculated as (eq – 1)100 (Houde & Scheckter 1981),
where q = [ln(W2) – ln(W1)](t2 – t1)–1 (Bagenal & Tesch
1978) and W2 and W1 are average live body weight at
times t1 and t2 respectively. Length growth (LG, mm d–1)
was calculated as (L2 – L1)(t2–t1)–1, where L2 and L1 are
average fork length at times t1 and t2, respectively.
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Fig. 1. Water temperature in freshwater (FW) and seawater
(SW) from 26 August 1998 to 2 March 2000. Vertical dotted
lines indicate dates at which vaccination and/or sampling

took place
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Mortality during the experiment was <5% in both
freshwater and seawater, and was not related to group.

Antibody levels. Blood was sampled from the caudal
vein, kept on ice, centrifuged for 15 min at 2300 rpm
and 4°C (1065× g), and stored at –80°C. For the ELISA
assay the plates were coated with Aeromonas salmoni-
cida (0.1 ml well–1), or Vibrio anguillarum O2 (0.1 ml
well–1). The analyses followed the procedure described
by Melingen et al. (1995) with minor modifications.
The optical density (OD) was read on a Titertek SCC at
492 nm. Values are given as LOG2 titre at OD = 1.

Sea-water challenge test. A seawater challenge test
was performed on 28 April 1999, when 8 fish from each
group were transferred to stagnant aerated 35‰ sea-

water. After 24 h the fish were stunned by a blow to the
head. Blood was collected with a syringe from the cau-
dal vessels and centrifuged for 15 min at 4°C and
2300 rpm (1065× g). Plasma was kept at –80°C until
chloride levels were measured on a Radiometer
CMT10 chloride titrator.

Spinal deformation. During the latter part of the
study it became obvious that some of the fish had a
deviant body shape, with high condition factor. To
investigate this further, 65 fish were filleted and the
vertebral column frozen (minimum 7 fish group–1) at
the end of the experiment. The vertebral column was
subsequently X-rayed (50 mAs, 68 kV, 90 cm) using
portable X-ray equipment (PORTA 1030A, Nakajima),
on 30 × 40 cm X-ray film (Agfa Structurix daylight
packing, D7 DW ETE). The radiograph was digitalized
on an A3 scanner and the size of each vertebra was
measured using the program ImagePro®. A point was
manually set on the 2 dorsal margins and the posterior
ventral corner of each vertebra. The xy coordinates for
each point (±0.1 mm) were used to calculate dorsal
length (L) and posterior height (H). The relation
between L and H, together with visual examination of
the radiographs, was used to determine deformation.

Statistics. Data were analysed by Statistica® soft-
ware for PC (ver. 6.0, StatSoft). Data were checked for
normality by graphical presentations of frequency dis-
tribution and probability plots with normal equivalent
derivates (Sokal & Rohlf 1995), and subsequently
tested for homogeneity of variance both visually and
using Levene’s test (Brown & Forsythe 1974). In all sta-
tistics the individual fish was the experimental unit.

Vaccination groups were compared using ANOVA.
All parallels were combined because a 2-way ANOVA
showed no significant differences, with only a few
random exceptions.

Fortunately, ANOVA is robust, operating well even
with considerable heterogeneity of variance as long as
the number of fish in each group was equal or nearly
equal. Furthermore, the heterogeneity was associated
with large samples and thus the main effect on the
ANOVA was a lower probability of a Type I error (Zar
1996). The powerful ANOVA parametric test was used
even when the assumption of heterogeneity of variance
was not fully met. ANOVA was also used on the classi-
fied data of intra-abdominal lesions, and the results were
similar to those obtained using a non-parametric test. 

