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1. ABSTRACT 

At present, aquaculture accounts for 53% of global fish production, excluding non-food uses. Its role 

in the human food basket is likely to increase in the future, both because of the increase in human 

population, which is estimated to l reach 9 billion people by 2050, and the change of dietary habits 

in developing countries, where the per capita fish consumption is expected to rise.  For these 

reasons, the European Union is promoting the growth both freshwater and marine aquaculture. 

One of the main farmed fish species in the UE and in Italy is represented by rainbow trout, that 

represented 28% of the Italian production in 2016. Trouts are farmed in raceways, mainly, located 

in the mountain region of the northeast part of Italy, such as: Friuli Venezia Giulia, Veneto and 

Trentino Alto Adige. 

 In this work, a bioenergetic model was developed to simulate the individual growth of 

rainbow trout during the grow-out phase, in relation to water temperature and food quantity, 

assuming a standard feed composition. The growth was estimated by using an energy budget model, 

which included anabolism and catabolism. Model parameters were estimated on the basis on the 

available literature.  

The results are consistent with the literature. These findings provide a sound basis for a quantitative 

validation of the model. 
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2. INTRODUCTION 

In the next decades, according to FAO, the importance of aquaculture in the human basket is likely 

to increase due to several concurrent factors: trend of global human population, change in diet 

preferences, current status of natural fish stocks and impacts related to climate change on them. 

Global human population is expected to reach 9 billion of people in 2050 and to stabilize around 

11.2 billion of people by the end of this century (United Nations, 2017): this is likely to increase the 

stress of current system of food production and delivery around the globe. Indeed, today, hunger is 

mainly related to uneven distribution of food, since there are countries suffering because of the lack 

of enough feed and others, where huge amount of food is wasted (Gustavsson et al., 2011). 

However, in the near future, food inequality and hunger are likely to spread around the world 

because natural resources are already over-exploited. Moreover, related to the problem of hunger, 

one should consider the issue of food security, which achievement represents one of the Sustainable 

Development Goals of the Agenda 2030 (SDG 2). Related to the issue of protein meet in human diet, 

which is the main cause of hunger, and recalling that the definition of food security involves the 

topic of human preferences in terms of food, it is worthy to highlight that people started to modify 

their food preferences, leading to a larger consumption of fish proteins since the end of the last 

century (Delgado et al., 2003): from 1950 to today, while human population has doubled, fish 

consumption per person has increased by a factor four (FAO, 2018).  

Modern aquaculture started about 70 years ago: since then, this sector has been constantly 

growing. In the last two decades, aquaculture experienced a growth about 8% per year, at a global 

scale, and today it represents the 53% of global fish production, excluding non-food uses (FAO, 

2018). A further expansion of aquaculture seems to be the only way to cope with the worldwide 

increase in the demand of aquatic food and products. In fact, fishery pressure on wild fish stocks 

has already reached, and in some cases overcome, sustainable level of catches (Branch et al., 2011). 

Moreover, fish stocks are threatened by the impact of climate change: global warming, ocean 

acidification, sea level rise and extreme events. In particular, global warming leads to higher water 

temperature, that can cause stressing conditions to fish, moving water temperature toward upper 

threshold of thermal tolerance since they are ectotherms, reducing fish growth in time and making 

unavailable spawning areas for cold-tolerant species. The effects of ocean acidification are still not 

clearly defined, but, in this case, fish pH tolerance can be pushed toward lower pH limit and negative 
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effects of reduced water pH have been demonstrated on the ability of calcification in teleost species 

(Santo, 2019). Even, sea level rise can represent a negative impact of climate on natural fish stocks 

because it can reduce spawning areas for fishes, especially in lagoon and coastal regions (Torio et 

al., 2015). Finally, it has been demonstrated that climate change increases the frequency of extreme 

events, like rainfall abundance or frequency in river regions, can negatively affect fish stock size 

because they can heavily reduce fish fertility and they can dramatically reduce the survival rate of 

eggs, leading to lower recruitments in next years (Hill et al., 2016). 

To this regard, aquaculture could contribute to release the pressure of fishery, as the fish feed 

industry is progressively substituting fish meal and fish oil with other components, e.g. plant 

proteins, insects, micro- and macroalgae. Aquaculture may, also, play a social role, leading to an 

improvement of local economic conditions, in particular in areas where fishery is becoming less and 

less profitable. However, aquaculture, as well as other livestock farming activities, has an impact on 

the environment and, if not properly regulated and managed, could lead to a deterioration of 

surrounding ecosystems. In particular, fish farming could lead to an increase in Nitrogen and in 

Phosphorus, discharged in rivers and coastal areas. This enrichment of nutrients can cause negative 

ecological phenomenon, such as eutrophication, which not only involves a degradation of the 

quality of the environment, but it can lead to anoxic events, because of organic matter degradation, 

negatively impacting animal and plants community of those areas (Datta et al., 2018).  

Hence, further development of the aquaculture sector must be based on more sustainable farming 

practices, using the newest and best technologies in order to reduce environmental impacts of these 

systems and, recently, the concept of Precision Fish Farming (PFF) has been developed, which was 

adapted from the concept of Precision Livestock Farming that was enforced in terrestrial plants since 

the beginning of the new millennium. This new approach aims to improve the accuracy, the 

precision and the reproducibility in farming operations; to facilitate more autonomous and 

continuous monitoring; to provide more reliable decision support and to reduce dependencies on 

manual labour and subjective assessment. In this way, the adoption of the approach of Precision 

Fish Farming implies a transformation of the aquaculture sector from a system based on the 

experience of farmers to a new system based on scientific knowledge, leading to a reduction of the 

environmental footprint of this kind of human activities together with an improvement of the 

economic profitability of these systems and a better evaluation of the wellbeing of fishes. This 
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strategy can be enforced today because the availability in real time of data on the environmental 

conditions and on the functional responses of fish to them and thanks to the availability at accessible 

costs of new technologies, that show better performances compared to the instruments used in the 

last decades (Føre et al., 2018).  

Bioenergetic models are fundamental for the implementation of this strategy because they can help 

farmers in understanding the well-being of the animals by predicting physiological responses to 

environmental conditions. In this way, bioenergetic models can be used, also, to define best 

practices, that aims to reduce wastes both in terms of fish feed and in terms of energy used; 

implying, also, a reduction of costs associated to these activities and increasing the economic 

profitability. 

According to the European Market Observatory for Fisheries and Aquaculture Products (EUMOFA, 

https://www.eumofa.eu/the-eu-market), the consumption of fish proteins from aquaculture in 

European countries is mainly sustained by importing large amount of fishes: they estimated that 

even 60% of European demand is imported from other countries, which means that the annual 

expenditure to import this kind of products is more than 100€ per capita. In order to reduce the 

dependence on fish import, the European Union is  promoting the growth of sustainable 

aquaculture through a set of initiatives, such as "Blue Growth" and by funding research projects 

under different funding programmes, such as H2020 and INTERREG.  

In this thesis, a bioenergetic model for rainbow trout, Oncorhynchus mykiss (Walbaum, 1792) was 

developed, as a first step towards the implementation of Precision Fish Farming within the 

framework of the EU H2020 project GAIN - Green Aquaculture INtensification in Europe, 

coordinated by Ca' Foscari University of Venice. 

Rainbow trout is, by volume, the main freshwater fish species produced in Italy, which, in 2016, was 

the leading European producer, covering the 19%  of the total volume. European production of 

rainbow trout experienced a reduction between the 2008 and 2016, leading to a production of 185 

thousand tonnes for a value of 615 million of euros (STECF - Scientific Technical and Economic 

Committee for Fisheries, 2018). 

  

https://www.eumofa.eu/the-eu-market
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2.1. TROUT BREEDING IN ITALY 

In the period between 2009 and 2015, freshwater aquaculture in Italy experienced a contraction, 

but it is expected to recover in next years. In terms of value, since 2015, trout production is not 

anymore the driving force of the sector due, also, to extreme events, like for example droughts, that 

negatively affected the production. Among the year 2015 and 2016, trout production covered 

around the 28% of the total aquaculture production both in terms of volume, about 40 thousand 

tonnes (STECF - Scientific Technical and Economic Committee for Fisheries, 2018; 

https://annuario.isprambiente.it/ada/basic/6953), and in terms of value, about 50 million of euros 

(STECF - Scientific Technical and Economic Committee for Fisheries, 2018). The reduction in 

production has caused a slightly increase of the retail selling price per kilos of fish, moving from less 

than 8
€

𝑘𝑔
 in 2012 to more than 10

€

𝑘𝑔
 in 2017 ( Analisi economica e Prospettive di Consumo, 2019). 

