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ABSTRACT: It has been suggested that an optimal design 
for variance component estimation of social interaction 
traits requires a large number of small groups (250 to 500) 
of two families. This large number of groups may not be 
practical for aquaculture. Stochastic simulations were per-
formed to study alternative experimental designs for aqua-
culture. Three alternative designs were compared with re-
spect to variance component estimates and response to se-
lection, with groups composed: a) at random, b) of two 
families and c) of three families. In each design the number 
of groups approximated 100. Results showed that groups 
composed of two and three families with a group size of at 
least 30 individuals were statistically more powerful to es-
timate direct and social variance components than groups 
composed at random. The response to selection from 
groups of two and three families was substantially higher 
than the response from groups composed at random. 
Keywords: Experimental design; Genetic parameter; Re-
sponse to selection; Socially affected trait; Stochastic Simu-
lation 
 
 

Introduction 
 

Communal or family rearing with a large number 
of animals is a common practice in aquaculture. Large vari-
ation in body size which may inflate competition for feed is 
generally observed in the communal rearing tank. In addi-
tion, cannibalistic or aggressive behavior is frequently ob-
served (Baras and Jobling (2002)) in a large variety of fish 
species and crustaceans. Competitive or aggressive behav-
ior poses a serious obstacle with respect to aquaculture pro-
duction and animal well-being. For example, 15-90% mor-
tality due to cannibalism has been reported in summer 
flounder larviculture (Francis and Bengtson (1999)). Cur-
rent practices to resolve competitive or aggressive behavior 
typically involve management (e.g. grading by size) which 
can be labor-intensive. To-date no sustainable solutions 
through selective breeding have yet been implemented. 

 
A traditional breeding program in aquaculture fo-

cuses on an individual’s economic traits, e.g. growth. How-
ever, the phenotype of an individual may be affected by its 
group mates. The ordinary heritable effect of an individual 
on its own phenotype is called direct genetic effect (D), 
while the heritable effect of an individual on the phenotypes 
of its group mates is called social genetic effect (S, also 
known as indirect genetic effect; IGE). Selection for the 
direct genetic effect of growth under a competitive envi-
ronment, i.e., negative genetic correlation (rg) between di-

rect and social genetic effects may increase competition, 
reducing farming benefits. Thus, breeding for improved 
growth and improved social effects should be considered to 
enhance an aquaculture breeding program. Instead of select-
ing for a direct breeding value, a total breeding value 
(TBV), which combines direct and social genetic effects, 
can be selected for to increase response to selection and 
construct cooperative social behavior. A previous study 
suggested that a large number of small groups (i.e., 250-500 
groups) are required for accurate and precise variance com-
ponent estimation (Bijma (2010a)) which is not practical in 
terms of either finance or management in aquaculture. Thus 
a more practical aquaculture experimental design (e.g., 100 
groups) for both variance component and breeding value 
estimation for direct and social genetic effects is required. 
Variance component estimation requires variation in relat-
edness within groups (Bijma (2010)) whereas accuracy of 
estimated breeding value and response to selection is max-
imized by maximizing relatedness among group mates (El-
len et al. (2007)). A compromise may be a scheme with 
groups composed of two or three families, which may be 
(near) optimal for variance component estimation but still 
yield greater response to selection than groups composed at 
random with respect to relatedness. Therefore, the aim of 
this study was to use stochastic simulations to test alterna-
tive designs that can be used to estimate direct and social 
genetic parameters and to investigate potential response to 
selection for TBV.  

