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Vertebral deformities are a big challenge in Rainbow Trout seawater aquaculture. However, supportive scientific
literature is missing. The present study used radiology to follow the development of vertebral deformities in a
population of farmed Rainbow Trout as they grew from 36 g to 5.5 kg. In addition, separately collected deformity
screening data from three other farmed populations were included for comparison.

The fish developed deformities in different vertebral regions over time, eventuating to affect almost the entire

vertebral column. At this point, the fish were ~ 5.5 kg and 93 % of the fish had one or more deformed vertebrae.
A negative relationship between severity of deformity (number of deformed vertebrae per individual), and fish
length and weight strongly suggest a negative impact on fish welfare. The most frequently affected area was the
ural region of the vertebral column. This region is a part of the caudal fin complex which also suffered from
degradation of the fin rays. Ural region deformities were also frequent in the separately investigated populations.

The current results indicate that Rainbow Trout are not able to maintain normal bone development under
current farming conditions, consequently, jeopardizing the welfare of the fish.

1. Introduction

Rainbow Trout (Oncorhynchus mykiss) has been introduced to all
continents except Antarctica and is today one of the world’s most
important aquaculture species (Gall and Crandell, 1992; FAO, 2022).
Several different production methods and marked sizes are applied,
from 250 to 500 g ‘table fish’ produced in ponds (Woynarovich et al.,
2011) to 5 kg fish produced in net pens (sea-cages) (Aas et al., 2022). In
Norway, one of the world leading producers of Rainbow Trout the
production consists of two phases. First an initial phase in on-land
freshwater tanks, whereafter the fish are transferred to sea-cages for
grow-out to harvest size at 2-6 kg (FAO, 2024).

Recently, a workshop on R&D challenges in Rainbow Trout farming
in Norway listed vertebral deformities as a significant problem (FHF
workshop March 21, 2023). There are indeed many publications on
vertebral deformities in cultured Rainbow Trout (e.g. Madsen and
Dalsgaard, 1999; Madsen et al., 2000, 2001; Kacem et al., 2004;

Deschamps et al., 2008; Gislason et al., 2010; Yadegari et al., 2011;
Boglione et al., 2014). The literature on deformities in farmed Rainbow
Trout are however almost exclusively on fish raised on-land in fresh-
water tanks, mostly on <300 g fish (Madsen and Dalsgaard, 1999;
Madsen et al., 2000, 2001; Kacem et al., 2004; Deschamps et al., 2008)
and maximum 2.7 kg (Kause et al., 2005; Gislason et al., 2010; Kacem
etal., 2004; Poirier Stewart et al., 2014). To our knowledge, there is only
one study on deformities in Rainbow Trout raised in sea-cages, and this
study only followed the fish to 1 kg (Kause et al., 2005). The deformity
assessment in that study was done by visual examination of the external
phenotype without radiological examination. Thus, there is a need for
literature on vertebral deformity development in Rainbow Trout raised
in seawater using radiology, and not only up to 1 kg, but all the way to
harvest weight at 5-6 kg.

Vertebral deformities pose problems in modern aquaculture. Natu-
ralists have long shown a fascination for anomalies in fish (Dawson,
1964), initially manifested as descriptions of wild fish specimens (e.g.
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Barrington, 1767; Ford, 1930) and later evolving into research promp-
ted by problematic deformities occurring in farmed fish (Boglione et al.,
2001; Fjelldal et al., 2012; Boglione et al., 2013a, 2013b; Eissa et al.,
2021; Chandra et al., 2024; Aydin et al., 2024). Specialized for an
aquatic mode of life, fish rely on specific locomotor adaptions involving
a specialized vertebral column (Webb, 1982). Deformities in the verte-
bral column of farmed fish therefore have a wide range of unwanted
negative effects in aquaculture, including reduced growth, swimming
performance, product quality, and welfare (Michie, 2001; Branson and
Turnbull, 2008; Powell et al., 2009; Hansen et al., 2010; Noble et al.,
2018). Vertebral deformities have indeed been addressed as an
individual-based welfare indicator in a welfare indicator handbook for
Rainbow Trout (Noble et al., 2020).

Fish can develop a wide range of vertebral deformity phenotypes.
Possible deformities that can develop in the vertebral column of fish are
spinal curvature and/or shortening (Witten et al., 2005, 2009; Munday
et al., 2016; Perrott et al., 2018; Lovett et al., 2020). Spinal curvatures
can be categorized into lordosis, scoliosis, and kyphosis, or combina-
tions of those, and may affect different regions of the vertebral column
(Fjelldal et al., 2012; Chatzakis et al., 2024; Mariasingarayan et al.,
2024). Spinal shortening involves vertebral body deformities, in which
Witten et al. (2009) identified 20 different types and developed a clas-
sification system. Subsequently, identifying deformity type and location
has become an important diagnostic tool in ichthyological research and
veterinary science. The type of deformity reflects the stage of patho-
genesis (i.e. ‘age’ of deformity), and location reflects the onset time (life
stage) of the deformity. As classical examples, change in the interver-
tebral regions or mild compressions of the vertebra endplates are early
deformity stages, while fusion centra with several fused vertebrae is a
final deformity stage (Witten et al., 2009). With regards to vertebral
deformity location, research on Ballan Wrasse (Labrus bergylta) (Fjelldal
et al., 2021) and Atlantic Salmon (Salmo salar) (Sullivan et al., 2007;
Grini et al., 2011) indicate that deformities in the abdominal region of
the vertebral column develop earlier in life than those in the tail region.

