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Abstract : 
 
In sea cage farming, fish are exposed to seasonal variations of water temperature, and these variations 
can differ from one location to another. A small increase in water temperature does not only stimulate 
growth of the fish (until an optimal level) but also lowers dissolved oxygen concentration in water. 
Dissolved oxygen may then become a rearing constraint during the production cycle if the oxygen 
requirement of fish is higher than the supply. The impact of this constraint on production parameters 
(stocking density of cages and/or batch rotation) and thus on economic profit of a farm will depend on 
both local thermal regime and growth potential of the fish. Increased growth is one of the most important 
traits in a breeding objective to increase production capacity and profitability. We used a bioeconomic 
model of seabass reared in cages to calculate the economic value (EV) of increasing thermal growth 
coefficient (TGC) by selection in different conditions of average temperature (Tm) and amplitude of 
temperature variation (Ta). Tm and Ta values were taken from different locations in the eastern and 
western Mediterranean. Results show that increasing TGC has two consequences: (i) fast growing fish 
reach harvest weight earlier, which increases the number of batches that can be produced per year, and 
(ii) fast growing fish have higher daily feed intake and, consequently, higher daily oxygen consumption. 
To balance the oxygen demand and availability in a cage, a farmer might have to reduce the average 
stocking density, resulting in fewer fish produced per batch. Consequently, EV of TGC is positive when 
Tm is 19.5 °C or 21 °C, when an increase in number of batches produced compensates for the 
decrease in stocking density. EV of TGC is negative or null in areas where Tm is closer to 18 °C 
because the increase in number of batches produced cannot compensate for the decrease in stocking 
density. Our results show, for the first time, the importance of variation in ambient temperatures for 
breeding programs in fish. Statement of relevance The economic impact of improving growth rate in sea 
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cage farming system depends on temperature. This result is important for the development of breeding 
objectives maximizing economic return in fish breeding programs. 
 

Statement of relevance 

The economic impact of improving growth rate in sea cage farming system depends on temperature. 
This result is important for the development of breeding objectives maximizing economic return in fish 
breeding programs. 

 

Highlights 

► First study to calculate the economic value of growth rate in different temperature conditions in the 
Mediterranean ► When the average temperature is 18 °C, the economic impact of growth rate is null. 
► When the average temperature is 19.5 °C or 21 °C, the economic impact of growth rate is positive. ► 
First study to show the importance of variation in ambient seawater temperatures for breeding programs 
in fish 

 

Keywords : Economic values, Bioeconomic model, Fish farming, Genetic improvement, Temperature, 
Thermal growth coefficient 
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temperature, thermal growth coefficient 

1. Introduction 

Genetic improvement aims at modifying the performances of animals and, in case of 

production limitations, can affect the management strategy of a farm. In dairy farming, for 

instance, increasing milk yield in a situation with milk quota decreases the number of milking 

cows on farms (Groen, 1989).  Such changes in the production system need to be accounted 

for when building breeding objectives, guaranteeing that expected gains will be met (Groen, 

1989; Amer et al., 1994). According to this principle, Rose et al. (2015) calculated the 

economic values of several traits, including live weight at different live stages, for sheep 

farms across different environments that varied in the amount and distribution of annual 

pasture growth. Pasture growth is a key parameter because it determines how much feed is 

available for sheep farms. The economic values of live weights were higher in regions with 

high and low variation, compared to regions with medium variation in pasture growth. This 

result was explained by changes in energy requirements when live weight was increased, 

which required different management adaptations according to the region. The conclusion 

was that breeding objectives for live weights could be similar for regions with either high and 

low variation of pasture growth but should be different for regions with medium variation of 

pasture growth. Such results demonstrate that breeding objectives should be finely tuned to 

the local conditions of production, according to constraints on input availability, namely, 

pasture growth and feed availability.  

In fish farming, the potential economic impact of selective breeding for growth has been 

studied by Besson et al. (2014) in a recirculating aquaculture system where production of 

African catfish (Clarias gariepinus) is alternatively constrained by two limiting factors, either 

vthome
Rectangle 
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the nitrogen treatment capacity of the bio-filter, or the density of fish. However, such 

recirculating system differs from most fish culture systems by the fact that the environment 

(temperature and water quality) are highly controlled and stable. In most open production 

systems, such as sea cages, fish are exposed to seasonal variation in water temperature, and 

these variations can differ from one location to another. Temperature has a major impact on 

farm management and productivity for two main reasons. Firstly, fish are poikilothermic 

animals, implying that their metabolic activity and growth depend on ambient water 

temperature. Secondly, changes in water temperature generate variation in oxygen supply 

because warmer water can hold less dissolved oxygen which is vital for fish growth 

(Thetmeyer et al., 1999; Pichavant et al., 2001).  

Therefore, we decided to investigate a sea cage system producing sea bass (Dicentrarchus 

labrax) in the Mediterranean where temperature conditions differ across regions. For instance, 

the average temperature in south Turkey is about 21 ˚C, with an difference of 10.6 ˚C between 

winter and summer. In northwestern Italy, the average temperature is 18 ˚C and the difference 

is 9.5 ˚C (Llorente and Luna, 2013). For sea bass, growth is optimal around 24 ˚C (Person-Le 

Ruyet et al., 2004). Consequently, the time required to reach harvest weight, and therefore, 

costs associated with fish farming vary across regions (Gasca-Leyva et al., 2002). Llorente 

and Luna (2013) showed that the difference in water temperature between areas in the 

Mediterranean Sea is a major source of competitive advantages for fish farms. A higher 

annual average temperature generates faster growth and enables farmers to either produce 

more batches, or alternatively, bigger fish in a given production system. A lower seasonal 

difference is associated with less extreme summer and winter temperatures, closer to the 

optimum, resulting in better feed conversion ratio (Llorente and Luna, 2013). Moreover, the 

oxygen supply is potentially lower in south eastern Turkey than in eastern Spain (for the same 

level of water renewal). For sea bass, an oxygen concentration under 3.5 mg/L affects growth 
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and causes mortality (Coves et al., 1991; Thetmeyer et al., 1999; Breitburg, 2002). Dissolved 

oxygen, therefore, may become a rearing constraint during the production cycle when the 

oxygen requirement of fish is higher than oxygen supply. 

