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A B S T R A C T

Bone health is important for a viable and ethically sound Atlantic salmon aquaculture industry. Two important
risk factors for vertebral deformities are dietary phosphorus and water temperature. Here, we explore the in-
terplay between these two factors during a full production of Atlantic salmon. Salmon were fed one of three diets
(low 4.4–5.0 g kg−1, medium 7.1–7.6 g kg−1, or high 9.0–9.7 g kg−1 soluble phosphorus) from 3 to 500 g body
weight, followed by a common diet of 7.3 g kg−1 soluble phosphorus until harvest size at 4 kg. Additional groups
were included to investigate the effects of water temperatures of 10 vs 16 °C (low and high diets only) and the
switching of dietary phosphorus levels (from low to medium or high, from medium to low or high, from high to
low or medium), starting at seawater transfer (~100 g body weight) and lasting for 4months (~500 g body
weight). During the experimental feeding period, the low phosphorus diet caused reduced bone mineralization
and stiffness and a greater prevalence of vertebral deformities, compared to the medium and high phosphorus
diets. However, the prevalence of severely deformed fish at harvest was reduced by switching from the low to
either the medium or high phosphorus diets for 4months after seawater transfer, followed by rearing on the
standard commercial feed. Concurrently, switching from either the medium or high to a low phosphorus diet for
the same period following seawater transfer had no effect on vertebral deformities at harvest. The higher water
temperature for 4months following seawater transfer increased the severity of deformities at harvest, irre-
spective of dietary phosphorus. Finally, low dietary phosphorus was associated with increased fillet damage, due
to ectopic connective tissue around the spine, at harvest. In conclusion, dietary phosphorus levels of 5 g kg−1 for
the initial 4months in seawater are more of a risk factor for vertebral pathologies if preceded by low, but not
medium or high, dietary phosphorus in freshwater. However, dietary phosphorus levels may not play a role in
temperature induced radiologically detectable vertebral pathologies. Under the reported growing conditions and
diet compositions, a combination of 7.5–7.6 g kg−1 soluble phosphorus during freshwater and 5.0 g kg−1 for the
first 4months in seawater, was sufficient for normal bone health and growth in Atlantic salmon.

1. Introduction

A normal developing skeleton is a prerequisite for sustainable pro-
duction and animal welfare, but vertebral column deformities are a
persistent concern for farmed Atlantic salmon (Salmo salar) (Fjelldal
et al., 2012a). Vertebral deformities reduce growth performance
(Hansen et al., 2010), increase an individual's energy demand (Powell
et al., 2009), and result in downgrading at harvest (Fraser et al., 2013).

In some cases, vertebra deformities may also result in problems during
filleting due to tissue damage (Sullivan et al., 2007).
Dietary phosphorus supply has been highlighted as one of the key

factors in the aetiology of vertebra deformities in farmed salmon
(Bæverfjord et al., 2018), although a phosphorus deficient diet alone in
some cases may not induce skeletal deformities (Gil-Martens et al.,
2012; Witten et al., 2016). Phosphorus is an essential nutrient for fish
with many metabolic functions as it is a constituent of bone, scales,
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adenosine triphosphate, cell membranes, and nucleic acids (Skonberg
et al., 1997). Due to the low phosphorus salt content and inefficient
absorption from water, phosphorus is supplied via the diet (Lall, 2003).
If too low, dietary phosphorus leads to insufficient bone mineralization
and a reduced mechanical stiffness of the vertebrae (Baeverfjord et al.,
1998), which can result in the development of compressed vertebrae
(Fjelldal et al., 2009). Although many papers have dealt with dietary
phosphorus requirements during both freshwater (Fjelldal et al., 2012b;
Helland et al., 2005; Ketola, 1975; Smedley et al., 2018; Vielma and
Lall, 1998; Åsgård and Shearer, 1997) and seawater (Albrektsen et al.,
2009; Baeverfjord et al., 1998; Fjelldal et al., 2009, 2012c) life stages
separately, the combined effect of phosphorus nutrition in both en-
vironments has never been investigated.
Water temperature is also an important factor in the aetiology of

vertebral column deformities in farmed salmon (Fraser et al., 2015;
Grini et al., 2011; Ytteborg et al., 2010). However, the link between
temperature and mineralization is not obvious. For example, elevated
water temperature (16 °C) during the early seawater period resulted in
more vertebra deformities than a lower seawater temperature (10 °C),
but there was no temperature effect on mineralization (Grini et al.,
2011). Therefore, the negative effect on normal bone development
imposed by elevated temperature may be mediated via other mechan-
isms such as altered bone remodelling (Wargelius et al., 2010). So far,
the combined effect of phosphorus nutrition and water temperature on
the development of vertebra pathologies has not been studied.
Our aim was to determine whether dietary phosphorus require-

ments, primarily regarding bone health, can interact with life stage or
water temperature. Therefore, we investigated growth, markers of bone
health, and vertebral deformities in Atlantic salmon fed different
dietary phosphorus levels from 3 to 500 g body weight, first in 13 °C
freshwater (3–100 g body weight) and then either 10 or 16 °C in sea-
water (100–500 g body weight), and then followed up on one common
diet at 8 °C until harvest size of 4 kg. The temperatures used throughout
the study are based on those that are encountered during a typical
production cycle. The dietary soluble (≈digestible) phosphorus levels
used ranged from 4.4–9.7 g kg−1, a range that is above and below the
official recommendation of 8 g kg−1 available phosphorus for farmed
Atlantic salmon (NRC 2011).

