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Abstract

In the recent years, challenges faced in salmonid farming with regard to deformi-

ties have helped to improve our knowledge on skeletal biology and development

of bone health in salmonids. Different nutritional, genetic and environmental fac-

tors are associated with skeletal deformities in salmonids and other fish species.

Minerals are a group of essential nutrients having a vital role to play in skeletal

development, growth and remodelling. The knowledge generated thus far on the

structural and functional importance of minerals in salmonid bone health is lar-

gely restricted to phosphorus. A brief account of dietary phosphorus-related bone

deformities encountered in salmonids, critical life stages for the development of

bone deformities, recent developments in the understanding of their aetiology

and dietary phosphorus levels required to improve bone health are presented. The

effect of increased dietary level of phosphorus in reducing bone health disorders

under conditions of improved feed conversion efficiency and use of triploids in

salmon farming are illustrated with help of metadata analysis from literature.

With regard to the role of other essential minerals (macro- and micro-) impacting

bone health in salmonids, data available are extremely limited and hence informa-

tion on other fish species and mammals is summarized in relation to bone devel-

opment and incidence of deformities. The need to improve mineral

bioavailability, utilization and reduce effluent mineral load is presented in brief

with example from Norwegian salmon farming. Refinements in mineral require-

ment recommendations for salmonids and advanced methodologies for studying

aetiology of skeletal anomalies, bone mineral status, skeletal development and

deformities are also discussed.

Key words: Atlantic salmon, bone health, deformities, minerals, rainbow trout, requirement.

Introduction

Salmonids are an important group of farmed fish. The two

major species of aquaculture importance are Atlantic sal-

mon (Salmo salar) and rainbow trout (Oncorhynchus

mykiss). Salmonid aquaculture has witnessed tremendous

growth over the past few decades. The progress made in

understanding of the nutrition and feeding of salmonids

had a vital role to play in the development of the sector.

Improving the feed conversion and nutrient retention

efficiencies in farmed salmonids are a few to mention. The

rapid development also imposes challenges questioning the

long-term sustainability and environmental safety of the

farming activity. One of the challenges is the increasing

incidence of bone deformities in farmed salmonids with

adverse quantitative and qualitative implications. Bone

deformities can reduce growth (Gjerde et al. 2005; Hansen

et al. 2010), cause downgrading losses at harvest (Michie

2001) and impair fillet quality (Sullivan et al. 2007; Hau-

garvoll et al. 2010). Further, there is an increased metabolic
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cost in fish with bone deformities (Powell et al. 2009). In

short, bone health has direct consequence on monetary,

environmental and ethical aspects of salmon farming.

It can be generally argued that during the era of rapid

development of salmonid farming, more emphasis is given

to somatic growth while skeletal growth is compromised.

Skeletal structure forms the basic framework for growth of

a healthy animal, and dietary minerals are an important

group of nutrients essential for proper skeletal develop-

ment. The skeletal architecture of fish is comprised of an

organic bone matrix, and inorganic minerals mostly com-

prised of collagen and hydroxyapatite (HAP), respectively.

HAP is a hydroxylated polymer of calcium phosphate

[Ca10(PO4)6(OH)2] embedded in a matrix of type I colla-

gen fibres (Moss 1961). In fish, the bones represent a major

and highly conserved reservoir of minerals, especially cal-

cium (Ca), phosphorus (P), zinc (Zn) and manganese

(Mn) (Watanabe et al. 1997). The concentration of these

minerals in the vertebrae is considered to be most relevant

indicators of the mineral status and to quantify dietary

requirements of the aforesaid minerals in fish (Antony Jesu

Prabhu et al. 2013, 2016b). Of all the minerals or even

nutrients essential to fish, phosphorus is by far the most

studied; nevertheless, the effect of dietary phosphorus on

bone growth is still not well understood. The effect of diet-

ary phosphorus deficiency or suboptimal supply affecting

normal growth or mineralization in fast-growing fish has

been well documented in salmonids (Sugiura et al. 2004).

Even though the role of calcium in ensuring proper miner-

alization is understood, the significance of sufficient dietary

calcium supply in salmonid feeds is still debated. In terms

of the role of other minerals in bone health, our knowledge

is very limited and requires further understanding of their

role in bone formation and remodelling. Moreover, the

challenges faced by the aquaculture industry in terms of

sustainability of feed resources, novel feed formulations

ensuring rapid growth, good health and less environmental

impact have made mineral nutrition of salmonids ever

more dynamic and vulnerable to changes. Recent compila-

tions by NRC (2011) and Antony Jesu Prabhu et al. (2013,

2016b) have provided useful information on the present

knowledge and highlighted the need for better understand-

ing the mineral requirement of fish. One of the significance

of dietary minerals in fish feeds is to ensure proper bone

health. The role of nutrients in skeletal metabolism and

physiology in fish has been reviewed by Cahu et al. (2003)

and Lall and Lewis-McCrea (2007). A brief account on the

role and functionality of fatty acids, vitamins and minerals

in skeletal metabolism of fish was provided in the afore-

mentioned reviews. In the past decade alone, a large body

of literature has been generated in the context of minerals

and their importance in fish bone health. The emphasis

here was to review the recent developments on the role of

minerals in influencing bone growth, physiology and health

with regard to salmonids.

Salmonid bone biology

Type of bone and vertebral development

Fish bones can be classified into two types, cellular (osteo-

cytic) or acellular (anosteocytic) based on the presence or

absence of osteocytes, respectively (Weiss & Watabe 1979).

Acellular bones are formed by osteoblast cells, instead of

osteocytes and are found in Cichlidae family. Cellular bones

are found in fish species of the families Salmonidae, Cypri-

nidae and Clupeidae. In either case, the bones provide sup-

port to the structural integrity of the body for normal

posture, development and locomotion. It provides a site for

muscle attachment, protects vital organs and cells like the

brain, and serves as a reservoir of ions (Lall & Lewis-

McCrea 2007).

The vertebral column of Atlantic salmon is comprised of

57–60 vertebrae (Kacem et al. 1998), which starts to

develop during early first feeding (Nordvik et al. 2005).

The vertebral bodies are roughly cylindrical and consist of a

biconoid amphicoelous core of compact bone surrounded

by trabecular bone. The core of compact bone is mostly

made up of collagen fibres oriented circularly, perpendicu-

lar to the cranial–caudal axis, while the trabecular bone has
a more woven collagen matrix (Nordvik et al. 2005). The

vertebrae are separated by a notochord-derived interverte-

bral tissue, which is running continuous throughout the

vertebral column. The hydrostatic pressure of the noto-

chord prevents direct contact between the vertebral bodies

(Grotmol et al. 2003), which are interconnected via inter-

vertebral ligaments (Nordvik et al. 2005). Bone tissue con-

sists of an organic matrix, minerals and bone cells. The

organic matrix is mostly made up of collagen, and the bone

cells present in Atlantic salmon vertebrae are osteoblasts,

osteocytes (Nordvik et al. 2005) and osteoclasts (Martens

et al. 2006). Osteoblasts are anabolic cells located at the

bone surface that secrete and deposit the organic matrix,

whereas osteocytes are formed when osteoblasts are trapped

during bone growth (Franz-Odendaal et al. 2006). Osteo-

clasts are catabolic cells that resorb the organic matrix

(Witten & Huysseune 2009b). In Atlantic salmon vertebrae,

the density of osteoblasts is the highest at the cranial and

caudal rims of the amphicoel, and at the distal ridges of the

trabeculae, the number of osteocytes is ten times higher in

trabecular than in compact bone (Nordvik et al. 2005), and

osteoclasts are located in the trabecular bone (Martens

et al. 2006). As the vertebrae increase in size, the organic

matrix is first formed as osteoid, which subsequently min-

eralizes. The most abundant bone minerals are P and Ca,

which are arranged in crystals of apatite. Teleost bone is

generally thought to consist of Ca-deficient apatite and/or

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd.2

G. Baeverfjord et al.



Ca-rich apatite, both of which decompose at high tempera-

tures to b-tricalcium phosphate (TCP) and HAP (Hamada

et al. 1995; Mkukuma et al. 2004). Apatites consist of Ca,

phosphate, hydroxide and carbonate (Mkukuma et al.

2004). In teleosts, various species have been shown to pos-

sess HAP or a combination of HAP and TCP after heating

to 600 °C (Hamada et al. 1995). The molar Ca/P ratios of

TCP and HAP are 1.5 and 1.67, respectively (Hamada et al.

1995). For Atlantic salmon, the molar Ca/P ratios in verte-

bral bone have been shown to range between 1.25 and 1.62

(Graff et al. 2002; Helland et al. 2005; Witten et al. 2005;

Fjelldal et al. 2009; Grini et al. 2011), and there seems to be

an increased ratio with age (Shearer et al. 1994; Graff et al.

2002).

Bone health in farmed salmonids

Over the years, salmonid farming has faced issues with

defective bone formation and vertebral deformities.

Although reported in a wide range of salmonid species,

comprehensive reports are available only for the two most

commercially important salmonids, rainbow trout and

Atlantic salmon. In trout, a surveillance study was con-

ducted in bone samples of over 400 farmed trout from 23

trout farms in France, and it was documented that vertebral

anomalies were high in most trout farms and the quality of

the vertebrae and bone tissue of these trout were generally

poor (Aubin 2007). In Atlantic salmon, reports from sal-

mon producers indicate that incidences of bone deformities

were also high, but are relatively decreased in the present

compared to the preceding decades. The disorder is how-

ever invariably present and sometimes at high incidence.

Mechanisms of development of bone deformities

The mechanism of development of bone deformities in sal-

monids is suggested to be through three different processes

in skeletal physiology. All the three are reported in both

rainbow trout and Atlantic salmon. (i) Osteoclasy, which is

the demineralization and destruction of the organic matrix

by osteoclasts (Sire et al. 1990; Witten & Hall 2003); (ii)

periostenocytic osteolysis, leading to demineralization and

destruction of the organic matrix by osteocytes (Lopez

1973; Kacem & Meunier 2000b); and (iii) halastasy, charac-

terized by demineralization without destruction of the

organic matrix with a slight decrease in bone mineral con-

tent (Lopez 1973; Kacem et al. 2000a; Kacem & Meunier

2003). In salmonids, the movement between adjacent verte-

bral bodies is mainly limited to lateral flexion during swim-

ming. It is possible that the mechanical loading generated

by the lateral musculature during swimming is strong

enough to inhibit a normal arrangement of collagen fibrils

as the bone grows if not enough minerals are embedded

into the collagen matrix. In accordance, vertebral deformi-

ties in Atlantic salmon seem to develop where the mechani-

cal loading generated by the lateral musculature is the

strongest (Fjelldal et al. 2009). On the other hand, it is also

possible that a low mechanical stiffness and soft bone struc-

ture in the vertebral bodies damage the notochord-derived

intervertebral tissue, which subsequently inhibits normal

longitudinal growth of the vertebrae. A vertebral body with

a low stiffness may get slightly anterior–posterior com-

pressed when the lateral musculature contracts, and may

return to its normal less compressed phenotype when the

muscle relaxes. Such a nondeformational change in mor-

phology may rupture the notochordal sheet or harm the

notochord in other ways. Consequently, a damaged noto-

chord may inhibit normal longitudinal growth of the verte-

bral bodies. Vertebral body compression and fusion are

often characterized by the development of ectopic cartilage

that replaces the notochord tissue (Kvellestad et al. 2000;

Witten et al. 2005, 2006). Osteoblasts that are located at

the growth zone of the vertebral body acquire a chondrob-

last-like phenotype and produce cartilage instead of bone,

and the vertebral bodies increase in diameter but not in

length and obtain a compressed phenotype with normal

trabeculae (Witten et al. 2005). When adjacent vertebral

bodies fuse, the cartilage that occupies the intervertebral

region is remodelled into bone (Witten et al. 2006). Fur-

ther, reduced elasticity, structural alterations and cellular

changes in the intervertebral notochord tissue (Ytteborg

et al. 2010a) and dorsoventral shifts and lack of interverte-

bral spaces between normal vertebrae (Fjelldal et al. 2007a)

are probably involved in the development of vertebral

fusions in Atlantic salmon. Fjelldal et al. (2007b) compared

farmed Atlantic salmon postsmolts with a low and high

mineral content, and found that the amount of organic

matrix was equal while the amount of minerals was differ-

ent. This indicates that the observed large variation in min-

eral content was a consequence of impaired mineralization

rather than demineralization. Also the fact that low dietary

P reduces vertebral bone tartrate-resistant acid phosphatase

(TRACP) enzyme activity and MMP 13 (matrix metallo-

proteinase 13) mRNA expression (Fjelldal et al. 2012b)

indicated that Atlantic salmon do not use vertebral bone as

a reservoir for minerals under periods of low mineral sup-

ply. Indeed, in salmonids, resorption of scales form the pri-

mary means of meeting increased physiological demand for

minerals, especially Ca (Persson et al. 1997, 2005).

Types of bone anomalies observed in farmed salmonids

The different anomalies encountered in the bones of fish

can be categorized into few distinct groups based on their

aetiology and clinical pathology. According to Lall and

Lewis-McCrea (2007), bone disorders reported in fish
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included kyphosis (humpback, hunchback), lordosis (sad-

dleback, swayback), scoliosis (lateral curvature with rota-

tion of the vertebrae) and platyspondyly (short tail,

compressed vertebrae). Witten et al. (2009a) proposed 20

types of salmon vertebral column malformations that are

repetitively observed under farming conditions: nine types

of compression and fusion-related deformities, four types

of abnormal radiotranslucent or radiopaque vertebral bod-

ies, three types of spine curvatures, three types of symmetry

deviations and displacement of vertebral bodies and one

type of severe multiple malformations. Based on the sug-

gested categories, we discuss the relationships between

types of vertebral body malformations. A clear distinction

between anomalies of vertebral axis and vertebrae was also

made in the report of Witten et al. (2009a). Anomalies

affecting the vertebral axis in Atlantic salmon can be

divided into seven categories: spinal curvatures (three

types: lordosis, kyphosis and scoliosis), symmetry devia-

tions and displacement of vertebral bodies (three types: ver-

tically shifted vertebrae, vertebral bodies with uneven

internal structures and vertebrae centra shifted dorsally or

ventrally), and severe co-occurring of multiple anomalies.

The anomalies of vertebrae include dislocation, fusion,

compression shortening, deformation or lack of the centra,

lack or extra formation of the haemal and neural arches

and apophysis, lack or separation of the ribs (Boglione

et al. 2013b). Compressed vertebrae with intervertebral

spaces are classified as platyspondyly, and compressed ver-

tebrae without intervertebral spaces are classified as verte-

bral ankylosis and platyspondyly (Fjelldal et al. 2007a).

Other deformities include ‘neck-bend’ or ‘stargazer’ and

compressed snout (pugheadness), bent jaw (crossbite, hare-

lip or front and downwards protuberance of jaw; reduction

in lower jaw), short operculum and other defects (reduced

or asymmetric fins, etc.). For more detailed information on

skeletal anomalies in fish, the readers are referred to Witten

et al. (2009a) and Boglione et al. (2013a,b).

Critical life stages and factors influencing bone health

Relevant life stages in the culture of the anadromous Atlan-

tic salmon can roughly be divided into start feeding (fresh-

water), parr growth, smoltification, sea transfer, growth in

seawater and reproduction after returning to freshwater.

These life stages differ in environmental conditions and

biological programming which require specific adaptations

of the fish. General physiology changes profoundly when

entering each new stage, with potential effects on energy

demands, tissue deposition, growth and osmoregulation of

the fish. At each stage, all of the above-mentioned factors

combined are likely to affect the mineral requirement of

the fish and in particular the periods of transitions from

one stage to the next. Early stages of life cycle until the stage

of seawater transfer are considered to be the critical win-

dows for the onset of bone deformities in salmonids. In

Atlantic salmon, the different phases of life cycle have been

associated with distinct anomalies, namely fusions (ob-

served at all life stages), hyperdense vertebrae (freshwater

phase) and compressed vertebrae (seawater phase). This

information was generated through the monitoring pro-

gramme of a salmon breeding company SalmoBreed AS. Of

the 24 groups of Atlantic salmon examined by X-ray at rele-

vant stages (between 20 and 150 g body weight), hyper-

dense vertebrae were detected in 14 (58% of groups).

