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ABSTRACT: A nterior/posterior (a/p) compression of the vertebral column, referred  to as 'short tails', 
is a recurring event in farm ed Atlantic salmon. Like other skeletal deformities, the problem  usually 
becom es evident in a late life phase, too late for preventive m easures, m aking it difficult to un d er­
stand the aetiology of the disease. We use structural, radiological, histological, and m ineral analyses 
to study 'short tail' adult salmon and to dem onstrate that the study of adult fish can provide im portant 
insights into earlier developm ental processes. 'Short tails' display a/p  com pressed vertebrae th rough­
out the spine, except for the first post-cranial vertebrae. The vertebral num ber is unaltered, but the 
intervertebral space is reduced and the vertebrae are shorter. Com pressed vertebrae are character­
ized by an unchanged central part, altered vertebral end  plates (straight instead of funnel-shaped), 
an atypical inw ard bending of the vertebral edges, and structural alterations in the intervertebral 
tissue. The spongiosa is unaffected. The grow th zones of adjacent vertebrae fuse and blend towards 
the intervertebral space into chondrogenic tissue. This tissue produces different types of cartilage, 
replacing the notochord. The correspondence in location of intervertebral cartilage and deform ed 
vertebral end  plates, and the clearly delimited, unaltered, central vertebral parts suggest that the a/p 
compression of vertebral bodies is a late developm ental disorder that may be related  to a metaplastic 
shift of osteogenic tissue into chondrogenic tissue in the vertebral grow th zone. Given the lack of evi­
dence for infections, metabolic disorders and/or genetic disorders, we propose that an altered 
mechanical load could have caused the transform ation of the bone grow th zones and the concomitant 
replacem ent of the intervertebral (notochord) tissue by cartilaginous tissues in the 'short tails' 
studied here. This hypothesis is supported by the role that notochord cells are known to play in spine 
developm ent and in m aintaining the structure of the intervertebral disk.
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INTRODUCTION

Deformities of the vertebral column in wild and 
farm ed teleosts surface as spine curvature, as an te ­
rior/posterior (a/p) shortening of the spine, or as a 
combination of spine curvature and a/p  shortening 
(Gil & Fisk 1966, McKay & G jerde 1986, Dedi et al.

1995, Kvellestad et al. 2000, G avaia et al. 2002). While 
deformities that involve bending of the spine (lordotic, 
kyphotic and skoliotic malformations) might become 
obvious at earlier life stages, the a/p shortening of the 
spine is usually m uch less conspicuous. Mild cases that 
affect only part of the vertebral column often rem ain 
undetected  (unless the fish are X-rayed) or might
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be regarded  as undeform ed (McKay & G jerde 1986, 
M adsen et al. 2000). In Atlantic salmon Salmo salar the 
pronounced a/p compression of the vertebral column 
results in a phenotype that is characterized by a 
reduced fork length (FL) and increased body height, 
traits that result in a deform ity-related high condition 
factor (CF). These individuals are referred  to as 'short 
tails' (Vâgsholm & Djupvik 1998).

The appearance of 'short tails' is a recurrent problem 
in salmon farming. The prevalence can vary from year 
to year, from region to region, and from cage to cage. 
Some observations suggest that the prevalence of 
'short tails' follows a smolt group, w ith higher frequen­
cies in groups of fast grow th smolts (L. Gil-M artens 
pers. obs.). Typically, the deformity becom es evident in 
advanced life stages, at a time w hen it is too late for 
preventive m easures. Late detection of the 'short tail' 
phenotype is one reason why it is difficult to under­
stand the aetiology of the disease. The co-occurrence 
of various types of skeletal tissue alterations and the 
fact that alterations can occur in different regions of 
the spine m akes it even more difficult to draw  con­
clusions regarding possible aetiologies (McKay & 
G jerde 1986, Bæverfjord et al. 1996). C orrelated m al­
formations of bone consist of fracture and non-fracture 
related  compression of vertebral bodies, distortion and 
underdevelopm ent of single vertebrae, alterations of 
the intervertebral space and fusion of vertebrae 
(Vâgsholm & Djupvik 1998, Kvellestad et al. 2000, 
G avaia et. al 2002). Past studies on 'short tails' p ro­
posed various factors that could cause this type of 
skeletal malformation. Among those factors are the 
im balance of vitamins or minerals, bacterial infections, 
treatm ent w ith antibiotics and genetic disorders (Dedi 
et al. 1995, Toften & Jobling 1996, Kvellestad et al. 
2000, M adsen et al. 2000, 2001). Combinations of fac­
tors have also been  considered (M adsen & Dalsgaard 
1999). O ther factors that can cause skeletal deformities 
are chemical pollution and elevated tem peratures du r­
ing early developm ental stages (Bucke & W aterm ann 
1988, Vâgsholm & Djupvik 1998, Scott 2001). In com ­
m ercial salmon farming, however, those data are diffi­
cult to obtain if more than one fish producer is involved 
in raising the salmon from eggs to adults. It is common 
practice for salmon farmers to buy juvenile fish from a 
hatchery for further rearing. Under these circum ­
stances, each party involved in raising the fish is sup­
posed to assure (and will do so) that the fish have been 
raised under the best possible conditions regarding 
tem perature regim e and w ater quality.