2. Materials and methods

2.1. Fish stock

All experiments were conducted in accordance with the laws and
regulations of the Norwegian Regulation on Animal Experimentation
1996. Atlantic salmon larvae (n=2280) with a mean weight of 2.8 g
were provided by Marine Harvest (Mowi strain) and transported to
Skretting ARC Lerang Research Station, from Vågafossen Settefisk AS,
on the 13th March 2012 (day 0), whereupon they were kept on con-
tinuous light.

2.2. Diets

A commercial feed was produced according to the ingredient com-
position shown in Table 1. All chemical analyses described below were
carried out in duplicate. A method for fractional extraction and analysis
of NaOH soluble phosphorus was used as a predictor of digestible
phosphorus in the diets (Albrektsen et al., 2018), based on the as-
sumption that the chemical form and solubility of phosphorus are the
main criteria for intestinal phosphorus absorption (Groote, 1986;
Nordrum et al., 1997). The diets were produced to contain 3 different
levels of phosphorus; low, medium, high that corresponded to
4.0–4.5 g, 7.0–7.5 g, and 9.0–9.5 g soluble phosphorus per kg of diet,
respectively. Total phosphorus was determined by a spectrometric
method (ISO 6491–1998, https://www.iso.org/standard/12864.html),
while NaOH-extractable (soluble) phosphorus was determined

following incubation of duplicate ingredient samples (0.8 g) in 80mL of
1M NaOH for 16 h according to a procedure described in Ruban et al.
(2001) and later modified by Hua et al. (2005). The method on soluble
phosphorus was modified and validated by Hovde (2013). By using this
method, it is not possible to differentiate between phytate phosphorus
in the plant ingredients (unavailable) and other soluble and available
forms of phosphorus. Therefore, digestible phosphorus levels in the
diets (Table 1) may be slightly overestimated by about 15% due to
variable phytate phosphorus levels in the plant ingredients. The che-
mical contents of the diets showed that the intended contents of nu-
trients and expected levels of phosphorus were largely achieved fol-
lowing the subtraction of phytate phosphorus. The low phosphorus diet
fed in the period after transfer (100–500 g fish) contained 5 g kg−1

soluble phosphorus, which is slightly higher than expected.

2.3. Experimental design

For a schematic of the experimental design and environmental
conditions see Fig. 1. Briefly, juveniles were divided equally between 3
dietary regimes; low (LP), medium (MP), and high (HP) phosphorus (8
tanks/diet, 95 fish/tank). Experimental feeding began on day 14 and all
fish were vaccinated on day 98 with a standard 6 component vaccine
(Alphaject micro 6, Pharmaq AS, Oslo, Norway). On day 155, the fish
(approx. 100 g) were divided between 33 tanks (31–37 fish/tank)
supplied with full strength seawater. Of these, 27 tanks were main-
tained at 16 °C, whereas 6 tanks were maintained at 10 °C. On day 156,
the fish were divided into 11 groups; each original dietary group was
divided into three with one group remaining on the freshwater diet
while the other groups were fed one of the two alternate diets creating
nine dietary groups (LP-LP, LP-MP, LP-HP, MP-LP, MP-MP, MP-HP, HP-
LP, HP-MP, HP-LP) that were reared on 16 °C. A further two groups of
the LP-LP and HP-HP combination were reared on 10 °C. All fish were
tagged with a passive integrated transponder between days 266–267 to
allow for individual recognition. On day 278, all groups were divided
equally between 12 common garden tanks (63–66 fish/tank) where
they were maintained on 8 °C and fed a common diet (Skretting AS
Spirit Pluss, 9.1 and 7.3 g kg−1 total and soluble phosphorus [analysed
values, as above], respectively) until the end of the experiment on day
686. Fish were overfed by 20–30% throughout the experiment. Feeding
was continuous from the start until day 174 whereupon it was switched
to 3 feeds per day until day 234, when it was switched to 2 daily feeds
until the end of the experiment.

2.4. Sampling

Individual fish weight and length were recorded on day 69, 266,
394, and at harvest on day 686. Body size data was used to calculate
body condition (i.e. K factor) using the following equation; K=weight
[g]/length3 [cm]×100. Tank biomass was also recorded at the be-
ginning of the experiment. Growth was calculated as the % mass gain/
day (i.e. specific growth rate [SGR]) as follows; (eq− 1)100 (Houde
and Scheckter, 1981), where q= [In(W2)− In(W1)](t2− t1)−1

(Bagenal and Tesch, 1978), and W2 and W1 are average body mass at
times t1 and t2, respectively. The feed conversion ratio (FCR) was cal-
culated on a dry matter basis per tank (FCR= feed consumed/weight
gain) between days 69–100, 100–153, 153–278. Prior to the fish being
20 g, the FCR data was not calculated as the food pellets were too small
to collect. The data for one MP diet tank was lost for the period June to
August 2012.
The fish were anaesthetized with 0.1 g L−1 of finquel (FINQUEL®

vet.; Western Chemical Inc., Washington, DC, USA) before measure-
ment. Externally visible deformities, sexual maturation (assessed by
visual examination), and the occurrence of cataracts were recorded on
day 266, 394, and at harvest on day 686. The cataract score was re-
corded at harvest and the scoring based on Wall and Bjerkås (1999). In
brief, the scoring was done under darkened conditions by use of a slit
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lamp (Kowa SL-5 with 15· magnification). The severity was scored on a
scale from 0 (no changes) to 4 (complete cataracts). The cataract scores
per individual are given as the sum of both eyes, ranging from 0 to 8.
Fish were sampled for radiology on days 153, 274, and 686. Vertebral
ash content was measured on days 69, 155, 266, and 686. Vertebral
stiffness was measured on day 69. Whole body phosphorus and the Ca:P
ratio was measured on days 69, 155, and 266.