Rainbow trout are sold in the market in several forms: from hamburger to fillets and they are usually 

sold in fresh market, even if other preparations are possible from smoked to refrigerated (STECF - 

Scientific Technical and Economic Committee for Fisheries, 2018).  

Rainbow trout farms are located all over Italy, but the highest producing regions are Friuli Venezia 

Giulia, Veneto, Lombardia and Trentino Alto Adige. They are the first producers in terms of amount 

of fish produced, about 73% in 2010, and number of fish farms, about 70% in 2010 (Fabris, 2012). 

Trout farms are typically located in the mountain areas of these regions, near rivers, and they are 

land based systems; fish are reared in straight lines, called raceways, with just one entry on one side 

and one gate on the opposite site. Trouts require water of high quality with concentration of 

dissolved oxygen near saturation and for this reason is usually reared in channels, where water flows 

at high speed. Raceways are usually large two or three meter, which length is between ten and thirty 

meters. In farms, trout are fed with standard feed, which is usually of extruded type. 

It is worthy to highlight that most of the farmers have already implemented monitoring systems. 

2.2. GOAL AND STRUCTURE OF THE THESIS  

In this work, a bioenergetic model to simulate the individual growth for rainbow trout was 

developed and coded using the programming environment "R", an opensource software. The thesis 

is made up of this introduction and 6 chapters, including the abstract and excluding the appendix.  

https://annuario.isprambiente.it/ada/basic/6953
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In the next chapter (Chapter 3), the structure of the model is discussed, defining the main equation 

and the functional expressions used to simulate the growth of individuals through the time. Then, 

the list of physiological parameters is shown, parameters that are needed to characterize these 

equations. These parameters were both collected from a literature review or estimated by data 

published in other bioenergetic models. In sections 3.2.1 and 3.2.2, the estimation of some 

parameters and the calibration of the model are exposed.  

In Chapter 4, results of the previous methods are shown; while in Chapter 5 assumptions and 

analysis of the outputs of the model are discussed. In addition, in the latter chapter, a corroboration 

of the model is presented according to reference data on starving fish and according to a qualitative 

analysis of a simulation in real water temperature condition, kindly provided by a fish farm, located 

in the province of Trento. 

Finally, in Chapter 6 some conclusions are drawn. 

The analytical solution of the model equation assuming constant forcings and R scripts used to code 

the model are given in the Appendix. 
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3. METHODS 

3.1. GROWTH MODEL EQUATIONS 

The structure of the model and, hence, the equations used to simulate the growth of rainbow trout 

was taken from other deterministic and bioenergetic models, developed for seabream and seabass; 

(Brigolin et al., 2010; Brigolin et al., 2014). These models simulate the energy budget of the above 

species using the differential equation, (Equation 1), recalling that a differential equation is an 

equation involving an unknown function and its derivative: 

𝑑𝑤

𝑑𝑡
=

𝐴 − 𝐶

𝜀𝑇
 

(1) 

In which 

1. 𝑤 is the state variable of the equation and it represents the wet weight of a fish at time t; 

2. 𝐴  is the net anabolism: it represents the net energy income through feeding and it is 

expressed in 
𝐽

𝑑𝑎𝑦
; 

3. 𝐶 is the fasting catabolism, i.e. it measures the energy losses of a starving fish, and it is 

expressed in 
𝐽

𝑑𝑎𝑦
; 

4. 𝜀𝑇 represents the average energy content of the somatic tissue, i.e. the energy that can be 

obtained by metabolising 1 gram of somatic tissue: its unit is 
𝐽

𝑔𝑓𝑖𝑠ℎ
. It is needed to convert 

the energy budget into a mass budget. 

Both the net anabolism, 𝐴, and the fasting catabolism, 𝐶 , are estimated using some functional 

expressions, that are needed to characterize the energy balance at each time step in relation to the 

so called "driving functions", which are: water temperature, quality and quantity of feed provided 

by a farmer. 

The net anabolism is estimated according to Equation 2: 

𝐴 = (1 − 𝛼) ∗ 𝐼 ∗ [𝑐𝑝 ∗ 𝛽𝑝 ∗ 𝜀𝑝 + 𝑐𝑙 ∗ 𝛽𝑙 ∗ 𝜀𝑙 + 𝑐𝑐 ∗ 𝛽𝑐 ∗ 𝜀𝑐] (2) 

where: 

• 𝛼  represents the energy costs related to digestion, assimilation, transportation and 

biochemical treatment of food and it is assumed to be proportional to the assimilated food; 



 
 

  

MATTEO BOLZONELLA 9 

 

•  𝐼 represents the amount of food ingested by the fish; 

• [𝑐𝑝 ∗ 𝛽𝑝 ∗ 𝜀𝑝 + 𝑐𝑙 ∗ 𝛽𝑙 ∗ 𝜀𝑙 + 𝑐𝑐 ∗ 𝛽𝑐 ∗ 𝜀𝑐] represents the energy content of the feed. This 

latter is calculated considering the different contribution of proteins, lipids and 

carbohydrates in fish diet; indeed, they are mixed in fish feed in different percentiles, 

expressed by mean of the terms 𝑐𝑝, 𝑐𝑙, 𝑐𝑐 for proteins, lipids and carbohydrates respectively. 

Moreover, they have different energy content per unit of mass, that is stated by using the 

parameters  𝜀𝑝, 𝜀𝑙 , 𝜀𝑐  for proteins, lipids and carbohydrates respectively. In addition, the 

model considers, also, that proteins, lipids and carbohydrates are assimilated with different 

rates in the guts of fish, which is expressed by mean of the terms 𝛽𝑝, 𝛽𝑙, 𝛽𝑐. 

The ingestion rate of feed, 𝐼, is expressed by Equation 3: 

𝐼 = 𝐼𝑚𝑎𝑥 ∗ 𝐻(𝑇𝑤) ∗ 𝑤𝑚 (3) 

This variable is a function of the size of the gut of fish, which is assumed to be proportional to fish 

size, 𝑤𝑚, and to be a function of water temperature. The anabolism of fish is strongly affected by 

water temperature since the process of synthesis of new biomass, i.e. the anabolic part of the 

metabolism, is mediated by enzymes, whose activity depends on the temperature of the organism.  

This relationship between water temperature and the ingestion rate is expressed by 𝐻(𝑇𝑤) and it 

measures the effect of water temperature on the appetite of the animal. The expression for 𝐻(𝑇𝑤) 

is given by Equations 4: 

𝐻(𝑇𝑤) = (
𝑇𝑚 − 𝑇𝑤

𝑇𝑚 − 𝑇𝑜
)

𝑏(𝑇𝑚−𝑇𝑜)

∗ 𝑒𝑏(𝑇𝑤−𝑇𝑜) 
(4) 

This expression, Equation 4, is defined for water temperature, 𝑇𝑤 , between 0°𝐶  and maximum 

lethal temperature, 𝑇𝑚; it increases until water temperature reaches the optimality, 𝑇𝑜, and, then, 

it decreases until water temperature reaches the maximal lethal temperature. The shape of this 

curve is given by the parameter 𝑏. As can be seen in Equation 3, there is, also, another parameter 

playing a role in determining the ingestion rate, i.e. 𝐼𝑚𝑎𝑥 : the product of this parameter by 𝑤𝑚 

represents the maximum ingestion rate for a fish of a given weight.  

𝐼 = 𝐼𝑟𝑎𝑡𝑖𝑜𝑛, 𝑤ℎ𝑒𝑛 𝐼 ≥ 𝐼𝑟𝑎𝑡𝑖𝑜𝑛 (5) 

𝐼 = 0, 𝑤ℎ𝑒𝑛 𝑇 < 𝑇𝑙𝑓 (6) 
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Therefore, the amount of feed actually provided, 𝐼𝑟𝑎𝑡𝑖𝑜𝑛, is compared with I: see Equation 5. Thanks 

to this equation an upper threshold on ingestion rate was set by considering the amount of fish feed 

provided by the farmer, 𝐼𝑟𝑎𝑡𝑖𝑜𝑛. In particular, if the potential ingestion rate at a certain day, 𝐼, is 

higher than the amount of fish feed provided by the farmer, 𝐼𝑟𝑎𝑡𝑖𝑜𝑛, in the same day; then, the 

model imposes that the ingestion rate is equal to this latter. 

In addition, to fish ingestion rate, also, a lower threshold was imposed, as can be seen in Equation 

6, by considering a minimum temperature below which fish do not eat, called lowest feeding 

temperature (𝑇𝑙𝑓).  

