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Feed efficiency is a highly desirable breeding goal trait as it can potentially reduce the relative economic cost of
feed and concurrently reduce the environmental footprint of fish production. However, recording feed intake is a
bottleneck in Atlantic salmon production. We recorded feed intake in 700 Atlantic salmon parr from 34 full
sibling families using the X-ray method, where fish were fed feed containing radio-opaque beads and subse-
quently X-ray imaged one time after a full meal corresponding to the daily ration. In parallel, we cultured siblings
from the same 35 families in duplicate family tanks of 25 individuals per tank and recorded the daily feed intake
of each family at the tank level, which is known as the gold standard tank-based method. The heritability es-
timate for daily feed intake in Atlantic salmon using the X-ray method was significantly different from zero (0.19
+ 0.06) and was genetically correlated to growth-related traits (r; = 0.48-0.81). Daily feed intake at the family
level with the X-ray method was highly genetically correlated to the daily feed intake traits using the tank-based
feeding method at 0.78-0.82, depending on whether the comparison was made at a common time, common
weight, or cumulative feed intake for the entire period. Whilst the X-ray method holds promise for research on
the genetic background of feed intake and feed efficiency, more studies are needed to investigate the feasibility

during the sea phase of Atlantic salmon production.

1. Introduction

The Atlantic salmon industry faces the challenges of remaining a
profitable enterprise while reducing the carbon footprint of production.
Feed plays a key role in the economic performance and environmental
sustainability of Atlantic salmon production, with the cost of feed ac-
counting for over 50% of the total production cost of farmed Atlantic
salmon (Iversen et al., 2020) and 85% of the carbon footprint (Ziegler
etal., 2021). Improving the amount of edible product relative to the feed
input of Atlantic salmon (i.e. feed efficiency) offers considerable po-
tential to improve both profitability and environmental sustainability
(Kause et al., 2006b).

Selective breeding is one possible strategy for improving the feed
efficiency of Atlantic salmon production. There is evidence of genetic
variation in feed efficiency of Atlantic salmon (Dvergedal et al., 2019;
Kolstad et al., 2004; Thodesen et al., 2001; Thodesen et al., 1999) as well
as other salmonids (Hatlen et al., 1997; Henryon et al., 2002; Kause
et al., 2006a; Kinghorn, 1983; Walker et al., 2012), and that feed
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efficiency is favourably genetically correlated to the growth rate.
Consequently, selection for increased growth rate is expected to result in
a favorable correlated response in feed efficiency but will not access all
the genetic variation in feed efficiency. However, direct selection for
improved feed efficiency requires individual feed intake and concurrent
growth records on thousands of full- and half-sibs with known genetic
relationships under conditions similar to where their offspring are ex-
pected to perform (Falconer and Mackay, 1996). Widespread use of
genomic selection in Atlantic salmon breeding programs has offered up
the possibility to select for novel traits, in particular traits that are
traditionally expensive or difficult to measure in large cohorts like feed
efficiency.

It is extremely challenging to record individual phenotypes for feed
intake and thus determine feed efficiency, particularly throughout the
life stages of Atlantic salmon and under commercial conditions (Knap
and Kause, 2018). The ‘gold standard’ for recording feed intake in
aquaculture species, is experiment unit (tank, pen, or aquaria) based
feeding, where the amount of feed consumed is the difference between
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the amount of feed given and the recovered uneaten (wasted) feed from
the unit (Helland et al., 1996). This method is highly accurate and
precise if conducted with accurate automated feed delivery, routine
recovery tests, a combination of high-quality extruded pellets and a
waste collection system that can separate uneaten feed and feces (Hel-
land et al., 1996; Madrid et al., 1997). In principle, this method can
generate individual-level phenotypes, by housing a single individual per
tank or aquaria as has been demonstrated in numerous other aquatic
species (Besson et al., 2022; Besson et al., 2019; Dai et al., 2019; Dver-
gedal et al., 2022; Rodde et al., 2021; Silverstein, 2006). However,
commercial aquaculture production is based on large groups of in-
dividuals in tanks or cages and mounting evidence suggests the growth
(Silverstein, 2006), feed intake (Dai et al., 2019), and feed efficiency
(Rodde et al., 2021) differ under individual or group feeding systems. In
many aquaculture finfish species including Atlantic salmon, many if not
all individuals will not consume feed or have greatly reduced feed intake
if housed alone (B. Gjerde personal communication, 2018; Dvergedal
et al., 2022), making individual feed intake records using the tank-based
feeding method practically unfeasible in Atlantic salmon.