A significance level of p < 0.05 was adopted in all
statistics. When the ANOVA revealed significant
effects between groups, a post-hoc comparison was
performed using the Newman-Keuls test. The number
of deformed vertebra was compared between vaccina-
tion groups using a χ2-test, with Bonferroni-corrected
p-level for multiple samples. Correlations were per-
formed by Pearson product-moment correlation.
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Date Group Fish sampled group–1 (n)
Length and Lesion Blood

weight score samples

1998
26 Aug AUG 140a 20
07 Oct OCT 58–83 (74) 20 20
18 Nov NOV 120–165 (71) 20 20
18 Dec 20 20
28 Dec DEC

1999
14 Jan 143–156 (80)
09 Feb FEB 114–147 (76) 20 20
23 Mar MAR 100–203 (62) 20 20
05 May 130–163 (93) 20 20
13 Mayb CON
18 Jun 13–20 (0) 17–20 (0) 10 (0)
31 Aug 31–38 (20) 21–22 (11) 10
26 Oct 29–46 (14) 20–30 (11) 10

2000
02 Mar 103–130 (76) 103-130 (76) 10

aRandom sampling from all tanks; bUnvaccinated controls

Table 1. Salmo salar. Experimental protocol for Atlantic
salmon vaccinated at different times of the year. Numbers
for OCT group are in parentheses. For further data on

groups see Table 2

Group Vaccination
Weight (g) Water temp. (°C) Day degrees

AUG 43 13.4 292
OCT 85 11.9 210
NOV 102 6.6 143
DEC 127 6.2 162
FEB 154 6.9 149
MAR 179 6.7 145
CON Unvaccinated controls

Table 2. Salmo salar. Groups vaccinated at different times
of the year, at different water temperatures and different
fish weights. Day degrees: accumulated values for the first

3 wk post-vaccination
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RESULTS

Intra-abdominal lesions

All the vaccinated fish developed intra-abdominal
lesions with adhesions and melanin deposits in the
body cavity. The lesion score in the AUG group
reached a level of 2.45 six wk after vaccination. After
this first period the increase was slower (Fig. 2a). In
the other vaccinated groups the development of intra-
abdominal lesions was slower, and they reached lower
levels.

The proportion of fish with a high lesion score (i.e. 3
or more) was greater than 60% in all samplings in the
AUG group (data not shown). At the end of the experi-
ment 81% of the fish in this group had high lesion
scores (Fig. 3b). Between 40 and 45% of the OCT and
NOV groups had high lesion scores, while in the other
groups the corresponding figure was 17% or less.

Lesion scores in the AUG, OCT and NOV groups fell
during spring and the first period in seawater (Fig. 2a).
During the summer the lesion scores increased again,
and in all groups the highest lesion scores were found
in August or October.

Fish size at vaccination, and day-
degrees during the first 3 wk after vac-
cination differed from group to group.
At the end of the experiment small fish
displayed a higher percentage of high
lesion scores (r2 = 0.9). Similarly, day-
degrees during the first 3 wk after vac-
cination correlated with the percentage
of high lesion scores (r2 = 0.74), and
there was a correlation between lesion
score and number of wk between vac-
cination and transfer to seawater (r2 =
0.81) (Fig. 3a).

Between 6 and 12 wk after vaccina-
tion all the vaccinated groups had
developed melanin deposits on the vis-
ceral organs and/or on the parietal
peritoneum. At the end of the experi-
ment the AUG group had most and
MAR least melanin of all vaccinated
groups. The AUG group had most vac-
cine residues.

Body size, growth and condition
factor

All the vaccinated groups had a
reduction in growth compared to the
unvaccinated control group in the
period immediately after vaccination.
(Fig. 4a,c). At transfer to seawater, all
the vaccinated groups were thus signif-
icantly smaller than the unvaccinated
control group (Fig. 4a), and there were
no significant differences between the
vaccinated groups. Condition factor
decreased in all groups from January
onwards throughout the freshwater
period and into the first period in sea-
water.

In June, after 6 wk in seawater, no
significant differences in length were
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Fig. 2. Salmo salar. (a) Intra-abdominal lesion score and (b) antibody resorption
against Vibrio salmonicida for groups of Atlantic salmon vaccinated at different
times of the year (vaccinated in August: AUG; October: OCT; November: NOV;
December: DEC; February: FEB; March: MAR), and for an unvaccinated control
group (CON). Fish were scored visually on a scale of 0 (no lesions) to 6. Differ-
ent letters denote significant differences between groups. Error bars indicate SE
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found. However, condition factor was affected, being
lowest in the CON group (1.04 ± 0.03) and significantly
lower in this group than in all the other groups with the
exception of the NOV group.