Various methods are applied for vertebral column regionalization.
Several authors have addressed the location of vertebral deformities in
farmed Rainbow Trout (Aubin et al., 2005; Deschamps et al., 2008;
Deschamps et al., 2009; Deschamps et al., 2014; Fontagné et al., 2009;
Boglione et al., 2014; Gislason et al., 2010). Some authors have used
anatomy to separate between truncal and caudal vertebra and mor-
phometrics for a further subdivision into 4 vertebral column regions
(Ramzu and Meunier, 1999; Kacem et al., 2004; Meunier and Ramzu,
2006; Deschamps et al., 2008), while others have used vertebra number
without emphasizing region (Madsen and Dalsgaard, 1999). De Clercq
etal. (2017) developed a refined regionalization system for the vertebral
column of Chinook Salmon (Oncorhynchus tshawytscha) based on his-
tology and anatomy. Later, Sankar et al. (2024) used that system to
define specific radiographic hallmarks for vertebral column regionali-
zation in Atlantic Salmon, separating the vertebral column into 5 re-
gions: postcranial, abdominal, transitional, caudal and ural. This
method is tested to be applicable for Rainbow Trout, Brown Trout
(Salmo trutta), Arctic Char (Salvelinus alpinus), Pink Salmon (Onco-
rhynchus gorbuscha), and Chinook Salmon (Sankar et al., 2024), and
should hence be used in further research on vertebral deformities in
farmed Rainbow Trout.

The main aim of the present study was to describe the development
of vertebral deformities and their location in farmed Rainbow Trout,
from the freshwater stage and throughout the entire grow-out phase in
seawater.

2. Material and methods

This study followed growth and clinical radiology in a cohort of
Rainbow Trout from 36 g in freshwater (April 2022) until harvest at 5.5
kg in seawater (May 2023). The study showed that the common most
deformity type in this population was vertebral deformities in the ural
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Table 1

Main study. Fish length, weight and condition factor (mean + SE) throughout
the one-year study period from April 2022 to May 2023. Different lower-case
letters indicate significant difference (one-way ANOVA, P < 0.05).

April 2022 June 2022 December 2022 May 2023 (n
(n =90) (n =100) (n = 80) =90)
Length (cm) 13.8 £0.1 22.0 £0.1 47.6 £ 0.5 62.6 + 0.5
Weight (g) 36.0 + 0.6 161.2 + 2.7 2155.8 + 58.6 5485.7 +
115.4
Condition 1.33 + 1.50 +£0.01b  1.94 + 0.02c 2.21 +
factor 0.01a 0.03d

region of the vertebral column, the region supporting the caudal fin
complex. To pursue this further, the condition of the caudal fin was
monitored during the final seawater phase. After assessing the results of
the study, it was decided to examine some extra fish groups to evaluate
the transferability of the main results. The extra groups were: (i) one
group reared in seawater tanks at 9 °C up to 4 kg at the Institute of
Marine Research; (ii) one group reared in freshwater tanks up to 0.2 kg
at the Institute of Marine Research; (iii) one group sampled from a
separate commercial sea farm at 0.3 kg.

2.1. Main study

2.1.1. Fish stock and rearing condition

On 15 December 2021, all-female Rainbow Trout eyed eggs from the
Aquagen strain arrived at the Institute of Marine Research (IMR), Matre
research station. The eggs were incubated at 8 °C and hatched 8-10 days
later. First feeding started on 01 February 2022 and was done in 3 m
tanks at 13 °C and continuous light. On 23-25 March 2022, the fish (7.5
+ 1.4 g) were distributed between six 3 m tanks (5.6 m3, 2000 fish per
tank) supplied with 13 °C freshwater and at continuous light. The trout
were vaccinated on 20 June (Alpha Ject 5-3, PHARMAQ, AS, Overhalla,
Norway), and later transferred to a sea cage (12 m x 12 m wide, 15 m
deep) at the research station’s facility in Solheim, Masfjorden, on 12
August 2022, and kept there for the remainder of the study. Mortality
rates in freshwater and seawater were 1.2 and 3.3 %, respectively.

2.1.2. Sampling

Fish were sampled on 27 April (n = 90) and 08 June (n = 100) 2022
in freshwater, and on 14 December 2022 (n = 80) and 25 May 2023 (n =
90) in seawater. Random fish were netted out and euthanized by an
overdose of anesthetics (0.5 g L ™! of tricaine methanesulfonate, Finquel,
MS222). Body weight was measured to the nearest 0.1 g and fork length
to the nearest 0.1 cm. Subsequently, the fish were radiographed the
same day as sampled. Biometric data are displayed in Table 1.

