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Abstract

Fusion of vertebral bodies characterises many types of spine deformities in farmed Atlantic salmon and other bony fish. Little is
known about development and progress of this condition in individual fish, knowledge that is required for prevention and control
of spine malformations.

To clarify the pathogenesis of vertebrae fusion, we describe the development and progress of the disease in farmed Atlantic
salmon based on (a) tracing vertebrae fusion in individual fish at three different stages, (b) analyzing vertebrae fusion in animals
12 months after seawater transfer, and (c) histological examination of the fusion process.

Vertebrae fusion was observed to develop both prior to and after smoltification; early and late fusion stages were detected in
pre-smolts and in animals 12 months after seawater transfer. The process involves transformation of intervertebral notochord tissue
into cartilage, shape alterations of vertebral body endplates, mineralisation of the intervertebral cartilage, and finally replacement of
intervertebral cartilage by bone. Two fused vertebrae can develop into a centre of severe malformation through the continuous
amalgamation of neighbouring vertebrae. Alternatively, animals have the capacity to contain the problem through reshaping and
remodelling of two fused vertebral bodies into a single, regularly structured and jointed vertebra. Successfully reshaped vertebrae
apparently do not inflict further spine malformations. We here demonstrate for the first time that the onset of vertebrae fusion must
not inevitably lead to fish with deformed vertebral columns. Defining conditions that favour repair and prevent the spread of
vertebrae fusion is a future task that could make a significant contribution to the control of spine deformities in farmed salmon.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Vertebral deformities are a recurring problem inAtlantic
salmon and other farmed teleost species that surface
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externally as spine curvatures (lordotic, kyphotic and
scoliotic malformations), anterior/posterior (a/p) shorten-
ing of the animal's body, or combinations of curvatures and
a/p shortening (Gill and Fisk, 1966; McKay and Gjerde,
1986; Dedi et al., 1995; Kvellestad et al., 2000; Gavaia
et al., 2002; Witten et al., 2005). Related to many cases of
spine malformation are flattening (platyspondyly) and fu-
sion of vertebrae (Kvellestad et al., 2000). Less severe cases
involve only few vertebrae, and vertebrae fusionmay occur
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without obvious external signs. Severe cases with nume-
rous affected vertebrae involve a visible a/p shortening of
the vertebral column with or without a nodal thickening of
the spine, and subsequently cause a phenotype that is
usually referred to as “short tail” (Gil-Martens et al., 2005).

Generally, changes of internal bone structures occur
long before deformities become visible externally. Thus,
bone deformities are usually diagnosed late and it is
difficult to obtain information about the onset and the
cause of the malformation (Witten et al., 2005). Con-
sequently, fundamental questions about the pathogene-
sis of vertebrae fusion are still unanswered. Whether the
development of vertebral body flattening and fusion is
determined during early life stages, or if spine short-
ening relates to late developmental disorders, or both, is
a matter of discussion. Several studies demonstrate that
early developmental disorders account for some cases of
shortening of the spine that surface later in life (War-
gelius et al., 2005). The delicacy of early salmon deve-
lopmental stages, due to the patterning of the vertebral
column structures prior and after hatching, was de-
scribed by Nordvik et al. (2005). Reports confirm that
elevated incubation temperatures, both applied as heat
shock and as long term exposure increased the pre-
valence of spinal deformities (Baeverfjord et al., 1999;
Ørnsrud et al., 2004; Wargelius et al., 2005). These cases
could be comparable to congenital block vertebrae known
from humans and other mammalian species (Bagley et al.,
1993; Leivseth et al., 2005). The fact that heat shock does
not cause spinal deformities in all embryos (Wargelius et
al., 2005) and findings that not only elevated egg in-
cubation temperatures but also elevated temperatures
during the animal's subsequent development in freshwa-
ter cause skeletal deformities (Baeverfjord and Wibe,
2003) indicate that certain spine deformities are caused by
incidents in later life stages. Handling stress, vaccination,
sub-optimal environmental conditions, and malnutrition
have been considered as causes (Baeverfjord et al., 1998;
Vågsholm and Djupvik, 1998), and the importance of
genetic factors in susceptibility to environmental stressors
has been demonstrated by Gjerde et al. (2005). A recent
analysis of vertebral column shortening in salmon showed
vertebral malformations that developed late, perhaps not
before smoltification (Witten et al., 2005). Deformities
that start late in life and after a period of healthy vertebral
column growth suggest that the early developmental con-
ditions of these animals may not have been adverse to
regular spine growth in these cases. Consequently, in the
search for etiological factors, attention is shifted to rearing
conditions of later life stages. Knowledge about the start
and the course of skeletal deformities, induced later in life,
is required to be able to adjust rearing conditions within a
certain time window in order to prevent the development
of skeletal deformities.