In seawater, the biggest differences in growth were
found between June and October. This coincided with
the highest seawater temperatures and the period with
the highest growth rates. In this period, the condition
factor rose to 1.64 in the AUG group, while the CON
group showed greater length growth than the other
groups (Fig. 4c), being significantly longer than any of
the other groups in October and at the end of the
experiment (Fig. 4a). Maximum SGRs were 1.74 and
1.48 in the CON and AUG groups respectively.

At the end of the experiment the individuals in the
AUG group were significantly shorter than any of the
other groups and had a higher condition factor than all
the groups vaccinated from December onwards. Final
length correlates with week from vaccination to sea-
water transfer (r2 = 0.83). A similar correlation was found

for condition factor (r2 = 0.76). The groups vaccinated
earliest had the highest condition factor at slaughter (Fig.
3a). Mean weights (kg) at slaughter were 4.6 ± 0.1
(CON), 4.0 ± 0.1 (MAR), 3.9 ± 0.1 (FEB), 4.0 ± 0.1 (DEC),
3.8 ± 0.1 (NOV), 3.7 ± 0.1 (OCT), and 3.2 ± 0.1 (AUG).

At transfer to seawater all groups displayed normal
signs of being smolt (i.e. reduced condition and more
silvery). The average chloride levels after the seawater
challenge test were lower than 146 mMol in all groups. 

Vertebral deformations

The proportion of deformed vertebra was 32% in the
AUG group (Fig. 3b). The later the groups were vacci-
nated, the lower the percentages of deformed verte-
bra, with the lowest level (2.3%) observed in the
unvaccinated group.

The percentage of deformed vertebra correlated
with the percentage of high lesion scores (r2 = 0.88),
and number of day-degrees during the first 3 wk after
vaccination (r2 = 0.95). There was a negative correla-
tion between the percentage of deformed vertebrae
and fish size at vaccination (r2 = 0.85).

The deformations found in this experiment were
platyspondyly, in which the vertebrae were com-
pressed in the dorso-ventral direction. The typical X
seen on radiographs of normal vertebrae became more
or less diffuse and the shape of the X was changed to
resemble II, H, )(, or other forms (Fig. 5).

The number of deformed vertebrae was lowest in
Region 1, with the anterior vertebrae 1 to 8 (Fig. 6). In
Region 2 (vertebrae 9 to 29) there was a rapid increase
in the number of deformed vertebrae up to a maximum
of 35%. There was a rapid fall in the number of
deformed vertebrae dorsally to the caudal constraint of
the abdominal cavity. From vertebra 30, in Region 3,
the number of deformed vertebrae increased again by
10–15% to 70–75% in Region 4.

Antibody levels 

All vaccinated groups displayed an increase in hu-
moral immune response against Vibrio salmonicida after
vaccination (Fig. 2b). The increase was fastest and
reached the highest levels in the groups vaccinated
earliest. The levels fell during the experiment, and there
were small differences between the vaccinated groups
after transfer to seawater, when the group vaccinated
last (MAR) had a significantly lower level than all other
groups except AUG. In August, MAR had a significantly
higher antibody level than the other groups. The analy-
ses of Aeromonas salmonicida showed similar trends
to V. anguillarum (data not shown).
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DISCUSSION

Intra-abdominal lesions

This is the first vaccination experiment in which
a large number of fish have been sampled at short
and regular intervals from vaccination to slaughter.
This makes it possible to describe the growth and
development dynamics of intra-abdominal lesions.
All in all, our results confirm earlier studies in which
oil-adjuvanted vaccines have been shown to induce
injection site lesions (Midtlyng et al. 1996b, Poppe &
Breck 1997, Mutoloki et al. 2004) and adhesions

between internal organs (Midtlyng
1996, Midtlyng et al. 1996b, Poppe &
Breck 1997), and that these lesions per-
sist throughout the production cycle
(Midtlyng 1996, 1997, Poppe & Breck
1997). However, the same vaccine can
result in dramatically different side
effects both between farms and within
the same population (Poppe & Breck
1997), and the severity of lesions varies
considerably between studies and sam-
plings, suggesting that unidentified fac-
tors are influencing the development of
the lesions (Midtlyng 1998). Colquhoun
et al. (1998) found that injection of Pseu-
domonas fluorescens combined with
crowding stress increased the degree of
adhesion, but suggested that these para-
meters were not the cause of the major-
ity of variation in lesions. Epitheliocystis,
sea site (fjord vs. oceanic) and time of
rearing in seawater have also been
identified as risk factors in the develop-
ment of abdominal lesions (Vågsholm &
Djupvik 1999).