2.1.3. Radiology and regionalization of the vertebral column

Fish were radiographed with a Direct Radiology System (Canon
CXDI410C Wireless, CANON INC., Kawasaki, Japan) using a portable X-
ray unit (Portable X-ray Unit Hiray Plus, Model Porta 100 HF, JOB
Corporation, Yokohama, Japan) at 88 cm distance with 40 kV and 4
mAs. Fish sampled in April, June and December 2022 were radio-
graphed as whole fish, while those sampled in May 2023 were carefully
dissected and had their vertebral columns radiographed. Each fish was
evaluated for different types of vertebral deformities (Witten et al.,
2009), and if present, type and location were recorded.

Ninety fish sampled on 08 June 2022 were used for region specific
and total vertebrae counts. Region specific vertebrae counts were per-
formed according to the method recently described by Sankar et al.
(2024). This method uses 4 specific radiographic hallmarks to define 5
different vertebra regions: Postcranial, Abdominal, Transitional, Caudal
and Ural regions. The hallmarks are as follow:

1. The lack of ribs in the postcranial region.
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Fig. 1. Main study - vertebral deformity occurrence and severity over time from April 2022 (36 g) to May 2023 (5.5 kg). The fish were reared in freshwater tanks
until August 2022 when they were transferred to sea-cages. (A) Occurrence (percentage) of fish with one or more deformed vertebrae. (B) Number of deformed
vertebrae (mean + SE) among deformed fish only, reflecting severity. Number of fish examined: April 2022 (n = 90), June 2022 (n = 100), December 2022 (n = 80),

May 2023 (n = 90).

2. The modified parapophysis of the first vertebra of the transitional
region.

3. The prominent haemal spine of the first vertebra of caudal region.

4. The separated haemal spine of the most cranial pre-ural vertebra of
the ural region.

Six fish without radiological detectable vertebra deformities sampled
in June 2022 and May 2023 were analysed for vertebra cranio-caudal
lengths and dorso-ventral diameter to study vertebra morphometrics
in different vertebra regions. Vertebra lengths and diameters were
measured on radiographs by means of an image analysing software
(ImageJ, 1.53 k, Wayne Rasband and contributors, National Institutes of
Health, USA).

2.1.4. Fin condition

During the study it was discovered that the majority of the fish
developed vertebra deformities in the ural region of the vertebral col-
umn. Since this vertebral region is a part of the caudal fin complex, it
was decided to assess the condition of the caudal fin during the second
half of the study. For this purpose, all fish investigated by radiology in
December 2022 and May 2023 were also photographed. The euthanized
fish were placed individually in a custom-made semi-closed photobox
(900 x 400 x 700 mm, L x B x H) with an Olympus Tough TG-6 camera
mounted on top, and the fish were photographed on the left side. Fish
were measured in ImageJ (1.53 k, Wayne Rasband and contributors,
National Institutes of Health, USA) for fork length, standard length,

length of the central caudal fin lepidotrichs (i.e., the difference between
fork length and standard length) and maximum dorso-ventral height of
the caudal fin.

2.2. Extra fish groups

After finalizing the analysis of the data from the main study it was
decided to screen some additional groups of farmed Rainbow Trout that
were available to explore transferability of the results. These extra
groups were euthanized, radiographed, and assessed for vertebrae de-
formities in the same way as described for the main fish group above.

The first extra group (Extra 1) consisted of all-female Rainbow Trout
from the Aquagen strain purchased from a local farm. On 02 November
2022, about 800 fish of around 300 g were transported to IMR, Matre
research station. The fish were subsequently reared under LD12:12 in a
3 m diameter tank (5.6 m3 volume) supplied with 6 °C freshwater. On 26
June 2023 when the fish were approximately 1.9 kg, they were trans-
ferred to a 5 m outdoor tank supplied with 25 ppt seawater. Following,
on 14 September 2023, 23 fish were transferred to 2 m tanks supplied
with 34 ppt and 9 °C seawater. On 07 November 2023, these 23 fish (W:
4042 + 92 g, L: 58.4 + 0.4 cm, mean + S.E.) were euthanized and
radiographed.

The second extra group (Extra 2) consisted of mixed sex Rainbow
Trout from the Osland strain, transferred from a local hatchery to IMR,
Matre research station in June 2023 at 20 g. The fish were stocked in two
3 m tanks (5.6 m3) at continuous light and supplied with ambient
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Table 2

Simple linear regressions between total number of deformed vertebrae (V) and
length, weight and condition factor in December 2022 (n = 80) and May 2023
(n = 90).