2.5. Radiology, total ash (mineral) content, and bone stiffness

Analysis of vertebral body deformities is based on the examination
of radiographs. At sampling, whole fish were used for lateral radio-
graphs and evaluated for vertebra deformities according to Witten et al.
(2009). The vertebral columns were radiographed (Porta 100 HF;
Eickemeyer Medizintechnik für Tierärzte KG, Tuttlingen, Germany)
onto a 35× 43 cm image plate in a rigid cassette (Dürr Medical, Bie-
tigheim-Bissingen, Germany) with 40 kV and 10 mAs at a distance of
70 cm. The image plate was scanned (CR 35 VET; Dürr Medical) and the
resulting image converted into a TIFF file (Vet-Exam Plus Software,
version 4.14.0).
Vertebrae numbers 40–43 were dissected, the neural and haemal

arches were removed, and the amphicoelus centra were used for me-
chanical testing and measurement of total ash (mineral) content. The
vertebrae were compressed in the cranial-caudal direction using a
texture analyser (TAXT2 Texture Analyser, Stable Micro Systems,
Haslemere, UK) with a steadily advancing piston (6mmmin−1). The
resulting load-deformation data were continuously recorded and the
stiffness calculated for each vertebra according to Fjelldal et al. (2004).
After mechanical testing, vertebrae number 40–43 of each fish were
pooled, defatted in acetone and chloroform baths, dried overnight at
100 °C, and then incinerated for 11.5 h in a muffle furnace (Mod. L40,
Nabertherm GmbH, Bremen, Germany) (115 °C for 0.5 h, 540 °C for 5 h,
and 750 °C for 6 h according to Kacem et al., 2000). The dry and total
ash contents of each individual were weighed to the nearest 10−2mg.
The total ash content was calculated as follows: Total ash content (%
dry weight)= (total ash weight× 100)× (dry weight)−1.

2.6. Mineral analyses in fish

Total phosphorus in pooled samples of whole-body were determined
spectrophotometrically (430 nm) after ashing and treatment in 6M HCl
(ISO 6491-1998). Freeze dried samples of whole-body were analysed
for total phosphorus (P) and calcium (Ca), and the whole-body Ca:P
ratio calculated (whole-body Ca/whole-body P). Whole-body Ca was
determined by atomic absorption spectrometry (ISO 6869-2000,
https://www.iso.org/standard/33707.html).

2.7. Fillet damage

Macroscopic damage to the fillet, due to the occurrence of con-
nective tissue, was scored as either present or absent at harvest. The fish
were carefully filleted by hand and both fillets were evaluated for oc-
currence of excessive connective tissue. The structure of the excessive
connective tissue allowed normal hand filleting without applying extra
force. Excessive connective tissue was white and covered the area of the
musculature closest to the vertebra column caudally to the anus (Fig.
S1). Fish that had excessive connective tissue present in both fillets
were classified as “damaged”.

2.8. Histological analysis

Based on the radiological examination, spine sections were selected
for biopsies and histological examination. From each group, 4 fish with
typical malformations and 2 fish with non-deformed spines (controls)
were selected, 24 biopsies in total. Histological samples were dec-
alcified and embedded in paraffin. Para-sagittal serial sections (per-
iphery of the vertebral body to the mid line) of 5 μm thickness were
stained with Masons trichrome as described in Presnnell and
Schreibman (1998). Sections were analysed with a Zeiss Axio Imager Z1
microscope and photographed with a Zeiss Axiocam.

2.9. Statistical analysis

The data were transferred to R version 2.15.0 (R Development Core
Team, http://www.r-project.org). Significance was assigned at
p < .05. Data were checked for normality following visual

Table 1
Diet composition (LP= low phosphorus, MP=medium phosphorus, HP=high phosphorus) and proximate composition.

Parameter Fresh water Sea water

Diets from 3 to 20 g Diets from 20 to 100 g Diets from 100 to 500 g

LP MP HP LP MP HP LP MP HP

Diet ingrediants (%)
Fish meal (North Atlantic) 38.76 38.70 38.70 38.88 38.80 38.80 25.00 25.00 25.00
Soya protein concentrate (Selecta, Brasil) 15.50 15.50 15.50 15.00 15.00 15.00 19.35 19.30 19.30
Wheat gluten meal 15.89 16.27 16.55 14.91 14.91 14.91 18.56 18.76 18.96
Whole wheat 14.00 12.28 10.58 12.71 11.23 9.70 12.52 11.60 10.45
Fish oil (North Atlantic) 15.25 15.63 16.03 17.90 18.43 18.94 23.10 23.12 23.30
Monoammonium phosphate (Aliphos, The Netherlands) 0.00 1.02 2.04 0.00 1.02 2.04 0.87 1.63 2.39
Yttrium oxide 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Vitamin premixa 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Mineral premixb 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Diet composition (%)
Protein 50.90 50.90 50.87 49.65 49.38 49.15 45.00 45.00 45.00
Lipid 21.70 22.04 22.40 24.31 24.79 25.25 28.00 28.00 28.10
Moisture 7.30 7.12 6.94 7.07 6.90 6.73 6.43 6.33 6.23
Ash 5.69 6.65 7.61 5.65 6.61 7.58 5.52 6.26 7.00