The present study was conducted to learn more about
the start and the aetiology of vertebral body fusion as one
of the most common manifestations of spinal malfor-
mation in farmed Atlantic salmon. We present data
showing that vertebral body fusions can start either early
or late in the life of a salmon, but usually increase in
severity with time. Unexpectedly, we found that de-
formed vertebrae must not necessarily be the starting
point of an aggravating spine malformation. Salmon has
mechanisms to reshape fused vertebral bodies and to
contain the problem. Consequently, determining rearing
conditions that favour containment and prevent aggra-
vation of skeletal lesions could help to control spinal
deformities in farmed salmon.

2. Material and methods

2.1. Selection of material

Atlantic salmon (Salmo salar) was farmed under
standard commercial conditions by Akvaforsk (Sunndal-
søra, Norway) and by Marine Harvest (Stavanger, Nor-
way). The study was subdivided into three parts. Part one
consisted of the radiological tracing of the development of
vertebral body fusion in different life phases. Part two,
also based on radiology, examined the degree of vertebrae
fusion in animals of a different group 12 months after
seawater transfer. Part three analyzed the histopathology
of vertebrae fusion. For part one, 200 animals were in-
dividually tagged by intraperitoneal injection of glass
encapsulated ID tags (Trovan®, Trovan Ltd., UK) and
individually X-rayed: the first time prior to smoltification
(mean weight 100 g), the second time after 6 months of
seawater rearing (mean weight 1.1 kg) and finally after
12months in seawater (meanweight 2.3 kg). For part two,
100 individuals (mean weight 1.5 kg) were randomly
selected 12 months after seawater transfer and X-rayed.
Based on theseX-rays, spine sectionswith fused vertebrae
below the dorsal fin were selected from five animals for
histological examination (part three). Non-deformed spine
sections from five other animals served as controls.

2.2. Radiology

X-rays from all fish were taken using a portable
‘Mini X-ray HF80+’ machine (Mini X-ray) and ‘Kodak
Industrex M Film Ready Pack II’ (Kodak Industry). No
screens for increasing the strength of the X-ray beam
were used. The settings of the X-ray unit were 70 kV,
15 mA, 2 s exposure time, and a distance of 40 cm
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between the beam source and the X-ray film was used.
Radiographs were developed with Kodak chemicals
according to the protocol of the manufacturer (Witten
and Hall, 2002).

2.3. Histological procedures

Vertebrae were fixed in 10% neutral buffered pa-
raformaldehyde for 24 h, rinsed in tap water for 24 h, and
decalcified for 72 h in a 10% EDTA solution buffered
with 0.1 M Tris base at pH 7.0. After decalcification,
samples were stepwise dehydrated and embedded in
Paraplast. Serial sections (10 μm) were prepared in the
sagittal plane of the vertebral columns, starting at the
periphery and ending in the mediosagittal plane of the
vertebrae. Sections were stained withMasson's trichrome
as the basic analytical procedure and finally mounted with
DPX (Fluka), described in detail by Witten and Hall
(2003).