Compressed vertebrae were observed in nine of 20 groups

(45% of groups). Not all cases were equally severe, but in

the most extreme group, 70% of fish had typical compres-

sion of caudal vertebrae (short tails) when reaching brood

fish age. In seawater, the incidence of compressed vertebrae

increased with increasing fish size. The information

obtained through this monitoring programme demon-

strated that skeletal deformities at specific early life stages

can have long-term effects.

Genetic, environmental and dietary factors are involved

in the development of bone deformities in salmonids or

fish in general. Aulstad and Kittelsen (1971) had suggested

of a relation between inbreeding and the frequency of

spinal deformities in a salmonid species, rainbow trout.

Taniguchi et al. (1984) opined of genetic differences among

parents to explain the incidence of vertebral malformation

among progeny groups of red seabream. McKay and Gjerde

(1986) described genetically inheritable spinal deformity in

Atlantic salmon, with an estimated heritability index

between 0.14 and 0.64. A complex form of vertebral defor-

mity characterized by consecutive repetition of lordosis,

scoliosis and kyphosis from the head to the caudal fin

(referred to as LSK syndrome) was described in gilthead

seabream (Afonso et al. 2000). The incidence of LSK syn-

drome was 0.2% in the whole population, and 6.5% within

the affected family, which disagreed with the expected fre-

quency of one gene hypothesis (simple Mendelian inheri-

tance) and suggested a possibility of polygenic origin

(Afonso et al. 2000). In Atlantic salmon, it was recom-

mended not to select breeders from families with high inci-

dences of deformed fish and more so for breeders showing

deformities themselves. Although this strategy was not

likely to significantly reduce the incidence of deformities,

increase in the genetic susceptibility to vertebral deformities

in the population can be reduced (Gjerde et al. 2005). In

addition, genetic variation in apparent availability of min-

erals in seawater Atlantic salmon has also been reported

(Thodesen et al. 2001). The apparent availability of P ran-

ged between 24 and 55%, while that of Zn varied from 18

to 51% among 82 full-sib families of 4 kg (Thodesen et al.

2001); and individual variations in apparent availability of

P between 30 and 49%, and of Zn from 32 to 58% have
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been documented (Rydland 1998). It would be informative

to study whether there is a correlation between the genetic

variation in mineral availability and skeletal deformities.

The knowledge on genetic factors influencing bone defor-

mities is limited in salmonids, and the very few reports

available indicate that the role of genetic inheritance in the

onset of bone deformities requires more attention.

In the recent past, the use of a genetic intervention in

production and the use of triploids in aquaculture have

gained momentum in many countries. Among salmonids,

triploids in commercial aquaculture production include

rainbow trout in United States, Canada, France, Japan, UK,

Korea, Iran, Turkey, Poland and Chile; brown trout in UK

and France; brook trout in Canada and France; Atlantic sal-

mon in Canada and Chile; Arctic charr in France, Canada,

Iceland and Austria; and chinook salmon in Canada (Pifer-

rer et al. 2009). However, farming of triploid Atlantic sal-

mon is yet to be practiced in Norway. The studies thus far

taken up with triploid Atlantic salmon under-yearling

smolts suggest a higher susceptibility to bone deformities

than their diploid counterparts (Fjelldal & Hansen 2010).

In the embryonic stage of the life cycle, the number of ver-

tebrae developed is inversely related to the rate of develop-

ment of the embryo and can also influence the incidence of

deformed vertebrae (Garside 1966). Environmental factors

play an important role in the onset of anomalies in the

embryonic stage. The incubation conditions of the fertilized

ova, especially temperature and photoperiod, play a major

role in determining the healthy development of the noto-

chord and thus influence bone health even before hatching

(Canagaratnam 1959; Garside 1966). In the later stages of

Atlantic salmon such as parr, presmolt, smolt and to cer-

tain extent in the post-smolt phase, the dietary factors play

a decisive role in influencing the manifestation of the defor-

mities. The first feeding and early juvenile stages of Atlantic

salmon (from 0.18 to 20 g body weight) were particularly

sensitive to dietary P restriction, with consequent adverse

effects on vertebral and jaw development observed in har-

vest size fish (Figs 1 and 2, Baeverfjord et al. 2006). In sea-

water, the incidence of compressed vertebrae increased

with increasing fish size with typical compression of caudal

vertebrae (short tails) at harvest. This confirms the need to

address skeletal deformities as a welfare issue in commercial

production and that the deformities do appear along the

whole production chain.

Mineral nutrition of salmonids – bone health
perspective

Elemental stoichiometry, life stage and its relation to

dietary minerals

Salmonids are characterized as low-P fish species which in

general have soft rays with cycloid scales, elongated and

more streamlined body and much more cartilage and less

bone than many other bony fish. Ontogenetic differences

are known to exist in whole-body mineral concentration of

Atlantic salmon (Shearer et al. 1994; Ebel et al. 2015). The

extent of mineralization in the endoskeleton and outer

integument contributes to elemental stoichiometric pat-

terns (Hendrixson 2002). Calculations using the mean data

of Shearer et al. (1994) showed that the Ca:P mass ratio in

Atlantic salmon varied with life stage and environment.

The mass ratio of Ca:P was as low as 0.2–0.4 before first

feeding (<0.1 g), reached to 0.86 at 0.25 g and steadily

increased up to 1.04 in 64 g presmolt stage. During and

after smoltification, the Ca:P ratio declined to 0.6 in 125 g

smolt in seawater and thereafter ranged between 0.7 and

0.8 in adult Atlantic salmon (1–4 kg) in seawater. More-

over, juveniles (i.e. smolts) and post-spawn adults (i.e.

kelts) migrating downstream to the ocean had a higher

concentration of P compared to adults migrating upstream

to spawn (by 20–35%). Hence, it could be inferred that

Atlantic salmon moving to seawater require better mineral-

ization and the P status of fish at the moment of seawater

transfer has a role in performance in the seawater phase.

This corresponds well with the observations cited in the

previous paragraph that the impact of dietary mineral

restriction in freshwater phase is manifested into skeletal

(a)

(b)

(c)

(d)

Figure 1 Atlantic salmon (harvest size) with normal body shape and

spinal radiology (a and c, same fish) and severe shortening of body due

to compressed vertebrae (b and d, same fish). From life cycle study with

low P diets. Fish fed control diet (a and c, 16–17 g kg�1 total P) or

low-P diet (b and d, 10–12 g kg�1 total P) in freshwater, followed by

commercial diet in seawater (Baeverfjord et al. 2006).
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deformities in the seawater phase. Therefore, it becomes

essential to assess not only the total P level in salmon at sea-

water transfer, but also the amount of P associated with

structural bone matrix.

The Ca:P ratio of whole fish or tissues can be used as an

indicator to the degree of P associated with bone matrix;

higher the ratio, higher the proportion of Ca associated

with P, as in the bones. The mass ratio of Ca:P in fish bones

from 18 species was observed to be 2.14 (Hendrixson et al.

2007); the same for vertebrae, scale and operculum across

species was estimated to be 1.98, 2.11 and 2.48 (calculated

from Antony Jesu Prabhu et al. 2016b). Moreover, the mass

ratios of Ca:P in vertebrae of Atlantic salmon and rainbow

trout in freshwater were estimated to be 2.09 and 1.92,

respectively. These values are lower than the mass ratio of

Ca:P (2.17) in HAP (Russell et al. 1986), whereas the values

of (Ca + Mg):P were slightly higher 2.12 and 1.95, which

according to Hamada et al. (1995) is an indication that a

proportion of Ca in HAP is replaced by Mg. Based on the

nature of Ca:P stoichiometry in fish bones and assuming all

fish Ca was associated with bones, the proportion of whole

fish P associated with bones was estimated to be 72.7%

(range: 46.3–81.3%) among 18 fish species, including two

salmoniformes, namely rainbow trout and white fish (Hen-

drixson et al. 2007). Following the method of Hendrixson

et al. (2007), it was estimated that 55.4% (95% CL: 46.9–
67.1%) of P in whole fish (with mean body P of

3.95 g kg�1 fresh weight; 95% CL: 3.65–4.26) was associ-

ated with bone matter (Ca) in salmonids (Fig. 3; Atlantic

salmon and rainbow trout, 0.1–4 kg body weight) using

data from Shearer et al. (1994) and Antony Jesu Prabhu

et al. (2013, 2016b). The estimated range of P associated

with bone (Ca) also fits well in the lower range of the esti-

mate reported by Hendrixson et al. (2007). Unlike in most

vertebrates, it is also true that body-P pools in fish are char-

acterized with high degree of stoichiometric flexibility

which renders possibility for higher growth rates. The flexi-

ble body-P pools and significant sensitivity of growth rate

to change in diet-P levels have direct consequence on bone

mineral status, which represents a major P sink in fish

(Benstead et al. 2014).

Phosphorus – the pivotal point of investigation

Effect of deficient or suboptimal supply of dietary

phosphorus

Very limited data are available regarding the incidence of

dietary mineral-related skeletal deformities in salmonid

production; of which, most if not all are related to dietary

phosphorus (Table 1). Phosphorus deficiency (Baeverfjord

et al. 1998) and suboptimal phosphorus nutrition (Fjelldal

et al. 2009) have shown to induce skeletal deformities in

Atlantic salmon. Coordinated defect in mineralization of

(a)

(b)

(c)

Figure 2 Morphology of lower jaw in harvest size Atlantic salmon in

response to dietary P. (a) Normal mandible in control fish; (b) ‘Dropped

jaw’ in fish fed low-P diet (10–12 g kg�1 total P) throughout freshwater

rearing, followed by commercial diet in seawater; (c) ‘Box jaw’ in fish

fed low-P diet (same as b) in freshwater (Baeverfjord et al. 2006).
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vertebral and mandibular structures in response to low

dietary P was demonstrated by Helland et al. (2005, see

Fig. 4). Further, inadequate P nutrition at the juvenile stage

has shown to induce deformities later in life in Atlantic sal-

mon (Fjelldal et al. 2012a). In rainbow trout, proportion of

fish with radiological detectable vertebral deformities

decreased with increasing dietary P content (Fontagn�e et al.

2009). Kacem et al. (2004) found that vertebrae from

farmed rainbow trout had wide erosive lacunas, and sug-

gested that this could characterize a physiological stress

generated by mineral deficiency. Dietary P deficiency has

also shown to induce vertebral deformities in Chum sal-

mon, Oncorhynchus keta (Watanabe et al. 1980). In Atlan-

tic salmon, the relation between vertebral deformities and

diet-P level has been suggested to be linked to the structural

integrity of the vertebral bodies (Baeverfjord et al. 1998;

Fjelldal et al. 2009). Dietary P deficiency due to low avail-

ability of dietary P reduces vertebral mineral content

(Albrektsen et al. 2009). There is a correlation between ver-

tebral body mineral content and mechanical strength (Fjell-

dal et al. 2006, 2009), and between vertebral body mineral

content and length–dorsoventral diameter (Fjelldal et al.

2007b). Vertebrae with a low mineral content are more

compressed than vertebrae with normal mineral content in

Atlantic salmon postsmolts. Besides reducing bone mineral

content, low dietary P has also shown to increase alkaline

phosphatase (ALP) and reduce TRACP enzyme activities,

and reduce the MMP 13 mRNA expression of the vertebral

bodies in Atlantic salmon (Fjelldal et al. 2012b). This

probably reflects compensatory mechanisms at mineral

deficiency where increased ALP activity indicates elevated

mineralization while reduced TRACP activity and MMP 13

expression indicate reduced tissue degradation and remod-

elling. Bone mineral content need not necessarily reflect a

healthy skeletal development, compressed vertebrae formed

due to inadequate P supply in an early stage may have equal

mineral content and molar Ca/P ratio as normal vertebrae

(Witten et al. 2005; Fjelldal et al. 2009). Some studies have

shown that Atlantic salmon under-yearling smolts have a

reduced vertebral bone mineral content during the first

period in seawater (Fjelldal et al. 2006; Grini et al. 2011).

Moreover, a short-term subclinical P deficiency in early life

resulted in severe deformities of caudal vertebrae in seawa-

ter-adapted fish approaching harvest size (Fjelldal et al.

2012a). Several nutrients are suggested to play a role in the

onset and/or manifestation of skeletal deformities (Lall &

Lewis-McCrea 2007). Among minerals, phosphorus is the

most studied mineral for its potential role in either pre-

venting or reducing the severity of skeletal deformities in

salmonids.

Feed conversion ratio, growth rate and dietary

phosphorus

The feed conversion ratio (FCR) of most salmon farming

operations has been reduced from around 4 in the early

1970s to around 1.2 at present mainly due to high energy

feeds (Wang et al. 2012; Tacon & Metian 2015). This has

also greatly reduced overall environmental load of phos-

phorus, which is presently calculated to be less than 9 kg P

per ton of salmon produced (Ytrestøyl et al. 2015). The

improvement in FCR meant that the supply of structurally

important nutrients especially phosphorus in the salmon

feeds would be disproportionate to meet the physiological

demand for growth. Shearer (1995) modelled a theoretical

simulation for P requirement in salmonids, wherein dietary

P requirement of rainbow trout increased with decreasing

FCR. Although this hypothesis was not tested in an experi-

ment per se, analysis of metadata from published P require-

ment studies in fish revealed a similar pattern of increase in

dietary P required per unit weight gain with decreasing

FCR (Fig. 5). This relation implies that, less dietary P is

supplied to support a rather higher growth rate in fish fed

diets with low FCR, thereby rendering the fish more sus-

ceptible to skeletal deformities over long term. In this sce-

nario, expressing P requirements of salmonids as g P kg�1

weight gain will enable optimal supply of dietary P for fas-

ter growth without compromising on skeletal health. In

wild fish populations, increased growth rate has a metabolic

cost on skeletal development leading to delayed or compro-

mised mineralization (Arendt & Wilson 2000; Arendt et al.

2001). Using data from published P requirement trials in
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Figure 3 Estimation on the proportion of P associated with skeletal

mass in salmonids as per Hendrixson et al. (2007). Whole-body Ca

(in y-axis) and P (in x-axis) of well-growing Atlantic salmon and rainbow

trout (as g kg�1 fresh weight). The linear regression with slope

1.65 � 0.1 (mean, SE) and R2 of 0.82 when extrapolated to zero Ca

content gave an estimate of the P not associated with Ca (x-intercept,

1.76). The shaded area in the graph shows the 95% confidence interval

of whole-body P not associated with Ca (1.3–2.1 g kg�1 wet weight) in

salmonids from data reported in literature.
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Table 1 Dietary phosphorus-induced skeletal deformities reported in Atlantic salmon and rainbow trout

Induced by

deficient/low/

high levels

Available

P in diet

Associated

factor

Type of deformity Species and life stage References

Low 0.34% Soft opercule and gill arch,

malformed ribs and spinal

arches, scoliotic spine

Atlantic salmon paar and

smolt

Baeverfjord et al. (1998)

Low 0.50% Vertebral body compression Atlantic salmon smolt Fjelldal et al. (2009)

Low 0.40% Continuos

light

Vertebral body compressions Atlantic salmon, under-

yearling postsmolts

Fjelldal et al. (2012a)

Low 0.40% Anterior and posterior trunk

regions: type 8 (fusion

centre), type 5 (one-sided

compression) and type 2

(homogeneous compression)

Atlantic salmon, juvenile Fjelldal et al. (2012b)

Low 0.40% Tail and tail-fin regions: type 2

(homogeneous

compression), type 5 (one-

sided compression) and type

3 (compression and reduced

intervertebral space)

Atlantic salmon, juvenile Fjelldal et al. (2012b)

Low 0.40% Externally visible lower jaw

deformity

Atlantic salmon, seawater

(SW) transfer and final

harvest stage

Fjelldal et al. (2016)

Deficient 0.26% Triploid Type 1 (decreased

intervertebral space)

Rainbow trout, SW

transfer

Deschamps et al. (2014)

Low 0.40% Triploid Type 2 (homogeneous

compression)

Atlantic salmon, smolt

stage (SW transfer) and

harvest

Fjelldal et al. (2016)

Deficient 0.26% Triploid Type 2 (homogeneous

compression)

Rainbow trout, SW

transfer and harvest

Deschamps et al. (2014)

Deficient 0.26% Triploid Type 3 (compression and

reduced intervertebral space)

Rainbow trout, SW

transfer and harvest

Deschamps et al. (2014)

Low 0.40% Type 4 (compression without

X-structure)

Atlantic salmon, harvest Fjelldal et al. (2016)

Deficient 0.26% Triploid Type 4 (compression without

X-structure)

Rainbow trout, SW

transfer and harvest

Deschamps et al. (2014)

Low 0.40% Type 8 (fusion centre) Atlantic salmon, smolt

stage (SW transfer) and

harvest

Fjelldal et al. (2016)

Low 0.40% Type 10 (widely spaced and

undersized; caused by under

mineralization)

Atlantic salmon, smolt

stage (SW transfer)

Fjelldal et al. (2016)

Deficient 0.29% Triploid Type 10 (undersized and

widely spaced vertebral

body) and 11 (pronounced

biconcave)

Rainbow trout, Juvenile Le Luyer et al. (2014a,b)

Deficient 0.26% Type 11 (pronounced

biconcave)

Rainbow trout, SW

transfer and harvest

Deschamps et al. (2014)

Low and High 1.21% Diploid Type 19 (internal dorsal or

ventral shift)

Atlantic salmon, smolt

stage (SW transfer)

Fjelldal et al. (2016)

High 1.21% Triploid Type 1 (decreased

intervertebral space)

Atlantic salmon, smolt

stage (SW transfer) and

harvest

Fjelldal et al. (2016)

High 1.21% Diploid Type 6 (compression and

fusion)

Atlantic salmon, harvest Fjelldal et al. (2016)

High 1.21% Triploid Type 12 (hyper-radiodense,

arrow)

Atlantic salmon, smolt

stage (SW transfer)

Fjelldal et al. (2016)
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fish, Benstead et al. (2014) also showed that fish that grew

at a higher rate (measured as SGR) were more sensitive to

low dietary P levels than fish that grew at a lower rate.