In fish farming, rearing constraints were shown to affect the economic impact of selective 

breeding for growth because the management strategy must be adapted to fit the change in 

fish performances (Besson et al., 2014).  In case of sea cage farming, increasing growth will 

change the oxygen requirement at both individual and cage level which would imply changes 

in stocking management. Similarly to pasture growth in sheep farming, temperature 

conditions might affect the economic value of traits differently according to the location, with 

potential implications on the definition of breeding objectives. To our knowledge, the impact 

of temperature profiles on the economic impact of genetic improvement in cage farming has 

never been studied.  

We investigated the economic impact of selection for growth rate in sea bass cages exposed to 

variations of water temperature inducing limitation on oxygen supply, using a bioeconomic 

modelling approach. Growth rate is considered the most important trait by fish farmers (Sae-

Lim et al., 2012) and is consistently part of the breeding objectives. The bioeconomic model 

developed for recirculating aquaculture systems by Besson et al. (2014) was adapted to a sea 

cage system. By modelling the whole farm, we enable quantification of economic impacts 

from changes in management, such as stocking density, due to genetic improvement.  

2. Materials and methods 

2.1. Bioeconomic model in the reference scenario  

The bioeconomic model developed in R (R Development Core Team, 2008) is based on the 

model presented by Besson et al. (2014) to calculate economic values of growth rate and feed 
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conversion ratio in a recirculating aquaculture system. The reference scenario of the model 

describes a hypothetical sea cage farm producing 1,000 tonnes of sea bass in southern France. 

The farm was composed of 34 circular cages of 600 m
3
 for pre-growing and 34 circular cages 

of 1,800 m
3
 for on-growing. Fish were stocked in pre-growing cages at 10 g and the fish were 

sold at a fixed harvest weight of 400 g. Stocking took place all year round. The hypothetical 

farm and the bioeconomic model were based on information provided by Gloria Maris and 

Kefalonia Fisheries. The symbols used for different parameters of the bioeconomic model are 

summarized in Table 4. 

2.1.1. Physical parameters of sea water 

The daily  temperature Tn is modeled using a sinusoidal function with a period of 365 days 

(Fig. 1). As suggested by Seginer and Halachmi (2008), Tn is given by:  

                 
   

 
 

   
  [1] 

n = day (1 to 365) 

Tm = mean water temperature = 18 ˚C in the reference scenario 

Ta = amplitude of the variation = 5.77 °C  in the reference scenario (corresponding to a 

difference of 2 × 5.77 = 11.54 °C between the maximum and minimum daily value across the 

whole year) 

 T = phase shift (time-delay) = 27.36 days 

In total, we tested 15 different scenarios of temperature profile according to three values of 

Tm and five values of Ta (Table 1). Several combinations of Tm and Ta are similar to real 

conditions in different regions of the Mediterranean Sea presented by Llorente and Luna 

(2013). The highest amplitude is displayed in eastern Spain where the difference between 

maximum and minimum temperature is 12.2 ˚C. The lowest amplitude is observed in 
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northwestern Italy and southern Greece where the difference between maximum and 

minimum temperature is 9.5 ˚C. 

Dissolved oxygen concentration at day n in surface water ([O2]n in mg/L) is calculated from 

Weiss equation (Weiss, 1970) as a function of salinity (S, set to 39 ‰) and water temperature 

(Tn in ˚kelvin = Tn in °C + 272.15): 

 

                           
        

  
         

    
  
   

                         

                          
    

[2] 

The Weiss equation indicates that with higher the temperature there is lower oxygen 

concentration, as shown in Fig. 1. 

2.1.2. Fish model 

The fish model describes the daily weight and the daily weight gain of fish based on thermal 

growth coefficient (TGC). The two main model assumptions are: (i) growth rate is 

allometrically related to body weight (W in g) and (ii) growth rate is an allometric constant 

related to mean daily water temperature averaged over the rearing period. However, the 

relationship between growth rate and water temperature is non-linear (see e.g. Person-Le 

Ruyet et al. (2004)). Therefore, the TGC formula needs to be corrected for the concave 

relationship between growth rate and temperature, which can be done by using a corrected 

temperature K as proposed by Mallet et al. (1999): 

       
  

        
   

   
 
   

      [3] 

WH = harvest weight = 400 g  

WI = initial weight = 10 g 

1-b = 0.51 
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TGC = 2.25, so that harvest weight is achieved in 573 days on average in the reference 

scenario. TGC and 1-b were obtained through optimization to fit the calculated growth curve 

to the growth curve observed from farm data (personal communication). 

Kn = corrected temperature index 

     
                      

                             
 [4] 

when Tmin ≤ Kn ≤ Tmax and Kn = 0 for other values.  