Based on the stained sections, the quality of skeletal
and other connective tissues and cells was determined.
The sections also served for the determination of pos-
sible inflammatory processes indicated by the presence
of cells such as lymphocytes, granulocytes, monocytes,
or macrophages (Witten et al., 1998; Pressley et al.,
2005).
Fig. 1. Development of vertebrae fusion in three different animals (animal one: a–
are shown in the same size at different scales to visualise shape alterations, scale ba
the star refers to the number of fused vertebrae. White arrows label vertebrae in
represent the animals at pre-smolt stage (a, d, g), 6months after seawater transfer (b
d, g) show that animals of the same age group display different degrees of verteb
remodelled vertebrae (d), to multiple vertebrae fusion with amalgamation of ad
remodelledvertebrae that became a regular part of the spine (b–c, left), the almost co
with continuing incorporation of adjacent vertebral bodies (e, f and h, i).
3. Results

3.1. Prevalence of skeletal deformities in the examined
fish groups

3.1.1. Animals examined at three different life stages
From 200 individually tagged animals a total of 183

fish were X-rayed on three different occasions. Of these,
22 fish (12%) displayed fusion-related shape alterations
in vertebrae on the third and final examination. Of these
22 fish, vertebral deformities were detected in 14 fish at
the initial examination, in four additional fish at the
second examination, and in the remaining four fish at
the final examination. The average number of vertebrae
that were fused or displayed shape changes next to a
fusion centre affected was 3 (±2.5) in the final exami-
nation. The total number of vertebrae per individual
ranged between 57 and 61. Of the 22 fish showing
vertebral alterations, 16 individuals presented a single
focus with two affected vertebrae. In the remaining six
fish, four to eleven vertebrae were affected, and three
individuals displayed fusion at two distinct locations. In
two fish, shape changes of vertebral endplates, indica-
tive of an onset of a fusion process, were observed at
first examination, but no pathology was found at later
examination.
c, animal two: d–f, animal three: g–i). Vertebral columns from each animal
rs equal 500 μm.White stars indicate fused vertebrae, the number in front of
the process of fusion. White arrowheads label haemal arches. The X-rays
, e, h), and 12months after seawater transfer (c, f, i). X-rays of pre-smolts (a,
ral body fusion ranging from the starting fusion (a), fully fused and largely
jacent vertebral bodies (g). Seawater stages show fused and completely
mplete reshapingof fused vertebrae (b–c, right), and the failure of reshaping
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3.1.2. Animals examined after 12 months in seawater
From the 100 animals that were examined for the

occurrence of vertebral body deformations, 32 animals
showed fusion of vertebrae. The average number of ver-
tebrae that were fused or displayed shape changes next to
a fusion centre was 5.76 (±4.04) out of 57–61 vertebrae.
The number of deformed vertebrae ranged from 2 to a
maximum of 19 in one individual. Twenty-five out of the
32 animals with fused vertebrae showed a single focus
with two vertebrae affected, typically in the spine segment
below the dorsal fin. Seven animals showed vertebrae
fusion at two or three locations.

3.2. Course of vertebrae fusion

Animals X-rayed prior to smoltification displayed
various degrees of vertebral body fusion, ranging from
initial contact between vertebral endplates (Fig. 1a) to
the complete amalgamation of vertebral bodies (Fig. 1d).
In animals of all groups, initial stages of vertebral fusion
involved two vertebral bodies (Figs. 1a and 2a, b). A
cluster of three vertebrae is already in a progressed stage
of fusion (Fig. 2c). Starting apparently from two fused
Fig. 2. Stages of vertebrae fusion in seven individuals, X-rayed 12 months
process of fusion. White stars indicate fused vertebrae, the number in front o
animals displays all stages of vertebrae fusion, similar to those that are ob
displayed in the first row range from initial fusion (a, b) to the onset of remod
(d) and more (e) successful attempts to remodel fused vertebrae into norm
aggravation of the problem; multiple vertebral body fusion with the apparent
500 μm.
vertebrae, multiple fusion (Fig. 1d–h) develops through
incorporation of neighbouring vertebral bodies (Fig. 2g).
The first sign of vertebral body fusion on X-rays is the
flattening of the funnel-shaped vertebral endplates of
two adjacent vertebrae, followed by the reduction and
subsequent disappearance of the intervertebral space.
Finally, vertebral body endplates disappear and fused
vertebral bodies reshape into a single vertebra (Fig. 1a–
c) or become part of a multiple vertebrae fusion centre
(Fig. 1d–i).