Those studying 'short tails' are usually faced with 
multiple symptoms (e.g. fractures, distortion, and in ­
fections at various sites), which m akes it difficult to 
distinguish betw een  prim ary and secondary causes of 
skeletal alterations. In contrast to previous studies, we

here  analyze a late-detected  'short tail' phenotype 
in adult salmon that displays uniform and non­
regionalized vertebral a/p  compression. The fact that 
there is only one type of skeletal alteration in these 
fishes, w hich is hom ogeneous throughout the spine, 
can help to elucidate the prim ary cause of such alter­
ations. The exam ination of uniformly deform ed salmon 
also dem onstrates that the study of adult fish can 
provide valuable insights into those developm ental 
processes that lead to a 'short tail' phenotype.

MATERIALS AND METHODS

Sampling, measurements and statistics. Samples 
w ere taken  in April 2002 from farm ed Atlantic salmon, 
raised under standard  commercial conditions by 
M arine Harvest Rogaland (Norway) from a batch in 
w hich 35 % of the fish had to be dow ngraded because 
of displaying 'short tail' symptoms. Twenty fully grown 
(harvest weight) individuals w ere selected at the 
slaughterline: 10 undeform ed and 10 deform ed (down­
graded) salmon ('short tails'). For each group, fish with 
a uniform morphology w ere chosen, corresponding to 
the individuals shown in Fig. 1. All fish w ere photo­
graphed and X-rayed. Weight and FL w ere determ ined 
to calculate the CF: CF = [weight (g)/FL (cm3)] x 100. 
Subsequently, the vertebral column w as rem oved for 
morphological and histological exam inations and for 
analysis of bone minerals (see below). Ten salmon 
(5 undeform ed and 5 deformed) w ere used for m orpho­
logical and histological examinations, and 10 (5 u n ­
deform ed and 5 deformed) for m ineral analysis. All 
analyses w ere undertaken  on vertebrae located below 
the dorsal fin.

The num ber of vertebrae was determ ined in all 
individuals. The length and height of the vertebrae, 
and the w idth of the intervertebral space w ere 
obtained from 10 vertebrae per individual based on 
enlarged radiographs. M easurem ents w ere taken 
from vertebrae 16 to 20 in the abdom inal region 
and from vertebrae 41 to 45 in the caudal region 
(regions of the vertebral column as defined by Gili 
& Fisk 1966).

For metric data, for calculated indices (e.g. CF) and 
for the results of the m ineral analysis we give m ean 
values and the standard deviation. A non-param etric 
statistical test (Kruskal-Wallis ANOVA analysis) was 
used to obtain indications concerning the significance 
of the observed differences betw een undeform ed and 
deform ed fish. Significant differences are indicated by 
p-values lower than 0.05. In view  of the small sample 
size, we refrain from further statistical treatm ent.

Mineral analysis. Fifteen vertebrae from each fish 
w ere used for m ineral analysis. The soft tissue was
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rem oved and the bones w ere cleaned w ith dem ineral­
ized water. Subsequently, lipids w ere rem oved from 
the samples by rinsing the samples twice in a mixture 
of acetone and m ethanol (1:1, v/v). The samples w ere 
then dried for 24 h at 105°C, ashed at 550°C for 18 h 
and digested according to the AO AC m ethod (AOAC 
1995). The phosphorus content of the ash was deter­
m ined colorimetrically (Taussky & Shorr 1953); all 
other minerals w ere quantified by atomic absorption 
spectroscopy (AAS).

Radiology. X-rays from all fish w ere taken  using a 
portable 'Mini X-ray HF80+' m achine (Mini X-ray) and 
'Kodak Industrex M Film Ready Pack II' (Kodak Indus­
try). No screens for increasing the strength of the X-ray 
beam  w ere used. The settings of the X-ray unit w ere 
70 kV, 15 m A, 2 s exposure time, and a distance of 
40 cm betw een the beam  source and the X-ray film 
was used. Radiographs w ere developed with Kodak 
chemicals according to the protocol of the m anu­
facturer (Witten & Haii 2002).

Maceration. For maceration, vertebrae w ere sub­
jected  to trypsin digestion for 48 h (200 mg trypsin dis­
solved in 30% sodium tetraborate buffer at pH 9.4), 
subsequently treated  with 1 % potassium  hydroxide 
solution for an additional 48 h, and finally rinsed in tap 
water. Remaining soft tissue was rem oved w ith a 
brush.

Histological procedures. V ertebrae w ere fixed in 
10% neutral buffered paraform aldehyde for 24 h, 
rinsed in tap w ater for 24 h, and decalcified for 72 h in 
a 10% EDTA solution buffered w ith 0.1 M Tris base at 
pH 7.0. After décalcification, samples w ere stepwise 
dehydrated  and em bedded in Paraplast.