   
Materials and Methods 

 
 Population construction.  A base population of 
parents (54 or 108; Table 1) was simulated. The mating was 
a paternal nested design (1♂: 2♀), where only the offspring 
generated had moderate heritable traits (h2

D = h2
S = 0.3) 

recorded and their parents contributed to the pedigree. Each 
offspring had a direct effect on its own phenotype (PD,i  = 
0.5AD,s + 0.5AD,d + mD,i + ED,i) and a social effect on the 
phenotype of its group mates (PS,i = 0.5AS,s + 0.5AS,d + mS,i 
+ ES,i) (Griffing (1976)), where A ,s and A ,d are additive 
genetic values of sire and dam, respectively, sampled from 
a multivariate normal distribution: N(0, VA), m is Mendeli-
an sampling term sampled from N(0, 0.5VA) and E is envi-
ronmental effect sampled from N(0, VE). Social phenotypic 
variance (VP,S) was set differently for different group sizes 
(nw = 30 or 60) because VP,S is probably smaller in larger 
groups as the interaction of a focal individual with a single 
group mate is probably less intense when the number of 
group mates is larger (Bijma et al. (2010b)). The difference 
in VP,S causes the difference in VA,S and VTBV between nw = 



30 and 60 (Table 1). A negative rg indicating that individu-
als with positive direct effect on their own phenotype, on 
average had negative social effects on their group mates’ 
phenotype, was set to -0.6. An individual’s phenotype was 
the sum of its own direct effects and the social effects of its 
group mates (Griffing (1976)): 𝑃! = 𝑃!,! + 𝑃!!

!!!!
!!! , 𝑗 ≠

𝑖, where the 𝑃!!
!!!!
!!! is the sum of social additive genetic 

and social environmental effects, taken over the 𝑛! − 1 
group mates j of the focal individual i. The population con-
struction was done in R. 
 
Table 1. Experimental design and input parameters for 
group size (nw) of either 60 or 30. 

Input§ nw = 60 nw = 30 
2-FAM 3-FAM 2-FAM 3-FAM 

Experimental design 
  sire:dam 18:36 36:72 18:36 36:72 

T 5400 5760 2700 2880 
N 36 72 36 72 
n 150 80 75 40 
nb 6 8 6 8 
ng/b 15 12 15 12 
Parameters 

  VA,D 0.300 0.300 
VA,S 0.0003 0.0011 
VTBV 0.567 0.611 
rg -0.600 -0.600 

§T = total number of individuals, N = number of families, n = family size, 
T =N*n, nb = number of blocks, ng/b = number of groups per block, VA,D = 
direct genetic variance, VA,S = social genetic variance, VTBV = total genetic 
variance, rg = genetic correlation between direct and social effects. 
 

 
Experimental design. For all experimental de-

signs, nw was either 60 or 30. Three experimental designs 
were considered. 2-FAM; groups were composed of mem-
bers of two families. Each family contributed 1/2(nw) indi-
viduals to five groups. This structure results in a block de-
sign with six families per block (Table 1). The number of 
groups was 90. 3-FAM; groups were composed of mem-
bers of three families. Each family contributed 1/3(nw) indi-
viduals to four groups. This structure results in a block de-
sign with nine families per block. The number of groups 
was 96. RAN; each family randomly contributed individu-
als to many groups, so that each group contained members 
of a number of families. Two RAN designs (2-RAN and 3-
RAN) which have the number of parents and population 
size comparable to 2-FAM and 3- FAM (Table 1) were 
considered. One hundred replicates were simulated in R. 

 
 Variance components and response to selec-

tion. (co)variance components of the simulated data were 
estimated using an animal mixed model: 𝑃!" = 𝜇 + 𝐴!!" +

𝐴!!"
!!!!
!!! + 𝑡!   +   𝑒!", where  𝜇 is an overall mean treated 

as a fixed effect,  𝐴!!" is the random direct additive genetic 
effect of the ith individual in the kth group, 𝐴!!"

!!!!
!!! is the 

sum of random social additive effects taken over the 
𝑛! − 1 group mates j of the focal individual i, tk is the kth 
group effect treated as a random effect and 𝑒!" is the ran-
dom residual. This model was fitted in ASReml-R. The 
accuracies of predicted direct (𝜌!!), social (𝜌!!)  and total 
(𝜌!"#) breeding values were estimated as correlations be-
tween true and estimated breeding values. Selection was by 
truncation on TBV estimates with a proportion of selected 
animals of 10%. The truncation selection was restricted to 
maximum 20 animals per family to avoid an increase of 
inbreeding. Response to selection (ΔG) was calculated for 
direct  (ΔG!), social (ΔG!), and total (ΔG!"#)  breeding val-
ues based on true breeding values. The relative SE = 
(SE/estimate) less than 0.5, regardless the sign, indicates an 
estimate significantly different from zero and hence shows 
an ability of the design to detect direct and social effects.   