The fasting catabolism, i.e. the term 𝐶  in Equation 1, accounts for the energy lost for the 

maintenance of living functions of a fish that is not being fed. It is assumed to be a function of the 

respiration rate of the fish and to its fish size, according to Equation 7: 

𝐶 =  𝜀𝑂2
∗ 𝐾(𝑇𝑤) ∗ 𝑘0 ∗ 𝑤𝑛 (7) 

The loss is expressed in terms of grams of oxygen consumed and, hence, to convert this amount into 

energy release, the parameter 𝜀𝑂2
was used, which represents the energy made available by 

consuming a gram of free oxygen. 𝐾(𝑇𝑤) represents, in analogy with 𝐻(𝑇𝑤) for the anabolism, the 

effects of water temperature on the catabolism of the fish and it was assumed have a simple 

exponential function, that increases with increasing water temperature, as in the case of the models 

for seabream and seabass (Brigolin et al., 2010; Brigolin et al., 2014). Equation 8 shows how to 

estimate 𝐾(𝑇𝑤). 

𝐾(𝑇𝑤) = epk∗Tw  (8) 

Table 1 summarises the functional expressions needed to characterize the anabolic and the 

catabolic terms. 
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Table 1. Functional expressions for the estimation of net anabolism and fasting catabolism 

Functional expressions for Net Anabolism  Number of 
equations 

𝐴 = (1 − 𝛼) ∗ 𝐼 ∗ [𝑐𝑝 ∗ 𝛽𝑝 ∗ 𝜀𝑝 + 𝑐𝑙 ∗ 𝛽𝑙 ∗ 𝜀𝑙 + 𝑐𝑐 ∗ 𝛽𝑐 ∗ 𝜀𝑐] (2) 

𝐼 = 𝐼𝑚𝑎𝑥 ∗ 𝐻(𝑇𝑤) ∗ 𝑤𝑛 (3) 

𝐻(𝑇𝑤) = (
𝑇𝑚 − 𝑇𝑤

𝑇𝑚 − 𝑇𝑜
)

𝑏(𝑇𝑚−𝑇𝑜)

∗ 𝑒𝑏(𝑇𝑤−𝑇𝑜) 
(4) 

𝐼 = 𝐼𝑟𝑎𝑡𝑖𝑜𝑛, 𝑤ℎ𝑒𝑛 𝐼 ≥ 𝐼𝑟𝑎𝑡𝑖𝑜𝑛 (5) 

𝐼 = 0, 𝑤ℎ𝑒𝑛 𝑇 < 𝑇𝑙𝑓 (6) 

Functional expressions for Fasting Catabolism 
 

 

𝐶 =  𝜀𝑂2
∗ 𝐾(𝑇𝑤) ∗ 𝑘0 ∗ 𝑤𝑛 (7) 

𝐾(𝑇𝑤) = epk∗Tw  (8) 
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3.2. A PRIORI IDENTIFICATION OF MODEL PARAMETERS 

As can been seen from the qualitative description of the model above, the model requires the 

specification of several parameters, that were taken from a literature review or estimated on the 

basis of published data. The model parameters are listed in Table 2, which shows their units and 

sources. 
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Table 2. List of parameters used in the model of O. mykiss and their sources 

 

  

Parameter Description Value Unit Source 

𝐼𝑚𝑎𝑥 Maximum ingestion rate 0.075 
𝑔

𝑔𝑓𝑖𝑠ℎ∗𝑑
  Calibrated in this study  

𝛼 Feeding catabolism coefficient 0.3  -  Brigolin et al., 2014 

𝛽𝑝 Assimilation coefficient for protein 0.8  -  van Dam et al., 1995 

𝛽𝑙 Assimilation coefficient for lipid 0.8  -  van Dam et al., 1995 

𝛽𝑐 
Assimilation coefficient for 

carbohydrate 
0.4  -  

van Dam et al., 1995 

𝜀𝑝 Energy content of protein 23.6 
𝑘𝐽

𝑔𝑝𝑟𝑜𝑡
 Brett & Groves, 1979 

𝜀𝑙  Energy content of lipid 36.2 
𝑘𝐽

𝑔𝑙𝑖𝑝
 Brett & Groves, 1979 

𝜀𝑐 Energy content of carbohydrate 17.2 
𝑘𝐽

𝑔𝑐𝑎𝑟𝑏
 Brett & Groves, 1979 

𝜀𝑂2  
Energy consumed by the respiration 

of 1g of oxygen 
13.6 

𝑘𝐽

𝑔𝑂2

 Brafield & Solomon, 1972 

𝜀𝑇   Energy content of somatic tissue 5.763 
𝑘𝐽

𝑔𝑠𝑜𝑚𝑎𝑡𝑖𝑐
 

Johnson et al., 2017; 

 van Poorten et al., 2010 

𝑝𝑘 
Temperature coefficient for the 

fasting catabolism 
0.07 

1

°𝐶
 

Estimated in this study from 

Wieser, 1985 and Myrick & 

Cech, 2000   

𝑘0 Fasting catabolism at 0°C 0.0018 
1

𝑑𝑎𝑦
 

Estimated in this study from 

Wieser, 1985 and Myrick & 

Cech, 2000   

𝑚 Weight exponent for the anabolism 0.67  -  From & Rasmussen, 2017  

𝑛 Weight exponent for the catabolism 1  -  From & Rasmussen, 2017  

𝑏 Shape coefficient for the 𝐻(𝑇𝑤)  0.23  -  Brigolin et al., 2014 

𝑇𝑚 
Maximum lethal temperature for O. 

mykiss 
25 °𝐶 

Raleigh et al., 1984 

𝑇𝑜 Optimal temperature for O.mykiss 15 °𝐶 Raleigh et al., 1984; FAO, 2011 

𝑇𝑙𝑓 
Lowest feeding temperature for O. 

mykiss 
2 °𝐶 FAO, 2011 
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Most parameters were estimated on the basis of specific literature concerning rainbow trout, apart 

from:  

1. the parameter 𝛼  , which was taken from seabass (Brigolin et al., 2014). This parameter 

measures the costs related to the processing of food by fish and it was estimated by 

comparing the daily energy requirement for the specific dynamic action in terms of oxygen 

consumption rate with the energetic demand for a resting fish in terms of oxygen 

consumption. No article was found for rainbow trout.  

2. The parameter 𝑏, which defines the shape of the function regulating the appetite of the fish 

according to change in water temperature, 𝐻(𝑇𝑤): unfortunately, pubblished data on the 

modification of the net anabolism of rainbow trout with temperature were not available. 

The energetic content of somatic tissue, 𝜀𝑇, according to van Poorten et al., 2010, is a linear function 

of the weight:  

𝜀𝑇,𝑡 = 5763 + 0.986 ∗ 𝑤𝑡 (9) 

In this model, however, it was assumed a constant energy content, i.e. 5763
𝐽

𝑔
 : this approximation 

leads to a slight underestimation of the parameter within the range of the most common harvest 

size, i.e. 300g - 1000g.  

The remaining parameters,namely : 𝑝𝑘, 𝑘0 and 𝐼𝑚𝑎𝑥 were estimated as follows. Since these three 

parameters belong  both to catabolism, the formers, and to anabolism, the latter, they provide 

opposites effects on the energy budget of a fish. For this reason it was necessary to estimate at least 

one of these effect.  

3.2.1. ESTIMATION OF pk AND k0 

The parameters 𝑝𝑘 and 𝑘0, regulate the response of catabolism of the fish to changes in water 

temperature. The general idea for the estimation of these parameters was to look for oxygen 

consumption rate of several starving fish at different water temperatures. According to the models 

developed for seabream and for seabass, it was assumed that the oxygen consumption rate in these 

conditions was proportional both to the size of an animal and to water temperature. Indeed, water 

temperature can heavily affect the respiration rate because it can accelerate or reduce the 
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metabolic activity and, hence, the energy requirement of active life of this organism. In 

mathematical terms, the oxygen consumption rate is expressed by Equation 10. 

𝑑𝑂2

𝑑𝑡
= 𝑘0𝑒(𝑝𝑘∗𝑇𝑤) ∗ 𝑤𝑛 

(10) 

As can be seen from this equation, the parameter 𝑝𝑘  is a coefficient of the exponent of the 

exponential curve and, therefore, in order to simplify the estimation procedure, the natural 

logarithm to both sides of the equation. The final expression used to estimate these two parameters 

is shown in Equation 11. 

ln

𝑑𝑂2

𝑑𝑡
𝑤𝑛

= ln 𝑘0 + 𝑝𝑘 ∗ 𝑇𝑤 

(11) 

Once the relationship between oxygen consumption rate and temperature was linearized, a 

statistical linear regression method was applied to the data by means of the statistical software R. 

Thanks to this software, developed for statistical calculations, it was, also, possible determine an 

index of goodness of fit, 𝑅2, and the significance of them. 

