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ABSTRACT: We studied how much the size of a breed-
ing nucleus must be increased to compensate for the loss 
in genetic gain due to genotype environment interaction 
(GxE). With truncation selection at a predefined rate of 
inbreeding for a trait recorded on candidates in the nucle-
us only, the number of families must increase substantial-
ly even with low GxE. When the trait can also be recorded 
on sibs in the commercial grow-out environment, increas-
es in number of families are less. If the trait cannot be 
recorded on the selection candidates, preliminary results 
indicate that the increase in size of the breeding nucleus is 
marginal. The type of traits in the breeding objective may 
therefore have a large impact on whether the cost of in-
creasing the size of the breeding nucleus become higher 
than establishment of a second breeding nucleus in an 
important market. 
Keywords: Aquaculture; Genotype by environment inter-
action; Breeding program 

 
 

Introduction 
 

Breeding companies may want to increase their 
production output and revenue by selling their genetic 
material to markets where the production systems differ 
from that of the breeding candidates in the breeding nu-
cleus or their main market. Breeding companies may also 
due to sanitary (photogenes) or other reasons (to use light 
and temperature regimes) choose to keep the breeding 
candidates in a production system different from that of 
the grow-out animals. For example in Atlantic salmon 
breeding candidates may be kept at a land based tank 
facility while the grow-out animals are reared in net-cages 
in the sea. In both of these cases there may be a significant 
genotype by environment interaction (GxE) for economi-
cally important traits. Presence of GxE means that differ-
ent genotypes have a different sensitivity to changes in the 
environment (Hammond (1947); Falconer and Mackay 
(1996)). This may result in re-ranking of family groups 
and reduce efficiency of selection (Mulder and Bijma 
(2005); Ponzoni et al. (2008); Sae-Lim et al. (2013)), and 
over time reduce the competitive position of the breeding 
company. Presence of GxE for important traits in aquacul-
ture species has been documented in several studies (e.g. 
Sae-Lim et al. (2013)). It is therefore important to consid-
er different strategies to reduce the impact of GxE in 
aquaculture breeding programs. One obvious but costly 
strategy is to establish a separate breeding nucleus in the 
submarket. However, a submarket may not be large or 
important enough to justify such a strategy. An alternative 
strategy is to increase the size of the breeding nucleus. In 
aquatic species such a strategy is possible due to their 
very high fecundity in both males and females which 
allow for the production of a large number of fullsib fami-

lies and selection candidates per family at a relatively low 
cost. However, if the numbers of breeding candidates 
become large the recording costs may become high but 
little is known about the feasibility of such a strategy. The 
objective of this study was to quantify how much the size 
of the breeding nucleus need to be increased to compen-
sate for the reduced genetic gain in a commercial breeding 
objective environment due to varying degree of GxE.  
 

Material and methods 
 

Breeding scheme. We simulated a simple aqua-
culture breeding scheme with a nucleus breeding envi-
ronment (NE) and a commercial grow-out environment 
(CE). Number of full-sib families in the nucleus was 300. 
A nested mating design in which each sire was mated to 
two dams and each dam to one sire only was assumed. 
Selection was for a single normally distributed trait with 
heritability (h2) of either 0.1 or 0.3 in both NE and CE. 
The magnitude of GxE, measured as the genetic correla-
tion between the trait in NE and CE (rg), was 1.0 (no 
GxE), 0.9, 0.8, 0.7 or 0.6. All fish in the breeding nucleus 
were assumed to be sexual mature at the time of selection 
and generations were assumed to be discrete. The breed-
ing goal was the trait performance in CE.  
 

Two alternatives. In alternative 1 (Alt.1) the 
trait records were only available from the candidates in 
NE, while in Alt.2 they were available from both the 
candidates in NE and their sibs in CE (always 20 fullsibs 
per family). For both alternatives and levels of heritabili-
ties and genetic correlations the genetic gain (∆G) per 
generation was predicted at a predefined rate of inbreed-
ing (∆F=0.0094), accounted for reduction in the genetic 
variance due to selection using the SelAction program 
(Rutten et al. (2002)). Truncation selection on the predict-
ed breeding values was used. The ∆G was calculated as 
the relative gain to the gain in Alt.1 when there is no GxE 
and 300 families. 
 