Apart from improving the FCR of feeds, effort to

improve the growth rate of fish through manipulation of

genetic and environmental variables might be indispensable

for future development of salmonid aquaculture. The

growth-enhanced transgenic Atlantic salmon grows at twice

the rate and has a 10–20% improvement in gross feed con-

version efficiency relative to nontransgenic salmon during

presmolt and post-smolt stages (Cook et al. 2000; Tibbetts

et al. 2013; Ganga et al. 2015). In the above-cited studies,

body/bone mineralization indicators such as body ash,

bone ash, Ca or P were lower in fast-growing transgenic sal-

mon. High levels of P and Ca in the feed enabled to reduce

external morphological deformities and improve body

mineral content in GH-transgenic Nile tilapia (Lu et al.

2013). Tibbetts et al. (2013) also suggested that transgenic

salmon might require higher dietary P supply to satisfy the

requirement for faster growth and emphasized the need to

assess dietary requirement for P in transgenic salmon. In

the light of this, it is essential to revalidate the dietary

requirements of structurally important minerals, especially

P and Ca to decrease the incidence of skeletal deformities

in fast-growing farmed salmonids.

Triploids may have higher requirement for dietary

phosphorus

Several reports point to a higher prevalence of skeletal

deformities in triploid Atlantic salmon and rainbow trout

(O’Flynn et al. 1997; Sadler et al. 2001; Fjelldal & Hansen

2010; Leclercq et al. 2011; Taylor et al. 2013). Lower jaw

deformities (LJD) seem to be a common form of skeletal

anomaly reported in triploid Atlantic salmon (O’Flynn

et al. 1997; Sadler et al. 2001; Leclercq et al. 2011; Fjelldal

et al. 2016). In triploid Atlantic salmon reared in freshwa-

ter, skeletal anomalies were not observed (Burke et al.

2010), whereas the contrary was observed in other reports

(Sadler et al. 2001; Amoroso et al. 2016a,b). The tail region

of the vertebrae (Smedley et al. 2016) and lower jaw (Fjell-

dal et al. 2016) are reported to be more susceptible to low

dietary P-induced deformities in triploids. LJD previously

reported in farmed Atlantic salmon (Bruno 1990; Roberts

et al. 2001) were also induced by experimental P deficiency

at start feeding and seawater phase of postsmolts (Fjelldal

et al. 2016). Additional dietary P improved mineralization

and decreased the incidence of skeletal deformity in triploid

rainbow trout (Deschamps et al. 2014; Le Luyer et al.

2014b) and Atlantic salmon (Fjelldal et al. (2016). The

prevalence of deformed vertebrae in triploid salmon fed

low P diet (1%, total P) was threefold higher compared

with diploids (Smedley et al. 2016). Increasing the level of

dietary phosphorus (1.2–1.4%, total P) effectively reduced

the incidence of these anomalies in triploid salmon (Fjelldal

et al. 2016; Smedley et al. 2016). Correlation regression

analysis of literature data revealed that the relation between

dietary P and skeletal deformities is to a greater extent sig-

nificant in triploids, than diploids, although the variation

was high within triploids (Fig. 6). Even in transgenic Atlan-

tic salmon reared from 100 to 300 g on a common grower

diet (1.4% total P) at water temperatures ranging from 8 to

10 °C, triploids had significantly higher number of

deformed individuals than diploids (Tibbetts et al. 2013).

In this study, based on visual assessment, the triploid group

had a higher percentage of fish with one or more skeletal

disorders (2.9–3.7%) relative to diploids (0.3–0.9%), with

transgenic triploids showing the highest (3.7%). Although

Table 1 (continued)

Induced by

deficient/low/

high levels

Available

P in diet

Associated

factor

Type of deformity Species and life stage References

High 1.21% Type 13 (hyper-radiodense

with flat end plates, arrow)

Atlantic salmon, smolt

stage (SW transfer)

Fjelldal et al. (2016)

Low Triploid Type 5 (one-sided

compression)

Atlantic salmon, harvest Smedley et al. (2016)

Low 0.40% Triploid Type 5 (one-sided

compression)

Atlantic salmon, smolt

stage (SW transfer)

Fjelldal et al. (2016)

Suboptimal for rapid growth

and improved FCR (1.4%

total P)

Transgenic,

triploid

Major external skeletal

disorder, unmarketable;

shortened gill filaments,

deformed operculum,

twisted tail, twisted spine,

scissor jaw, twisted jaw,

protruding jaw, irregular

body shape

Atlantic salmon,

freshwater phase

Tibbetts et al. (2013)
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the assessment criteria used in the above study are subjec-

tive, this gives an indication and most importantly warrants

dedicated attempts for further understanding. In verte-

brates, high proportions of their body P mass are composed

of bone; however, during the very early developmental

stages of high specific growth rates, high quantities of

P-rich RNA are required (Elser et al. 2006). Thus, meta-

bolic P limitation during embryonic life could lead to

developmental anomalies, which then manifest into defor-

mities in a later stage. Therefore, the increased prevalence

of skeletal deformities in triploids can be related to the

ploidy itself. Further, the role of parental nutrition poten-

tially influencing egg quality also needs to be better under-

stood. These findings warrant the necessity to rethink the

strategy of using mineral requirement data generated from

diploid individuals in formulating feeds for triploids. As

skeletal deformities are likely to be a major constraint to

further use of triploids in commercial salmonid produc-

tion, this is a topic which warrants further studies.

Vaccination-induced anomalies and dietary phosphorus

Vaccination of salmon smolts before seawater transfer is a

common practice in farming of Atlantic salmon. Vaccina-

tion too close in time to seawater transfer was suggested as

a risk factor for the occurrence of vertebral deformities in

later life stages (Larssen & Djupvik 2005). Vaccination-

induced bone deformities are associated with abdominal

(a) (b)

(c)

(d)

Figure 4 Impaired skeletal mineralization in response to low dietary P, demonstrated with Alizarin red whole mount staining. (a and b) Variation in

ossification of vertebrae number 39–41 of Atlantic salmon parr, fed either a control diet with 14 g kg�1 total P (a) or a low-P diet with 9.5 g kg�1

total P (b) from 8 to 18 g size. (c and d) Difference in ossification of lower jaw (dissected, photograph is taken dorsally) of Atlantic salmon parr Alizarin

Red fed control diet (c) and low-P diet (d). Cartilage is stained blue with Alcian Blue. Fish size of approx. 18 g. Adapted from Helland et al. (2005).
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lesion scores and prevalence of spinal lesions in vaccinated

fish (Berg et al. 2006; Aunsmo et al. 2008). Haugarvoll

et al. (2010) reported proliferation and infiltration of con-

nective tissue sheath into adjacent musculature the sur-

rounding malformed vertebrae. Vaccinated salmon show a

higher frequency of deformities in skull bones and vertebral

column, suggesting a decrease in developmental stability

caused by vaccination (Berg et al. 2012; Yurtseva et al.

2014). Gil Martens et al. (2010) identified an effect of injec-

tion per se on vertebral deformities suggestive of a localized

triggering effect by injection-related processes on the devel-

opment of spinal deformities. The studies on the role of

dietary phosphorus in ameliorating the effects of vaccina-

tion-induced deformities in Atlantic salmon are relatively

less. High dietary phosphorus (9 g vs. 6 g kg�1 available P)

was ineffective in preventing bone malformations in Atlan-

tic salmon injected with Freund’s complete adjuvant lead-

ing to severe scoliosis in 7% of injected fish (Gil Martens

et al. 2012). In another study, Atlantic salmon fed similar

levels of dietary P showed no effects of vaccination or diet-

ary phosphorus on the occurrence of externally detectable

skeletal deformities. The present level of understanding

precludes a conclusive evidence of the impact of dietary

phosphorus on the incidence of vaccination-induced bone

deformities in salmonids.

Recirculation aquaculture systems, bone health and

phosphorus nutrition

Recirculating aquaculture systems (RAS) are being increas-

ingly used in salmonid aquaculture, especially for produc-

tion of rainbow trout and Atlantic salmon presmolts in

freshwater. The water quality characteristics of RAS differ

significantly from flow-through systems, with differences in

soluble organic matter and minerals (Good et al. 2009;

Martins et al. 2009). Apart from water quality, the abnor-

mal nature of swimming termed as ‘side-swimming’ (Good

et al. 2014) observed in salmonids reared in RAS could also

impact bone health. In general, there is a lack of knowledge

on how RAS specifically impacts skeletal development and

bone health in fish, more so in salmonids. Abnormal swim-

ming behaviour and increased deformities were observed in

rainbow trout cultured in a near-zero water exchange RAS

(Davidson et al. 2011). The authors attributed the inci-

dence of deformities to the contrasting water quality char-

acteristics especially high nitrate concentrations in the

water. In common carp embryos, the concentration of

ortho-phosphate-P, nitrate and the heavy metals arsenic

and copper likely impaired the embryonic and larval devel-

opment (Martins et al. 2009). Dissolved phosphorus con-

centration can accumulate up to 70-fold in a near-zero

water exchange systems (Antony Jesu Prabhu 2015).

Whether or not the increased P concentration of RAS water

can contribute positively or negatively to the P requirement

remain unanswered in salmonids. However, in freshwater

N. tilapia (Eding et al. 2012), common carp (Antony Jesu

Prabhu et al. 2017a) and marine turbot (van Bussel et al.

2013) there has been evidence of a positive effect on growth

or body P balance.

Calcium and magnesium – overlooked minerals of bone

health significance

Calcium is the most abundant mineral in the bones of fish

comprising about 20–25% of the dry bone mass. The
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significance of calcium as a structural mineral in fish bone

relates to HAP, Ca10(PO4)6(OH)2, and TCP, the primary

materials of the bone matrix with a Ca:P ratio of 1.6 to 2

in salmonid bones (Satoh et al. 1987d; Vielma & Lall

1998a). Although the concentration of Ca in the bones is

twice that of phosphorus, the importance of dietary Ca in

salmonid bone health has been largely neglected due to the

unlimited access to Ca from water via branchial absorp-

tion. NRC (2011) recommends that Ca supplementation to

fish feeds is required only when reared under Ca-free water

conditions. However, it has been suggested that this can

affect tissue mineral concentration in fast-growing salmo-

nids (Vielma & Lall 1998b; Antony Jesu Prabhu et al.

2016b) and nonsalmonids (Lu et al. 2013), especially with

more and more plant-based feed ingredients. In plant-

derived feed ingredients, phytic acid is an antinutritional

factor which reduces dietary mineral availability. Increasing

the level of phytic acid in the diet did not affect P, Ca or

Mg levels in vertebrae, but had negative effects on whole-

body Ca, Mg and the Ca:P ratio in Atlantic salmon parr.

Further, increasing level of sodium phytate inclusion in

feeds for Atlantic salmon parr increased incidence of

hyperdense vertebrae during later stage (Helland et al.

2006). Potential relationship between Ca metabolism and

its interaction with other vital bone metabolic regulators

like vitamin D3, vitamin K, vitamin B6, vitamin C, phos-

phorus and hormones in fish has been reviewed elsewhere

(refer Lall & Lewis-McCrea 2007). Although the essentiality

of dietary Ca supply in fish feeds is debated, recent devel-

opments indicate the necessity for a more objective view of

its impact on bone health in fish (Lu et al. 2013; Hossain

& Yoshimatsu 2014).

Similarly, effects of Mg deficiency are commonly cited

(Lall 2002; NRC 2011) with reference to a rainbow trout

study (Ogino et al. 1978) in which an abnormal curvature

of the body was observed with Mg-deficient diets (0.05–
0.15 g Mg kg�1). Moreover, it was shown that inadequate

magnesium supply may have a strong effect on whole-body

concentration of calcium and phosphorus in salmonids

(Shearer 1989), thereby exerting an indirect effect on bone

mineralization. Mg deficiencies in rainbow trout also

resulted in renal calcinosis, although no gross symptoms of

skeletal deformities were observed (Cowey et al. 1977). The

only study reported thus far on Mg requirement in Atlantic

salmon was conducted on parr (8 g) and reported

0.36 g Mg kg�1 diet to be sufficient for normal bone for-

mation (El-Mowafi & Maage 1998). However, the freshwa-

ter used was mixed with seawater, resulting in a final Mg

concentration of 54 mg L�1. Dietary Mg supply is more

critical to fish during freshwater phase as aqueous Mg avail-

ability is limiting (Shearer & �Asg�ard 1992; Lin et al. 2013).

As dietary Mg deficiency is very uncommon among practi-

cal diet formulation, Mg deficiency as potential causal

factor for skeletal deformities in salmonid production

remains to be clarified.

Microminerals in bone health – prospective research
domain in salmonids

Essential microminerals such as Zn, Mn and Cu are needed

for the growth and development of healthy bones in fish

(Lall 2002). However, the understanding on the role of

microminerals in skeletal development has received limited

attention in studies of fish. In terrestrial animals, the role of

Zn, Cu, Mn, Se, Br, Si, Sr and Fl in promoting either bone

formation or mineralization has been documented (Beattie

& Avenell 1992). Moreover, certain essential microminerals

at higher concentrations have adverse effects on skeletal tis-

sue metabolism of vertebrates (Lall & Lewis-McCrea 2007).

This section attempts to shed light on the prospective role

of less-studied essential microminerals in skeletal metabo-

lism of salmonids from the growing knowledge in higher

vertebrates or model fish species.

Dietary zinc, bone deformities and role in osteology

Zinc depletion has negative effects on bone mineraliza-

tion in rainbow trout (Satoh et al. 1987a) and Atlantic

salmon (Maage & Julshamn 1993). Impact of zinc defi-

ciency on bone health in rainbow trout was well charac-

terized by compressed vertebra throughout the vertebral

column, termed ‘short-body dwarfism’ (Satoh et al.

1987b,c). In Atlantic salmon, Zn deficiency-induced ver-

tebral deformities in early life stages were conspicuous

even at 1 kg body weight. These show that dietary zinc

has a critical role to play in skeletal development even

from early life stages, as shown in red seabream larvae

(Nguyen et al. 2008). Zinc is the most important and

highly studied micromineral of significance to bone

health in salmonids or fish in general. Zinc is the most

abundant micromineral in the vertebrae of many teleost

fish species (Antony Jesu Prabhu et al. 2016b) and has

functional importance in the activity of ALP, implicated

in processes related to mineralization of bone. In the

bone health perspective, dietary zinc deficiency can lead

to reduced growth, short-body dwarfish, compressed ver-

tebrae, and demineralization of bones leading to loss of P

and Ca in juvenile and adult fish (Lall 2002; Witten et al.