The estimations of these parameters were based on a set of oxygen consumption data, reported by 

Wieser, 1985 and by Myrick et al., 2000. In the former article, they measured the relationship 

between the routine metabolism and the maximum rate of metabolism with the water 

temperature; in particular, from their experiments, of course, only data from non-fed fishes were 

considered. However, Wieser, recorded oxygen consumption rate only at the water temperatures 

of 4°𝐶 and of 12°𝐶. For this reason, in order to make more significant the regression analysis, data 

from the latter article were considered. In particular, in this paper by Myrick et al., 2000, they 

measured the oxygen consumption rate of several wild individuals of rainbow trout, of different 

size, caught in two different locations, Eagle Lake and Mt. Shasta (USA), at different water 

temperature in two different years. However, it was decided to use data related only to a water 

temperature equal to 19°𝐶 because it was the only temperature in which fish were caught in both 

locations and in both years. 
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3.2.2. ASYMPTOTICALLY ANALYSIS AND CALIBRATION OF THE MODEL 

The model was calibrated by estimating the value of maximum ingestion rate, 𝐼𝑚𝑎𝑥.  

On the contrary of the models developed for seabream and seabass, in which this parameters was 

set considering feeding tables for those species and according to the literature, where it represents 

a certain percentage of the wet body weight of the fish (Brigolin et al., 2010; Brigolin et al., 2014); 

in the model developed in this work it was decided to do not adopt this approach. In particular, the 

main problem related to the approach was recognized during the asymptotically analysis of the 

model. This method is useful to predict the response of the state variable in the long term and it 

was performed by assuming water temperature constant in time because in this way, both 𝐻(𝑇𝑤) 

and 𝐾(𝑇𝑤) were kept the same for the all analysis. In this way the Equation 1, considered the 

auxiliary equations (Equations from 2 to 7) it gets the form of: 

𝑑𝑤

𝑑𝑡
=

𝑎𝐼𝑚𝑎𝑥𝑤𝑚 − 𝑐𝑤𝑛

𝜀𝑇
 

(12) 

Where: 

• 𝑎 represents the product of the parameters for the net anabolism; in particular, it can be 

determined as: 

𝑎 = (1 − 𝛼) ∗ 𝐻(𝑇𝑤) ∗ [𝑐𝑝 ∗ 𝛽𝑝 ∗ 𝜀𝑝 + 𝑐𝑙 ∗ 𝛽𝑙 ∗ 𝜀𝑙 + 𝑐𝑐 ∗ 𝛽𝑐 ∗ 𝜀𝑐] (13) 

• c represents the product of the parameters for the fasting catabolism and it can be 

calculated as: 

𝑐 = 𝑘0 ∗ 𝜀𝑂2
∗ 𝐾(𝑇𝑤) (14) 

Given the above condition of constant water temperature, net anabolism and fasting catabolism 

are just function of fish weight and, then, they are constant in the equation.  

This parameter was, firstly, estimated based on reliable weight in infinite time, 𝑤∞ (see Equation 

15), assuming constant water temperature and quality of fish feed.  

Then, starting from this initial value, a finer calibration of the model was conducted by minimising 

the goal function, 𝑆𝑆𝑅, expressed by equation 16. In particular, it was decided to change the value 

𝑤∞ = (
𝑎𝐼𝑚𝑎𝑥

𝑐
)

3

 
(15) 
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of this parameter, starting from a maximum wet weight in the long run of 5kg and stop to a 

maximum weight of 7.5kg. The interval between these two thresholds was investigated by equally 

distant point.  

 

𝑆𝑆𝑅 = ∑(𝑊𝑜𝑏𝑠 − 𝑊𝑝𝑟𝑒𝑑)
2

𝑛

𝑖=1

 
(16) 

In which: 

• 𝑊𝑜𝑏𝑠 represents the wet weight observed in a reference; 

• 𝑊𝑝𝑟𝑒𝑑 is the wet weight predicted by the model;  

Table 3 reports the value of maximum wet weight of fish in infinite time and the relative value 

of 𝐼𝑚𝑎𝑥  

Table 3. List of infinite wet weight used for the calibration of the model and relative value of maximum 

ingestion rate 

𝑊∞ 𝐼𝑚𝑎𝑥 

kg 

𝑔𝑓𝑜𝑜𝑑

𝑔𝑓𝑖𝑠ℎ ∗ 𝑑
 

5.00 0.068812 

5.25 0.069941 

5.50 0.071034 

5.75 0.072094 

6.00 0.073124 

6.25 0.074126 

6.50 0.075101 

6.75 0.076052 

7.00 0.076980 

7.25 0.077885 

7.50 0.078771 

 

In particular, the calibration of the model was conducted by comparing the output of the model 

with a time series of weight data during a rearing cycle published in Kenney PB, 2014 and the goal 

function, expressed in equation 16, represents the sum of the square residuals among them. It 

was decided to choose this time series because they fed the fishes to satiation and, then, the 

maximum ingestion rate could be calculated. 
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3.3. NUMERICAL SOLUTION OF THE MODEL 

3.3.1. DESCRIPTION OF THE PROGRAMMING ENVIRONMENT 

The model was coded in R, (version: 3.4.2, https://cran.r-project.org/) an opensource software, 

within Rstudio, that can, also, be freely downloaded. R is both a language and an environment, that 

can use external packages, developed by several kind of agencies, from academic to private societies 

and freely published to the users, to compute statistical analysis and plot graphs. This software has 

been developed for the most important operating systems, such as: Windows, Linus and Max OS X. 

Rstudio is an integrated development environment to make the use of R easier and it can combine 

different functions. The initial window of Rstudio is distinguished in 4 different panels: 

1. Script area, in which it is possibly create and save own scripts; 

2. Console, in which lines code are executed; 

3. Workspace, in which the list of the all created objects appears, such as: functions, arrays, 

matrixes, variables; 

4.  Visualization area, in which the lists of downloaded packages and plotted graphs are shown; 

3.3.2. CODIFICATION OF THE MODEL 

The model was coded using the above language and environment; in particular, different scripts 

have been created: 

1. Skeleton, that creates in the final location of the path provided a folder, called 

Trout_individual, where forcing functions and parameters must be located and where 

outputs are produced; 

2. Dataloader, that is needed to upload the inputs provided by the user in the environment; 

3. Equations, which all the equations of the bioenergetic model were coded; 

4. RKsolver, that applies the numerical method to solve the energy budget; 

5. Post, that produces both the time series of the predicted wet weight in a csv file and it 

produces, also, a graphical representation of the csv file of weight; 

6. Main, which recalls all the other scripts 
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The numerical method applied to solve the differential equation, describing the energy budget for 

the individual growth (Equation 1) is a 4th order Runge-Kutta. It was used according to literature 

(Press et al., 1987) and because it has been already implemented in the bioenergetic models of 

seabream and seabass (Brigolin et al., 2010; Brigolin et al., 2014). 

The Runge-Kutta methods are a family of iterative methods, used in temporal discretization for the 

approximation of the solutions of differential equations. The most applied method of this family is 

represented by the 4th order. 

The codification of the bioenergetic model for rainbow trout followed the code lines, freely 

available, of the models of seabream and seabass and, for this reason, the codification and the 

implementation of the numerical approach was, already, done.  

The code lines of each function are reported in the Appendix (Sections 8.2.1 and following). 

3.4. ANALYTICAL SOLUTION OF THE VON BERTALLANFY EQUATION 

In order to verify the accuracy of the numerical solution of the model to the differential equation, it 

was decided to solve analytically the energy budget, assuming constant water temperature and 

standard feed composition, kept constant in time (Equation 1). The model could be accepted if the 

wet weight during the time predicted by the model through the numerical integration is similar to 

the one estimated by solving analytically the differential equation. It is worthy to highlight that 

numerical solution should looks like the analytical one and not to be the same; this is due to the fact 

that numerical approaches to solve differential equations provide approximated solutions of the 

equations; while analytics provides exact solutions to the differential equation. 

To solve analytically the energy budget (Equation 1), it was decided to assume the same conditions 

of above. i.e. constant water temperature in order to make 𝐻(𝑇𝑤) and 𝐾(𝑇𝑤) constant in time and, 

then, they could be taken out of the integration. As well as for the calibration of the model above, 

it was assumed that feeding was not limiting and, hence, feed is provided in excessive doses. 