3.3. Timing of vertebrae fusion

Animals examined prior to smoltification (Fig. 1a, d, g)
and animals examined 12 months after seawater transfer
(Fig. 2a–g) display comparable fusion stages, ranging from
early signs of fusion to fully fused vertebral bodies. Com-
paring individuals prior to smoltification, 6 and 12 months
after seawater transfer provides rough data about the speed
of the fusion process. Pronounced morphological altera-
tions were observed between the pre-smolt stage and at
6 months after seawater transfer. The comparison of in-
dividuals after 6 and after 12 months in seawater revealed
after seawater transfer. White arrows label vertebrae prior to or in the
f the star refers to the number of fused vertebrae. This group of grown
served in different developmental stages (see Fig. 1). Malformations
elling of fused vertebrae (c). The figures of the second row exhibit less
al shaped vertebral bodies. The third row shows examples for the
continuous amalgamation of adjacent vertebrae (f, g). Scale bars equal



Fig. 3. Microstructure and histology of normal shaped vertebrae (a, b), of vertebrae with changes that precede the fusion of vertebral bodies (c, d, e), and of
vertebrae in the process of fusion and reshaping (f, g, h), visualised byMasson's trichrome staining. (a)Normal shapedvertebral bodies are jointedbynotochord
tissues (the left black asterisk indicates notochord cells, the right black asterisk indicates the notochord sheath) and consist of funnel-shaped bony endplates
(white arrowheads) and spongiosa-like intravertebral bone.Growth in length and in diameter takes place adjacent to the articulation area of two vertebrae (white
arrows). Bar=2 mm. (b) Enlarged view of the articulation area between two vertebral body endplates. White arrowheads label the bone of the vertebral body
endplates, white arrows point to the bone growth zone and the black asterisks label the notochord sheath (top) and notochord cells (below). Bar=250 μm. (c)
Prior to the fusion of deformed vertebrae, intervertebral notochord tissue is replaced by fibrocartilage and hyaline cartilage (black asterisk). Vertebral body
endplates display signs of atrophy (white arrowhead) whereas intravertebral bone structures remain unchanged (white asterisk). Bar=2 mm. (d) A higher
magnification of the growth zones of two deformed vertebrae shows the replacement of notochord tissue by cartilage (black asterisk) and the change from
osteogenesis to chondrogenesis towards the intervertebral space (white arrow). Cartilage in the intervertebral space that replaces the notochord tissue displays
signs of mineralisation, starting at the collagen fibre bundles in fibrocartilage (black arrowhead) and in the matrix that surrounds chondrocytes in hyaline
cartilage (white arrowhead). Bar=80 μm. (e) Higher magnification of mineralising intervertebral hyaline cartilage (black arrowheads). Bar=50 μm. (f) Final
stages of vertebrae fusion. Vertebral endplates (white arrowheads) and the cartilage of the intervertebral space are being replaced by intravertebral bone
spongiosa (white asterisk). The basis of haemal arches and neural arches are still present (black asterisks). The new bone spongiosa that develops in the location
of the former joint space (g, h) resembles the initial spongiosa of the vertebral body. Bar=2mm. (g) Final stages of vertebrae fusion. New bone spongiosa that
develops in the location of the former joint space (white asterisk) resembles the initial spongiosa of the vertebral body (black asterisks). Bar=400 μm. (h) Final
stage of vertebrae fusion, dorsal to the left. Residues of former intervertebral cartilage (black asterisk) are surrounded by new spongiosa (white asterisk). Eroded
bone surfaces (black arrowheads) indicate the resorption of the bone of the former vertebral body endplates. Bar=80 μm.
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differences in the progression of the disease, ranging
from near stabilisation (Fig. 1b, c), over slow continuation
(Fig.1e,f ) to uninhibited progression (Fig. 1h, i). Fur-
thermore, the comparison of the stages of vertebrae fusion
in the individuals shown in Fig. 1d–e and h–i indicates
that the incorporation of a vertebra into a fusion centre can
be completed within 6 months.

