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Abstract 
In order to create a selection programme aimed at improving the production characteristics of 

rainbow trout, broodstocks from eight fish farms in the Republic of Serbia were collected in 2010. The 

spawning of broodstocks, hatching of eggs, and rearing of offspring from different families of known 

parentage, until marking at five months of age, were carried out in individual tanks under strictly 

controlled conditions. After tagging, the fish were reared in a flow-through system on a commercial fish 

farm, where their growth was further monitored. The study of the phenotypic variability and heritability 

coefficients of the broodstock was carried out on a sample of 6565 individuals. The body weights and 

total lengths of the individuals were measured at five, 12, 24, and 36 months of age. Factors such as 

the year of spawning and sex proved to be highly statistically significant for the observed growth traits, 

while the heritability values of the analysed traits were moderate to high (0.22–0.68). The estimated 

heritability values provide an excellent basis for the continuation of the selective breeding programme, 

which will ultimately lead to the improvement of salmonid aquaculture and the profitability of rainbow 

trout production in the Republic of Serbia. 
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Introduction 
The rainbow trout (Oncorhynchus mykiss; Walbaum, 1792) is a salmonid species that is 

successfully bred all over the world. The success of fish farming depends on the environmental 

conditions provided by a well-designed production system, the use of a well-balanced diet, the 

implementation of health protection systems, and the existence of selection programmes to improve 

economically important traits (Gjedrem et al., 2012). The evaluation of genetic parameters for the trait 

of heritability and knowledge of the genetic correlations between traits and the interactions between 

genotypes and the environment, are prerequisites for the successful implementation of breeding 

programmes (Gjedrem, 2010; Yáñez et al., 2015). A high growth rate is one of the most important traits 

in trout breeding; however, a high growth rate cannot be maintained under unfavourable farming 

conditions (Sae-Lim et al., 2013, 2015). It is estimated that only 10% of global aquaculture utilises 
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genetically improved fish lines (Gjedrem et al., 2012). Nonetheless, the genetic gain achieved in rainbow 

trout selection is estimated to be around 14% (10%–20%) per generation, which is significantly more 

than for other farmed animals (Gjedrem, 2010; Hung et al., 2013; Leeds et al., 2016). 

Studies on improving the production of cultured species of organisms in aquaculture most 

commonly investigate genetic programmes based on body weight (Gunadi et al., 2021). Growth traits 

are good selection criteria because of their economic importance, easy measurability, broad coefficients 

of variation, and moderate to high heritability values (Yáñez et al., 2014; Houston et al., 2020). In the 

genetic improvement of body weight, the body weight traits of individuals at 10 months of age are 

typically included in the selection programme (Leeds et al., 2016), as are the coefficients of thermal 

growth of individuals at 10 to 13 months of age (Robledo et al., 2019). In addition to body weight, 

morphological characteristics of individual growth, such as total length, height, and width, are also the 

result of phenotypic and genetic correlations (Sae-Lim et al., 2013). Furthermore, an increase in body 

weight can be achieved by an increase in the width and height of an individual, rather than an increase 

in that individual’s total length (Nguyen, 2016).  

The growth of fish is characterised by a positive allometry of the muscles in relation to the organs 

(Vo et al., 2016). In contrast to mammals and birds, fish exhibit unlimited growth, with the most dynamic 

growth occurring in the first phases of life. A rapid growth rate in farmed fish is desirable as it shortens 

the growth period until the desired body weight is reached and reduces water consumption, which has 

an overall positive effect on production costs (Houston et al., 2020). For this reason, growth performance 

is particularly important for rainbow trout producers, and growth rate is one of the most crucial traits that 

should be improved through selection programmes (Sae-Lim et al., 2015). Improving growth 

performance through various selection programmes in rainbow trout, as in other farmed salmonid 

species, is both efficient and economically justified (Leeds et al., 2016; Janssen et al., 2016). The 

selection of parents to produce offspring for aquaculture breeding has the positive effect of enhancing 

the desired traits in the progeny (Gunadi et al., 2021). 