Tmin = minimal temperature below which there is no growth 

Topt = optimal temperature for which growth is maximal 

Tmax = maximal temperature above which there is no growth 

For sea bass, Tmin, Topt and Tmax are respectively 12˚C (K= 0), 24˚C (K = 24) and 30˚C (K = 

0) extrapolating from Person-Le Ruyet et al. (2004) and unpublished data. Therefore, Tn must 

be between 12˚C and 30˚C to have a positive Kn
 
and hence a positive growth rate (Fig. 2). The 

daily weight (Wn) and the daily weight gain (DWGn) were calculated as:  

        
        

    

    
    

 

   

         [5] 

                   [6] 

Feed conversion ratio (FCR) was modelled by combining a third order polynomial model 

from Person-Le Ruyet et al. (2004) that models feed efficiency as a function of temperature at 

a fixed body weight with an exponential model from Lanari et al. (2002) that models the 

variation of FCR with fish body weight. The resulting model was the following: 

 

     

    

  
  

         

                                             
  

 

[7] 
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  is a scaling factor which was set to 2.6 to obtain a realized FCR of 2.0 in the reference 

scenario. Daily feed intake (DFIn) is calculated back from FCRn and DWGn by: 

                       [8] 

Oxygen consumption was estimated via indirect calorimetry principles. Oxygen consumption 

per fish was calculated from the nutrient catabolized (nutrient digested minus nutrient retained 

corrected for branchial and urinary losses), using the oxy-caloric coefficient (Qox) of nutrient. 

 

                                              
  
    

                                 
  
    

                    
  
    

  

[9] 

Pfeed, Ffeed, Cfeed = Protein, fat and carbohydrates content of the feed  

Pfish, Ffish = Protein and fat content of the fish 

DP,DF, DC = Digestibility of protein, fat and carbohydrates 

QoxP, QoxF, QoxC = Oxy-caloric coefficient of protein, fat and carbohydrates 

EP, EF, EC = Energy content of protein, fat and carbohydrates 

All values of parameters in Eq. [9] are given in Table 2. The assumption in this equation is 

that fat deposition cannot be higher than the fat content of the feed. The value given by Eq. 

[9] are in line with values estimated by the Fishit-3 program (r
2
 = 0.993) (Kaushik, pers. 

comm, based on Cho, 1992; Cho and Kaushik, 1990; Kaushik, 1998). 

The overall mortality is fixed at 10% from stocking to harvest. Thus, the cumulative mortality 

at a given day is expressed by a linear equation: 

                       [10] 
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2.1.3. Batch model 

A batch represents all the fish of the same cohort stocked in the same cage. A batch is first 

stocked at 10 g in a cage of 600 m
3 

(period 1), then the fish are transferred to a cage of 1,800 

m
3 

(period 2). The transfer takes place when the rearing density reached 10 kg/m
3
 in the 600 

m
3
 cage. The number of 10 g fish stocked per batch was constrained by the daily oxygen 

supply in cages during the whole rearing period. Daily oxygen supply (O2_supply_cagen) 

depends on: 1) The concentration of dissolved oxygen in the cage which was constrained to a 

minimum 3.5 mg/L. 2) The water flow going through the cage and carrying the oxygen. 3) 

The concentration of dissolved oxygen in water entering the cage. Daily oxygen supply at the 

cage level is expressed, therefore, as: 

                                          [11] 

WFmin = minimum water flow per m
3
. It was estimated to be 54 m

3
/m

3
/day using data from 

the reference farms and constrained by oxygen supply. 

[O2]n = concentration of dissolved oxygen in water at day n from Eq. [2] 

O2_supply_cagen is variable according to water temperature at day n but WFmin was kept 

constant. Water current depends, however, on coastal geography or weather conditions but we 

considered that all farms in all environments were undergoing the same water flow in order to 

allow fair comparison.  

Combining Eq. [11] and Eq. [9], we estimated the maximum number of fish that could be 

sustained in the cage at day n (            ): 

              
               
             

 [12] 

The number of fish stocked to reach              at day n includes the cumulated mortality 

from day 0 to day n: 

                                          [13] 
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However, the number of fish stocked in a batch must be capped to avoid the oxygen demand 

to exceed the supply at any day n of the growth period. Then, the number of fish stocked is 

determined by the minimum value of                  over the whole growth period of the 

batch.  

Consequently, the number of fish stocked or in other words the stocking density depends on 

the combination of oxygen supply and its consumption. During the production cycle, the 

oxygen consumption of the batch will always be lower than the supply except at one day, 

Dlimit, where oxygen consumption equals oxygen supply (Fig. 3). When the oxygen supply is 

low (in summer), a batch of smaller fish with a lower consumption of oxygen per fish, can 

contain more fish than a batch with bigger fish having higher oxygen requirements per fish. 

Therefore, the number of fish stocked depends on the date when the batch was stocked.  

Finally, the production of fish per batch is given by: 

                            [14] 

WH = harvest weight 

2.1.4. Farm model  

Fish production and feed consumption per batch are multiplied by the number of batches 

produced during a year to estimate the yearly fish production and feed consumption of the 

farm. In this study, we investigated a production system where fish are stocked all year round. 

To do so, we first calculated the production and feed consumption of a batch stocked at any 

day n of the year, i.e. Prod_fishbatchn. Then, the average of batch production and feed 

consumption is multiplied by the number of batches produced per year (Nb_batchyear) to 

obtain the average estimated farm production, independent on any specific stocking date, 

Prod_fishfarm.  

               
                
   
   

   
              [15] 
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The number of batches that can be produced per year (Nb_batchyear) depends on the length of 

the production period and on the number of cages. In our study, the number of batches is 

constrained by the on-growing period because the length of this period (LP2) is always longer 

than the pre-growing period. Note that the length of pre-growing and on-growing period 

depends on the stocking date of the fish (Fig. 3). The number of cages for on-growing, 

Nb_cageP2, is 34. Nb_batchyear is expressed as: 

                        
   

   
 [16] 

Calculating the average production per cage across all possible stocking dates is a way to 

estimate potential production of a farm per year considering an indeterminate period of time. 