2009a). Dietary Zn deficiency is reported to retard

growth and induce dwarfism in animals and fish

(MacDonald 2000). With increasing incorporation of

plant-derived ingredients in salmonid feeds, ensuring suf-

ficient supply and improving the availability of dietary

Zn might be critical in ensuring proper bone health in

farmed salmonids. Increasing the level of phytic acid in

the diet of Atlantic salmon in freshwater had a dose-
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dependent reduction in vertebral Zn concentration,

which later correlated with increasing incidence of hyper-

dense vertebrae in seawater phase.

In osteology, zinc has an anabolic effect on osteogenesis

by stimulating cell proliferation, ALP activity and collagen

synthesis in osteoblastic cells, along with signs of improving

Ca deposits in the extracellular bone matrix (Seo

et al.2010). The nutritional and physiological control of

zinc homeostasis in animals is achieved by the coordinated

activity of two families of Zn transport proteins, namely

ZIPs (SLC39s) and ZnTs (SLC30s) (Lichten & Cousins

2009; Hogstrand 2013). Few of these Zn transport proteins

have been identified and characterized in salmonids (Zheng

et al. 2014). Mammalian studies provide strong evidence

for involvement of Zn signalling in bone and cartilage for-

mation. According to Fukada et al. (2013), mammalian

bone formation is controlled by Zn signals affecting both

chondrocyte and osteoblast functions through Zn trans-

porters ZIP13, ZIP14 and ZnT5. Apart from these, ZnT1,

ZIP4 and ZIP6 have also been involved in skeletal deformed

phenotypes in mice (see Hogstrand 2013). In zebrafish,

silencing of ZIP6 resulted in a phenotype referred to as

‘dwarfed embryo’ by Hogstrand (2013), wherein longitudi-

nal migration of stem cells and extension of body axis dur-

ing embryonic development were blocked resulting in

shortened anterior–posterior axis (Yamashita et al. 2004).

In salmonids, the mechanism driving the phenotype ‘short-

body dwarfism’ reported under dietary Zn deficiency has

not been studied. As these are observed in juvenile fish, it is

less likely to be mediated through migration of cells during

embryogenesis; nevertheless, the role of zinc in bone forma-

tion and development is very clear and needs to be better

understood in salmonids and fish in general.

Selenium, selenoproteins and teratogenic deformities in

salmonids

Selenium, as a nutrient, is required in fish diet at concen-

trations of about 0.1–0.5 lg g�1 dry weight (Hodson &

Hilton 1983; NRC 2011). In fish nutrition, selenium is lar-

gely viewed as a nutrient involved in antioxidant mecha-

nisms and redox reactions in liver and blood cells; the role

of Se in bone metabolism remains unexplored in farmed

fish, more so in salmonids. Recent findings show that sele-

nium in the form of selenoproteins plays a vital role in

bone metabolism in higher vertebrates (Pietschmann et al.

2014; Zhang et al. 2014). About 25 selenoproteins in mam-

mals and more than 32 selenoproteins in fish have been

identified, the functions of many are yet to be understood

(Lobanov et al. 2008). Among the different selenoproteins,

mRNA expression of selenoprotein (SePP) in rainbow trout

has been studied in response to dietary Se levels and forms

(Fontagn�e-Dicharry et al. 2015; Pacitti et al. 2015, 2016).

However, these studies were not focused on the responses

in bone metabolism. In mammals, SePP concentration in

serum is associated with markers of bone turnover and

bone mineral density (Hoeg et al. 2012) and is the essential

Se transporter in bones (Pietschmann et al. 2014). Seleno-

proteins are important in the regulation of inflammation

and bone cell proliferation/differentiation and the preven-

tion of the bone resorption through the inactivation of

osteoclasts (Zeng et al. 2013).

Selenium (Se) is known to have a narrow margin of

safety between deficiency and toxicity in fish (Hilton et al.

1980; Lemly 1997). Teratogenic deformities in fish are con-

genital malformations due to excessive Se deposited in

developing eggs, originating from parental diet. The

embryo during development utilizes the Se-contaminated

yolk which results in deformed hard and soft tissues due to

substitution of Se for sulphur in structural and functional

proteins. In short, teratogenic deformity is a permanent

marker of Se toxicity in fish occurring due to excess mater-

nal transfer of Se into eggs (Lemly 1997). Se toxicity-

induced teratogenic deformity in fish is shown to have an

exponential relation to egg selenium concentration (Lemly

1997). Analysis of data from three salmonid species (Holm

et al. 2005; Hardy et al. 2010) suggests a similar relation to

be true up to egg Se concentration of 10 lg g�1. Moreover,

species-specific variations in the sensitivity were also

observed among the salmonid species (Fig. 7). In zebrafish,

hypoactive locomotion and compressed spine of larvae

were related to increase in maternal Se transfer (Penglase

et al. 2014).

On the other hand, increased replacement of marine

ingredients by plant ingredients reduces selenium levels in

fish feeds (Fontagn�e-Dicharry et al. 2015; Antony Jesu

Prabhu et al. 2017b), while current EU legislation limits Se

supplementation beyond a total Se concentration of

0.5 mg kg�1 in complete feed. Recent findings, however,

show that supranutritional levels of Se in diets of seabream

larvae improved the transcriptional expression of bone

morphogenic protein 4 (BMP4), ALP, osteocalcin, osteo-

nectin, osteopontin, and matrix gla protein, suggesting

improved skeletal development (Saleh et al. 2014). This is

of significance in Atlantic salmon as extracellular matrix

(ECM) components like col1a1, osteocalcin and osteonec-

tin; BMPs, namely BMP2 and BMP4; and transcription fac-

tors like runx are involved in maturation and

mineralization of osteoblasts (Ytteborg et al. 2010a). Over-

all, the role of selenium as a nutrient or a toxicant affecting

bone metabolism in salmonids seems to be more directed

through impact on maternal transfer of Se to eggs, embryo-

genesis and larval development (Holm et al. 2005). The

possibility of Se interacting with other nutrients or envi-

ronmental conditions to impact bone health during these

critical life stages is also to be explored. Therefore, the
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knowledge on Se influencing bone health in mammals and

modal fish species (Kupsco & Schlenk 2016) needs to be

exploited to expand the understanding in salmonids.

Impact of iron on bone metabolism

Iron deficiency anaemia and pro-oxidant toxicity of excess

iron are well known in animals and in fish. In salmonids,

the nutritional significance, requirement and utilization of

dietary iron are better studied in Atlantic salmon (Ander-

sen et al. 1996; Maage & Sveier 1998; Naser 2000), whereas

the knowledge on physiology of iron absorption and meta-

bolic regulation is well understood in rainbow trout (Des-

jardins et al. 1987; Kwong & Niyogi 2008; Kwong et al.

2010, 2013). Nevertheless, the functional and physiological

importance of iron in influencing bone metabolism in fish

is far from recognized. In mammals, deficiency and excess

of dietary iron play a vital part in bone formation and

resorption, respectively (Medeiros et al. 2004; Katsumata

et al. 2009; Tsay et al. 2010; Jia et al. 2012). Iron defi-

ciency-induced retardation in bone formation was associ-

ated with downregulation of runt-related transcription

factor 2 (runx2), osteocalcin and type I collagen in rat

femur (Katsumata et al. 2016). Similar defects in bone for-

mation characterized by reduced number of calcified verte-

brae and downregulation of genes involved in bone

formation (runx2a, col1a1a, bmp2a and bmp2b) are

reported in an iron-deficient model (wehtp85c) of zebrafish

(Bo et al. 2016). On the other hand, iron overload increases

bone resorption (Tsay et al. 2010) through increased osteo-

clastogenesis and osteoclast differentiation as a conse-

quence of ROS production (Jia et al. 2012; Xiao et al.

2015). In mammals, the cellular mechanism of iron over-

load affecting bone metabolism is proposed to be through

dysregulation of the BMP/SMAD signalling pathway, lead-

ing to low hepcidin levels, thus accumulation of iron in tis-

sues (Parrow & Fleming 2014). Bo et al. (2016) also

suggested that iron deficiency anaemia affects bone forma-

tion, potentially through the BMPs signalling pathway in

zebrafish. It is therefore likely that iron deficiency or excess

could have a fairly similar effect on bone metabolism in sal-

monids, as reported in zebrafish or mammals.

Manganese – essential for extracellular matrix formation

Manganese deficiency was demonstrated to affect skeletal

development by resulting in short-body dwarfism in juve-

nile rainbow trout (Ogino & Yang 1980), but could not be

observed in larger fish (Knox et al. 1981). In Atlantic sal-

mon, Maage et al. (2000) observed developmental abnor-

malities of salmon fry fed Mn-deficient diets. The

knowledge available thus far in salmonids or fish in general

on Mn deficiency affecting bone health is restricted to gross

phenotypic consequences. Studies with the objective of

understanding the basic mechanistic role of Mn in bone

metabolism are absent in fish. The mineralized ECM of sal-

mon vertebrae is characterized by consisting of fibres,

mainly collagen embedded in a matrix of proteoglycans

(PGs) and proteins (Ytteborg et al. 2012). In mammals,

Mn-dependent hydrolase and transferase enzymes, namely

glycosyltransferase, xylosyltransferase, phosphohydrolase

and phosphotransferase, are essential for synthesis of

matrix proteoglycans (Dermience et al. 2015). Mn defi-

ciency reduced the PG and mucopolysaccharide content in

chick bones (Leach & Muenster 1962; Leach et al. 1969).

Moreover, reduction in Mn-SOD activity also contributes

to defective bone formation as osteoblasts are sensitive to

free radicals generated by osteoclast activities. Although fish

bones are different from that of chick bones, longitudinal

growth retardation in chick tibia during Mn deficiency

(Wang et al. 2015) appears to correlate with the dwarf phe-

notype observed in salmonids. Moreover, Mn deficiency

also induces bone resorption by upregulating the expres-

sion of RANKL (receptor activator of nuclear factor kappa

B ligand), an upstream regulator of genes (e.g. TRAP and

cathepsin K) directly involved in osteoclast functioning

(Liu et al. 2015). In summary, Mn deficiency can lead to

impaired formation of ECM, retardation of chondrocyte

differentiation and increased osteoclast activity, thereby

resulting in stunted growth and resorption of bones.

Methodological considerations

Better understanding of mineral requirements

In mineral requirement studies of fish, the major response

criteria are growth, target tissue element status, and bio-

chemical enzyme activities responsive to the element. These
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criteria are very effective but are relatively late in respond-

ing. During the last decade, an array of sensitive markers

and approaches are made available and this gives the

opportunity to re-examine mineral requirements, similar

to evaluations of upper tolerable concentrations of the ele-

ments (Waagbø 2006). Despite the fact that Atlantic sal-

mon is among the major farmed species, mineral

requirement studies are relatively few, especially in the pre-

sent era of dynamic changes in dietary composition and

culture conditions. Dietary phosphorous requirement rep-

resents a good example in Atlantic salmon with risk of mar-

ginal feed P levels resulting in poor mineralization and

bone deformities in both controlled experiments and com-

mercial farm operations. Based on the analysis of the meta-

data from over 70 different P requirement studies covering

about 40 fish species, it was found that vertebral or bone

mineral concentration was the most appropriate criteria for

determining the requirement of P, Ca, Zn and Mn (Antony

Jesu Prabhu et al. 2013). It is interesting to note that all the

four minerals (P, Ca, Zn and Mn) play a critical role in

bone metabolism and skeletal deformities of one form or

other have been associated from deficient or suboptimal

dietary supply, except for Ca.

Mineral requirement data available with salmonids often

include the use of semi-synthetic diets based on refined

ingredients, which normally do not support growth equiva-

lent to practical diets, thereby limiting practical applicabil-

ity of data (Antony Jesu Prabhu et al. 2016a,b). A

meaningful application of such experimental data for prac-

tical intensive conditions was discussed by Tacon (1995).

Moreover, the fact that knowledge on mineral requirements

of fish, which are more often than not based on dietary

concentration, also limits the validity of the data when diet-

ary composition changes. Nutrient requirement of an ani-

mal is directly related to its growth, be it somatic or

gonadal. In aquaculture production, somatic growth is of

prime interest and hence expressing mineral requirements

per unit weight gain would enable requirement estimates to

be more objective. As weight gain is dependent on feed

intake and efficiency which in turn is governed by the

digestible energy (DE) of the feeds, expressing mineral

requirements per unit DE has also been proposed (Rode-

hutscord 1996). Further, the relation between weight gain

and the absolute content of nitrogen (N) or phosphorus

(P) in salmonid is relatively well conserved and found to be

linear (Bureau et al. 2003). This relationship between

weight gain, P and N content could also be exploited to

express mineral requirements based on unit N gain.

Expressing mineral requirements on g kg�1 weight gain or

g MJ DE, or mg g�1 N gain, on available basis would be

more appropriate to avoid the variations arising due to dif-

ference in diet composition, feed efficiency and growth rate

(Antony Jesu Prabhu et al. 2013).

Although knowledge on mineral requirements of salmo-

nids is available, studies aimed at determining the optimal

inclusion or supplemental level of minerals to practical for-

mulations in order to ensure proper mineralization are

required; at present, such studies are very limited. Recently,

few such studies have been conducted to re-evaluate the

mineral requirements of rainbow trout when fed diets com-

pletely devoid of fishmeal (Read et al. 2014; Antony Jesu

Prabhu et al. 2015, 2017b). These studies report changes in

basic metabolism and utilization of minerals when fed

complete plant-based diets, thereby altering dietary

requirements (Antony Jesu Prabhu et al. 2014, 2015, 2016a;

Fontagn�e-Dicharry et al. 2015). In animal feeds, practical

recommendations should cover safe levels (sufficient but

not toxic) and at the same time consider variable farming

conditions. The mineral requirement recommendations by

NRC (2011) were inadequately updated, and hence, it

becomes important to establish or re-evaluate mineral

requirements for salmonids, especially Atlantic salmon in

seawater.

Methods for studying aetiology of bone disorder in salmonids

The research interest in fish skeletal biology has grown

tremendously in the past couple of decades with the emer-

gence of skeletal malformations as a welfare issue in fish

farming. This has resulted in a comprehensive insight into

bone matrix and cell biology; moreover, functional -omic

studies have identified critical players in normal bone for-

mation and remodelling (Le Luyer et al. 2014a). The pre-

ferred method for fish skeletal deformity diagnostics has for

long been radiography. Radiography allows the evaluation

of calcification level and for the identification of pathology

in the bones. Repeated X-ray of individually tagged fish has

provided insight into the pathogenesis, as well as the poten-

tial for healing. It is important to detect bone pathology as

early as possible in the fish ontogeny. However, radiogra-

phy has its limitations in diagnosing early stages of malfor-

mation leading to visible deformity. Mechanical

competence of bone and hence its risk of fracture and

deformities are dependent on the bone mass, matrix archi-

tecture and mineral content, mineral crystallinity and colla-

gen cross-link ratio (Currey 2003). Histological staining

techniques and mineral content have commonly been used

to analyse morphology and mineral status in teleost bone,

respectively. However, histological staining (e.g. von Kossa

or Alizarin red S staining) has been shown to be unsuitable

for the detection of small quantities of mineralized matrix

(Bonewald et al. 2003). Thus, important information may

be ignored. For example, the composition of HAP crystals

and calcium phosphates in salmon bone formed during a

period of mineral deficiency seems to be different from that

formed when mineral supply is adequate (Ytteborg et al.

2012); however, chances of detecting these changes through

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 15

Mineral nutrition and bone health in salmonids



general staining are very limited. Various techniques have

been applied for evaluating the quality of bone, including

densitometry for assessment of bone mass and density,

computed tomography for evaluation of bone microarchi-

tecture, serum biochemistry for measurement of bone

remodelling and histomorphometry for assessment of cel-

lular activity. Grotmol et al. (2006) used electron micro-

scopy to study bone quality during development and

Totland et al. (2011) employed microcomputed tomogra-

phy and compression to analyse bone mineral content and

mechanical properties after exercise in the salmon vertebra.

In humans, Fourier transform infrared (FTIR) spectro-

scopic imaging has been a useful tool in the characteriza-

tion of disease-related changes in mineralized tissues

(Boskey 2003; Faibish et al. 2005). Analyses using FTIR

spectroscopic imaging of salmon bone to detect architec-

tural changes are in progress, providing a strong basis for

expanding the scope of FTIR to studies of skeletal pathol-

ogy related to dietary mineral supply in teleost. Molecular

markers and gene expression techniques are commonly

used to study bone remodelling in mammals and teleost.

