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ABSTRACT 

MODELLING NUTRIENT REQUIREMENTS OF RAINBOW TROUT AND NILE TILAPIA 

OVER THEIR LIFE CYCLE  

 

 

Evidence suggest that essential nutrient requirements of fish are affected by factors such 

as live weight and feed composition. Generally, nutrient requirements of fish are estimated 

through dose-response trials. The considerable variability between these estimates indicates a 

significant gap in our understanding of nutrient requirements of fish. Application of 

mathematical models allows quantifying the effect of multiple factors on nutrients requirement 

while there has been limited efforts to use such approach in fish nutrition.  

In this thesis, a factorial model was developed to estimate the requirements of an organic 

(lysine) and an inorganic (phosphorus) nutrient for a carnivorous (rainbow trout) and an 

omnivorous (Nile tilapia) species through a meta-analysis of data, using a mixed-model 

approach. In Study 1, maintenance lysine requirements and lysine retention efficiency (LysRE) 

were estimated through meta-analysis of data from dose-response studies from literature. The 

maintenance lysine requirements of Nile tilapia and rainbow trout were estimated to be 31.9 and 

18.6 (mg/kg/MBW−1 d−1), respectively. These results suggest that maintenance requirements of 

fish cannot be assumed equal for all species. Four non-linear functions were proposed to quantify 
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LysRE based on body weight and dietary lipid. Results demonstrated that LysRE decreases as 

the fish grows, and the lysine sparing effect of dietary lipid in both species was observed.  

In Study 2, the non-fecal phosphorus excretion was estimated through a mass-balance 

approach from data collected from dose-response studies on phosphorus retention. Three non-

linear models were tested to estimate non-fecal phosphorus excretion in relation with digestible 

phosphorus intake through a mixed-model approach. The endogenous urinary phosphorus loss in 

fed fish for Nile tilapia was 2.0±0.2 and that of rainbow trout was 4.0±0.4 (mg/kg/MBW−1 d−1). 

The non-fecal phosphorus excretion at the maximum phosphorus retention was 31±37 for Nile 

tilapia and 39±15 (mg/kg/MBW−1 d−1) for rainbow trout. 

In Study 3, a hybrid bioenergetic-based factorial model was developed to quantify the 

effect of body weight, dietary digestible energy and lipid content on lysine and phosphorus 

requirements. Overall, this study provides a valuable tool for formulating nutritionally balanced 

feed and developing farm management strategies.



 

 

III 

  

ACKNOWLEDGEMENTS 

Foremost, I would like to express my sincere gratitude to my advisor, Dr. Dominique P. 

Bureau, who gave this opportunity and provided me guidance, mentorship and encouragement 

throughout this long walk with all its ups and downs. Dom, thank you for always being patient 

with me, for trusting in my decisions and for pushing me beyond my limits. You have made me 

to grow both professionally and personally and I am extremely grateful for that. 

I would like to thank my advisory committee members comprised of Dr. John P. Cant, Dr. 

Elijah Kiarie and Dr. Patricia Wright. The advice and insight you provided during our meetings 

have been instrumental in many aspects of this thesis. Dr. Cant, your advices and willingness to 

help at any time and in any way possible are so incredibly appreciated. I would also like to thank 

Dr. Flavio Schenkel for the advice and insight he provided me with developing my statistical 

analysis methods.  

Very special thanks to my husband Farhad. Thank you for always being there for me and 

for the understanding you showed after frustrating days working on this thesis. To my family and 

friends, thank you for your support throughout my academic journey. 

  



 

 

IV 

  

TABLE OF CONTENTS 

Abstract ................................................................................................................ II 

Acknowledgements ............................................................................................. III 

Table of Contents ................................................................................................ IV 

List of Tables ..................................................................................................... VIII 

List of Figures ....................................................................................................... X 

Chapter 1. General Introduction ........................................................................... 1 

Chapter 2. Literature Review ................................................................................ 8 

 Introduction ............................................................................................ 8 

 Concepts of Essentiality of Nutrients .................................................... 10 

 Defining or Estimating Nutrient Requirement ....................................... 11 

2.3.1. Impacts of Mode of Expression......................................................... 13 

2.3.2. Impact of Response Parameter ........................................................ 15 

2.3.3. Impact of Data The Analysis Procedure (Mathematical Model 

Selection) 16 

2.3.4. Impacts of Environment .................................................................... 26 

2.3.5. Impacts of Diet Composition ............................................................. 28 

2.3.6. Impacts of Body Weight .................................................................... 30 

 Modeling Approaches........................................................................... 32 

2.4.1. Factorial Models ............................................................................... 33 



 

 

V 

  

 Aim and Objectives .............................................................................. 45 

Chapter 3. Quantifying Lysine Retention Efficiency and Lysine Maintenance 

Requirements of Nile Tilapia and Rainbow Trout .......................................................... 50 

 Abstract ................................................................................................ 50 

 Introduction .......................................................................................... 51 

 Methodology ......................................................................................... 55 

3.3.1. Construction of Database and Selection of Data .............................. 55 

3.3.2. Estimation of Maintenance Lysine Requirements ............................. 56 

3.3.3. Quantifying Lysine Retention Efficiency ............................................ 63 

 Results ................................................................................................. 68 

3.4.1. Estimation of Maintenance Lysine Requirements ............................. 68 

3.4.2. Quantification of Lysine Retention Efficiency .................................... 70 

 Discussion ............................................................................................ 72 

3.5.1. Estimation of Maintenance Lysine Requirements ............................. 72 

3.5.2. Quantifying Lysine Retention Efficiency ............................................ 74 

 Conclusion ........................................................................................... 78 

Chapter 4. Estimating the Minimum Homeostatic Non-Fecal Phosphorus 

Excretions for Nile Tilapia and Rainbow Trout .............................................................. 92 

 Abstract ................................................................................................ 92 

 Introduction .......................................................................................... 93 

 Methodology ......................................................................................... 97 



 

 

VI 

  

4.3.1. Construction of Database ................................................................. 97 

4.3.2. Standardization of Dataset ............................................................... 98 

4.3.3. Estimation of Phosphorus Intake at Maximum Performance Response

 99 

4.3.4. Estimation of Non-Fecal Phosphorus Excretion ............................. 101 

4.3.5. Model Selection .............................................................................. 106 

4.3.6. Model Testing ................................................................................. 108 

 Results ............................................................................................... 108 

4.4.1. Estimation of Phosphorus Intake at Maximum Performance Response

 108 

4.4.2. Estimation of Non-Fecal Phosphorus Excretion ............................. 109 

4.4.3. Model Testing ................................................................................. 114 

 Discussion .......................................................................................... 114 

 Conclusion ......................................................................................... 118 

Chapter 5. Bioenergetics-Based Factorial Model to Determine Lysine and 

Phosphorus Requirement of Nile Tilapia and Rainbow Trout in Practical Diets .......... 135 

 Abstract .............................................................................................. 135 

 Introduction ........................................................................................ 136 

 Methodology ....................................................................................... 142 

5.3.1. The Factorial Model ........................................................................ 142 

5.3.2. Computation of Optimal Dietary Concentration of Nutrients ........... 148 

5.3.3. Estimation of Growth Based on Nutrient Intake .............................. 150 



 

 

VII 

  

 Results ............................................................................................... 153 

5.4.1. Model Simulation ............................................................................ 154 

5.4.2. Lysine Concentration of Body Based on Lysine Intake ................... 154 

 Discussion .......................................................................................... 155 

 Conclusion ......................................................................................... 161 

Chapter 6. General Discussion and Concluding Remarks ............................... 177 

References ....................................................................................................... 182 

 

  



 

 

VIII 

  

LIST OF TABLES 

Table 3-1: List of studies used for analyzing lysine maintenance requirements and 
lysine retention efficiency in Nile tilapia and rainbow trout. ........................................... 79 

Table 3-2: Description of dataset used for analyzing lysine maintenance requirements 

and lysine retention efficiency in Nile tilapia and rainbow trout. .................................... 80 

Table 3-3: The estimates of maintenance lysine requirements (mg kg MBW-1 day-1) 
from individual studies and their relationship with body weight. .................................... 81 

Table 3-4: Model selection and the estimates of maintenance lysine requirements. ..... 82 

Table 3-5: Summary of the constructed dataset from available data in the literature used 
for analyzing lysine efficiency of utilization in Nile tilapia and rainbow trout. ................. 83 

Table 3-6: Estimated parameters of suggested models predicting the lysine retention 
efficiency in Nile tilapia and rainbow trout and the statistics obtained when fitting models 
1 to 4 to dataset from rainbow trout and Nile tilapia. ..................................................... 84 

Table 3-7: Statistics obtained from analysis of the residuals of fitting Model 2 and Model 

3 for Nile tilapia and Model 2 and Model 4 for rainbow trout ......................................... 85 

Table 4-1: List of studies used for analyzing growth, phosphorus deposition and non-

fecal phosphorus excretion in Nile tilapia and rainbow trout. ....................................... 119 

Table 4-2: Description of the summary of the dataset used for analyzing growth, 

phosphorus retention and non-fecal phosphorus excretion in Nile tilapia and rainbow 
trout. ............................................................................................................................ 119 

Table 4-3: Statistics obtained from fitting the models to the datasets from Nile tilapia and 

rainbow trout, model selection and the estimated phosphorus intake (mg kg MBW-1 
day-1) required for maximum weight gain ±Confidence interval. ................................. 120 

Table 4-4: Statistics obtained from fitting the models to the datasets from Nile tilapia and 

rainbow trout, model selection and the estimated phosphorus intake (mg kg MBW-1 
day-1) required for maximum phosphorus retention ±Confidence interval. ................. 121 

Table 4-5: Model selection and the estimated endogenous phosphorus loss and 

phosphorus excretion at maximum phosphorus deposition and the confidence limits for 
Nile tilapia and rainbow trout. ...................................................................................... 122 

Table 4-6: Results from residual analysis, decomposition of MSPE and CCC obtained 
from comparing the predicted data from the best-ranked model from each function and 



 

 

IX 

  

the observed values of non-fecal phosphorus excretion of Nile tilapia and rainbow trout.
 .................................................................................................................................... 123 

Table 4-7: The fit statistics obtained from using the best-ranked models from each 
function to reproduce the experiment of Bureau and Cho (1999) and the residual 
analysis. ...................................................................................................................... 124 

Table 5-1: Thermal-unit growth coefficient and BW exponents for the nursery, pre-grow 

out and grow out stages of Nile tilapia and rainbow trout. ........................................... 162 

Table 5-2: List of studies (in alphabetical order) used for analyzing body chemical 

composition of tilapia and Rainbow trout. .................................................................... 163 

Table 5-3: The summary of the data used at developing the body composition models 

for Nile tilapia and rainbow trout. ................................................................................. 164 

Table 5-4: Coefficients of the equations for the estimation of body energy retention, 

basal metabolism, heat requirement of feeding, urinary-branchial excretion, and 
digestible energy requirement. .................................................................................... 165 

Table 5-5: Coefficients of the equations for the estimation of body chemical composition 
of Nile tilapia and rainbow trout. .................................................................................. 166 

Table 5-6: Nutritional specification (% of Diet) of feed for different commercial life cycles 
of in Nile tilapia and rainbow trout. .............................................................................. 167 

Table 5-7: Estimated parameters and residual analysis obtained from fitting the 
exponential model to the data for lysine concentration of body in relation with dietary 
lysine intake in Nile tilapia and rainbow trout. .............................................................. 168 

 

  



 

 

X 

  

LIST OF FIGURES  

Figure 2-1: The inadequacy of the accuracy of estimates from ANOVA and a multiple 
mean-comparison test for estimation of nutrient requirements (developed from: Shearer, 
2000). ............................................................................................................................ 46 

Figure 2-2: Biological processes underlying amino acid utilization in the growing animal
 ...................................................................................................................................... 47 

Figure 2-3: The visualization of extrapolating the broken line model (dashed line) and 
exponential model (solid line). ....................................................................................... 48 

Figure 2-4: Growth curve of rainbow trout at 8.5 °C and estimated body weight (BW), 
protein (PD) and lipid (LD) deposition rates (Dumas et al., 2007). ................................ 49 

Figure 3-1: The estimated values of maintenance lysine requirements from individual 
studies regressed against body weight ......................................................................... 86 

Figure 3-2: Model simulation of estimated lysine retention efficiency through suggested 
models as a function of body weight (g) and lipid contribution in digestible energy. ..... 87 

Figure 3-3: Plotted residuals, residual vs. predicted values of lysine retention efficiency, 
(Model 2 and Model 3 for Nile tilapia and Model 2 and Model 4 for rainbow trout) ........ 91 

Figure 4-1: Plotting pooled data from calculated non-fecal phosphorus excretion against 
digestible phosphorus for Nile tilapia and rainbow trout. ............................................. 125 

Figure 4-2: The predicted mean curve from the best-ranked model from each function 
and the scatter plot of the observed (calculated) values of non-fecal phosphorus 
excretion (mg kg MBW − 1 day − 1) against digestible phosphorus intake (mg kg 

MBW − 1 day − 1) for Nile tilapia and Rainbow trout. .................................................. 126 

Figure 4-3: Plot of residuals against the predicted non-fecal phosphorus excretion 
values and plotted predicted non-fecal phosphorus excretion values and observed 
values resulting from fitting the best-ranked model from logistic, segmented and 
Gompertz function to the datasets in Nile tilapia and rainbow trout. ............................ 128 

Figure 4-4: The observed values of non-fecal phosphorus excretion (mg kg MBW − 1 

day − 1) against digestible phosphorus intake (mg kg MBW − 1 day − 1) for rainbow 
trout. ............................................................................................................................ 134 

Figure 5-1: The schematic of the sub-models incorporated in estimation of the hybrid 
factorial model components. ....................................................................................... 169 



 

 

XI 

  

Figure 5-2: Whole body chemical composition of Nile tilapia and rainbow trout in relation 
to body weight. ............................................................................................................ 170 

Figure 5-3: Estimated lysine requirements of Nile tilapia and rainbow trout at different 
dietary digestible energy levels. .................................................................................. 171 

Figure 5-4: Visualization of estimated lysine requirements of Nile tilapia and rainbow 
trout at different dietary lipid levels at dietary digestible energy for Nile tilapia at 15 MJ 

kg − 1 and for rainbow trout at 18 MJ kg − 1. .............................................................. 172 

Figure 5-5: Estimated phosphorus requirements of Nile tilapia and rainbow trout at 
different dietary digestible energy levels. .................................................................... 173 

Figure 5-6: Lysine concentration of body in relation with dietary lysine intake in Nile 
tilapia and rainbow trout. ............................................................................................. 174 

Figure 5-7: Plot of residuals against the predicted values when fitting the exponential 
model to the data for lysine concentration of body in relation with dietary lysine intake in 
Nile tilapia and rainbow trout. ...................................................................................... 175 

Figure 5-8: Predicted weight gain based on lysine intake at sub-optimal lysine intake in 

Nile tilapia and rainbow trout. ...................................................................................... 176 

 

 

 



 

 

1 

  

CHAPTER 1. GENERAL INTRODUCTION 

Aquaculture feeds are manufactured using a wide variety of raw materials for a large 

number of fish and crustacean species (> 500 species) produced in different production systems 

(e.g. ponds, cages, tanks, etc.). This sector is made up of a multitude of large and small feed 

manufacturers with very different scientific and technical capabilities, resources and constraints. 

The wide variety of cultivated species, the differences in production systems, the large number of 

feed ingredients used in aquaculture feed and the significant variability in their chemical and 

nutritional specifications of the feed produces, combine to create a challenge for aquaculture feed 

formulators to design a balanced feed. In this diverse environment, feeds must remain cost-

effective while delivering sufficient amount of nutrients to meet the expectations of different 

markets and to meet nutrient requirements of fish in order to promote growth and health while 

minimizing nutrient discharge in the effluent.  

Nutrient requirements of farmed animals are defined as the minimum level of a particular 

nutrient (when the level of other nutrients in the diet is sufficient) that is necessary to maximize 

the response of animal to a certain performance criterion, such as growth. A number of scientific 

reviews have highlighted the great variability in estimates of nutrient requirements amongst and 

within teleost species and have identified significant gaps in our understanding of essential 

nutrient requirements of fish (Wilson, 1989; Cowey, 1994; Bureau and Encarnação, 2006; NRC, 

2011). For example, lysine requirement of rainbow trout has been estimated ranging from 1.3% 

to 2.9% of the diet (3.7-7.3% of crude protein, CP) in different studies (reviewed by: Bureau and 

Encarnação, 2006), and the estimated digestible phosphorus requirement of rainbow trout vary 
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from 0.34% to 0.80% of the diet (Ogino and Takeda, 1978; Ketola and Richmond,1994; 

Rodehutscord, 1996).  

