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5 Synopsis 
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5.1.3 Skeletal pathology in salmonids 
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5.1.4 Regeneration and repair in the musculoskeletal system 
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Inflammatory phase – From innate to adaptative immunity 
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5.1.7 Objectives and hypothesis 
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Wild Smolt farm
Jun. 2020 Aug. 2018 Nov. 2018 Feb. 2019 May. 2019 Nov. 2019 Nov. 2018 Feb. 2019 May. 2019 Nov. 2019

Abnormality group                   n 15 20 15 15 15 23 10 30 10 23
Category I - No continuity break

Generalized radiolucent 1.3 ± 0.5bcd 0.1 ± 0.1d 1.7 ± 0.5bc 0.7 ± 0.2bcd 1.1 ± 0.5bc 0.3 ± 0.1cd 5.2 ± 1.4a 1.7 ± 0.4bc 2.2 ± 0.7b 1.3 ± 0.3bcd

Axis deviation 5.7 ± 1.1cde 6.7 ± 0.8bc 6.5 ± 1.2bcd 4.8 ± 0.8de 4.2 ± 0.9e 12.9 ± 1a 7.1 ± 1.4bc 1.2 ± 0.4f 1.8 ± 0.6f 8.2 ± 0.9b

Any Category I 7 ± 1.2bcd 6.8 ± 0.8bcd 8.2 ± 1.3abcd 5.5 ± 0.8cde 5.3 ± 0.9cde 13.1 ± 1.1a 12.3 ± 2.1ab 2.9 ± 0.6e 4 ± 1de 9.5 ± 0.9abc

Category II - Continuity break
Fracture 0.3 ± 0.3 0.3 ± 0.1 0 ± 0 0 ± 0 0.1 ± 0.1 0.3 ± 0.2 0.3 ± 0.2 0.5 ± 0.2 0 ± 0 0 ± 0
Supernumerary 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.6 ± 0.3 0.3 ± 0.3 0.2 ± 0.1
Radiolucent callus 1.1 ± 0.4ab 0.1 ± 0.1b 0.1 ± 0.1b 0.1 ± 0.1b 0.1 ± 0.1b 1.4 ± 0.3a 0.2 ± 0.2b 0.1 ± 0.1b 0.7 ± 0.4ab 0.7 ± 0.2ab

Radiopaque callus 0.5 ± 0.3b 1.7 ± 0.3ab 0.9 ± 0.4b 0.5 ± 0.2b 0.4 ± 0.2b 0.7 ± 0.2b 0.9 ± 0.4b 1.2 ± 0.4b 1.7 ± 0.5ab 3 ± 0.5a

Radiolucent non-union 0 ± 0 0.1 ± 0.1 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0 ± 0
Shorter or missing part 0.7 ± 0.3c 1.5 ± 0.3bc 1.4 ± 0.3bc 1.2 ± 0.3bc 1.3 ± 0.3bc 1.5 ± 0.3bc 3.4 ± 0.8a 3.2 ± 0.4a 2.7 ± 0.9ab 2.6 ± 0.6ab

Any Category II 2.7 ± 0.6b 3.7 ± 0.5ab 2.6 ± 0.7b 2 ± 0.4b 1.9 ± 0.4b 4.1 ± 0.6ab 4.9 ± 1.3ab 5.7 ± 0.9ab 5.4 ± 1.8ab 6.5 ± 0.8a

Land-based tank Sea-cage
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7 Appendices 

7.1 Appendix – 1: Supplementary table 
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7.2 Appendix – 2: Supplementary table 
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M-group P-group
Amino acid composition

Aspartic acid (g g-1) 3.9 3.5
Glutamic acid (g g-1) 6.1 12.0
Hydroxyproline (g g-1) 0.4 < 0.1
Serine (g g-1) 1.9 2.4
Glycine (g g-1) 2.7 1.8
Histidine (g g-1) 1.0 1.0
Arginine (g g-1) 2.6 2.3
Treonine (g g-1) 1.8 1.5
Alanine (g g-1) 2.6 1.9
Proline (g g-1) 1.9 3.9
Tyrosine (g g-1) 1.3 1.4
Valine (g g-1) 2.2 2.0
Methionine (g g-1) 1.3 0.7
Isoleucine (g g-1) 1.8 1.9
Leucine (g g-1) 3.2 4.0
Fenylalanine (g g-1) 1.7 2.4
Lysine (g g-1) 3.4 1.8

Fatty acid composition
14:0 (g 100g lipids-1) 6.3 0.1
16:0 (g 100g lipids-1) 13.3 4.9
18:0 (g 100g lipids-1) 1.6 1.8
20:0 (g 100g lipids-1) 0.2 0.5
16:1 n-7 (g 100g lipids-1) 4.1 0.2
18:1 (n-9)+(n-7)+(n-5) (g 100g lipids-1) 11.8 56.6
20:1 (n-9)+(n-7) (g 100g lipids-1) 8.7 1.5
22:1 (n-11)+(n-9)+(n-7) (g 100g lipids-1) 13.5 0.4
18:2 n-6 (g 100g lipids-1) 2.5 20.4
18:3 n-3 (g 100g lipids-1) 1.2 7.8
18:4 n-3 (g 100g lipids-1) 2.9 < 0.1
20:5 n-3 (EPA) (g 100g lipids-1) 7.0 0.1
22:6 n-3 (DHA) (g 100g lipids-1) 10.2 0.1
Sum of saturated fatty acids  (g 100g lipids-1) 21.5 7.7
Sum of unsaturated fatty acids (g 100g lipids-1) 38.8 58.9
Sum of n-6 (g 100g lipids-1) 3.3 20.5
Sum of n-3 (g 100g lipids-1) 23.1 8.1
Sum of EPA + DHA (g 100g lipids-1) 17.2 0.2
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7.3 Appendix – 3: Supplementary table 
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Skretting 
Nutra 

Olympic

Skretting 
Supreme 
Plus 75

Skretting 
Supreme 
Plus 150

Skretting 
Prime 

300

Skretting 
Spirit 
Trout

Skretting 
Express 

1200/2500-50A

Pellet size (mm) 3 3 4.5 5 6 9
Protein (%) 50.6 47.7 47.6 43.1 43.3 35.7
Drymatter (%) 93.8 92.1 91.8 92 92.1 92.6
Ash (%) 8.8 5.5 5.2 4.4 4.4 4.2
Mineral composition (ww)

Total Ca (g kg-1) 19.5 7.3 6.4 3.5 3.4 3.5

Total Na (g kg-1) 6.8 2.1 2.0 1.7 1.7 1.4

Total Mg (g kg-1) 3.1 2.2 2.0 1.9 1.9 2.2

Total K (g kg-1) 11.1 10.1 8.9 7.9 7.9 7.3

Total P (g kg-1) 12.0 10.6 10.6 10.2 10.1 9.8

Soluble P (g kg-1) 2.5 5.2 5.3 5.9 6.0 4.9
Ca:P ratio 1.6 0.7 0.6 0.3 0.3 0.4

Total Fe (mg kg-1) 214 265 265 309 259 233

Total Mn (mg kg-1) 54 63 55 54 58 52

Total Cu (mg kg-1) 16 13 14 14 14 16

Total Zn (mg kg-1) 153 165 245 149 152 147
Fat (%) 22.8 24.5 26.5 27 27.7 36.2
Fiber (%) 2.1 2.1 1.8 2 2.2 2.4
Starch (%) 6.8 12.3 10.7 15.5 8.1 6.9
Free Astaxantin (mg kg-1) 7.2 58 61 49 42 41

Energy (MJ kg-1) 22.4 22.8 23.2 23.5 23.5 24.9

Feed
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7.4 Appendix – 4: Supplementary figure 
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7.5 Appendix – 5: Papers I – III 
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Abstract 22 

Poor rib health in Atlantic salmon (Salmo salar L.) can lead to negative effects on welfare 23 

and fillet quality. The present research aimed to enhance the comprehension of long-term rib 24 

morphology within a broader musculoskeletal framework of harvest-sized salmon (3 kg), 25 

examining a population fed contrasting smoltification diets. Histological examination revealed 26 

that 29 % of the sampled ribs exhibited abnormal morphologies, primarily characterized by 27 

varying degree of generalized radiolucency (GR), unrelated to ongoing inflammatory processes 28 

in adjacent tissues. Initial development of GR was potential transformation or dedifferentiation 29 

of central core chondrocytes to mesenchymal-like cells and lumen osteolysis, progressing as 30 

an expanded osteolytic lumen, reaching the periosteum. In parallel, there were progressive 31 

alterations of the concentric appositional growth pattern of the compact bone, with an increase 32 

of the external collagen layer under the cellular periosteum. Disorganized collagen-rich islands 33 

were also seen in the compact bone, as were signs of new osteoid deposition in osteolytic 34 

lumina. Due to the presence of GR, the cross-sectional diameter increased by 18 – 20 %. X-ray 35 

examinations revealed the highest concentration of abnormalities in the anterior-central area of 36 

the rib cage, and the mid-distal rib parts. The contrasting diets, based on either marine (M-37 

group) or plant (P-group) ingredients, modulated the morphology of the ribs in the central area. 38 

The M-group had lower prevalence of GR (19 and 26 % of mid-distal rib parts) and axis 39 

deviations (12 and 17 % of mid rib parts), and numerically lower mechanical rib strength and 40 

phosphorus content (p = 0.06 and 0.07, respectively). The sensitivity of rib morphology to 41 

smoltification diet was higher than vertebrae in the long-term. This study enhances 42 

understanding of the etiology of the primary morphological rib abnormalities in Atlantic 43 

salmon, particularly in GR, by providing detailed histomorphology of pathological changes. 44 

The study associates these changes with osteomalacia. 45 
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1 Introduction 46 

Understanding the skeletal health of Atlantic salmon (Salmo salar L.), is of critical 47 

importance, as it is essential for the shape and protection of soft tissues, structure support, and 48 

swimming (Gray, 1957; Kryvi and Poppe, 2016). Poor skeleton health directly impacts fish 49 

welfare (Noble et al., 2018), but also business profitability as it negatively affects fish growth 50 

(Hansen et al., 2010), product and technological quality of fillets (Currey, 2003; Haugarvoll et 51 

al., 2010; Sullivan et al., 2007). Currently, salmon bone research is focused on vertebrae health 52 