So, in order to obtain the analytical solution, one should have strong mathematical basis and start 

from Equation 1 

𝑑𝑤

𝑑𝑡
=

𝐴 − 𝐶

𝜀𝑇
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Then, since it was assumed the same condition of the estimation of the parameters for the fasting 

catabolism, 𝑝𝑘 and 𝑘0, one can apply Equations 12 and 13. In this way, Equation 14 is obtained 

again, but this time we can consider inside 𝑎, also, the parameter 𝐼𝑚𝑎𝑥. Therefore, Equation 1 will 

result in: 

𝑑𝑤

𝑑𝑡
=

𝑎𝑤𝑚 − 𝑐𝑤𝑛

𝜀𝑇
 

(17) 

Then, by substituting the values of m and n reported in Table 2, one obtains: 

𝑑𝑤

𝑑𝑡
=

𝑎𝑤
2
3 − 𝑐𝑤

𝜀𝑇
 

(18) 

At this point, to go further in the analytical approach, it is convenient operate a change of variable: 

in particular, to shift from weight to length and this can be done because of the allometric 

relationship, existing between these two variables. This allometric relationship exists for rainbow 

trout (Post et al., 2007; Tasaduq et al., 2016), but it is true in general for all fishes, and it shows a 

linear proportionality between the weight of the fish and the third power of its length. This law can 

be expressed by mean of the following equation: 

𝑤(𝐿) = 𝑘𝐿3 (19) 

Where: 

• 𝑤 represents fish weight; 

• 𝐿 is the length of the fish; 

• 𝑘 represents a generic constant  

Finally, the analytical solution of the energy budget, assuming constant water temperature and 

constant feed quality, is shown in Equation 20. The complete solution of the integration of this 

equation is attached in Appendix (Section 8.1) 

𝐿(𝑡) = 𝐿∞(1 − 𝑒−𝑘2(𝑡−𝑡0))  (20) 

Where 𝑘2 represents a new constant related to respiration. At this point, by just changing the time 

it is possible to compare the two solutions. The comparison between the analytical and the 

numerical solutions were done through a graphical inspection by plotting one solution against the 

other. 
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4. RESULTS 

In this section, the results of the model calibration are presented. First the estimation of the 

parameters to characterize the fasting catabolism of rainbow trout; then, the evaluation of the 

maximum ingestion rate, 𝐼𝑚𝑎𝑥 , by calibrating the bioenergetic model to simulate the individual 

growth of this species is exposed.  

4.1. ESTIMATION OF pk AND k0 

As said above in methods, the estimation of the parameters 𝑝𝑘  and 𝑘0  was based on the data 

published in Wieser, 1985 and in Myrick et al., 2000 and they were estimated by performing a 

statistical linear regression. However, it is worthy to recall that data were manipulated before the 

analysis by applying the natural logarithm to the data. Then, using the statistical software R the 

linear regression method was applied. In figure 1, data used for this estimation are plotted (black 

dots); it was decided to insert in the x-axis the water temperature in terms of Celsius degrees (°C), 

while in the y-axis the logarithm of the ratio between oxygen consumption rate and weight, 

expressed in terms of grams of oxygen per unit of mass. 
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Figure 1. Results of linear regression analysis 

It was decided to adopt this strategy for the plot because, in this way, 𝑘0 is the logarithm of the 

interested value and, in this form, it represents the value of the intercept of straight regression line. 

On the contrary, 𝑝𝑘  is the slope of the regression line. In Figure 1, the red line represents the 

regression line, resulted by the statistical analysis. As can be seen from this figure, data are still quite 

dispersed around the line both above and below for the data provided by Wieser, 1985, while only 

below for those of Myrick et al., 2000. This situation negatively affects the index related to the 

goodness of fit, R2, which, indeed, results equal to around 60%. For this reason, it seems that the 

effect of weight on the rate of respiration of these fish is not fully considered and, further research 

on this issue must be done. 

However, both parameters significantly differ from zero and their values, as reported in Table 2, are: 

𝑘0 equals to 0.0018
1

𝑑𝑎𝑦
; while 𝑝𝑘 is 0.07

1

°𝐶
. 
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4.2. CALIBRATION OF THE MODEL 

As discussed in the section of methods, the calibration of the model was performed by, firstly, 

estimating the maximum ingestion rate from a reliable weight at the infinity, assuming constant 

water temperature and feed composition. Then, this parameter was slightly changed in order to 

minimize the errors between model output and a set of data published in Kenney PB, 2014. Figure 

2 shows the graph of real observations on which model calibration was performed. 

 

Figure 2. Growth of rainbow trout during 26 months of rearing recorded by Kenney PB, 2014. Source: 

Kenney PB, 2014 

The minimum of the 𝑆𝑆𝑅 function was found by comparing by hand the two lists of weight. This 

was due to the fact the data from the article are provided each month; while the model provides 

prediction of wet weight with a daily step. Moreover, in the article, since the counted the months 

of the cycle, it was not clear when they take the measurements of weight of the fish. For this 

reason, it was decided to consider the initial weight of 1 gram as reported by Kenney PB, 2014, 

which corresponds to their first month, and start the execution of the model the 1st of January. 

Then, the data provided by the article, where compared with the weight on the first day of the 

following month in the prediction computed by the model. 
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In the following figure, Figure 3, the distribution of the function 𝑆𝑆𝑅 is shown, which represents the 

sum of the square residuals estimated as in Equation 16. For each value of maximum wet weight, it 

was estimated the relative 𝐼𝑚𝑎𝑥, according to Equation 15 

 

Figure 3. Distribution of sum of square errors between predicted and observed 

As one should expect, the distribution of sum of square residuals describes a parabola, which lowest 

peak represents the best fitting value for the interested parameter. The best fitting value for 𝐼𝑚𝑎𝑥 

is 0.075, which corresponds to a maximum wet weight in an infinite cycle of 6.5𝑘𝑔.  

Figure 4 shows the curve of growth predicted by the model, using the best fitting value of the 

parameter on maximum ingestion rate, in orange; while blue dots represents the data observed by 

Kenney PB, 2014. Moreover, to the predicted weights provided by the model, standard deviation 

was added for each point and this is shown by the upper and lower bound; it is worthy to highlight 

that for the first five months, the lower bound of the standard deviation was excluded by the plot 

because weights were lower than zero, which is meaningless. The standard deviation for each point 

was calculated by dividing the sum of square residuals for the total number of observations provided 

by Kenney PB, 2014 (26 observations) and, hence, it represents the mean error for each point. 

As can be seen in Figure 4 and considering the mean error of each data, the weights predicted by 

the model are quite similar to those observed in the reference. However, it seems that in the first 

year, the model tends to overestimate the wet weight of an individual of rainbow trout farmed at 
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constant temperature and feed to satiation; while at the end of the cycle; the model tends to 

underestimate the real weight of the farmed fish. 

 

Figure 4. Best fitting growth curve in terms of weight [g] 
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5. DISCUSSION 

5.1. CORROBORATION OF THE ESTIMATION OF pk AND k0 

It was decided to compare the losses in terms of weight simulated with the model with those 

reported by Weatherley et al., 1981. In this article, they let starving an individual of rainbow trout 

for 13 weeks and, then, they assessed its capacity of recover by feeding it at a constant temperature 

of 12°𝐶. The model was, then, forced by considering this temperature and by providing a daily 

ration equal to 0𝑔 and a starting weight equals to the one reported in the article; in particular it was 

set an initial weight of 10.74𝑔. The results are showed in Figure 5. 

 

Figure 5. Comparison between predicted weight loss and observed by Weatherley et al., 1981 

Figure 5 shows the weights observed by Weatherley et al., 1981, which are the blue dots, and the 

weights predicted by the model under a starvation regime, the orange dots. As can be seen the 

model tends to overestimate the weight of an individual of rainbow trout under this particular 

regime, implying that the value of the parameters used to estimate the fasting respiration and, 

hence, the energy consumption for maintenance, should be higher than those estimated.  
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5.2. CALIBRATION OF THE MODEL 

Figure 6 represents another way of comparing weights predicted by the model with those observed 

by Kenney PB, 2014. In particular, in this graph, the time series of weight reported in the article was 

inserted in the x-axis; while predicted weights by the model were considered in the y-axis. If 

predicted and the observed weights perfectly match, which means that observed and predicted 

weights were the same, the blue points should belong to the bisectrix of the first and of the third 

quadrants. 

 

Figure 6. Comparison between predicted weight and observed 

Figure 6 shows that, the model tends to overestimate the observed weight in the range 0-3500 

grams, since the blue points are located above the bisectrix; while, the model underestimates the 

observation for higher weights. The model does not seem to be able to catch the inflection point 

located near the 5𝑘𝑔. This is due to the calibration procedure, but several factors could be affected 

it leading to that value of maximum ingestion rate, 𝐼𝑚𝑎𝑥. 