In Atlantic salmon, groups of full sibling families have been reared in
replicate tanks, and feed intake recorded at the family level using the
tank-based feeding method (Kolstad et al., 2006; Thodesen et al., 1999).
This has demonstrated between 31 and 77% of the total variation in feed
efficiency is due to differences between families (Kolstad et al., 2006;
Thodesen et al., 1999). The efficiency of recording family-level feed
intake for selection purposes has been called into question as large
amounts of tank resources and the size of tanks place limitations on the
number of families and size the fish grow to (Kolstad et al., 2005),
making this a costly and laborious method which only access half the
additive genetic variation (between families).

An alternative method for individual recording of feed intake in large
numbers of group-housed fish, is the X-ray method (Kause et al., 2006a;
Walker et al., 2012). This method estimates individual-level feed intake
by including radio-opaque markers such as beads or iron particles within
the pelleted feed. The mass of ingested feed during a meal is inferred
from a count of the number of bead particles within the digestive tract
from an X-ray image of each fish and a mass-to-bead number calibration
standard (Jobling et al., 1993; Talbot and Higgins, 1983). The daily feed
intake recorded by the X-ray method is heritable in rainbow trout (Kause
et al., 2006a) and Chinook salmon (Scholtens et al., 2023; Walker et al.,
2012), however, estimates for Atlantic salmon are still lacking. Draw-
backs of this method are that manually counting the beads from the X-
ray images is laborious, tedious, and time-consuming and the biggest
bottleneck to obtaining feed intake records on large cohorts of fish. Since
the method records a single snapshot measurement in time, repeated
measurements encompassing the entire period of growth in question are
required. However, a reliable estimate of the number of X-ray records
needed to approximate cumulative feed intake over a sufficiently long
growth period has not been determined due to the lack of methods for
obtaining cumulative feed intake for communally reared individuals.

The objectives of the current study are to 1) estimate genetic pa-
rameters for feed intake using the X-ray method in Atlantic salmon and
2) evaluate the ranking of Atlantic salmon families for the X-ray method
against the gold standard family level intake in duplicate tanks for feed
intake phenotypes.

2. Material and methods

In the present study, two parallel feed intake recording trials are
described, the first is an individual-level X-ray trial recording feed intake
for communally reared cohort and the second is a family tank-based feed
intake recording trial on siblings from the same families. For the sake of
brevity, commonalities between the two trials are described first fol-
lowed by each specific trial described below.
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2.1. Animal ethics statement

This study used measurements taken from a family experiment car-
ried out at the Research Station for Sustainable Aquaculture (Nofima AS,
Sunndalsgra, Norway). In strict compliance with the regulations for
experiments on live animals in Norway (FOR-2015-06-18-761) and the
EU (Directive 2010/637EU). The experiment was approved by the
Norwegian Food Safety Authority (FOTS ID 23718).

2.2. Fish and husbandry

The fish used in the current trial were 35 full sibling families; i.e. the
offspring of 35 single-pair mated sires and dams, from the breeding
nucleus of MOWI Genetics AS (@yerhamn, Norway). From fertilization,
the 35 families were reared in separate trays, while from the eyed egg
stage, the families were pooled and reared in a common garden tank. At
an average body weight of 40 g, fish were PIT (Passive integrated
transponder) tagged with (HPT12 12 mm, Biomark Ltd., Boise, USA,
www.biomark.com) and genotyped using MOWTI's customized SNP array
which contains 55,735 single nucleotide polymorphisms (SNP) markers,
which were used to assign the individuals to their families and to set up
the genetic relationship (G) matrix (described below).

In August 2020 at an average body weight of 48.9 (SD = 7.9) grams,
the fish were transported to the freshwater facility of Nofima Research
Station for Sustainable Aquaculture, located at Sunndalsgra (62°40 N
8°31E), Norway. After a three-week acclimation period, the fish were
sorted into two trials. For the gold standard tank trial 1750 parr from all
the 35 families were distributed in two duplicate tanks per family (in
total 70 tanks with 250 L water volume) and 25 fish per tank. The
remaining 700 parr belonging to 34 of the 35 families were distributed
into two rearing tanks (volume = 3.2 m°?, diameter = 2 m) with 350 fish
per tank and from 5 to 15 fish per family per tank with a mean of 10.
Both trials used the same water source and had a water temperature that
varied from 11 to 13 °C. The dissolved oxygen ranged from 94 to 115%.