Diet P analysed (g kg−1)
Total P 8.60 11.10 13.90 8.40 10.90 13.10 9.80 11.70 13.10
Soluble P 4.60 7.60 9.70 4.40 7.50 9.40 5.00 7.10 9.00

a Added per kg diet: vitamin D3, 3000 I.E., 160mg; Vitamin E, 136mg; thiamin, 20mg; riboflavin, 30mg; pyridoxine-HCl, 25mg; vitamin C (stay-c), 200mg;
calcium pantothenate, 60mg; biotin. 1 mg, folic acid, 10mg; niacin, 200mg, vitamin B12, 0.05mg; menadione bisulphite, 20mg.
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examination of plots (i.e. histograms and/or q-q plots). Linear mixed
effect (LME) models were used for body mass, body length, and body
condition. The random effect being the individual fish to account for
repeated measures. LME models were used to assess associations be-
tween cataract score, sexual maturity or external deformities and body
mass at harvest, whereas linear models (LM) were used to assess group
effects on bone strength, vertebral mineral content, whole body phos-
phorus, the Ca:P ratio, and FCR. General linear models (GLM) with a
binomial distribution were used to assess the prevalence of cataracts,
sexual maturation, externally visible deformities, fish with ≥1 de-
formed vertebra, fish with ≥10 deformed vertebra, and fillet damage.
For a comparison of sexual maturation in the temperature comparison,
the exact binomial test was used. Cataract score was non-parametric,
and therefore analysed using the Kruskal Wallis test. Post-hoc tests

included lsmeans for parametric data or the Dunns test for non-para-
metric data. The R libraries used were “nlme”, “MuMIn”, “multcomp”,
“car”, “lsmeans”, and “dunn.test”. For models in which more than one
explanatory variable was investigated, all possible 2-way interactions
were initially allowed based on previous findings demonstrating that
sex (Fraser et al., 2014), water temperature (Grini et al., 2011), and
dietary phosphorus (Albrektsen et al., 2009; Deschamps et al., 2014;
Fjelldal et al., 2016; Ketola, 1975; Prabhu et al., 2013; Åsgård and
Shearer, 1997) can all influence growth in salmonids, and these effects
can be transient. In addition, dietary phosphorus (Fjelldal et al., 2012d)
and water temperature (Fjelldal et al., 2011) have been found to affect
the level of early male sexual maturation leading to sex effects on
growth. However, the final model was selected based on a comparison
of all possible model combinations using the “dredge” command within
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Fig. 1. Experimental design and environmental conditions. (A) Schematic of the experimental design. (B) The temperature and photoperiods used throughout. Note,
the fish were given a “winter signal” to induce smoltification between the 22nd May 2012 and the 1st July 2012. In addition, the fish were maintained on simulated
natural photoperiod (59° N, 6° E) from 2nd January 2013 onwards.
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the “MuMIn” library, with the final model being the one with the lowest
akaike information criterion (AICc), i.e. the best data fit weighted
against the number of variables. The “Anova” command within the
“car” library was used to extract the results for the main effects. Type II
sum of squares were used for models without interactions, whereas
main effects were calculated using type III sum of squares when inter-
actions were present within the final model. The body mass and body
length data were natural log transformed prior to analysis. All the raw
data (Fraser et al.xlsx) and the R script (Fraser et al.R) used to analyse
the data can be found in Supplementary material.
Due to the large number of groups within the experiment, the data

was analysed in four ways; i) a comparison of being fed continuous LP,
MP, or HP throughout the whole experiment, ii) a comparison of
switching diet at seawater, iii) a comparison of being fed either the LP
or HP throughout, but being exposed to different water temperatures at
seawater transfer, and iv) general associations between harvest size and
cataract score, sexual maturity, or external or radiologically identified
deformities. This approached allowed for a more focused analysis and
discussion of the research questions.

3. Results

The data on body size, condition, sexually maturity, and cataracts
can be found in Table 2, while parameters regarding vertebral defor-
mities can be found in Table 3. Significant explanatory variables for
each parameter can be found within Tables 2 and 3. The full statistical
output for the final models, as well as relevant post-hoc results can be
found in Supplementary Tables S1–6. Data on specific growth rates can
be found in Supplementary Table S7, but was not included for statistical
analysis as only tank means were available prior to pit tagging and the
body mass data indicated no major biological effects of diet.