Simulation procedure. First, at the predefined rate 
of inbreeding the number of fullsibs and the correspond-
ing genetic gain was calculated for no GxE (rg =1.0) as-
suming a fixed size of 300 families in the breeding nucle-
us. Then, for each of the four levels of  rg < 1.0 the breed-
ing scheme design (number of dams in NE and CE and 
fullsibs in NE) was sought that produced the same genetic 
gain and rate of inbreeding (to the third decimal) as for rg  
=1.0. 

 
Results and Discussion 

Results of Alt.1 and Alt.2 for h2 of 0.1 are shown in Table 
1, while those for h2 of 0.3 are shown in Table 2.   
 



Table 1. Number of families (FAM) and fullsibs per 
family (Sib), genetic gain per generation relative to the 
gain for Alt.1 and rg=1.0 (∆G=0.248 g) at a predefined 
rate of inbreeding (∆F=0.0094) for a trait with herita-
bility of 0.1 for two alternative selection strategies 
(Alt1. and Alt.2) and five different magnitude of GxE 
(rg). 

rg FAM 
Commercial 

(CE)  
Nucleus  

(NE) 
∆G300 ∆G>300   Sib ∆G300 ∆G>300 

Alt.1 
1.0 300 1.000   16 1.000  0.9 396 0.903 1.004  22 1.000 1.117 
0.8 568 0.802 1.012  34 1.000 1.266 
0.7 870 0.702 1.004  58 1.000 1.444 
0.6 1556 0.601 1.012   120 1.000 1.661 
Alt.2 
1.0 300 1.286   25 1.286  0.9 344 1.250 1.278  28 1.226 1.258 
0.8 394 1.222 1.286  32 1.129 1.198 
0.7 446 1.202 1.286  36 1.016 1.105 
0.6 496 1.186 1.298   40 0.887 0.992 
∆G300 is genetic gain obtained from 300 families, ∆G>300 is genetic gain 
obtained from compensation by increasing the number of families above 
300. 
 
Table 2. Number of families (FAM) and fullsibs per 
family (Sib), genetic gain per generation relative to the 
gain for Alt.1 and rg=1.0 (∆G=0.616 g) at a predefined 
rate of inbreeding (∆F=0.0094) for a trait with herita-
bility 0.3 for two alternative selection strategies (Alt1. 
and Alt.2) and five different magnitude of GxE (rg). 

rg FAM 
Commercial  

(CE)   Nucleus  
(NE) 

∆G300 ∆G>300   Sib ∆G300 ∆G>300 
Alt.1 
1.0 300 1.000     30 1.000   
0.9 422 0.901 0.997   50 1.000 1.109 
0.8 720 0.800 0.998   106 1.000 1.252 
0.7 2278 0.700 1.000   300 1.000 1.427 
0.6 9330 0.600 1.005   840 1.000 1.675 
Alt.2 
1.0 300 1.438     136 1.438   
0.9 368 1.390 1.438   180 1.349 1.396 
0.8 462 1.357 1.437   220 1.227 1.300 
0.7 590 1.329 1.438   270 1.093 1.183 
0.6 746 1.307 1.443   320 0.950 1.049 
∆G300 is genetic gain obtained from 300 families, ∆G>300 is genetic gain 
obtained from compensation by increasing the number of families above 
300. 
 