2.3. Feeds

Feed from a single feed mixture was used to produce to two feed sub-
batches by extrusion (2.5 mm diameter pellets) using a Wenger TX-52
twin screw extruder (Wenger manufacturing INC. Sabetha, USA) Feed
Technology Center (Nofima As, Bergen, Norway). The majority of the
feed mixture was used to produce a sub-batch without any glass beads,
while the last 50 kg of the feed mixture was supplemented with 3.0%
glass beads radio-opaque markers (0.4-0.6 mm @) (Sigmund Lindner
GmbH, Warmensteinach, Germany) to produce the second sub-batch
(Difford et al., 2023). For the gold standard family tank trial the fish
were fed the feed without beads for the entire trial. For the X-ray trial,
the fish were also fed primarily the feed without beads but were fed the
feed with beads the day preceding the X-ray imaging.

Across both the X-ray and the tank-based feeding trials very similar
traits were recorded, however they can differ at the genetic level (in-
dividual or family) or time points. Trait abbreviations, definitions as
well as the trial, the genetic level and the time of measurement are all
summarised in Table 1 below.

2.4. X-ray feed intake and growth recording

The X-ray trial was conducted for 92 days from 15 September 2020
until 15 December 2020 as part of a longer ongoing growth trial, where
the fish in the two tanks were X-rayed on days 22 (one of the tanks) and
23 (the other tank). During the first three weeks before the X-raying, the
fish were gradually transitioned from continuous automated feeding to a
feeding regime where they received the entire daily feed ration over 6 h
(02:00-08:00). The day before X-ray, the fish were fed the feed with
beads over the 6 h. After consuming the daily ration, fish were anes-
thetized, recorded for body weight (BWy;), and X-rayed over 5 h. For
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Table 1
Definition of traits across trials.
Abbreviation  Trait definition Trial Level Time Units
(days)
BWyx; Body weight X- Individual 22& g
ray 23
ADGy; Average daily gain X- Individual 22& g/
ray 23 day
DFly; Daily feed intake X- Individual 22 & g/
ray 23 day
DFIx¢ Daily feed intake X- Family 22 & g/
averaged per family per  ray 23 day
tank
ADGyx¢ Average daily gain per X- Family 22 & g/
family per tank ray 23 day
ADGr Average daily gain per Tank  Family 49 g/
tank day
DFlre Daily feed intake per Tank  Family 22 & g/
fish in tank at common 23 day
time as X-ray trial
DFltew Daily feed intake per Tank  Family 22.6 g/
fish in tank trail at +6 day
estimated common
body weight as X-ray
trial
CFlta3 Cumulative feed intake Tank Family 23 g/
per tank day
CFlr49 Cumulative feed intake Tank  Family 49 g/
per tank day

each fish average daily gain was calculated as the difference in body
weight on day 22 (or 23) and day zero (15 September 2020) divided by
the length of the growth period (i.e., 22 or 23 days) (ADGyx;).

All X-rays were taken within the radiology unit at the Research
Station for Sustainable Aquaculture, Nofima within a lead-shielded
room. The X-ray source is an IMS Giotto mammography system
(model number 6020/3, IMS Giotto, Bologna, Italy) equipped with a
computer radiology system comprised of an FCR Profect image plate
reader and FCR Console (Fuji Medical Inc., Japan). The X-ray source was
set to 22 kVp / 50 mAs with a resolution of the system of 20 pixels/mm.
The PIT tag was recorded and linked to the X-ray images for individual
identification (Fig. 1). An image analysis program was used to count the
beads within the gastrointestinal tract of each fish (Difford et al., 2023).
A feed mass to bead number calibration standard series spanning 0.2 g to
2.2 g in increments of 0.2 g (R? = 0.98) was used to predict feed intake in
grams per day (or the 6 h feeding period) for each individual (DFlx;)
(Difford et al., 2023). The average daily feed intake per family (averaged
per tank) was computed (DFIx¢) for a comparison to the average daily
feed intake per family (averaged per tank) from the family tank trial.
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2.5. Family tank feed intake and growth recording