Time Y-axis X-axis R R2 P-value
point
December Length Number of -0.35 0.12 0.0016
2022 deformed V
Weight Number of -0.27  0.07 0.0158
deformed V
Condition Number of 0.42 0.17  0.0001
factor deformed V
May 2023 Length Number of -0.59 0.34  <0.00001
deformed V
Weight Number of -0.35 0.12  0.0008
deformed V
Condition Number of 0.52 0.27  <0.00001
factor deformed V

temperature freshwater; 1500-1600 trout per tank. On 4 September
2023, 105 (52 and 53 from each tank) randomly sampled fish (W: 230 +
5.3 g, L: 24 + 0.2 cm, mean =+ S.E.) were euthanized and radiographed.

The third extra group (Extra 3) were fish of the same cohort as Extra
2. However, these were collected from the sea-cage of a commercial
farm on 4 October 2023 (W: 327 + 7.6 g, L: 28.7 + 0.2 cm, mean + S.E.)
and transferred to IMR, Matre research station where they were stocked
in 1 m tanks supplied with 34 ppt seawater under continuous light. Five
days later, 74 randomly sampled fish were euthanized and
radiographed.

2.3. Statistics and calculations
The condition factor (CF) was calculated as: CE = 100 X BW/L3,

Total counts
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where BW was the body weight (g) and L was the fork length (cm).

The data were analysed using Statistica version 12 (StatSoft, Inc.,
2300 East 14th Street, Tulsa, Oklahoma, USA). Results are given as
means and standard errors.

Data were tested for homogeneity in variance (Levene’s F test) and
normality (Kolmogorov Smirnov test). Significant differences between
time points in CF were tested by one-way ANOVAs with an alfa level of
0.05. Significant differences between time points in occurrence of
deformed fish were tested by Chi-square tests with a Bonferroni cor-
rected alfa level of 0.0083. Significant differences between time points
in deformity severity (number of deformed vertebrae among deformed
fish) were tested by Kruskal-Wallis ANOVA with an alfa level of 0.05.
Significant differences between time points in vertebra morphometrics
(length / diameter) within vertebra regions were tested by one-way
ANOVAs with an alfa level of 0.05. Possible significant relationships
between measured parameters were tested by simple linear regression.

3. Results
3.1. Main study

3.1.1. Fish growth and deformities

The fish grew from 36 g to 5486 g throughout the one-year study
period (Table 1). There was a significant and close to two-fold increase
in CF from 1.33 at start to 2.21 at termination (Table 1).

There was a continuous and significant increase over time with
respect to the occurrence of fish with one or more deformed vertebrae
vs. non-deformed fish (Fig. 1A). The level increased from 20 % at 36 g
body size (April 2022) to 93 % at 5.5 kg (May 2023), and there was a
significant increase (Chi-square test, Bonferroni corrected alfa level; P <
0.0008) between all timepoints except between April and June 2022 (36

First vertebra transitional region
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Fig. 2. Main study - vertebra meristics June 2022 (n = 90). (A) Total counts, same as the number of the last vertebra in the ural region, includes the most caudal
vertebra which is fused to the urostyle (U2, Schultze and Arratia, 1989). (B) The number of the most cranial vertebra of the transitional region. (C) Number of the
most cranial vertebra of the caudal region. (D) Number of the most cranial vertebra of the ural region. The regions were defined based on specific radiographic

hallmarks outlined by Sankar et al. (2024).
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Fig. 3. Main study - standardized vertebra cranio-caudal lengths (mean =+ SE). Relative lengths of single vertebra calculated as percentage of the sum of all vertebra
lengths per individual at two different time points, June 2022 (n = 6, 160 g) and May 2023 (n = 6, 5.5 kg). Different vertebra regions are indicated; the postcranial,
abdominal, transitional, caudal and ural regions. (A) Data on single vertebra numbers. (B) Data on the sum of relative lengths per region to calculate the relative size

(length) contribution of each region.

%).

With respect to deformity severity, data analyses showed the same
significant (Kruskal-Wallis ANOVA, P < 0.0001) trend as for the defor-
mity occurrence (Fig. 1B). There was a three-fold increase in the mean
number of deformed vertebrae among the deformed fish from 36 g in
April 2022 (4 def. vertebrae) to 5.5 kg in May 2023 (12 def. vertebrae).
Number of deformed vertebrae among deformed fish was significantly

higher in May 2023 compared to all earlier timepoints, and significantly
higher in December 2022 compared to the initial sampling in April 2022
(Kruskal-Wallis multiple comparison post hoc test, P < 0.05).

With respect to possible impact of deformity severity on growth and
CF, there were significant linear regressions between number of
deformed vertebrae and length, weight and CF in both December 2022
and May 2023 (Table 2). However, the relationships were all stronger in
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transitional, caudal and ural regions of the vertebral column at two different time points, June 2022 (n = 6, 160 g) and May 2023 (n = 6, 5.5 kg). (A) Data on single
vertebra numbers. (B) Data on average values per region. Black asterisk indicates significant differences within regions (one-way ANOVA, P < 0.05).

May 2023 (5.5 kg) compared to December 2022 (2.2 kg), and there were
negative relationships between deformity severity and length and
weight, and positive relationships between deformity severity and CF
(Table 2).