 

Trait records only from NE (Alt.1). For a fixed 
number of families (300) ∆G for the breeding objective 
trait in CE was as expected (Falconer (1989)) proportional 
to the genetic correlation (rg) between the traits in NE and 
CE. To compensate for this loss in gain the number of 
families and fish per family had to be increased substan-
tially with decreasing rg and more so for a trait of moder-
ate (0.3) than low (0.1) h2. The increase in the number of 
families per 0.1 unit decrease in rg was nonlinear and 
ranged from 32 to 79 % ((h2=0.1) and from 41 to 310 % 

(h2=0.3). A substantial increase in the number of families 
and sibs per family is required to compensate for the loss 
in ∆G in CE, even at weak GxE, in particularly when 
selection is for a trait with moderate h2. Thus, assuming a 
breeding nucleus with 300 families as in this study and a 
relatively weak  GxE (rg=0.8), the number of families and 
sibs per family must be increased with 89 % and 54 %, 
respectively for a trait with h2 of 0.1, and 140 % and 112 
%  for a trait with h2 of 0.3. This increase in the number of 
families and sibs per family resulted in a substantial in-
creased ∆G in NE per 0.1 unit decrease in rg which was 
very similar for h2=0.1 (12–15 %) and h2=0.3 (11–17 %). 
 

Trait records from both NE and CE (Alt.2). 
For a fixed number of families (300) the loss in ∆G in CE 
due to decreasing rg was marginal as compared to Alt.1, 
illustrating the importance of including both traits in NE 
and CE in the breeding objective when there is GxE. The 
increase in the number of families per 0.1 unit decrease in 
rg was nonlinear and ranged from 11 to 15 % (h2=0.1) and 
from 23 to 36 % (h2=0.3). For the most severe GxE 
(rg=0.6) the required increase in the number of families 
was 65 % (h2=0.1) and 149 % (h2=0.3) as compared to 
419 % and 3010 %, respectively for Alt.1. For h2=0.1 this 
was obtained at a lower number of sibs per family in NE 
than for Alt.1 (32 vs. 44), but for h2=0.3 at a much higher 
number of sibs per family (220 vs. 106). Thus, for traits of 
moderate h2 (0.3) that can be recorded on the live breeding 
candidates the number of breeding candidates become 
very large; i.e., 66240, 101640, 159300 and 253640 for 
rg= 0.9, 0.8, 0.7 and 0.6, respectively; as compared to 
40800 for rg=1.0. In spite of the increase in number of 
families and fish per family the ∆G in NE (per 0.1 unit 
decrease in rg) decreased with decreasing rg which was 
very similar for h2=0.1 (2.2–10.2 %) and h2=0.3 (2.9–11.4 
%). However, even for the most severe GxE (rg=0.6), for 
each h2 the ∆G in NE was very similar to the gain for 300 
families with no GxE (rg=1.0). 
 

Implications. In this study, where truncation se-
lection was applied, we used an iterative approach to 
obtain the same rate of inbreeding for all alternatives. 
Thus, the number of sibs in the basic situation without 
GxE differed between alternatives and heritabilities and 
was particular high when the h2 of the trait was 0.3. It is 
likely that the number of sibs would have been lower if 
we have applied other methods to restrict rate of inbreed-
ing such as optimum contribution selection (Meuwissen 
(1997)) or methods (Skaarud et al. (2011)) to restrict rate 
of inbreeding as this may provide the same ∆G as trunca-
tion selection at lower selection intensity (i.e. lower num-
ber of families and fish per family). In addition, the results 
show that when the breeding objective trait is that in CE 
and the trait records are obtained on the breeding candi-
dates in NE only, the number of families become very 
large even at low level of GxE. If trait records are ob-
tained from sibs of the candidates the increase in the 
number of families is much lower, but the number of sibs 
per family in NE is large even at modest GxE, resulting in 
a very large nucleus population, in particular when selec-
tion is practiced for a trait with moderate h2. Consequent-
ly, when selection is for a trait with moderate h2 the size 
of the breeding nucleus most likely become a more im-