 
Results and Discussion 

 
Variance components. Differences in nw and in 

the 2-FAM and the 3-FAM did not lead to significant bi-
ased variance component estimates. However, a slightly 
biased estimate of VTBV was observed from the 2-FAM 
(0.700) when nw was 60 (Table 2), indicating a difficulty in 
estimating VTBV when the experiment is set for the 2-FAM 
and thus more number of groups may be required. For ei-
ther nw of 60 or 30, the relative SE of VA,S and VTBV from the 
3-FAM (0.24 to 0.30) and the 2-FAM (0.22 to 0.31) was 
less than 0.5 whereas the relative SE of VA,S and VTBV from 
the 3-RAN (0.52 to 0.72) and the 2-RAN (0.56 to 0.80) was 
greater than 0.5. This indicates that the 2-FAM and the 3-
FAM are able to statistically prove that social and total ge-
netic variances exist while it is impossible for the RAN 
designs. When the RAN designs are used, it could be erro-
neously concluded that there is no variance in social genetic 
effects and thus less competitive fish stock cannot be bred. 
With nw of 30, the relative SE of VA,S is close to the relative 
SE from the previous study by Bijma (2010a) (2-FAM: 0.23 
(adjusted to 90 groups)) and Ødegård and Olesen (2011) (3-
FAM: 0.33).  

 
Table 2. Variance component estimates, accuracy of 
predicted breeding values (ρ) and response to selection 
(ΔG) when group size (nw) is 60. 

EST§ nw = 60 
3-RAN 3-FAM 2-RAN 2-FAM 

VA,D 0.295 0.19 0.289 0.22 0.285 0.24 0.298 0.30 
VA,S 0.000230.52 0.000240.24 0.000290.56 0.000310.23 
VTBV 0.531 0.67 0.536 0.24 0.662 0.72 0.700 0.22 
rg -0.601-0.41 -0.592 -0.18 -0.640 -0.38 -0.597-0.21 
ρA, D 0.740 0.00 0.687 0.01 0.737 0.01 0.654 0.01 



ρA, S 0.489 0.02 0.658 0.01 0.533 0.02 0.682 0.01 
ρTBV 0.261 0.04 0.635 0.01 0.333 0.04 0.6810.01 
ΔGA,D 0.028 1.39 -0.038 -0.55 -0.083 -0.37 -0.127 -0.16 
ΔGA,S 0.003 0.24 0.009 0.04 0.004 0.16 0.007 0.06 
ΔGTBV 0.197 0.05 0.466 0.01 0.1410.07 0.270 0.02 
§Estimates (EST): VA,D = direct genetic variance, VA,S = social genetic 
variance, VTBV = total genetic variance, rg = genetic correlation between 
direct and social effects. Accuracy of predicted direct (ρA,D), social (ρA,S), 
and total breeding values (ρTBV). Response to selection on direct (ΔGA,D) , 
social (ΔGA,S) and total breeding values (ΔGTBV). 
3-RAN and 3-FAM are groups composed at random and of three families. 
2-RAN and 2-FAM are groups composed at random and of two families. 
The superscript is the relative SE = SE/estimate. 

 
 

Table 3. Variance component estimates, accuracy of 
predicted breeding values (ρ) and response to selection 
(ΔG) when group size (nw) is 30. 