3.1.2. Regionalization of the vertebral column
The total vertebrae counts varied between 61 and 64, with 62 and 63
as the most common total counts (Fig. 2A). The postcranial region

comprised of vertebra 1 and 2, the most common last vertebra of the
abdominal region was vertebra 31 (min: 29, max: 33), the transitional
region started at vertebra 32 (min: 30, max 34, Fig. 2B) and ended at
vertebra 39 (min: 38, max 40), the caudal region typically started at
vertebra 40 (min: 38, max: 41, Fig. 2C) and ended at vertebra 56 (min:
55, max: 58), while the ural region typically started at vertebra 57 (min:
56, max: 59, Fig. 2D) and ended at vertebra 62 (min: 61, max: 64).
The size and dimensions of the individual vertebrae varied between
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Fig. 5. Main study — vertebral deformity location. (A) Occurrence (%) of deformed vertebra per vertebra number along the vertebral column at four different
timepoints: April 2022 (36 g, freshwater, n = 90), June 2022 (160 g, freshwater, n = 100), December (2.2 kg, seawater, n = 80), May 2023 (5.5 kg, seawater, n = 90).
The fish were reared in freshwater tanks until August 2022 when they were transferred to sea-cages. The vertebral column is regionalized into 5 regions according to
Sankar et al. (2024). Different deformity centra (D) indicated with D1-4. (B) Schematic drawing illustrating the location and level of deformity occurrence at
termination in May 2023. White vertebrae illustrate low occurrence, increasing colour intensity illustrates increasing deformity rate.

the different vertebral regions. The cranio-caudal length of the single
vertebra centra increased until the beginning of the caudal region (V40)
and then decreased gradually towards the tail in June 2022 (160 g),
while in the May 2023 sampling (5.5 kg), the vertebra length increased
until the end of the abdominal region (V30) followed by a gradually
decrease towards the tail (Fig. 3A). Vertebra cranio-caudal length /
dorso-ventral diameter ratio was significantly higher (more elongated
vertebrae; one-way ANOVA, P < 0.05) in the postcranial and abdominal
region in May 2023 compared to June 2022 (Fig. 4B).

3.1.3. Vertebral deformity location

There was a development of distinct patterns in deformity preva-
lence along the vertebral column during the one-year study period
where the fish grew from 36 g to 5.5 kg. Four deformity centres were
evident:

Deformity centre no. 1 was in the postcranial region. There was an
increased deformity rate in V1-2 in seawater, with the highest increase
between 2.2 and 5.5 kg body weight (Fig. 5A,B). At 5.5 kg (May 2023),
these deformities were mostly compressions and fusions (type 6, Witten
et al., 2009) (Fig. 6A,B).

Deformity centre no. 2 was in the anterior part of the abdominal
region. The most severe deformities developed between V3 and V10
(Fig. 5A), and these deformities gave the affected fish a distinct
‘humpback’ external phenotype. The deformities that developed in this
specific area were already frequent when the fish were 160 g (June

2022) but there were already some pathologies at 36 g (April 2022)
(Fig. 5A). At 36 g body weight, 75 % of the deformities in V3-10 were a
reduction of the intervertebral space (type 1, Witten et al., 2009)
(Fig. 6C,D). This deformity type reflects early pathological changes
(Fjelldal et al., 2007, 2009a) and its prevalence fell with time: 38 % June
2022, 3 % December 2022 and 7 % May 2023. On the contrary, there
was 0 % prevalence of fusion centre vertebrae (type 8, Witten et al.,
2009) (Fig. 6E) at the first sampling, and its occurrence rose with time:
18 % June 2022, 78 % December 2022, and 56 % May 2023. Fusion
centre is a terminal deformity stage (Fjelldal et al., 2007, 2009a) and
was the predominate deformity type in V3-10 in December 2022 and
May 2023. In fish with fusion centre in V3-10, the fusion centre often
also involved one or both postcranial vertebrae (V1-2) (Fig. 6E). The
remaining of the abdominal region — vertebra 11 to 31 - also had an
increased deformity rate over time but it was lower compared to the
remaining of the vertebral column (Fig. 5A,B).

Deformity centre no. 3 covered the transitional and caudal regions.
There was an increase in deformity rate in this area from 160 g in
freshwater to 2.2 kg in seawater, which further increased up to 5.5 kg
(May 2023) (Fig. 5A,B). The most common changes observed in this
deformity centre were early pathologies: one-sided compressions (45 %,
type 5, Witten et al., 2009), two-sided compressions (38 %, type 2 and
3), and reduced intervertebral space (15 %, type 1) (Fig. 7A-D).