The correlation between gene expression responses, histo-

chemical observations and incidences of deformities exem-

plifies the potential of using molecular markers as early

warning signals for understanding different pathogenesis.

Immunohistochemistry gives valuable information about

the distribution and localization of proteins involved in

bone and cartilage development, and TUNEL, ALP, TRAP

and other enzymatic assays have been successfully applied

to study bone resorption and metabolism (Witten 1997;

Ytteborg et al. 2010a,b,c; Andrade et al. 2011).

Recently, several potential biomarker genes, directly

involved in bone and cartilage development and ossifica-

tion pathways, were identified in salmon (Ytteborg et al.

2010a,b,c). Gene markers and mRNA-based techniques

(qPCR and in situ hybridization techniques) have further

been used to describe transcription profiles of osteoblasts

and chondrocytes involved in developing vertebral fusions

(Ytteborg et al. 2010b) and mechanisms involved in vita-

min deficiency and temperature-induced deformities (Orn-

srud et al. 2009; Ytteborg et al. 2010b), and to survey

normal bone development in general (Krossøy et al. 2009;

Ytteborg et al. 2010a). The use of in vitro studies is an alter-

native method applied to further unravel the underlying

mechanisms of bone development (Le Luyer et al. 2014a).

Some obvious advantages of such methods over experi-

ments conducted in vivo include the ability to have more

control on the cells being assessed and their environment,

the relative ease of sampling and analysing changes in the

parameters applied under investigation and the ability to

reduce animal experiments. Teleost in vitro-based osteo-

blast systems are being developed, where cellular differenti-

ation and lineage determination can be studied in more

controlled environments (Miyake & Hall 1994; Rafael et al.

2010; Ytteborg et al. 2010d). In vitro systems based on tele-

ost scales have also been developed and used to study, for

example osteogenesis and hormonal regulation (Yoshikubo

et al. 2005). Similar systems are currently being developed

for salmon. These systems may be further developed and

used for quick and inexpensive screening of dietary compo-

nents as well as for more advanced studies, like fluorescence

marked reporter gene constructs and incorporation of radi-

olabelled isotopes to follow minerals from cellular uptake

to secretion of matrix-producing vesicles and mineraliza-

tion. However, a thorough understanding of the model sys-

tems employed is required to gain better understanding

from the laboratory experiments. Studying the specific roles

of particular components in the processes will provide

novel and important information on the mechanisms

involved in skeletal formation in fish and help develop

strategies to prevent bone deformities.

Novel methods for determination of fish mineral status

Mechanical strength of single vertebrae. There is a close cor-

relation between the mechanical yield load and stiffness

and total ash content of Atlantic salmon vertebrae (Fjelldal

et al. 2006, 2009). The mechanical strength of teleost verte-

brae is tested in a compression jig wherein a load is applied

along the cranial–caudal axis of the vertebrae, and the

resulting deformation is continuously recorded (Fjelldal

et al. 2004). These data can be used to calculate the

mechanical stiffness, yield load and resilience. Of these

measures, the stiffness is the easiest to calculate, and in

Atlantic salmon postsmolts also the most closely associated

with mineralization when different fish groups are com-

pared (Fjelldal et al. 2006). The first authors that measured

biomechanical properties of teleost vertebrae recorded it as

stress and strain (Hamilton et al. 1981), where stress is the

force per unit area and strain is the percentage change in

length. This approach is better adopted for uniform speci-

mens than for whole bones (Cullinane & Einhorn 2002)

and later authors have not used this conversion when whole

vertebrae are tested (Fjelldal et al. 2004, 2006, 2009).

Unfortunately, reference values on normal biomechanical

properties of Atlantic salmon vertebrae at different fish

sizes are lacking; the ‘unconverted’ mechanical strength of

the vertebrae will increase with fish size. With good refer-

ence stiffness values for properly mineralized and morpho-

logically normal and undeformed vertebrae at different fish

sizes, the compression test could be used as a quick, cheap

and accurate tool to evaluate the mineral status of farmed

Atlantic salmon.

Radiography. Radiography (X-ray) is the classical method

for evaluation of skeletal pathology. A correct radiographic

diagnosis will, however, rely on image quality as well as
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diagnostic skills. Fish radiography suffers from low contrast

of ossified tissues in fish, as well as the small size of the

individual structures. Witten et al. (2009a) identify techni-

cal X-ray as the method giving the highest quality images.

Practical experience demonstrates that use of a mammogra-

phy source is preferable in fish smaller than 100 g since is

better suited to image low contrast tissues in small and soft

structures like bones of small fish. In fish larger than 100 g,

standard equipment sufficient adjustment of key settings

may be adequate (Hjelde & Baeverfjord 2009). While both

analogue and digital set-ups are in use, digital set-ups allow

for image enhancement to improve image quality and eval-

uation, as well as allowing for morphometric measurements

and analyses. In farmed Atlantic salmon, twenty different

types of bone pathology are suggested, of which many have

been observed in studies related to mineral deficiencies

(Witten et al. 2009a). Further development and refinement

of diagnostic criteria for skeletal pathology associated with

low mineralization and specific deficiency conditions are

strongly warranted. MicroCT is a highly specialized instru-

ment based on X-ray principles, which provides high-qual-

ity images in 3D (Totland et al. 2011). MicroCT The

method is expected to remain limited to specialized scien-

tific purposes, due to both availability and cost and time

required per analysis. For practical purposes, fish radiogra-

phies rarely are of a quality which allows for quantitatively

reliable judgement of mineral saturation of bone. Bone

densitometry, commonly used in human medicine to mea-

sure mineral status of bone, is based on X-ray technology.

Similar to standard radiography, a need for special adap-

tion of such methods and instruments is expected if used

on fish.

Resource use efficiency of minerals in salmonid
farming

The utilization efficiency of dietary minerals (especially P)

in salmon feeds has been under critical scrutiny over the

years. The situation has been even more relevant in the

recent years with the challenge of transition from marine

ingredients. Phosphorus is a nutrient of bone health and

environmental significance, with reduced availability of

plant-derived feed ingredients. Supplementation of inor-

ganic phosphorus to salmonid feeds has been inevitable to

meet the dietary requirement of fish for maximal weight

gain as well as proper bone mineralization. The challenge

however has been to ‘improve bone health with minimal

environmental impact’. Phosphorous from feed loss, faeces

and urinary excretion is the major component in the efflu-

ents from aquaculture industry, which contributes to local

eutrophication (Einen et al. 1995; Temporetti & Pedrozo

2000). The metabolic loss of P in salmonids is 0.02–
0.07 g P kg�1 fish day�1 (Bergheim et al. 1982), which

includes 5–10% of endogenous P loss (Antony Jesu Prabhu

et al. 2015). A theoretical estimation using dietary input of

1% feed (with 15 g P kg�1 feed) of the body weight day�1

for a 1 kg salmon and a P digestibility of 40% means that

available P from diet per day is 0.06 g P. This is in the

range of the reported daily excreted amounts, indicating

that the metabolism of P is under a close homeostatic regu-

lation (Vielma & Lall 1998a). The understanding of phos-

phorus utilization in salmonid feeds is well studied and

mathematical models are available to predict and thereby

limit P discharge (Bureau & Cho 1999; Bureau et al. 2003;

Hua & Bureau 2006). Phosphorus is a vital yet limited and

nonrenewable resource for life on earth. The ever-increas-

ing global population and the need to feed the billions had

put global P availability at stake (Cordell et al. 2011). As

regard to the use of phosphorus resources, about 89% of

the global phosphorus is used for food production, 7% in

animal feeds and 82% as fertilizers (GPRI, 2010). The over-

all environmental load derived from aquaculture is com-

paratively small when compared to runoff from

communities, industries, agriculture and forestry. At least

in Norway, phosphorus levels in salmon feeds and in efflu-

ents are being gradually reduced (Fig. 8). For instance,

release of phosphorus from salmon farms in Norway has

decreased from 10 kg P ton�1 of fish produced in 1990

(Ackefors & Enell 1994) to 8.45 kg P ton�1 of fish pro-

duced in 2012 (ca. from Ytrestøyl et al. 2015), which is

about 15%. Nevertheless, about 12 046 and 15 011 tons of

phosphorus were used in salmon feeds in 2010 and 2012,

respectively, of which 72% was lost to the environment and

an additional 15–16% was lost in post-harvest trimmings

(Ytrestøyl et al. 2015). These data warrant the necessity for

improving the phosphorus use efficiency in salmon farming

through increase in bioavailability, retention of dietary

phosphorus and maximizing phosphorus recovery from

effluents and trimmings.

Detailed quantitative information on the budgeting of

minerals other than phosphorus is lacking in fish farming.

However, level of microminerals in Norwegian fish feeds

have generally decreased during the decade from 2000 to

2010 without compromising on the dietary levels needed to

meet the requirement of fish (Sissener et al. 2013). This

indicates that the micronutrient load into the environment

would have also decreased. Moreover, more use of organic

sources of microminerals is anticipated in the future, in

view of a better relative bioavailability over inorganic

forms. Organic minerals have demonstrated their potential

in livestock and poultry; however, their practical utility and

superior bioavailability over inorganic forms are far from

convincing in fish. An empirical analysis of metadata from

published reports showed large variations in the bioavail-

ability of organic forms, except for Se (Antony Jesu Prabhu

et al. 2016b). The metadata included responses such as
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apparent availability and retention; however, analysis on

absorption pathways, physiological and cellular mecha-

nisms at sites of absorption, cellular trafficking and target

delivery will be more pertinent in deciding the relative effi-

cacy of different mineral sources. Improving the bioavail-

ability of minerals in fish feeds is the most sustainable and

eco-friendly approach to ensure proper bone health and

reduce environmental impact of aquaculture. In terms of

improving dietary mineral availability, use of phytase can

not only improve the availability of phytate-P found in

plant ingredients, but also of other microminerals like Zn.

However, the limitation of phytase in salmon feeds has

been their efficiency at low temperatures; hence, a low-tem-

perature-adapted phytase could be of better use in salmo-

nids. Genetic selection and transgenesis can be potentially

employed to improve mineral availability and utilization

efficiency in fish. Nile tilapia and Japanese medaka trans-

genic to Aspergillus niger phytase gene showed better uti-

lization of dietary phytate phosphorus (Kemeh 2004;

Hostetler et al. 2005). On the other hand, attempts to recy-

cle P lost in post-harvest trimmings are underway though

research aiming at developing P supplements from fish

bones (Ytteborg et al. 2016). Further research should focus

on improving availability of ingredient bound minerals and

use low levels of mineral supplements of better availability

with less environmental impact.

Concluding remarks

In the present era and more so in the future, the key to sus-

tainability of salmonid aquaculture rests on, how well,

healthy animal production and environmental safety are

managed without compromising faster growth. It is

indispensable to realize that dietary nutrient levels required

by fish will be altered with the dynamic changes occurring

in feed composition, genetic improvement of stock, fast-

growing transgenic varieties, etc. Lall and Lewis-McCrea

(2007) suggested that attempts to characterize skeletal

deformities in fish will be adversely affected by limited con-

sideration for nutrient deficiencies. In the literature, among

dietary factors, dietary phosphorus has been of major focus

in understanding the aetiology of skeletal deformities in

Atlantic salmon and rainbow trout production. However,

how much of available P should be supplied to obtain har-

monious skeletal and muscular growth still remains unan-

swered. On the other hand, the effect of increasing dietary

P levels also results in increased excretion of P emphasizing

the need to identify strategies to improve P utilization in

salmonids. Efforts are already underway and it is evident

that the amount of P released per unit quantity of fish pro-

duced has decreased over the years, although the total

quantity released from salmon farming is increasing due to

increasing production. It is of utmost importance that

phosphorus use efficiency is improved through increase in

bioavailability and retention of dietary phosphorus in sal-

monid farming and fish farming in general.

The effect of other macro- and microminerals for com-

mercial fish production appears less clear, and data avail-

able at present are weak and needs to be strengthened. Few

studies on dietary requirement for essential minerals in sal-

monids of more recent date are conducted. The earlier esti-

mates are lacking in relevance to counter new challenges

faced. Moreover, transition of requirements estimated from

short-term and small-scale experiments with semi-purified

diets mostly on juvenile fish to operational practical recom-

mendations for entire life cycle is needed. Major shifts in
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fish feed ingredient profiles during recent years call for

increased attention to mineral contents and availability in

diets. In particular, the increase in use of plant ingredients

is expected to increase the need for balancing the dietary

levels of certain minerals. Similar consideration applies to

high ash raw materials of animal origin. More knowledge

on how to treat and use relevant raw materials in order to

improve availability of minerals is strongly warranted, in

particular how to use novel ingredients safely over long

term. Maximum limits have been established in the EU for

a range of essential microminerals in fish feeds. There is a

need to assess the potential benefits of improving bioavail-

ability through organic sources or using higher levels of

certain essential microminerals to improve bone health in

salmonids, especially towards better fish welfare in seawater

phase. In recognition of the complexity of fish mineral

nutrition though the production cycle, there is a need to

update methodology to record mineral requirements, fish

mineral status and their biological functions, like skeletal

development across life stages. The potential of developing

and using in vitro methods and biochemical (molecular,

proteomic, metabolomic, and ultrastructural tools) tools

needs further validation for a clear demonstration on their

usefulness to study the main issues related to ‘bone

deformities’.

Acknowledgements

Funding for this work was supported by two research

grants (i) Norwegian Seafood Research Fund (FHF), grant

no. 900661; (ii) Norwegian Research Council, grant no.

244490. The constructive comments of the anonymous

reviewers is also acknowledged.

Author contributions

All authors contributed equally in manuscript writing. The

corresponding author in addition contributed towards

overall structuring and content editing.

References

Ackefors H, Enell M (1994) The release of nutrients and organic

matter from aquaculture systems in Nordic countries. Journal

of Applied Ichthyology 10: 225–241.
Afonso J, Montero D, Robaina L, Astorga N, Izquierdo M, Gines

R (2000) Association of a lordosis-scoliosis-kyphosis defor-

mity in gilthead seabream (Sparus aurata) with family struc-

ture. Fish Physiology and Biochemistry 22: 159–163.
Albrektsen S, Hope B, Aksnes A (2009) Phosphorous (P) defi-

ciency due to low P availability in fishmeal produced from

blue whiting (Micromesistius poutassou) in feed for under-

yearling Atlantic salmon (Salmo salar) smolt. Aquaculture

296: 318–328.
Amoroso G, Adams MB, Ventura T, Carter CG, Cobcroft JM

(2016a) Skeletal anomaly assessment in diploid and triploid

juvenile Atlantic salmon (Salmo salar L.) and the effect of

temperature in freshwater. Journal of Fish Diseases 39: 449–
466.

Amoroso G, Cobcroft JM, Adams MB, Ventura T, Carter CG

(2016b) Concurrence of lower jaw skeletal anomalies in tri-

ploid Atlantic salmon (Salmo salar L.) and the effect on

growth in freshwater. Journal of Fish Diseases 39: 1509–1521.
Andersen F, Maage A, Julshamn K (1996) An estimation of diet-

ary iron requirement of Atlantic salmon, Salmo salar L., parr.

Aquaculture Nutrition 2: 41–47.
Andrade A, Chrysis D, Audi L, Nilsson O (2011) Methods to

study cartilage and bone development. In: Camacho-H€ubner

C, Nilsson O, Saevendahl L (eds) Cartilage and Bone Develop-

ment and Its Disorders, pp. 52–66. Karger Publishers, Basal,

Switzerland.

Antony Jesu Prabhu P (2015) Minerals in fish: does the source

matter? In: Aquaculture and Fisheries, PhD thesis, pp. 267.

Wageningen University, Wageningen.

Antony Jesu Prabhu P, Schrama JW, Kaushik SJ (2013) Quanti-

fying dietary phosphorus requirement of fish – a meta-analy-

tic approach. Aquaculture Nutrition 19: 233–249.
Antony Jesu Prabhu P, Schrama JW, Mariojouls C, Godin S,

Fontagn�e-Dicharry S, Geurden I et al. (2014) Post-prandial

changes in plasma mineral levels in rainbow trout fed a com-

plete plant ingredient based diet and the effect of supplemen-

tal di-calcium phosphate. Aquaculture 430: 34–43.
Antony Jesu Prabhu P, Kaushik SJ, Mariojouls C, Surget A, Fon-

tagn�e-Dicharry S, Schrama JW et al. (2015) Comparison of

endogenous loss and maintenance need for minerals in

rainbow trout (Oncorhynchus mykiss) fed fishmeal or plant

ingredient-based diets. Fish Physiology and Biochemistry 41:

243–253.
Antony Jesu Prabhu P, Geurden I, Fontagn�e-Dicharry S, Veron

V, Larroquet L, Mariojouls C et al. (2016a) Responses in

micro-mineral metabolism in rainbow trout to change in diet-

ary ingredient composition and inclusion of a micro-mineral

premix. PLoS ONE 11: e0149378.