The growth rate of male fish is faster than that of females, because males do not need to prepare 

for yolk formation in oocytes or for oocyte maturation (Gunadi et al., 2021). In addition to the effect of 

sex on fish growth, growth differences can also result from social interactions between fish (competition 

for food and space), and variations in the living environment (water) (Aksungur et al., 2007; Johnsson 

et al., 2014). Consequently, the growth of salmonids is a complex physiological process that depends 

on both genetic factors and the aquatic environment, which means that one genotype is not necessarily 

superior in all environments (Robledo et al., 2019). In salmonids, the average heritability of body weight 

per year is 0.24 (0.10–0.52) (Kause et al., 2007; Silverstein et al., 2009; Hu et al., 2013). Such moderate 

to high heritability values indicate the possibility of further genetic improvement of trout (Sae-Lim et al., 

2013). 

The aim of this work was to estimate the additive genetic variance and heritability of the physical 

developmental characteristics of rainbow trout. The results obtained will serve as a basis for the 

development of breeding programmes to improve growth traits through selection, in order to increase 

the productivity and economic profitability of farming this species. 

 

Materials and methods 
The experiments were conducted in accordance with the ethical conditions approved by the 

Serbian Ministry of Agriculture, Forestry and Water Management (authorisation number: 000198633 

2024 14841 002 000 000 001). 

Sexually mature individuals of three to four years of age were used for the selection programme, 

with the aim of improving the production traits of rainbow trout families of known parentage. To start the 

selection programme, fish were collected from six fish farms in different locations in the Republic of 

Serbia in 2010 (Table 1) and brought to the Mali Dunav Centre for Fisheries and Applied Hydrobiology 

at the Radmilovac experimental farm of the Faculty of Agriculture of the University of Belgrade, where 

the selection programme was carried out. The initial criterion for the selection of mature individuals was 

that no fish from other farms had been introduced into the fish farms from which the individuals were 

taken in the last 15 years. 
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Table 1 Numbers of male and female rainbow trout collected from six fish farms in the Republic of 

Serbia 

 Fish farms 

 Lazic Zubor Bast komerc Jablanica Sokobanja RM Stubica 

       

Females 3 2 8 4 8 17 

Males 2 1 4 7 4 12 
       

 

After broodstock collection, a crossing scheme was drawn up, on the basis of which spawning 

and crossing was carried out. The resultant eggs were then incubated according to standard procedures 

(Markovic & Mitrovic-Tutundzic, 2003). In the first crossing scheme, males from one farm were crossed 

with females from another farm, taking care to avoid inbreeding. In the following generations, similar 

criteria were applied. Following these rules, the individuals with the best production within each family 

were selected to serve as future parents. To implement the selection programme, fish spawning, family 

formation, and body performance measurements were carried out every year from 2011 to 2016. The 

selection programme for generation G0 and generation G1 was carried out every year under the same 

experimental conditions and using the same methodology. Generation G0 was formed from the spawns 

of the years 2011, 2012, and 2013, and generation G1 from the spawns of the years 2014, 2015, and 

2016.  

The spawning of the fish and the formation of families was carried out on one day each year. 

The eggs of all families were incubated in separate incubators until the larvae began to swim. The larvae 

hatched at 30–32 days post fertilisation, after incubation at a water temperature of 9–11 °C, and started 

swimming at 15 days post hatching. A few days after the larvae began to swim, 100 larvae were 

randomly selected from each family and transferred to individual tanks with a volume of approximately 

120 L, where their rearing continued. Rearing in tanks meant rearing the fish under controlled and similar 

environmental conditions (water temperature: 9–11 °C, dissolved oxygen: 7–9 ml/L).  

In order to monitor the production traits of each family, the offspring were marked by injecting 

passive integrated transponder (PIT) tags (Norway) into the abdominal cavities of the fish at the age of 

five months, i.e. when they had reached a size that allowed the injection of a PIT tag (over 1.75 g). Of 

the initially-separated 100 individuals per family, up to 50 of the largest specimens were selected for 

tagging. The largest fish were identified by measuring the body weights of 100 fish from each tank/family. 