portant constraint than the number of families due to the 
increased costs for both tagging, rearing and recording. 
For some species (e.g. salmonids) the size of the breeding 
nucleus becomes even larger than this because only a 
proportion of the candidates are sexual mature at the time 
of selection. The number of breeding candidates in NE 
can be reduced e.g. by culling the inferior candidates at 
one or several life stages, providing that the genetic corre-
lation between the trait at marketing size and these life 
stages is relatively high. For growth this can relatively 
easily be done by grading the animals with respect to their 
body weights using a fish-grading device (e.g. 
http://www.gradingsystems.com/) that will substantial 
reduce the manual recording costs. This could be com-
bined with use of walk-back selection (Doyle and 
Herbinger (1994); Sonesson et al., (2005)) to control rate 
of inbreeding with no need for individual tagging of the 
breeding candidates. However, if selection is also prac-
ticed for sib traits, intensive culling candidates for growth 
may be difficult as this may substantially reduce the selec-
tion intensity between families for these traits.  

 
In this study, the trait was assumed to be record-

ed on the live breeding candidates. However, often the 
breeding objective may include disease resistance and 
carcass quality traits that cannot be recorded on the breed-
ing candidates. Then more of the selection pressure is on 
the between family deviations which makes it less im-
portant to have many breeding candidates per family. For 
example, if selection is practiced for a single trait with 
h2=0.3 that cannot be recorded on the breeding candidates, 
the number of families and number of sibs per family 
must be increased from 300 (rg=1.0) to 326 (rg=0.8), while 
the number of sibs per family should only be increased 
from 14 to 15 to obtain the same ∆G in CE at the prede-
fined rate of inbreeding. This is in comparison to 462 
families and 220 sibs per family when the trait can be 
measured on the breeding candidates and their sibs in CE 
(Table 2). Consequently, when the breeding objective 
include sib traits the compensation of loss in ∆G should 
be possible by a relatively low increase in the number of 
families and sibs per family even at severe GxE.   

   
The recorded trait in NE was considered to be of 

no economic importance. However, as a breeding nucleus 
most often is established at the main market, NE is nor-
mally also the most important market, at least initially. 
Consequently, the traits in NE may have to be considered 
as breeding objective traits; else the ∆G in NE will be 
reduced (see Table 2). Thus, the traits in NE and CE 
should be weighted according to their economic im-
portance for the breeding company and the performance 
of their animals relative to that of competing breeding 
companies (de Vries, 1989). However, more weights on 
breeding candidate traits will result in an increase in both 
the number of families and sibs per family to compensate 
for GxE. For example, when rg=0.8 and selection is prac-
ticed for a single trait of h2=0.3 and with equal economic 
weight on the trait in NE and CE, the number of families 
must be increased from 462 (Table 2) to 542, and the 
number of sibs per family in NE from 220 (Table 2) to 
296. Relative weights of traits in NE and CE may there-

fore have a substantial effect on the number of families 
and fish per family needed to compensate for GxE.  

   
Compensation of the loss in ∆G due to GxE by 

increasing the size of the breeding nucleus may imply an 
increase in the number of breeding candidates that may 
increase the cost beyond the cost of establishing a separate 
breeding nucleus in an important market. Establishing the 
breeding nucleus at a special facility due to sanitary or 
management reasons may involve a similar cost due to 
GxE that need to be considered.  
          

Conclusion 
 

When truncation selection is applied for a trait 
that can be recorded on the live breeding candidate, loss in 
∆G due to GxE can be compensated by increasing the size 
of the breeding nucleus. However, when the trait is rec-
orded on the candidates in the nucleus only, the number of 
families must be increased substantially. With trait rec-
orded also on sibs of the candidates in the commercial 
grow-out environment, the increase in the number of 
families are lower, but for a moderate heritable trait the 
increase in the number of sibs per family is substantial. 
Thus, even with low GxE, the size of the breeding nucleus 
must be increased substantially. Preliminary results indi-
cate that the increase in number of families is much less 
when the breeding objective includes traits that cannot be 
recorded on the live breeding candidates. The type of 
traits in the breeding objective may therefore have a large 
impact on whether the cost of increasing the size of the 
breeding nucleus becomes higher than establishing a se-
cond breeding nucleus in an important market. 
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