Serial sections (10 pm) w ere p repared  in the sagittal 
plane of the vertebral columns, starting at the periph­
ery and ending in the m iddle plane of the vertebrae. 
Sections w ere stained w ith M asson's trichrome as the 
basic analytical procedure according to the following 
protocol (Witten & Haii 2003): deparaffinized sections 
w ere stained for 10 min with M ayer's acid haem a- 
toxylin (Sigma MSH-32), exposed to running tap w ater 
for 10 min and rinsed in distilled w ater (distilled w ater 
was used for all following rinsing steps). Then, sections 
w ere stained w ith xylidene ponceau for 2 min (equal 
volumes of 0.5% xylidine ponceau 2R colour index 
(C.I.) No. 16150, in 1 % acetic acid and 0.5% acid 
fuchsin C.I. No. 42685, in 1 % acetic), rinsed, treated  
for 4 min with 1 % phosphomolybdic acid, rinsed, and 
stained with light g reen  for 90 s (2% light g reen  C.I. 
42095 in 2%  citric acid, diluted 1:10 w ith distilled 
w ater prior to use). Sections w ere then dehydrated  in 
series of g raded ethanol solutions, rinsed w ith histo- 
clear, and finally m ounted w ith DPX (Fluka).

Based on the stained sections, the quality of skeletal 
and connective tissues and cells was determ ined. The

sections also served for the determ ination of possible 
inflammatory processes indicated by the presence of 
cells such as lymphocytes, granulocytes, monocytes, or 
m acrophages (Witten et al. 1998, Kvellestad et al. 2000).

RESULTS

Deformed salmon display a shortened body axis and 
increased body height (Fig. 1). The average FL of 
deform ed individuals was 44.0 ± 3.4 cm com pared to 
67.7 ± 6.8 cm in undeform ed individuals. Deformed 
fish show an increased CF: CF = 1.6 ± 0.1 com pared to 
CF = 1.1 ± 0.1 in undeform ed fish. Counting the v erte ­
brae revealed that the 'short tail' phenotype is not 
related  to an altered num ber of vertebrae since num ­
bers ranged from 58 to 61 in deform ed fish and from 
57 to 60 in undeform ed fish.

The X-rays from deform ed salmon display hom oge­
neously com pressed vertebral bodies throughout the 
vertebral column (Fig. 2). Only the first 8 or 9 post- 
cranial vertebrae had  a more or less regular shape 
(Fig 3). M easurem ents of the vertebrae of deform ed 
and undeform ed individuals reveal that the vertebrae 
of 'short tails' differ in length (about 47% reduction) 
and in height (about 18% reduction) from vertebrae of 
undeform ed individuals. In addition, the w idth of the 
intervertebral space in 'short tails' is reduced by about 
54 % (see Table 1).

H igher magnifications of radiographs highlight 
the morphological differences betw een vertebrae of 
deform ed and undeform ed salmon. Regularly shaped 
vertebrae have an X -shape in silhouette, w hereas the 
vertebrae of deform ed salmon show a characteristic 
inw ard bending of the vertebral edges (Fig. 4).

Histological exam ination of the vertebrae confirms 
the shape differences seen on the X-rays and reveals 
that structural alterations are confined to the vertebral

T ab le  1. Salm o salar. A v erag e  size of v e r te b ra e  (±SD), o b ­
ta in e d  by  m easu rin g  10 v e r te b ra e  p e r in d iv idua l (v e rteb rae  
11 to  15 a n d  41 to 45). N: no rm al indiv iduals; ST: 'short tails', 
p -v a lu es < 0.05 in d ica te  th a t th e  o b se rv ed  d ifferences a re  

significant

A v erage  (mm) ±SD p -v a lu e

V erteb ra l len g th
N 8.56 1.13 0.002
ST 4.50 0.39

In te rv e rteb ra l sp ace
N 1.01 0.21 0.003
ST 0.46 0.18

V erteb ra l h e ig h t
N 9.22 1.22 0.030
ST 7.55 ±0.49
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Figs. 1 to 4. Salm o salar. Fig. 1. C om parison  of a n  u n d e fo rm ed  ad u lt sa lm on (top) a n d  a 'short ta il ' sa lm on (bottom). 'S hort tails ' 
h a v e  a  re d u c e d  fork  len g th  a n d  in c re a sed  bod y  h e ig h t. A p a rt from  a typ ica l in d en ta tio n  b e h in d  th e  h e a d  (b lack  a rrow head) th e  
de fo rm ed  fish d isp lay  no  o ther sign ifican t sk e le ta l a lterations; e v en  th e  o p ercu lu m  is ap p a re n tly  u n c h a n g e d  (w hite a rrow head). 
Scale b a r  = 8 cm. Fig. 2. V erteb ra l colum ns from  an  u n d e fo rm ed  fish  (top) a n d  from  a  'sh o rt ta il' (bottom ), at th e  sam e m ag n ifica ­
tion. In th e  'short ta ii', an te rio r/p o ste rio r (a/p) com pression  of v e rte b ra l bo d ies is h o m o g en eo u s th ro u g h o u t th e  b a ck b o n e  (but see  
Fig. 3). A p art from  com pression  th e re  a re  no  signs of v e rte b ra l fusion  or frac tu re . Scale b a r  = 7.5 m m . Fig. 3. A n terio r p a r t  of th e  
v e rte b ra l colum n of a  'short taii'. R ad io g rap h  show s th a t th e  first 9 v e r te b ra e  a re  n o t co m p ressed  (w hite a rrow head). B lack a rro w ­
h e a d  p o in ts to th e  s ta rt of obvious signs of com pression  a n d  sh a p e  a lte ra tion . Scale b a r  = 15 m m . Fig. 4. H ig h er m agnifications 
of u n d e fo rm ed  (top) a n d  a /p  com p ressed  (bottom ) v e r te b rae  d isp lay ing  d istinct shap es, schem atically  re p re se n te d  on th e  righ t 
side. A v erage  h e ig h t of com p ressed  v e r te b rae  is sligh tly  less th a n  th a t of n o n -co m p ressed  v e rteb rae . F ig u re  v isualizes th a t 2 