Deformity centre no. 4 covered the ural region. At 36 g body size the
deformity rate was 9 % in V59. The deformity rate in V59 did not
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Fig. 6. Main study - lateral radiology postcranial and abdominal region de-
formities (Deformity centre 1 and 2). (A) Normal phenotype in May 2023 (5.5
kg). (B) Fusion of V1 and 2 in May 2023. (C) Normal phenotype in December
2022 (2.2 kg). (D) One-sided compression of V2 (black arrowhead) and lack of
intervertebral space V6 to V14 (black asterisk) in June 2022 (160 g). (E) Fusion
centre V2 to V10 and one-sided compression V11 (black arrowhead) in
December 2022. Deformity types classified according to Witten et al. (2009).

increase between 36 and 160 g (8 %) in freshwater but showed a clear
increase in seawater up to 5.5 kg (2.2 kg: 36 %, 5.5 kg: 65 %) (Fig. 5A,B).
The deformities in the ural region spread into the most posterior
vertebrae of the caudal region. One-sided compressions dominated
among ural deformities at 36 g (45 %), while compression and fusion
(type 6) were the predominate types at the later samplings (46-61 %)
(Fig. 8A-F). In concert with the increasing prevalence of ural deformities
over time, there was an obvious change in the condition of the caudal fin
between 2.2 and 5.5 kg in seawater (Fig. 9). There was a significant
reduction in the ratio between caudal fin length and fork length over
time, while the morphology of the caudal fin measured as the ratio be-
tween the length and the height of the fin did not change (Fig. 9).

3.2. Extra fish groups

All extra groups had a high occurrence (Extra 1: 83 %, Extra 2: 74 %,
Extra 3: 81 %) of fish with one or more deformed vertebrae (Fig. 10A),
and the mean number of deformed vertebrae in affected fish ranged
between 7.6 and 10.1 (Fig. 10B). The location of the deformities
throughout the vertebral column is shown Fig. 11. The Extra 1 group had
highest occurrence of deformed postcranial vertebrae. The Extra 2 and 3
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Fig. 7. Main study - lateral radiology caudal region deformities (Deformity
centre 3) in May 2023 (5.5 kg). (A) Normal phenotype. (B-D) Different ex-
amples of caudal region deformities. Examples of vertebra with different
deformity types are indicated: one-sided compressions (white arrowhead), two-
sided compressions (white asterisk), lack of intervertebral space (white arrow).
Deformity types classified according to Witten et al. (2009).

groups had highest occurrence of deformed transitional and caudal
vertebrae. All groups had a high occurrence of deformed ural vertebrae,
and the Extra 1 and 3 groups were higher compared to the Extra 2 group.
The deformity rate in V58 was 65 % in Extra 1, 39 % in Extra 2, and 61 %
in Extra 3. Among the Extra 2 and 3 groups, 3.3 % of the fish had
kyphosis and/or lordosis.

4. Discussion

The present study show that Rainbow Trout developed deformities in
different regions of the vertebral column as they grew from 36 g in
freshwater up to 5.5 kg in seawater. The resulting deformities, covering
most of the vertebral column, had a negative effect on fish length and
weight in seawater (>2 kg) a strong indication of reduced fish welfare.
Most of the fish developed deformities in the ural region of the vertebral
column in concert with a degradation of the lepidotrichs of the caudal
fin.

4.1. Vertebral deformities reduced growth

As the fish grew more and more fish were affected by vertebral de-
formities. The increase in deformity rate was caused by a steady increase
of deformities in different regions of the vertebral column. On the final
sampling when the fish were on average 5.5 kg, 93 % of the fish had one
or more deformed vertebrae, and these fish had on average 12 deformed
vertebrae each. Hansen et al. (2010) found that in Atlantic Salmon,
which have a comparable number of total vertebrae as Rainbow Trout,
fish with more than 10 deformed vertebrae showed reduced growth rate
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Fig. 8. Main study - lateral radiology of ural region deformities (Deformity
centre 4). (A) Normal phenotype in June 2022 (160 g). (B) Individual with mild
one-sided compressions (white arrowheads) in June 2022. (C-F) Various de-
grees of vertebra compression and fusion in May 2023 (5.5 kg).

up to harvest size in seawater. Likewise, the present study showed a
significant negative relationship between number of deformed vertebrae
and harvest length and weight in Rainbow Trout. Hence, the present
study supports vertebral deformities as an important welfare indicator
for Rainbow Trout grown out to large size in seawater.