3.1. Continuous LP, MP, or HP diet

There was no effect of dietary phosphorus or sex on body mass or
length at any time point in freshwater or seawater, but MP fish had
lower body condition than the LP fish in freshwater and the HP fish had
lower condition factors than the MP and LP groups throughout the
seawater period. Dietary phosphorus had no effect on FCR, cataracts, or
the prevalence of sexual maturation.
Compared to the MP and HP groups, the vertebra of the LP fed fish

had a lower mechanical stiffness and whole-body phosphorus and Ca:P
ratio, and the mineral content was lower at all time points except at
harvest. Compared to the MP and HP groups, those fish fed the LP diet
had a higher prevalence of externally visible deformities and fish with
≥1 and ≥10 deformed vertebra at all time points. It was also noted
that those fish fed the LP diet in freshwater had an increased number of
deformed vertebrae in the tail fin region (v50–60) at day 266, whereas
deformed vertebrae in this region were not as evident until harvest (day
686) in those fish fed the MP and HP diets (Supplementary Figs. S2–5).
There was no difference in vertebra strength, mineral content, whole
body phosphorus and Ca:P ratio, or the prevalence of deformed fish
between MP and HP fed fish throughout. There was a tendency for the
LP diet to increase the prevalence of fillet damage due to connective
tissue, but this was not significant.

3.2. Switching dietary phosphorus at seawater transfer

There were some transient effects of switching diet at seawater
transfer on body mass and condition, but not length. The only dietary
effect at harvest was that the LP-MP fed fish had a lower body condition
than the MP-MP fed fish, with the MP-HP fish being intermediary. For
both the MP and the HP diets, there was a significant drop in FCR when
switched to LP vs those that were on MP or HP. Generally, the early
seawater diet had no effect on cataract prevalence or severity, with the
exception that those fish fed the HP-MP diet combination had a

significantly lower prevalence of cataracts than those fed HP-LP. There
was a trend for reduced levels of grilsing at harvest in those fish fed the
HP diet in seawater, but this was not significant (linear model, p= .06).
Sex had only minor transient effects on body condition within the HP
and LP dietary phosphorus groups (data not shown).
Switching the diet for the first 4months in seawater had no effect on

the prevalence of fish with ≥1 deformed vertebra. However, switching
those fish fed the LP diet in freshwater to either the MP or HP diet in
seawater led to a significant reduction in the prevalence of fish with
≥10 deformed vertebra. Switching from the HP diet to the LP diet for
the initial 4months in seawater led to a significant reduction in ver-
tebral ash content while in those fish fed the LP diet in freshwater,
switching to MP and HP diets in seawater led to an increase in the
whole-body Ca:P ratio compared to those fish fed the LP diet con-
tinuously. There was no effect of switching diet at seawater transfer on
fillet damage due to connective tissue, although there was a tendency
(GLM, p= .05) for a negative association with dietary phosphorus in
those fish fed the HP diet during freshwater.

3.3. Water temperature and dietary phosphorus following seawater transfer

Irrespective of diet, those fish maintained on 10 °C for the initial
4 months of seawater rearing weighed significantly less on day 266, but
became significantly heavier at termination of the experiment, than
those fish kept at 16 °C. Furthermore, the fish maintained at 10 °C had
lower body condition on day 394 and at harvest, but not on day 266.
There was also an interaction between diet and temperature on body
condition, but not mass, with the HP fed fish having a significantly
lower body condition than the LP fish at 16 °C, but not at 10 °C. Those
fish maintained on 16 °C had a significantly higher prevalence of cat-
aracts and sexual maturation than those kept on 10 °C, as well as a
higher cataract score. There was no effect of dietary phosphorus on
cataracts or the prevalence of sexual maturation.
Water temperature at seawater transfer had no effect on the whole-

body phosphorus or the Ca:P ratio, ash content, or the prevalence of fish
with one or more deformed vertebrate. However, those fish raised at
16 °C did have a higher prevalence of externally visible deformities and
fish with ≥10 deformed vertebra, irrespective of diet. Here, it was also
observed that those fish fed the LP diet had significantly more fillet
damage than those fed the HP diet, irrespective of temperature.

3.4. Vertebral deformities

In total, 13 different deformity types were recorded. Here, it was
notable that homogeneous compressions were more evident at termi-
nation, whereas compression with reduced intervertebral space was
more evident on day 266 (500 g fish). Otherwise, those fish given the LP
diet were the only groups to show compressed vertebrae without the X
structure (type 4, Witten et al., 2009) whereas compressed and fused
vertebrae were observed in all groups (see Supplementary Fig. S6).

3.5. Histopathology

The variety of bone cell types and structural components identified
on bone sections are shown in Fig. S7, based on control material from
this study. Osteoblasts are abundant, osteocytes are present in low
numbers, and bone resorption by multinucleated osteoclasts is
common. The bone is rich in Sharpey fibres.
To choose samples for histological examinations, a sub sample of x-

rays were analysed to locate and dissect deformed and non-deformed
vertebral bodies, respectively. In freshwater, 8 (×7 LP, ×1 MP) out of
22 fish were diagnosed for a low mineralised spine phenotype based on
X-rays. The histological analysis shows that all fish with this phenotype
developed ectopic cartilage adjacent to the vertebral body growth zone
of the vertebral body endplate. Ectopic cartilage is located dorsal and
ventral (Fig. S8). Fig. S9 shows the regular, non-pathological situation
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of bone formation without the presence of ectopic cartilage. A less
commonly observed pathology was the development of ectopic carti-
lage in the region of the bone trabeculae that connects the vertebral
body endplates.
In post-smolts, 6 (×5 LP, ×1 MP) out of 18 fish showed a low