First of all, as can be seen from Figure 2, the data provided by Kenney PB, 2014 are characterized 

by a certain uncertainty, which is not constant in time: for the first 18 months, the standard 

deviation is so small that cannot be really appreciable; while, for the last months, the uncertainty 

associated to fish weight is much higher. This means that, during the calibration procedure, the last 

data should be considered less important to be caught by the model due to the higher uncertainty; 

while those with the smallest uncertainty, should be better interpolate by the model. However ,it 
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was not possible to assess the uncertainty of each weight because Kenney PB, 2014 did not provided 

a list of it and, hence, it was not feasible adopt this strategy of different weights of importance of 

the data. Therefore, it was decided to neglect the uncertainty of the observed weights and, in this 

way, it was given to all of them the same level of importance. This factor has, for sure, affected the 

calibration of the model, leading to higher value of maximum ingestion rate, 𝐼𝑚𝑎𝑥, than it should 

be. Another reason for which the model does not perfectly match with the observed data reported 

in the article could be that, while in the model it was assumed a constant temperature for all the 

simulation equals to 13°𝐶, in the experiment conducted by Kenney PB, 2014  water temperature in 

mean was equal to the one set for the developed model, but there were a lot of fluctuations around 

it and this can have affected the growth of the fish recorded. Finally, there is another factor that 

could affect the calibration procedure. The model provides predictions with a daily time step while, 

in the article, observations of fish weight are reported with a monthly time step. However, it is not 

clear when they measured the weights, if at the beginning or at the ending of each month.  

However, the best fitting maximum weight in infinite time, 𝑤∞ = 6.5𝑘𝑔, is in agreement with what 

reported in several websites on trout breeding (for example 

http://www.agraria.org/pesci/trotairidea.htm), for which the maximum weight is between 6𝑘𝑔 and 

7𝑘𝑔 . Therefore, the value of the parameter of maximum ingestion rate, 𝐼𝑚𝑎𝑥 , seems to be 

acceptable. 

5.3. ANALYTICAL VS NUMERICAL SOLUTIONS 

In order to evaluate the accuracy in the predictive capacity of the model, the numerical solution 

provided by it was compared to the one resulting by solving analytically the energy budget, given 

the same conditions: i.e. constant water temperature and non-limiting feeding. The comparison was 

done using a graphical inspection (Figure 7). 

This evaluation was made by inserting the weight estimated by solving analytically the energy 

budget in the x-axis; while in the y-axis, the numerical solution was set. The blue line represents the 

comparison, while, in orange, the bisectrix of the first and of the third quadrants is shown. Indeed, 

if numerical and analytical solutions perfectly match, the resulting points should belong to the 

bisectrix. As can be seen in Figure 7, the two lines tend to be more distant as time goes on, in facts: 

for fish size lower than 2𝑘𝑔, the two lines are very similar and, even, at the beginning they overlap; 

http://www.agraria.org/pesci/trotairidea.htm
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while, at the end, the two curves diverge. Given this situation, it seems that the analytical solution 

is always overestimating compared to the estimation provided by the model, but the difference 

among them is not significant and, hence, the model works properly.  

 

Figure 7. Comparison of weight predicted by the model and analytically estimated 

5.4. SIMULATIONS USING REAL WATER TEMPERATURE TIME SERIES 

Therefore, the model was used to simulate the growth of an individual of rainbow trout in real 

conditions: in particular, as in the simulations above, it was assumed that fish was fed to satiation 

with standard feed composition; while, on the contrary of before, water temperature was provided 

by a farmer, located in the province of Trento, that rears rainbow trout. In this way, it was possibly 

understanding if the model works properly or not, releasing the ideal conditions of above.  

The simulation was applied to a rainbow trout, whose weight the first day was 20𝑔 and the cycle 

was started on the 14th of January 2016 and it last for 26 months, ending, hence, the 3rd of March 

2018.  

Figure 8 shows the predicted growth of an individual during this cycle and given the above forcing 

functions. As can be seen from this figure, from the beginning to March 2016, the growth in weight 

in the individual is not so marked; while during summer and fall 2016, it experiences an exponential 
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growth in terms of weight, leading to a weight above 1.2𝑘𝑔. During winter between the two years, 

the growth stops and, even, the fish loses weight, which, indeed, goes back to a fish size of 1𝑘𝑔. The 

same pattern is depicted for the 2017: an exponential growth followed by a loss in weight during 

winter and, at the end, the fish reaches a weight of around 2.5𝑘𝑔. This curve of the simulated 

growth was analysed by the farmer, that kindly provided the time series of water temperature, and, 

according to his expert judgement, the output of the model matches to what happens in his plant. 

However, he criticises the loss of weight during the winters. 

 

Figure 8. Growth curve in terms of weight [g] for 26 months of cycle with real temperature 

The losses in weight is due to the fact that water temperature during winter season (Figure 9) can 

reach temperature below the one for which fish stops eating, the above called lowest feeding 

temperature (𝑇𝑙𝑓; blue line in Figure 9) , and this situation can last even for long period, on which 

fish do not eat at all. In order to reduce the loss in terms of weight for starving fish, the parameters 

𝑝𝑘 and 𝑘0 should be decreased. This seems to be in contradiction with what reported above in the 

corroboration, but it is not necessarily true because the farmer rears fish that are much larger in 

size. In addition, water temperature in the experiment above in section 5.1. is higher than lowest 

feeding temperature, which implies that the metabolic activity of fish in the experiment is much 

higher than those farmed in real thermal regime and this leads to higher weight losses. 
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Figure 9. Water temperature [°C] measurements in 2016 and 2017 

Then, the ability in the predictive capacity of the model was assessed in terms of days to reach the 

commercial size, that have been provided by the farmer again. In facts, he has several sizes for trout 

and each size is associated to different market goals. Table 4 shows these categories. 

Table 4. Commercial size categories provided by the farmer 

Commercial size [g] 

300 

600-800 

1000 

To assess the number of days for which an individual of rainbow trout can reach these commercial 

sizes, it was simulated to farm a fish in two different years and, in this way one can see how water 

temperature can heavily affect the growth; in particular the two selected years were 2016 and 2017 

because they are the most complete time series among those provided by the farmer. The outcomes 

of the model, in terms of weight, are showed in Figure 10. The initial conditions for the simulations 

were an initial weight for both years, both simulations start the 14th January and end the 28th of 

December. 
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Figure 10. Comparison of growth curves in terms of weight [g] in 2016 and 2017 

As can be seen from Figure 10, the curves associated to the two years are quite similar, except at 

the end, where they diverge. In particular, in both years to reach the commercial size of 300𝑔 a 

rearing cycle of around 6 months is needed; while to reach a weight of 800𝑔, in both cases, the fish 

should be farmed for around 280 days. Finally, in 2016 a cycle of rearing of 340 days was needed to 

let the fish reach the commercial size of 1𝑘𝑔; which, instead, is not reached in 2017 

These different behaviours can be explained by considering water temperature, which 

measurements are showed in Figure 11. Looking at this figure, it is clear that, with the exception of 

winters, water temperatures in the two years were quite the same, but they greatly differ during 

winters: during winter 2017, water temperature was below the lowest feeding one (gray line) for 

longer days compared to the previous year and this implies a longer period of starvation, in which 

the fish loses weight. 
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Figure 11. Comparison of water temperature [°C] in 2016 and 2017 
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6. CONCLUSIONS 

In this work, an individual-based and bioenergetic model has been developed to simulate the 

growth of rainbow trout farmed in aquaculture plants. The model can potentially consider three 

different forcing functions, such as water temperature, quality and quantity of feed provided by the 

farmers, even if in the simulations presented in this work feed quality was assumed constant, equal 

to standard composition and fish were always fed to satiation. The outcome of the model is the 

predicted fish wet weight with a daily time step. The model includes several physiological 

parameters, that were taken or estimated based on a literature review. Finally, the model was 

tested on real farming conditions and corroborated according to expert judgement of a farmer of 

rainbow trout and on the case of starving fish. 

The model can be improved in the accuracy in the predicting ability by trying to use only parameters 

of rainbow trout and by using growth curves provided by the farmer located in the province of 

Trento.  

In addition, the accuracy of the model in predicting weight can be improved by considering in the 

main equations the effect that the concentration of dissolved oxygen can have on the growth of the 

fish. Moreover, another future improvement will be associated to the determination of wastes and 

fish excretions in order to assess the environmental impacts of this kind of activity. Then, this model 

can represent the base level for the developed of further deterministic models, like for example 

population-based model, in order to describe the real dynamics of aquaculture plant and, then, 

define new best practices. 
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8. APPENDIX 

8.1.  ANALYTICAL SOLUTION OF VON BERTALLANFY EQUATION 

In this section, the demonstration of the analytical solution of the energy budget of a fish, assuming 

constant water temperature and fish feed, is shown. The demonstration starts from Equation 17 

and it recalls, also, Equation 19, as discussed above. 

𝑑𝑤

𝑑𝑡
=

𝑎𝑤𝑚 − 𝑐𝑤𝑛

𝜀𝑇
 

(17) 

𝑤 = 𝑘𝐿3 (19) 

However, in order to make this change in variables, since in Equation 18 the differential of the 

weight appears, one need, also, to operate the derivative (expressed using 𝐷) of the Equation 21. 