3.4. Two scenarios of fusion progression

Examining vertebral body fusion through different life
stages and analyzing fusion stages in animals 12 months
after seawater transfer reveals that the fusion of vertebral
bodies proceeds according to one of two different
scenarios.

In the first scenario, fusion is restricted to two (Fig.
1a–c) or maximal three (Fig. 2c–e) vertebral bodies.
The length of fused vertebral bodies decreases and the
fused vertebrae finally acquire the external shape of a
normal non-fused vertebral body (Figs. 1a–c and 2c–e).
Completely fused and reshaped vertebrae can only be
detected with certainty based on the presence of super-
numerary haemal and neural arches that do not fuse
(Figs. 1c and 2e). Non-fused vertebral bodies adjacent to
completely fused and reshaped vertebrae do not show
early signs of fusion such as flattened endplates or re-
duced intervertebral space. This indicates that the pro-
cess of vertebrae fusion has stopped.

In the second scenario, fusion is not restricted to two or
three vertebral bodies. Similar to the first scenario, the
length of fused vertebral bodies decreases (Fig. 2d–f ).
Yet, the amalgamation of vertebral bodies located next to
the fusion centre (Figs. 1d–i and 2f–g) coincides with a
failure of fused vertebrae to reshape into a normal shaped
element. Vertebral bodies located cranial and caudal to a
centre of deformation show signs of early vertebrae fusion
(Figs. 1d–i and 2f–g), indicating continuation of the fu-
sion process.

3.5. Restoration of fused vertebral bodies

Radiographs of vertebral bodies in different stages of
fusion show shortening and restoration into the shape of
non-fused vertebra (see above). The histological examina-
tion of non-fused and fused vertebrae provides further
insight into the fusion process. The flattening of the funnel-
shaped vertebral endplates of adjacent vertebrae coincides
with the replacement of notochord tissues (Fig. 3a, b) by
cartilaginous tissues (Fig. 3c). Cartilage that occupies the
intervertebral space has features of fibrocartilage and of
hyaline cartilage (Fig. 3d). Compared to non-deformed
vertebrae (Fig. 3a) the flattened vertebral body endplates of
deformed vertebrae appear to be less solid (Fig. 3c). In-
ternal vertebral bone structures show no significant al-
terations (Fig. 3c). In stages of advanced vertebral body
fusion we observed the calcification of the intervertebral
cartilage. In areas with fibrocartilage calcification starts
along the collagen fibres (Fig. 3d), whereas in areas with
hyaline cartilage calcification starts in the cartilage matrix
that surrounds the chondrocytes (Fig. 3e). Finally, the car-
tilage and the vertebral body endplates are being replaced
by regular internal vertebral bone structures (Fig. 3f–h).
Unlike the vertebral body endplates and the intervertebral
cartilage, the bases of haemal and neural arches do not
disappear (Fig. 3f ).