It was assumed that the fish had grown sufficiently by this time to inject the chip without affecting the 

performance of other vital functions. Each tagged individual was given an identification number 

representing a unique combination of 10 symbols (letters and numbers), which was entered into a 

database (BKTAGCOM, Norway) together with other production traits. Prior to tagging, the trout were 

anaesthetised in a clove solution (produced by Probotanika) to reduce stress and to facilitate the 

measurement of body weight. Body weight was measured using a precision scale (RADWAG THB-600, 

max 600 g, d = 0.01 g, Poland), while the total length was measured using an ichthyometer. 

A few days after tagging, the young trout were transported from the Mali Dunav Centre for 

Fisheries and Applied Hydrobiology to the RM Stubica fish farm (Sisevac, Republic of Serbia; 

43.956405, 21.585439), where they were further reared and where additional production indicators were 

monitored. In order to keep the genetic variability as high as possible, only mild selection was carried 

out during further rearing. For the first seven months, all individuals, regardless of whether they came 

from different families, were reared together in a small pool (dimensions 3×0.70×0.50 m). At one year 

of age, the trout were moved to a larger pool (25×5×1 m), where they were reared further. 

The trout were fed a high-quality protein feed produced by Skreting (crude protein: 44.50%, 

crude fat: 22%, crude fibre: 3%, crude ash: 7.50%, phosphorus: 1.20%, sodium: 0.30%, calcium: 

1.90%), following the manufacturer's recommendations. At the end of each year (in December), the 

body weights and total lengths of the fish were measured, and the values recorded in the database to 

continue the selection programme and identify the smallest individuals based on body performance 

(body weight and total length). At two years of age, in addition to the basic data mentioned above, 

information on the sex of each fish and on sexual maturity, i.e. readiness to spawn, was entered into the 

database. This monitoring continued the following year.  
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Between 2011 and 2016, a total of 6565 fish from 195 families, formed in the G0 and G1 

generations, were reared. Families of the G0 generation were formed in 2011, 2012, and 2013, and 

families of the G1 generation were formed from the G0 fish in 2014, 2015, and 2016. The formation of 

the families was based on the principle of selecting the best individuals from each family of known 

parentage, observing the rule that no inbreeding should occur. When preparing the crossing scheme, 

families with a higher average body weight were given priority for participation in the spawning season. 

The families formed had no common ancestors.  

The study included the measurement of body weight and total length at five, 12, 24, and 36 

months of age. During the implementation of the selection programme, the results of which are 

presented in this paper, the number of individuals decreased from year to year, so that the number of 

individuals monitored was 6565 at five months of age and 1196 at 36 months of age. At each 

measurement, individuals were eliminated according to the criterion of obtaining the individuals with the 

best phenotypic and productive traits for further breeding, by excluding individuals with inferior traits 

from the selection programme. 

The P-value was used to determine whether the different factors investigated (year of spawning, 

sex, and their interaction) influenced the studied characteristics. The basic statistical indicators of 

phenotypic expression and variability of the body weight and total body length traits were calculated 

using standard statistical procedures, based on the PROC MEANS procedure of the SAS software 

package, version 9.4, 2013 (SAS Institute Inc., Cary, North Carolina, USA). 

Data preparation, or coding, for the calculation of genetic and phenotypic variances was 

performed using the PEST program package (Groeneveld et al., 1990). The variance components were 

calculated using the restricted maximum likelihood procedure within the program package VCE v6 

(Groeneveld et al., 2010), using the following mixed model: 

 

𝑌𝑖𝑗𝑘 = µ + 𝐺𝑖 + 𝑃𝑗 + (𝐺𝑖 ∗ 𝑃𝑗) + 𝑜𝑘 + 𝑒𝑖𝑗𝑘 

 

where: 
Yijk = the phenotypic expression of the examined trait, 
µ = the general population average, 
Gi = the fixed effect of the ith year of spawning, 
Pj = the fixed effect of the jth sex of the individual fish, 
Gi*Pj =   interaction factor, 
ok = the random effect of the kth father of the individual fish, and 
eijk = random error. 