Antony Jesu Prabhu P, Schrama JW, Kaushik SJ (2016b) Mineral

requirements of fish: a systematic review. Reviews in Aquacul-

ture 8: 172–219.
Antony Jesu Prabhu P, Kaushik SJ, Geurden I, Stouten T, Fon-

tagn�e-dicharry S, Veron V et al. (2017a) Water exchange rate

in RAS and dietary inclusion of micro-minerals influence

growth, body composition and mineral metabolism in com-

mon carp. Aquaculture 471: 8–18.
Antony Jesu Prabhu P, Schrama JW, Fontagn�e-Dicharry S, Sur-

get A, Mariojouls C, Bueno M et al. (2017b) Evaluating diet-

ary supply of microminerals as a premix in a complete plant

ingredient based diet to juvenile rainbow trout (Oncorhynchus

mykiss). Aquaculture Nutrition 24: 539–547.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 19

Mineral nutrition and bone health in salmonids



Arendt JD, Wilson DS (2000) Population differences in the onset

of cranial ossification in pumpkinseed (Lepomis gibbosus), a

potential cost of rapid growth. Canadian Journal of Fisheries

and Aquatic Sciences 57: 351–356.
Arendt J, Wilson DS, Stark E (2001) Scale strength as a cost of

rapid growth in sunfish. Oikos 93: 95–100.
Aubin J (2007) Impact des Facteurs Environnementaux et Physi-

ologiques sur les Caract�eres Histomorphom�etriques du Squel-

ette Axial de la Truite d’�Elevage. In: Sire J-Y (ed) Malfotruite,

128 pp. CNRS-CIPA, France.

Aulstad D, Kittelsen A (1971) Abnormal body curvatures of

rainbow trout (Salmo gairdneri) inbred fry. Journal of the

Fisheries Board of Canada 28: 1918–1920.
Aunsmo A, Guttvik A, Midtlyng P, Larssen R, Evensen Ø,

Skjerve E (2008) Association of spinal deformity and vaccine-

induced abdominal lesions in harvest-sized Atlantic salmon

Salmo salar L. Journal of Fish Diseases 31: 515–524.
Baeverfjord G, Asgard T, Shearer K (1998) Development and

detection of phosphorus deficiency in Atlantic salmon, Salmo

salar L., parr and post-smolts. Aquaculture Nutrition 4: 1–12.
Baeverfjord G, Helland S, Refstie S, Hjelde K, Shearer KD (2006)

Skeletal deformities in response to restricted dietary mineral

supply in Atlantic salmon (Salmo salar L.). In: XII Interna-

tional Symposium on Fish Nutrition & Feeding, May 28–June

1, 2006, Biarritz, France.

Beattie JH, Avenell A (1992) Trace element nutrition and bone

metabolism. Nutrition Research Reviews 5: 167–188.
Benstead JP, Hood JM, Whelan NV, Kendrick MR, Nelson D,

Hanninen AF et al. (2014) Coupling of dietary phosphorus

and growth across diverse fish taxa: a meta-analysis of experi-

mental aquaculture studies. Ecology 95: 2768–2777.
Berg A, Rødseth OM, Tanger�as A, Hansen T (2006) Time of vac-

cination influences development of adhesions, growth and

spinal deformities in Atlantic salmon Salmo salar. Diseases of

Aquatic Organisms 69: 239–248.
Berg A, Yurtseva A, Hansen T, Lajus D, Fjelldal P (2012) Vacci-

nated farmed Atlantic salmon are susceptible to spinal and

skull deformities. Journal of Applied Ichthyology 28: 446–452.
Bergheim A, Sivertsen A, Selmer-Olsen A (1982) Estimated pol-

lution loadings from Norwegian fish farms. I. Investigations

1978–1979. Aquaculture 28: 347–361.
Bo L, Liu Z, Zhong Y, Huang J, Chen B, Wang H et al. (2016)

Iron deficiency anemia’s effect on bone formation in zebrafish

mutant. Biochemical and Biophysical Research Communica-

tions 475: 271–276.
Boglione C, Gavaia P, Koumoundouros G, Gisbert E, Moren M,

Fontagn�e S et al. (2013a) Skeletal anomalies in reared Euro-

pean fish larvae and juveniles. Part 1: normal and anomalous

skeletogenic processes. Reviews in Aquaculture 5: S99–S120.
Boglione C, Gisbert E, Gavaia P, Witten PE, Moren M, Fontagn�e

S et al. (2013b) Skeletal anomalies in reared European fish

larvae and juveniles. Part 2: main typologies, occurrences and

causative factors. Reviews in Aquaculture 5: S121–S167.
Bonewald L, Harris S, Rosser J, Dallas M, Dallas S, Camacho N

et al. (2003) von Kossa staining alone is not sufficient to

confirm that mineralization in vitro represents bone forma-

tion. Calcified Tissue International 72: 537–547.
Boskey A (2003) Mineral changes in osteopetrosis. Critical

Reviews in Eukaryotic Gene Expression 13: 8.

Bruno D (1990) Jaw deformity associated with farmed Atlantic

salmon (Salmo salar). The Veterinary Record 126: 402–403.
Bureau D, Cho C (1999) Phosphorus utilization by rainbow

trout (Oncorhynchus mykiss): estimation of dissolved phos-

phorus waste output. Aquaculture 179: 127–140.
Bureau DP, Gunther SJ, Cho CY (2003) Chemical composition

and preliminary theoretical estimates of waste outputs of rain-

bow trout reared in commercial cage culture operations in

Ontario. North American Journal of Aquaculture 65: 33–38.
Burke HA, Sacobie CFD, Lall SP, Benfey TJ (2010) The effect of

triploidy on juvenile Atlantic salmon (Salmo salar) response to

varying levels of dietary phosphorus. Aquaculture 306: 295–301.
van Bussel CGJ, Mahlmann L, Kroeckel S, Schroeder JP, Schulz

C (2013) The effect of high ortho-phosphate water levels on

growth, feed intake, nutrient utilization and health status of

juvenile turbot (Psetta maxima) reared in intensive recirculat-

ing aquaculture systems (RAS). Aquacultural Engineering 57:

63–70.
Cahu C, Infante JZ, Takeuchi T (2003) Nutritional components

affecting skeletal development in fish larvae. Aquaculture 227:

245–258.
Canagaratnam P (1959) The influence of light intensities and

durations during early development on meristic variation in

some salmonids, PhD thesis, 130 pp. Department of Zoology,

University of British Columbia, Vancouver, BC.

Cook JT, McNiven MA, Richardson GF, Sutterlin AM (2000)

Growth rate, body composition and feed digestibility/conver-

sion of growth-enhanced transgenic Atlantic salmon (Salmo

salar). Aquaculture 188: 15–32.
Cordell D, Rosemarin A, Schr€oder JJ, Smit AL (2011) Towards

global phosphorus security: a systems framework for phos-

phorus recovery and reuse options. Chemosphere 84: 747–758.
Cowey C, Knox D, Adron J, George S, Pirie B (1977) The pro-

duction of renal calcinosis by magnesium deficiency in rain-

bow trout (Salmo gairdneri). British Journal of Nutrition 38:

127–135.
Cullinane DM, Einhorn TA (2002) Chapter 2 – Biomechanics of

bone. In: Raisz LG, Rodan GA (eds) Principles of Bone Biology,

2nd edn, pp. 17–32. Academic Press, San Diego, CA.

Currey J (2003) The many adaptations of bone. Journal of

Biomechanics 36: 1487–1495.
Davidson J, Good C, Welsh C, Summerfelt ST (2011) Abnormal

swimming behavior and increased deformities in rainbow

trout Oncorhynchus mykiss cultured in low exchange water

recirculating aquaculture systems. Aquacultural Engineering

45: 109–117.
Dermience M, Lognay G, Mathieu F, Goyens P (2015) Effects of

thirty elements on bone metabolism. Journal of Trace Elements

in Medicine and Biology 32: 86–106.
Deschamps MH, Poirier Stewart N, Demanche A, Vandenberg

GW (2014) Preliminary study for phenotypic description of

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd.20

G. Baeverfjord et al.



vertebral abnormalities in triploid trout subjected to pro-

longed deficiency in phosphorus. Journal of Applied Ichthyol-

ogy 30: 833–839.
Desjardins L, Hicks B, Hilton J (1987) Iron catalyzed oxidation

of trout diets and its effect on the growth and physiological

response of rainbow trout. Fish Physiology and Biochemistry 3:

173–182.
Ebel JD, Leroux SJ, Robertson MJ, Dempson JB (2015) Ontoge-

netic differences in Atlantic salmon phosphorus concentration

and its implications for cross ecosystem fluxes. Ecosphere 6:

art136.

Eding EH, Janssen K, Heinsbroek LTN, Verreth JAJ, Schrama

JW (2012) Can water phosphorus level in recirculating aqua-

culture systems (RAS) compensate for low dietary phospho-

rus level in Nile tilapia (Oreochromis niloticus)? In: Ninth

International Conference on Recirculating Aquaculture, August

24–26, 2012, Roanoke, VR.

Einen O, Holmefjord I, �Asg�ard T, Talbot C (1995) Auditing

nutrient discharges from fish farms: theoretical and practical

considerations. Aquaculture Research 26: 701–713.
El-Mowafi A, Maage A (1998) Magnesium requirement of

Atlantic salmon (Salmo salar L.) parr in seawater-treated fresh

water. Aquaculture Nutrition 4: 31–38.
Elser JJ, Watts T, Bitler B, Markow TA (2006) Ontogenetic cou-

pling of growth rate with RNA and P contents in five species

of Drosophila. Functional Ecology 20: 846–856.
Faibish D, Gomes A, Boivin G, Binderman I, Boskey A (2005)

Infrared imaging of calcified tissue in bone biopsies from

adults with osteomalacia. Bone 36: 6–12.
Fjelldal PG, Hansen T (2010) Vertebral deformities in triploid

Atlantic salmon (Salmo salar L.) underyearling smolts. Aqua-

culture 309: 131–136.
Fjelldal PG, Grotmol S, Kryvi H, Gjerdet NR, Taranger GL,

Hansen T et al. (2004) Pinealectomy induces malformation

of the spine and reduces the mechanical strength of the verte-

brae in Atlantic salmon Salmo salar. Journal of Pineal Research

36: 132–139.
Fjelldal PG, Lock E-J, Grotmol S, Totland GK, Nordgarden U,

Flik G et al. (2006) Impact of smolt production strategy on

vertebral growth and mineralisation during smoltification and

the early seawater phase in Atlantic salmon (Salmo salar L.).

Aquaculture 261: 715–728.
Fjelldal PG, Hansen TJ, Berg AE (2007a) A radiological study on

the development of vertebral deformities in cultured Atlantic

salmon (Salmo salar L.). Aquaculture 273: 721–728.
Fjelldal PG, Nordgarden U, Hansen T (2007b) The mineral con-

tent affects vertebral morphology in underyearling smolt of

Atlantic salmon (Salmo salar L.). Aquaculture 270: 231–239.
Fjelldal PG, Hansen T, Breck O, Sandvik R, Waagbo R, Berg A

et al. (2009) Supplementation of dietary minerals during the

early seawater phase increase vertebral strength and reduce

the prevalence of vertebral deformities in fast-growing under-

yearling Atlantic salmon (Salmo salar L.) smolt. Aquaculture

Nutrition 15: 366–378.

Fjelldal PG, Hansen T, Albrektsen S (2012a) Inadequate phos-

phorus nutrition in juvenile Atlantic salmon has a negative

effect on long-term bone health. Aquaculture 334: 117–123.
Fjelldal PG, Lock EJ, Hansen T, Waagbø R, Wargelius A, Gil

Martens L et al. (2012b) Continuous light induces bone

resorption and affects vertebral morphology in Atlantic sal-

mon (Salmo salar L.) fed a phosphorous deficient diet. Aqua-

culture Nutrition 18: 610–619.
Fjelldal P, Hansen T, Lock EJ, Wargelius A, Fraser T, Sambraus

F et al. (2016) Increased dietary phosphorous prevents verte-

bral deformities in triploid Atlantic salmon (Salmo salar L.).

Aquaculture Nutrition 22: 72–90.
Fontagn�e S, Silva N, Bazin D, Ramos A, Aguirre P, Surget A

et al. (2009) Effects of dietary phosphorus and calcium level

on growth and skeletal development in rainbow trout (Oncor-

hynchus mykiss) fry. Aquaculture 297: 141–150.
Fontagn�e-Dicharry S, Godin S, Liu H, Antony Jesu Prabhu P,

Bouyssi�ere B, Bueno M et al. (2015) Influence of the forms

and levels of dietary selenium on antioxidant status and

oxidative stress-related parameters in rainbow trout (Oncor-

hynchus mykiss) fry. British Journal of Nutrition 113: 1876–
1887.

Franz-Odendaal TA, Hall BK, Witten PE (2006) Buried alive:

how osteoblasts become osteocytes. Developmental Dynamics

235: 176–190.
Fukada T, Hojyo S, Furuichi T (2013) Zinc signal: a new player

in osteobiology. Journal of Bone and Mineral Metabolism 31:

129–135.
Ganga R, Tibbetts SM, Wall CL, Plouffe DA, Bryenton MD,

Peters AR et al. (2015) Influence of feeding a high plant

protein diet on growth and nutrient utilization to com-

bined ‘all-fish’ growth-hormone transgenic diploid and tri-

ploid Atlantic salmon (Salmo salar L.). Aquaculture 446:

272–282.
Garside ET (1966) Developmental rate and vertebral number in

salmonids. Journal of the Fisheries Research Board of Canada

23: 1537–1551.
Gil Martens L, Lock EJ, Fjelldal PG, Wargelius A, Araujo P, Tor-

stensen BE et al. (2010) Dietary fatty acids and inflammation

in the vertebral column of Atlantic salmon, Salmo salar L.,

smolts: a possible link to spinal deformities. Journal of Fish

Diseases 33: 957–972.
Gil Martens L, Fjelldal PG, Lock EJ, Wargelius A, Wergeland H,

Witten PE et al. (2012) Dietary phosphorus does not reduce

the risk for spinal deformities in a model of adjuvant-induced

inflammation in Atlantic salmon (Salmo salar) postsmolts.

Aquaculture Nutrition 18: 12–20.
Gjerde B, Pante MJR, Baeverfjord G (2005) Genetic variation for

a vertebral deformity in Atlantic salmon (Salmo salar). Aqua-

culture 244: 77–87.
Good C, Davidson J, Welsh C, Brazil B, Snekvik K, Summerfelt

S (2009) The impact of water exchange rate on the health and

performance of rainbow trout Oncorhynchus mykiss in water

recirculation aquaculture systems. Aquaculture 294: 80–85.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 21

Mineral nutrition and bone health in salmonids



Good C, Davidson J, Kinman C, Kenney PB, Bæverfjord G,

Summerfelt S (2014) Observations on side-swimming rain-

bow trout in water recirculation aquaculture systems. Journal

of Aquatic Animal Health 26: 219–224.
GPRI (2010) Global Phosphorus Research Initiative (GPRI) State-

ment on Global Phosphorus Scarcity. Global Phosphorus

Research Initiative, Wageningen.