(Drábiková et al., 2021, 2022; Witten et al., 2019), while there has been much less focus on the 53 

rib cage (cavea thoracis). Rib (costae or pleurapophysis) morphology, mechanical properties 54 

and chemical composition have already been studied in several fish species of cellular and 55 

acellular bone (Cohen et al., 2012; Horton and Summers, 2009; Jiao et al., 2020; Soliman, 56 

2018). Although rib deformations have been described in zebrafish (Danio rerio) (Akama et 57 

al., 2020), and rainbow trout (Oncorhynchus mykiss) (Gislason et al., 2010), to our knowledge, 58 

only a few studies focus on Atlantic salmon. 59 

Recently, Jiménez-Guerrero et al. (2022) and later Brimsholm et al. (2023) explored rib 60 

morphology through X-ray and histopathology and its relationship with red (acute; 61 

hemorrhages) and black (chronic) focal dark spots (DS) of fillets, the largest fillet quality 62 

concern (Nordberg, 2018). They reported the presence of axis deviations, changes in 63 

radiodensity, and rib fractures of farmed and wild salmon. Jiménez-Guerrero et al. (2022) 64 

reported up to eight different types of morphological rib abnormalities can occur in the rib cage 65 

and that the number of axis deviations, generalized radiolucency, shorter or missing rib parts, 66 

radiolucent and radiopaque calluses may depend on the life stage and growing environment. 67 

The transition from fresh- to seawater appeared to be critical, causing increasing generalized 68 

radiolucency and shorter or missing ribs. Among different etiological factors, traumatic events 69 
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causing rib cage deformation/damage, local inflammatory processes, and time-specific dietary 70 

deficiencies were suggested.  71 

Skeletal deformities usually develop during early life stages (Baeverfjord et al., 2018; 72 

Fjelldal et al., 2009; Vielma and Lall, 1998). Though Brimsholm et al. (2023) suggested that 73 

generalized radiolucency and axis deviations are normal morphological variation, Baeverfjord 74 

et al. (1998) already 25 years ago reported axis deviations in the form of wrinkly ribs and 75 

mechanical deterioration in response to a phosphorus (P) deficient diet during fresh and 76 

seawater phases. Later, Roberts et al. (2001) observed similar findings associated with dietary 77 

P and vitamin C deficiency during early life stages. While many of these studies are primarily 78 

descriptive, our understanding of salmon rib health remains nascent. Hence, the present study 79 

aimed to improve the understanding of rib abnormalities of adults Atlantic salmon and to reveal 80 

whether deviating rib morphology is anticipated or influenced by early feeding. 81 

 82 

2 Material and methods 83 

2.1 Fish material 84 

Atlantic salmon eggs of common genetic origin (BO 1 - 20, AS Bolaks, Eikelandsosen, 85 

Bjørnafjorden, Norway) were hatched at the Research Station for Sustainable Aquaculture 86 

(Nofima, Sunndalsøra, Møre and Romsdal, Norway) December 6th 2019. On July 7th 2020 1600 87 

fish averaging 30 g were PIT-tagged and fed either a marine-based diet (M-group) or a plant-88 

based diet (P-group) in quadruplicate tanks per dietary treatment (n = 200 per tank; flow-89 

through; tank volume, 0.5 m3) (Supplementary 1, Supplementary 2, and Supplementary 3). 90 

Smoltification was induced following a 12:12 Light:Dark hours regime from July 13th 2020. 91 

On August 26 – 27th 2020, all fish were vaccinated with Alpha JECT® micro 6 by hand injection 92 

(PHARMAQ AS, Overhalla, Norway). Smoltification status was checked by challenge test, 93 
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plasma osmolality determination, chloride content, and gill Na+, K+-ATPase activity on 94 

September 4th, 11th, and 15th 2020 (n = 12, 12, and 12) (Clarke et al., 1996). On September 16th 95 

2020, 25 fish from each tank (n = 100 per dietary treatment) were mixed and randomly 96 

transferred to two seawater tanks (flow-through; 3 m3). Fish were fed a standard commercial 97 

diet with pellet size and composition were adjusted to fish size according to feed producer 98 

recommendations (Skretting, Stavanger, Norway) during the entire seawater phase. The 99 

Light:Dark hours regime was 24:00, tank biomass was kept under 30 kg/m3 by splitting the fish 100 

into two to three (February 12th 2020) and four (June 1st 2020) tanks, and water flow was 100 101 

l/m. On 22nd July 2021, 168 fish (n = 84 per dietary group; n = 21 per original quadruplicate 102 

tank; 2.6 kg, individual body weight) were carefully transferred to a large common tank (flow-103 

through; 103 m3), where experience from the research station has shown that DS can develop. 104 

The water flow gradually increased from 700 to 1200 l/min, and the Light:Dark hours regime 105 

was kept at 24:00. On September 16th – 17th 2021 (body weight 3 kg), fish were slaughtered. 106 

More details about the experiment can be found in Supplementary 4 and Supplementary 5. 107 

 108 

2.2 Diets 109 

The test diets were produced by extrusion at the Aquafeed Technology Centre (Nofima, 110 

Bergen, Norway). Diets were qualitatively different, isoenergetic, and of similar particle size 111 

(2 mm). While the M-group diet was formulated with exclusively fish meal and oil, and wheat 112 

starch (binder), the P-group diet was formulated using soy protein concentrate, wheat gluten, 113 

corn gluten, and rapeseed oil. The raw formulation and composition of the M- and P-group 114 

diets are presented in Supplementary 1, Supplementary 2, and Supplementary 3. Pellet 115 

properties are described in Karki (2022). 116 
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Test and standard feed samples were homogenized and analyzed for protein (ISO5983-117 

2, 2009), fat (EC152, 2009), dry matter (ISO6496, 1999), ash content (ISO5984, 2002), fiber 118 

(AOCSBa6a-05, 2017), combustion value (energy) (ISO9831, 1998), total starch and free 119 

astaxanthin (BioLab internal protocol, Nofima, Bergen, Norway), and the amino acid 120 

composition was analyzed (ISO13903, 2005). The fatty acid composition was determined by 121 

gas chromatography (GC) as fatty acids methyl esters using 23:0 as the internal standard. The 122 

concentrations of calcium (Ca), P, magnesium (Mg), potassium (K), sodium (Na), zinc (Zn), 123 

iron (Fe), manganese (Mn), and copper (Cu) were determined spectrophotometrically after 124 

digestion with acid using an MP-AES (Microwave Plasma Atomic Emission Spectrometer) 125 

(Agilent Technologies, Santa Clara, California, USA). Soluble P was indirectly estimated by 126 

the colorimetric detection (880 nm absorption) of ascorbic acid-molybdate phosphate on a 127 

spectrophotometer (Shimadzu UVmini 1210, Shimadzu Europe, Duisburg, Germany) 128 

(ISO6878, 2004). 129 

 130 

2.3 Sampling 131 

Fish were sampled three times during the experimental period; September 16th 2020 132 

(prior to seawater transfer), December 3rd 2020 (10 weeks after seawater transfer), and 133 

September 16th – 17th 2021 (slaughter). Fish for analyses after seawater transfer were sampled 134 

representing the original dietary tanks in freshwater based on PIT-tags readings. At sampling, 135 

fish were euthanized by an overdose of MS-222 (Metacaine 0.1 g l − 1; Alpharma, Animal 136 

Health Ltd., Hampshire, UK) before blood was collected from the caudal vessels. Thereafter, 137 

fish were bled out by the gill section, and individual weight and length were recorded. On 138 

September 16th 2020, randomly selected fish were sampled from three tanks per dietary 139 

treatment (n = 15 per dietary group). All fish were sampled for blood, gutted and kept at -20 140 

°C for X-ray and mineral analyses. On December 3rd 2020 (n = 50 per dietary group), blood 141 
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samples were taken from 10 fish per dietary group. The presence of DS was recorded (n = 40 142 

per dietary group). A group of gutted fish (n = 10 per dietary group) was kept at -20 °C for X-143 

ray analyses. On September 16th – 17th 2021, at slaughter (n = 80 per dietary group), blood 144 

samples were taken from 12 fish per dietary group. The abdominal right side wall (parietal 145 

peritoneum, rib, and adjacent skeletal muscle) corresponding to rib numbers 11 to 14 at the 146 

mid rib position of the ribs was sampled for histomorphology examinations of 12 fish per 147 

dietary group. These samples and DS (red, n = 4; black, n = 3) were fixed in formalin (10 % 148 

phosphate-buffered formalin, pH 7.0, 4 °C). Twenty fish were filleted pre-rigor and transported 149 

in styrofoam boxes with ice to Nofima Ås laboratory for fillet quality analysis (color, firmness, 150 

gaping, and DS) after five days, whereas a group of 40 gutted fish per dietary group was kept 151 

at -20 °C for X-ray, mechanical properties and mineral analyses of ribs and vertebrae. Strength 152 

and mineral analyses of the rib cage (n = 12 per dietary group) and vertebrae (n = 20 per dietary 153 

group) were performed using selected fish with no vertebrae abnormalities. 154 

 155 

2.4 Histology 156 

Histological samples were decalcified (EDTA 10 %; pH 7) at room temperature for two 157 

weeks, before they were dehydrated, embedded in paraffin wax, and sectioned at 2 - 2.5 μm. 158 

Sections of the abdominal wall were performed horizontally at the center of the sample to 159 

obtain a cross-sectional view of 3 - 4 ribs and adjacent tissues (Supplementary 6). DS were 160 

sectioned parallel to the parietal peritoneum. Sections were mounted on glass slides, stained 161 

with Haematoxylin and Eosin, Periodic acid–Schiff, Movat Pentachrome, and Picro Sirius Red, 162 

scanned using NanoZoomer S360 (C13220-01, Hamamatsu Photonics K.K, Hamamatsu, 163 

Japan), and visualized with NDP.view.2 (v.2.7.43, Hamamatsu Photonics K.K, Hamamatsu, 164 

Japan). Picro Sirius Red-stained glasses were inspected under polarized light by a Leica DM6B 165 