The published estimates of nutrient requirements of fish are mostly driven from the 

results of empirical studies (Ketola, 1983; Rodehutscord and Pfeffer, 1996; Michelato et al., 

2016). To design a feeding trial and analyze the resulting data, the researcher needs to select a 

unit to express the nutrient requirements. Nutrient requirements have been expressed in relation 

to dry weight of the feed % diet, as the absolute amount of nutrient required by animal per day (g 

/ animal per day), the crude protein content of the diet (% protein, g/16 g N), the digestible 

energy content of the feed (g/MJ digestible energy) or in absolute amounts (g nutrient per animal 

per day). The choice of mode of expression is a matter of much debate. It reflects the various 

assumptions authors make when considering what affects the requirements or not (Bureau and 

Encarnação, 2006; Prabhu et al., 2013). Because many of these modes of expressions are based 

on different assumptions, they are often incompatible or contradict each other. The same diet can 

be deemed deficient or not depending on the mode of expression of nutrient requirement chosen.   

The biological response of the animal to incremental doses of a limiting nutrient has been 

examined through several variables such as weight gain, feed efficiency, nutrient retention, 

whole body nutrient concentration, blood nutrient concentration, etc. The choice of response 

variable is very likely to influence the estimates of nutrient requirements. The dietary nutrient 

intake that results in maximum performance in one response variable, may not maximize another 

response criterion. For example, in rainbow trout the dietary available phosphorus concentration 

that maximizes whole body phosphorus concentration is estimated to be 4.7 g per 
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kg dry matter−1 (DM), whereas dietary available phosphorus concentration that maximizes 

weight gain is estimated to be 3.5 g per kg DM−1 (Prabhu et al., 2013). This discrepancy is 

because bones and scales are known as the phosphorus storage in animals’ body and by reaching 

the maximum growth the bones will continue to store phosphorus and therefore, higher dietary 

available phosphorus concentration is required to maximize whole body phosphorus 

concentration.  

Often a systematic relationship exists between the dietary nutrient levels and the changes 

in the response parameter. This relationship is being described through data analysis procedure 

from the response curve and often a mathematical model is being used to complete the 

estimation of nutrient requirements from the data resulted from the experiment. Different models 

including Broken-line Model, Four Parameter Logistic Model, Exponential Model, Saturation 

Kinetics Model have been used to relate the biological response of fish to the incremental dietary 

levels of a limiting nutrient. Estimates of nutrient requirements are considerably different 

depending on the analytical method and model used (Rodehutscord and Pack, 1999). For 

example, Encarnação et al. (2004) observed that the lysine requirement of rainbow trout using 

Broken-line Model estimated to be 1.8 % of diet, while using the Exponential Model resulted in 

estimation of 2.3 % based on data from a single feeding trial. Hernandez-Llamas (2009) reports 

that, when compared to other non-linear models, the broken-line model consistently returns 

lower estimates of requirement for different essential nutrients. Some other studies also noted 

that using broken-line model understates the requirement (Baker, 1986; Fuller and Garthwaite, 

1993). In contrast to broken-line model, Shearer (2000) pointed out that non-linear models 

yielded requirement estimates usually twice, and up to five times, the published requirement. He 
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noted that a number of factors may cause error in estimation of requirements using regression 

analysis, such as failure to include sufficient dietary nutrient level that results in a maximum 

response, large gap between nutrient input levels in the design of experiment, failure to screen 

data prior to regression analysis, and insufficient model diagnosis.  

In addition to the variation caused by the difference in methodology and interpretations 

of the results between laboratories (Kim et al., 1992; Wilson, 1993; Cowey, 1994; Hauler and 

Carter, 2001 a,b), the variations in estimates of nutrient requirements of fish from different 

studies could be also caused by the differences in experimental design and conditions, such as 

the genetic, live weight and growth rate, culture protocols and the composition of basal diets 

which differ significantly between laboratories and experiments (Bureau and Encarnação, 2006). 

The essential nutrient requirements of animals are generally derived from studies conducted in 

laboratories on small size, fast-growing fish generally fed semi-purified basal diets with highly 

digestible nutrients (Hauschild et al., 2009). Application of the estimates of nutrient requirements 

from an experiment may not result to the same performance in practical condition, where the 

commercial feeds must be formulated to variety of compositions in order to meet the requirement 

of the animal at different size and life stages. 

Growing animals requires nutrients for various growth and maintenance processes. Over 

the past decades, a considerable attention has been given to the estimation of nutrient 

requirements through quantification of these metabolic processes (Cho and Bureau, 1999; 

Moughan, 2003). In the last few decades, quantitative models have been developed to describe 

and quantify the metabolism and utilization of nutrients in growing animal to estimate the 
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nutrient requirements on a more mechanistic basis (Noblet and Henry, 1991; Baldwin et al., 

1987; Moughan, 2003; NRC, 2012; Tedeschi, 2019). These methods are a mathematical 

representation of the biological processes of metabolism of nutrients in animal. Mathematical 

models are a popular method of calculating the nutrient requirements of animal (Moughan, 1989; 

Baker, 1991; Shearer 1994; Susenbeth, 1995; Hauler and Carter, 2000; Bureau et al., 2003; 

Pirozzi, 2009). These models allow animal nutritionists to make a good use of the accumulated 

data and knowledge in animal nutrition in the past decades and develop flexible ways to integrate 

the generated information and apply them in highly diverse practical conditions. Factorial 

models are one of the most frequently used mathematical approaches in animal nutrition to 

compute the essential nutrients requirements of different animals such as poultry (e.g. Baker, 

1991), swine (e.g. Moughan, 1989; Susenbeth, 1995) and fish (e.g. Shearer 1994; Hauler and 

Carter, 2000; Pirozzi, 2009; Bureau et al., 2003). Factorial models calculate the nutrient 

requirements through simulating the metabolism and the flow of ingested dietary nutrient in 

growing animals (Moughan, 2003). These models generally compute the nutrient requirements 

of animals as the sum of fecal nutrient losses, nutrient deposition in the body, maintenance 

requirements and inevitable nutrient losses (nutrient catabolism and/or non-fecal loss) 

(Moughan, 2003). Several studies have suggested that the nutrient retention efficiency 

(Encarnação et al., 2004; 2006; Dumas et al., 2007), maintenance requirements (He et al., 2013) 

and inevitable nutrient loss (Hua et al., 2019) could be significantly affected by factors such as 

the body weight of fish or feed composition. However, the conventional factorial models assume 

a constant nutrient deposition rate per unit of body mass and overlook the existing relationship 
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between the metabolism of different nutrients, the effect of physiological state or live weight of 

the animal on the nutrient requirements.  

Information and estimates of the nutrient requirements for different commercially 

important fish and crustacean species have been compiled in a number of reference sources (e.g. 

Wilson et al., 2002; Webster and Lim, 2002; NRC, 2011; Holt, 2011; Turchini et al., 2011; 

Merrifield and Ringø, 2014). Despite the variation between the estimates of nutrient 

requirements from different studies, often a single nutritional requirement value is generally 

provided per nutrient and/or species. These estimates do not take into account the variation in 

nutritional requirements of fish at different body weight and the effect of the nutritional 

composition of the diet. Contrary to expectations, this information is not always accurate and is 

often compiled in a static tabular format that is not easily adjustable to the nutritional 

specifications for commercial feeds that are formulated for a variety of species with different 

sizes and production systems. This poor characterization of nutrient requirements of fish and 

nutritional specification of aquaculture feed results in providing diets deficient in nutrients for a 

period of the production cycle with possible impacts on the productivity, health and welfare of 

the animals or conversely, over-supplying nutrients which results in an increase in nutrient 

discharge into the environment and potential increase in production costs. Aquaculture feed 

manufacturers and formulators require access to accurate information and proper tools that 

enables them to deal with these challenges and enables them to adjust the nutrient specification 

of feed to the observed nutrient requirements of the fish in a cost-effective way. There is a need 

to re-visit the current methods of estimation of nutrient requirements of fish to develop a more 

robust and dynamic solution that considers the impact of influencing factors such as species, life 

https://link.springer.com/article/10.1007/s10499-014-9875-2#CR130
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR44
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR123
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR63
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stage, temperature and feed composition on the essential nutrient requirements of fish. Given the 

evidence on the significance of the impact of body weight and feed composition on the nutrient 

requirements of fish by previous studies (Encarnação et al., 2004; 2006; Hua et al., 2019), it is 

reasonable to include the effect of these factors in the mathematical nutritional models while 

estimating nutrient requirements. However, although critically important, very few attempts have 

been made to investigate the effect of these factors on the essential nutrient requirements of fish.  

Based on the reviewed evidence, the current study aims to investigate the changes in 

requirements of an organic nutrient (lysine) and an inorganic nutrient (phosphorus) over the life 

cycle of two commercially important fish species: Nile tilapia (Oreochromis niloticus) as a 

warm-water and omnivorous species and rainbow trout (Oncorhynchus mykiss) as a cold-water 

and carnivorous species. Consequently, the existing literature on lysine and phosphorus 

requirements in Nile tilapia and rainbow trout were extensively reviewed and a specific dataset 

was constructed for each nutrient and each species. The resulting datasets were then analyzed 

testing various responses and mathematical models to re-evaluate the compartments of the 

factorial nutritional models estimating phosphorus and lysine requirement in Nile tilapia and 

rainbow trout on the basis of the effect of body weight and feed composition on nutrient 

requirements. 
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CHAPTER 2. LITERATURE REVIEW  

 Introduction  

Aquaculture industry has been one of the fastest-growing food sectors and have 

witnessed a tremendous development over the past few decades. According to FAO (2016) 

global farmed food fish harvested 54.1 million tonnes of finfish (US$138.5 billion), 17.1 million 

tonnes of molluscs (US$29.2 billion), 7.9 million tonnes of crustaceans (US$57.1 billion), and 

938.5 thousand tonnes of miscellaneous aquatic animals (US$6.8 billion) such as turtles, sea 

cucumbers, frogs and edible jellyfish. It is being predicted that this industry will continue to 

expand with the expected production growth of 10 percent from 2018 to 2027 (Salmon Industry 

Handbook, 2019). This fast expansion of the industry has brought and will continue to bring 

challenges in maintaining sustainability and profitability of the production in this highly 

competitive sector. 

Intensification of production has been an important motor of the fast growth in 

aquaculture industry. A sustainable and profitable intensification of production highly depends 

on the use of nutritionally balanced feeds. Aquaculture feeds are formulated with complex 

mixtures of a variety of ingredients to precise nutrient specifications, by using sophisticated feed 

manufacturing processes. Feed is one of the most expensive inputs in aquaculture which 

contributes to about 60% of the costs of fish farming. The development and availability of highly 

nutritious and relatively economical aquaculture feeds has been a key factor in the sustained and 

rapid development of the aquaculture industry and has enabled the intensification of aquaculture 

production in many parts of the world (Alltech, 2016).  
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Feed must be formulated to a certain concentration of nutrient that sustains high growth, 

feed efficiency, health and final product quality of the animals, while minimizing the feed cost. 

Formulating cost-effective aquaculture feeds requires precise information on nutrient 

requirements of aquaculture species. Nutrient requirement of farmed animal is defined as the 

minimum level of a particular nutrient that is required to maximize the response of the animal for 

a certain performance criterion such as growth or feed efficiency (NRC, 2011). However, a 

considerable variability in estimates of nutrients requirements amongst and within commercially 

important fish species has been reported by a number of studies. There are significant gaps in our 

understanding of essential nutrient requirements of fish (Wilson, 1989; Cowey, 1994; Lall and 

Anderson, 2005; Bureau and Encarnação, 2006; NRC, 2011). For example, in rainbow trout the 

estimated lysine requirement is ranging from 1.3 to 2.9% of the diet (3.7-7.3% of crude protein) 

(Bureau and Encarnação, 2006). The reported estimates of digestible phosphorus requirement of 

rainbow trout from different studies vary from 0.34 to 0.8 % of the diet (Ogino and Takeda, 

1978; Ketola and Richmond,1994; Rodehutscord, 1996). It is unlikely that the variation in 

nutrient requirements within a single fish species be caused by biological variability (Bureau and 

Encarnação, 2006). Variations in estimates of nutrient requirements of animal are typically 

considered as a result of differences in methodology and interpretation of the response curve 

between laboratories (Kim et al., 1992; Wilson, 1993; Cowey, 1994; Hauler and Carter, 2001 

a,b). In addition, evidence suggests that the nutritional requirements of fish are not constant and 

could be affected by diet composition and/or nutrient intakes (Encarnação et al., 2004, 2006) or 

can change across different life cycle (Hua and Bureau, 2012; Hua et al., 2019). The estimates of 

nutrient requirements for different commercially important fish species are generally derived 
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from studies conducted in laboratories on small size, fast-growing fish generally fed semi-

purified basal diets with highly digestible nutrients (Hauschild et al., 2009). These information 

and estimates are compiled in a number of reference sources regardless of the life stage of the 

fish or the composition of the diet, are mostly presented as one single value of “nutrient 

requirements” per species (e.g. Wilson, 1991; Halver and Hardy, 2002; Webster and Lim, 2002; 

NRC, 2011; Holt, 2011; Turchini et al., 2011; Merrifield and Ringø, 2014).  

In practice, commercial feeds are formulated to different nutrient specifications to meet 

the nutrient requirements of fish at different sizes and at different production systems. It is 

unlikely that a single value of “requirement” for each species recommended can be a reliable 

representative for nutrient requirements of fish at different life stage, physiological states (e.g. 

growth, sex, genetic), feed composition, production system and environmental conditions (e.g. 

salinity, stress, temperature etc.) (Shearer, 1984; Austreng et al., 1998; Bureau and Encarnação, 

2006; Hua et al., 2008; Fjelldal et al., 2011, 2012; Hua and Bureau, 2012; Prabhu et al., 2016). 

The poor characterization of nutrient requirements of fish and nutritional specification of 

aquaculture feed may result in providing diet deficient in nutrients for part of the production 

cycle with possible impacts on the productivity, health and welfare of the animals or, conversely, 

over-supplying nutrients which can possibly result in wastage and higher feed and production 

costs than necessary.  

 Concepts of Essentiality of Nutrients 

An essential nutrient is defined as the nutrient that is required to support adequate 

growth, reproduction and health through the life cycle of animal when all other nutrients are 

https://link.springer.com/article/10.1007/s10499-014-9875-2#CR130
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR44
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR123
https://link.springer.com/article/10.1007/s10499-014-9875-2#CR63
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sufficiently provided in the diet to support maximal growth (O’Dell and Sunde, 1997). Reducing 

the dietary supplementation of an essential nutrient below a certain level results in reduction in 

the performance of the animal or impairs the physiologically important functions (Mertz, 1998). 

In animal nutrition, a number of techniques, such as isotopic labelling studies and feeding trials 

(deletion technique), have been used to explore the essentiality of a nutrients, with feeding trials 

being the more popular technique (Wilson, 1989). The assumption in this method is that by 

deletion of one particular essential nutrient from diet the normal performance of the animal will 

be impaired and supplementation of the diet with that test nutrient will result in improvement in 

the performance of the animal. This method has been applied to recognize the essential amino 

acids from non-essential amino acids in fish (Wilson, 1989; Cowey 1994). By using this 

technique, Nose et al. (1974) tested the essentiality of 18 amino acids for common carp 

(Cyprinus carpio) and found out that 10 out of the 18 tested amino acids had a significant impact 

on growth. The essentiality of amino acids is attributed to the inability of the animal to 

synthesize the corresponding carbon skeleton of that amino acid. Therefore, the dietary 

supplementation of the essential amino acids is necessary to fulfill the requirements of animal for 

metabolic processes (D’Mello, 2003). 

 Defining or Estimating Nutrient Requirement 

Growth and maintenance of the body requires an adequate supply of amino acids, 

minerals, vitamins etc. Feed is the major resource of these required nutrients for animal. 

Nutrients are being delivered to the animal in the form of a balanced diet formulated to a 

composition that adequately provides enough nutrients for growth and maintenance of the 



 

 

12 

  

animals. The “nutrient requirements” is defined as the minimum level of that particular nutrient 

that is necessary to allow the animal to perform at its maximum growth performance when all the 

other nutrients are adequately available in the diet. In fact, when the diet is relatively deficient in 

an essential nutrient, the performance of the animal is lower than the maximum potential of the 

animal for that specific response. The performance improves by increasing the dietary level of 

the limiting essential nutrient until the nutrient requirements of animal is met, after which by 

increasing the dietary level of the test nutrient no further improvement in performance is 

expected (Rodehutscord and Pack, 1999; Hauschild et al., 2009). 

Nutrient requirements of fish have been estimated using feeding trials for over more than 

half a century (Wilson, 2002). Essential nutrient requirements of animals have been generally 

established using dose response trials. In this method, a basal diet that is relatively deficient in 

one essential nutrient is supplemented with the incremental levels of that test nutrient. In this 

method, determination of nutrient requirements involves feeding of graded levels of the test 

essential nutrient to the animal and looking for a discernible pattern in a number of response 

criteria. The lowest dietary level of the limiting nutrient at which the animal reaches to its 

maximal performance is identified as the requirements. A wide range of dietary levels of the test 

nutrient from significantly deficient to the level that is certainly above the nutrient requirement, 

has to be provided to allow a precise estimation of the requirement level. Estimation of nutrients 

requirements through analysis of the data from an experiment requires choosing an “independent 

variable” which is the dietary level or intake of the test nutrient which is expressed by different 

units or modes of expression (e.g. % of diet or DM, ratio to digestible energy, etc.). The response 

of the animal to the increasing levels of nutrient which is the “dependent variable”, can be 
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measured through quantification of several factors such as growth or nutrient retention. Finally, a 

mathematical model has to be selected to examine the relationship between the independent 

variable and the dependent variable. A number of studies have suggested that the discrepancies 

observed between the estimates of requirements may be attributed to the variation in the choice 

of these parameters (e.g. Rodehutscord and Pack, 1999; Bureau and Encarnação, 2006).   