In mathematical terms: 

𝑑𝑤 =  𝐷(𝑤) = 𝐷(𝑘𝐿3) = 3𝑘𝐿2 𝑑𝐿 (21) 

By substituting Equation 21 in Equation 17 and by substituting the values of 𝑚 and 𝑛 according to 

Table 2, one obtains: 

3𝑘𝐿2
𝑑𝐿

𝑑𝑡
=

𝑎(𝑘𝐿3)
2
3 − 𝑐(𝑘𝐿3)

𝜀𝑇
  

(22) 

One can arrange by using simple calculations. 

3𝑘𝐿2
𝑑𝐿

𝑑𝑡
=

𝑎𝑘
2
3𝐿2 − 𝑐𝑘𝐿3

𝜀𝑇
 

3𝑘
𝑑𝐿

𝑑𝑡
=  

𝑎𝑘
2
3 − 𝑐𝑘𝐿

𝜀𝑇
 

𝑑𝐿

𝑑𝑡
=  −

𝑐𝐿

3𝜀𝑇
+

𝑎

3𝜀𝑇𝑘
1
3

 
(23) 

Equation 23 represents a first linear order differential equation, in which the first term contains the 

interested function, −
𝑐𝐿

3𝜀𝑇
, while the second term is a constant forcing, 

𝑎

3𝜀𝑇𝑘
1
3

.  For practical reasons, 

the former was called 𝑘1; while the latter was called 𝑘2. 
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𝑑𝐿

𝑑𝑡
=  𝑘1 − 𝑘2𝐿 

(24) 

The length at the infinity is equal to the length at the equilibrium and, hence, to calculate it one 

should solve the equality. 

𝑘1 − 𝑘2𝐿∞ = 0 

𝐿∞ =
𝑘1

𝑘2
 

By substituting 𝐿∞ in equation 24, one obtains: 

𝑑𝐿

𝑑𝑡
= 𝑘2𝐿∞ − 𝑘2𝐿 

𝑑𝐿

𝑑𝑡
= 𝑘2(𝐿∞ − 𝐿) 

Now, by operating another change of variable, in particular calling 𝑢  the difference between 

maximum length and the other length and the relative change of derivatives (Equation 25), one 

obtains: 

𝑢 = 𝐿∞ − 𝐿 → 𝑑𝑢 = −𝑑𝐿 (25) 

−
𝑑𝑢

𝑑𝑡
= 𝑘2𝑢 

(26) 

Equation 26 is a separable differential equation and, hence, by rearranging:   

1

𝑢
𝑑𝑢 = 𝑘2𝑡 

ln 𝑢 = 𝑘2𝑡 

𝑢 = 𝐶𝑒𝑘2𝑡 

Finally, by imposing initial length equal to zero and arranging the expression, one obtains: 

𝐿(𝑡) =  𝐿∞(1 − 𝑒𝑘2(𝑡−𝑡0)) (20) 
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8.2.  SCRIPTS 

8.2.1. SKELETON SCRIPT 

Trout_ind_skeleton<-function(userpath){ 

workingpath=path.package("RAC", quiet = FALSE) # Save current location of R script 

dir.create(paste0(userpath,"/Trout_individual"),showWarnings=FALSE) 

dir.create(paste0(userpath,"/Trout_individual/Inputs"),showWarnings=FALSE) 

dir.create(paste0(userpath,"/Trout_individual/Inputs/Parameters"),showWarnings=F

ALSE) 

dir.create(paste0(userpath,"/Trout_individual/Inputs/Forcings"),showWarnings=FAL

SE) 

dir.create(paste0(userpath,"/Trout_individual/Inputs/Forcings_plots"),showWarnin

gs=FALSE) 

dir.create(paste0(userpath,"/Trout_individual/Outputs"),showWarnings=FALSE) 

dir.create(paste0(userpath,"/Trout_individual/Outputs/Out_csv"),showWarnings=FAL

SE) 

dir.create(paste0(userpath,"/Trout_individual/Outputs/Out_plots"),showWarnings=F

ALSE) 

file.copy(paste0(workingpath,"/extdata/Trout_ind_data//Parameters.csv"),paste0(u

serpath,"/Trout_individual/Inputs/Parameters"), overwrite=TRUE) 

file.copy(paste0(workingpath,"/extdata/Trout_ind_data//Water_temperature.csv"),p

aste0(userpath,"/Trout_individual/Inputs/Forcings"), overwrite=TRUE) 

file.copy(paste0(workingpath,"/extdata/Trout_ind_data//Feeding.csv"),paste0(user

path,"/Trout_individual/Inputs/Forcings"), overwrite=TRUE) 

file.copy(paste0(workingpath,"/extdata/Trout_ind_data//Food_characterization.csv

"),paste0(userpath,"/Trout_individual/Inputs/Forcings"), overwrite=TRUE) 

cat("Folder skeleton for rainbow trout individual bioenergetic model created 

at:\n") 

cat(userpath) 

cat("\n") 

cat("ATTENTION: Executing again this function will overwrite the files\n") 

} 
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8.2.2. DATALOADER 

Trout_ind_dataloader<-function(userpath) { 

Ttem=utils::read.csv(paste0(userpath,"/Trout_individual/Inputs/Forcings//Water_t

emperature.csv"),sep=",",header=FALSE 

DaF=utils::read.csv(paste0(userpath,"/Trout_individual/Inputs/Forcings//Feeding.

csv"),sep=",",header=FALSE 

Param_matrix=utils::read.csv(paste0(userpath,"/Trout_individual/Inputs/Parameter

s//Parameters.csv"),sep 

timeT=as.matrix(Ttem[,1]) 

Temperature=as.double(as.matrix(Ttem[,2])) 

timeG=as.matrix(DaF[,1]) 

G=as.double(as.matrix(DaF[,2])) 

Dates=Param_matrix[22:23,3] 

t0=min(as.numeric(as.Date(timeT[1], "%d/%m/%Y")), as.numeric(as.Date(timeG[1], 

"%d/%m/%Y"))) 

ti=as.numeric(as.Date(Dates[1], "%d/%m/%Y"))- 

tf=as.numeric(as.Date(Dates[2], "%d/%m/%Y"))-t0 

timeTseries=as.numeric(as.Date(timeT, "%d/%m/%Y"))-t0 

timeGseries=as.numeric(as.Date(timeG, "%d/%m/%Y"))-t0 

Ttem=as.vector(matrix(0,nrow=ti-1)) 

Gtem=as.vector(matrix(0,nrow=ti-1)) 

i=ti:tf+1 

Ttem2=stats::approx(timeTseries,Temperature,xout=i) 

Gtem2=stats::approx(timeGseries,G,xout=i) 

Tint=c(Ttem, Ttem2$y) 

Gint=c(Gtem, Gtem2$y) 

daysT <- seq(as.Date(timeT[1], format = "%d/%m/%Y"), by = "days", length = 

length(Tint)) 

daysG <- seq(as.Date(timeG[1], format = "%d/%m/%Y"), by = "days", length = 

length(Tint)) 

if ((ti<(as.numeric(as.Date(timeT[1], "%d/%m/%Y"))-

t0))|(ti<(as.numeric(as.Date(timeG[1], "%d/%m/%Y"))-t0))) { 

cat("ERROR: forcings are beginning after the specified integration start\n") 

cat("Impossible to proceed with interpolation\n") 

} 

if ((ti>(as.numeric(as.Date(timeT[length(timeT)], "%d/%m/%Y"))-

t0))|(ti>(as.numeric(as.Date(timeG[length(timeG)], "%d/%m/%Y"))-t0))) { 

cat("ERROR: forcing are ending before the specified integration end\n") 

cat("Impossible to proceed with interpolation\n") 

} 

forcings=list(daysT,Tint,daysG,Gint) 

return(forcings) 

} 
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8.2.3. EQUATIONS 
Trout_ind_equations <- function(Param, Temp, G, Food, weight){ 

ingmax=Param[1] 

alpha=Param[2] 

betaprot=Param[3] 

betalip=Param[4] 

betacarb=Param[5] 

epsprot=Param[6] 

epslip=Param[7] 

epscarb=Param[8] 

epsO2=Param[9] 

pk=Param[10] 

k0=Param[11] 

m=Param[12] 

n=Param[13] 

betac=Param[14] 

Tma=Param[15] 

Toa=Param[16] 

Taa=Param[17] 

omega=Param[18] 

a=Param[19] 

k=Param[20] 

eff=Param[21] 

Pcont=Food[1] 

Lcont=Food[2] 

Ccont=Food[3] 

fgT=(((Tma-Temp)/(Tma-Toa))^(betac*(Tma-Toa)))*exp(betac*(Temp-Toa)) 

frT= exp(pk*Temp) 