The family tank trial was conducted over 50 days from 15 September
2020 until 4 November 2020. Individual body weights of the 25 fish per
tank were recorded at the start and the end of the trial with mean values
of 50 g (SD = 8.2) and 110 g (SD = 22.6), respectively. The average daily
gain was estimated as the difference in biomass per tank divided by the
growth period (ADGr). The families were fed the control feed at 15% of
bodyweight in excess for the duration of the trial, the daily total ration
was adjusted for each tank based on the amount of feed refusals (wasted)
of the previous day. Feed was delivered by automated belt feeders,
giving 7.2 x 15-s-long meals per hour (feeding every 500 s) throughout
the 24 h. Daily records of feed offered, and uneaten waste feed collected
in the feed spill were obtained for each of the 2 x 35 family tanks ac-
cording to (Helland et al., 1996). A feed recovery test was done in each
of the tanks before the start of the trial, using the same conditions (water
flow, temperature, etc) as in the experiment, but without fish. There was
a single mortality during the trial, the date of death and the weight of the
fish were then used to adjust both the number and the fish biomass in the
tank. Daily feed intake per family tank was computed as the difference in
feed offered and uneaten wasted feed corrected for each tank's recovery
rate and dry matter content of the uneaten feed. The average feed intake
per individual fish in each family tank was calculated by dividing the
daily feed intake of the family tank by the number of fish in the tank
adjusted for mortalities (DFIt). The average DFIt for days 22 and 23 was
calculated to make a comparison with the X-ray feed intake trial on a
common time basis (DFIt¢). The fish in the family tank trial displayed an
overall 11.1% lower growth rate (1.20 + 0.23 ADGr over the 50-day
growth period) than those in the X-ray trial (ADG 1.35 + 0.19) over
the 23-day growth period. As an additional quality control step, the
average body weight per tank at the start of the trial and their respective
average daily gain were used to interpolate the days at which the fam-
ilies in the tank trial would be at expected to be the same average body
weight as their X-ray trial contemporaries on day 22 and 23. This was
done to try to compare the daily feed intake of families in the tanks on a
common weight basis (DFIty) and this was found to be at 22.6 days (SD
=6.0).

Lastly, the cumulative feed intake up until day 23 of the trial (CFIta3)
and day 49 (the last full day of feed intake recording) of the trial (CFlt49)
was computed to evaluate the relationship between the single snapshot
measurement from the X-ray trial and the entire growth period in the
family tanks.

2.6. Statistical analysis

2.6.1. Individual-level genomic analysis of X-ray trial

Estimates of (co)variance components for the traits DFI, BW, and
ADG were obtained from a tri-variate animal model using DMU version
6 (Madsen and Jensen, 2014):

Fig. 1. X-ray image of an Atlantic salmon parr with radio-opaque beads inside the digestive tract (white spots) and the passive integrated transponder tag for in-

dividual identification.
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DFIy;
BWX,‘
ADGXi

:T,'+Sj+ak+ek (1)

where T; is the fixed effect of the tank (i = 1 or 2), S; is the fixed effect of
sex (j =1 or 2), and ax is the random additive genetics effects with a ~
ND (0, Gcg), where G is the genomic relationship matrix derived from
the Van Raden method one (VanRaden, 2008) and c§ the additive ge-
netic variance, and e is the residual error e ~ ND (0, Icez) where I is an
identity matrix and o2 the residual variance.

Heritability (h?) was calculated as the ratio of additive genetic
variance to total phenotypic variance 62/(c2 + 02). The genetic corre-
lations (rg) between pairs of traits were estimated as the genetic
covariance divided by the square root of the product of two variances i.e.

(02,%03)

rg = (Oa12)
2.6.2. Family level analysis between X-ray and tank-based trials

Estimates of (co)variance components for the family means of the
traits DFI and ADG from the X-trial and DFI and ADG from the family
trial were obtained from a four-trait family model using DMU version 6
(Madsen and Jensen, 2014):

Yr
ADGr | [R,- +f+ e,ﬂ o)
DFIy Titfi + ein
ADGy;

Where Yr is one of the following traits of interest (DFItc;, DFItcy,
CFlIto3, CFlT49) and ADGr from the tank-based trial, for which R; is the
fixed effect of the Room in which the tanks were located (i = 1 or 2), f; is
the random effect of family (j = 1 to 35) with f ~ ND (0, A%c2), where A
is the additive genetic relationship matrix and o2 the additive genetic
variance, and e;; is the random residual error due to family within the
tank (k =1, 2) with e ~ ND (O, 103) where I is an identity matrix and c?, is
the residual variance. While for the two traits DFIxs and ADGgxs of the X-
ray trial, for which Tj is the fixed effect of the tank (i =1 or 2), f; is as for
the tank-based trial except (j = 1 to 34), while e; is the random residual
error for the traits in the X-trial. The proportion of variance explained by
the family effect was calculated as the h} = o?/(c? + o2) where o? is the
family variance. As the fish in the X-trial and the family trial were
different (although from the same families), the residual correlation was
restricted to 0 assuming no residual covariances between the studies
traits in the two trials. The between-family genetic correlation for pairs

of traits was estimated as ry = (0512)/ (ole *o—fz)