In the bioeconomic model, Nb_fish_stockedn was different across stocking dates in order to 

maximize cage production and to comply with lower oxygen supply in summer. For instance, 

when Tm = 18 °C, Ta = 5.77 °C and TGC = 2.25, the average calculated stocking density was 

91,022 fish per cage with a maximum of 121,908 (16
th

 of September) and a minimum of 

82,280 on the (13
th

 of December). 

In this study, every time a batch is harvested, a new one is stocked. When TGC increases, 

more batches can be stocked because LPn decreases. Finally farm profit is given by: 

 

                                                        

                                     

[17] 

Pfish = selling price of 1kg of sea bass  

Cjuv = cost of juveniles 

Cfeed = cost of feed  

Cfixed = fixed cost 

Juv_stockedfarm = number of juveniles stocked per year per farm 

Feed_consumptionfarm = kg of feed distributed per year per farm  
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All economic parameters are given in Table 3. Fixed costs are not detailed because the 

economic values represent the relative change in profit after genetic improvement. Therefore, 

the economic value depends on the costs that vary with genetic improvement. If the fixed 

costs are the same after genetic improvement, which is our case, they can be ignored in the 

calculation of economic values.  

2.2. Genetic change and economic value of growth rate 

The economic value of growth rate was calculated for 15 different temperature profile 

scenarios using the bioeconomic model in three steps:  

1) The model was run for the current population mean for TGC (µ = 2.25) to obtain the initial 

reference annual profit per farm, which was divided by annual fish production to obtain profit 

per kg of fish (Profit_fishµ). 

2) The model was run a second time when TGC mean value was increased by one genetic 

standard deviation (µ+σg) to calculate the annual profit per farm after selection. From 

Vandeputte et al. (2014), σg was estimated to be 0.13. The annual profit per farm was divided 

by the reference annual fish production (i.e. before genetic improvement for TGC) according 

to Groen (1989) to obtain profit per kg of fish:             µ + σg. 

3) Finally, the economic value per genetic standard deviation was calculated for TGC as : 

                     µ  σ               µ 

3. Results 

3.1.  Effect of temperature profile on farm profit 

3.1.1. Effect of average temperature Tm 

Increasing Tm from 18 to 21 ˚C decreased the time to reach harvest weight because the 

optimal temperature for sea bass growth is 24 ˚C. The first consequence of this was that more 
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batches could be stocked per year (Table 5). Furthermore, the longer the time to reach harvest 

weight, the higher the probability for the fish to undergo two summer periods. In summer, 

high temperature generates high growth hence high oxygen consumption, together with 

limited oxygen supply. Therefore, these periods are the most constraining regarding stocking 

density. When a batch went through two summers, the day when oxygen consumption of the 

batch equaled oxygen supply (Dlimit) occurred during the second summer when the fish 

reached harvest weight. Therefore, individual oxygen consumption was high at Dlimit, which 

in turn, strongly constrained the initial stocking density (Fig. 3a). Conversely, when a batch 

went through only one summer, Dlimit could occur earlier in the life of the fish, with smaller 

fish having lower oxygen needs, and then a potential to stock more fish (Fig. 3b). When Tm 

increased, growth rate was higher and more batches were in the second situation, with just one 

summer during the on-growing period. However, when Tm is higher, oxygen supply is lower. 

We observed that at Dlimit, the reduction in individual oxygen consumption results in a total 

oxygen demand that equals the lower oxygen supply. This results in similar stocking densities 

across a range of Tm values. In summary, increasing Tm only increased the number of 

batches produced (but not the number of fish per batch), which resulted in higher farm profit 

(Table 6). 

3.1.2. Effect of the amplitude of temperature Ta 

Profit increased when Ta decreased (lower amplitude) for two reasons: 

1) A lower amplitude reduces the periods where fish are exposed to extreme (higher or lower 

than 24 ˚C) temperature conditions at which growth is reduced. With low Ta harvest weight 

was reached faster and more batches could be stocked in a year (Table 5).  

2) Oxygen supply varies across the year. When the temperature was high (in summer) the 

oxygen supply was low (Fig. 1). Therefore, the stocking density of a batch is dependent on the 

period of low oxygen availability during summer. With low Ta the maximum temperature 
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reached in summer was lower and the oxygen supply was, therefore, higher and thus more 

fish could be stocked per batch (Table 5). 

3.2. Economic value of thermal growth coefficient (TGC) 

Improving growth rate allowed reaching harvest weight in a shorter period of time and had 

two major impacts: 1) improving growth rate increased the daily feed intake and 

consequently, the daily consumption of oxygen as well (Eq. 9). When oxygen consumption 

increases, the farmers must stock less fish in a batch to avoid oxygen consumption to exceed 

the supply; 2) more batches can be produced. Improving growth rate decreased production per 

batch but increased the number of batches per year.  

Variation of EVTGC as a function of Ta - When Tm was low (18 ˚C) and Ta was high ( 5.3 

˚C), the reduction in production per batch was not compensated by the higher number of 

batches, and improving growth rate thus decreased profit (Fig. 4). Consequently, the 

economic value of TGC (EVTGC) was negative, -0.01 €/kg (Table 7). However, when Ta 

decreased (less fluctuation), the profit from improving TGC became null or even slightly 

positive, EVTGC = 0.01 when Ta is 4.75 ˚C. This can be observed also when Tm is 19.5 ˚C, 

when the EVTGC increases with Ta. When Tm was 21 ˚C, however, the EVTGC started to 

decrease when Ta was lower than  5.3 ˚C because the oxygen available at Dlimit started to 

decrease, constraining the number of fish stocked per batch. 