Light microscope with a DMC4500 Digital Camera (Leica Microsystems, Wetzlar, Germany) 166 
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at 90 ° (cross polarization), and for confocal microscopy with a Leica TCS SP5 Confocal laser 167 

scanning microscope (Leica Microsystems, Wetzlar, Germany) using two channels (emission 168 

bandwidth, 496 nm – 554 nm and 574 nm – 644 nm). 169 

The morphometry of the ribs was evaluated using the transverse fascia as a reference 170 

point. The parallel line, representing the combined thickness of the rib bone, periosteum, and 171 

adjacent fat (referred to as the rib cluster), was collected at the rib's center (Supplementary 6). 172 

The cross-sectional micro-organization of the compact bone (substantia compacta) from 173 

normal (n = 4) and abnormal ribs (n = 6) was studied by gray level co-occurrence matrix texture 174 

analysis, using the ImageJ software (v1.52s, U. S. National Institutes of Health, Bethesda, 175 

USA), plug-in “GLCM Texture” on Picro Sirius Red-stained images. Prior to grayscale 176 

transformation (8-bit images), images from individual ribs and adjacent soft tissues were 177 

generated, and histogram equalized. Then, compact bone was manually selected 178 

(Supplementary 7) to perform the gray level co-occurrence matrix texture analysis with the size 179 

of the step-in pixels set to 1 using 0 and 90 ° directions. The following parameters were 180 

extracted (Zaletel et al., 2017): angular second moment and inverse difference moment as 181 

measures of image homogeneity; and contrast and entropy as a measure of heterogeneity. 182 

Values for 0 and 90 ° direction were averaged since the aleatory position of ribs made it 183 

impossible to study linear dependencies. 184 

Osteocyte density was calculated by dividing the number of local maxima corresponding 185 

to osteocytes or lacunae in compact bone (“Find Maxima” function; prominence > 25; 186 

excluding edges maxima; light background) by the selected area (μm2) (Supplementary 7). 187 

 188 
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2.5 X-ray 189 

X-rays of frozen fish and formalin-fixed material were performed at the Nofima 190 

radiography laboratory in Sunndalsøra. Samples of fish prior to and after seawater transfer, the 191 

right and left sides of the rib cage of fish at slaughter, and targeted formalin-fixed samples of 192 

fish at slaughter were X-rayed using an IMS Giotto mammography equipment (Giotto, 193 

Pontecchio Marconi, BO, Italy), with 20 pixels per mm2 resolution, exposure at 22 kV and 100 194 

mAs. For gutted fish sampled at slaughter, X-rays were taken using a semi-digital computed 195 

radiography system (Fuji Medical AS, Oslo, Norway). Prior to rib cage X-rays, frozen gutted 196 

bodies were thawed at 4 °C for three days before cutting and trimming at room temperature.  197 

Images were taken on coated photo-reactive phosphorous imaging plates Fujifilm Computed 198 

Radiography (FCR) (Fujifilm, Tokyo, Japan), and read using FCR Profect Reader (Fujifilm, 199 

Tokyo, Japan). Sample preparation and evaluation of rib morphology was performed according 200 

to Jiménez-Guerrero et al. (2022). Evaluation of vertebrae morphology was done similarly to 201 

Bou et al. (2017) and Fjelldal et al. (2007), but separating major morphological abnormalities 202 

(e.g., compression, fusion, and cross-stitch) from vertebra X:Y ratio deviations and internal 203 

structural bending of the vertebra body. The impaired mineralization score was performed 204 

according to the scale in Supplementary 8. After X-ray analyses, fish sampled prior to seawater 205 

transfer were pooled per original tank and stored at -20 °C for mineral analyses, while rib cage 206 

skeleton and vertebrae from vertebra number 31 to 41 of slaughter fish were kept at 4 °C for 207 

mechanical analysis. 208 

 209 

2.6 Bone dissection, strength measurement, and mineral content 210 

Rib numbers 1 – 22 from rib cages sampled at slaughter were dissected from the fish 211 

peritoneum using metal pincers, and the remaining attached flesh was carefully removed. Ribs 212 

number 12, 13, and 14 from the left and right sides were selected for mechanical analyses. Prior 213 
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to the mechanical test, ribs were kept for two hours on a dry surface at room temperature to 214 

standardize moisture levels. Mechanical analyses were performed instrumentally (TA-XT2 215 

Texture Analyzer, Stable Micro Systems, Surrey, UK), with a guillotine knife (70 mm width, 216 

3 mm thickness) and well bottom surface at three different rib parts: proximal, mid, and distal 217 

(Jiménez-Guerrero et al., 2022). The trigger force was 1 Newton at a traveling speed of 2 mm/s. 218 

Strength values were recorded as breaking load (N) and the elasticity (slope) at 50 % of the 219 

breaking load. Following the test, all ribs (approx. 44 per fish) were pooled per original tank in 220 

freshwater (n = 4 per dietary treatment) and stored at -20 ºC for mineral analysis. 221 

Vertebrae were dissected and trimmed for neural (arcus vertebrae and processus 222 

spinosus) and haemal spines (arcus hemalis) to minimize the contact between the knife and 223 

those parts not belonging to the vertebrae body (corpus vertebrae). Two separated vertebrae 224 

from each fish were latero-laterally compressed to emphasize the trabecular fraction 225 

(substantia spongiosa) since it is naturally more active than the compact bone (Gil Martens et 226 

al., 2006; Nordvik et al., 2005). Analyses were performed using the same instruments and 227 

guillotine knife as ribs but with a trigger load of 10 Newton at a traveling speed of 2 mm/s. 228 

Strength values were collected from the given time-load graphs as load (N), elasticity (slope), 229 

and area as work (N*mm) at 50 % of the compression depths due to the structural symmetry 230 

of the vertebra body. Values from both vertebrae measurements per fish were averaged. After 231 

the test, vertebrae were pooled per original tank in freshwater (n = 4 per dietary treatment) and 232 

stored at -20 ºC for mineral analysis. 233 

Ribs and vertebrae from slaughter-sized fish were homogenized. Fish bodies sampled 234 

prior to seawater transfer were gutted to exclude feces and homogenized. Excluding ribs, 235 

homogenized samples were heated for dry matter (ISO6496, 1999) and ash content (ISO5984, 236 

2002) determination. The concentrations of Ca, P, Mg, K, Na, Zn, Fe, Mn, and Cu were 237 

determined spectrophotometrically after digestion with acid using an MP-AES. Due to the low 238 
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volume of pooled homogenized ribs, only total Ca, P, and Mg were analyzed. Ca and Mg 239 

concentration was assessed using inductively coupled plasma mass spectrometry (ICP-OES) 240 

after microwaved digestion. Total P concentration was estimated through an individual 241 

spectrophotometrically method (ISO6491, 1998). 242 

 243 

2.7 Macroscopic muscle straits 244 

Fillet color was assessed using DSM SalmoFan™ (F. Hoffmann-La Roche AG, Basel, 245 

Switzerland), and the severity of gaping was assessed by the average gaping score (from 0, no 246 

gaping, to 5, severe gaping) (Andersen et al., 1994) of the left and right fillets. The mechanical 247 

properties of fillets were determined as the firmness at the dorsal loin (epaxial skeletal muscle) 248 

of the right fillet as the force required to break the fillet surface (breaking force, N) using the 249 

same instruments as for bone, but with a flat-ended 12.5 mm probe at a traveling speed of 1 250 

mm/s (Mørkøre and Einen, 2003). The presence of DS was evaluated according to their size 251 

and color using a log-2 scoring system from 0 (no visible DS) to 8 (DS > 6 cm width) (Mørkøre, 252 

2012).  253 

 254 

2.8 Serum chemistry 255 

Blood was extracted using 6 ml vacutainer tubes and centrifuged at 3700 RPM at ambient 256 

temperature for 10 minutes, using an Avanti J-15R centrifuge (Beckman Coulter, Inc., 257 

Indianapolis, United States) with a radius rotor of 207.8 mm for serum extraction. Serum was 258 

pooled in groups of five fish per original freshwater tank and stored at -20 ºC for clinical 259 

biochemistry analysis (Faculty of Veterinary Medicine, NMBU, Norway). Due to the high 260 

dietary contrast, the concentration of several standard health parameters in serum was explored 261 

to monitor different fish health indicators: alkaline phosphatase (ALP), a specific bone 262 
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formation marker (Kuo and Chen, 2017); creatine kinase (CK) as a marker for disruption of 263 

cell membranes due to hypoxia or injury (Baird et al., 2012); creatinine as muscle development 264 

indicator (Patel et al., 2013); inorganic phosphorous (Pi), calcium (Ca2+), sodium (Na+), and 265 

potassium (K+) for available ions and electrolyte balance. Samples were analyzed using 266 

Atellica® CH (Siemens Healthcare Diagnostics Inc., Deerfield Road Deerfield, United States). 267 

 268 

2.9 Statistics 269 

Statistical analyses were performed with R software (v. 4.0.3, R Core Team, Vienna, 270 

Austria). The “lm()” R function was used in parametric traits, while “glm()” was adjusted for 271 

Poisson or binomial distribution for non-parametric traits. Pairwise test of non-parametric 272 

distributions was performed using the Wilcoxon rank sum test using the 273 

“pairwise.wilcox.test()” function, with p.adjust.method = "BH". The models did not consider 274 

random effects. Microsoft® Excel® software (v. 15128.20280, Microsoft Corporation, 275 

Redmond, United States) was used to create figures. The significance level was set at p ≤ 0.05, 276 

and results were presented as mean ± standard error (SEM). 277 

 278 

3 Results 279 

3.1 Rib histomorphology 280 

Most (71 %) rib's cross-sections showed normal histological traits viewed by light 281 

microscopy, whereas a smaller proportion (29 %) displayed noticeable deviations regardless of 282 

the dietary treatments before seawater transfer. 283 

Normal ribs showed multiple concentric layers of osteocytes from the appositional 284 

growth of the compact bone (pars ossea). The bone matrix presented collagen and non-collagen 285 
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proteins organized around a core (pars cartilaginea) with chondrocytes near the hypertrophic 286 

phase of slight radiolucency. The rib core showed low birefringence collagen type III signal, 287 

probably due to the disorganized distribution of the fibers  (Figure 1. A; Figure 2. A and C). 288 

Osteocyte density was around 0.003 cells/μm2. Compact bone had a relatively low amount of 289 

collagen, mainly type III (Figure 1. C; Figure 2. A and C). The rib periosteum presented an 290 

irregular thickness on the internal and external fibrous fraction. Radial glycoproteins and 291 

collagen type III (mainly) and I fibers were seen connecting the fibrous periosteum to the 292 

outermost compact bone layer, occasionally forming a small shield of collagen type I under the 293 

osteoblasts (Figure 1. B and C; Figure 2. C and E), exclusively found in the cellular periosteum. 294 