3. Results and discussion
3.1. Daily feed intake from X-ray method and growth traits

There was no mortality during the X-ray recordings or in the
following weeks after the X-ray. However, 2.1% (n = 15) of the recorded
individuals had low-quality X-ray images because the fish moved while
under anaesthetic and X-ray imaging. This resulted in partial doubling of
beads in the X-ray image, thus the feed intake from these individuals was
omitted from the data. In general, the feed intake during the 6 h feeding
period was on average 0.96 g per fish but with substantial variation
among individuals with CV = 27% (Table 1).

3.2. Genomic parameters of individual feed intake and growth traits from
X-ray trial

The estimate of genomic heritability of daily feed intake (h? = 0.19
+ 0.06) was significantly different from zero and of the same magnitude
as the associated growth-related traits BWx; and ADGy; h? = (0.20-0.24)
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Table 2
Descriptive statistics of feed intake and growth rate traits from the X-ray trial in
Atlantic salmon.

Traits N Mean SD Min Max CV %
DFly; 685 0.96 0.27 0.2 1.8 27
BWx; 700 80.0 13.6 40 121 17
ADGy; 700 1.48 0.34 0.43 2.5 23

N = number of individuals, SD = standard deviation CV = coefficient of varia-
tion. Note subscripts X indicates X-ray trial on individual i. DFI = daily feed
intake, BW = body weight, BL = body length, and ADG = average daily gain.

(Table 2). Strong evidence of genetic variation in daily feed intake have
also been reported in other farmed fish species: In rainbow trout
(Oncorhynchus mykiss) X-ray imaged from 141 g to 2.167 kg, the esti-
mated heritability of feed intake was 0.02-0.19 across normal and high
protein diets (Kause et al., 2006a). In European white fish (Coregonus
lavaretus) measured from 40 g — 131 g, heritability estimates were
0.17-0.23 (Quinton et al., 2007). Finally, in Chinook salmon (Onco-
rhynchus tshawytscha) from approximately 0.5 to 2 kg, Walker et al.
(2012) estimated heritability for feed intake in the range of h? =
0.29-0.39. More recently, Scholtens et al. (2023) estimated heritability
of feed intake in Chinook salmon 0.18-0.20 between 1 and 2 kgs. The
referred to literature indicates that the heritability of DFI increased with
body size, however, more comprehensive investigations are needed to
confirm this. (See Table 3.)

The genetic correlations between DFly; and associated growth-
related traits were all positive and moderate with BWy; (0.48) and
strong (0.81) with ADGy; (Table 2). Estimates of genetic correlations
between DFly; with growth traits and other traits are scarce in the
literature as most research has focussed on feed efficiency traits like FCR
and RFI directly. However, the sign and magnitude of genetic correla-
tions between growth traits and DFly; are in the range of literature es-
timates available. For example, body weight and DFI was genetically
correlated at 0.73 in rainbow trout (Kause et al., 2006a) and 0.77 in Nile
tilapia (Oreochromis niloticus) (de Verdal et al., 2018). Similarly, the
genetic correlation between average daily gain and DFI was 0.93-0.97 in
European whitefish (Quinton et al., 2007) and 0.62 in Nile tilapia (de
Verdal et al., 2018). Positive genetic correlations between growth rate
related traits and DFI are to be expected as increased growth requires
more nutrients and the availability of nutrients is conditional on the
gross daily feed intake as well as digestion, absorption, and energy
partitioning (Knap and Kause, 2018). However, genetic correlations
between growth and DFI approaching unity would indicate that there is
no added benefit to recording DFI as all genetic variation is captured by
growth. The genetic correlation between ADG and DFI (0.81) indicates
approximately 66% of the genetic variation in DFI is explained by
average daily gain. As can be seen from the genomic breeding values for
DFI plotted against ADG (Fig. 2) there is variation in feed intake at any
fixed point for ADG and visa versa. This suggests that recording DFI can
provide information about feed efficiency over and above ADG and thus
there is scope for additional genetic improvement in feed efficiency in
Atlantic salmon through direct selection for feed efficiency.