mineralised spine phenotype based on x-rays. These fish displayed ec-
topic cartilage adjacent to the vertebral body growth zone, but more of
this cartilage has been developed. The cartilage also acquires a more
hyaline phenotype. Fig. S10 compares growth zones in a regular (non-
deformed) and a malformed vertebral body. In fish without mal-
formations, only bone is formed in the vertebral body growth zone. In
fish with radiological signs of malformations, abundant ectopic carti-
lage was present.
At harvest, we selected 4 fish with skeletal malformations, and 2

without, from each of the 11 groups. Fish with deformities showed
primarily different compression and fusion phenotypes (Fig. S11).
There was a strong anterior posterior gradient, as only few fish had
deformities in the anterior part of the spine whereas deformities in the
posterior part of the spine were more abundant (Fig. S3–5). The ma-
jority of diagnosed deformities related to low mineralised vertebral
body endplates (x-ray diagnosis based). Typical was the development of
ectopic cartilage, the replacement of regular (notochord-based) inter-
vertebral tissue by ectopic cartilage, and the extension of ectopic car-
tilage as chondroid into adjacent musculature. Only few fish with low
mineralised vertebral body endplates (x-ray diagnosis based) showed
alterations of the intravertebral body bone spongiosa. Fig. S12 shows
examples in comparison to regular intravertebral body bone spongiosa:
Hyper-dense bones with a large amount of chondroid bone and soft,
undulating, intervertebral bone trabeculae.
In fish with pronounced vertebral body compression, ectopic carti-

lage completely replaced the notochord tissue in the intervertebral
spaces (Fig. S13). The vertebral body growth zone displayed the tran-
sition of bone forming cells (osteoblasts) into cartilage forming cells
(chondroblasts). This transition suggests that the cells from ectopic
(pathological) cartilage derive from osteoblasts that undergo osteo-
blastic to chondroblastic transdifferentiation. Accordingly, a gradient
from bone to cartilage tissues was recorded. This tissue is not present in
regular vertebral bodies.
Ectopic cartilage extends from compressed and fused vertebral

bodies into a tissue that is intermediate between cartilage and con-
nective tissue: chondroid (Fig. S14). In areas of vertebral fusion, fibrous
chondroid tissue has an amorphous extracellular substance with
staining properties similar to extracellular cartilage matrix. This tissue
is present in the musculature where it replaces regular muscle fibres to
a large degree (Fig. S14).

3.6. Associations between deformities, cataracts, and sexual maturation on
body size parameters

In models with all groups pooled, there was a significant negative
association between cataract score, external deformities, and sexual
maturation on body mass at harvest. Generally, body mass increased
with cataract score up until a score of 4, but then decreased between
scores of 5–8. Here, those fish with a score of 8 were the only group
significantly smaller (LME: χ2=67, df= 8, p≤ .001;
−1050 ± 321 g) than those fish without cataracts at harvest. Fish that
had matured as either post-smolts or grilse were significantly smaller
(LME: χ2= 35, df= 1, p≤ .001; −860 ± 144 g) than those fish that
remained immature. Finally, fish with an externally visible spinal de-
formity were significantly smaller (LME: χ2= 62, df= 1, p≤.001;
−653 ± 72 g) than those fish with no externally visible deformity.

4. Discussion

Our objective was to study the effects of dietary phosphorus level on
vertebral column bone health in response to feeding regime and waterTa
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temperature. The LP diet significantly affected indicators of bone health
and increased the prevalence of severe vertebral body deformities.
However, this could be partially rescued by switching the diet to a
higher (≥7.1 g kg−1 soluble phosphorus) phosphorus content for
4months following seawater transfer. However, high dietary phos-
phorus could not prevent the increase in vertebral body deformities
observed in fish reared at high water temperatures for 4months fol-
lowing seawater transfer, suggesting dietary phosphorus may not be a
risk factor for water temperature induced vertebral body deformities.
Fish fed from 3 to 500 g body weight the 4.4–5.0 g kg−1 (LP) soluble