4.2. High foraging activity as a possible explanation for deformity
development

In the present study, most fish had 62 or 63 vertebrae which agrees
with Kacem et al. (2004) who reported 61 and 62 vertebrae as most
common counts. Also, similar to Kacem et al. (2004), the present study
showed 4 deformity centres in the vertebral column of Rainbow Trout.
The first centre was in the postcranial region (V1-2), where vertebra
fusion dominated over time. This is also common in adult Atlantic
salmon and may be an age-related skeletal change (Fjelldal et al.,
2009b). However, the occurrence reported herein is much higher than
that reported in Atlantic Salmon and may indicate a pathological con-
dition. Deformities in postcranial vertebrae have not been reported in
wild Rainbow Trout (McCrimmon and Bidgood, 1965; Van Velson,
1978), which supports this notion. The second centre was between V3
and V10 which is the anterior part of the abdominal region. Interest-
ingly, V10 is at border of the postcranial region defined by Ramzu and
Meunier (1999) which based their regionalization on vertebral mor-
phometrics. Thus, the vertebral deformities developing between V3 and
V10 may be linked to vertebral morphometrics and/or functional de-
mands. Indeed, recent research has revealed that Rainbow Trout bends
the cranial portion of the vertebral column dorsally and ventrally during
feeding (Camp, 2021; Jimenez and Camp, 2023). This illustrates that
vertebral column regionalization systems based on anatomy (Sankar
et al., 2024) and morphometrics (Ramzu and Meunier, 1999) can be
combined in deformity research on salmonids. The presently studied
population developed the most severe deformities between V3 and V10,
which gave a clear external phenotype. Domesticated Rainbow Trout
have an extreme appetite resulting in high foraging activity. This may
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make domesticated Rainbow Trout susceptible for deformities in the
cranial part of the vertebral column which may explain the development
of the first (V1-2) and second (V3-10) deformity centres found in this
study. Studies on smaller Rainbow Trout in freshwater have also pointed
out deformities in the cranial portion of the vertebral column (Kacem
et al., 2004; Deschamps et al., 2014). This agrees with the results of the
present study where these deformities were existing already in fresh-
water as early developing pathologies (one-sided compression, reduced
intervertebral space) which changed to terminal stage pathologies
(fusion) towards the end of the study. Similar results have also been
described in Atlantic Salmon (Fjelldal et al., 2007).

4.3. Caudal fin degradation as a possible explanation for deformity
development

The third deformity centre covered the transitional and caudal re-
gions. These deformities increased in occurrence as the fish grew bigger
in seawater, and the pathologies were mostly early stages at the final
sampling. Similar observations have been recorded in Atlantic Salmon
(Salmo salar) (Fjelldal et al., 2009¢; Grini et al., 2011) and Rainbow
Trout (Deschamps et al., 2009), where the authors have suggested a link
to high mechanical loading imposed by the lateral swimming muscula-
ture in this region. However, in Rainbow Trout, these deformities may
also be coupled to the deformities developing in the ural region, the
fourth deformity centre addressed herein, and/or to the degradation of
the caudal fin lepidotrichs. Sixty-five percent of the fish had a deformity
in vertebra nos. 59 and 60 at the final sampling. These vertebrae belong
to the caudal fin complex, which also suffered from a degradation of the
fin lepidotrichs (rays). The latter condition was severe at the final
sampling and must have had an absolute negative effect on swimming
capabilities. In turn, this handicap has most probably challenged the
vertebral column through its effect on swimming muscular activity.
Vertebra cranio-caudal lengths increased from the head until vertebra
no. 40 and then decreased further towards the tail at 160 g size in
freshwater, while this shift point had moved towards the head to
vertebra no. 30 at 5.5 kg size in seawater. A cranial shift in vertebra
maximum length with age/size has not been observed in Atlantic
Salmon (Fjelldal et al., 2009c), but in Atlantic Cod (Gadus morhua)
(Fjelldal et al., 2013). Whether the present observation in Rainbow
Trout reflects a compensatory mechanism related to the degradation of
the caudal fin lepidotrichs or a natural ontogenetic change is at present
unknown. Nevertheless, the observed age/size related change in
vertebra maximum length was associated with proportional changes of
the vertebral bodies in the postcranial and abdominal regions, shown by
an increase in vertebra length relative to diameter — more elongated
vertebrae — in these regions as the fish grew bigger.

4.4. Comparative evidence from farmed Atlantic Salmon

Based on the literature on deformity development in farmed Atlantic
Salmon, possible deformity inducing factors can be suggested. The early
pathologies currently observed in the main study population were one-
sided compressions and reduced intervertebral spaces. The latter often
combined with dorso-ventral shifts between adjacent vertebrae (Witten
etal., 2009). In Atlantic salmon, reduced intervertebral space and dorso-
ventral shifts can develop in the cranial portion of the abdominal region
in freshwater and change into fusions over time (Fjelldal et al., 2007),
but may also develop in the caudal region in seawater as a negative
response to intra-abdominal vaccination (Thorarinsson et al., 2024). In
the latter context more recently referred to as ‘cross stich vertebrae’.
Studies on this condition have reported cartilage deposition between the
endplates of adjacent vertebrae and inside the intertrabecular spaces
(Holm et al., 2020), and evidence of gas inside the notochord, along with
perforations in the vertebral endplates with either notochordal tissue
prolapsing into the vertebral body or vascularized fibrochondroid pro-
liferations extending into the notochord (Trangerud et al., 2020). The
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Fig. 9. Main study - caudal fin condition in seawater. The upper two panels show pictures of fish from December 2022 and May 2023. Note the small and degraded
tail fins. There was a significant reduction in the ratio between caudal fin length and fork length between December 2022 (n = 80) and May 2023 (n = 90) (lower left
panel). The shape of the caudal fin measured as the ratio between caudal fin length height and length did not change over time (lower right panel). Data are show as
mean + standard error. Black asterisk indicates significant difference (one-way ANOVA, P < 0.05).