The external fibrous periosteum layer surrounding the ribs had the richest content of collagen 295 

type I and III fibers (Figure 1. B and C; Figure 2. A and C). No blood vessels were observed 296 

in the periosteum. Both dietary groups shared common features in adjacent muscle areas, 297 

indicating no abnormal glycogen accumulation nor significant signs of muscle necrosis or 298 

fibrosis. In 8 % of the samples, sparse melanomachrophages without near inflammatory 299 

processes or fibrosis were seen in deeper layers of the myocommata near blood vessels. 300 
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301

Figure 1. Cross-sectional morphology of normal mid rib (costae) parts of Atlantic salmon (3 302
kg). For A) and B) Movat Pentachrome staining was used for proteoglycans and mucins (blue), 303
collagen/reticular fibers (yellow), colocalization of collagen/reticular fibers and proteoglycans 304
(green), muscle and osteoid (or decalcified bone matrix) (reddish-brown), nuclei and elastin 305
(black) and active nucleus (osteoblast in cellular periosteum) (violet/purple). The box in image 306
A) indicates the region of zoom of image B). Picro Sirius Red staining was used in C) to 307
highlight the collagen fiber network (red) in the periosteum. CB, Compact bone (substantia 308
compacta; pars ossea); RC, Rib core with hypertrophic chondrocytes (pars cartilaginea); Oc, 309
Osteocytes; BM, Bone matrix, ECL; External collagen layer of the CB; Ob, Osteoblast; CP, 310
Cellular periosteum with Ob; FP, Fibrous periosteum; IFP, Internal fibrous periosteum; EFP, 311
External fibrous periosteum; RPCF, Radial periosteal collagen fibers. Black bars on the bottom 312
right corner show the image scale, set to 250 μm. Color print.313
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Figure 2. Collagen distribution in cross-sections of normal (left panel) and abnormal (right 315
panel) mid ribs (costae) with generalized radiolucency of Atlantic salmon (3 kg). A) to D) 316
under polarized light. E) and F) confocal microscope. Yellow-orange birefringence in polarized 317
images stands for collagen type I (thick fibers), while green birefringence type III (thin fibers).318
C) and E), and D) and F) correspond to the same rib, respectively. Picro Sirius red staining. 319
IFP, Interior fibrous periosteum; EFP, Exterior fibrous periosteum. White arrows indicate the 320
external collagen layer of the compact bone (substantia compacta; pars ossea) under the 321
cellular periosteum (CP). White asterisks indicate either rib core with hypertrophic 322
chondrocytes (pars cartilaginea) (normal ribs) or a fibrous lumen. White arrowheads indicate 323
the internal collagen layer in rib lumen. Blue arrows indicate radial periosteal collagen fibers. 324
White bars on the bottom right corner of images show the image scale, set to 100 μm. Color 325
print.326

327
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Ribs with abnormal histomorphology exhibited 18 - 20 % greater overall diameter than 328 

those with normal histomorphology (p = 0.04), and there were no indications of acute or 329 

chronic inflammation or melanisation of the ribs or the surrounding soft tissue. The cross-330 

sectional area of the compact bone and osteocyte density were similar for normal and abnormal 331 

ribs. However, the rib core possibly transformed into an irregular osteolytic lumen of large 332 

radiolucency with an amorphous fibroblasts/fibroblast-like cell network (fibrous rib lumen) 333 

containing lipid vacuoles, blood vessels, osteoclasts, and sparse leucocytes (Figure 3). The rib 334 

lumen was surrounded by a thick collagen type I layer in non-active osteolytic borders (Figure 335 

2. B and D). Another wide collagen type I layer was also observed surrounding the outermost 336 

compact bone in contact with the cellular periosteum.  337 



17

338

Figure 3. Proposed model for progressive cross-sectional morphological changes in339
generalized radiolucent ribs (costae) of Atlantic salmon (3 kg). A) Grade 0, normal rib; rib core 340
(RC) with hypertrophic chondrocytes (pars cartilaginea). B) Grade 1; increase in thickness, 341
rib with small fibrous lumen (FL), and mild osteolysis. C) Grade 2; thick rib with large FL, and 342
advanced uneven osteolysis. D) Grade 3; thick rib with large FL and osteolytic opening to the 343
periosteum (P). E) Grade 4; thick rib with large FL, advanced osteolytic opening to P, and 344
infiltration of cellular periosteum (CP). Generalized radiolucency reaches its maximum in 345
grade 4 as it generally depends on the extension and location of the osteolytic areas. Boxes 346
with letters indicate the region of zoom of F) and G). Movat pentachrome staining for 347
proteoglycans and mucins (blue), collagen/reticular fibers (yellow), colocalization of 348
collagen/reticular fibers and proteoglycans (green), muscle and osteoid (or decalcified bone 349
matrix) (reddish-brown), nuclei and elastin (black) and active nucleus (osteoblast in CP) 350
(violet/purple). CB, Compact bone (substantia compacta; pars ossea); V, Blood vessels; L, 351
Leucocytes. Black arrows indicate osteoclast. Black asterisks indicate regions with 352
osteomalacia. Black bars on the bottom right corner show the image scale, set to 250 μm. Color 353
print.354
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Image texture analyses of rib histology revealed that homogeneity values were found 355 

higher in the compact bone of abnormal ribs than normal ribs (ASM, p = 0.03; IDM, p = 0.02), 356 

while heterogeneity values were found lower (Contrast, p = 0.058; Entropy, p = 0.02) (Figure 357 

4). Thus, compact bone was more uniform with less gray levels variation in abnormal than 358 

normal ribs, hence less organized concentrical osteocyte growth pattern. Notably, the collagen-359 

rich low mineralized osteoid halo of slight radiolucency around the chondroid core was reduced 360 

in size or appeared with “polar” localization. This was further manifested as isolated islands of 361 

disorganized collagen type I and III fibers (none or poor birefringence signal), and glycoprotein 362 

composition were more visible in the most advanced phases (Figure 3 and Figure 5).  363 
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364

Figure 4. Quantitative concentric appositional growth pattern of the compact bone from normal 365
and abnormal ribs (costae) in Atlantic salmon (3 kg). Data is generated through gray level co-366
occurrence matrix texture analysis of compact bone from histology sections. A) Angular 367
second moment (ASM), B) inverse difference moment (IDM), C) contrast, and D) entropy. 368
Data are presented as non-transformed mean ± SEM, n = 4 and 6 for normal and abnormal ribs, 369
respectively. Significant differences between groups are indicated by different letters over the 370
SEM (p ≤ 0.05).371
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373

Figure 5. Alternative cross-sectional morphologies for advanced stages of generalized 374
radiolucent ribs (costae) with cores (RC) of immature hyaline cartilage (pars cartilaginea) and 375
fibrous lumen (FL) in Atlantic salmon (3 kg). A) to D) Movat pentachrome staining for 376
proteoglycans and mucins (blue), collagen/reticular fibers (yellow), colocalization of 377
collagen/reticular fibers and proteoglycans (green), muscle and osteoid (or decalcified bone 378
matrix) (reddish-brown), nuclei and elastin (black) and active nucleus (osteoblast in cellular 379
periosteum) (violet/purple). Boxes with letters on images B) and C) indicate the region of zoom 380
of images E) and F). Serie histology image in Haematoxylin and Eosin. Black bars on the 381
bottom right corner from A) to D) show the image scale, set to 250 μm. E) and F) Picro Sirius 382
red staining under polarized light. Yellow-orange birefringence in polarized images stands for 383
collagen type I (thick fibers), while green birefringence type III (thin fibers). EFP, Exterior 384
fibrous periosteum. White arrows indicate the external collagen layer of the compact bone (CB) 385
(substantia compacta; pars ossea). Blue arrows indicate radial periosteal collagen fibers. Black 386
and white asterisks indicate regions of the CP rich in collagen and glycoproteins. White bars387
on the bottom right corner of E) and F) images show the image scale, set to 100 μm. Color 388
print.389
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Given the common histology features of abnormal ribs, and variable generalized 390 

radiolucency (70%) accompanied by thickening displayed by X-ray, they were designated as 391 

generalized radiolucent ribs. Initial histological changes (Grade 1; Figure 3. B), included the 392 

disappearance of chondrocytes, and the rib core – now termed the lumen – was filled with an 393 

amorphous fibrotic substance with lipid vacuoles, accompanied by blood vessels and 394 

osteoclasts. The osteolytic changes progressed (Grade 2; Figure 3. C), and the core penetrated 395 

through to the periosteal area (Grade 3; Figure 3. D and F), accompanied by loss of linear 396 

organization of the concentric appositional growth pattern. Then, cellular periosteum cells 397 

infiltrated the osteolytic layer of the rib lumen, in an endosteum-like manner (Grade 4; Figure 398 

3. E and G). The different degrees of histomorphology of the compact bone seemed to be 399 

positively associated with homogeneity values (Angular second moment, p = 0.08; Inverse 400 

difference moment, p = 0.07), while negatively with heterogeneity (Contrast, p = 0.02; Entropy, 401 

p = 0.07) from the gray level co-occurrence matrix texture analysis. Progressive processes of 402 

osteogenesis by appositional growth in the cellular periosteum and osteolysis in the rib lumen 403 

likely contributed to the (abnormal) changes in cross-sectional rib morphology, giving a bi-404 

tubular appearance to ossify the opening by appositional growth (Figure 5. A). Osteoid was 405 

observed in newly formed compact bone (Figure 3. E and G). Typically, the more advanced 406 

the changes, the more visible the generalized radiolucency. Variations to what is described 407 

included multiple fibrous rib lumens, and rib core (sometimes exposed to periosteum) 408 

containing chondrocytes in the immature hyaline phase (Figure 5, B, C, and D). As no signs of 409 

herniation of the exposed cartilage core were observed in response to internal pressure, it was 410 

assumed to be invagination (Figure 5. C). 411 

Histologically, red DS were characterized by the presence of intramuscular hemorrhage 412 

with infiltration of erythrocytes and inflammatory cells, mainly macrophages. In some cases, 413 

melanomachrophages were observed. Black DS presented dispersed melanomacrophages 414 
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mainly in myocommata (intermyotomal fascia; epimysium) and between myocytes in a lower 415 

number. Some necrotic myocytes were seen with macrophage infiltration. No major fibrotic 416 

areas were observed (Supplementary 11). 417 

 418 

3.2 Dietary effects on fish performance and fillet quality 419 

The body weight of the P-group was 28 % lower compared with the M-group prior to 420 

seawater transfer (p < 0.001), while the weight difference was 11% in favor of the M-group 10 421 

ten weeks after seawater transfer (p = 0.003). At harvesting, the weight of both dietary groups 422 

was similar (Table 1), but the condition factor of the P-group was slightly higher (p = 0.02). 423 