2.3.1. Impacts of Mode of Expression  

Several modes of expressions have been used to express the dietary nutrient level and the 

nutritional requirements of fish. For example, amino acid requirements have been expressed as 

percentage of the diet (NRC, 1993; 2011), proportion of dietary protein (Mambrini and 

Guillaume, 1999) or as per unit of dietary digestible energy (Pfeffer et al., 1992; Rodehutscord et 

al., 1995, 1997, 1999; Encarnação and Bureau, 2006). The choice of mode of expression  is on 

the basis of different assumptions authors make when considering what affects the requirements 

or not (Bureau and Encarnação, 2006; Bureau, 2008; Prabhu et al., 2013). Traditionally, the 

requirements of most essential nutrient for fish have been expressed as dietary concentration (% 

of diet or dry matter; NRC, 2011). This mode of expression assumes that the composition of the 

diet has no impact on the requirements of the test nutrient. Other studies based on the evidence 

derived from studies on nutrient requirements of other monogastric animals (swine and poultry) 

have suggested that expression of the nutrient requirements as per unit of dietary digestible 

energy is a more preferable option than dietary concentration (Pfeffer et al., 1992; Cowey and 

Cho, 1993; Rodehutscord et al., 1995, 1997, 1999; Mambrini and Guillaume, 1999). It has been 

hypothesized that dietary digestible energy determines the feed consumption by fish and as a 
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result, due to lower feed intake the concentration of nutrients in a high-energy diet must be 

denser than a low-energy diet. In contrast with this assumption, Cowey and Cho (1993) observed 

that the level of protein in rainbow trout’s diet has a significant impact on the requirements of 

amino acid (expressed as percent of diet). Based on the theory of the “ideal protein”, it was 

suggested that the amino acid requirements have to be expressed as a per unit of protein content 

of diet (Cowey and Cho, 1993). According to the ideal protein theory, the optimum dietary level 

of an essential amino acid is considered as proportions relative to total essential amino acids, 

rather than as a percent of the diet (Wang and Fuller, 1989). The ideal protein concept has been 

applied in feed formulation for swine, poultry and fish (Wang and Fuller, 1989; Green and 

Hardy, 2002 a,b; Rollin et al., 2003a). 

Expressing the amino acid requirements as a per unit of protein content of diet assumes 

that the catabolism of all essential amino acids for energy is in the same ratio as needed for 

maintenance and protein deposition. In high protein diets, amino acids will be catabolized as an 

energy source. The assumption is that the first limiting amino acid may not be spared from 

catabolism at the expense of other non-limiting amino acids. It implies that by increasing the 

protein content of diet, the utilization efficiency of the first limiting essential amino acid 

decreases (Cowey and Cho, 1993; Mambrini and Guillaume, 1999). The lack of significant 

impact of protein content of diet on first limiting amino acid requirements has been reported by a 

number of studies (Abboudi et al., 2009; Webb and Gatlin, 2002; Encarnação et al., 2006; Bodin 

et al., 2009; Nang Thu et al., 2009; Larebeke et al., 2018). However, results from Encarnação et 

al. (2006) indicated that at marginal levels, increasing digestible protein at isoenergetic diets 

(comparing 3 experimental diets containing 21 MJ/kJ gross energy, and different crude protein 
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content at 48, 65 and 69 % of dry matter) had no effect on the efficiency of lysine utilization as 

the first limiting amino acid. This suggests that the dietary protein does not affect the catabolism 

of the first limiting amino acid similar to other non-limiting amino acids. 

Many researchers have concluded that expression of dietary requirements of essential 

amino acids as per unit of dietary protein is generally not appropriate (Abboudi et al., 2002; 

Webb and Gatlin, 2002; Encarnação et al., 2006). However, it may be appropriate if the protein 

level represents a good indication of the digestible nutrient density of the feed.  

2.3.2. Impact of Response Parameter 

The adequacy of dietary nutrient level is assessed though examining the relationship 

between the dietary levels or intakes of nutrients and a relevant response parameter. The changes 

in the response parameter will be examined dependent on the changes in the dietary levels or 

intakes of nutrients. A survey of the fish nutrition literature indicates that variety of response 

parameters have been used to estimate nutrients requirements, including nutrient gains, whole 

body nutrient concentration, or blood/plasma nutrient concentration, feed efficiency, protein 

deposition, serum or plasma nutrient level, vertebral mineral content, urinary excretion of 

nutrient, etc. (Brown et al., 1992; Rodehutscord et al., 2000; Coloso et al., 2003; Kousoulaki et 

al., 2010; Nwanna et al., 2010). Amongst them, growth or the increase in live weight of the 

animal has been frequently used as the key response parameter examined in nutrient 

requirements studies (Prabhu et al., 2013).  
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Evidence suggests that estimates of nutrient requirements can be highly dependent on the 

selected parameter as the response criteria. For example, several studies have indicated that 

lysine requirements to maximize weight gain in rainbow trout was lower than that estimated on 

the basis of protein deposition. Lysine requirement using live weight gain as the response criteria 

was 2.2 to 2.3 % of diet, whereas the requirement based on maximizing protein deposition was 

2.7 to 2.8 % of the diet (Rodehutscord et al., 1997; Rodehutscord and Pack, 1999; Encarnação et 

al., 2006; Wang et al., 2010). In another study, a met-analysis of data on phosphorus 

requirements of fish indicated that the digestible phosphorus requirements based on maximizing 

whole body phosphorus concentration estimated to be 4.7 g digestible phosphorus 

kg dry matter−1 , whereas the estimated requirements was 5.2 g based on maximizing vertebral 

phosphorus content, 3.5 g to maximize weight gain and 2.8 g available phosphorus per 

kg dry matter−1 to maximize plasma phosphorus concentration (Prabhu et al., 2013).  

2.3.3.  Impact of Data the Analysis Procedure (Mathematical Model Selection) 

Estimation of a nutrient requirement requires to describe the response of the animal to 

dietary levels of the test nutrient. A statistical analysis is usually applied to examine the dose-

response relationship to estimate nutrient requirements in fish and other animals (Zeitoun et al., 

1976; Mercer et al., 1978,1982, 1989, 1992; Robbins et al., 1979; Robbins, 1986; Baker, 1986; 

Cowey, 1992). The choice of statistical analysis method can significantly affect the estimated 

value of nutrient requirements (Baker, 1986; Rodehutscord and Pack, 1999). The most common 

statistical analysis methods used in estimating the nutrient requirements of fish are the broken-
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line model, multiple range tests with various multiple-mean comparison tests (e.g. Duncan, 

Tukey HSD, etc.), and regression analyses using linear and non-linear models. 

2.3.3.1. Multiple Range Tests 

The multiple range test estimates the nutrient requirements as the lowest dietary 

concentration at which the response parameter is not significantly different from the maximum 

response. Multiple range tests often estimate the nutrient requirements of the animal based on an 

One-Way Analysis of Variance (ANOVA). In the past, the statistical analysis on the basis of 

ANOVA was very popular. These tests are simple and familiar to most scientists in animal 

nutrition field. However, application of multiple range tests has several disadvantages. It cannot 

ensure whether the highest level of nutrient used in the design of the experiment is sufficient to 

maximize the response parameter or not. For example, in a study on protein requirements of 

golden shiner (Notemigonus crysoleucas) the dietary protein levels between 21.2% to 34.5 % of 

diet was tested and after 8 weeks the weight gain was measured. Based on ANOVA analysis the 

protein requirements estimated to be 29% of diet (Lochmann and Phillips, 1994). However, 

when data are presented graphically, it was obvious that even the highest dietary protein level 

was not sufficient to maximize the growth of the fish (Figure 2-1) (Shearer, 2000).  

In addition, when ANOVA is being used to analyze the results from dose-response 

studies, the nutrient levels are considered discrete rather than continuous, so that the optimum 

nutrient level is stated as a range between two input levels and therefore, it is not possible to 

provide one single clear value of requirements. Moreover, because usually only two or three 

replicates are used, the power is very low and the significance of the effect of different dietary 
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levels of nutrients is not indicated properly. For example, in a study on protein requirements of 

brown trout (Salmo trutta) fry, application of a multiple mean test (Neuman-Keuls, P < 0.05) did 

not detect any difference between the performance of animal fed 53% and 65 % dietary protein 

(Arzel, 1995). While, re-analysis of the same data by using quadratic polynomial estimated the 

protein requirements of brown trout fry at 64% of diet (Shearer, 2000). Consequently, 

approaches on the basis of the analysis of the response curve have found broader acceptance and 

have proven to yield more robust and realistic estimates of requirements (Shearer, 2000). Several 

studies have demonstrated examples where application of multiple comparisons test has misled 

the interpretation of data. These studies have repeatedly suggested to avoid using multiple range 

tests in analysis of data from dose-response studies that could be analyzed through regression 

studies (Gill, 1973; Chew, 1976; Petersen, 1977; Little, 1978; Baker, 1980; Carmer and Walker, 

1982; Dawkins, 1983; Nelson and Rawlings, 1983; Maindonald and Cox, 1984; Swallow, 1984; 

Gilligan, 1986; Perry, 1986; Cousens, 1988; Gates, 1991; Mihail and Niblack, 1991; Lowry, 

1992; Pearce, 1993; Shearer, 2000).  

2.3.3.2. Regression Analysis 

Often a systematic relationship exists between the dietary nutrient levels and the changes 

in the response parameter that can be explained through regression analysis. Description of this 

relationship through data analysis procedure completes the estimation of nutrient requirements 

from the response curve. Often a mathematical model is used to represent the relationship 

between the response parameter and the level of the test nutrient in diet. Different mathematical 

models have found wide use including broken-line model, Mercer’s four- and Five- Parameters 

Logistic Models, the Exponential Models, Saturation Kinetics Model, Sigmoidal, etc., to 
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estimate nutrient requirements of animal. These models use different assumptions to describe the 

relationship between the response parameter and the independent parameter. The estimated 

nutrient requirements can be considerably different based on the selected model (Rodehutscord 

and Pack, 1999). For example, Encarnação et al. (2004) estimated the lysine requirements of 

rainbow trout using broken-line model to be 1.8 % of diet using the broken-line model, and 2.3% 

of the diet with an exponential model. Robust estimates of nutrient requirements hinge on the 

reliance on mathematical model that faithfully describe the relationship between the biological 

response of the animal to the incremental levels of dietary nutrient intake (Rodehutscord and 

Pack, 1999; Bureau and Encarnação, 2006; Pesti et al., 2009). 

2.3.3.3. Broken Line Model 

The typical response of animals to increasing dietary concentrations or intakes of 

nutrients generally involves a phase where the response of the animal progressively increases 

(ascending line) up to a point where the response no longer increases and thus reach a plateau. 

Based on this, Robbins et al. (1979) prompted the use of broken-line model to estimate the 

nutrient requirements of an animal inspired by the work of Mameesh, et al. (1956). This model 

usually includes two linear segments, a segment with a positive or negative slope (depending on 

the response criteria) and a segment with a slope of zero or a plateau which is represented by a 

horizontal line. The dietary level of the test nutrient at the intersection between the ascending 

line and the horizontal line is considered as the dietary nutrient requirements of the animal. The 

general equation of the broken line model is (Equation 2.1):  

Y = L - U (z1);   where: z1 = (X < R) (R - X)  (2.1) 
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where the variable ‘Y’ is the response factor (e.g. weight gain, nutrient gain), the variable ‘X’ 

represents dietary level of nutrient, the parameter ‘L’ is the ordinate of the breakpoint 

representing the maximum response, the parameter ‘R’ is the abscissa of the breakpoint which 

often represents the dietary level of nutrient requirements of animal, and the parameter ‘U’ is the 

slope of the line for X < R. By definition (R-X) is zero when X > R. The model will be fitted to 

the response curve and the parameters will be estimated by the least-square principles (Rawlings, 

1988; Seber and Wild, 1989).  

In the past, the broken-line model has been the most widely used model to analyze the 

response of animals to dietary levels of essential nutrient. The available values of nutrient 

requirements of aquatic animals are mostly estimated based on using this model. According to 

Robbins et al. (1979) the estimated nutrient requirements from broken-line model is a “rough 

approximation”. However, the advantage of this model is that it provides one single clear value 

(the intersect of the ascending line and the horizontal line) as “the requirement” which makes the 

interpretation of response curves simpler (Rodehutscord and Pack, 1999). Although this model 

has been successfully applied to estimate the nutrient requirements of fish and several other 

farmed animals, it has certain limitations in terms of its biological considerations. For example, 

the increasing linear response in lower levels of the limiting nutrient intake can be nearly linear 

(Robbins et al., 1979). However, this model assumes that a growing animal will respond linearly 

to supplementation of a limiting essential nutrient until the exact requirement is met, after which 

no further change in response is expected, which does not appear realistic from the biological 

context. It is unlikely that the response of animal is maximized at one single level and then stays 

at the maximum regardless of the toxic effect of extremely higher levels of inclusion. The 
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estimates of nutrient requirements through broken-line model have find wide acceptance while 

some evidence suggest that it can lead to significant underestimation of nutrient requirements 

(Rodehutscord and Pack, 1999). Therefore, application of a more robust model satisfying both 

mathematical and biological considerations is required (Mercer, 1992). 

2.3.3.4. Second-Order Polynomials 

Curvilinear models have been used to analyze and describe the response data because the 

response curve cannot be completely and faithfully described by segmented linear functions. 

Amongst curvilinear models the polynomial (often quadratic) function has been commonly used 

to describe the response curve by estimating the nutrient requirements of animal. The quadratic 

function is on the basis of the “diminishing marginal productivity” law. It means that the 

contributions to output from each successive unit of input are diminished until the maximum is 

reached. With a second order polynomial, adding units of input above the requirement is 

expected to actually decrease the response. The general equation for the quadratic polynomial 

function is shown in Equation 2.2: 

𝑌 = 𝑎𝑋2 + 𝑏𝑋 + 𝑐   (2.2) 

where the variable ‘Y’ is the response factor (e.g. weight gain, nutrient gain), the variable ‘X’ 

represents nutrient concentration or intake. The a, b, and c are equation parameters, but unlike 

the parameters in broken-line model, these parameters do not represent a biologically meaningful 

estimation.   
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Most response curves from dose-response studies are expected to have a safe range of 

intake levels allowing the animal to achieve the maximum response which results in a plateau in 

the response curve between the level of requirements and the levels that causes toxicity. By its 

nature, quadratic polynomial models assume a progressive increase and then decrease (or vice a 

versa) and are not able to characterize the typical plateau response. This is a serious weakness 

with application of this model in fitting the response of the animal to the incremental dietary 

levels of a limiting essential nutrient (Pesti et al., 2009).   

Polynomial models are easy to fit into the data and, similar to the broken-line model, can 

clearly define the point that the maximum response is being achieved. However, the biological 

relevance of this maximum response is highly questionable. The maximum response defined by 

this type of model represents a mathematical artefact and it should not be considered the 

requirement of the animals. Quadratic models are still very useful because of their mathematical 

simplicity and often fit the ascending phase very well (Pesti et al., 2009).  

Nutritionists have adopted solutions to be able to use the advantages of the quadratic 

models while avoiding the pitfalls of using them. For example, often a point relatively close to 

the 100% of the maximum response is selected to set the “requirements” as they may do with 

asymptotic models. Another use of quadratic models in estimation of nutrient requirements is 

applying the quadratic model as the ascending segment of the broken-line model which is known 

as broken-line quadratic model (Vedenov and Pesti, 2008).  
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2.3.3.5. Non-linear Models  

The response of an organism to increasing levels of an essential nutrient increases 

progressively but may not be completely linear. Non-linear functions include a broad range of 

equations and some of them have been used in animal nutrition to fit to the response curve. The 

models at least include one parameter that is not linearly related to the dependent or the unknown 

variable (Ratkowski, 1983). Generally, parameters are being estimated through maximum 

likelihood estimation following iterative optimization method (Ratkowski, 1983; Bates and 

Watts, 1988; Seber and Wild, 2003). Based on these models, the biological response of animals 

to increasing the dietary levels of essential nutrients is believed to follow the “Law of 

Diminishing Returns”. The Law of Diminishing Returns is defined as the decreasing rate of 

increment in the response criteria as the limiting nutrient level in the diet is increasing where the 

response is close to the maximum (Gahl et al., 1991). The nonlinear models assume the 

supplementation of the limiting nutrient at highly deficient levels result in a significant increase 

(almost linear response) in performance and the rate of this increase will diminish progressively 

with further increase in dietary supplementation until the increase in dietary nutrient level causes 

no further any change in the response of the animal and the curve approaches the asymptote. In 

this case, choosing a single level of “requirements” will be challenging and the choice of 

estimated level of requirement can be subjective. Although the model gives an estimation of 

dietary nutrient level at maximum response, however to adequately estimate the dietary nutrient 

level relatively close to the asymptote corresponding to a relatively large fraction of the 

response, proportions of the asymptote (e.g. the level of nutrients that results in 90, 95 or 99% of 

asymptote) have been arbitrary selected as the dietary level representative for the requirements of 
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animal (Robbins, 1979; Baker, 1986). This proportion has traditionally been set to 0.95 defining 

the requirement and represents a point that we can assume the response is maximized despite the 

mathematical equation stating otherwise.   