Table 3
Estimates of variance components, heritability and genetic correlations for feed
intake and growth rate traits from the X-ray trial in Atlantic salmon.

Traits N o%a o h% + SE rg with DFL
DFIy; 685 0.014 0.057 0.19 + 0.06 N/A

BWy; 700 37.9 143.3 0.21 + 0.06 0.64 + 0.13
ADGy; 700 0.023 0.089 0.20 + 0.06 0.81 + 0.09

N/A not applicable, N = number of individuals, o%a = additive genetic variance,
o%e = residual variance, h? + SE = heritability estimate + Standard Error, Rg
with DFI,; = genetic correlation with Daily Feed intake. Note subscripts X
indicate X-ray trial on individual i. DFI = daily feed intake, BW = body weight,
BL = body length, and ADG = average daily gain.
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Fig. 2. Scatter plot of genomic breeding values for daily feed intake using the
X-ray method in Atlantic salmon against their genomic breeding values for
average daily gain.

3.3. Comparison of the X-ray method with tank-based feeding for feed
intake at the family level

The average DFI of the X-ray trial was remarkably similar to that of
the tank-based trial traits (Table 4).

The variation between families for the X-ray method was lower (h3f
= 40%) than the daily feed intake at a common weight and common
time in the tank trial which were both (h*f = 64%), respectively
(Table 5). It is not completely clear why the between family variation for
feed intake traits was markedly higher in the tank-based trial than in the
X-ray trial, since the between family variance is lower for DFIxs and
residual variance is very similar for the two trials for feed intake traits
(0.01-0.02). Thus, it is not likely due to increased error or noise in the X-
ray phenotype, but could indicate that the X-ray method does not fully
capture the between family variation for feed intake traits. However, the
between family variation was also higher for ADGt (0.87 + 0.04) as
compared to ADGxs (0.70 £+ 0.09) and together this indicates that it is
possible the tank-based feeding trial increases the between family
variation. This could possibly be due to indirect genetic effects in the

Table 4
Descriptive statistics of family tank means of feed intake and growth traits from
the X-ray trial and the tank-based trial in Atlantic salmon.

Traits N Trial Mean Standard deviation Min Max
DFIx¢ 68 X-ray 0.96 0.13 0.64 1.3
ADGyx¢ 68 X-ray 1.35 0.19 0.72 1.8
DFlre 70 Tank 1.1 0.23 0.56 1.8
DFltcw 70 Tank 0.9 0.24 0.3 1.5
ADGr 70 Tank 1.20 0.22 0.55 1.7
CFl123 70 Tank 17.3 3.2 8.8 24.6
CFlr49 70 Tank 45.5 7.3 24.7 59.5

N = number of families, SD = standard deviation, Traits = Average Daily Feed
intake per family per tank in X-ray trial DFIxg, Average Daily Gain per family per
tank in X-ray trial, Average Daily Feed intake per family in tank trial at a
common time, Average Daily Feed intake per family in tank trial at common
weight, Average daily gain per family in tank trial, Cumulative Feed intake per
family until 23 days in tank trial, Cumulative Feed intake per family until day 49
of tank trial. Note subscripts X indicate X-ray trial on family f, T indicates tank-
based trial at a common time (ct) or common weight (cw), 23 indicate day 23,
and 49 indicates day 49 of the trial. ADG = average daily gain, DFI = daily feed
intake, and CFI = cumulative feed intake.
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Table 5

Variance components for between (zrf) and within (6%) family and family heri-
tability (hf) for daily feed intake (DFI), cumulative feed intake (CFI) and average
daily gain (ADG) and their genetic correlations () with daily feed intake in the
X-ray trial for Atlantic salmon.

Traits Trial o o2 h? + SE 1 + S.E. DFIxe
DFlys X-ray 0.007 0.01 0.40 + 0.15 N/A

ADGy¢ X-ray 0.022 0.01 0.70 + 0.09 0.89 + 0.09
DFlp Tank 0.03 0.02 0.64 + 0.10 0.78 + 0.19
DFlyey Tank 0.03 0.02 0.64 + 0.10 0.82 + 0.19
ADGy Tank 0.04 0.01 0.87 + 0.04 0.70 + 0.18
CFlyas Tank 7.1 2.3 0.75 + 0.08 0.82 +0.18
CFlr4o Tank 43.3 7.5 0.85 + 0.01 0.73 £ 0.18

N/A not applicable, r¢ with DFI,¢ = genetic correlation with Daily Feed intake in
the X-ray trial. Subscripts X indicate X-ray trial on family f, T indicates tank-
based trial at a common time (ct) or common weight (cw), 23 indicates day
23, and 49 indicates day 49 of the trial.

tank-based trial, where families which are genetically more or less
cooperative through their social interactions inflate the differences in
feed intake between the families. Whilst in the X-ray trial, communal
rearing of many individuals and families in two tanks prevented po-
tential social interactions partially confounding with between family
genetics and diluted out the effects of social interactions.