no n -co m p ressed  v e r te b ra e  ro u g h ly  ta k e  th e  sp ace  of 3 com p ressed  v e rteb rae . Scale b a r  = 5 m m

end  plates and the intervertebral tissue. Parasagittal 
sections of undeform ed vertebrae show funnel-shaped 
end  plates and notochordal tissue (surrounded by the 
notochord sheath) filling the intervertebral space 
(Fig. 5). In 'short tails', a section in the same plane 
shows straight vertebral end plates. The notochordal 
tissue and the notochordal sheath are missing. Instead 
the vertebral end  plates are linked by cartilaginous 
connective tissue (synchondrosis) (Fig. 6).

M ediosagittal sections of deform ed vertebrae reveal 
residues of the notochord and normal (funnel-like) 
shaped end plates, albeit limited to the central part of 
the vertebrae (Fig. 7). Towards the periphery of the 
vertebrae, the notochordal tissue is discontinuous and 
the shape of the vertebral end  plates becomes ir­

regular. Structural differences betw een vertebrae 
from undeform ed and deform ed fish are also visible 
on m acerated vertebral bodies (Fig. 8). The u n d e­
formed end plate shows continuous formation of 
grow th rings. In the deform ed vertebrae, grow th ring 
formation is discontinuous towards the periphery, cor­
responding to the altered pattern  of bone formation 
and notochord replacem ent seen in Fig. 7. As d e ­
scribed above (Figs. 5 & 6), structural alterations are 
apparently  restricted to the intervertebral space and 
the vertebral end  plates, while the spongiosa struc­
ture in deform ed and undeform ed vertebrae is iden ti­
cal (Fig. 9). This applies also at the histological level 
(Fig. 10). In both groups, the spongiosa has smooth 
endosteal surfaces and is covered w ith bone lining



W itten  et al.: V erteb ra l com pression  in  'short ta il ' A tlantic  sa lm on 241