The mortality rate of both dietary groups was similar (< 1%). Fillet quality analyses at harvest 424 

revealed comparable color intensity of both dietary groups (Score; 23.5 - 23.7), but the P-group 425 

had a higher gaping score (p = 0.03) and softer fillets (p = 0.049) than the M-group (Table 1). 426 

Table 1. Biometric traits, fillet quality, and vertebrae morphology of Atlantic salmon prior, 10 427 
weeks after seawater transfer, and at slaughter, fed either a marine (M-group) or a plant-based 428 
diet (P-group) during smoltification. 429 

  430 

Significant differences between groups were set to p ≤ 0.05. Data are presented as non-431 
transformed mean ± SEM. Condition factor = 100*body weight/(body length)3.  432 

 433 

Parameters M-group P-group p  value n M-group P-group p  value n M-group P-group p  value n
Biometric traits

Body weight (g) 111.7 ± 3.6 81.3 ± 2.9 < 0.001 15 281 ± 3.9 250.8 ± 5.9 0.003 40 3046 ± 68 3132 ± 71 0.24 80
Condition factor 1.28 ± 0.03 1.29 ± 0.02 0.28 15 1.12 ± 0.01 1.15 ± 0.02 0.14 40 1.46 ± 0.01 1.48 ± 0.01 0.02 80

Fillet quality
Firmness (N) . . . . . . 11.8 ± 2.7 10.5 ± 2.4 0.049 20
Gaping (score) . . . . . . 0.1 ± 0.1 0.4 ± 0.1 0.03 20

Vertebrae morphology
Abnormal vertebrae (%) 0 8 0.33 15 20 10 0.56 10 17 23 0.52 40
Impaired mineralization score 0 0 . 15 0.76 ± 0.24 1.4 ± 0.19 0.049 10 0 0 . 20
Vertebra X:Y ratio 0.96 ± 0.01 0.93 ± 0.01 0.01 15 0.93 ± 0.01 0.90 ± 0.01 0.04 10 1.03 ± 0.01 1.02 ± 0.01 0.39 20
Intervertebral space (mm) 0.36 ± 0.01 0.34 ± 0.01 0.12 15 0.50 ± 0.03 0.50 ± 0.02 0.97 10 0.15 ± 0.03 0.16 ± 0.03 0.81 20

Prior to seawater transfer After seawater transfer Slaughter
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3.3 X-ray 434 

At slaughter, the number of rib abnormalities increased from the proximal to distal rib 435 

parts. Rib abnormalities were mostly concentrated around rib number 9 for both dietary groups. 436 

However, the P-group showed 1.9 more abnormalities than the M-group in the central (ribs 8 - 437 

15) (p = 0.02) and 5 times more in mid areas (p < 0.001; Table 2) of the rib cage. These 438 

differences were contributed principally by two abnormality forms (Figure 6). Firstly, axis 439 

deviations in the form of several parallel rib bendings in a linear pattern and wrinkly 440 

deformations affecting 19 (M-group) and 26 % (P-group) of studied ribs (p = 0.01; Table 2) in 441 

a decreasing number from anterior (ribs 1 - 7) to posterior (ribs 16 - 22) areas of the rib cage. 442 

Mid rib parts of the P-group presented more axis deviations than the M-group (p < 0.001). 443 

Secondly, generalized radiolucency affecting 12 % (M-group) and 17 % (P-group) of studied 444 

ribs (p < 0.001) concentrated in central (p = 0.061) and mid-distal areas of the rib cage (p < 445 

0.001) in the P-group, contrasting to an even distribution from rib number 1 to 22 in the M-446 

group (Table 2). 447 

Table 2. Morphology, mechanical properties, and mineral composition of ribs (costae) of 448 
Atlantic salmon (3 kg), fed either a marine (M-group) or a plant-based diet (P-group) during 449 
smoltification. 450 

Rib parameters M-group P-group p value 
Longitudinal morphology (rib abnormalities)       
  Category I (no continuity break) 6 ± 0.9 11.5 ± 1.2 < 0.001 
    Generalized radiolucent 1.9 ± 0.4 5.0 ± 1 < 0.001 
    Axis deviations 4.0 ± 0.9 6.6 ± 1 0.01 
  Category II (continuity break) 3.0 ± 0.7 3.7 ± 0.4 0.36 
    Fracture 0 ± 0 0.1 ± 0.1 1.00 
    Supernumerary 0 ± 0 0 ± 0 1.00 
    Radiolucent callus 0.8 ± 0.2 0.7 ± 0.2 0.86 
    Radiopaque callus or hyperostosis 0.3 ± 0.2 0.2 ± 0.2 0.75 
    Radiolucent non-union 0.1 ± 0.1 0 ± 0 0.65 
    Shorter or missing parts 1.8 ± 0.5 2.7 ± 0.3 0.18 
  Total 9.0 ± 1.3 15.3 ± 1.4 < 0.001 
    Proximal 0.5 ± 0.2 0.7 ± 0.2 0.52 
    Mid 1.0 ± 0.5 5.0 ± 0.7 < 0.001 
    Distal 7.4 ± 0.9 9.5 ± 0.9 0.08 
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Cross-sectional morphology (mm)
Bone diameter 0.5 ± 0.03 0.5 ± 0.04 0.92
Periosteum width 0.2 ± 0.03 0.2 ± 0.01 0.74
Rib hub diameter 2.1 ± 0.22 2.0 ± 0.14 0.80

Mechanical properties
Breaking load (N)

Proximal 10.8 ± 0.7 10.4 ± 0.6 0.65
Mid 7.1 ± 0.4 7.0 ± 0.3 0.87
Distal 5.5 ± 0.3 5.3 ± 0.2 0.70

Modulus of Elasticity (N mm-1)
Proximal 39.4 ± 2.5 36.8 ± 1.9 0.43
Mid 30.6 ± 1.5 26.7 ± 1.4 0.06
Distal 32.5 ± 3.1 28.9 ± 1.2 0.27

Mineral composition (ww)
Ca (g kg-1) 137.5 ± 4.8 127.6 ± 2.5 0.11
P (g kg-1) 63.8 ± 2.9 55.3 ± 2.7 0.07
Ca:P ratio 2.2 ± 0.2 2.3 ± 0.1 0.51
Mg (g kg-1) 2.8 ± 0.3 3.0 ± 0.1 0.65

The longitudinal morphology is described as the number of rib abnormalities per rib cage 451
(cavea thoracis) side. Significant differences between groups were set to p ≤ 0.05. Data are 452
presented as non-transformed mean ± SEM, n = 12 (morphology), 20 (mechanical properties), 453
and 4 (mineral composition; pooled per tank) per dietary group. N, Newton; ww, Wet weight; 454
Ca, Calcium; P, Phosphorus; Mg, Magnesium.455

456

457

Figure 6. Typical rib (costae) morphologies of Atlantic salmon (3 kg). Lateral X-ray. A) Rib 458
cage side (cavea thoracis) with examples of generalized radiolucent ribs (white frames). B) 459
Rib cage side with examples of axis deviations in the form of parallel bent ribs in a linear 460
pattern (white frame with an asterisk) and wrinkly morphology (white frames). C) Zoom in of 461
normal rib, D) generalized radiolucency, E) axis deviation (wrinkly), and F) axis deviation462
(bending). A simplified illustration of the respective rib morphology from C) to F) is added in 463
the top right corner. The white bars on the bottom right corner show the image scale, set to 12 464
mm.465
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 466 

Prior to seawater transfer, virtually no vertebrae abnormalities nor clinical morphological 467 

signs of impaired mineralization was observed. On the other hand, the vertebra X:Y ratio was 468 

lower in the P-group than in the M-group (p = 0.01). Ten weeks after seawater transfer, fish 469 

from both dietary treatments presented clear signs of impaired mineralization (likely P 470 

deficiency). However, the severity was more pronounced for the P-group, as indicated by a 471 

higher impaired mineralization score (p = 0.049) and a lower vertebra X:Y ratio (p = 0.04) 472 

(Table 1). Numerically lower vertebra X:Y ratio and more fussed vertebrae were found in both 473 

groups than before seawater transfer (). At slaughter, the vertebra X:Y ratio increased to normal 474 

values, and no signs of residual dietary-induced internal deformations of the vertebra body 475 

were observed. The prevalence of fish from the M-group with abnormal vertebrae (17 %) was 476 

not significantly different from the P-group (23 %), nor was the magnitude. No differences 477 

were observed in the width of the intervertebral space (symphysis intervertebralis) between the 478 

dietary groups at any sampling time. 479 

 480 

3.4 Bone mechanical properties 481 

Mechanical tests of salmon ribs revealed a decreasing breaking load from proximal to 482 

distal rib parts, with no differences between dietary groups (Table 2). The elasticity showed a 483 

similar trend with lower values at the proximal than mid and distal rib parts. Mechanical rib 484 

analyses showed no significant differences between the dietary fish groups, but the P-group 485 

showed a numerically higher elasticity (p = 0.06) than the M-group in mid rib parts (Table 2). 486 

The area and load of vertebrae were lower of the P-group than the M-group at 5, 10, 15, 487 

and 20 % compression depth (p < 0.04). These values increased with compression depth for 488 

both groups (Supplementary 10). Among all compression depths, only elasticity at 15 % was 489 
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different between dietary groups, with higher modulus in the P-group than M-group (136.8 ± 490 

5.1 vs. 121.9 ± 5 N/mm; p = 0.045).  491 

Assuming no body weight and diet interaction, the most significant correlations with rib 492 

morphology were between the number of axis deviations per rib cage side and either area (r = 493 