4. Discussion

This study shows that the fusion of vertebral bodies
can progress according to two different scenarios, which
we will refer to as “aggravation” and “containment”. In
the aggravation scenario the initial fusion of two vertebral
bodies leads to a centre of vertebrae compression through
the continuous amalgamation of further vertebrae. This
process of vertebrae fusion causes spine shortening and
has obvious implications for the animal's performance.
This type of malformation is well known for salmon and
other fish species (Madsen and Dalsgaard, 1999; Afonso
et al., 2000; Gavaia et al., 2002; Kvellestad et al., 2000;
Lewis et al., 2004). A similar process has been described
in humans presenting fused vertebrae that inflict defor-
mities in adjacent spine segments (Leivseth et al., 2005).
To our surprise, and reported here for the first time, we
also found that salmon is obviously capable of containing
the progress of vertebral body fusion through remodelling
of fused vertebrae into one non-deformed vertebra (i.e.,
the second, or “containment” scenario). Terminally re-
modelled and reshaped vertebrae may only be identified
with certainty on radiographs based on the presence of
supernumerary neural and haemal arches. Completely
reshaped vertebral centra apparently do not inflict further
spinal deformities and appear to be stable units within a
non-deformed vertebral column. Reshaping of fused ver-
tebrae into one vertebral body with normal contours ne-
vertheless appears to be restricted to amaximum of two or
three fusing vertebrae. Although signs of reshaping can
also be observed in multiple vertebrae fusion, it is con-
ceivable that the complicated compression of muscle
segments, haemal and neural arches causes insurmount-
able mechanical disturbances, which prevent the restora-
tion of the vertebral body shape.

Spinal deformities underlying the short tail pheno-
type have been described as platyspondyly and range
from localised single or multiple fusions of vertebrae to
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the homogenous compression of the entire vertebral
column. Also a mixture of both malformations may
occur, with fused vertebrae in parts of the spine and
homogeneously compressed but not fused vertebrae in
other parts (Gill and Fisk, 1966; Kvellestad et al., 2000).
All variants of shortening (whether through fusion and/
or compression) start with the development of cartilag-
inous tissue in the intervertebral space that replaces the
intervertebral notochord tissue and the osteogenic tissue
of the vertebral endplate growth zone (Witten et al.,
2005). The example of salmon that grow to an adult size
with cartilage instead of notochord tissue connecting
vertebrae reveals, however, the functionality of this am-
phiarthrotic mammalian-like articulation (Gil-Martens
et al., 2005; Witten et al., 2005; Lories and Luyten,
2005). The mineralisation of the intervertebral cartilage
obviously terminates the tissues' joint function: directly,
through the stiffening of the cartilage, and because, except
in sharks, mineralisation of cartilage makes it susceptible
to resorption and subsequent endochondral bone forma-
tion (Witten and Huysseune, 2007).

The histopathological examination cannot provide
conclusive evidence that bone alterations induce the
replacement of notochord tissue by cartilage or that alte-
rations in the notochord itself initiate cartilage differen-
tiation. Current knowledge about tissue interactions
during vertebral column development, however, suggests
that alterations of the notochord tissue precede bone
alterations. It is established for tetrapods that the no-
tochord plays an important role in the induction of ver-
tebral bodies and inmaintaining vertebrae morphogenesis
and growth (Patt and Patt, 1969; Hall, 1977, 2005; Hunter
et al., 2003; Smits and Lefebvre, 2003). Compression of
vertebrae in tetrapods has been linked to the failure of
notochord cells to maintain proper vertebral development
(Hall, 1977, 2005; Oegema, 2002). Recent findings have
shown that also the salmon notochord regulates vertebrae
formation in early ontogeny (Grotmol et al., 2003, 2005;
Wargelius et al., 2005). This strongly suggests that, si-
milar to tetrapods, the failure of the notochord to fulfil its
regulating role in salmon can lead to vertebrae compres-
sion. Inmammals, the notochord ceases its regulating role
for vertebral development as part of normal ontogeny,
followed by the replacement of notochord tissue by car-
tilage and fibrocartilage (Oegema, 2002; Hunter et al.,
2003). This transformation is thought to be induced by
pressure, a general chondrogenic factor that also converts
osteogenic tissue into chondrogenic tissue (Beresford,
1981; Smits and Lefebvre, 2003; de la Fuente and Helms,
2005). Pressure elicits the upregulation of Sox9 (a master
transcription factor for chondrogenic differentiation) and
collagen type II and downregulates the synthesis of
collagen type I (de la Fuente and Helms, 2005; Wenger
et al., 2005; Hall and Witten, in press). At the inter-
vertebral disk, pressure also upregulates Sox5 and Sox6,
transcription factors that control chondrogenesis and the
maturation of notochord cells (Smits and Lefebvre, 2003).
In salmon, and other teleosts, chondrogenesis and osteo-
genesis are not necessarily strictly separated. Switching
from osteogenesis to chondrogenesis is part of normal
skeletal development, and intermediate tissues are com-
monly found (Huysseune and Sire, 1990; Huysseune and
Verraes, 1990; Huysseune, 2000; Witten and Hall, 2002,
2003; Gillis et al., 2006). Farmed fish build up a high
muscle mass and these muscles may exert strong me-
chanical forces on the tissues of the intervertebral joints.
Thus a combination of elevatedmuscle mass and pressure
could interrupt the function of salmon notochord cells and
trigger the development of cartilage in the intervertebral
space (Gil-Martens et al., 2005; Witten et al., 2005). In
this context it is interesting that the replacement of inter-
vertebral notochord tissue by cartilage has been reported
from ageing fish (Schaffer, 1930). Like other degenerative
joint diseases, fusion of the vertebral column in salmon
could be a natural process in old fish but is a pathological
process if it occurs too early in life.