The calculated variance components were used to calculate the heritabilities of the 
investigated traits using the following formula: 
 

ℎ2 =
𝜎𝑎

2

𝜎𝑝
2 

 

where: 

𝜎𝑎
2= the additive genetic variance, and 

𝜎𝑝
2= the total phenotypic variance, consisting of the additive genetic variance, the dominance variance, 

the epistatic variance, and the error variance (𝜎𝑝
2 = 𝜎𝑎 

2 + 𝜎𝑑
2 + 𝜎𝑖

2 + 𝜎𝑒𝑝
2 ). 

Based on the values calculated for the variance of the father, the additive variance, the 

environmental variance, and the phenotypic variance, the heritability coefficients (heritabilities) were 

determined for the investigated traits. The heritability coefficient is a genetic parameter of the population 

and does not refer to individuals. By calculating the heritability value, information is obtained on whether 

and to what extent genetic variability exists in the population. The heritability value determines the 

possibility of genetic improvement through selection. 

 

Results and discussion  
Table 2 contains the average values and variability measures of the investigated traits. The 

comparison of the initial and final values of the expressed characteristics showed that the average body 

weight of the five-month-old fish was 7.66 g and that of the 36-month-old fish was 1109 g. As for the 
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average total length, the fish at five months of age had an average total length of 89.5 mm, while the 

average total length of the fish at 36 months of age was 443 mm. The coefficient of variation for body 

weight was 42.7% at five months of age and 29.7% at 36 months of age, while the coefficient of variation 

for total length was 14.0% at five months of age and 7.14% at 36 months of age. The body weight and 

body length values confirmed a clear pattern of positive growth dynamics within the observed rainbow 

trout population, which is consistent with results published for other salmonid species (Janampa-

Sarmiento et al., 2020). The observed variance, standard deviation, and coefficient of variation values 

in G0 were high (Table 2), indicating a good potential for selection and genetic improvement. Yoshida 

et al. (2019) came to the same conclusion in their study. The high coefficients of variation and ranges 

of values found for body weight and body length are typical of trout, salmon (Sae-Lim et al., 2016), and 

tilapia (Yoshida et al., 2019). Continuous monitoring of phenotypic parameters such as the standard 

deviation and coefficient of variation is necessary to monitor the selection response and adjust the 

breeding strategy to achieve further production progress. Improving growth performance while 

maintaining genetic diversity ensures the long-term sustainability of the selection programme 

(D’Ambrosio et al., 2019; Næve et al., 2022). 

 

Table 2 Descriptive statistics for the phenotypic expression and variability of body weight (g) and total 

length (mm) of rainbow trout from five to 36 months of age 

Age (months) Traits N 𝐗 Min Мax S² SD CV (%) 

         

5 
Body weight 

6565 
7.66 1.76 38.5 10.7 3.27 42.7 

Total length 89.5 50.0 160 158 12.5 14.0 

12 
Body weight 

3960 
96.8 15.0 252 1167 34.1 35.2 

Total length 205 102 297 611 24.7 12.0 

24 
Body weight 

1717 
591 270 1445 20 952 144 24.4 

Total length 371 270 510 988 31.4 8.46 

36 
Body weight 

1196 
1109 500 2500 108 876 329 29.7 

Total length 443 350 570 1003 31.6 7.14 
         

N: number of individuals, X̅: average value, min: minimum value, max: maximum value, S²: variance, 
SD: standard deviation, CV (%): coefficient of variation. 

 

The effects of the investigated factors (year of spawning and sex) are shown in Table 3. 