Cumulative feed intake until the same time as the X-ray measure-
ment in the siblings had higher between family variation (h*f = 0.75)
than DFIxf and this increased throughout the trial until the last full day
of feeding to (h%f = 0.85) for CFlr49. One possibility is that by specif-
ically adjusting the daily feed intake of each family tank replicate based
on their feed refusals, families are better able to express their genetic
potential in the tank-based trial than in the X-ray trial where the feed
offered is adjusted based on the combined requirements of all communal
families in the tanks. This could mean that tank-based feeding consti-
tutes a form of preferential environmental treatment or precision
feeding which is partially confounded with genetic potential of families.
More research is need to confirm this and ascertain to what extent this
may deviate from commercial Atlantic salmon farming conditions.

Importantly our findings do still fall well within the broad range of
family variation reported in smaller-scale studies conducted previously
in Atlantic salmon family tank-based trials. For instance, Kolstad et al.
(2004) studied feed efficiency 10 full sibling families until 28 g and
found that the family accounted variation to be 77% in feed efficiency
ratio. Whilst, Thodesen et al., (2001) looked at 14 full-sib families until
191 g and found that family accounted for 31% of the total variation in
feed efficiency ratio and daily feed intake per unit body weight.
Although neither of the above-mentioned studies estimated the family
variation for daily feed intake, feed efficiency ratio does in part included
daily feed intake in it's denominator and thus gives a likely lower limit to
family variation in daily feed intake. More recently, Dvergedal et al.
(2019) reported that family accounted for 92% of variation in cumula-
tive feed intake in 23 full-sib families grown to 32 g. The broad range of
estimates are likely due to differences in traits, number of families and
the size and duration of fish.

The most important metric of comparison for the two trials is the
genetic correlation between family breeding values (r¢) (Table 5, Fig. 2).
Importantly, interpreting these correlations must be done with care as
the standard errors of these estimates are large 0.18-0.19. Nonetheless,
these estimates are worthy of consideration as to the best of our
knowledge this is the only trial that has investigated family rankings
between the two methods and is the largest family-based feed intake
trial for Atlantic salmon. Encouragingly, the rf was strong and positive
across all family tank-based feeding phenotypes with daily feed intake
from the X-ray method. The highest correlation at (rf = 0.82) was for
DFIr¢y (Fig. 3) and the lowest was at (Rf = 0.78) for DFIy. Encourag-
ingly, the family correlation between DFIx¢ and all tank-based feed
intake phenotypes was higher than with ADGt (rf = 0.70) further
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Fig. 3. Scatter plot of family breeding values for daily feed intake in Atlantic salmon using tank- based feed intake at a common weight of families against the X-ray

method against their family breeding values for daily feed intake.

supporting the notion that feed intake records provide information over
and above that of growth.

Since the correlation between family breeding values using the X-ray
method offers a single snapshot in time, we compared this to the cu-
mulative feed intake until day 23 and day 49 to get an indication of how
representative a single snapshot measurement can be. The correlation
between DFIxr and CFlIry3 was strong and positive (rf = 0.82), however,
the correlation dropped to 0.73 for CFl4, indicating that a single snap-
shot measurement explains less and less variation in cumulative feed
intake as the period over which cumulative feed intake is recorded in-
creases. This finding is still encouraging as it demonstrates that the
single daily measurement using the X-ray method is relevant to cumu-
lative feed intake over short periods, in this case, 22-23 days but for
longer growth periods more measurements are needed.