phosphorus diet, which is below the recommended level of 8 g kg−1

available phosphorus for Atlantic salmon (NRC 2011), had an elevated
prevalence of vertebral deformities as typically found in salmonids
(Baeverfjord et al., 1998; Deschamps et al., 2014; Fjelldal et al., 2012b,
2016; Taylor et al., 2015), although not always (Gil-Martens et al.,
2012; Witten et al., 2016). The LP diet was associated with numerous
markers of impaired bone mineralization such as reduced vertebral ash
content (Albrektsen et al., 2009; Deschamps et al., 2014; Fjelldal et al.,
2012b; Helland et al., 2005; Witten et al., 2016), reduced whole-body
phosphorus (Baeverfjord et al., 1998) and Ca:P ratio (Albrektsen et al.,
2009), and the induction of markers of bone mineralization (Fjelldal
et al., 2012c, 2016; Ytteborg et al., 2016). However, switching LP fish
to either the MP or HP diet at seawater transfer for 4months did mi-
tigate the prevalence of fish with severe vertebral deformities. This is
similar to previous work where adequate dietary phosphorus at sea-
water transfer was found to mitigate deformities in a stock already
suffering from a high prevalence of tail deformities as post-smolts
compared to a low phosphorus diet (Fjelldal et al., 2009). However, we
found that switching the diet for 4months after seawater transfer had
no effect on the prevalence of vertebral deformities at harvest in the
MP-LP or HP-LP fish, despite a reduction in whole-body phosphorus to
those levels found in the LP-LP fish. In another study, bone and scale
mineral content and alkaline phosphatase (ALP) also indicated early
phosphorus deficiency signs in smolts fed 5 g kg−1 soluble phosphorus
(Albrektsen et al., 2018). The dietary phosphorus requirement of
salmon is expected to be lower at later life stages due to a decrease in
the utilisation of dietary energy as the growth rates decline (Shearer,
1995). Evidence of this may be found in the mineral content of the
bone, as we found that although the LP diet had consistently lower
values throughout the study, there was no significant difference be-
tween the LP and MP groups at the end of the different feeding regimes
(day 266). This could also be explained by the slightly higher soluble
phosphorus content in the LP diet during the seawater compared to
freshwater phase, 5.0 vs 4.4–4.6 g kg−1, respectively. However,
Deschamps et al. (2014) found that a phosphorus deficient diet (0.5%
total phosphorus) reduced ash content and bone mineralization in small
rainbow trout (Oncorhynchus mykiss), to a greater extent than in larger
trout.
We found a combination of 7.5–7.6 g kg−1 (MP) soluble phosphorus

during freshwater and 5.0 g kg−1 (LP) during the early seawater phase,
was sufficient for bone health in Atlantic salmon under the current
conditions. Similarly, a dietary requirement of 8 g kg−1 soluble phos-
phorus was needed to reach the highest whole-body mineral reservoirs
in pre-smolts (Ytteborg et al., 2016) in accordance with the requirement
for available phosphorus set by NRC (2011), whereas the soluble
phosphorus requirement for normal bone development was met at
6.5 g kg−1 (Ytteborg et al., 2016). In fast growing 0+ smolts, the
phosphorus requirement for normal bone development was met be-
tween 5.1 and 7.4 g kg−1 soluble phosphorus (Albrektsen et al., 2018).
In seawater, Fjelldal et al. (2012c) found that post-smolts (230 g) fed
4 g kg−1 available dietary phosphorus for 49 days had poorer bone
health, as assessed by bone ALP expression, bone tartrate resistant acid
phosphatase (TRACP), matrix metallo-proteinase 13 (mmp13) gene
expression, and vertebral mineral composition and stiffness. In contrast,
we found salmon on the MP-LP diet had no differences in vertebral ash,
whole body phosphorus or Ca:P ratios, or vertebral deformities,Ta
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compared to those salmon fed the MP diet throughout.
Increasing the water temperature at seawater transfer led to an in-

crease in the prevalence of severely deformed fish. This is similar to a
previous report whereby an increased prevalence of vertebral defor-
mities, particularly in the tail region, was observed after keeping
Atlantic salmon on higher (16 °C) vs lower (10 °C) temperatures at
seawater transfer (Grini et al., 2011). Previous work in salmon has
shown that serum phosphorus drops during seawater transfer, sug-
gesting fish may be deficient for phosphorus during this period (Grini
et al., 2011). However, we found no significant interaction between diet
and water temperature on the level of vertebral deformities, suggesting
that either dietary phosphorus is not a factor in the effect of water
temperature at seawater transfer, or the dietary phosphorus levels used
were not high enough to mitigate the temperature effect. Previous work
has found that high water temperature (16 vs 10 °C) alters the dorsal
ventral diameter of vertebra (Grini et al., 2011). Therefore, temperature
induced bone remodelling/growth together with the higher growth
rates achieved by the 16 °C group during the early seawater phase,
could explain the increase in severity of deformities observed in the 16
vs 10 °C groups rather than insufficient dietary phosphorus.
Fish with low-mineralised vertebral bodies were diagnosed for the

presence of ectopic cartilage. Freshwater fish and post-smolts showed
ectopic cartilage adjacent to the vertebral growth zones before com-
pression became visible on x-rays. In contrast, at harvest ectopic car-
tilage and fibrocartilage was present in the intervertebral space in
vertebral bodies that are visibly compressed on x-ray, and fibrocartilage
extended into the musculature. Pauwels model (Pauwels, 1960) could
explain the development of cartilage and fibrocartilage. Here, me-
chanical forces determine the nature of skeletal cells (Hall, 2015); strain
favours the formation of ligaments and intramembranous bone and
compression favours the development of cartilage. Combinations of
strain and compression generate intermediate tissues, such as fibrous
connective tissue and fibrocartilage (Weinans and Prendergast, 1996).
One can well imagine that the bending of under-mineralised vertebral
body endplates transmits compression to adjacent structures and this
compression triggers the development of ectopic cartilage and fi-
brocartilage cartilage. Ectopic cartilage in the intervertebral space of
compressed Atlantic salmon vertebral bodies has been reported pre-
viously (Kvellestad et al., 2000; Witten et al., 2005) and is known to be
caused by compression of vertebra body spongiosa trabelculae (Helland
et al., 2006).
We found fibrocartilage to extend from deformed vertebral bodies