pioneer work by Kvellestad et al. (2000) reported an infiltration by in-
flammatory cells around deformed vertebrae and suggested that verte-
bral deformities in farmed Atlantic salmon starts in intervertebral
tissues. Signs of inflammation has later been reported in ‘cross stich
vertebrae’ (Holm et al., 2020; Trangerud et al., 2020). The currently
studied trout showed ‘cross stich vertebrae’ both in the cranial part of
the abdominal and in the caudal regions, developing before and after
vaccination, respectively. Vertebra compression has been associated
with reduced mechanical strength of the vertebral bodies (Baeverfjord
et al., 1998), and a changed growth pattern of the vertebral body end-
plates along with a replacement of notochordal tissue by cartilage
(Witten et al., 2005). Limitations in dietary phosphorus (Baeverfjord
et al., 1998; Fjelldal et al., 2009¢) and elevated temperature (Ytteborg
et al., 2010; Grini et al., 2011) can result in vertebral compression in
Atlantic Salmon. Vertebral deformity development in Rainbow Trout
may indeed involve the combined forces of the possible inducing factors
earlier defined for Atlantic salmon, and the new factors proposed in this
study for trout (i.e. foraging activity, caudal fin degradation).
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4.5. A widespread problem in Rainbow Trout in seawater

The results from the main study and the extra groups together sug-
gest that ural region vertebral deformities are a wide-spread problem in
seawater farming of Rainbow Trout, and that this most probably links to
the external phenotype of the fish. It may be that the early domestication
and the subsequent selective breeding of Rainbow Trout has changed the
phenotype of the fish to an extent so that it challenges normal bone
development and bone health. As a parallel example, rapid growth im-
poses a high risk for leg bone disorders in broiler chicken (Liu et al.,
2023), where genetic selection has been suggested as a possible
redemption for disease prevention and improved leg health. Earlier
studies on wild Rainbow Trout support the notion that ural region
vertebral deformities is a wide-spread problem among cultured Rainbow
Trout, and do not represent ‘normal variation’. McCrimmon and Bidg-
ood (1965) radiographed 291 wild Rainbow Trout captured in five
different Great Lakes watersheds and 80 hatchery reared Rainbow Trout
of the Normandale stock and found 7.6 and 3.8 % fish with vertebral
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Fig. 10. Extra groups - vertebral deformity occurrence and severity. (A) Occurrence (percentage) of fish with one or more deformed vertebrae. (B) Number of
deformed vertebrae (mean + SE) among deformed fish only, reflecting severity. Number of fish examined: Extra 1 (n = 23), Extra 2 (n = 105), Extra 3 (n = 74).
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regionalized into 5 regions according to Sankar et al. (2024). Number of fish examined: Extra 1 (n = 23), Extra 2 (n = 105), Extra 3 (n = 74).
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deformities, respectively. Of the totally 25 deformed trout (wild and
reared pooled), 23 had deformed vertebrae located in the abdominal
region between the dorsal and pelvic fins (6.2 %), 1 had deformities in
vertebrae number 5 to 9 (0.3 %), and 1 had deformities in vertebrae
number 54 and 55 (0.3 %) (McCrimmon and Bidgood, 1965). The
average number of deformed vertebrae among deformed fish was 6.2 in
that study (wild and reared pooled). Van Velson (1978) examined 4944
adult wild Rainbow Trout trapped in the upper North Platte River
drainage in Nebraska and found 4.6 % fish with vertebral deformities,
which were categorized into two types; vertebral column curvature
(lordosis or scoliosis), and deformity in the caudal peduncle with
vertebra ‘smashed or jammed’ together giving the fish a ‘stubby’
appearance. The examined fish in the latter study may have contained
some hatchery reared fish (likely low) and may have been exposed to
electricity early in life. Van Velson (1978) concluded that if deformities
approach 8 to 10 %, they should no longer be considered natural, and
investigations should be made to determine the cause. Like the studies
on wild Rainbow Trout, a radiological study on wild Sockeye (Onco-
rhynchus nerka), Pink (Oncorhynchus gorbuscha), and Chum Salmon
(Oncorhynchus keta) showed a low occurrence of vertebral deformities
(2.8-3.3 %, Gill and Fisk, 1966).

5. Conclusions

Rainbow Trout farmed to a large size in seawater have a high risk of
developing vertebral deformities. The most severe deformities start to
develop early and affect the anterior part of the abdominal region of the
vertebral column. The most abundant deformities develop in the ural
region of the vertebral column and may be linked to degradation of the
caudal fin lepidotrichs. The latest developing deformities affect the
postcranial, transitional, and caudal regions of the vertebral column.
Together, these deformities cover a large portion of the vertebral column
and depress fish growth. Vertebral deformities are thus an important
individual based welfare indicator for farmed Rainbow Trout. Based on
experience from farmed Atlantic Salmon relevant research topics for
finding a solution may be mineral nutrition, rearing temperatures, and
vaccine side effects. In addition, improvement of caudal fin health
should be a top priority.
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