-0.37; p = 0.049), load (r = -0.38; p = 0.04) at 5 %, or area (r = -0.37; p = 0.04) at 10 % of 494 

compression depth of vertebrae. Regarding rib mechanical properties, the most significant 495 

correlations were between the modulus of elasticity in mid rib parts and either area (r = 0.36; 496 

p = 0.02) or load (r = 0.32; p = 0.03) at 15 % of the compression depth of vertebrae. 497 

 498 

3.5 Bone mineral content 499 

No differences were observed in the composition of macrominerals in ribs between the 500 

dietary groups, although the P-group tended to have lower a P concentration than the M-group 501 

(p = 0.07) (Table 2). 502 

There were only relatively few differences in the mineral composition of vertebrae 503 

between the dietary groups. Fish prior to seawater transfer showed a higher % of ash with a 504 

higher Ca:P ratio (p = 0.03), Na (p = 0.01), and Mn levels (p = 0.02) in the P-group than in the 505 

M-group (Supplementary 3). At slaughter, the mineral analysis revealed a higher Na content in 506 

the P-group than in the M-group (p = 0.002) (Supplementary 10). 507 

 508 

3.6 Blood serum 509 

Prior to seawater transfer, the serum from the M-group showed higher levels of ALP (p 510 

= 0.01), creatinine (p < 0.001), cholesterol (p < 0.001), and free fatty acids (p = 0.02) than the 511 

P-group (Supplementary 12). Ten weeks after seawater transfer, only ALP levels differed 512 
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significantly between the fish group, being higher for the P-group than the M-group (p < 0.001). 513 

At slaughter, all blood parameters were similar for the dietary groups (Supplementary 12). 514 

 515 

3.7 Focal dark spots 516 

At slaughter, DS were observed in large experimental land-based flow-through tanks. No 517 

differences were observed in the prevalence of red (5 %) or black DS (3 – 12 %) between the 518 

dietary groups. DS were primarily found in the form of petechial, focal hemorrhages, and mild 519 

melanisation (score 0.5 - 1), which is generally not considered a cause for quality downgrading 520 

(Supplementary 13). 521 

 522 

4 Discussion 523 

In the present study, we could confirm and describe the dominance of two subtypes of 524 

rib abnormalities in Atlantic salmon. On the one hand, axis deviations such as parallel bending 525 

of several mid rib parts resulting from mechanical deformations of the rib cage (Jiménez-526 

Guerrero et al., 2022) and wrinkly ribs, earlier associated with suboptimal (P-deficient) diet 527 

(Baeverfjord et al., 1998). On the other hand, generalized radiolucent ribs previously related to 528 

osteolytic secondary changes due to a local inflammatory process such as DS (Jiménez-529 

Guerrero et al., 2022). Generalized radiolucent ribs showed consistent histological 530 

characteristics across our samples, where there was an absence of any surrounding local 531 

inflammatory process or DS. Here, the observed expanded osteolytic and fibrotic lumen with 532 

internal lipid vacuoles and vascularization possibly led to the increase in rib diameter through 533 

compensatory appositional growth to preserve the mechanical properties. Internal 534 

vascularization in salmon ribs has also been observed by Brimsholm et al. (2023). They 535 

suggested that rib core erosion and vascularization could be mere anatomical variations in 536 
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salmon ribs because of the aquatic environment, similar to other marine species where bone 537 

erosion may be expected in late growth phases (Soliman, 2018). We found that the erosion of 538 

the rib core potentially represents the transformation or dedifferentiation of chondrocytes to 539 

mesenchymal-like cells (de la Fuente et al., 2004) (e.g., fibroblast, adipocytes, and endothelial 540 

cells). Blood vessels resulting from such a remodeling process would facilitate myeloid-like 541 

cells (osteoclast and lymphocytes) (Veis and O'Brien, 2023) to enter the cores. Rib core erosion 542 

and vascularization could be an essential step for the progression of generalized radiolucency 543 

if osteoclasts are naturally absent in the inner compact bone and cartilage core of salmon ribs. 544 

On the other hand, our findings indicate clear evidence of pathology in generalized 545 

radiolucency, particularly in advanced stages where morphological alterations align with 546 

discernible X-ray changes. Jiménez-Guerrero et al. (2022) found that generalized radiolucency 547 

prevalence is notably low in adult wild fish, and it does not increase in later growth stages in 548 

farmed fish, indicating that these changes are not associated with late growth phases. On the 549 

contrary, there is a response to environmental factors and dietary contrasts. Combined with the 550 

histopathological changes, altered rib development and osteomalacia are the likely diagnoses 551 

of generalized radiolucent ribs when no associated inflammatory responses exist. Osteomalacia 552 

was also supported by the increase of periosteal collagen, possibly in an attempt to compensate 553 

for the observed higher elasticity and the lower P content in ribs. Softer ribs might also be 554 

contributed by the relative increase of the fibrotic lumen, osteoid, and distortion of the 555 

concentric mineralized layers or disorganized collagen-rich islands in the compact bone, which 556 

would increase the risk of rib deformations (axis deviations), and, therefore, clinical relevance, 557 

as our data shows. When selecting ribs for assessing elasticity and P deficiencies, we could not 558 

discriminate between normal and abnormal ribs by visual inspection, which resulted in an 559 

increased standard deviation that impacted significance levels between dietary groups. Since 560 

distal rib parts that concentrate most rib abnormalities have the weakest breaking load and 561 
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relatively higher elasticity than proximal parts, it reinforces that mid and predominantly distal 562 

areas of the rib cage are more susceptible to external mechanical stress (Jiménez-Guerrero et 563 

al., 2022). 564 

To understand the observed long-term effects of dietary contrast on rib morphology in 565 

the broader musculoskeletal framework, we additionally explored the growth performance, 566 

vertebrae, and skeletal muscle. Regarding growth performance, compared to Kaushik et al. 567 

(1995) and Drábiková et al. (2021), we observed reduced growth in the P-group from 568 

freshwater to 10 weeks after seawater transfer, at least. This poor growth was reflected in the 569 

lower creatinine levels of the P-group, likely as a response to the lower muscle development. 570 

The poor performance was unlikely due exclusively to a P deficiency (Baeverfjord et al., 1998; 571 

Drábiková et al., 2021), but possibly as a response to the suboptimal level of methionine in the 572 

P-group diet (0.7 vs. 0.9 - 1.1 g/g) (Hua and Bureau, 2019; Mai et al., 2022) among other 573 

nutritional differences such as EPA and DHA, which were under recommended levels for 574 

maximizing growth performance (< 0.1 - 0.2 vs. 0.5 g/100g of lipids) (Qian et al., 2020). Later, 575 

the P-group experienced compensatory growth, allowing both groups to exhibit similar 576 

slaughter traits (body weight and fillet color) and serum chemistry, which evidence exceptional 577 

compensatory capabilities of salmon under dietary contrast during smoltification. Therefore, 578 

the effects of dietary contrast in growth would not have been detected in our fish by standard 579 

evaluations at the slaughterhouse. 580 

As vertebrae are a proven marker of skeleton health in salmon, they were monitored in 581 

the period prior to after seawater transfer and at slaughter. As expected in the short-term 582 

(Drábiková et al., 2021, 2022; Fjelldal et al., 2012), we found a similarly low number of 583 

morphological vertebrae abnormalities prior to and after seawater in both salmon groups, which 584 

aligned with the Pi concentrations between both groups, similar to fish fed a regular P diet in 585 

Drábiková et al. (2021), suggesting that dietary Pi might have been absorbed and made 586 
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available at similar levels. The availability of Pi was further supported by the lack of observable 587 

effects on the width of the intervertebral space, a short-term indicator of P deficiency 588 

(Drábiková et al., 2021). Despite these similarities, we identified differences in bone 589 

mineralization in response to dietary contrast, as indicated by the lower vertebra X:Y ratio in 590 

the P-group before and after seawater transfer. Before the transfer, lower vertebra X:Y 591 

differences did not correspond to variations in mineral composition (excluding Ca:P ratio, Na, 592 

and Mn) or clinically observable impaired bone mineralization. Intriguingly, the gutted body 593 

of the P-group had a higher ash content even though the fish were fed lower ash levels than the 594 

M-group during smoltification. Since these mineral composition results are not specific to the 595 

bone, it is important to consider other factors, such as a relatively lower mineral concentration 596 

in fast-growing fish (Baeverfjord et al., 2018). 597 

Ten weeks after seawater transfer, vertebra X:Y ratio and macroscopic evaluations 598 

indicated that both groups went through a period in which they were in negative bone 599 

mineralization balance. The effects of seawater transfer in vertebrae of both farmed and wild 600 

salmon have already been reported (Fjelldal et al., 2006; Fjelldal et al., 2007). Later, Jiménez-601 

Guerrero et al. (2022) also reported signs of negative mineralization balance in ribs after 602 

seawater transfer. Here, we show that the observed short-term impaired mineralization 603 

generally impacted the P-group more as they likely started with a subclinical lower mineral 604 

status prior to seawater transfer. However, the impaired vertebrae mineralization was resolved, 605 

and both groups presented similar normal vertebra morphology and mineral composition at 606 

slaughter (excluding Na) (Drábiková et al., 2021, 2022), contrasting to what Fjelldal et al. 607 

(2009) reported. Therefore, in contrast to ribs, the impaired mineralization did not cross the 608 

point of no return, as the number of fish with vertebrae abnormalities did not differ between 609 

the dietary groups in the long-term. Such bone development behavior was in line with serum 610 

ALP (osteoblast activity), which showed lower values in the P-group than the M-group prior 611 
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to seawater transfer, followed by an inversion of the trend 10 weeks after seawater transfer. 612 

The ALP pattern is probably a sign of compensatory skeleton growth with a recovery to similar 613 

values at slaughter. Nevertheless, besides the lack of clinical evidence, there were subclinical 614 

long-term effects on the mechanical properties of the trabecular fraction of vertebrae. 615 

The higher concentration of Na in the vertebrae composition of the P-group at slaughter 616 

was in accordance with our findings in body composition prior to seawater transfer, and it 617 

establishes a link between high levels of Na in bone composition and long-term deterioration 618 

of the mechanical properties, morphology, and composition of ribs and mechanical properties 619 

of vertebrae trabeculae. Potential stimulatory effects of Na-based hydroxyapatite on bone 620 

osteolysis and remodeling due to its higher instability likely affected the mechanical properties 621 

of compact bone (Yoo et al., 2021). Unfortunately, we did not have enough material to 622 

determine Na concentrations in rib bones, which would strengthen these findings. Factors 623 

modulating Na concentrations in fish bones and their impact on skeleton health should be the 624 

focus of future research.  625 

Regarding the skeletal muscle, we present the first evidence for long-term effects 626 