Figs. 5 to 10. Sa lm o  salar. Fig. 5. P a rasag itta l sec tion  th ro u g h  th e  v e rte b ra l colum n of an  u n d e fo rm ed  fish, show ing  th e  spong iosa  
of th e  v e rte b ra l bo d y  (black asterisks, see  also Fig. 9) a n d  n o to ch o rd  tissue  filling th e  in te rv e rte b ra l sp ace  (w hite asterisks). N o to ­
chord  tissu e  is su rro u n d e d  by  a  no to ch o rd a l sh e a th  (black a rrow heads). B one g row th  occurs in  th e  con tact a re a  of opposing  v e r te ­
b ra l bo d y  e n d  p la tes  (w hite arrow heads). N ote fu n n el-like  sh ap e  of th e  v e rteb ra l bod y  e n d  p la te  (black arrow s). M asson 's 
trichrom e stain ing; sca le  b a r  = 2.0 m m. Fig. 6. P a rasag itta l section  th ro u g h  th e  v e rte b ra l colum n of a  d e fo rm ed  fish. R egular sp o n ­
g iosa form s th e  v e rte b ra l b od y  (b lack  asterisks, see  also Figs. 9 & 10) b u t u n lik e  in  u n d e fo rm ed  v e r te b rae  th e  in te rv e rte b ra l space  
is o ccup ied  by  cartilag inous tissu e  (w hite asterisks). N ote th a t v e rte b ra l b o d y  e n d  p la te s  h a v e  lost th e ir fu n n el-like  sh a p e  (black 
arrow s, see  also Fig. 5). Box ind ica tes a rea  e n la rg ed  in  Fig. 14. M asson 's trichom e sta in ing; scale  b a r  = 2.0 m m . Fig. 7. V erteb ra l 
colum n of a  d e fo rm ed  fish: sag itta l sec tion  close to th e  m ed ia n  p lane . R egular fu n nel-like  sh a p e d  v e rteb ra l e n d  p la tes  a n d  n o to ­
chord  tissu e  a re  p re se rv e d  in  th e  cen tre  of th e  s tru c tu re  (w hite asterisk). From  d istinct po in ts onw ards (black arrow heads), to ­
w ard s th e  p e rip h e ry  of th e  v e rteb rae , re g u la r  no to ch o rd  tissu e  is com plete ly  re p la ce d  b y  cartilage  (black asterisks). L ikew ise, v e r­
teb ra l e n d  p la te s  ch an g e  th e ir sh ap e  from  fu n n el-like  to s tra ig h t (b lack  arrow s). M asson 's trichrom e stain ing; sca le  b a r  = 2.0 mm. 
Fig. 8. U ndefo rm ed  (left) a n d  d e fo rm ed  (right) m ac e ra ted  v e rteb rae ; v iew  of th e  v e rte b ra l bod y  en d  p lates. U ndefo rm ed  e n d  p la te  
show s continuous fo rm ation  of g row th  rings (b lack  arrow s). In th e  d e fo rm ed  v e rteb ra , g row th  r in g  fo rm ation  is d iscon tinued  
(black a rrow head) in  co rresp o n d en ce  to th e  a lte re d  p a tte rn  of b o n e  form ation  an d  no to ch o rd  re p la ce m en t se e n  in  Fig. 7. Scale 
b a r  = 1.0 m m . Fig. 9. L atera l v iew  of 2 m ac e ra ted  v e rte b ra l bodies; u n d e fo rm ed  (left), d e fo rm ed  (right). D esp ite  its sev ere  
a n te rio r/p o ste rio r (a/p) com pression , th e  spong iosa  s tru c tu re  of th e  d e fo rm ed  v e rte b ra  (black asterisk) does no t differ from  th e  
spong iosa  stru c tu re  of th e  u n d e fo rm ed  v e rte b ra  (w hite asterisk). Scale b a r  = 2.0 m m . Fig. 10. H igher m agn ifica tion  of th e  sp o n ­
g iosa from  a d e fo rm ed  v erteb ra . E ndostea l b o n e  su rfaces a re  sm ooth  a n d  covered  by  b o n e  lin ing  cells (black a rrow head). Bone 
m arro w  is filled  w ith  fat tissue  (black asterisk). Bone displays no  signs of frac tu res or e n h an c ed  b o n e  rem odelling . Spongiosa  
h isto logy  of u n d e fo rm ed  v e r te b rae  (not show n) is iden tica l (see also Figs. 5 ,6  & 9). M asson 's tri chrom e sta in ing; sca le  b a r  = 100 p m
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cells. Bone m arrow  spaces are filled w ith fat tissue. 
The spongiosa displays no signs of fractures or en ­
hanced bone remodelling.

However, histological exam ination of the growth 
zones of undeform ed and deform ed vertebrae reveals 
pronounced differences (Figs. 11 & 12). A djacent ver­
tebrae of undeform ed fish are characterized by mirror- 
im age grow th zones separated  by the notochordal 
sheath. Each bone grow th zone displays typical 
osteoblasts secreting the non-m ineralized bone matrix

(osteoid), w hich is subsequently m ineralized (Fig. 11). 
The corresponding grow th zones in deform ed v erte ­
brae display pronounced alterations (Fig. 12). The 
areas of bone formation extend rostrally and caudally 
(not seen in undeform ed vertebrae). The grow th zones 
of adjacent vertebrae fuse and blend towards the inter- 
vertebral space into chondrogenic tissue. This tissue 
produces hyaline cartilage and fibrocartilage that r e ­
places the notochord (Figs. 13 & 14). The different 
types of cartilage in the intervertebral space also show