 

Table 3 Significance of the effects of year of first spawning and sex, and their interaction, on the 

body weight and total length of rainbow trout (F-values are reported) 

Age (months) Traits N Year of first spawning Sex Interaction factor 

      

5 
Body weight 

2202 
8.79** 4.00* 0.34NS 

Total length 370.86** 3.11* 0.36 NS 

12 
Body weight 

2137 
170.63* 7.31** 0.78 NS 

Total length 125.14** 4.81** 0.42 NS 

24 
Body weight 

1575 
63.08** 1.31* 3.91 NS 

Total length 115.51** 0.17** 4.98 NS 

36 
Body weight 

300 
329.89** 49.29** 3.57 NS 

Total length 87.95** 13.55** 2.08 NS 
      

** highly statistically significant (P <0.01), * statistically significant (P <0.05), NS not statistically significant 

(P >0.05) 

 

From the results in Table 3, it can be seen that the effects of the factors studied (year of first 

spawning and sex) on the observed characteristics were significant. Thus, year of first spawning had a 
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highly statistically significant effect on the body weight and total length measured at five months, 24 

months, and 36 months, and on the total length at 12 months, and had a statistically significant effect 

on the body weight at 12 months after spawning. Sex had a statistically significant effect on body weight 

measured at 5 months and 24 months of age, and on total length measured at five months of age. Sex 

had a highly statistically significant effect on body weight and total length at 12 months of age, total 

length at 24 months of age, and body weight and total length at 36 months of age. The interaction of the 

two factors had no statistically significant effects on either the body weights or total lengths of the 

individuals studied, suggesting that these traits can be considered independently and improved by 

selection. The influence of spawning year and sex on growth has been demonstrated in other studies 

(EL-Bab et al., 2024). 

As can be seen in Tables 2 and 3, the number of individuals in generations G0 and G1 

decreased significantly from year to year, because of the selection process. Through selection based 

on phenotypic and productive indicators, the best individuals were retained and further cultivated, while 

those with poor production results were excluded from the selection programme. This practice 

maximises genetic progress per generation and improves production efficiency. A decrease in the 

number of individuals with increasing age is to be expected, and is a normal process in selection 

programmes, as certain families or individuals are excluded from reproduction for selection reasons 

(Gjedrem et al., 2012). The number of individuals listed in Table 3 also depends on the number of fish 

of known sex at a given age. The different sizes of the observed populations, depending on the age of 

the individuals and the known sex, is a common phenomenon when it comes to research in the field of 

aquaculture. The incomplete determination of sex in the juvenile fish stages often leads to the exclusion 

of individuals from analysis, because of the unknown sex of the individual (Hamzah et al., 2014). This 

highlights the importance of using reliable methods to determine sex, especially in selection 

programmes. By controlling these factors as part of a selection programme, breeders can optimise 

growth performance and maintain the uniformity of production traits (Gjedrem, 2012). 

From the variance and heritability values obtained (Table 4), it can be concluded that the 

heritability was moderate to high for the observed traits of the fish measured at five, 12, 24, and 36 

months of age. In this case, the heritability indicates a strong link between the phenotype and the 

genotype of the individuals, which allows further selection based on phenotype in the form of individual 

selection (Sae-Lim et al., 2013). 

 

Table 4 Components of phenotypic variance and heritability values for body weight and total length 

in rainbow trout 

Age 
(months) 

Traits 
Variance 

of the 
father 

Additive 
variance 

Environmental 
variance 

Phenotypic 
variance 

Heritability 
Standard 
error of 

heritability 

        

5 

Body 
weight 

1.23 4.94 5.80 10.7 0.46 0.17 

Total 
length 

22.4 89.8 68.8 158 0.56 0.17 

12 

Body 
weight 

78.4 313 758 1072 0.29 0.15 

Total 
length 

28.6 114 396 511 0.22 0.13 

24 

Body 
weight 

2428 9715 14 125 23 840 0.40 0.22 

Total 
length 

149 596 613 1210 0.49 0.22 

36 

Body 
weight 

20 868 83 472 38 360 121 833 0.68 0.15 

Total 
length 

113 452 622 1074 0.42 0.18 
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High heritability values are evidence that heterozygosity prevails in the observed population 

(Serbezov et al., 2010; Houston et al., 2020). Moderate to high heritability values indicate that both 

genetic and environmental factors have a significant influence on the body weight and total length of 

rainbow trout. Traits with high heritability due to a low environmental influence and a high genetic effect 

significantly influence the results of selection (Gunadi et al., 2021). The heritability values for body weight 

and total length found in this study are approximately the same, which is to be expected, considering 

that body weight and total length are highly correlated, as reported by Hu et al. (2013). The heritability 

values determined in this study for the growth traits are similar to the results published by Kause et al. 