Variation of EVTGC as a function of Tm - When Tm was higher (19.5 ˚C or 21 ˚C), the 

decrease in time to reach harvest weight due to improvement of TGC was higher than at 18 

˚C. As an example, for Ta = 6.09 ˚C, this decrease was 2.87 % at Tm = 21 ˚C compared to 

2.54 % at Tm = 18 ˚C. We already saw in section 3.1.1 that a reduction in the time to reach 

harvest weight decreased the average oxygen consumption at Dlimit. Therefore, the decrease 

in number of fish stocked due to higher daily oxygen requirements was lower at Tm = 21 ˚C 
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than at Tm = 18 ˚C, and this reduction was compensated by the higher batch number at 21 ˚C, 

while that was not the case at 18 ˚C.  Improving growth rate when Tm was 19.5 ˚C or 21 ˚C 

increased profit (Fig. 4) and hence the economic value of TGC (Table 7). 

4. Discussion 

The bioeconomic model developed by Besson et al. (2014) was adapted to investigate the 

economic impact of genetic improvement of sea bass produced in a sea cage farming system. 

In sea cages, fish are exposed to variations in water temperature, which has two 

consequences: variation in metabolic rate and feed intake (see Eq. 5) and variation in oxygen 

supply across the year (see Eq. 2 and Eq. 11). An increase in water temperature, increases the 

oxygen demand, because of an increase in feed intake, but decreases the oxygen supply. As a 

result, dissolved oxygen may become a rearing constraint during the production cycle when 

the oxygen requirement of the fish is higher than the supply. The aim of the study, therefore, 

was to estimate the economic impact of improving TGC of sea bass produced in sea cages in 

different scenarios of temperature profiles typically observed in the Mediterranean Sea. The 

differences in temperature profiles led to differences in oxygen supply profiles likely to 

modify the economic benefit expected from selective breeding for growth. This economic 

impact was expressed via economic values (EV) calculated as extra profit obtained per kg of 

fish produced when increasing TGC by one genetic standard deviation. The definition of the 

EV of a trait is the economic gain /loss due to a change in a trait while keeping the other traits 

constant. Therefore, when calculating EVTGC we should not change other traits to avoid 

interactions effects that could bias our economic values. This is why we kept the total FCR 

constant while changing the TGC level. 

Improving TGC leads to faster growing fish with higher daily energy requirement and 

therefore, higher daily oxygen consumption. Faster growth of fish has two consequences for 
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farm management: 1) it forces farmers to reduce the average stocking density in order to 

avoid oxygen shortage, and 2) it accelerates the time period required to reach the targeted 

harvest weight, enabling farmers to produce more batches in a given time. We found that the 

economic value of TGC varied across tested scenarios differing in temperature profiles. In the 

range of averages and amplitudes tested, the economic value of TGC was influenced mostly 

by the average temperature. Accordingly, the Mediterranean can be divided in two regions: (i) 

the western part of the Mediterranean with an average temperature of 18 ˚C, broadly 

encompassing the eastern coast of Spain, southern France and northwestern Italy. In this 

region, the economic value of TGC was close to zero or even negative (when Ta > 4.9 ˚C) 

because the higher batch rotation due to faster growth did not compensate for the reduction in 

stocking density, and (ii) the eastern part of the Mediterranean where the average temperature 

is 19 ˚C - 21 ˚C, encompassing  western Greece, southern Greece and southern Turkey. Under 

these latter conditions, the economic value of TGC was positive. The difference with western 

Mediterranean is due to the fact that increasing average temperature limited the reduction of 

stocking density due to faster growing fish. Therefore, improving TGC increased profit 

because the increase in batch number compensated for the lower stocking density, resulting in 

a positive economic value. 

Our results provide a first insight into the economic impact of genetic improvement of TGC 

of sea bass produced in sea cages under different temperature conditions. Our findings are 

supported by our previous study focused on recirculating aquaculture system (RAS) where we 

showed that the economic value of TGC was null when the limiting factor is the treatment 

capacity of the bio filter because increasing TGC increases daily feed intake and daily 

nitrogen emission (Besson et al., 2014). As a result, genetic improvement of TGC forces 

farmers to stock less fish to comply with the nitrogen treatment capacity of the bio-filter but 

this loss is compensated for by higher number of batches grown. Similarly, in a sea cage 
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system limited with an average temperature of 18 ˚C, the gain of productivity due to faster 

growing fish is offset by a lower stocking density due to higher oxygen requirements. The 

results of the present study and the results of Besson et al. (2014) show that it is essential to 

calculate the economic value of TGC in the right context with the right limiting factor to 

evaluate the economic impact of genetic improvement and to make decisions regarding 

breeding objectives. 

In the present study, we considered that economic and technical parameters were fixed across 

the different temperature profiles. In reality, farms differ in their fixed and variable cost 

structure, which would impact the economic value of TGC. Those costs are, indeed, fixed 

until a certain limit. We could easily imagine that if the production doubles, farmers would 

need to hire technicians. However, we assume that the changes in fish production due to 

genetic improvement of TGC by one genetic standard deviation, in our case, will not impact 

fixed costs. Moreover, each farm has a different stocking strategy, depending on temperature 

profile. Some farms avoid stocking juveniles in winter when temperature is close to the 

minimal for sea bass (12 ˚C), because growth and feed efficiency are low. Water flow can 

also affect the profitability of the farm. The effects of water flow and average water 

temperature are similar with respect to oxygen supply. With a lower water flow, a lower 

amount of oxygen is supplied to the cage similarly as when average temperature Tm 

increases. Consequently, when water flow is lower, the number of fish stocked decreases and 

annual profit decreases as well. Water flow therefore acts as a scaling factor for profit. 