CartilageChorda
Sheath

Bone

Notochord

non-deformed deformed

16

\  t
Skeletogenic Tissue

\
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Figs. 11 to 16. Salm o salar. Fig. 11. Sym m etrical g ro w th  zones of 2 ad jacen t u n d e fo rm ed  v e rteb rae . O steoblasts (w hite a rro w ­
head ) sec re te  th e  n o n -m in era lized  b o n e  m atrix  (osteoid) (black a rrow head) th a t su b seq u en tly  m ineralizes. S pace b e tw e e n  th e  
v e r te b rae  is o ccup ied  by  th e  n o to ch o rd  (w hite asterisk), n o to chordal ep ith e liu m  (w hite arrow ), a n d  no to ch o rd a l sh e a th  (black a s­
terisk). M asson 's tri chrom e sta in ing; scale  b a r  = 250 pm . Fig. 12. G row th  zones of ad jacen t d e fo rm ed  v e rteb rae . O steogen ic  zones 
ex ten d  rostra lly  a n d  caudally  (w hite a rrow heads) a n d  fuse  b e tw e e n  th e  2 v e r te b rae  in to  a  zone  of chondrogen ic  tissue  (back  a r­
row heads). C hond ro g en ic  tissu e  gives rise  to  cartilag e  (w hite cross) a n d  fib ro cartilag e  (w hite asterisk) re p lac in g  all tissues th a t 
b e lo n g  to th e  no tochord . Box in d ica tes  a re a  e n la rg ed  in  Fig. 13. Scale b a r  = 250 pm . Fig. 13. G row th  zone  of a  d e fo rm ed  v e rte b ra  
(see box  in  Fig. 12). Typical osteogen ic  tissu e  w ith  osteob lasts a n d  osteo id  (Zone A) b len d s  th ro u g h  an  in te rm ed ia te  zone (Zone B) 
in to  chondrogen ic  tissu e  (Zone C) to w ard s th e  in te rv e rte b ra l space. F ib ro cartilag e  is ch a rac te rized  b y  lin ea rly  a rra n g e d  isogenic  
groups of cartilage  cells (b lack  a rrow heads) a n d  co llagen  fib re  b u n d les  (w hite arrow heads). B one tissue  con tains en closed  osteo- 
cytes (black arrow s). Scale b a r  = 50 pm . Fig. 14. R egular b o n e  (Zone A) a n d  in te rv e rte b ra l cartilag e  (Zone C) ad jo in ing  th e  b o n e  
of a  de fo rm ed  v e rte b ra l e n d  p la te  (Zone B) (see box  in  Fig. 6). In Zone C (in te rv erteb ra l space) th e  n o to ch o rd  is re p la ce d  by  fib ro­
cartilag e  (w hite asterisk) th a t b len d s  in to  h y a lin e  cartilage  w ith  isogenic  g ro u p s of chondrocy tes (black arrow head). C artilag e  
m ineralizes (w hite a rrow head) a t th e  b o rd e r to th e  b o n e  of th e  v e rte b ra l e n d  p la te  (Zone B). Bone con tains tran sv erse ly  d irec ted  
co llagen  fib re  b u n d les  (black arrow ). M asson 's tri chrom e stain ing; scale  b a r  = 50 pm . Fig. 15. H ig h er m ag n ifica tion  of th e  carti­
lag inous tissu e  th a t rep laces  th e  n o to ch o rd  in  th e  in te rv e rte b ra l sp ace  w ith  d ifferen t ty p es of cartilag e  p re sen t: hy a lin e  cartilage  
w ith  chondrocy tes a rra n g e d  in  isogen ic  g roups (black a rrow heads), m in eraliz in g  hy a lin e  cartilag e  (b lack arrow ), fib ro cartilag e  
(w hite asterisk), m in eraliz in g  fib ro cartilag e  (w hite a rrow head), a n d  connec tive  tissu e  (b lack asterisk). Bone tissu e  la b e le d  by  a 
b lac k  cross. M asson 's trich rom e sta in ing ; scale  b a r  = 80 pm . Fig. 16. T issue com position  of th e  v e rte b ra l g ro w th  zone  of ad jacen t 
u n d e fo rm ed  a n d  d e fo rm ed  v e rteb rae . In u n d e fo rm ed  v e rte b rae , g ro w th  zones of ad jacen t v e r te b rae  a re  se p a ra te d  b y  th e  n o to ­
chordal sh e a th  a n d  th e  sk e le to g en ic  tissu e  only p ro d u ces  bone . D irection  of b o n e  fo rm ation  (black arrow s) p ro v ides b o th  in ­
crease  in  len g th  a n d  h e igh t. In  d e fo rm ed  v e rte b rae , ske le to g en ic  tissues of ad jacen t v e r te b rae  fu se  a n d  are  no t se p a ra te d  b y  th e  
no to ch o rd a l sh ea th . U n ited  tissu es give rise  to b o n e  a n d  to  various ty p es of cartilage  to w ard s th e  in te rv e rte b ra l space. Fusion  of 
th e  sk e le to g en ic  zones from  ad jacen t v e r te b ra e  an d  th e  a lte re d  d irec tion  of sk e le to g en esis  ap p a re n tly  ch an g es th e  d irec tion  of 
v e rte b ra l g ro w th  (black arrow s). We hyp o th es ize  th a t th e  fo rm ation  of sk e le ta l tissu e  only in c reases  th e  v e rte b ra l h e ig h t b u t

does no t su p p o rt th e  in c re ase  in  len g th

a tendency to m ineralize (Fig. 15). The pronounced 
shape alterations and histological differences betw een 
undeform ed and deform ed vertebral bodies are not 
reflected by changes in the bone m ineral composition 
(Table 2). The am ount of phosphorus and calcium is 
identical in both groups, and none of the differences 
obtained for minor m ineral com ponents appears to be 
significant (all p-values > 0.05).

No indication of inflammatory processes w ere ob­
served, i.e. the presence of lymphocytes, granulocytes, 
monocytes, or m acrophages.