To prevent spinemalformations it is important to know
when and under which conditions deformities develop
(Koumoundouros et al., 2001). Considering the observa-
tion that fused vertebrae can be successfully reshaped, it
will also be important to know which developmental
stages and farming/environmental conditions can favour
containment and prevent aggravation. Our data indicate
that the fusion of vertebrae may occur at any time in the
life of a salmon, since pre-smolts display already the
entire variety of vertebral body fusions, ranging from the
initial stages of fusion, to progressive multiple fusions, to
successfully remodelled vertebrae. The same variety of
pathological stages can be observed in animals 12 months
after seawater transfer. Apparently, vertebrae fusion and
related deformities such as platyspondyly (Kvellestad
et al., 2000) are not necessarily the result of early de-
velopmental disorders but can also develop late in life
(Witten et al., 2005). One could, nevertheless, speculate
that vertebral body fusions which surface earlier in life are
more likely to be contained than damage that occur in later
life stages, also keeping in mind that early vertebral body
fusion in the caudal region of fish can be a part of normal
skeletal development (Witten and Huysseune, 2007). The
spine of the pre-smolt shown in Fig. 1a displays a
perfectly reshaped vertebrae fusion (left) but a fusion at an
earlier stage of development (right) is not completely
reshaped – even after 12 months in seawater – and may
cause a problem later in life. In the other pre-smolts that
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display fusion, reshaping is unsuccessful and leads to
aggravation. In line with this thought, we cannot exclude
the possibility that successfully reshaped vertebrae, ob-
served in animals 12 months after seawater transfer, have
been reshaped prior to smoltification. Obviously, we need
more information about the possible time windows in
which the decision is made to restore or to aggravate
vertebrae fusion. The same applies for farming/environ-
mental conditions that might facilitate containment or
favour the aggravation of the problem. The ongoing dis-
cussions about causes of spine malformation often relate
to factors that influence the animal's bone metabolism
(Roy et al., 2002; Fjelldal et al., 2004; Toften and Jobling,
1996; Roberts et al., 2001; Graff et al., 2002). The his-
topathological examination of vertebrae fusion and re-
lated malformations, however, suggests that vertebrae
fusion per se is primarily a joint related problem and bone
alterations are a secondary event. Irrespective of the on-
going discussion about the primary causes for vertebrae
fusion, the existence of developmental pathways that
allow the restoration of normal shaped vertebral bodies
may stimulate the search for farming/environmental
conditions that favour containment and prevent the
aggravation.
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