Keeping economic and technical parameters fixed enabled us to fairly compare the economic 

impact of genetic improvement for growth across temperature profiles considering an average 

farm producing sea bass in the Mediterranean. However, our model does not represent all the 

situations, and conclusions should be refined according to specific situations. 
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From a theoretical point of view, the calculation of economic values is only relevant in a 

system with optimized management (Dekkers, 1991; Amer et al., 1994). This study used a 

management strategy where farmers optimized the number of fish stocked per batch across 

the year depending on the predicted temperature to prevent any drop of oxygen below the 

limit during production cycle. This study used a management strategy where farmers 

optimized the number of fish stocked per batch across the year depending on the predicted 

temperature to prevent any drop of oxygen below the limit during the production cycle. The 

relevance of this strategy is supported by studies from Seginer and Halachmi (2008) and 

Villanueva et al. (2013) who showed, using modelling, that stocking density varies from batch 

to batch according to environmental variation, i.e. rearing temperature. However, some 

farmers might decide to stock at the same safe density across the year to avoid a drop of 

oxygen below the safe limit. Such a management decision leads to an underutilisation of the 

system’s capacities. It would be more efficient, therefore, to first stock batches optimally 

before using genetically improved fish to increase farm profit. We verified the outcome of this 

hypothesis of suboptimal constant stocking - i.e. stocking fish in all batches at a level such 

that the most critical batch would not reach the oxygen limitation at any time - using our 

bioeconomic model (data not shown). This resulted in lower gains due to lower overall 

stocking rate, but a similar pattern with EVs of TGC at low temperatures being zero or 

negative and higher at high temperatures. Furthermore, Hernández et al. (2007) as well as 

Seginer and Ben-Asher (2011) showed that optimal harvest weight also changes according to 

temperature. However, in our study we considered fixed harvest weight as a market 

requirement; the effect of genetic improvement of TGC on optimal harvest weight would 

require further investigation.  

Another main assumption of the model is the independence of feed conversion ratio (FCR) 

relative to TGC. Ponzoni et al. (2007) showed that the economic return of implementing 
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genetic improvement of harvest weight would increase the benefit/cost ratio of a farm 

producing tilapia in Malaysia if the genetic correlation of harvest weight with feed intake was 

0.85, which implies a correlated response in FCR to selection on harvest weight. When 

including a correlated response between TGC and FCR, the EV of TGC would be partly 

influenced  by the better efficiency of the fish. However, there is not yet consensus on the 

genetic correlation between TGC and FCR because FCR is a trait difficult to measure on 

individual fish (Thodesen et al., 1999; Sanchez et al., 2001; Mambrini et al., 2004; Silverstein 

et al., 2005; Kause et al., 2006). Moreover, we wanted to focus this paper on studying the 

effect of growth per se (and not an hypothetical correlated increase in feed efficiency) in an 

environment with limited supply of oxygen. For these reasons, we chose to implement an 

empirical equation of FCR dependent on fish weight (Lanari et al., 2002) and temperature 

(Person-Le Ruyet et al., 2004) rather than a bioenergetics model. A bioenergetics model such 

as presented by Cho and Bureau (1998) would generate an intrinsic correlation between TGC 

and FCR whereas with Eq. [7], daily FCR depends only on body weight and temperature. 

Whatever the TGC value, the individual FCR integrated over the growing period remained 

constant to 2.0 using Eq. [7]. 

Considering these main assumptions, our results show that implementing genetic selection to 

improve only TGC would not be economically profitable for all fish farms across the 

Mediterranean. Given the climatic conditions, the western and eastern part of the 

Mediterranean could require a separate breeding program.  This is comparable to the 

conclusion of Rose et al. (2015) who demonstrated that sheep breeding programs in Australia 

should be region specific, depending on pasture growth. For sea bass in Europe, most 

breeding programs include several traits in the breeding objective (Chavanne et al., 2016; 

Janssen et al., In Press). Therefore, to confirm the hypothesis that different breeding programs 

between eastern and western Mediterranean are needed, the economic values of all the traits 
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in the breeding objectives and the correlation between breeding objectives from both regions 

should be estimated (Rose et al., 2015).  

When multiple traits are included in a breeding objective the response to selection is the 

response in the aggregate genotype. The aggregate genotype is calculated by the sum of the 

products of the economic value of all traits and the responses per trait. The responses per trait 

depend on the additive genetic variance of each trait, but also on genetic correlations between 

traits in the aggregate genotype. TGC is a trait with high heritability and easy to measure. 

Despite the fact that it has a negative economic value in certain regions it could still be 

interesting to select fish with faster growth because of positive genetic correlations with other 

economically interesting traits. For instance, fillet yield is an economic important trait in fish 

farming and Rutten et al. (2005) showed that the genetic correlation between body weight and 

fillet yield in Nile tilapia (Oreochromis niloticus) was 0.74. Therefore, improvement of fillet 

yield could be obtained through selection for increased body weight. FCR  is another 

important trait that could simultaneously increase economic return and decrease 

environmental impacts (Besson et al., 2014). However, further research is needed to quantify 

the genetic correlation of feed conversion ratio with  growth traits.  