(beyond three weeks; Kaushik et al. (1995)) of dietary contrast during smoltification on muscle 627 

quality in salmonids. Thus, we hypothesized a response of the diet near seawater transfer on 628 

DS at slaughter, as Sissener et al. (2016) reported. However, although red and black DS of 629 

lower prevalence and economic relevance than previously reported in commercial sea-cages 630 

were found (Bjørgen et al., 2019; Jiménez-Guerrero et al., 2022), the dietary contrast did not 631 

modulate the prevalence and focal inflammatory response of these musculoskeletal injuries in 632 

the long-term. The lack of DS modulation contrasted with dietary treatments in the early 633 

seawater phase and of longer duration (Dessen et al., 2019; Lutfi et al., 2022). Moreover, the 634 

lack of effects in DS did not correspond to the modified number of axis deviations and 635 

mechanical properties of ribs. Here, these rib axis deviations were mostly contributed by 636 
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wrinkly deviations resulting from impaired mineralization rather than traumatic events, which 637 

may explain the lack of relationship. On the other hand, it is possible that a lower incidence of 638 

damaging mechanical impacts on the rib cage in our experimental conditions made it difficult 639 

to evaluate any difference between both dietary groups as the lower number of radiopaque 640 

calluses in the M-group than in farmed salmon in commercial sea-cages from Jiménez-641 

Guerrero et al. (2022) indicates. Altogether, we cannot exclude the potential protective effects 642 

of nutrition during smoltification on musculoskeletal health against DS in more challenging 643 

environments. 644 

Although the dietary contrast did not aim to be comparable to commercial diets, we found 645 

the marine-based diet to have positive effects on rib development. Compared to a previous 646 

study where wild and farmed fish in different environments from different life stages using the 647 

same facilities, equipment, evaluation methods, and radiologist (Jiménez-Guerrero et al., 648 

2022), we observed a similar number for most rib abnormalities in M-group as wild fish. We 649 

could also see a reduction of the characteristic concentration of rib abnormalities in central 650 

parts of the rib cage in the M-group, drawing a similar pattern as wild fish. Moreover, the M-651 

group showed 1/3 and 1/2 of the number of axis deviations in farmed salmon fed a standard 652 

diet and grown in land-based tanks or sea-cages.  653 

Several factors may explain the positive effects of marine ingredients. Nutritional 654 

deficiencies during smoltification would explain the observed increase in axis deviations in 655 

ribs due to structural defects during early development. However, the long-term osteomalacia 656 

in ribs after fish were fed commercial diets suggests persistent changes in either absorption of 657 

nutrients or osteogenesis after the dietary treatment. The parallel affection of the mechanical 658 

properties of skeletal muscle and bone suggest a generalized alteration of the extracellular 659 

collagen matrix, which is known to be mediated by collagen type I alpha 1 chain (col1a1) 660 

(Aubin, 1998) and collagen type II alpha 1 chain (col2a1) (Dale and Topczewski, 2011) among 661 
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other genes. While col1a1 can be upregulated by n−3 PUFAs (Abshirini et al., 2021; Ytteborg 662 

et al., 2015), col2a1 is downregulated when using plant-based protein concentrates in diet 663 

(Dhanasiri et al., 2020). Transformation or dedifferentiation, feasible in mesenchymal lineage 664 

cells, could be induced through dietary-dependent or mechanical factors (Hall, 2015); in fact, 665 

n−3 PUFAs have been proven to suppress collagen matrix degradation in cartilage (Abshirini 666 

et al., 2021), which would explain the lower fibrotic changes in cartilage rib cores in the M-667 

group. Thus, combining fish oil and non-plant-based protein concentrates probably had a 668 

synergic effect on musculoskeletal health. We suggest further study of the potential nutritional 669 

programming effects of high inclusion of marine-based ingredients in diets of farmed salmon, 670 

at least during the smoltification phase. 671 

 672 

5 Conclusions 673 

Generalized radiolucency and axis deviation are the two major types of morphological 674 

abnormalities in salmon ribs. Salmon rib morphology was more sensitive to the smoltification 675 

diet than vertebrae. Generalized radiolucent ribs were characterized by different forms of 676 

altered appositional growth with dedifferentiated chondrocytes, lumen osteolysis, and 677 

osteomalacia. 678 
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9 Supplementary 874 

9.1 Supplementary 875 

Supplementary 1. Formulation and chemical composition of the marine- (M-group) and plant-876 
based diet (P-group) of salmon fed during smoltification. 877 

    M-group P-group 
Formulation     
  Fish meal (%) 61.0 0.0 
  Wheat (%) 20.7 8.4 
  SPC (%) 0.0 34.6 
  Wheat gluten (%) 0.0 22.0 
  Corn gluten (%) 0.0 10.0 
  Fish oil (%) 15.4 0.0 
  Rapeseed oil (%) 0.0 20.4 
  MgSO4 (500 ppm extra) (%) 0.2 0.2 
  K2CO3 (500 ppm extra) (%) 0.1 0.1 
  Vitamin premix (%) 0.5 0.5 
  Monosodium phosphate (%) 2.5 2.5 
  Astaxanthin (%) 0.1 0.1 
  Mineral premix (%) 0.5 0.5 
Chemical composition     
  Protein (%) 46.1 46.5 
  Lipids (%) 21.2 18.2 
  Starch (%) 12.6 9.3 
  Energy (MJ kg-1) 21.2 22.2 

SPC, Soy protein concentrate. 878 

  879 
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9.2 Supplementary 880 

Supplementary 2. Amino acid and fatty acid composition of the marine- (M-group) and plant-881 
based diet (P-group) of salmon fed during smoltification. 882 

    M-group P-group 
Amino acid composition     
  Aspartic acid (g g-1) 3.9 3.5 
  Glutamic acid (g g-1) 6.1 12.0 
  Hydroxyproline (g g-1) 0.4 < 0.1 
  Serine (g g-1) 1.9 2.4 
  Glycine (g g-1) 2.7 1.8 
  Histidine (g g-1) 1.0 1.0 
  Arginine (g g-1) 2.6 2.3 
  Treonine (g g-1) 1.8 1.5 
  Alanine (g g-1) 2.6 1.9 
  Proline (g g-1) 1.9 3.9 
  Tyrosine (g g-1) 1.3 1.4 
  Valine (g g-1) 2.2 2.0 
  Methionine (g g-1) 1.3 0.7 
  Isoleucine (g g-1) 1.8 1.9 
  Leucine (g g-1) 3.2 4.0 
  Fenylalanine (g g-1) 1.7 2.4 
  Lysine (g g-1) 3.4 1.8 
Fatty acid composition     
  14:0 (g 100g lipids-1) 6.3 0.1 
  16:0 (g 100g lipids-1) 13.3 4.9 
  18:0 (g 100g lipids-1) 1.6 1.8 
  20:0 (g 100g lipids-1) 0.2 0.5 
  16:1 n-7 (g 100g lipids-1) 4.1 0.2 
  18:1 (n-9)+(n-7)+(n-5) (g 100g lipids-1) 11.8 56.6 
  20:1 (n-9)+(n-7) (g 100g lipids-1) 8.7 1.5 
  22:1 (n-11)+(n-9)+(n-7) (g 100g lipids-1) 13.5 0.4 
  18:2 n-6 (g 100g lipids-1) 2.5 20.4 
  18:3 n-3 (g 100g lipids-1) 1.2 7.8 
  18:4 n-3 (g 100g lipids-1) 2.9 < 0.1 
  20:5 n-3 (EPA) (g 100g lipids-1) 7.0 0.1 
  22:6 n-3 (DHA) (g 100g lipids-1) 10.2 0.1 
  Sum of saturated fatty acids  (g 100g lipids-1) 21.5 7.7 
  Sum of unsaturated fatty acids (g 100g lipids-1) 38.8 58.9 
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  Sum of n-6 (g 100g lipids-1) 3.3 20.5 
  Sum of n-3 (g 100g lipids-1) 23.1 8.1 

  Sum of EPA + DHA (g 100g lipids-1) 17.2 0.2 
Fatty acids results shown for values > 1 g 100g lipids-1 in both dietary groups. 883 

EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid 884 

  885 
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9.3 Supplementary 886 

Supplementary 3. Dry matter, ash, and mineral composition of the marine- (M-group) and 887 
plant-based diet (P-group) provided to Atlantic salmon during smoltification, and mineral 888 
composition of gutted bodies per dietary group at the end of the smoltification in freshwater. 889 

    Diet   Gutted body 
Composition M-group P-group   M-group P-group p value 
  Dry matter (%) 90.0 90.4   0.31 ± 0.0 0.30 ± 0.0 0.93 
  Ash (%) 9.5 5.0   7.7 ± 0.1 8.1 ± 0.1 0.02 
Mineral (ww)             
  Ca (g kg-1) 12.2 2.4   13.4 ± 1 15.8 ± 0.2 0.08 
  P (g kg-1) 17.7 10.5   15.3 ± 0.7 16.1 ± 0 0.29 
  Soluble P (g kg-1) 9.3 6.6   . . . 
  Ca:P ratio 0.7 0.2   0.9 ± 0 1 ± 0 0.03 
  K (g kg-1) 9.0 7.8   12.1 ± 0.2 11.9 ± 0.1 0.57 
  Na (g kg-1) 12.2 4.8   2.4 ± 0.1 2.8 ± 0.1 0.01 
  Mg (g kg-1) 2.7 2.5   1.1 ± 0 1.1 ± 0 0.98 
  Zn (mg kg-1) 158.1 172.0   61.4 ± 1.3 65.8 ± 1.1 0.11 
  Fe (mg kg-1) 266.7 265.4   24 ± 0.6 36 ± 7.1 0.16 
  Mn (mg kg-1) 59.9 86.9   3.9 ± 0.3 5.3 ± 0.1 0.02 