into the musculature; a pathology that affects animal welfare and
production. Previous studies about compressed vertebral bodies only
reported cartilage in intervertebral spaces. Whether this more severe
pathology relates to the size and age of the fish, or if particular risk
factors exist that promote muscle infiltration, needs to be evaluated.
Inflammation is a factor that has been associated with vertebral fusion
and alterations of the musculature because large numbers of granulo-
cytes can occur in the vicinity of the vertebral column (Kvellestad et al.,
2000; Munday et al., 2017). Other studies have found no indications for
inflammation (Witten et al., 2005). Granulocytes that surrounded the
spinal cord and thus appear in the vicinity of vertebral bodies are in-
deed common in farmed Atlantic salmon, but also in fish that have no
deformities (Boglione et al., 2013). Using a potent local inflammation
inducer, Gil-Martens et al. (2012) did not observe a connection between
vertebral body compression and inflammation. Similarly, no connection
was observed between vertebral body compression, phosphorous defi-
ciency, and inflammation. This suggests that mechanical forces ac-
cording to Pauwels (1960) model rather than inflammation are causa-
tive for the occurrence of ectopic fibrocartilage.
Although not consistent across all comparisons, low dietary phos-

phorus tended to be associated with an increased occurrence of con-
nective tissue within the fillet. This condition reduces the value of the
fillet and in severe cases decreases processing efficiency, as these fish
cannot be machine filleted (Sullivan et al., 2007). The occurrence of

such connective tissue has been linked to compressed vertebrae/com-
pressed or missing inter-vertebral space (Haugarvoll et al., 2010),
therefore one would expect the low dietary phosphorus group to show
the highest prevalence of fillet damage as this group had the highest
prevalence of deformed vertebra. However, it was noted that there were
fish with no deformed vertebra that still had connective tissue within
the fillet, and fish with up to 48 deformed vertebra that had no oc-
currence of connective tissue. Therefore, further work is required into
the aetiology of this condition.
There was a notable effect of temperature on growth and cataract

development, but no effect of diet. Higher temperatures following
seawater transfer can lead to an increase in growth, but also have a
negative effect on long-term performance (Grini et al., 2011). Indeed,
the optimum temperature for growth in post-smolts has been found to
be between 12.8 (Handeland et al., 2008) and 13 °C (Handeland et al.,
2003), whereas salmon reared at 10 and 16 °C were predicted to grow
at similar rates (Handeland et al., 2008). We found the 16 °C group
were larger after 4months in seawater, but smaller at harvest size, a
similar finding to Grini et al. (2011). The reasons behind this result are
unknown, but sexual maturation, skeletal deformities, and cataracts are
likely to reduce long-term growth rates and were higher/more severe in
the 16 vs 10 °C groups. Indeed, all 3 factors were negatively associated
with harvest weight. High water temperature around seawater transfer
(i.e. 16 °C) is a known risk for cataract development (Bjerkås et al.,
2001). The causes of this may be multifactorial, but include a deficiency
of dietary histidine, an important amino acid for cataract development,
and/or osmoregulatory stress around smoltification (Bjerkås and
Sveier, 2004). In terms of diet, low (Albrektsen et al., 2009; Deschamps
et al., 2014; Ketola, 1975; Prabhu et al., 2013; Åsgård and Shearer,
1997) or even high (Fjelldal et al., 2016) dietary phosphorus levels
have been associated with reduced growth, however, salmonids can
maintain growth at pathologically low dietary phosphorus levels
(Baeverfjord et al., 1998; Fjelldal et al., 2012b; Helland et al., 2005) as
found in the current study.
There was no effect of dietary phosphorus on the level of sexual

maturation, in contrast to a previous report of a negative association
(Fjelldal et al., 2012d). However, a lower water temperature at sea-
water transfer was associated with reduced levels of early sexual ma-
turation. This is of particular interest to those wishing to produce larger
smolts through temperature manipulation as high-water temperature
around seawater transfer has recently been identified as a risk factor for
the incidence of post-smolt maturation, particularly in males (Fjelldal
et al., 2011; Imsland et al., 2014). The exact mechanism is unknown,
but is expected to be related to energy reserves at or prior to specific life
history events (Adams and Thorpe, 1989). Here, it is noted that body
condition (a.k.a. condition factor), a proxy for energy reserves
(Herbinger and Friars, 1991), was much higher in LP fish that were
reared at 16 vs 10 °C, but no such pattern was evident in the HP fish.
Therefore, further work is required into the role of energy reserves and
temperature manipulation on the prevalence of early sexual matura-
tion. Similar to recent work (Fraser et al., 2019), we found that those
fish that sexually matured as post-smolts survived in seawater, but were
significantly smaller at harvest than fish that remained immature
throughout.

5. Conclusions

Atlantic salmon suffer from a higher risk of developing of vertebral
deformities when fed 4.4–4.6 g kg−1 soluble phosphorus during the
freshwater life stage compared to 5.0 g kg−1 during the first 4months
in seawater. However, the effects of the LP diet could be partially mi-
tigated by feeding fish ≥7.1 g kg−1 soluble phosphorous in seawater.
Fish fed the LP diet also tended to have more fillet damage than those
fed the HP diet, irrespective of water temperature. Furthermore, high
water temperatures for 4months following seawater transfer resulted in
an increase in vertebral deformities, but this temperature effect appears
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independent of dietary phosphorus levels. Therefore, further work is
required into understanding the mechanisms behind temperature in-
duced vertebral deformities.
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