Finally, our results raise the idea of evaluating the potential for selecting traits related to 

oxygen consumption and to estimate the genetic correlation of these traits with TGC. Previous 

studies already suggested a high heritability about 0.5 for tolerance to hypoxia in common 

carp (Nagy et al., 1980). Our bioeconomic model could be extended in future work to 

compute the economic interest of changing the tolerance to hypoxia for sea bass. Positive 

economic values would makes tolerance to hypoxia a potential interesting trait to breed for, 

provided that the trait shows sufficient additive genetic variance. 
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5. Conclusion 

Our study is the first investigating the economic impact of genetic improvement of growth 

rate (TGC) in sea bass reared in sea cages with different temperature profiles. Oxygen supply 

was considered the limiting factor constraining stocking density in the cages. We show 

through the calculation of economic values that the economic impact is dependent on 

temperature conditions. When the average temperature was 18 ˚C, which corresponds to the 

average temperature encountered in the western Mediterranean, improving TGC did not 

impact farm profit. However, when the average temperature was 19.5 ˚C or 21 ˚C like in 

eastern Mediterranean, improving TGC had a positive impact on farm profit. These results 

emphasize the need of calculating economic values of all the traits included in breeding 

programs of sea bass to investigate the potential need of developing different breeding 

objectives according to the geographic location.  
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Figure 1 

Graphical presentation of the temperature conditions tested and the resulting oxygen concentration in sea water. Tm is the 

average temperature and Ta is the amplitude of the temperature. max, opt and min are respectively the maximum, optimum 

and minimum temperature for sea bass rearing. 
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Figure 2 

Temperature K as a function of temperature T. K reaches a maximum at 24 ˚C when 

temperature T is 24 ˚C.  
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Figure 3 

Total daily oxygen consumption (full line) of a batch stocked on the 1
st
 of January (a) and on the 7

th
 of September (b) from harvest to 

stocking compared to the total daily oxygen supply of this batch (dash line) during pre-growing (600 m
3
 cages) and on-growing 

(1800 m
3
 cages). The point represents the day when the oxygen consumption of the batch is equal to the oxygen supply (Dlimit). 

When the batch is stocked on the 1
st
 of January, Dlimit is reached at harvest and the number of fish stocked is 82,512. When the 

batch is stocked on the 7
th
 of September, Dlimit is reached during on-growing period and the number of fish socked is 117,557. 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

29 

 

 

Figure 4 

Annual profit per farm for different thermal growth coefficient (TGC) and as a function of the 

average (Tm) and the amplitude (Ta) of temperature.   
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Table 1 

Summary of the different average temperature (Tm) and variation (Ta) tested. 

 

 

 

  Tm (in ˚C) 

  18 19.5 21 

 6.09 ES
2
   

Ta (in ˚C) 

5.77 SF 
1
   

5.3   ST 
2
 

4.9  WG 
2
  

4.75 NWI 
2
 SG 

2
  

The letters indicates the region of the Mediterranean sea corresponding to these temperature parameters, 1 = 

personal data, 2 = Llorente and Luna (2013). SF = southern France (Tm = 18, Ta =  5.77), ES = eastern 

Spain ( Tm = 18, Ta =  6.09), WG = western Greece (Tm = 19.25, Ta = 5.0), SG = south Greece (Tm = 

19.34, Ta = 4.75), NWI = northwestern Italy (Tm = 18, Ta = 4.72) and ST = southern Turkey (Tm = 20.84, 

Ta = 5.3).  
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Table 2 

Data used in equation of oxygen consumption. 

 

protein fat carbohydrate 

Feed content (g/g) 0.46 
1
 0.14 

1
 0.21 

1
 

Fish content (g/g) 0.16 
2
 0.19 

2
 - 

Digestibility (g/g) 0.94 
2
 0.9 

2
 0.7 

2
 

Oxy-caloric coefficient (kJ/g O2) 14.8 
3
 13.7 

4
 13.4 

3
 

Energy content (kJ/g) 17.2 
5
 39.5 

5
 23.6 

5
 

1
 Biomar EFICO YM 868    

2 
(Kaushik et al., 2004)    

3
 (Brafield and Solomon, 1972) 

4
 (Elliott and Davison, 1975) 

5
 (Brafield and Llewellyn, 1982)    
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Table 3 

Revenue and costs (variable and fixed) of a sea bass farm in the reference scenario. 

 

item abbreviation value unit 

Price of fish  Pfish 5.57 €/ kg 

Cost of feed  Cfeed 1.3 €/ kg 

Cost of juveniles  Cjuv 0.25 €/pc 

Fixed costs Cfixed 2,245,000 €/ farm 
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Table 4 

Summary of some important parameters of the bioeconomic model with their abbreviation and unit. 

 

Parameters Abbreviations Units 

Daily temperature Tn ˚C 

Daily corrected temperature Kn ˚C 

Daily oxygen concentration [O2]n mg/L 

   

Thermal growth coefficient TGC - 

Daily weight Wn g 

Daily weight gain DWGn g/day 

Feed conversion ratio FCRWn g/g 

Daily feed intake DFIn g/day 

Daily oxygen consumption of fish O2_cons_fishn mg/fish/day 

   

Cumulative mortality MWn % 

Daily oxygen cage supply O2_supply_cagen mg/cage/day 

Number of fish stock per cage Nb_fish_stockedn #/cage 

Fish production of batch Prod_fishbatch g/cage 

   

Fish production of farm Prod_fishfarm g/farm 

Number of batch produced per year Nb_batchyear #/year/farm 

Farm profit Profitfarm €/year/farm 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

34 

 

Table 5 

Effect of different values of thermal growth coefficient (TGC) on fish production parameters according to the average (Tm) 

and the amplitude (Ta) of temperature. 