In the present study, the groups vac-
cinated early, when fish were smallest
and temperatures highest, developed the
most severe intra-abdominal lesions. We
conclude that these were the most impor-
tant factors determining side effects, but
factors such as photoperiod and growth
rate may also have contributed to the dif-
ferences.

The injected vaccine dose was con-
stant according to aquaculture practice.
The amount of vaccine injected per kg
fish was lower in large fish, and this can
explain why small fish developed more
intra-abdominal lesions. The reason to
vaccinate is thus to obtain protection,
and it is unclear whether a reduced

dose in small fish will reduce initial immune
response or long-term protection.

Colquhoun et al. (1998) suggested that the severity of
adhesions appears to be established fairly early after
vaccination. Our data support this, as groups vacci-
nated within only 6 wk of each other exhibited large
differences in the severity of lesions. Furthermore, the
adhesion score, which is determined in the initial pe-
riod following vaccination, remained fairly stable until
the fish were slaughtered. The only small deviation
from this pattern was found in the AUG, OCT and NOV
groups, which displayed a reduction in adhesions dur-
ing the late winter and early spring in freshwater. This
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corresponds to a period with low temperature and re-
duced growth rate. After transfer to seawater both
temperature and growth increased and all groups
showed increased levels of adhesions during summer
and autumn in the sea. Other studies have also
reported an increase in intra-abdominal lesions until 6
mo (Midtlyng et al. 1996b, Mutoloki et al. 2004) or more
(Hoel & Lillehaug 1997) after vaccination. Others, e.g.
Vågsholm & Djupvik (1999), Mutoloki et al. (2004)
reported a reduction in adhesions before harvest.

Growth and condition factor

In accordance with earlier studies on Atlantic salmon
(Midtlyng et al. 1996b, Midtlyng & Lillehaug 1998,
Sørum & Damsgård 2004), the growth of the oil-adju-
vant vaccine groups was found to be impaired in com-
parison with the unvaccinated controls in the first
period after vaccination. Similar results have also been
found in rainbow trout Oncorhynchus mykiss (Rønsh-
oldt & McLean 1999), Arctic charr Salvelinus alpinus
(Pylkkö et al. 2000), European whitefish Coregonus
lavaretus L. (Koskela et al. 2004), and spotted wolffish
Anarhichas minor L. and halibut Hippoglossus hippo-
glossus (Ingilæ et al. 2000), but not in Atlantic cod
Gadus morhua L. (Mikkelsen et al. 2004).

In the current study the initial reduction in growth
was independent of time of vaccination. The vacci-
nated groups were on average 11% smaller than the
CON group 6 wk after vaccination.

Possible factors contributing to the weight loss in
the first period are loss of appetite due to handling,
anaesthesia and vaccination procedures (Horne &
Ellis 1988) and side effects such as injection-site le-
sions and visceral adhesions (Midtlyng et al. 1996b).
Hoel & Lillehaug (1997) found differences in weight
between Atlantic salmon injected with an oil-adju-
vanted vaccine and saline control, indicating that the
vaccine itself makes a major contribution to the
reduction in growth rate. Recently, Sørum & Dams-
gård (2004) found reduced feed intake and growth
during the first 3 wk after vaccination, but anaes-
thetisation and handling alone had no significant
effect on feed intake.
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Fig. 5. Salmo salar. X-rays of deformed vertebrae with various
degrees of platyspondyly from (a,c) the group vaccinated in
August, and (b,d) normal vertebrae from the unvaccinated
group. The trunkal vertebrae in (a,b) are numbers 23 to 29

and the caudal vertebrae numbers 46 to 52
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Fig. 6. Salmo salar. Percentage of deformed vertebra (n = 414)
for each vertebra number in the fishes with deformed ver-
tebra (n = 31). All groups are combined. Grids indicate