 Exponential (Rodehutscord et al., 1995 a,b;1997) and sigmoidal models (Mercer et al., 

1989; Gahl et al., 1991) are most commonly used non-linear models in estimation of nutrient 

requirements of the animal. An exponential model (Equation 2.3) that has been commonly used 

to relate the nutrient intake to several response criteria in fish which is driven from Rodehutscord 

et al. (1995a) is:   

Y = Ymax (1 - 𝑒−b(x − c) )  (2.3) 

where the parameter ‘Ymax’ is the asymptote of the curve or the theoretical maximum response 

and the variable ‘x’ represents nutrient concentration or intake. The parameter ‘b’ indicates the 

steepness of the curve and c represents the intake at which the changes in response is zero y = 0. 

Another non-linear model that has been widely used in animal nutrition is the sigmoid 

model. In the sigmoid models, the four-parameter logistic function has been most frequently 

used in estimation of nutrient requirements of animal including fish (Gahl et al., 1991 Asgard 

and Shearer, 1997). A sigmoid response curve, starting from very low dietary levels of the 

limiting nutrient includes a threshold, deficient, adequate, optimal and inhibited section (Mercenr 

et al., 1986). The following equation (Equation 2.4) represents the four-parameter logistic model 

presented by Gahl et al. (1991): 

𝑦 =  
𝑌𝑚𝑎𝑥 + [𝑑 (1+ 𝑚)− 𝑌𝑚𝑎𝑥]𝑒−𝑘𝑥

1+𝑚𝑒−𝑘𝑥   (2.4) 
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where ‘Ymax’ is the plateau of the curve (upper asymptote) and the variable ‘x’ represents 

nutrient concentration or intake. The parameter ‘d’ is the y axis intercept, ‘k’ is scaling parameter 

that scales ‘x’, and ‘m’ shaping parameter that locates the inflection point. 

Different nonlinear models are built based on different assumptions and may result in 

different estimates of nutrient requirements from the same dataset. Rodehutscord and Pack 

(1999) re-evaluated lysine requirements of rainbow trout from the same set of data by using 

different mathematical models. Lysine requirements of rainbow trout estimated to be 2.8% of 

diet by exponential function (Rodehutscord et al., 1995), 2.0% of diet four-parameters logistic 

function (Gahl et al., 1991), 2.1% of diet saturation kinetic model (Mercer et al., 1989) and 2.0 % 

of diet by broken-line model (adaptation of Robbins et al., 1979) which was different 

considerably depending on the model used. A similar result was observed in another study on 

lysine requirements of rainbow trout, with a lower estimation of requirement by using broken 

line model (1.8 % of diet) compared to an exponential and four-parameter logistic equation 

models (2.3 % of diet) (Encarnação et al., 2004).  

In application of mathematical models, the range of the dietary levels used in the design 

of the experiment has to be taken into account. The comparison between the goodness of fit of 

the different non-linear models can be meaningful only when the range of dietary concentration 

of the limiting nutrient is wide enough to enable the models to capture the correct mean of the 

response curve satisfactorily. For a more restricted dietary range of the test nutrient, the use of a 

simpler model that is easier to interpret is preferred (Rodehutscord and Pack, 1999).   



 

 

26 

  

Given the evidence reviewed above, I conclude that the choice of the mathematical model 

and the portion of the maximum response that is selected to estimate the requirements, the 

selected response criteria and the mode of expression have a very significant impact on the 

estimate of nutrient requirements. Beside the factors that affect the estimation of nutrient 

requirements from experimental data, evidence suggest that the nutritional requirements of fish 

are also not constant and could be affected by variety of factors such as diet composition 

(Encarnação et al., 2004; 2006) or can change across life cycle (Hua et al., 2019; Hua and 

Bureau, 2012). Therefore, a single value of “requirement” resulted from one dose-response 

experiment at a certain experimental condition cannot be a reliable representative for nutrient 

requirements of fish at different life stage, physiological states (e.g. growth, sex, genetic), feed 

composition and environmental conditions (e.g. salinity, stress, temperature etc.) (Shearer, 1984; 

Austreng et al., 1998; Bureau and Encarnação, 2006; Hua et al., 2008; Fjelldal et al., 2011; Hua 

and Bureau, 2012; Prabhu et al., 2016). The most studied factors that are known to have impact 

on the nutrient requirements of fish are diet composition (Encarnação et al., 2004; 2006) and fish 

body weight (He et al., 2013; Hua et al., 2019). 

2.3.4. Impacts of Environment 

It has been suggested that the estimate of nutrient requirements of fish can be influenced 

by their environment. In ectotherms (poikilotherms), the environment, specifically temperature, 

has a significant impact on the metabolism and consequently will also affect multiple 

physiological processes (e.g. hormone production and enzyme activity) (Jobling, 1995; Eckert, 

1988; Elliot, 1994; Cho and Bureau, 1998) and growth of the fish (Brett, 1979; Jobling et al., 
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1993). The growth rate in fish increases by increase in the environmental temperature (depending 

on the thermal adaptation of the species) up to a point which after that increase in temperature 

results in stress and causes reduction in feed intake and growth (Schwarz and Kirchgessner, 

1984; Keembiyehetty and Wilson, 1998; Azevedo et al., 1998; Buentello et al., 2000; Bonga et 

al., 1997; NRC, 2011). The increase in growth rate is an indication of increase in nutrient 

deposition rate. Several studies have reported that in higher water temperature, the nutrient 

requirements per fish per unit of time increase (Hidalgo et al., 1987; Hidalgo and Alliot 1988; 

Azevedo et al., 1998). However, the efficiency of utilization of nutrients may not change in the 

normal temperature range (Azevedo et al., 1998). In a study on protein requirements of seabass 

(Dicentrarchus labrax), the daily protein requirements of fish increased at higher temperatures 

(20 ºC vs 15 ºC), however the protein requirements as dietary concentration was not affected by 

temperature when weight gain was used as the response criteria (Hidalgo and Alliot, 1988). The 

metabolic rate of fish and therefore the maintenance energy requirements is related to the 

metabolic body weight that is closely correlated with increasing temperature up to the upper limit 

of the optimum temperature range declining beyond that level (Kaushik, 1998). The energy 

requirements of fish for basal metabolism (kJ fish-1) is a based on temperature and metabolic 

body weight (power of 0.8 to the live body weight of fish) (Cho, 1999; Cho and Bureau, 1998). 

Quantification of the effect of temperature on energy requirements of fish is particularly 

important when modelling the feed requirement and nutrient requirements of fish using a bio-

energetic based model. Other environmental factors such the environmental stress (e.g. hypoxia, 

elevated ammonia) and water salinity may also affect the nutrient requirements and utilization 

efficiency by fish. 
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2.3.5. Impacts of Diet Composition  

Fish obtain nutrients in the form of a complex of various compounds as diet. These 

compounds are digested, absorbed and metabolized in the body through a large number of 

complex chemical reactions. Metabolism of each nutrient is related to several other nutrients in 

the body and therefore the balance between nutrients affects the metabolism and retention of 

them in the body (Kim and Kayes, 1982; Ketola, 1983; Walton et al., 1984; Lanari et al., 1991; 

Pfeffer et al., 1992; NRC, 1993; Cowey, 1994; Kim, 1997; Rodehutscord et al., 1997; Hauler and 

Carter, 2001b). However, nutrient requirements of animal have been often estimated through 

simple principles of nutrition that describes the relationship between the dietary level of one 

single nutrient and a response parameter and the effect of the composition of the diet on nutrient 

requirement has been often overlooked.  

Cowey and Cho (1993) suggested that dietary protein content affects the utilization of the 

first limiting amino acid. Therefore, the amino acid requirements expressed as dietary 

concentration will be affected by dietary protein level. Other investigations suggested that not 

only the protein content of the diet, but also the balance between digestible amino acids and 

digestible energy in the diet affects the metabolism and utilization of amino acid in the body. In 

rainbow trout and Atlantic salmon, additional sources of non-amino acid energy in the diet can 

spare dietary amino acids from being utilized as energy sources. The reduction in amino acid 

catabolism results in increased efficiency of amino acid utilization (Cho and Woodward, 1989; 

Einen and Roem, 1997; Grisdale-Helland and Helland, 1997;1998; Johnsen et al., 1998; 

Ruohonen et al., 1998; Stefens et al., 1999; Rodehutscord et al., 2000). This effect is referred to 
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as ‘amino acid sparing’. Pfeffer et al. (1992) and Rodehutscord et al. (1995, 1997, 2000) 

suggested that dietary digestible energy content may affect the requirements of essential amino 

acids as dietary concentration. They argued that in a diet containing high digestible energy, a 

higher dietary concentration of amino acid is required due to the lower expected feed intake of 

the animals. Encarnação et al. (2004) set upon to verify the validity of this assumption and 

assessed the effect of digestible energy content of the diet on lysine requirements of rainbow 

trout. They observed that the digestible energy content of diet has no impact on lysine 

requirements of rainbow trout expressed as dietary concentration. However, they found that in 

marginally deficient levels of lysine intake, the additional dietary digestible energy improves 

lysine retention efficiency. 

In another investigation on the effect of digestible energy on lysine utilization efficiency, 

it was observed that not only the dietary digestible energy, but also the source of energy (the type 

of energy yielding nutrient) has a major impact on lysine utilization efficiency. Dietary energy is 

provided by several energy yielding nutrients (amino acids, lipids, carbohydrates) (Encarnação et 

al., 2006). Therefore, the effect of other nutrients on amino acid retention efficiency cannot be 

explained solely on the basis of their energy content of diet. For example, digestible 

carbohydrates, such as gelatinized starch are known to have a very limited protein sparing effect. 

In addition, high dietary starch has been associated with reducing growth performance of the fish 

(Rosenlund et al., 2004). Encarnação et al. (2006) observed that between the three sources of the 

additional digestible energy, acetyl-CoA precursors (fatty acids), pyruvate precursors (mixture of 

alanine, serine, glycine, and cystine) and α- ketoglutarate +oxaloacetate precursors (mixture of 

aspartate, glutamine and glutamate) , only fatty acids spared lysine for protein deposition and the 

https://onlinelibrary-wiley-com.subzero.lib.uoguelph.ca/action/doSearch?ContribAuthorStored=Rosenlund%2C+G
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two other energy-yielding components had no impact on the lysine utilization efficiency for 

growth and protein deposition in rainbow trout. The amino acid sparing effect of lipid has been 

also observed in cod. However, in contrast with rainbow trout, cod has less ability to utilize lipid 

as a source of energy and uses protein preferentially as an energy source and the protein sparing 

effect of lipid is limited (Lie et al.,1988; Morais et al., 2001). Therefore, a difference in protein 

sparing effect of lipids may exist between different species. 

In practical condition, where a wide range of composition of diet for aquatic species is 

being produced, the metabolism and requirements of nutrients can be affected by feed 

composition and digestible nutrient intakes. Therefore, only one single estimate of nutrient 

requirements resulted from one single dose-response experiment may not be accurately a 

representative value for the requirements of that nutrient in different feed composition.  

2.3.6. Impacts of Body Weight 

The efficacy of nutrient utilization by the animal highly affects the requirements of 

nutrient. The body weight of fish is known to have a significant impact on the efficiency of 

nutrients utilization. In barramundi (Lates calcarifer) and rainbow trout, a decrease in amino acid 

utilization efficiency and consequently, an increase in amino acid requirements per unit of gain 

has been observed as the fish grows (Glencross, 2008; Bermudes et al., 2010). Likewise, in Nile 

tilapia, a decrease in efficiency of methionine and lysine utilization has been reported between 

21g and 165 g body weight (He et al., 2013). In another investigation on Nile tilapia, the 

efficiency of lysine utilization reduced from 68 % to 47% between the body weight of 10g to 

248g (Hua et al., 2019). Hua et al. (2019) represented the decrease in efficiency of utilization of 
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lysine along life cycle by a linear equation as: marginal lysine utilization efficiency (%) =69–

0.078×body weight (g). The results from these investigations is an indication of the biological 

effects of body weight on nutrient utilization efficiency may affect nutrient requirement.  

In growing animals, a considerable portion of the dietary nutrients are required to meet 

the need for growth and deposition in the body. Consequently, body composition and the rate of 

deposition of nutrients in the body, drive the nutrient requirements of the animal (Quiniou and 

Noblet, 1995; de Lange et al., 2003; Dumas et al., 2007). It is well documented that the body 

composition and the rate of deposition of nutrients in fish change over their life cycle (Brown, 

1957; Phillips et al., 1960; Groves, 1970; Love, 1980; Dumas et al., 2007). Allometry which 

describes the rate of change between two variables. In small fish, allometry relates the body 

composition with changes in body weight more effectively than an isometric equation (Gayon, 

2000; Dumas et al., 2007). However, in larger rainbow trout, the isometric relationship provides 

a better description of the relationship between body weight and the content of most body 

constituents such as protein and water. However, in rainbow trout, the relationship between lipid 

content of body and body weight was better described by an allometric relationship (Dumas et 

al., 2007). Unlike rainbow trout, in Nile tilapia a simple linear isometric equation shows a more 

reliable relationship between body lipid and body weight. While, an allometric relationship was 

observed between the body weight and the ash content of fish (Chowdhury et al., 2013). These 

observations indicate that the changes in the rate of deposition of nutrients may vary between 

species, and consequently may affect the changes in nutrient requirements along growth between 

different species. 
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Significant pitfalls and limitations have been identified associated with suggesting a 

single estimate of nutrient requirements for each species which is driven from empirical 

methods. The effects of factors responsible for the variation between estimates must be 

investigated and considered in estimation of nutrient requirements. There is a need for a robust 

and reliable method of characterization of nutrient requirements of fish that enables nutritionists 

to quantify the impact of the most influencing factors and offers a practical and dynamic solution 

to the challenges in estimation of nutrient requirements. 

Clearly, the relationship between the dietary nutrients and the physiological condition of 

body creates highly complex and integrated system and understanding and quantifying all these 

relationships is not an easy task. However, investigations through several experiments and 

application of different approaches have significantly improved our understanding of the 

biological processes of nutrients utilization and metabolism in body.  

  Modeling Approaches 

Growing animals require nutrients for various growth and maintenance processes. 

Growth processes associates with deposition of nutrient into body which includes a large amount 

of nutrient required by growing animal. Deposition of nutrients into body is associated with 

support costs such as endogenous gut nutrient loss, nutrient catabolism or urinary loss. Nutrients 

are also required for “maintenance” or “basal” processes such as losses of nutrients via skin, 

basal gut endogenous amino acid losses, the loss of free amino acids in the urine, etc. Over the 

last decades, animal nutritionists have developed quantitative models describing the metabolism 

and utilization of nutrient in growing animal to estimate the nutrient requirements. These 
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methods are a mathematical representation and rational conceptualizations of the biological 

processes of metabolism of nutrients in animal. These models are translating the biological 

principles into mathematical formulas and by finding the existing patterns, allow us to forecast 

the future behaviors of biological system in real life situations (Tedeschi, 2019). Mathematical 

nutritional models as useful tools are enabling nutritionists to integrate the current accumulated 

knowledge and results from several investigations on nutrient requirements of animal, to increase 

our understanding of the behavior of complexly interactive and dynamic biological systems.  

Two of the categories of modelling that have been most commonly applied in animal 

nutrition are empirical and mechanistic models. In empirical models, the experimental data are 

directly used to describe the relationships between different variables. An empirical model 

principally sets out to describe the observation from experiments, without hypothesizing 

biological theory and is often based on application of statistical models (Chanter, 1981; Ross, 

1981; Yerokun and Christenson, 1990). Mechanistic models are process based and seek to 

explain the causation of the observed phenomena. This approach mathematically describes the 

underlying processes and divides the process it into its key components. Then the behavior of the 

whole system as a function of its individual components and their interactions with one another 

will be analyzed (Baldwin et al., 1973; Barber and Cushman, 1981; Bouldin, 1989; Van 

Noordwijk et al., 1990; Hoffland, 1992).  

2.4.1. Factorial Models 

Falling somewhere between empirical and mechanistic models, factorial models contain 

equations describing the physiological processes of metabolism of the nutrients in a mechanistic 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tedeschi%20LO%5BAuthor%5D&cauthor=true&cauthor_uid=30882142
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way, while deriving most of the relationships from empirical models and the statistical analyses 

(Tedeschi, 2019). Factorial models have been very widely used in animal nutrition (Moughan, 

2003; Pomar et al., 2007; NRC, 2012). Factorial models been able to make acceptable 

predictions of the nutrient requirements of animal (Hauler and Carter, 2000 a,b; Abboudi et al., 

2006; Bodin et al., 2008; Hua et al., 2010; Kuhi et al., 2011; NRC, 2011). These models are 

basically an “accounting mechanism” to compute the minimal amounts of nutrient required from 

a mass balance perspective for given conditions. In this method, nutrient requirements are being 

calculated on the basis of biological processes underlying nutrient partitioning and utilization in 

the body as the sum of nutrient needs for maintenance and growth (Moughan, 2003). Figure 2.2 

illustrates the partitioning of an essential amino acid in the body of a growing animal. 