DISCUSSION

The present group of 'short tail' salmon is char­
acterized by hom ogeneously com pressed vertebrae 
throughout the spine. No further pathological alter­
ations w ere observed to accompany the compression 
of vertebrae. This is in contrast to previous studies 
reporting vertebral compression (also referred  to as 
platyspondyly) affecting parts of the backbone and 
coinciding with additional alterations such as frac­
tures, fusion, shift in position, underdevelopm ent, 
and torsion of vertebrae. A connection betw een 
vertebral deformities and bacterial infections has also 
been  suggested (M adsen & D aalsgard 1999, Kvelle­
stad et al. 2000, M adsen et al. 2000). In view  of m ul­
tiple alterations that often coincide w ith vertebral 
compression, it appears reasonable to assume a 
complex aetiology for spinal deformities (Vâgsholm

& Djupvik 1998, M adsen & D aalsgard 1999). Still, 
one could speculate about a single prim ary event 
that leads to various secondary alterations, ultimately 
being observed as different skeletal malformations. 
Solving the riddle requires the reconstruction of the 
animals' developm ental history, a difficult task in the 
practice of aquaculture and wildlife studies. If a fish 
is sacrificed early for pathological analysis, it may be 
impossible to determ ine w hat type of skeletal defor­
mity the animal will develop later. On the other 
hand, fish w ith evident skeletal deformations usually 
represent an advanced stage of the disease and, as 
discussed above, display various symptoms. The 
adult 'short tail' salmon in this study displayed only 
one type of skeletal malformation, thus offering a 
'diagnostic-advantage' in reconstructing the aetiol­
ogy of com pressed vertebrae.

T ab le  2. Salm o salar. A v erag e  v e rte b ra l m in era l con ten t 
(±SD). N: no rm al individuals; ST: 'sh o rt tails '. All p -v a lu es 
a re  above 0.05, su g g estin g  th a t th e  o b se rv ed  d ifferences 

a re  no t significant

A v erag e  (m g k g  1 ash) ±SD

p N 196641 8514
ST 195932 4068

C a N 387093 14120
ST 390166 7902

M g N 5569 342
ST 5637 276
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Our observations suggest that vertebral compression 
is related to alterations of the grow th zones, as outlined 
in Fig. 16. M irror-image grow th zones of articulating 
undeform ed vertebrae, separated  by the notochordal 
sheath, give rise to bone in a distinct direction (see also 
Fig. 11) increasing both the vertebral length and 
height. In 'short tails', skeletogenic areas of adjacent 
vertebrae have fused and are not separated  by the 
notochordal sheath (see also Fig. 12). Skeletogenic 
tissues now give rise to bone and to various types 
of cartilage that connect the vertebral end  plates 
(synchondrosis). Fusion of the skeletogenic zones and 
the altered direction of skeletal tissue formation solely 
enlarge the vertebral height.

The fact that central parts of com pressed vertebrae 
still contain notochordal tissue and regularly shaped 
vertebral end plates (Fig. 7) strongly suggests that this 
type of deformity is a late ontogenetic malformation. 
How late in ontogeny deformities develop in 'short 
tails' is illustrated by the fact that vertebrae with a 
height of 0.75 mm already have the adult shape and 
structure (Grotmol et al. 2003). C hanges in 'short tails' 
apparently occur only after the vertebrae have reached 
a height of 5 mm (Figs. 7 & 8). However, the question 
rem ains w hat could have caused this disorder.

The 'short tails' studied here differ from deform ed 
fish analyzed by Kvellestad et al. (2000) and M adsen et 
al. (2000) in showing no signs of infections or apoptotic 
cell death. This suggests that vertebral compressions 
are not related to acute inflammatory processes. Fur­
therm ore, no signs of vertebral fractures reported  from 
Oncorhynchus m ykiss  in connection to a lack of vita- 
min-C (Dabrowski et al. 1990) have been observed. In 
addition, the correspondence betw een bone mineral 
contents in undeform ed and deform ed fish indicates 
that deform ed individuals do not suffer from a disorder 
of the m ineral metabolism. This conclusion is sup­
ported by the morphology of the intravertebral spon­
giosa. Mobilization of bone minerals in teleosts with 
osteocyte-containing bone (the bone type of salmon) 
is largely perform ed by giant m ultinucleated bone 
resorbing cells (osteoclasts) that erode the bone sur­
face (Huysseune 2000, W itten et al. 2000, 2001, W itten 
& Haii 2002). Thus, smooth (non-eroded) endosteal 
bone surfaces in deform ed fish and the lack of osteo­
clasts (Fig. 10) are further evidence that the fish do not 
mobilize bone minerals from their skeleton (Witten & 
Haii 2003).

Genetic factors have also been  discussed as causes of 
bone malformations. Triploid salmon, for example, are 
known to show a high incidence of skeletal deformities 
(Sadler et al. 2000, Benfey 2001). Also, the uniformity 
of com pressed vertebrae hints at the possibility of 
genetic factors as the cause of the developm ent of 
'short tails'. The studied fish group is, however, not

triploid. In general, one would also expect genetic 
factors to cause developm ental disorders at much 
earlier life stages. Still, one cannot rule out the possi­
bility that some fish are genetically predisposed and 
develop vertebral compression as a reaction to ex ter­
nal cues. As w e know from studies on wild salmon the 
salmon skeleton is reactive to external cues (Kacem et 
al. 1998, Persson et al. 1998, W itten & Hall 2003).

H aving raised argum ents against infectious, m eta­
bolic and genetic disorders as the causative agents for 
the 'short tail' phenotype, the question rem ains w hat 
can trigger the late developm ent of uniformly com ­
pressed vertebrae. As w e will discuss below, alter­
ations of the vertebral grow th zones and vertebral 
compressions could relate to changes of the notochord 
tissue.