Graff I, Waagbø R, Fivelstad S, Vermeer C, Lie Ø, Lundebye A

(2002) A multivariate study on the effects of dietary vitamin

K, vitamin D3 and calcium, and dissolved carbon dioxide on

growth, bone minerals, vitamin status and health performance

in smolting Atlantic salmon Salmo salar L. Journal of Fish Dis-

eases 25: 599–614.
Grini A, Hansen T, Berg A, Wargelius A, Fjelldal P (2011) The

effect of water temperature on vertebral deformities and vac-

cine-induced abdominal lesions in Atlantic salmon Salmo

salar L. Journal of Fish Diseases 34: 531–546.
Grotmol S, Kryvi H, Nordvik K, Totland GK (2003) Notochord

segmentation may lay down the pathway for the development

of the vertebral bodies in the Atlantic salmon. Anatomy and

Embryology (Berlin) 207: 263–272.
Grotmol S, Kryvi H, Keynes R, Krossøy C, Nordvik K, Totland

GK (2006) Stepwise enforcement of the notochord and its

intersection with the myoseptum: an evolutionary path lead-

ing to development of the vertebra? Journal of Anatomy 209:

339–357.
Hamada M, Nagai T, Kai N, Tanoue Y, Mae H, Hashimoto M

et al. (1995) Inorganic constituents of bone of fish. Fisheries

Science 61: 517–520.
Hamilton SJ, Mehrle PM, Mayer FL, Jones JR (1981) Method to

evaluate mechanical properties of bone in fish. Transactions of

the American Fisheries Society 110: 708–717.
Hansen T, Fjelldal PG, Yurtseva A, Berg A (2010) A possible

relation between growth and number of deformed vertebrae

in Atlantic salmon (Salmo salar L.). Journal of Applied Ichthy-

ology 26: 355–359.
Hardy R, Oram L, M€oller G (2010) Effects of dietary selenome-

thionine on cutthroat trout (Oncorhynchus clarki bouvieri)

growth and reproductive performance over a life cycle.

Archives of Environmental Contamination and Toxicology 58:

237–245.
Haugarvoll E, Bjerk�as I, Szabo NJ, Satoh M, Koppang EO (2010)

Manifestations of systemic autoimmunity in vaccinated sal-

mon. Vaccine 28: 4961–4969.
Helland S, Refstie S, Espmark A, Hjelde K, Baeverfjord G (2005)

Mineral balance and bone formation in fast-growing Atlantic

salmon parr (Salmo salar) in response to dissolved metabolic

carbon dioxide and restricted dietary phosphorus supply.

Aquaculture 250: 364–376.
Helland S, Denstadli V, Witten PE, Hjelde K, Storebakken T,

Skrede A et al. (2006) Hyper dense vertebrae and mineral

content in Atlantic salmon (Salmo salar L.) fed diets with

graded levels of phytic acid. Aquaculture 261: 603–614.
Hendrixson HA (2002) Stoichiometry of freshwater fish in rela-

tion to allometry and phylogeny, and the role of skeleton in

fish stoichiometry, MS thesis. University of Minnesota, St.

Paul, MN.

Hendrixson HA, Sterner RW, Kay AD (2007) Elemental stoi-

chiometry of freshwater fishes in relation to phylogeny,

allometry and ecology. Journal of Fish Biology 70: 121–140.
Hilton JW, Hodson PV, Slinger SJ (1980) The requirement and

toxicity of selenium in rainbow trout (Salmo gairdneri). The

Journal of Nutrition 110: 2527–2535.
Hjelde K, Baeverfjord G (2009) Basic concepts of fish radiogra-

phy. In: Baeverfjord G, Helland S, Hough C (eds) Control of

Malformations in Fish Aquaculture: Science and Practice, pp.

15–24. Federation of European Aquaculture Producers

(FEAP), Liege.

Hodson P, Hilton J (1983) The nutritional requirements and

toxicity to fish of dietary and waterborne selenium. Ecological

Bulletins 35: 335–340.
Hoeg A, Gogakos A, Murphy E, Mueller S, K€ohrle J, Reid DM

et al. (2012) Bone turnover and bone mineral density are

independently related to selenium status in healthy euthyroid

postmenopausal women. The Journal of Clinical Endocrinology

& Metabolism 97: 4061–4070.
Hogstrand C (2013) Zinc regulation in fish biology. In: Kret-

singer RH, Uversky VN, Permyakov EA (eds) Encyclopedia of

Metalloproteins, Springer, New York, NY.

Holm J, Palace V, Siwik P, Sterling G, Evans R, Baron C et al.

(2005) Developmental effects of bioaccumulated selenium in

eggs and larvae of two salmonid species. Environmental Toxi-

cology and Chemistry 24: 2373–2381.
Hossain MA, Yoshimatsu T (2014) Dietary calcium requirement

in fishes. Aquaculture Nutrition 20: 1–11.
Hostetler HA, Collodi P, Devlin RH, Muir WM (2005)

Improved phytate phosphorus utilization by Japanese medaka

transgenic for the Aspergillus niger phytase gene. Zebrafish 2:

19–31.
Hua K, Bureau DP (2006) Modelling digestible phosphorus con-

tent of salmonid fish feeds. Aquaculture 254: 455–465.
Jia P, Xu YJ, Zhang ZL, Li K, Li B, Zhang W et al. (2012) Ferric

ion could facilitate osteoclast differentiation and bone resorp-

tion through the production of reactive oxygen species. Jour-

nal of Orthopaedic Research 30: 1843–1852.
Kacem A, Meunier F (2000b) Evidence for periosteocytic osteol-

ysis in vertebrae of Atlantic salmon, Salmo salar (Salmonidae,

Teleostei), during its anadromous migration. Cybium 24:

105–112.
Kacem A, Meunier F (2003) Halastatic demineralization in the

vertebrae of Atlantic salmon, during their spawning migra-

tion. Journal of Fish Biology 63: 1122–1130.
Kacem A, Meunier F, Bagliniere J (1998) A quantitative study of

morphological and histological changes in the skeleton of

Salmo salar during its anadromous migration. Journal of Fish

Biology 53: 1096–1109.
Kacem A, Gustafsson S, Meunier FJ (2000a) Demineralization of

the vertebral skeleton in Atlantic salmon Salmo salar L. during

spawning migration. Comparative Biochemistry and Physiology

Part A: Molecular & Integrative Physiology 125: 479–484.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd.22

G. Baeverfjord et al.



Kacem A, Meunier F, Aubin J, Haffray P (2004) A histo-mor-

phological characterization of malformations in the vertebral

skeleton of rainbow trout (Oncorhynchus mykiss) after various

triploidization treatments. Cybium 28: 15–23.
Katsumata S-i, Katsumata-Tsuboi R, Uehara M, Suzuki K

(2009) Severe iron deficiency decreases both bone formation

and bone resorption in rats. The Journal of Nutrition 139:

238–243.
Katsumata S, Katsumata R, Matsumoto N, Inoue H, Takahashi

N, Uehara M (2016) Iron deficiency decreases renal 25-hydro-

xyvitamin D3-1a-hydroxylase activity and bone formation in

rats. BMC Nutrition 2: 33.

Kemeh S (2004) Development of phytase transgenic Nile tilapia

(Oreochromis niloticus). In: Animal Sciences, PhD thesis, 108.

pp. Purdue University, West Lafayette.

Knox D, Cowey C, Adron J (1981) The effect of low dietary

manganese intake on rainbow trout (Salmo gairdneri). British

Journal of Nutrition 46: 495–501.
Krossøy C, Ørnsrud R, Wargelius A (2009) Differential gene

expression of bgp and mgp in trabecular and compact bone of

Atlantic salmon (Salmo salar L.) vertebrae. Journal of Anatomy

215: 663–672.
Kupsco A, Schlenk D (2016) Molecular mechanisms of sele-

nium-Induced spinal deformities in fish. Aquatic Toxicology

179: 143–150.
Kvellestad A, Høie S, Thorud K, Tørud B, Lyngøy A (2000) Pla-

tyspondyly and shortness of vertebral column in farmed

Atlantic salmon Salmo salar in Norway description and inter-

pretation of pathologic changes. Diseases of Aquatic Organisms

39: 97–108.
Kwong RWM, Niyogi S (2008) An in vitro examination of

intestinal iron absorption in a freshwater teleost, rainbow

trout (Oncorhynchus mykiss). Journal of Comparative Physiol-

ogy B-Biochemical Systemic and Environmental Physiology 178:

963–975.
Kwong RWM, Andr�es JA, Niyogi S (2010) Molecular evidence

and physiological characterization of iron absorption in iso-

lated enterocytes of rainbow trout (Oncorhynchus mykiss):

implications for dietary cadmium and lead absorption. Aqua-

tic Toxicology 99: 343–350.
Kwong RW, Hamilton CD, Niyogi S (2013) Effects of elevated

dietary iron on the gastrointestinal expression of Nramp genes

and iron homeostasis in rainbow trout (Oncorhynchus

mykiss). Fish Physiology and Biochemistry 39: 363–372.
Lall SP (2002) The minerals. In: John EH, Ronald WH (eds) Fish

Nutrition, 3rd edn, pp. 259–308. Academic Press, San Diego,

CA.

Lall SP, Lewis-McCrea LM (2007) Role of nutrients in skeletal

metabolism and pathology in fish – an overview. Aquaculture

267: 3–19.
Larssen R, Djupvik H (2005) Early life risk indicators of skeletal

deformities in salmon at slaughter. In: Waagbø R, Kryvi B,

Ørnsrud R (eds) Final Report from Workshop on Bone

Disorders in Intensive Aquaculture of Salmon and Cod, pp.

41. NIFES, Bergen.

Le Luyer J, Deschamps MH, Proulx E, Poirier Stewart N, Joly

Beauparlant C, Droit A et al. (2014a) Establishment of a com-

prehensive reference transcriptome for vertebral bone tissue

to study the impacts of nutritional phosphorus deficiency in

rainbow trout (Oncorhynchus mykiss, Walbaum). Marine

Genomics 18(Part B): 141–144.
Le Luyer J, Deschamps MH, Proulx E, Poirier Stewart N, Robert

C, Vandenberg G (2014b) Responses of different body com-

partments to acute dietary phosphorus deficiency in juvenile

triploid rainbow trout (Oncorhynchus mykiss, Walbaum).

Journal of Applied Ichthyology 30: 825–832.
Leach RM, Muenster A-M (1962) Studies on the role of man-

ganese in bone formation: I. Effect upon the mucopolysac-

charide content of chick bone. The Journal of Nutrition 78:

51–56.
Leach RM, Muenster A-M, Wien EM (1969) Studies on the role

of manganese in bone formation: II. Effect upon chondroitin

sulfate synthesis in chick epiphyseal cartilage. Archives of Bio-

chemistry and Biophysics 133: 22–28.
Leclercq E, Taylor J, Fison D, Fjelldal PG, Diez-Padrisa M, Han-

sen T et al. (2011) Comparative seawater performance and

deformity prevalence in out-of-season diploid and triploid

Atlantic salmon (Salmo salar) post-smolts. Comparative Bio-

chemistry and Physiology Part A: Molecular & Integrative Phys-

iology 158: 116–125.
Lemly AD (1997) A teratogenic deformity index for evaluating

impacts of selenium on fish populations. Ecotoxicology and

Environmental Safety 37: 259–266.
Lichten LA, Cousins RJ (2009) Mammalian zinc transporters:

nutritional and physiologic regulation. Annual Review of

Nutrition 29: 153–176.
Lin Y-H, Ku C-Y, Shiau S-Y (2013) Estimation of dietary mag-

nesium requirements of juvenile tilapia, Oreochromis niloti-

cus 9 Oreochromis aureus, reared in freshwater and seawater.

Aquaculture 380–383: 47–51.
Liu R, Jin C, Wang Z, Wang Z, Wang J, Wang L (2015) Effects

of manganese deficiency on the microstructure of proximal

tibia and OPG/RANKL gene expression in chicks. Veterinary

Research Communications 39: 31–37.
Lobanov AV, Hatfield DL, Gladyshev VN (2008) Reduced reli-

ance on the trace element selenium during evolution of mam-

mals. Genome Biology 9: R62.

Lopez E (1973) Etude morphologique et physiologique de l’os cel-

lulaire des poissons teleosteens. Memoires du Musehm National

Histoire Naturelle, nouvelle serie, serie A, Zoologie 80: 1–90.
Lu J, Yoshizaki G, Endo M, Takeuchi T (2013) Effect of dietary

high amount of calcium and phosphorous on reducing the

prevalence of morphological deformities in GH-transgenic

Nile tilapia. Fisheries Science 79: 647–658.
Maage A, Julshamn K (1993) Assessment of zinc status in juve-

nile Atlantic salmon (Salmo salar) by measurement of whole

body and tissue levels of zinc. Aquaculture 117: 179–191.
Maage A, Sveier H (1998) Addition of dietary iron(III) oxide

does not increase iron status of growing Atlantic salmon.

Aquaculture International 6: 249–252.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 23

Mineral nutrition and bone health in salmonids



Maage A, Lygren B, El Mowafic AFA (2000) Manganese require-

ment of Atlantic salmon (Salmo salar) fry. Fisheries Science 66:

1–8.
MacDonald RS (2000) The role of zinc in growth and cell prolif-

eration. The Journal of Nutrition 130: 1500S–1508S.
Martens LG, Witten PE, Fivelstad S, Huysseune A, Sævareid B,

Vikes�a V et al. (2006) Impact of high water carbon dioxide

levels on Atlantic salmon smolts (Salmo salar L.): effects on

fish performance, vertebrae composition and structure. Aqua-

culture 261: 80–88.
Martins CIM, Pistrin MG, Ende SSW, Eding EH, Verreth JAJ

(2009) The accumulation of substances in recirculating aqua-

culture systems (RAS) affects embryonic and larval develop-

ment in common carp Cyprinus carpio. Aquaculture 291: 65–
73.

McKay LR, Gjerde B (1986) Genetic variation for a spinal defor-

mity in Atlantic salmon, Salmo salar. Aquaculture 52: 263–
272.

Medeiros DM, Stoecker B, Plattner A, Jennings D, Haub M

(2004) Iron deficiency negatively affects vertebrae and femurs

of rats independently of energy intake and body weight. The

Journal of Nutrition 134: 3061–3067.
Michie I (2001) Causes of downgrading in the salmon farming

industry. In: Kestin SC, Warris PD (eds) Farmed Fish Quality,

pp. 129–136. Blackwell Science, Fishing New Books, Oxford.

Miyake T, Hall BK (1994) Development of in vitro organ culture

techniques for differentiation and growth of cartilages and

bones from teleost fish and comparisons with in vivo skeletal

development. Journal of Experimental Zoology 268: 22–43.
Mkukuma L, Skakle J, Gibson I, Imrie C, Aspden R, Hukins D

(2004) Effect of the proportion of organic material in bone on

thermal decomposition of bone mineral: an investigation of a

variety of bones from different species using thermogravimet-

ric analysis coupled to mass spectrometry, high-temperature

X-ray diffraction, and Fourier transform infrared spec-

troscopy. Calcified Tissue International 75: 321–328.
Moss ML (1961) Studies of the acellular bone of teleost fish.

Cells Tissues Organs 46: 343–362.
Naser N (2000) Role of Iron in Atlantic Salmon (Salmo salar)

Nutrition: Requirement, Bioavailability, Disease Resistance and

Immune Response, 282 pp. Dalhousie University, Halifax,

Nova Scotia.

Nguyen VT, Satoh S, Haga Y, Fushimi H, Kotani T (2008) Effect

of zinc and manganese supplementation in Artemia on

growth and vertebral deformity in red sea bream (Pagrus

major) larvae. Aquaculture 285: 184–192.
Nordvik K, Kryvi H, Totland GK, Grotmol S (2005) The salmon

vertebral body develops through mineralization of two pre-

formed tissues that are encompassed by two layers of bone.

Journal of Anatomy 206: 103–114.
NRC (2011) Nutrient Requirements of Fish and Shrimp, 392 pp.

The National Academies Press, National Research Council,

Washington.

O’Flynn F, McGeachy S, Friars G, Benfey T, Bailey J (1997)

Comparisons of cultured triploid and diploid Atlantic salmon

(Salmo salar L.). ICES Journal of Marine Science: Journal du

Conseil 54: 1160–1165.
Ogino C, Yang G (1980) Requirements of carp and rainbow

trout for dietary manganese and copper. Bulletin of the Japa-

nese Society of Scientific Fisheries 46: 455–458.
Ogino C, Takashima F, Chiou JY (1978) Requirement of rain-

bow trout for dietary magnesium. Bulletin of the Japanese

Society of Scientific Fisheries 44: 1105–1108.
Ornsrud R, Lock E-J, Glover C, Flik G (2009) Retinoic acid

cross-talk with calcitriol activity in Atlantic salmon (Salmo

salar). Journal of Endocrinology 202: 473–482.
Pacitti D, Lawan MM, Sweetman J, Martin SAM, Feldmann J,

Secombes CJ (2015) Selenium supplementation in fish: a

combined chemical and biomolecular study to understand

Sel-Plex assimilation and impact on selenoproteome expres-

sion in rainbow trout (Oncorhynchus mykiss). PLoS ONE 10:

e0127041.