2.4.1.1. Maintenance 

A hypothetical state at which an animal is neither gaining nor losing a certain nutrient is 

known as the state of maintenance (McDonald et al., 2010; Gouyao, 2017). The maintenance 

requirements for dietary nutrients reflect the continuous loss of retained nutrients through 

processes such as scale loss, urinary and basal gut endogenous nutrient loss and the use of 

nutrients for synthesizing other nitrogenous compounds and indicates the nutrient requirements 

of fish to compensate for obligatory losses and for maintaining nutrient balance at no gain-no 

loss status (Cho and Kaushik, 1990; Moughan, 2003).  

The calculation of maintenance nutrient requirements is often through regression analysis 

of dose-response studies and extrapolating the response curve to the point of zero gain and 

accounting for the nutrient intake level at that point (value of x-axis when, y = 0; Figure 2-3) 
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(NRC, 2011). The maintenance requirements of animals have been determined by using this 

method for many nutrients and digestible energy (in poultry: Kebreab et al., 2008; Kuhi et al., 

2009; in fish, Rodehutscord et al., 1997; Hua, 2013). The response curve obtained from each 

individual study is influenced by factors such as genetic, the intrinsic upper limit to body nutrient 

retention, body weight of the animal, composition of the basal diet and the choice of 

mathematical model. Consequently, the calculated values from extrapolation of the response 

curve is being affected by the foresaid factors.  

Although, for some nutrients, the requirements for maintenance represent a seemingly 

small portion of total nutrient requirements, however, an accurate estimate of maintenance 

requirements can contribute to the reliability of the calculated nutrient requirement of fish by a 

factorial approach. The current estimates of maintenance requirements of nutrient for fish are 

mostly driven from analysis of pooled data from studies on different fish species (Hua, 2013; 

Prabhu et al., 2014). However, the maintenance nutrient requirements of fish vary between 

species (Kaushik and Seiliez, 2010). Considering the diverse array of the commercially cultured 

fish species, it is worthy to study the difference between the maintenance nutrient requirements 

of fish for each individual species to enhances the flexibility of the current factorial model by 

using species specific values. 

2.4.1.2. Nutrient Deposition 

In growing animals, nutrients required to meet the need for growth have a predominant 

role in total nutrient requirements (Quiniou and Noblet, 1995; de Lange et al., 2003; Dumas et 

al., 2007; Chowdhury et al., 2013). It appears that the rate of nutrient deposition in growing 
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animal is regulated to achieve a target body composition. Equations have been developed by a 

number of studies to describe the body chemical composition in relation with body weight 

(Shearer, 1994; Jobling, 2001; Dumas et al., 2007; Chowdhury et al., 2013). Allometric 

equations are relate the body chemical composition with body weight more effectively in small 

fish, whereas isometry better describe the relationships between body chemicals and body weight 

in larger fish (Dumas et al., 2007). In general, it appears that the rate of change in protein and 

water mass of body is similar to the rate of body weight gain in different animal including fish 

and swine (Schinckel and de Lange, 1996; Dumas et al., 2007; Chowdhury et al., 2013). Changes 

in body lipid is more affected by exogenous factors such as diet composition and feeding level 

(Groves, 1970; Shearer, 1994; Bureau et al., 2006). Yet, in rainbow trout, it appears that an 

allometric relationship can describe the relationship between body lipid and body weight better 

that isometric equation (Dumas et al., 2007). Dumas et al. (2007) simulated the changes in 

protein and lipid deposition rate (as g per day) in rainbow trout over the life cycle. The result 

from this study is showing that nutrients are being deposited in body with different rates and the 

deposition rate is not constant and is changing over the life cycle (Figure 2-4).  

The rate of deposition of nutrient in the body is based on changes in body composition 

along growth. Growth trajectory of animal over the time has been described by using growth 

functions. These functions are describing the changes in the size or body weight of the animal 

with time. In contrast to mammals, fish and crustaceans have exhibited an indeterminate growth 

pattern meaning that the growth continues after sexual maturity (Sebens, 1987). Based on this 

hypothesis, the exponential growth models have been commonly used to describe the growth in 

fish and crustaceans. Among the specific growth rate (SGR) have been widely used in both 
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research and practice. The model predicts the body weight of the animal at the time n by  

knowing the initial body weight of the animal and the potential growth rate of the animal 

whereby the body weight is calculated as 𝑊𝑛 = Exp(ln𝑊0 + 𝑆𝐺𝑅𝑛 × 𝑛 100⁄ ), with n 

representing time, W0 body weight at day zero and Wn body weight at day n (Malthus, 1798). In a 

poikilothermic animal such as fish the environmental temperature fluctuations have a great 

influence on the growth rate of the fish (Weatherley, 1972; Sebens, 1987). The thermal-unit 

growth coefficient (TGC), has been developed to take the environmental temperature 

fluctuations into consideration in prediction of growth trajectory of fish (Equation 2.5) (Dumas 

and France, 2008).  

𝑊𝑛 = (𝑊0
1/3

+  
𝑐𝑛

1000
∑ 𝑇𝑖)

1

1 3⁄𝑛
𝑖=1    (2.5) 

Traditionally a fixed body weight exponent of 1/3 was used in TGC model to forecast 

animal growth which was resulting in calculation of a constant growth rate along the entire life 

cycle of the animal. Evidence has demonstrated changes in the growth rate and growth pattern of 

the fish in relation with their various life stages (Charnov et al., 2001; Shuter et al., 2005; Dumas 

at al., 2007). Application of one single body weight exponent (1/3) through the entire life cycle 

may not result in accurate prediction of growth. The model has been recalibrated for number of 

species to be able to describe the changes in the growth pattern of fish across life stages 

(Charnov et al., 2001; Shuter et al., 2005; Dumas et al., 2007; Chowdhury et al., 2013; Powel et 

al., 2017). Application of the recalibrated TGC models in the factorial models allows the model 

to be flexible enough to take into account the environmental temperature fluctuation and changes 

in growth rate across life cycle of fish. As a result, the model will generate a more dynamic 
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calculation of nutrient retention and consequently nutrient requirements of for fish at different 

environmental condition and weight class.  

2.4.1.3. Nutrient Loss 

The growth processes involve with the support costs of new tissue synthesis which are 

quantitatively important in calculation of nutrient requirements of the animal by a factorial 

approach (Moughan, 2003).These support costs of nutrient deposition arise from nutrient loss as 

endogenous gut nutrient loss, inevitable nutrient loss, preferential nutrient catabolism to support 

energy requirements, irreversible synthesis of  secondary metabolites and homeostatic nutrient 

loss to maintain the homeostasis balance of the body.  

Endogenous gut nutrient losses are defined as the nutrient found in digesta or in feces of 

animals fed a purified diet (Mitchell, 1924). During the process of digestion, a considerable 

amount of nutrients enters the gastrointestinal tract through enzymes and bile, mucoproteins, 

desquamated cells etc. A significant amount of these nutrients will be reabsorbed, and a fraction 

of these nutrients will be lost through feces. In terrestrial animals, a number of methods are used 

to estimate the endogenous nutrient loss in animal such as feeding the animal with purified diet 

and measuring the nutrient excretion in the feces or from the terminal ileum; regression method, 

through extrapolation of mathematical model; The EHC/ultra-filtration method (enzymatically 

hydrolyzed casein method); Homoarginine method; Isotope dilution techniques (Donkoh et al., 

1995; Nyachoti et al., 1996). Application of purified diet such as nitrogen-free diet in estimation 

of endogenous nutrient loss from fish is not feasible since the fish will not accept (or will eat 

very little of) purified diet, making it very difficult to calculate the endogenous nutrient loss. In 
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addition, the result from estimation of endogenous nutrient loss through feeding purified diet, 

could be significantly different from the endogenous loss when common ingredients are being 

used in diet. Two feces collection method in fish is being used: active collection, through 

stripping or collecting feces by dissection; and passive collection, collecting fecal material 

naturally egested by the animal through collection of fecal material from tank effluent water 

(NRC, 2011). Estimation of endogenous nutrient loss using active method may lead into 

overestimation of endogenous loss due to contamination of fecal material with endogenous 

material that would otherwise be reabsorbed before the feces are excreted (Cho et al., 1982; 

Hajen et al., 1993; Vandenberg and de la Noiie, 2001). In contrast, application of passive method 

may result in underestimation of endogenous loss because of losing some soluble nutrients from 

feces into the water. Studies have suggested that the method of analysis significantly affects the 

estimates of endogenous nutrient loss (Boisen and Fernandez, 1995; Boisen and Moughan, 

1996). Dietary factors such as the ingredient used in feed, dry matter intake, the fiber content of 

diet, dietary protein content and anti-nutritional factors also significantly affect the endogenous 

nutrient loss by animal (Souffrant, 1991; Boisen and Moughan, 1996).   

Preferential catabolism refers to the catabolism of energy yielding nutrients such as 

amino acid for the purpose of energy generation when the supply of other energy yielding 

nutrients is limited. As a result, preferential nutrient catabolism is affected by the presence of 

other energy yielding nutrients. The term ‘preferential’ is used as opposed to ‘inevitable’ 

catabolism which occurs in body due to presence of active enzymes in body and is not being 

affected by the content of other dietary energy yielding nutrients. Inefficiency of nutrient 

utilization through preferential catabolism can be quantitatively significant and must be 
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considered in estimation of nutrient requirements through factorial model (Moughan, 1999; 

Moughan and Fuller, 2003). Feed composition is known to have a significant impact on the 

efficiency of nutrient utilization (Rodehutscord et al., 2000; Encarnação et al., 2004; 2006; Nang 

Thu et al., 2009). For example, fatty acids as the source of digestible energy in diet have 

demonstrated a significant lysine sparing effect in rainbow trout. In contrast, inclusion of amino 

acids as an additional source of digestible energy did not spare lysine from catabolism 

(Encarnação et al., 2004; 2006). These findings indicate the potential effect of diet composition 

on amino acid catabolism and consequently amino acid requirements of fish.  

The amino acid utilization efficiency in farm animals is based on the balance between 

dietary amino acid supply and deposition. Inevitable amino acid catabolism contributes to the 

inefficiency of utilizing dietary amino acids for protein deposition in growing animals (Fuller et 

al., 1991). The inevitable amino acid catabolism occurs even at sub-optimal amino acid intake 

for protein deposition. This reflects the presence of active amino acid-catabolizing enzymes in 

animal cells (Moughan, 1991). Evidence indicate that the rate of inevitable amino acid 

catabolism may change along life cycle of fish while the magnitude of these changes could be 

species dependent. For example, Nile tilapia (He et al., 2013; Hua et al., 2019) and rainbow trout 

(Hua and Bureau, 2012) are utilizing lysine less efficiently for deposition as they grow larger. In 

contrast, in Atlantic salmon, no effect of body weight was observed on efficiency of lysine 

utilization by Hauler and Carter (2001 a,b). 

The efficiency of amino acid utilization can be affected by the balance in the amino acid 

profile of the diet. A diet with disproportion levels of indispensable amino acid will result in a 
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metabolic condition which is known as “amino acid imbalance” (Osborne and Mendel, 1914). 

When a second-limiting amino acid or mixture of amino acid limiting in a particular amino acid 

is supplemented in diets, the metabolism of the limiting amino acid will be also affected which is 

referred to as amino acid imbalance (Harper, 1964). In this situation, the supply of amino acids 

in excess of the level that body can use in protein synthesis will be catabolized. It has been 

frequently reported that in animal fed amino acid imbalanced diets, the concentration of the 

limiting amino acid in blood rapidly decreases. This biochemical response has been referred to 

an increase in catabolism of the limiting amino acid by the increased activities of amino acid 

degrading enzymes (Salmon, 1958; Harper et al., 1970). It has been observed that feeding amino 

acid imbalance feed to poultry results in decrease in first limiting amino acid utilization 

efficiency (Fisher and Shapiro, 1961; Boorman and Ellis, 1996). Feeding poultry with isoleucine 

imbalance diet (isoleucine as the first limiting amino acid) supplemented with a mixture of 

imbalanced amino acids, resulted in reduction in the efficiency of utilization of isoleucine for 

growth depression (Park and Austic, 1998). Supplementation of the amino acid imbalance diet 

with the first limiting amino acid will improve growth performance (Morris et al., 1999) which 

indicated the effect of amino acid imbalance on the nutrient requirements of animal. In contrast 

to the results from studies on poultry and swine, in rainbow trout, a diet with lysine as the first 

limiting amino acid, supplementation of diet with a mixture of amino acid, did not reduce lysine 

utilization efficiency (Encarnação et al., 2006).  

Growing animals have homeostatic regulations to maintain metabolic equilibrium. 

Homeostatic control of nutrient metabolism involves regulation of nutrient uptake and 

partitioning during post-absorptive periods. The kidneys are involved with homeostatic 
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regulation of the balance of several electrolytes and ions such as Na+, K+, acid-base balance, 

nutrients such as glucose, sulphur, zinc, phosphorus, etc. Urine is a major pathway of excretion 

for some of these nutrients and therefore, urinary excretion is known as a useful indicator of the 

balance state of these elements and excretion from the body (Ammerman, 1999). For example, 

phosphorus is an essential element for health, maintenance and growth of the animal. The 

phosphorus regulatory system in the body is responsible for maintaining blood plasma 

phosphorus concentration within the physiological range. A threshold plasma phosphorus 

concentration exists below which phosphate excretion is minimal and above which phosphate 

excretion is proportional to the increase in plasma phosphorus (Dantzler, 1989). Almost 95 

percent of plasma phosphorus is in the form of inorganic phosphorus which is ultrafilterable by 

glomerulus and the filtered phosphorus will be reabsorbed at the renal tubes (Knox et al., 1977). 

When the plasma phosphorus is below the threshold, almost all filtered phosphorus will be 

reabsorbed and only a negligible fraction of it will be excreted into the urine. By increase in the 

phosphorus intake and the load of filtered phosphorus, the filtered phosphorus concentration 

become closer to the phosphorus saturation concentration for the phosphorus transporters that are 

responsible for phosphorus reabsorption. The phosphorus concentration that results in saturation 

of transporters is close to the concentration of phosphorus that saturates plasma. Therefore, the 

rate of reabsorption of phosphorus from renal tubes dramatically decreases after the plasma 

phosphorus threshold. The filtered phosphorus that is not reabsorbed by renal tubes, will be 

excreted into the urine (Prasad and Bhaduria, 2013). A clear threshold has been observed in the 

pattern of urinary phosphorus excretion in relation with increasing levels of dietary available 

phosphorus. The threshold in urinary phosphorus excretion occurs at the same concentration as 
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plasma phosphorus saturation concentration (Bureau and Cho, 1999; Sugiura et al., 2000). The 

dietary phosphorus level that leads to this threshold is known to be close to the requirements 

level. Although the phosphorus loss below the threshold is minimal, however, it has to be taken 

into account in an accurate calculation of phosphorus requirements through a factorial approach. 

The nutrient loss from body mostly through the processes discussed above are referred to 

as support costs of growth of the “inefficiency of nutrient utilization” which certainly include a 

considerable proportion of nutrient requirements of animal and has to be taken into account when 

estimating nutrient requirements through factorial approach.  The factorial nutritional models are 

calculating the nutrient requirements on the basis of the values of nutrient loss (or inefficiency 

utilization) and the rate of nutrient deposition across the life cycle of the animal. Application of a 

fixed nutrient utilization efficiency across the life cycle and variable feed composition will not 

result in an accurate estimate of nutrient requirements. The estimates of nutrient utilization 

efficiency have to be flexible and robust enough to allow the factorial model to describe nutrient 

requirements under a wide variety of conditions. To develop a widely applicable factorial models 

the factors affecting the nutrient utilization efficiency such as diet composition and biological 

status (e.g. body weight) of the animal need to be taken into account. Previously, studies have 

used linear models to quantify the impact of body weight and/or dietary factors on the efficiency 

of utilization of nutrients (Hua and Bureau, 2012). For example, Hua et al. (2019) estimated the 

marginal lysine utilization efficiency in Nile tilapia on the basis of body weight of the fish as: 

marginal lysine utilization efficiency (%) = 69 - 0.078 ∗ BW (g).  In rainbow trout, the marginal 

lysine utilization efficiency was estimated based on dietary digestible energy and the body 

weight of fish as: Lysine utilization efficiency (%) = 54.0 + 1.1 ∗ DE (MJ/kg) − 0.1 ∗ BW (g) 



 

 

44 

  

(Hua and Bureau, 2012). Nitrogen retention efficiency (NRE, %, retained nitrogen/digestible 

nitrogen intake) in Atlantic salmon and rainbow trout was modeled based on the dietary 

digestible energy, dietary digestible protein and the body weight of fish as: NRE % = 40.8 − 

0.65DP + 1.66DE MJ/kg − 0.015 BW g + 6.66 fish species + 0.009 BW fish species, where fish 

species = 0 for rainbow trout; 1 for Atlantic salmon.  