As a reaction to m echanical force, notochord cells 
can initiate the conversion of the notochord, and the 
surrounding notochordal sheath, into cartilage (Lotz et 
al. 2002). We propose that a m etaplasia (notochordal 
tissue converting into cartilage), possibly as a result of 
an altered  m echanical load regime, leads to alteration 
of the vertebral shape. D egeneration of the m am ­
m alian intervertebral disk is thought to be connected 
to the impact of elevated m echanical load, either 
as continuous overexertion or short-term  overload 
(Prescher 1998, Lotz et al. 2002, O egem a 2002). How­
ever, as pointed out by Lotz et al. (2002) not all 
m echanical forces have a negative impact on the inter- 
vertebral tissue. As w ith bone (Witten & Haii 2003), 
a certain am ount of m echanical load is required  to 
m aintain the integrity of the intervertebral disk (Lotz 
et al. 2002).

A striking feature of com pressed salmon vertebrae is 
the coincidence of m etaplastic synchondrosis and the 
shape alterations of the vertebral end  plates, raising 
the possibility that either bone alterations induce the 
conversion of the notochord tissue or that changes of 
the notochord induce bone alterations. The current 
state of know ledge suggests the latter, since the noto­
chord plays an im portant role in the induction of 
vertebral formation and in m aintaining vertebral m or­
phogenesis and grow th (Patt & Patt 1969, Haii 1977, 
2005, H unter et al. 2003, Smits & Lefebvre 2003). It is 
well established that the spinal cord is responsible for 
the m orphogenesis of vertebral neural arches and the 
notochord for m orphogenesis of the vertebral centra 
in avian and both anuran and urodele am phibian 
embryos. Remove the spinal cord and the neural 
arches form as a continuous block of cartilage, a l­
though the vertebral centra develop as normally 
segm ented structures. Remove the notochord and the 
centra form as a continuous block of cartilage, 
although the neural arches develop as normally 
segm ented structures (Holtzer 1951, Strudel 1953a,b,
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1955, Detwiler & Holtzer 1956, and see the discussions 
in Haii 1977, 2005). Furtherm ore Lash (1968) provided 
evidence that the spinal cord helps to rem odel the ver­
tebral column as it grows in vivo, thereby preventing 
compression of the spinal cord. The potential roles for 
spinal cord and notochord are thus considerable, 
although little experim ental information is available 
for fish.

Not only can the notochord affect the morphology of 
the vertebral column, but compression of vertebrae 
has been  linked to the failure of notochord cells to 
m aintain proper vertebral developm ent (Haii 1977, 
2005, O egem a 2002). In vertebrate species with limited 
grow th (e.g. humans) the notochord ceases its regu lat­
ing role for vertebral developm ent as part of the nor­
mal ontogeny, followed by the transform ation of noto­
chord tissue into cartilage and fibrocartilage (Oegema 
2002, H unter et al. 2003). In salmon, however, the 
notochord should fulfil its regulating role for vertebral 
body differentiation throughout life, since salmon and 
other fish species do not stop growing (Witten et al. 
2001 ) .

Transformation of notochordal tissue into cartilage 
has only been reported  in ageing fish (Schaffer 1930). 
However, in the present study the 'short tails' are not 
older than 2 yr. Following this line of thought, alter­
ations of the notochord tissue precede alterations of 
bone morphology, likely through the interruption of 
notochord cell function, w hich is to m aintain proper 
vertebral growth. Remarkably, m ineralization of the 
'new ' intervertebral cartilage occurs in 'short tails' 
(Figs. 7 & 15). This process could well continue in long 
living salmon, finally leading to the frequently docu­
m ented fusion of vertebrae (M adsen & Daalsgard 
1999, G avaia et al. 2002, Roy et al. 2004).

In conclusion, given the lack of evidence for infec­
tions, metabolic and genetic disorders, w e propose that 
an altered  m echanical load could have caused the 
transform ation of the bone growth zones in the 'short 
tails' studied here, and the concomitant replacem ent of 
the intervertebral (notochord) tissue by cartilaginous 
tissues. This hypothesis is supported by the role that 
notochord cells are known to play in vertebral devel­
opm ent and for m aintaining the integrity of the inter- 
vertebral disk (Patt & Patt 1969, Haii 1977, 2004, Lotz 
et al. 2002, H unter et al. 2003, Smits & Lefebvre 2003). 
W hether excessive short-term  pressure (Kihara et al. 
2002), long-term  m echanical overexertion, or even dis­
use (Lotz et al. 2002) could have dam aged the in terver­
tebral tissue under farm ing conditions rem ains to be 
clarified. One can, however, assume that the fishes' 
swimming activity under farm ing conditions is limited 
com pared to natural conditions and therefore disuse 
might indeed play a role. At the same time, farm ed fish 
build up a high muscle mass and generate  extrem e

forces due to acute handling such as grading, vaccina­
tion, and pum ping for being transported. Thus, a com ­
bination of both factors, disuse and m echanical over­
load might contribute to the developm ent of the 'short 
tail' phenotype.
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