Pacitti D, Lawan MM, Feldmann J, Sweetman J, Wang T, Martin

SAM et al. (2016) Impact of selenium supplementation on

fish antiviral responses: a whole transcriptomic analysis in

rainbow trout (Oncorhynchus mykiss) fed supranutritional

levels of Sel-Plex�. BMC Genomics 17: 1–26.
Parrow NL, Fleming RE (2014) Bone morphogenetic proteins as

regulators of iron metabolism. Annual Review of Nutrition 34:

77–94.
Penglase S, Hamre K, Rasinger JD, Ellingsen S (2014) Selenium

status affects selenoprotein expression, reproduction, and F1

generation locomotor activity in zebrafish (Danio rerio). Bri-

tish Journal of Nutrition 111: 1918–1931.
Persson P, Johannsson SH, Takagi Y, Bj€ornsson BT (1997) Estra-

diol-17b and nutritional status affect calcium balance, scale

and bone resorption, and bone formation in rainbow trout,

Oncorhynchus mykiss. Journal of Comparative Physiology B

167: 468–473.
Persson P, Sundell K, Bj€ornsson BT, Lundqvist H (2005) Cal-

cium metabolism and osmoregulation during sexual matura-

tion of river running Atlantic salmon. Journal of Fish Biology

52: 334–349.
Pietschmann N, Rijntjes E, Hoeg A, Stoedter M, Schweizer U,

Seemann P et al. (2014) Selenoprotein P is the essential sele-

nium transporter for bones.Metallomics 6: 1043–1049.
Piferrer F, Beaumont A, Falgui�ere J-C, Flaj�shans M, Haffray P,

Colombo L (2009) Polyploid fish and shellfish: production, biol-

ogy and applications to aquaculture for performance improve-

ment and genetic containment. Aquaculture 293: 125–156.
Powell MD, Jones MA, Lijalad M (2009) Effects of skeletal defor-

mities on swimming performance and recovery from exhaus-

tive exercise in triploid Atlantic salmon. Diseases of Aquatic

Organisms 85: 59–66.
Rafael MS, Marques CL, Parameswaran V, Cancela ML, Laiz�e V

(2010) Fish bone-derived cell lines: an alternative in vitro cell

system to study bone biology. Journal of Applied Ichthyology

26: 230–234.
Read ES, Barrows FT, Gibson Gaylord T, Paterson J, Petersen MK,

Sealey WM (2014) Investigation of the effects of dietary protein

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd.24

G. Baeverfjord et al.



source on copper and zinc bioavailability in fishmeal and plant-

based diets for rainbow trout. Aquaculture 432: 97–105.
Roberts R, Hardy R, Sugiura S (2001) Screamer disease in Atlan-

tic salmon, Salmo salar L., in Chile. Journal of Fish Diseases

24: 543–549.
Rodehutscord M (1996) Response of rainbow trout (Oncor-

hynchus mykiss) growing from 50 to 200 g to supplements of

dibasic sodium phosphate in a semipurified diet. Journal of

Nutrition 126: 324–331.
Russell RGG, Caswell AM, Hearn PR, Sharrard RM (1986) Cal-

cium in mineralized tissues and pathological calcification. Bri-

tish Medical Bulletin 42: 435–446.
Rydland R (1998) Digestibility of feed minerals with emphasize

on phosphorus. Norges Landbrukshøgskole (In Norwegian),

MSc thesis, 53 pp.

Sadler J, Pankhurst PM, King HR (2001) High prevalence of

skeletal deformity and reduced gill surface area in triploid

Atlantic salmon (Salmo salar L.). Aquaculture 198: 369–386.
Saleh R, Betancor MB, Roo J, Montero D, Zamorano MJ,

Izquierdo M (2014) Selenium levels in early weaning diets for

gilthead seabream larvae. Aquaculture 426–427: 256–263.
Satoh S, Izume K, Takeuchi T, Watanabe T (1987a) Availability

to rainbow trout of zinc contained in various types of fish

meals. Nippon Suisan Gakkaishi 53: 1861–1866.
Satoh S, Tabata K, Izume K, Takeuchi T, Watanabe T (1987b)

Effect of dietary tricalcium phosphate on availability of zinc

to rainbow trout. Nippon Suisan Gakkaishi 53: 1199–1205.
Satoh S, Takeuchi T, Watanabe T (1987c) Availability to rain-

bow trout of zinc in white fish meal and of various zinc com-

pounds. Nippon Suisan Gakkaishi 53: 595–599.
Satoh S, Takeuchi T, Watanabe T (1987d) Changes of mineral

compositions in whole body of rainbow trout during growing

stages. Nippon Suisan Gakkaishi 53: 273–279.
Seo H-J, Cho Y-E, Kim T, Shin H-I, Kwun I-S (2010) Zinc may

increase bone formation through stimulating cell prolifera-

tion, alkaline phosphatase activity and collagen synthesis in

osteoblastic MC3T3-E1 cells. Nutrition Research and Practice

4: 356–361.
Shearer KD (1989) Whole body magnesium concentration as an

indicator of magnesium status in rainbow trout (Salmo gaird-

neri). Aquaculture 77: 201–210.
Shearer KD (1995) The use of factorial modeling to determine

the dietary requirements for essential elements in fishes.

Aquaculture 133: 57–72.
Shearer KD, �Asg�ard T (1992) The effect of water-borne magne-

sium on the dietary magnesium requirement of the rainbow

trout (Oncorhynchus mykiss). Fish Physiology and Biochemistry

9: 387–392.
Shearer K, �Asg�ard T, Andorsd€ottir G, Aas G (1994) Whole body

elemental and proximate composition of Atlantic salmon

(Salmo salar) during the life cycle. Journal of Fish Biology 44:

785–797.
Sire J-Y, Huysseune A, Meunier FJ (1990) Osteoclasts in teleost

fish: light-and electron-microscopical observations. Cell and

Tissue Research 260: 85–94.

Sissener NH, Julshamn K, Espe M, Lunestad BT, Hemre GI,

Waagbø R et al. (2013) Surveillance of selected nutrients,

additives and undesirables in commercial Norwegian fish feeds

in the years 2000–2010. Aquaculture Nutrition 19: 555–572.
Smedley MA, Clokie BGJ, Migaud H, Campbell P, Walton J,

Hunter D et al. (2016) Dietary phosphorous and protein sup-

plementation enhances seawater growth and reduces severity

of vertebral malformation in triploid Atlantic salmon (Salmo

salar L.). Aquaculture 451: 357–368.
Sugiura S, Hardy R, Roberts R (2004) The pathology of phos-

phorus deficiency in fish – a review. Journal of Fish Diseases

27: 255–265.
Sullivan M, Hammond G, Roberts R, Manchester N (2007)

Spinal deformation in commercially cultured Atlantic salmon,

Salmo salar L.: a clinical and radiological study. Journal of Fish

Diseases 30: 745–752.
Tacon AGJ (1995) Application of nutrient requirement data

under practical conditions: special problems of intensive and

semi-intensive fish farming systems. Journal of Applied Ichthy-

ology 11: 205–214.
Tacon AG, Metian M (2015) Feed matters: satisfying the feed

demand of aquaculture. Reviews in Fisheries Science & Aqua-

culture 23: 1–10.
Taniguchi N, Azuma K, Umeda S (1984) Difference due to par-

ents in incidence of vertebral malformation in artificially-bred

red seabream. Bulletin of the Japanese Society of Scientific Fish-

eries 50: 787–792.
Taylor JF, Sambraus F, Mota-Velasco J, Guy DR, Hamilton A,

Hunter D et al. (2013) Ploidy and family effects on Atlantic

salmon (Salmo salar) growth, deformity and harvest quality

during a full commercial production cycle. Aquaculture 410–

411: 41–50.
Temporetti P, Pedrozo F (2000) Phosphorus release rates from

freshwater sediments affected by fish farming. Aquaculture

Research 31: 447–455.
Thodesen J, Storebakken T, Shearer KD, Rye M, Bjerkeng B,

Gjerde B (2001) Genetic variation in mineral absorption of

large Atlantic salmon (Salmo salar) reared in seawater. Aqua-

culture 194: 263–271.
Tibbetts SM, Wall CL, Barbosa-Solomieu V, Bryenton MD,

Plouffe DA, Buchanan JT et al. (2013) Effects of combined

‘all-fish’ growth hormone transgenics and triploidy on growth

and nutrient utilization of Atlantic salmon (Salmo salar L.)

fed a practical grower diet of known composition. Aquacul-

ture 406–407: 141–152.
Totland GK, Fjelldal PG, Kryvi H, Løkka G, Wargelius A, Sag-

stad A et al. (2011) Sustained swimming increases the mineral

content and osteocyte density of salmon vertebral bone. Jour-

nal of Anatomy 219: 490–501.
Tsay J, Yang Z, Ross FP, Cunningham-Rundles S, Lin H, Coleman

R et al. (2010) Bone loss caused by iron overload in a murine

model: importance of oxidative stress. Blood 116: 2582–2589.
Vielma J, Lall SP (1998a) Control of phosphorus homeostasis of

Atlantic salmon (Salmo salar) in fresh water. Fish Physiology

and Biochemistry 19: 83–93.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd. 25

Mineral nutrition and bone health in salmonids



Vielma J, Lall SP (1998b) Phosphorus utilization by Atlantic

salmon (Salmo salar) reared in freshwater is not influenced

by higher dietary calcium intake. Aquaculture 160: 117–128.
Waagbø R (2006) Chapter 13 Feeding and disease resistance in

fish. In: Mosenthin R, Zenek J, _Zebrowska T (eds) Biology of

Growing Animals, pp. 387–415. Elsevier, London.
Wang X, Olsen LM, Reitan KI, Olsen Y (2012) Discharge of

nutrient wastes from salmon farms: environmental effects,

and potential for integrated multi-trophic aquaculture. Aqua-

culture Environment Interactions 2: 267–283.
Wang J, Wang ZY, Wang ZJ, Liu R, Liu SQ, Wang L (2015)

Effects of manganese deficiency on chondrocyte development

in tibia growth plate of Arbor Acres chicks. Journal of Bone

and Mineral Metabolism 33: 23–29.
Watanabe T, Murakami A, Takeuchi L, Nose T, Ogino C (1980)

Mineral requirements in fish. 9. Requirement of chum salmon

held in fresh-water for dietary phosphorus. Bulletin of the

Japanese Society of Scientific Fisheries 46: 361–367.
Watanabe T, Kiron V, Satoh S (1997) Trace minerals in fish

nutrition. Aquaculture 151: 185–207.
Weiss R, Watabe N (1979) Studies on the biology of fish bone.

III. Ultrastructure of osteogenesis and resorption in osteocytic

(cellular) and anosteocytic (acellular) bones. Calcified Tissue

International 28: 43–56.
Witten PE (1997) Enzyme histochemical characteristics of osteo-

blasts and mononucleated osteoclasts in a teleost fish with

acellular bone (Oreochromis niloticus, Cichlidae). Cell and Tis-

sue Research 287: 591–599.
Witten PE, Hall BK (2003) Seasonal changes in the lower jaw

skeleton in male Atlantic salmon (Salmo salar L.): remodelling

and regression of the kype after spawning. Journal of Anatomy

203: 435–450.
Witten PE, Huysseune A (2009b) A comparative view on mecha-

nisms and functions of skeletal remodelling in teleost fish,

with special emphasis on osteoclasts and their function. Bio-

logical Reviews 84: 315–346.
Witten PE, Gil-Martens L, Hall BK, Huysseune A, Obach A (2005)

Compressed vertebrae in Atlantic salmon Salmo salar: evidence

for metaplastic chondrogenesis as a skeletogenic response late in

ontogeny. Diseases of Aquatic Organisms 64: 237–246.
Witten PE, Obach A, Huysseune A, Baeverfjord G (2006) Vertebrae

fusion in Atlantic salmon (Salmo salar): development, aggrava-

tion and pathways of containment. Aquaculture 258: 164–172.
Witten PE, Gil-Martens L, Huysseune A, Takle H, Hjelde K

(2009a) Towards a classification and an understanding of

developmental relationships of vertebral body malformations

in Atlantic salmon (Salmo salar L.). Aquaculture 295: 6–14.
Xiao W, Beibei F, Guangsi S, Yu J, Wen Z, Xi H et al. (2015)

Iron overload increases osteoclastogenesis and aggravates the

effects of ovariectomy on bone mass. Journal of Endocrinology

226: 121–134.
Yamashita S, Miyagi C, Fukada T, Kagara N, Che Y-S, Hirano T

(2004) Zinc transporter LIVI controls epithelial-mesenchymal

transition in zebrafish gastrula organizer. Nature 429: 298–
302.

Yoshikubo H, Suzuki N, Takemura K, Hoso M, Yashima S, Iwa-

muro S et al. (2005) Osteoblastic activity and estrogenic

response in the regenerating scale of goldfish, a good model of

osteogenesis. Life Sciences 76: 2699–2709.
Ytrestøyl T, Aas TS, Berge GM, Hatlen B, Sørensen M, Ruyter B

et al. (2011) Resource utilisation and eco-efficiency of Norwe-

gian salmon farming in 2010, Report no. 53/2011, Appendix

65 + 1, 30 pp. NOFIMA, Tromsø, Norway.

Ytrestøyl T, Aas TS, �Asg�ard T (2015) Utilisation of feed

resources in production of Atlantic salmon (Salmo salar) in

Norway. Aquaculture 448: 365–374.
Ytteborg E, Baeverfjord G, Torgersen J, Hjelde K, Takle H

(2010a) Molecular pathology of vertebral deformities in hyper-

thermic Atlantic salmon (Salmo salar). BMC Physiology 10: 12.

Ytteborg E, Torgersen J, Baeverfjord G, Takle H (2010b) Mor-

phological and molecular characterization of developing ver-

tebral fusions using a teleost model. BMC Physiology 10: 1.

Ytteborg E, Torgersen JS, Pedersen ME, Baeverfjord G, Hannes-

son KO, Takle H (2010c) Remodeling of the notochord dur-

ing development of vertebral fusions in Atlantic salmon

(Salmo salar). Cell and Tissue Research 342: 363–376.
Ytteborg E, Vegusdal A, Witten PE, Berge GM, Takle H, Østbye

T-K et al. (2010d) Atlantic salmon (Salmo salar) muscle pre-

cursor cells differentiate into osteoblasts in vitro: polyunsatu-

rated fatty acids and hyperthermia influence gene expression

and differentiation. Biochimica et Biophysica Acta (BBA)-

Molecular and Cell Biology of Lipids 1801: 127–137.
Ytteborg E, Torgersen J, Baeverfjord G, Takle H (2012) The

Atlantic salmon (Salmo salar) vertebra and cellular pathways

to vertebral deformities. In: Carvalho E (ed) Health and Envir-

onment in Aquaculture. IntechOpen.

Ytteborg E, Baeverfjord G, Lock E-J, Pedersen M, Takle H, Ørn-

srud R et al. (2016) Utilization of acid hydrolysed phospho-

rous from herring bone by-products in feed for Atlantic

salmon (Salmo salar) start-feeding fry. Aquaculture 459: 173–
184.

Yurtseva AO, Lajus DL, Berg A, Fjelldal PG, Hansen T (2014)

Developmental stability in vaccinated Atlantic salmon (Salmo

salar L.): deformities and fluctuating asymmetry of bone

structures. Paleontological Journal 48: 1266–1274.
Zeng H, Cao JJ, Combs GF (2013) Selenium in bone health:

roles in antioxidant protection and cell proliferation. Nutri-

ents 5: 97–110.
Zhang Z, Zhang J, Xiao J (2014) Selenoproteins and sele-

nium status in bone physiology and pathology. Biochimica

et Biophysica Acta (BBA)-General Subjects 1840: 3246–
3256.

Zheng DL, Feeney GP, Handy RD, Hogstrand C, Kille P (2014)

Uptake epithelia behave in a cell-centric and not systems

homeostatic manner in response to zinc depletion and supple-

mentation. Metallomics 6: 154–165.

Reviews in Aquaculture, 1–26

© 2018 The Authors. Reviews in Aquaculture Published by John Wiley & Sons Australia, Ltd.26

G. Baeverfjord et al.