Extrapolation of these models to body weights and the feed compositions beyond the 

range of data used in this modelling practice may result in unrealistic estimates of the efficiency 

of nutrients utilization. There is a need to develop a more robust and mechanistic approach that 

represents nutrients utilization in fish in a variety of conditions. More work needs to be carried 

out to better understand the impacts of diet composition, environmental (e.g. temperature, stress) 

and endogenous (e.g. body weight, genetic) factors on nutrient requirements of fish. A 

meaningful integration of current knowledge into a comprehensive and adaptable framework in 

aquaculture nutrition requires further efforts and investigations. Through a systematic review or 

meta-analysis of the literature data it is possible to summarize and integrate the available 

knowledge and generate more reliable predictions for nutrient requirements of fish for the highly 

variable commercial condition (Sauvant et al., 2008; Borenstein et al., 2011).  

Meta-analytic methods are used to analyses data on dietary requirements of some 

essential amino acids (Kaushik and Seiliez, 2010; Hua, 2013), and phosphorus in fish (Prabhu, 

2017). Although previous studies have generated valuable information and significantly have 

improved our understanding of fish nutrition over the past decades, currently available models as 

a computational tool need to be strengthened and improved. For this reason, this Ph.D. thesis 
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aimed to explore the possibility of quantification of the potential influencing factors on the 

nutrient utilization and nutrient requirements of fish. 

 Aim and Objectives 

The main objective of this Ph.D. thesis was to develop a modelling approach to quantify 

the effect of factors affecting the nutrient requirements of fish over their life cycle. An organic 

nutrient (lysine) and an inorganic nutrient (phosphorus) were selected as test nutrients and two 

model species, a carnivorous (rainbow trout) and an omnivorous species (Nile tilapia), were 

selected for this study. According to the reports in the literature, it was assumed that the content 

of energy-yielding nutrients (mostly lipids) and the body weight of the animal are affecting the 

amino acid utilization efficiency. Therefore, in Chapter 3 the effect of body weight and dietary 

lipid on the efficiency of utilization of lysine was quantified through meta-analysis of data 

collected from literature. In Chapter 4, the homeostatic phosphorus loss was modelled through 

meta-analysis of literature data. In Chapter 5, a hybrid bioenergetic based flexible factorial 

model was developed to calculate the lysine and phosphorus requirements over the growth 

trajectory of Nile tilapia and rainbow trout by taking into account the effect of body weight and 

dietary lipid. 
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Figure 2-1: The inadequacy of the accuracy of estimates from ANOVA and a multiple mean-

comparison test for estimation of nutrient requirements (developed from: Shearer, 2000).   
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Figure 2-2: Biological processes underlying amino acid utilization in the growing animal  
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Figure 2-3: The visualization of extrapolating the broken line model (dashed line) and 

exponential model (solid line). 
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Figure 2-4: Growth curve of rainbow trout at 8.5 °C and estimated body weight (BW), protein 

(PD) and lipid (LD) deposition rates (Dumas et al., 2007). 
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CHAPTER 3. QUANTIFYING LYSINE RETENTION 

EFFICIENCY AND LYSINE MAINTENANCE 

REQUIREMENTS OF NILE TILAPIA AND RAINBOW TROUT 

 Abstract 

An accurate estimation of amino acid requirements is important in formulating cost-

effective and nutritionally balanced aquaculture feeds. According to evidence nutrient 

requirements of fish are not constant and can change based on the dietary or biological state of 

the animal. Factorial models are used to estimate the nutrient requirements of animals from the 

sum of maintenance requirements, nutrient retention and nutrient loss. This study aimed to 

estimate the amino acid maintenance requirements. In addition, an approach was developed to 

quantify changes in amino acid utilization efficiency in relation to dietary and biological factors 

for the purpose of estimation of amino acid requirements through a factorial model. A nonlinear 

mixed model approach was used to estimate lysine maintenance requirements of Nile tilapia and 

rainbow trout by meta-analysis of data from published studies. The performance of models was 

evaluated based on the biologically meaningfulness of the result, -2 log likelihood fit statistic, 

Bayesian Information Criteria (BIC) and Corrected Akaike Information Criteria (AICC). The 

maintenance lysine requirements of Nile tilapia and rainbow trout were 31.9 and 18.6 (mg Lys 

kg MBW−1 d−1), respectively. The effect of body weight and dietary lipid on marginal lysine 

utilization efficiency in Nile tilapia and rainbow trout was quantified through four different non-

linear models. The models were developed based on different assumptions on the effect of body 

weight and dietary lipid on lysine utilization efficiency. The results from this study indicated that 

lysine utilization efficiency decrease in both species during growth. Overall, incorporating the 
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effect of dietary lipid in models resulted in a better agreement between predicted and observed 

lysine utilization efficiency on the basis of fit statistics and residual errors and affirm the lysine 

sparing effect of lipid in both species. The findings of the current study suggest that additional 

digestible energy as dietary digestible lipid improves the lysine retention efficiency. The results 

from this study are useful for incorporating the effect of body weight and diet composition into 

estimating lysine requirements through a factorial approach. 

 Introduction 

A sustainable and profitable aquaculture production operation is highly dependent on 

formulating cost-effective and nutritionally balanced aquaculture feeds. A nutritionally balanced 

feed must provide enough nutrients to meet the requirements of fish for maximizing growth 

while minimizing nutrient wastage. A better understanding of nutrients requirements and nutrient 

utilization by fish is crucial in formulating cost-effective and nutritionally balanced aquaculture 

feed and maintaining profitability of the production.  

Several studies have measured the essential amino acid requirements of fish over the past 

50 years. Majority of these measurements have been based on conventional dose-response 

feeding trials (Ketola, 1983; Rodehutscord et al., 2000; Encarnação et al., 2004; Furuya et al., 

2008; Hua et al., 2019). The estimates of amino acid requirements from dose-response studies 

have resulted in a range of significantly variable values. The variation between the experimental 

design, mode of expression and analytical methods and the difference between the overall 

growth performance for fish in different studies can result in a significant variability in 

calculation of amino acid requirements (Kim et al., 1992; Wilson, 1993; Cowey, 1994; 
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Rodehutscord and Pack, 1999; Hauler and Carter, 2001; Bureau and Encarnação, 2006). In 

addition, evidence indicates that the amino acid requirements of fish are not constant values and 

can be affected by number of exogenous (e.g. fed composition, temperature) and biological (e.g. 

genetic, weight class) factors (Azevedo et al., 2004 a,b; Encarnação et al., 2004; 2005; NRC, 

2011; Hua et al., 2019). However, the effect of these factors on amino acid requirements of fish 

has been poorly characterized.   

Application of factorial nutritional models in estimation of amino acid requirement has 

found wide use in fish nutrition (Hauler and Carter, 2001a; Abboudi et al., 2006; Bodin et al., 

2008; NRC, 2011). These models generally compute the digestible essential amino acid 

requirements as the sum of amino acid deposited in the body and amino acids consumed for 

maintenance and inevitable amino acid catabolism, which has been referred as the inefficiency of 

utilization of amino acid for deposition (Moughan, 2002). 

The factorial calculation of amino acid requirements is on the basis of the information on 

amino acids utilization efficiency and maintenance requirements. The dietary amino acid 

requirements for maintaining the amino acid balance at no gain-no loss status is known as 

maintenance amino acid requirements (Cho and Kaushik, 1990; Moughan, 2003). Maintenance 

requirements reflect the continuous amino acid loss through mucus, scale, urinary and basal gut 

endogenous losses and the use of amino acids for non-reversible synthesis of other components 

in the body. Often the maintenance requirements are being calculated through extrapolation of 

the dose-response curve, resulted from relating amino acid intake to amino acid deposition to the 

point of zero amino acid gain (value of x-axis when y=0) (Hua, 2013; NRC, 2011). Hua (2013) 
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calculated maintenance amino acid requirements of fish from pooled data for 13 different fish 

species. However, studies have pointed to the inter-species differences in endogenous losses of 

amino acids (Fournier et al., 2002; Kaushik and Seiliez, 2010) which suggests a need to estimate 

the maintenance lysine requirements individually for each species.   

The key factor in estimation of amino acid requirements through a factorial approach is 

the application of a reliable estimate of amino acid utilization efficiency. The conventional 

factorial models assume that the amino acid utilization efficiency stays constant while evidence 

suggest that the amino acids utilization efficiency is being affected by a number of dietary and 

biological conditions.  

The amino acid utilization efficiency is known to be affected by the body weight of the 

fish in several species. For example, in Asian sea bass (Bermudes et al., 2010) and rainbow trout 

(Azevedo et al., 2004 a,b), the efficiency of protein deposition decreases as the fish grows. It has 

been suggested that this reduction in protein deposition efficiency is a result of a decrease in 

amino acid utilization efficiency along growth (Hua et al., 2019). Abboudi et al. (2006) have 

observed that the lysine utilization efficiency in Atlantic salmon (Salmo salar) decreases as the 

fish grows. Similar to these observations, a meta-analysis of data from published by Hua and 

Bureau (2012) showed that the efficiency of lysine utilization in rainbow trout is linearly 

decreasing with increase in body weight. Also, in Nile tilapia, a decrease in methionine and 

lysine utilization efficiency has been observed with increase in body weight (He et al., 2013; Hua 

et al., 2019). Although evidence suggest that the body weight of fish has a significant impact on 

the efficiency of amino acid utilization, very few studies have quantified these effects on amino 
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acid utilization of the fish (Hua and Bureau, 2012; Hua et al., 2019). In addition, estimation of 

amino acid utilization efficiency through an experimental approach results in a range of discrete 

rather than continuous values at different body weights and does not efficiently characterize the 

changes in amino acid utilization efficiency over the life cycle.  

Studies have shown that the composition of diet can significantly affect the amino acid 

utilization efficiency for protein deposition (Encarnação et al., 2004;2006). It has been observed 

that the efficiency of lysine utilization for protein deposition is affected by dietary digestible 

energy content in rainbow trout. The additional digestible energy in diet spares lysine from being 

catabolized as an energy yielding nutrient and it is utilized in protein deposition (Encarnação et 

al., 2004). In rainbow trout, the supply of additional dietary digestible energy as fatty acids 

improves the lysine retention efficiency and has a more efficient lysine sparing effect in 

comparison with the mixture of non-essential amino acids (Encarnação et al., 2006). The 

additional dietary digestible energy provided by the mixture of amino acids when one essential 

amino acid is limiting, leads to an amino acid imbalance in the diet and causes a general increase 

in amino acid catabolism (Park and Austic, 1998). In this situation, the first limiting amino acid 

may not be preferentially spared from catabolism. These findings indicate the potential impact of 

feed composition on amino acid inevitable catabolism and, consequently, amino acid utilization 

efficiency in fish.  

The utilization efficiency of the first limiting amino acid has a significant impact on 

utilization of other essential amino acids for protein deposition. Lysine is generally known as the 

first limiting amino acid in most cost-effective common feed ingredients used in commercial 
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aquaculture feed. Lysine is an indispensable amino acid which is often used as the reference 

amino acid in the ‘ideal protein’ concept and the target concentrations for other essential amino 

acids are frequently expressed as a percentage of lysine. Given the importance of having an 

accurate estimation of amino acid utilization efficiency, quantification of the impacts of affecting 

factors on lysine utilization efficiency through a modelling approach can contribute to a more 

accurate calculation of amino acid requirements of fish through nutritional factorial models.  

The aim of this study was to develop an approach to quantify the impact of body weight 

and feed composition on lysine utilization efficiency and lysine maintenance requirements in two 

commercially important fish species, Nile tilapia (an omnivorous warm water species) and 

rainbow trout (a carnivorous cold-water species) based on meta-analysis of the available data.  

 Methodology 

3.3.1. Construction of Database and Selection of Data 

A comprehensive survey of the literature was carried out to seek and compile data from 

dose-response studies relating lysine intake to lysine retention in Nile tilapia and rainbow trout, 

using a number of PhD theses and peer-reviewed journals (Table 3-1). Data was collected from a 

total of over 41 studies, containing 22 dose response experiments on Nile tilapia published in 13 

studies, with four (4) studies containing more than one dose-response dataset (Nguyen et al., 

2015; Michelato et al., 2016; Nguyen and Davis, 2016; Hua et al., 2019) and 19 dose response 

experiments on rainbow trout published in 14 published articles, with four (4) studies containing 

more than one dose-response dataset (Rodehutscord et al., 2000; Cheng et al., 2003; Encarnação 
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et al., 2004; Thu et al., 2007). Data on initial body weight, final body weight, duration of feeding 

trial, feed composition (digestible protein, digestible energy, digestible lipid, digestible lysine), 

initial and final body composition, feed efficiency and water temperature corresponding to each 

study were compiled in a database and grouped based on the study. There was a considerable 

variation among the experimental design and the performance of fish from different studies 

(Table 3-2). Therefore, a number of selection criteria were applied to the database to eliminate 

unsuitable studies for the present meta-analysis. To apply the studies in the present meta-

analysis, the study must have used a basal diet that was deficient in lysine but contained adequate 

levels of nutrients other than lysine and at least four graded levels of lysine must be provided in 

the design of the experiment. After screening the collected data through selection criteria, the 

studies with poor growth performance or lack of required information were removed from the 

initial dataset. The final dataset contained data from 10 studies, comprising 16 dose response 

experiments on Nile tilapia and 12 studies comprising 17 dose response experiments on rainbow 

trout. 

3.3.2. Estimation of Maintenance Lysine Requirements 

Maintenance nutrient requirements represents the nutrient loss in basal metabolism of the 

animal. An exponential function, R = aMb has been widely accepted to represent the relationship 

between the basal metabolic rate (BMR) and body weight where a is the scaling coefficient and b 

is the scaling exponent. The scaling exponent is often less than 1 which indicates that the animal 

with a larger body weight has lower mass-specific metabolic rates compared with a smaller 

animal (Glazier, 2005). Therefore, in this study, the lysine maintenance requirements have been 
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calculated per unit of metabolic body weight. Cho et al. (1982) calculated a scaling factor of 

0.824 for basal metabolism of rainbow trout. Estimation of the body weight exponent by 

Lupatsch (2013) resulted in the similar value (0.79 to 0.82). A metabolic scaling exponent of 0.8 

has become widely accepted and applied in several studies (as applied by: Prabhu et al., 2013; 

Salze et al., 2017). In this study the maintenance lysine requirements were estimated individually 

for each species, and relationship between the maintenance lysine requirements and the body 

weight of fish was tested.    

The maintenance lysine requirements were calculated by extrapolating the response curve 

between digestible lysine intake and lysine deposition and computing digestible lysine intake at 

the theoretical zero lysine gain. Digestible lysine intake was calculated per unit of metabolic 

body weight (BW0.8) per day as: digestible lysine intake (mg lysine kg MBW−1 day−1) = 1000 * 

dietary lysine concentration (% of dry matter basis) * dry matter intake (mg lysine kg MBW−1 

day−1) * apparent digestibility of lysine (ADCLys). The lysine accretion in fish was expressed per 

unit of metabolic body weight as: mg retained lysine per kg MBW day−1= (final body weight (g) 

* lysine concentration in final body weight (%) /100 – initial body weight (g) * lysine 

concentration in initial weight (%)/100) / (MBW *number of days).   

Two different models were fitted to the data to explain the response curve representing 

the relationship between digestible lysine intake and lysine deposition. The first function was a 

segmented model known as the broken line model. The assumption in this model is that the rate 

of accretion of lysine in body is constant along incremental levels of dietary digestible lysine, 

until the fish reaches its maximum daily lysine retention capacity, and, after that, no further 
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positive or negative response is expected (represented by a horizontal line). The segmented 

model is defined as follows (Equation 3.1):  

Y= L - U (z1);    where: z1 = (X < R) (R - X)  (3.1) 

where the variable ‘Y’ is lysine retention (mg lysine kg MBW−1 day−1); the variable ‘X’ 

is digestible lysine intake (mg lysine kg MBW−1 day−1), the parameter ‘L’ is the ordinate of the 

breakpoint; showing the maximum lysine retention (mg lysine kg MBW−1 day−1), the parameter 

‘R’ is the abscissa of the breakpoint, showing the digestible lysine intake at maximum lysine 

deposition (mg lysine kg MBW−1 day−1) and the parameter ‘U’ is the slope of the line for X < 

R. By definition (R - X) is zero when X > R. The lysine maintenance requirement from the 

simple broken line model was calculated by putting Y = 0 and solving the equation for X. 

The second model was an exponential model which explains the relationship between 

lysine retention and digestible lysine intake on the basis of the law of diminishing returns. The 

equation representing the exponential model is (Equation 3.2): 

y = a (1 - exp (-b (x - c))) (3.2) 

where the variable y is lysine deposition (mg lysine kg MBW−1 day−1), the variable ‘x’ 

is digestible lysine intake (mg lysine kg MBW−1 day−1), the parameter ‘a’ is the asymptote of 

the curve or the theoretical maximum daily lysine accretion capacity of fish (mg lysine kg 

MBW−1 day−1) and the parameter ‘b’ defines the steepness of the curve. The parameter ‘c’ is 

the digestible lysine intake (mg lysine kg MBW−1 day−1) at theoretical maintenance or zero 

lysine gain.  
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First, the models were fitted to the data from each individual study using the NLIN 

function of SAS software (version 9.4, SAS Institute, Cary, NC, USA) and the maintenance 

lysine requirements of fish for each individual study were calculated through equations 3.3 and 

3.4.  