Tfun=cbind(fgT, frT) 

ing=ingmax*(weight^m)*fgT 

G=G*eff) 

if (Temp<Taa) { 

ing=0 

} else { 

ingvero=ing  

} 

if (ing>G) { 

ingvero=G 

}  else { 

ingvero=ing 

} 

  epstiss=a 

diet=Pcont*epsprot*betaprot+Lcont*epslip*betalip+Ccont*epscarb*betacarb 

assE=ingvero*diet 

anab=assE*(1-alpha) 

catab=epsO2*k0*frT*(weight^n)*omega 

metab=cbind(anab,catab) 

dw = (anab-catab)/epstiss 

output=list(dw,Tfun,metab,) 

return(output)  

} 
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8.2.4. RKSOLVER 

Trout_ind_RKsolver <- function(Param, Temperature, G, Food, IC, times){ 

  cat("ODE solution\n") 

  ti=times[1]           

  tf=times[2]            

  timestep=times[3]     

  weight=as.vector(matrix(0,nrow=ti))       

  weight[ti]=IC                             

  ing=as.vector(matrix(0,nrow=ti))              

  ingvero=as.vector(matrix(0,nrow=ti))          

  tfun=as.matrix(matrix(0,nrow=ti,ncol=2))      

  metab=as.matrix(matrix(0,nrow=ti,ncol=2))     

    for (t in ti:(tf-1)) { 

    Tapp=Temperature[t] 

    Gapp=G[t] 

    output<-Trout_ind_equations(Param, Tapp, Gapp, Food, weight[t]) 

    dw=unlist(output[1]) 

    k1=timestep*dw 

    Tapp=approx(seq(from=1,to=tf,by=timestep),Temperature,xout=(t+timestep/2)) 

    Gapp=approx(seq(from=1,to=tf,by=timestep),G,xout=(t+timestep/2)) 

    output<-Trout_ind_equations(Param, Tapp$y, Gapp$y, Food, weight[t]+k1/2) 

    dw=unlist(output[1]) 

    k2=timestep*dw; 

    Tapp=approx(seq(from=1,to=tf,by=timestep),Temperature,xout=(t+timestep/2)) 

    Gapp=approx(seq(from=1,to=tf,by=timestep),G,xout=(t+timestep/2)) 

    output<-Trout_ind_equations(Param, Tapp$y, Gapp$y, Food, weight[t]+k2/2) 

    dw=unlist(output[1]) 

    k3=timestep*dw; 

    Tapp=Temperature[t+timestep] 

    Gapp=G[t+timestep] 

    output<-Trout_ind_equations(Param, Tapp, Gapp, Food, weight[t]+k3) 

    dw=unlist(output[1]) 

    k4=timestep*dw; 

    weight[t+timestep]=weight[t]+(k1+2*k2+2*k3+k4)/6  

    output<-Trout_ind_equations(Param, Temperature[t+timestep], G[t+timestep],  

Food, weight[t+timestep]) 

    ingestion=unlist(output[2]) 

    ingestionvero=unlist(output[3]) 

    temperaturefun=output[[4]] 

    metabolism=output[[5]] 

    ing=rbind(ing, ingestion) 

    ingvero=rbind(ingvero, ingestionvero) 

    tfun=rbind(tfun, temperaturefun) 

    metab=rbind(metab, metabolism) 

     

  }    

  output=list(weight,ing,ingvero,tfun,metab) 

  return(output)  

} 

  



 
 

  

MATTEO BOLZONELLA 45 

 

8.2.5. POST 

Trout_ind_post<-function(userpath,output,times,Dates) { 

  cat('Data post-processing\n') 

  cat('\n') 

  ti=times[1] 

  tf=times[2] 

  weight=unlist(output[1]) 

  ing=unlist(output[2]) 

  ingvero=unlist(output[3]) 

  Tfun=output[[4]] 

  metab=output[[5]] 

  weightSave=weight[ti:(tf-2)] 

  ingSave=ing[(ti+1):(tf-2)] 

  ingveroSave=ingvero[(ti+1):(tf-2)] 

  TfunSave=Tfun[(ti+1):(tf-2),] 

  metabSave=metab[(ti+1):(tf-2),] 

} 

  output=list(weightSave,ingSave,ingveroSave,metabSave,TfunSave) 

  days <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), by = "days", length = tf- 

  ti-2)  

  days2 <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), by = "days", length = tf- 

   ti-1) 

  filepath=paste0(userpath,"/Trout_individual/Outputs/Out_plots//weight.jpeg") 

  jpeg(filepath,800,600) 

  plot(days2,weightSave,ylab="Weight (g)", xlab=" ",xaxt =  

 "n",type="l",cex.lab=1.4) 

  labDates <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), tail(days2, 1), by =  

"months") 

  axis.Date(side = 1, days2, at = labDates, format = "%d %b %y", las = 2) 

  dev.off() 

  filepath=paste0(userpath, 

"/Trout_individual/Outputs/Out_plots//faeces_production.jpeg") 

  jpeg(filepath,800,600) 

  filepath=paste0(userpath, 

"/Trout_individual/Outputs/Out_plots//wasted_feed.jpeg") 

  jpeg(filepath,800,600) 

filepath=paste0(userpath,"/Trout_individual/Outputs/Out_plots//actual_ingestion.

jpeg") 

  jpeg(filepath,800,600) 

  plot(days,ingveroSave,ylab="Ingested food (g)",xlab=" ",xaxt =  

"n",type="l",cex.lab=1.4) 

  labDates <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), tail(days, 1), by = 

"months") 

  axis.Date(side = 1, days, at = labDates, format = "%d %b %y", las = 2) 

  dev.off() 

  

filepath=paste0(userpath,"/Trout_individual/Outputs/Out_plots//temperature_respo

nse.jpeg") 

  jpeg(filepath,800,600) 

  ub=max(max(TfunSave[,1]),max(TfunSave[,2])) 

  plot(days,TfunSave[,1],ylab="Temperature response function",xlab=" ",xaxt = 

"n",cex.lab=1.4,col="red",type="l",ylim=c(0,ub+0.05*ub)) 

  lines(days,TfunSave[,2],col="blue") 

  legend("topright",c("Anabolism","Catabolism"),fill=c("red","blue")) 

  labDates <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), tail(days, 1), by = 

"months") 

  axis.Date(side = 1, days, at = labDates, format = "%d %b %y", las = 2) 

  dev.off() 
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filepath=paste0(userpath,"/Trout_individual/Outputs/Out_plots//metabolism.jpeg") 

  jpeg(filepath,800,600) 

  ub=max(max(metabSave[,1]),max(metabSave[,2])) 

  plot(days,metabSave[,1],ylab="Metabolic rate (J/d)",xlab=" ",xaxt = 

"n",cex.lab=1.4,col="red",type="l",ylim=c(0,ub+0.05*ub)) 

  lines(days,metabSave[,2],col="blue") 

  legend("topright",c("Anabolic rate","Catabolic rate"),fill=c("red","blue")) 

  labDates <- seq(as.Date(Dates[1], format = "%d/%m/%Y"), tail(days, 1), by = 

"months") 

  axis.Date(side = 1, days, at = labDates, format = "%d %b %y", las = 2) 

  dev.off() 

  filepath=paste0(userpath,"/Trout_individual/Outputs/Out_csv//weight.csv") 

  write.csv(weightSave,filepath) 

filepath=paste0(userpath,"/Trout_individual/Outputs/Out_csv//potential_ingestion

.csv") 

  write.csv(ingSave,filepath)   

filepath=paste0(userpath,"/Trout_individual/Outputs/Out_csv//actual_ingestion.cs

v") 

  write.csv(ingveroSave,filepath)   

filepath=paste0(userpath,"/Trout_individual/Outputs/Out_csv//temperature_respons

e.csv") 

  write.csv(TfunSave,filepath)   

  filepath=paste0(userpath,"/ Trout_individual/Outputs/Out_csv//metabolism.csv") 

  write.csv(metabSave,filepath)   

  return(output) 

} 
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8.2.6. MAIN 

Trout_ind_main<-function(userpath,forcings){ 

  rm(list=ls())  

  cat('Rainbow trout bioenergetic individual based model\n') 

  cat(" \n") 

    out_pre<- Trout_ind_pre(userpath,forcings) 

  Param=out_pre[[1]] 

  Tint=out_pre[[2]] 

  Gint=out_pre[[3]] 

  Food=out_pre[[4]] 

  IC=out_pre[[5]] 

  times=out_pre[[6]] 

  Dates=out_pre[[7]] 

  out_RKsolver<-Trout_ind_RKsolver(Param, Tint, Gint, Food, IC, times) 

  out_post<-Trout_ind_post(userpath, out_RKsolver, times, Dates,) 

  cat(" ") 

  cat("End") 

  return(out_post) 

} 