EST§ nw = 30 
3-RAN 3-FAM 2-RAN 2-FAM 

VA,D 0.303 0.22 0.296 0.24 0.287 0.30 0.309 0.29 
VA,S 0.001200.52 0.001110.26 0.001090.62 0.001170.28 
VTBV 0.637 0.72 0.608 0.30 0.547 0.80 0.607 0.31 
rg -0.665 -0.34 -0.592 -0.21 -0.681 -0.33 -0.614 -0.22 
ρA, D 0.730 0.00 0.672 0.01 0.726 0.01 0.653 0.01 
ρA, S 0.506 0.01 0.625 0.01 0.545 0.02 0.655 0.01 
ρTBV 0.261 0.04 0.587 0.01 0.334 0.04 0.642 0.01 
ΔGA,D -0.157 -0.26 -0.073  -0.26 -0.114 -0.34 -0.098 -0.21 
ΔGA,S 0.016 0.10 0.025 0.03 0.014 0.11 0.022 0.04 
ΔGTBV 0.301 0.05 0.656 0.02 0.300 0.05 0.545 0.02 
§Estimates (EST): VA,D = direct genetic variance, VA,S = social genetic 
variance, VTBV = total genetic variance, rg = genetic correlation between 
direct and social effects. Accuracy of predicted direct (ρA,D), social (ρA,S), 
and total breeding values (ρTBV). Response to selection on direct (ΔGA,D) , 
social (ΔGA,S) and total breeding values (ΔGTBV). 
3-RAN and 3-FAM are groups composed at random and of three families. 
2-RAN and 2-FAM are groups composed at random and of two families. 
The superscript is the relative SE = SE/estimate. 

 
 
Ødegård and Olesen (2011) also showed that 80 

groups of 3-FAM with nw of 15 led to the relative SE of 0.5, 
suggesting that lower nw has less statistical power to detect 
VA,S. A sufficient number of groups (> 80 up to 100) and nw 
(at least 30) of the 2-FAM and the 3-FAM designs are rec-
ommended. One limiting factor in determining nw in aqua-
culture is the biomass capacity per tank. It is however pos-
sible to reduce nw, e.g., from 60 to 30, to maintain the bio-
mass and communal rearing can be practiced after the com-
petition or cannibalism becomes less important at a later 
stage. 

 
Response to selection. For both nw (60 and 30), 

the 3-FAM and the 2-FAM resulted in higher  𝜌!!, leading 
to a higher  ΔG! (0.007 to 0.025) than that (0.003 to 0.016) 

from the RAN. Similar trend was also observed in 𝜌!"# 
and    ΔG!"#. Within the same nw, the 2-FAM design has 
higher relatedness than the 3-FAM design. Hence,   ΔG!"# 
is expected to be higher in the 2-FAM design (0.270) than 
in the 3-FAM (0.466) design; however our results suggest 
the opposite direction, e.g. nw of 60 (Table 2). To gain more 
understanding, we predict the ΔG!"#   using  𝑖𝜌!"#𝜎!!"#. The 
ΔG!"# is expected to be 1.000 for the 2-FAM and 0.812 for 
the 3-FAM. This deviation from the expectation is due to 
much stronger restriction for inbreeding in the 2-FAM than 
in the 3-FAM design. A different selection method, such as 
optimal contribution may reveal the true potential of 
ΔG!"#. 

 
When rg is negative, selecting for TBV may result 

in reduction of ΔG!. Such a reduction is however compen-
sated by (nw-1)  ΔG  !. This can be explained, for instance, 
fish will spend less energy to compete for feed, allowing an 
increase of growth, on average, for the whole fish stock. 
	    

Conclusion 
 
Results suggest that both 2-FAM and 3-FAM with 

number of groups of 90 and 96, and nw of at least 30 indi-
viduals are statistically more powerful to estimate direct 
and social variance components than RANs. The 3-FAM is 
slightly less biased in estimation of total genetic variance 
than the 2-FAM. The 2-FAM and 3-FAM can be used to 
maximize total breeding values, leading to less competition 
and thus improving the welfare and the production of fish 
stock. Results from this study are particularly important for 
decisions regarding experimental design before breeding for 
social effects in aquaculture. 
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