Yi = Li - Ui (Ri - Xi)    i = 1, . . . , n;   (3.3) 

and for the exponential model:  

yi = ai (1 - exp ( -bi (xi - ci))    i = 1, . . . , n;   (3.4) 

where ‘i’ denotes the study.  

Then the variability between the parameters from each study, akin to an F test was 

calculated where the corresponding null hypothesis for segmented model was: 

H0= {

𝐿1 = 𝐿2 = ⋯ = 𝐿𝑛

𝑅1 = 𝑅2 = ⋯ = 𝑅𝑛

𝑈1 = 𝑈2 = ⋯ = 𝑈𝑛

 

and for the exponential model was:  

H0= {

𝑎1 = 𝑎2 = ⋯ = 𝑎𝑛

𝑏1 = 𝑏2 = ⋯ = 𝑏𝑛

𝑐1 = 𝑐2 = ⋯ = 𝑐𝑛

 

The %macro was used in SAS to merge the analysis of variance from the full and reduced 

models and F and its p-value were computed. If fitting the model to data failed to reject the null 

hypothesis, the full model (Equations 3.1 and 3.2) was fitted to the pooled data from all studies 

for each species using the NLIN function of SAS software (version 9.4, SAS Institute, Cary, NC, 
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USA). If there was a significant difference between the estimated parameters from each 

individual study, the estimated values of maintenance lysine requirements were regressed against 

body weight to assess the relationship. If no significant correlation was observed between body 

weight and maintenance lysine requirements, the following procedure was used to consider the 

random effect of body weight at each study through application of a mixed model and decide 

whether all parameters should be varied between studies or only one or two of them vary 

between studies.  

Mixed-effect models are a useful tool when the data are pooled from different studies or 

repeated measurements. Mixed-effects models can handle unbalanced series of data and allow 

for flexible variance-covariance structures of the response vector. Because in this study the data 

were pooled from various dose-response studies, a hierarchical mixed-model was introduced 

where some of the parameters of each dose-response curve vary randomly between studies 

(Davidian and Giltinan, 2003) to account for the random effect of the body weight of the fish 

used in each study on the estimation of parameters. The assumption of the model was that the 

shape of the response curve that relates the lysine deposition to lysine intake is the same for all 

studies, but some of the parameters could be different between studies. A mixed model was 

developed and the random effect of body weight of the fish in each study was added to the 

parameters according Pinheiro and Bates (1995).  

The models were reparameterized where each dose-response curve from independent 

studies provided a random parameter, for example for parameter ‘a’, the ‘ai’ is from a normal 

distribution with mean ‘a’ and variance ‘σε 
2’. Both fixed effect and mixed models were fitted to 

http://support.sas.com/documentation/cdl/en/statug/68162/HTML/default/statug_nlin_references.htm#statug_nlinpinh_j95
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the pooled data for each species. The random effect of study was added to the parameters of the 

segmented model as follows (Equations 3.5 and 3.6): 

 

Yi = Li - Ui (Ri - Xi)   (3.5) 

 εi = N[0, σε 
2],   i = 1, . . . , n;   where: 

 

L𝑖  =α𝐿 (Lys intake i) + 𝜀𝐿  (BW i) 

𝜀𝐿(BW i) ⁓ N[0, 𝜎𝜀𝐿
2],   i = 1, . . . , n 

U𝑖  = α𝑈  (Lys intake i) + 𝜀𝑈  (BW i) 

𝜀𝑈(BW i)⁓ N[0, 𝜎𝜀𝑈
2],   i = 1, . . . , n 

R𝑖  = α𝑅 (Lys intake i) + 𝜀𝑅 (BW i) 

𝜀𝑅(BW i) ⁓ N[0, 𝜎𝜀𝑅
2],   i = 1, . . . , n 

For the exponential model:  

yi = ai (1- exp( -bi (xi-ci)))  (3.6) 

εi = N[0, σε 2],   i = 1, . . . , n;   where: 
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ai = χa (Lys intake i) + εa(BW i) 

εa (BW i)⁓ N[0, σεa 
2],   i = 1, . . . , n 

bi = χb (Lys intake i) + εb (BW i) 

εb (BW i)⁓ N[0, σεb 
2],   i = 1, . . . , n 

ci =χc (Lys intake i) + εc (BW i) 

εc (BW i)⁓ N[0, σεc 
2],   i = 1, . . . , n 

where χ and α denotes the fixed-effect of lysine intake on parameters, ε denotes the random 

effects of body weight with the variance of σε 
2 that is the random variation between the studies 

due to difference between body weights corresponding to each parameter. To find out which 

parameters need to include the random effects, a trial-and-error approach was used to introduce 

the random effect of body weight one by one to each parameter to find the best fitting model to 

the data. The data pooled from all studies for each species were fitted to both models and the 

parameters were estimated using the NLMIXED function of SAS software (version 9.4, SAS 

Institute, Cary, NC, USA). The performance of models was evaluated by the following criteria: 

biologically meaningful parameter estimates (e.g. maintenance requirements are not negative 

values), -2 log likelihood fit statistic, Bayesian Information Criterion (BIC) (Burnham and 

Anderson, 2002) and Corrected Akaike Information Criterion (AICC) which is used instead of 

Akaike Information Criterion (AIC) (Akaike, 1974) when the sample size is small (Hurvich and 

Tsai, 1989) (Equation 3.7). Estimated values for each parameter were considered final when the 

lowest AICC value vas obtained (Akaike, 1974). 
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AICC= -2log(ℓ) + 2kn/(n - k - 1), (3.7) 

where ℓ is likelihood value, k is number of parameters and n is number of samples. 

3.3.3. Quantifying Lysine Retention Efficiency 

The database was constructed based on collecting data from multiple lysine dose-

response studies on Nile tilapia and rainbow trout. The marginal lysine retention efficiency 

(LysRE) was calculated from the regression analysis used to describe the relationship between 

retained lysine (g lysine kg BW−1 day−1) and digestible lysine intake (g lysine kg BW−1 day−1) 

at marginal levels of dietary digestible lysine intake for each individual study. Digestible lysine 

intake per unit of kg body weight per day was calculated as: digestible lysine intake (g lysine kg 

BW−1 day−1) = 1000 * dietary lysine concentration (% of dry matter basis) * dry matter intake 

(g lysine kg BW−1 day−1) * ADCLys. The lysine accretion in fish was expressed as per unit of kg 

body weight as: g retained lysine kg BW−1 day−1= (final body weight (g) * lysine concentration 

in final body weight (%)/100 – initial body weight (g) * lysine concentration in initial weight 

(%)/100)/ number of days. Datasets grouped by study, containing dose-response measures of 

lysine retention were regressed against digestible lysine intake by using simple linear regression 

model. The slope of the regression line was considered an estimation of lysine retention 

efficiency at marginal lysine intake levels. The estimated values for marginal lysine retention 

efficiency were used to create a secondary dataset (Table 3-5).  

The secondary dataset was constructed from estimated lysine retention efficiencies for 

each study and their corresponding body weight and information on feed composition including 
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dietary digestible energy (MJ kg−1DE) in experimental diet, dietary digestible protein (g kg−1 

DE), the ratio of digestible protein to digestible energy and digestible lipid concentration of diet. 

An additional available database (IAFFD, 2019) was consulted to estimate the lipid digestibility 

where the data from the studies was limited. Dietary lipid content was standardized across 

studies by expressing it as the contribution of lipid to dietary digestible energy (Equation 3.8).  

Lipid Contribution in DE = 
DE from digestible Dietary Lipid

Dietary DE
  (3.8) 

Four different models (Equations 3.9 to 3.12) were developed and fitted to the dataset 

based on different assumptions to assess the relationship between the lysine retention efficiency 

with body weight and/or lipid contribution in digestible energy. In Model 1(Equation 3.9), the 

body weight of the fish is the only independent variable used to explain variation among 

estimated lysine retention efficiencies from each dataset. Model 1 describes the lysine retention 

efficiency only based on changes in body weight through an exponential function as follows: 

Model 1:  

LysRE = 𝑎 − 𝑏(𝑒𝑥𝑝(𝑐 ∗ 𝐵𝑊)  (3.9) 

where the parameter ‘a’ determines the Y intercept of the curve which in this model is a fixed 

value, the parameter ‘b’ determines the asymptote and the parameter ‘c’ determines the relative 

rate of the changes in lysine retention efficiency in relation to body weight.  

Models 2, 3 and 4 (Equations 3.10, 3.11 ,3.12) relate the lysine retention efficiency to the 

body weight of the fish and account for the effect of dietary digestible lipid on lysine retention 

efficiency. The hypothesis tested in Model 2 is that the effect of lipid as a proportion of dietary 
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digestible energy on lysine retention efficiency in large fish and small fish is the same. A 

Michaelis-Menten function was used to incorporate the effect of dietary lipid into the models. 

The original exponential model (Equation 3.9) was re-parameterized as follows and then the 

model was fitted to the dataset. Model 2 is described as:  

Model 2: 

LysRE = a − b(exp(c ∗ BW));  where: a = [
 𝑎𝑚𝑎𝑥∗Lipid Contribution to DE

𝑘+Lipid Contribution to DE
] (3.10) 

and amax is the theoretical maximum value for the parameter ‘a’ beyond which increasing the 

dietary level of digestible lipid will not affect the lysine retention efficiency. The parameter ‘k’ is 

the value of lipid contribution to digestible energy at which ‘a’ is half-maximal.  

In Model 2, the Michaelis-Menten function was applied on the parameter a, whereas in 

Model 3 the Michaelis-Menten function was applied on the parameter b. In Model 3 and Model 

4, the hypothesis was that the lysine sparing effect of dietary lipid may change as the fish grows 

and different weight classes may handle dietary lysine and dietary lipid differently. Therefore, 

Model 3 was constructed as follows: 

 Model 3:  

LysRE = a − b(exp(c ∗ BW));  where: b =[
 𝑏𝑚𝑎𝑥∗Lipid Contribution to DE

𝑘+Lipid Contribution to DE
]  (3.11) 

where bmax is the theoretical maximum for the parameter ‘b’. The parameter ‘k’ is the value of 

lipid contribution to digestible energy at which ‘b’ is half-maximal.   
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Model 4 was developed by re-parameterization of the Michaelis-Menten function, and the 

hypothesis was that the maximum potential of lysine retention efficiency is as a function of BW.  

Model 4: 

LysRE = 
 (𝑏(𝑒𝑥𝑝(𝑐∗𝐵𝑊)))∗Lipid Contribution to DE

𝑘 +Lipid Contribution to DE
   (3.12) 

where ‘k’ is the value of lipid contribution to digestible energy at which lysine retention 

efficiency is half-maximal. In comparison with Model 3, a higher degree of correlation between 

parameters is expected in Model 4 (Duggleby, 1979; Nikolova et al., 2008; Cornish-Bowden, 

2015; Stroberg and Schnell, 2016; Choi et al., 2017).  

The initial parameters were estimated based on minimizing the sum of squared residuals 

between observed values from the dataset and the fitted values, using the solver function in MS 

Excel. Final parameters were estimated using the NLINMIX function of SAS software. The 

goodness of fit was determined by examination of biological meaningfulness of estimated 

parameters (e.g. 0 < lysine retention efficiency < 1), -2 log likelihood fit statistic, Bayesian 

Information Criteria (BIC) (Burnham and Anderson, 2002) and Corrected Akaike Information 

Criteria (AICC) (Hurvich and Tsai, 1989).  

Estimated values of parameters were considered final when the lowest AICC value vas 

obtained (Akaike, 1974). For the process of selecting the best fitting model and ranking the 

models, if the AICC of models were equal, the model with smaller BIC or the narrower 

confidence interval and biological meaningfulness was selected as the best-ranked model. Also, 

assessments of the error of prediction and source of error were made by calculating the mean 
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square prediction error (MSPE; Equation 3.13). The lower MSPE in theory being superior 

(Bibby and Toutenburg, 1977) (Equation 3.13).  

MSPE= ∑(Oi - Pi)
2/n  (3.13) 

where ‘n’ is the number of treatments, and Oi and Pi are the observed and predicted values of 

lysine retention efficiency, respectively. The MSPE was decomposed into three terms, error 

caused by the overall bias of prediction, error caused by deviation of the regression slope from 

unity, and error caused by the disturbance (random variation; Bibby and Toutenburg, 1977). 

Root MSPE, which is in the same units as the observed values, was expressed as a percentage of 

the observed mean (RMSPE%) and was used as a measure of accuracy of prediction and the 

discrepancy between observed and predicted values of lysine retention efficiency.  

Agreement between predicted and observed values was assessed using the concordance 

correlation coefficient (CCC) following the method of Lin (1989). The CCC value is the product 

of two statistics: the correlation coefficient (r) which measures the precision, and the bias 

correction factor (𝐶𝑏), which is the measure of accuracy and indicates how far the regression line 

deviates from the line of unity. The CCC values fall between -1, perfect disagreement, and +1, 

perfect agreement, with a value of 0 representing no agreement between model predictions and 

observed values. Visual inspection of the residuals was used as a diagnostic tool for the best-

ranked models (Cook and Weisberg, 1982). A plot of raw residuals against the predicted values 

of lysine retention efficiency was assessed to test whether the correct mean structure was 

captured by the model.  
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 Results 

3.4.1. Estimation of Maintenance Lysine Requirements 

The individual dataset from each study and the complete dataset (pooled data) for each 

species was fitted to both segmented and exponential models accounting for both fixed effect or 

mixed effect model considering the random effect of body weight on parameters. In general, 

fitting the segmented model to most dataset did not result in a biologically meaningful estimation 

of maintenance lysine requirements. Therefore, only results from the exponential model were 

used in further analysis. The estimated maintenance lysine requirements resulted from fitting the 

models to the constructed datasets and the goodness of fits of different models to the individual 

dataset from each study and the corresponding body weight of the experimental fish are 

presented in Table 3-3. After removing outliers, a significant difference (P < 0.01) was observed 

among the estimated maintenance values (represented by parameter c in the exponential model) 

and parameters from each study for which the null hypothesis of the equality of the parameters 

between studies was rejected. Estimated values of maintenance lysine requirements were 

regressed against body weight and the correlation between these two variables was tested. The 

plot of maintenance lysine requirements versus body weight and regression line is shown in 

Table 3-7: Statistics obtained from analysis of the residuals of fitting Model 2 and Model 3 

for Nile tilapia and Model 2 and Model 4 for rainbow trout  

Species Nile Tilapia Rainbow Trout 

Model Model 2 Model 3 Model 2 Model 4 
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RMSPE % 8.91 6.42 6.62 6.68 

MSPE 0.003 0.002 0.003 0.003 

Errors in central tendency, % of MSPE 14.8 18.2 0.2 0.3 

Errors due to regression 64.8 3.2 26.9 31.3 

Errors due to disturbances 20.3 78.7 72.9 68.4 

Cb 0.77 0.98 0.86 0.82 

Correlation coefficient 0.91 0.91 0.55 0.53 

CCC 0.67 0.88 0.47 0.44 
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Figure 3-1. Based on the coefficient of determination of the regression lines and visual 

inspection of the plot, no detectable trend was observed in maintenance lysine requirements of 

fish in relation to body weight, in either of the species.  

Therefore, the non-linear mixed models described in Equations 3.5 and 3.6 were tested 

(Table 3-4). The best fitting model to data for Nile tilapia was the exponential model with a 

random effect of body weight on parameter ‘b’. For rainbow trout, the best fitting model was the 

exponential model with a random effect of body weight on parameters ‘a and c’. The lysine 

maintenance requirements for Nile tilapia and rainbow trout were estimated at 31.9 and 18.6 mg 

lysine kg MBW−1 day−1, respectively.  

3.4.2. Quantification of Lysine Retention Efficiency  

Table 3-5 presents estimates of the marginal lysine retention efficiency and the goodness 

of fits of the simple linear regression model to the dataset from each individual study. Also, the 

background information used in the modelling the lysine retention efficiency using body weight 

and feed composition is presented in Table 3-5. The four suggested models were fitted to the 

data to relate the lysine retention efficiency with body weight and lipid contribution in digestible 

energy. The final estimated parameters and the goodness of fit of each model to the dataset for 

each species are presented in Table 3-6. According to the selection criteria, the best fitting model 

for Nile tilapia was model 3 and for rainbow trout was model 4 and the second ranked model for 

both species was Model 2 regardless of the species. The results from -2log likelihood and BIC 

followed the same trend as AICC.  
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presents the simulations of all four models of estimated lysine retention efficiency for 

each species based on the body weight of the fish and dietary lipid.  