 

 

 

Tm 

(˚ C) 

Ta 

(˚ C) 
TGC 

Time to 

harvest 

(days) 

Number of 

fish stocked 

per batch 

Number 

of batch 

produced 

per year 

Production 

at farm 

level 

(tonnes) 

Feed 

consumption 

at farm 

(tonnes) 

18 6.09 2.25 580 89,598 30.27 976 1,975 

18 6.09 2.38 554 84,475 31.85 969 1,962 

18 5.77 2.25 573 91,023 30.54 1,001 2,032 

18 5.77 2.38 547 86,047 32.15 996 2,026 

18 5.3 2.25 564 93,596 30.89 1,041 2,125 

18 5.3 2.38 537 88,865 32.57 1,042 2,131 

18 4.9 2.25 556 96,203 31.11 1,078 2,210 

18 4.9 2.38 530 91,648 32.85 1,084 2,227 

18 4.75 2.25 554 97,275 31.18 1,092 2,243 

18 4.75 2.38 527 92,791 32.94 1,100 2,265 

19.5 6.09 2.25 504 88,754 34.82 1,113 2,261 

19.5 6.09 2.38 479 85,653 36.96 1,140 2,320 

19.5 5.77 2.25 496 90,250 35.30 1,147 2,334 

19.5 5.77 2.38 471 87,585 37.46 1,181 2,407 

19.5 5.3 2.25 485 92,929 35.91 1,201 2,448 

19.5 5.3 2.38 460 90,642 38.13 1,244 2,539 

19.5 4.9 2.25 476 95,483 36.34 1,249 2,548 

19.5 4.9 2.38 452 93,305 38.65 1,298 2,652 

19.5 4.75 2.25 474 96,456 36.49 1,267 2,586 

19.5 4.75 2.38 449 94,267 38.83 1,318 2,693 

21 6.09 2.25 460 91,102 38.19 1,252 2,547 

21 6.09 2.38 436 88,681 40.54 1,294 2,635 

21 5.77 2.25 450 92,306 38.90 1,293 2,626 

21 5.77 2.38 426 89,835 41.39 1,339 2,722 

21 5.3 2.25 437 94,084 39.92 1,352 2,740 

21 5.3 2.38 413 91,149 42.65 1,399 2,837 

21 4.9 2.25 427 95,420 40.74 1,400 2,830 

21 4.9 2.38 403 91,952 43.62 1,444 2,919 

21 4.75 2.25 424 95,863 41.03 1,416 2,861 

21 4.75 2.38 400 92,220 43.95 1,459 2,948 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

35 

 

Table 6 

Effect of different values of thermal growth coefficient (TGC) on economic parameters according to the average (Tm) and 

the amplitude (Ta) of temperature. 

 

Tm 

(˚ C) 

Ta 

(˚ C) 
TGC 

Income 

(€ × 1000) 

Feed cost 

(€ × 1000) 

Juveniles 

cost  

(€ × 1000) 

Cost per 

kg of fish 

(€ / kg) 

Profit 

(€ / farm) 

18 6.09 2.25 5,446 2,568 678 5.62 -45,214 

18 6.09 2.38 5,402 2,551 673 5.65 -66,784 

18 5.77 2.25 5,582 2,642 695 5.58 0 

18 5.77 2.38 5,555 2,633 692 5.59 -15,449 

18 5.3 2.25 5,805 2,762 723 5.51 74,554 

18 5.3 2.38 5,811 2,770 723 5.51 72,147 

18 4.9 2.25 6,010 2,873 748 5.44 143,775 

18 4.9 2.38 6,045 2,895 753 5.44 152,557 

18 4.75 2.25 6,089 2,915 758 5.42 170,527 

18 4.75 2.38 6,138 2,944 764 5.41 184,506 

19.5 6.09 2.25 6,205 2,940 773 5.35 247,682 

19.5 6.09 2.38 6,356 3,016 791 5.31 303,736 

19.5 5.77 2.25 6,396 3,034 796 5.30 320,726 

19.5 5.77 2.38 6,587 3,129 820 5.24 392,728 

19.5 5.3 2.25 6,700 3,182 834 5.21 438,219 

19.5 5.3 2.38 6,940 3,301 864 5.15 529,892 

19.5 4.9 2.25 6,968 3,313 868 5.14 542,143 

19.5 4.9 2.38 7,241 3,447 902 5.08 646,883 

19.5 4.75 2.25 7,067 3,362 880 5.12 580,097 

19.5 4.75 2.38 7,350 3,500 915 5.05 689,614 

21 6.09 2.25 6,985 3,312 870 5.13 558,925 

21 6.09 2.38 7,217 3,426 899 5.08 648,228 

21 5.77 2.25 7,209 3,414 898 5.07 653,052 

21 5.77 2.38 7,466 3,538 930 5.01 753,179 

21 5.3 2.25 7,541 3,562 939 4.99 795,111 

21 5.3 2.38 7,805 3,688 972 4.93 900,171 

21 4.9 2.25 7,806 3,679 972 4.93 909,191 

21 4.9 2.38 8,053 3,795 1,003 4.88 1,010,105 

21 4.75 2.25 7,897 3719 983 4.91 949,081 

21 4.75 2.38 8,138 3,832 1,013 4.86 1,047,939 
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Table 7 

Economic values (in €/kg) of thermal growth coefficient (TGC) according to the average (Tm) and the amplitude (Ta) of 

temperature. When σg = 0.13. 

 

  Tm (˚C) 

  18 19.5 21 

Ta (°C) 

6.09 -0.02 0.05 0.07 

5.77 -0.02 0.06 0.08 

5.3 0 0.08 0.08 

4.9 0.01 0.08 0.07 

4.75 0.01 0.09 0.07 

 

 

 

  