  Cu (mg kg-1) 16.7 20.9   2.6 ± 0.2 2.4 ± 0.1 0.50 
Significant differences between groups were set to p ≤ 0.05. Data are presented as non-890 
transformed mean ± SEM, n = 15 fish per dietary group. ww, Wet weight; Ca, Calcium; P, 891 
Phosphorus; Mg, Magnesium; K, Potassium; Na, Sodium; Zn, Zinc; Fe, Iron; Mn, Manganese; 892 
Cu, Copper. 893 

  894 
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9.4 Supplementary 895 

Supplementary 4. Experimental overview and feeding plan. Red values are theoretical 896 
estimations. 897 

 898 

FW, Fresh water; SW, Seawater. 899 

  900 
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9.5 Supplementary 901 

Supplementary 5. Analyzed chemical and mineral composition of the standard commercial 902 

diets during the seawater phase. 903 

Ca, Calcium; P, Phosphorus; Mg, Magnesium; K, Potassium; Na, Sodium; Zn, Zinc; Fe, Iron; 904 
Mn, Manganese; Cu, Copper. 905 

  906 

Feed 
Skretting 

Nutra 
Olympic 

Skretting 
Supreme 
Plus 75 

Skretting 
Supreme 
Plus 150 

Skretting 
Prime 

300 

Skretting 
Spirit 
Trout 

Skretting 
Express 

1200/2500-50A 

Pellet size (mm) 3 3 4.5 5 6 9 
Protein (%) 50.6 47.7 47.6 43.1 43.3 35.7 
Dry matter (%) 93.8 92.1 91.8 92 92.1 92.6 
Ash (%) 8.8 5.5 5.2 4.4 4.4 4.2 
Mineral composition (ww)             
  Total Ca (g kg-1) 19.5 7.3 6.4 3.5 3.4 3.5 

  Total Na (g kg-1) 6.8 2.1 2.0 1.7 1.7 1.4 

  Total Mg (g kg-1) 3.1 2.2 2.0 1.9 1.9 2.2 

  Total K (g kg-1) 11.1 10.1 8.9 7.9 7.9 7.3 

  Total P (g kg-1) 12.0 10.6 10.6 10.2 10.1 9.8 

  Soluble P (g kg-1) 2.5 5.2 5.3 5.9 6.0 4.9 
  Ca:P ratio 1.6 0.7 0.6 0.3 0.3 0.4 
  Total Fe (mg kg-1) 214 265 265 309 259 233 

  Total Mn (mg kg-1) 54 63 55 54 58 52 

  Total Cu (mg kg-1) 16 13 14 14 14 16 
  Total Zn (mg kg-1) 153 165 245 149 152 147 
Fat (%) 22.8 24.5 26.5 27 27.7 36.2 
Fiber (%) 2.1 2.1 1.8 2 2.2 2.4 
Starch (%) 6.8 12.3 10.7 15.5 8.1 6.9 
Free Astaxanthin (mg kg-1) 7.2 58 61 49 42 41 

Energy (MJ kg-1) 22.4 22.8 23.2 23.5 23.5 24.9 
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9.6 Supplementary 907 

Supplementary 6. Method for cross-sectional morphology evaluation of ribs (costae) and 908 
associated tissues in histological sections of Atlantic salmon (3 kg). A) Perpendicular reference 909 
of the transverse fascia to the center of the rib (red dot). Morphological estimations are 910 
collected from cross-sections of different regions passing through the rib center, parallel to the 911 
discontinuous reference line. B) Rib cluster thickness (cross-section including bone and 912 
surrounding fat and periosteum). C) Rib and periosteum thickness. D) Rib thickness. 913 
Haematoxylin and eosin staining. 914 

 915 

  916 
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9.7 Supplementary 917 

Supplementary 7. Selection of cross-sectional compact bone area (A) in gray scale Picro Sirius 918 
Red-stained images for estimation of micro-organization and osteocyte density in ribs (costae) 919 
(B). Dots in B) indicate the detection of osteocytes. 920 

 921 
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9.8 Supplementary 922 

Supplementary 8. Scale for impaired mineralization score in salmon vertebrae from number 31 923 
to 41. The score is determined according to the aspect ratio of vertebrae and the mineral density 924 
around the intervertebral space (symphysis intervertebralis). Score 1, aspect ratio near 1 and 925 
good mineral density around the intervertebral space; Score 2, aspect ratio near 0.9 and little 926 
mineral density around the intervertebral space; Score 3, aspect ratio near 0.9 and very low 927 
mineral density around the intervertebral space. 928 

 929 
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9.9 Supplementary 930 

Supplementary 9. Vertebrae morphology of Atlantic salmon prior, 10 weeks after seawater 931 
transfer, and at slaughter. Typical morphology of vertebra number 31 to 41 prior (A), 10 weeks 932 
after seawater transfer (C) and slaughter (E). Abnormal vertebrae morphology in the form of 933 
fusion prior (B), 10 weeks after seawater transfer (D) and slaughter (F). The white bars on the 934 
bottom right corner show the image scale, set to 12 mm. X-ray images. 935 

 936 

  937 
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9.10 Supplementary 938 

Supplementary 10. Mechanical properties and composition of vertebrae of Atlantic salmon (3 939 
kg) fed either a marine (M-group) or a plant-based diet (P-group) during smoltification. 940 

      M-group P-group p value 
Mechanical properties of vertebrae        
  Load (N)       
    5 % 22.7 ± 0.5 19.6 ± 0.8 0.004 
    10 % 53.7 ± 1.4 46.4 ± 2.1 0.01 
    15 % 92.2 ± 2.8 81.5 ± 3.5 0.02 
    20 % 128.6 ± 4.4 115 ± 4.8 0.04 
  Area (N mm)       
    5 % 4.9 ± 0.1 4.4 ± 0.2 0.01 
    10 % 20.2 ± 0.5 17.3 ± 0.8 0.01 
    15 % 50.3 ± 1.3 43.2 ± 2.2 0.01 
    20 % 96.6 ± 2.7 83.8 ± 4.3 0.02 
Composition       
  Dry matter (%) 0.56 ± 0.0 0.55 ± 0.0 0.76 
  Ash (%) 25.1 ± 0.4 24.7 ± 0.3 0.46 
  Mineral (ww)       
    Ca (g kg-1) 78.1 ± 2.5 76.4 ± 1 0.56 
    P (g kg-1) 50.4 ± 1.8 49.3 ± 0.5 0.59 
    Ca:P ratio 1.5 ± 0 1.5 ± 0 0.89 
    K (g kg-1) 6.7 ± 0.2 6.4 ± 0.2 0.36 
    Na (g kg-1) 2.6 ± 0 2.7 ± 0 0.002 
    Mg (g kg-1) 1.6 ± 0.1 1.6 ± 0 0.64 
    Zn (mg kg-1) 52.1 ± 5.3 57.1 ± 5.2 0.53 
    Fe (mg kg-1) 7.7 ± 0.8 6.5 ± 0.3 0.25 
    Mn (mg kg-1) 38.1 ± 2.9 42.6 ± 1.7 0.23 

    Cu (mg kg-1) 0.5 ± 0.1 0.6 ± 0.1 0.49 
Analyses were based on the vertebrae region from vertebra number 31 to 41. Significant 941 
differences between groups were set to p ≤ 0.05. Data are presented as non-transformed mean 942 
± SEM, n = 20 (mechanical properties), and 4 (mineral composition; pooled per tank) per 943 
dietary group. N, Newton; ww, Wet weight; Ca, Calcium; P, Phosphorus; Mg, Magnesium; K, 944 
Potassium; Na, Sodium; Zn, Zinc; Fe, Iron; Mn, Manganese; Cu, Copper. 945 

  946 
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9.11 Supplementary 947 

Supplementary 11. Histology of focal dark spots (DS) of Atlantic salmon (3 kg). A) 948 
Intramuscular hemorrhage with infiltration of inflammatory cells and degeneration of 949 
myocytes; red DS. B) Disperse melanomachrophage infiltration (asterisks) in myocommata 950 
(epimysium) and myomere (hypaxial muscularis lateralis profundus); black DS. Discrete 951 
myocyte degeneration can be observed (black arrows). Black bars on the bottom right corner 952 
show the image scale, set to 100 μm. Movat pentachrome staining. 953 

 954 

  955 
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9.12 Supplementary 956 

Supplementary 12. Blood serum chemistry of Atlantic salmon fed either a marine (M-group) 957 
or a plant-based diet (P-group) during smoltification sampled prior, 10 weeks after seawater 958 
transfer, and at slaughter. 959 

  960 

Significant differences between groups were set to p ≤ 0.05.  961 

Data are presented as non-transformed mean ± SEM, n = 10 - 15 per dietary group. 962 

ALP, Alkaline phosphatase; CK, Creatine kinase; Pi, Inorganic phosphorous; Ca2+, Calcium 963 
ion; Na+, Sodium ion; K+, Potassium ion.  964 

Serum parameters M-group P-group p  value M-group P-group p  value M-group P-group p  value

ALP (U L-1) 178 ± 9 124 ± 5 0.03 214 ± 3 264 ± 4 0.001 209 ± 7 192 ± 12 0.28

CK (U L-1) 7384 ± 3588 8753 ± 3460 0.60 3700 ± 1032 5563 ± 797 0.29 10999 ± 1702 12294 ± 779 0.51

Creatinine (μmol L-1) 51.3 ± 1.9 15.7 ± 1.3 < 0.001 19 ± 1 21 ± 1 0.29 < 13 < 13 .

Pi (mmol L-1) 4.5 ± 0 4 ± 0.2 0.15 3.1 ± 0.5 3.6 ± 0.4 0.51 6 ± 0.5 6.1 ± 0.5 0.95

Ca2+ (mmol L-1) 3 ± 0.1 2.9 ± 0.1 0.87 2.9 ± 0.1 3 ± 0 0.1 3.3 ± 0 3.2 ± 0 0.67

Na+ (mmol L-1) 158 ± 1 157 ± 1 0.75 164 ± 1 165 ± 1 0.1 170 ± 1 170 ± 1 0.39

K+ (mmol L-1) 1.8 ± 0.3 2.1 ± 0.5 0.91 1.4 ± 0.6 1.3 ± 0.4 0.85 < 1 < 1 .

Prior seawater transfer After seawater transfer Slaughter
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9.13 Supplementary 965 

Supplementary 13. Focal dark spots (DS) morphology of Atlantic salmon (3 kg). 966 

 967 

 968 
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