(2002, 2007), Silverstein et al. (2009), Hu et al. (2013), Thodesen et al. (2013), and Robledo et al. 

(2019), who reported heritability values between 0.10 and 0.52. The strong positive correlation between 

body weight and body length is a crucial point, as it enables the concurrent improvement of both traits 

and maximises the genetic gain per generation (Robledo et al., 2019). Maintaining moderate to high 

heritability for body weight traits is possible if the population is large enough to maintain genetic 

variability and avoid inbreeding depression (Houston et al., 2020). 

Considering that rainbow trout reach market size at 12 to 18 months of age, the genetic 

improvement of growth traits is particularly important within this age range (Jobling, 2003). The body 

weights and total lengths of 12-month-old fish were monitored in this study, to determine the effects of 

the selection performed on these traits (Figure 1). 

 

 

Figure 1 Average values of body weight (BW) and total length (TL) of G0 and G1 generations of rainbow 

trout at 12 months of age. 

 

A comparative analysis of the growth performances of the rainbow trout from generations G0 

(2011–2013) and G1 (2014–2016) clearly shows the differences between the fish at 12 months of age. 

The increase in average body weight and total length values in the G1 generation compared to the G0 

generation confirms the value of implementing a selection programme (Leeds et al., 2016; Gunadi et 

al., 2021). The improvement in body growth, and especially body weight, is a good indicator of the 

success of the selective breeding of rainbow trout, especially considering the increasing need to achieve 

the most economical production possible (Silverstein et al., 2009), while maintaining the quality of 

farmed fish meat. 

When examining the production traits by sex of all the observed individuals from both 

generations (G0 and G1), differences in the growth traits of males and females were observed at 12 

months of age (Figure 2). 
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Figure 2 Average body weights (g) and total lengths (mm) of male and female rainbow trout at 12 

months of age. 

 

The results shown in Figure 2 demonstrate the well-known biological differences in energy 

distribution between the sexes in rainbow trout. Males allocate a greater proportion of their energy intake 

to somatic growth, which leads to greater body weight and length, while females allocate a significant 

proportion of their energy to gonadal development (Aksungur et al, 2007; Gunadi et al, 2021). 

Fluctuations in body mass associated with fish sex become more pronounced as fish approach their 

first spawning event (Barson et al., 2015). Sex is therefore considered an important factor in selection 

programmes to increase growth and production efficiency. 

 

Conclusions 
Significant differences in the phenotypic expressions and variabilities of body weight and total 

length were found within the studied families of rainbow trout in the Republic of Serbia. Rainbow trout 

families with high genetic variability enable the selection of individuals with desirable traits for further 

breeding. This variability increases the adaptive potential of the species and thus improves resistance 

to diseases and environmental stress factors. The introduction of such families into selection 

programmes in the Republic of Serbia can significantly improve the quality and productivity of rainbow 

trout aquaculture. The determined heritability values, which were measured at five, 12, 24, and 36 

months of age and ranged from 0.22 to 0.68, indicated that there was moderate to high heritability of 

these traits in the different families. These heritability values indicate the possibility of genetic 

improvement through a selection programme. As rainbow trout in the Republic of Serbia usually reach 

market size at 12 to 18 months of age, the genetic improvement of growth traits is primarily important 

for this age range. We thus conducted a comparative analysis of the growth performances of 12-month-

old fish from the G0 generation (2011–2013) and their offspring from the G1 generation (2014–2016), 

with the results suggesting an improvement in the traits measured. The estimated heritability provides 

an excellent basis for the continuation of the selective breeding programme, which will ultimately lead 

to the improvement of salmonid aquaculture and the profitability of rainbow trout production in Republic 

of Serbia. 
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