These findings confirm that a substantial proportion of the between-
family genetic variation in the gold standard method is co-captured
using the individual-level X-ray method. Although the correlation esti-
mates are not significantly different from 1, this is due to the relatively
high standard errors and less likely to be because the correlations are
unity, as is evidenced by the consistent estimates around ~0.80. It is not
clear what the precise causes are for the deviation from unity, but
several factors could be contributing to this. By comparing families in
two different tank environments, namely small family tanks in the tank
trial and large mixed family tanks in the X-ray trial there could be ge-
notype by environmental interactions occurring. For instance, the
growth rate of the families in the tank-based trial was lower than in the
X-ray trial (Table 4), despite steps taken to not disturb the families in the
tank-based trial and minimize the disturbances caused by X-raying in the
X-ray trial. Additionally, both trials were conducted on the same feed
using the same water resources and the same water temperatures. To the
best of our knowledge, no studies have attempted to genetically validate
feed intake using the X-ray method. However, a study on Chinook
salmon looked at the phenotypic correlation between the daily feed
intake of 16 families with X-ray and the tank-based feed intake of the
same 16 families and found a phenotypic correlation of 0.94 (Walker
et al., 2012). In the comparison of Walker et al. (2012), there is no

possible genotype by environmental interactions as both methods are
recorded on the same individuals in the same tank environments. Future
studies are needed to determine the extent to which family tank-based
feed intake constitutes a different environment from a commercial
setting, as this could call into question the relevance of this method as a
gold standard in Atlantic salmon.

3.4. Future considerations for the X-ray method

The current study was conducted with relatively small fish on land
during the freshwater life phase of Atlantic salmon growth. An impor-
tant consideration is that the primary growth phase when Atlantic
salmon go from 120 g smolt to 4-6 kg harvest-sized adults, occurs during
the sea phase in commercial net pens. Studies in both Chinook salmon
and rainbow trout have effectively handled larger specimens (>2 kg)
with the X-ray method, but in both instances, this was conducted from
tanks on land (Kause et al., 2006a; Walker et al., 2012; Scholtens et al.,
2023).

Promising new portable digital X-ray detectors are available on the
market and could potentially offer a cage-side solution to X-ray
recording of individual feed intake of larger Atlantic salmon in the grow-
out phase in net pens, however, at present studies testing this are lacking
and needed. Future studies are also needed to test the feasibility of the X-
ray method for obtaining feed intake records in large genetic cohorts of
sea-phase Atlantic salmon and estimate genomic parameters.

Although this study demonstrated near equivalent ranking between a
single X-ray feed intake record and the cumulative feed intake over 23
days, studies that investigate the temporal genetic variation over longer
growth periods are needed to better identify the optimal number of feed
intake recordings required to capture adequate genetic variation for
cumulative feed intake. To this end, the herd-test day approach used in
dairy cattle might prove effective, where cumulative 305-day yields in
milk, fat, and protein production for individual animals are estimated
using only 7-12 herd-test day measurements with random regression
models and Legendre polynomials to predict breeding values for all 305
days in lactation and compute the cumulative 305-day breeding value
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(Schaeffer et al., 2000). These models have been used for growth traits in
turbot (Scophthalmus maximus) (Schlicht et al., 2018) and Nile tilapia
(He et al., 2017; Rutten et al., 2005) but not for deriving cumulative
breeding values or for feed intake traits. This would require multiple
groups of fish recorded repeatedly for feed intake and growth traits on
different days throughout the growth period. Another approach used in
Nile tilapia is to record multiple meals over consecutive days and esti-
mate the number of consecutive or random meal measurements needed
to approximate the cumulative feed intake over the growth period (de
Verdal et al., 2017).

Lastly, we found that growth rate did not explain all the genetic
variation in daily feed intake and this is promising as it indicates genetic
variation in feed efficiency. However, it remains to be seen whether
there is any remaining unexplained genetic variation in DFI that is not
explained by other energy sink traits (such as whole body lipid content)
not only growth rate (Knap and Kause, 2018). If energy sink traits
effectively explain all genetic variation in daily feed intake, it maybe
possible to improve feed efficiency by properly weighting the energy
sink traits in a selection index and circumvent the need for phenotyping
of individual feed intake entirely. Future studies estimating the genetic
parameters between energy sink traits and daily feed intake at different
production life stages of Atlantic salmon production are sorely needed to
answer these questions.

4. Conclusions

Recording daily feed intake in Atlantic salmon for breeding purposes
using the X-ray method is feasible in parr. The genomic heritability es-
timates for daily feed intake was significantly heritable at 0.19 + 0.06
and comparable in magnitude to those for growth traits. The correlation
in family breeding values was consistent and high between the tank-
based feeding of families and the X-ray method was 0.78-0.82, con-
firming a substantial between family genetic variation is captured by
both methods with similar ranking.
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