Regions 1 to 4 (Kacem et al. 1998)
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Fig. 7. Salmo salar. Correlation between percentage of de-
formed vertebrae in each group and condition factor at

slaughter



Dis Aquat Org 69: 239–248, 2006

In seawater all groups displayed a typical growth pat-
tern (e.g. Oppedal et al. 1999, Mørkøre & Rørvik 2001,
Nordgarden et al. 2003) with high and increasing growth
and condition factor through the summer and up until
late autumn. However, the growth and development of
condition factor was highly dependent on the time of
vaccination, with the lowest growth rate and highest
condition factor being found in the groups vaccinated
early, and the highest growth rate and lowest condition
factor in the unvaccinated control. In some earlier stud-
ies lower weights compared to controls were seen 1 yr
after vaccination (Midtlyng 1998, Midtlyng & Lillehaug
1998), or between different vaccines (Oppedal et al. in
press), confirming the results of the present study. How-
ever, Hoel & Lillehaug (1997) and Mutoloki et al. (2004)
found no reduction in weight in oil-adjuvant vaccinated
salmon 17 wk and 12 mo post-vaccination, and Buch-
mann et al. (1997) found higher weights than in controls
4 mo after vaccine administration.

The observation that the highest condition factors
were found in the groups with the lowest growth rates
is surprising, as condition factor normally improves
with growth rate (e.g. Storebakken & Austreng 1987).
In our study, the higher than normal condition factors
in the groups vaccinated early are highly correlated
with the incidence of deformations in the vertebral
column (Fig. 7).

Antibody levels

All groups showed the expected response in antibody
levels after vaccination. There was a gradual reduction
until slaughter. The groups vaccinated last did not reach
the same level as those vaccinated early, probably as a
result of lower temperatures, and the greater size of the
fish at vaccination. At the time of transfer to sea, all
groups had adequate levels of antibodies.

Vertebral deformations

In the Atlantic salmon farming industry, a number of
different skeletal deformations have been reported
(Kvellestad et al. 2000, Poppe et al. 2002, Silverstone &
Hammel 2002). Factors such as genetics (McKay &
Gjerde 1986, Gjerde et al. 2005), oxytetracycline
administration (Toften & Jobling 1996), diet composi-
tion (Vielma & Lall 1998, Ørnsrud et al. 2002), and
incubation temperature (Takle et al. 2005, Wargelius et
al. 2005) may be involved in the development of
deformed vertebrae. 

Our study identifies i.p. vaccination with oil-adju-
vanted vaccines as an important risk factor in the
development of vertebral deformities in Atlantic

salmon. Vågsholm & Djupvik (1998) also found that
smolt size and time of vaccination influenced the risk
of short tails at slaughter. In the present study, most of
the deformed vertebrae were in the tail region, and
some in the mid-region of the fish. Toften & Jobling
(1996) found most deformities in the mid-region (verte-
brae 11 to 26) in salmon fed oxytetracycline, while Wit-
ten et  al. (2005) studied fish with compressed verte-
brae all over the spinal column. In rainbow trout
infected with Flavobacterium psychrophilium the
deformities were randomly distributed over the spinal
column (Madsen et al. 2001).

The mechanism behind the development of these
vertebral deformations is still unclear. However, the
similarity in the effects of vaccination time on the inci-
dence of intra-abdominal lesions and the incidence of
deformed vertebrae suggests that there could be a
connection between the two, or that they are both
affected by one or several common factors.

Witten et al. (2005) suggested that mechanical load
produced changes in the vertebrae at a stage where the
vertebrae were 5 mm in height. Kvellestad et al. (2000)
reported major changes in the intervertebral space, in-
cluding inflammatory cells, between vertebrae with
platyspondyly. It is also shown that Atlantic salmon can
display regional differences in vertebral growth. During
smoltification, vertebrae growth is high in the caudal re-
gion. In underyearling postsmolts exposed to continuous
light, growth is highest in the trunk (Fjelldal et al. 2005).
This may be a sensitive period for deformations. All these
findings are supported by the deformations shown in the
computer tomography (CT)-scan (Fig. 8), which indi-
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Fig. 8. Salmo salar. Micro computer tomography (CT)-scan
of compressed vertebrae from the group vaccinated in August
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cates that at a particular period of growth there was a
change in the direction of growth in the bone layer
which forms the amphicoel, rather than a compression of
a normal vertebra.
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