The visual inspection of the residual plot for the best fitted models for both species did 

not show any discernible pattern relative to plotted against the predicted values in any of the 

species, suggesting the models describe the mean value of the observed data satisfactorily 

(Figure 3-3). In addition to visual inspection of the residual plots, the residuals were analyzed 

using a range of statistical tests. The values obtained for CCC and MSPE and their compartments 

from fitting the first and second ranked best fitting models to the datasets for Nile tilapia and 

rainbow trout are presented in Table 3-7. The lowest MSPE and MSPE% was estimated for 

models 3, and the majority of errors (72% or higher) was attributed to random disturbance, 

which is desirable when fitting a model to observed data (Theil, 1996). According to a CCC 

value of 0.88 and its components, Model 3 produced a strong agreement between predicted and 

observed values of lysine retention efficiency for Nile tilapia. However, the correlation between 

the observed and predicted values for rainbow trout was not strong for any of the models (CCC = 

0.47). The bias error factor (Cb) values ranged from 0 to 1, where 1 indicates that the regression 

line of observed and predicted values has no deviation from unity, or the Y = X line. The Cb 

values of the best fitting models for both species indicated a small deviation from unity. The 

value of Cb for Nile tilapia was 0.98 and for rainbow trout was 0.82. Therefore, we can conclude 

that the mean values of lysine retention efficiency based on body weight and dietary lipid are 

satisfactorily captured by the best fitting model for Nile tilapia. However, the best fitting model 

for rainbow trout could not strongly predict the values of lysine retention efficiency based on 

body weight and dietary lipid.  
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 Discussion 

3.5.1. Estimation of Maintenance Lysine Requirements 

The first objective of this study was to calculate the maintenance lysine requirements of 

Nile tilapia and rainbow trout by mathematical modelling. Although the contribution of the 

maintenance requirement to the total lysine requirements could be small, it must be considered in 

estimation of total lysine requirements of fish through a factorial approach. The selected models 

in this study contain biologically meaningful parameters and have been found to be reliable 

mathematical functions to explain the response (nutrient retention) of fish to incremental doses 

of nutrient (Rodehutscord et al., 1995; Encarnação et al., 2004; Hua, 2013; Liebert, 2017). The 

exponential model in general resulted in a better goodness of fit and biologically meaningful 

estimation of maintenance requirements in comparison with the segmented model. Hua (2013) 

suggested that the exponential model gives better goodness of fit to the data from dose-response 

studies in both fixee-effect and mixed models due to the existence of diminishing return 

behavior.  

It has been suggested that estimates from statistical analysis of pooled data from several 

independent studies through a fixed-effect model inflate parameter uncertainty because of 

oversimplification and overlooking the between-study random effects (Davidian and Giltinan, 

2003; Nielsen et al., 2004). In line with this suggestion, this study showed that there is a 

significant difference between estimated values of maintenance lysine requirements from 

different studies. Therefore, in this study a combination of nonlinear regression and mixed model 

was used to provide statistically and biologically reliable estimates of parameters and 
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consequently reliable estimation of maintenance lysine requirements. This method allowed 

estimating the maintenance lysine requirements by pooling data from various independent 

studies and considering the random effect of study from the estimated parameters. The same 

method was used by Hua (2013) to estimate the maintenance requirements of different essential 

amino acids for fish by pooling available data from dose-response studies on all fish species. 

Although it has been reported that the significant differences may exist in endogenous amino 

acid losses between species by a few comparative studies and reviews (Rodehutscord et al., 

1997; Fournier al., 2002; Kaushik and Seiliez, 2010), however, due to limited available data Hua 

(2013) assumed that the maintenance amino acid requirements across fish species is relatively 

homogeneous (Cowey, 1994; Hue, 2013). In this study, the maintenance lysine requirement has 

been estimated separately for Nile tilapia and rainbow trout and the results are suggesting 

different values as the maintenance requirement of lysine for each species. The lysine 

maintenance requirements for Nile tilapia and rainbow trout were estimated to be 31.9 and 18.6 

(mg Lys kg MBW−1 d−1), respectively, which is in agreement with previous reports and estimates 

of maintenance lysine requirements in literature (Rodehutscord et al., 1997; Bodin et al., 2009; 

Helland et al., 2010; Grisdale-Helland et al., 2013; Hua, 2013).  

The effect of body weight on maintenance lysine requirements was assessed by 

regressing the estimated maintenance lysine requirements onto the corresponding body weight of 

the fish used in that study. A mild decreasing trend in maintenance lysine requirements was 

observed by increasing the body weight in both species in an exponential fashion. However, the 

goodness of fit for the exponential model was not strong (R² = 0.1972 for Nile tilapia and 0.17 

for rainbow trout). Therefore, in this study the results from the mixed models are considered as 
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the more reliable estimates of maintenance lysine requirements for Nile tilapia and rainbow trout. 

There is a need for more data and investigations to distinguish the changes in maintenance lysine 

requirements over the life cycle of fish. In the current situation, mixed models are powerful tools 

to use the data pooled from different studies and capture the mean value, considering the effect 

of body weight on the maintenance lysine requirements. The best fitting model can be selected 

on the basis of which model one makes more sense according to the selection criteria and from 

the biological perspective. Although mixed model analysis provided a superior fit to the data 

than a fixed effect model (Nielsen et al., 2004), the estimation of maintenance amino acid 

requirements from a small dataset has to be treated with caution. The objective of this part of the 

present study, however, was to systematically review the available data in the literature, aiming 

to calculate the maintenance lysine requirements of Nile tilapia and rainbow trout individually 

through meta-analysis of the available data, which was successfully achieved. 

3.5.2. Quantifying Lysine Retention Efficiency 

The present study was carried out to develop a model that allows estimation of the effect 

of body weight and feed composition on marginal lysine retention efficiency in Nile tilapia and 

rainbow trout. A preliminary attempt at incorporating a number of dietary factors including the 

digestible energy content of experimental feed, the digestible protein to digestible energy ratio, 

and the lipid contribution to digestible energy in the models showed that incorporation of lipid 

contribution to digestible energy results in a better fit. Therefore, only the results from 

incorporating dietary lipid into the models are reported in this study. According to the results 

from the best fitting model, in both species the lysine retention efficiency decreases as the fish 
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grows. This finding is in accordance with the results from He et al. (2013) and Hua et al. (2019) 

for Nile tilapia and suggestion by Hua and Bureau (2012) for rainbow trout. The effect of body 

weight on lysine utilization efficiencies at marginal lysine intake from Hua et al. (2019) is 

presented as a linear relationship between marginal lysine retention efficiency and the increases 

in body weight of Nile tilapia from 9 g to 248 g. However, the authors did not suggest 

extrapolating the predictions from this linear model beyond 380 g body weight since extreme 

extrapolations may lead to unrealistic values (Hua et al., 2019). The suggested models in this 

study allow extrapolation to larger fish in a biologically meaningful fashion. The developed 

models in this study could be a very useful tool to incorporate the effect of body weight on the 

lysine retention efficiency when estimating the lysine requirements through a factorial approach. 

Although the preliminary objective of this research was not to study the mechanism 

behind the decrease in lysine retention efficiency over the life cycle of fish, it is worth offering 

some possible explanations. The decrease in efficiency of lysine utilization has been explained as 

increase in lysine catabolism which contributes to inefficiency of lysine utilization for protein 

deposition (Hua et al., 2019). In human, some studies (Boirie et al., 1997; Volpi et al., 1999), but 

not all (Koopman et al., 2009) have suggested an age-related increase in splanchnic extraction of 

amino acids, suggesting the first-pass splanchnic amino acid uptake that is reducing amino acid 

availability for skeletal muscle protein synthesis is increasing with age. Beside this theory, an 

age-related decrease in anabolic sensitivity to amino acids at the cellular level has been proposed 

in elderly humans (Dardevet et al., 2000; Cuthbertson et al., 2005; Breen and Phillips, 2011). It 

has been observed that the phosphorylation of mTOR (at Ser2448) and downstream translational 

regulators increases less in the elderly in response to the mixture of essential amino acid 
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ingestion when compared with the young (Cuthbertson et al., 2005). Since amino acids cannot be 

stored in the body, the ingested amino acids that are not being used in protein synthesis will be 

catabolized (Dillon, 2013). The underlying mechanism for how the lysine metabolism is 

changing in relation with increase in body weight in fish, is an area worth further investigation. 

Encarnação et al. (2004) showed that at marginal levels of lysine intake, lysine retention 

efficiency is affected by the level of dietary digestible energy in rainbow trout. The effect of 

digestible energy and body weight on lysine retention efficiency is quantified in rainbow trout as 

54.0 + 1.1*DE (MJ/kg) - 0.1*BW 301 (g) (Hua and Bureau, 2012). Later Encarnação et al. 

(2006) found that the source of digestible energy is an important factor in magnitude of the 

lysine sparing effect of dietary digestible energy and fatty acids were reported to be the most 

effective lysine sparing source of the additional digestible energy for rainbow trout. This finding 

supports previous research on carnivorous fish that have shown the dietary digestible lipid can 

spare amino acids from catabolism (Kaushik and Oliva-Teles, 1985; Kaushik, 1998). The protein 

sparing effect of lipid has been also observed in Blunt snout bream (Megalobrama 

amblycephala) which is a typical herbivorous freshwater fish (Cai et al., 2016). The findings of 

the current study, that the increase in dietary digestible lipid improves the lysine retention 

efficiency, is in agreement with the earlier findings and emphasizes the lysine sparing effect of 

lipid in both Nile tilapia and rainbow trout. 

The current study contributes to existing knowledge on the lysine sparing effect of fatty 

acids and to the best of the author’s knowledge is the first attempt in quantifying the effect of 

dietary lipid on lysine retention efficiency in rainbow trout and Nile tilapia. Overall, models that 
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incorporate the effect of dietary lipid and body weight in prediction of lysine retention 

efficiency, worked very well on the basis of fit statistics and residual errors. It can be concluded 

that some of the variation between the estimated lysine retention efficiencies from different 

studies could be attributed to the effect of dietary lipid contribution to dietary digestible energy.  

A plot of the residuals against the predicted values was tested as the diagnostic tool for 

the nonlinear mixed model to check whether the correct mean structure is captured by the model 

(Cook and Weisberg, 1982). For the best fitting model for Nile tilapia this plot (Figure 3-3) is 

showing that the residuals are distributed symmetrically and non-systematically around the 

residual value of zero. Therefore, we conclude that the mean structures in the responses are 

satisfactorily captured by the model. 

The equations from the present study were derived from body weight of Nile tilapia 

between 1 and 571 g and rainbow trout from 1 to 202 g. Although the extrapolation of equations 

beyond these ranges of body weight and dietary lipid content may result in biologically 

meaningful values, in all modelling practices any application of the resulted equations beyond 

the range that has been used to derive the equation should be treated with caution. Further studies 

on fish of larger size are necessary to confirm or calibrate the current model to allow the 

quantification of the effect of life cycle and dietary lipid on lysine retention efficiency with more 

certainty throughout the full production cycle.  
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 Conclusion 

Despite limited available data, the current study provides proper statistical approach to 

estimate parameters when using published pooled data. The proposed nutritional models in the 

current study offered a species-specific calculation of maintenance lysine requirement that 

contributes to the accuracy of calculation of lysine requirements of fish through a factorial 

approach. In addition, my study revealed that marginal lysine retention efficiency is influenced 

by fish sizes and dietary lipid in Nile tilapia and to some extent in rainbow trout. The results 

from my study help to calculate the lysine requirements of fish in a more dynamic and flexible 

way based on the biological state of and the response of fish to a specific dietary composition. 

This novel nutritional model is not only limited to the effect of body weight or dietary lipid on 

lysine retention efficiency, but also can be applied and calibrated to quantify the possible effect 

of other factors on the efficiency of utilization of essential amino acids throughout the life cycle 

of several fish species.  
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Table 3-1: List of studies used for analyzing lysine maintenance requirements and lysine 

retention efficiency in Nile tilapia and rainbow trout. 

Nile tilapia  Rainbow trout 

Bomfim et al. 2010 

Furuya 2006 

Furuya et al. 2012 

He et al. 2013 

Michelato et al. 2016 (2 datasets) 

Nguyen and Davis 2016 

Nguyen 2015 (4 datasets) 

Ovie and Eze 2013 

Santiago and Lovell 1998 

Hua 2019 (3 datasets) 

Aksnes et al. 2006 

Bodin et al. 2009 

Cheng et al. 2003 (2 datasets) 

Encarnacao et al. 2004 (2 datasets) 

Ketola 1983 

Kim et al. 1992 

Pfeffer et al. 1992 

Rodehutscord et al. 2000 (2 datasets) 

Thu et al. 2007 (3 datasets) 

Thu et al. 2009 

Walton et al. 1984 

Zhang et al. 2012 
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Table 3-2: Description of dataset used for analyzing lysine maintenance requirements and lysine retention efficiency in Nile tilapia 

and rainbow trout. 

 Temperature oC IBW g FCR Lys % Lipid % DE MJ/kg CP % 

Nile tilapia        

Minimum 26 1 0.96 0.92 3 14 24.99 

Maximum 28 276 2.24 2.08 10 20 32.95 

SEM* 0.05 17.01 0.03 0.03 0.20 0.39 0.34 

Rainbow trout          

Minimum 9 1 0.69 0.52 10 15 35.00 

Maximum 16 149 1.90 2.87 25 24 55.60 

SEM* 0.25 4.18 0.03 0.06 0.69 0.45 0.66 

*SEM: Standard error of the mean 
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Table 3-3: The estimates of maintenance lysine requirements (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) from 

individual studies and their relationship with body weight.  

  

Study /Species BW 

g 

Estimates of Maintenance Lys Requirements 

(mg kg MBW−1 day−1) 

Rainbow trout   

Encarnação et al. 2004 (1) 24 14.4 

Encarnação et al. 2004 (2) 24 33.5 

Rodehutscord et al. 2000 (2) 50 25.2 

Rodehutscord et al. 2000 (1) 50 20.2 

Thu et al. 2007 (1) 1 35.7 

Thu et al. 2007 (2) 1 35.3 

Thu et al. 2007 (3) 1 33.4 

Walton et al. 1984 52 48.9 

Kim et al. 1992 14 22.4 

Cheng et al. 2003 15 127.8 

Lee et al. 2019 (1) 12 147.0 

Lee et al. 2019 (2) 9 79.7 

Nile tilapia   

Santiago and Lovell 1998 1 66.5 

Nguyen and Davis 2016 (1) 8 13.2 

Nguyen and Davis 2016 (2) 8 79.3 

Michelato et al. 2016 271 271.4 

Nguyen MSc thesis 2015 (1) 6 62.3 

Nguyen MSc thesis 2015 (2) 6 23.3 

Hua et al. 2019 (1) 10 16.2 

Hua et al. 2019 (2) 58 31.8 

Hua et al. 2019 (3) 249 20.3 

Furuya et al. 2006 6 20.0 
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Table 3-4: Model selection and the estimates of maintenance lysine requirements. 

Model and Species Maintenance Lys Requirements 

(mg kg MBW−1 day−1) 

Confidence Limit -2 Log 

Likelihood 

AICC BIC 

Rainbow trout      

Monomolecular, Fixed 2.0 7.1 -192.8 -184.1 -176.4 

Monomolecular with random a 48.4 5.5 -225.4 -216.7 -216.2 

Monomolecular with random b -15.9 2.87 -241.8 -233.1 -232.6 

Monomolecular with random c 27.2 6.7 -236.8 -228.1 -227.6 

Monomolecular with random a and b -0.8 1.1 -204.5 -191 -190.7 

Monomolecular with random a and c 18.6 6.4 -242.4 -228.8 -228.6 

Monomolecular with random b and c 14.0 Too broad NA NA NA 

Segmented, Fixed 55.7 58.2 -188.8 -180.1 -172.3 

Segmented with random L 34.3 Too broad -236.5 -227.8 -227.3 

Segmented with random U 37.0 Too broad -229.4 -220.7 -220.2 

Segmented with random L and U 52.5 Too broad NA NA NA 

Nile tilapia      

Monomolecular, Fixed 38.9 Too broad NA NA NA 

Monomolecular with random a 40.5 Too broad NA NA NA 

Monomolecular with random b 31.9 3.1 -229.4 -220.8 -218.9 

Monomolecular with random c 29.3 5.9 -222.5 -213.9 -212 

Monomolecular with random a and b 6.9 3.9 -157.4 -144.1 -141.6 

Monomolecular with random a and c -2.9 Too broad NA NA NA 

Monomolecular with random b and c -58.9 Too broad NA NA NA 

Segmented, Fixed -36.7 Too broad -208.5 -199.9 -191.4 

Segmented with random L 59.7 Too broad -226.5 -217.9 -216 

Segmented with random U 8.0 Too broad -218.3 -209.7 -207.7 

Segmented with random L and U -9.9 Too broad -213.8 -202.9 -200.6 

*Selection criteria: for -2 log likelihood fit statistic, AIC and BIC; smaller values are better.  
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Table 3-5: Summary of the constructed dataset from available data in the literature used for 

analyzing lysine efficiency of utilization in Nile tilapia and rainbow trout.  

Species Study BW g Lipid Contribution to DE LysRE R2 

Nile Tilapia Bomfim et al. 2010 1 0.09 0.62 0.90 

  Furuya et al. 2006 6 0.15 0.25 0.98 

  Nguyen 2015 (1) 6 0.20 0.70 0.98 

  Nguyen thesis 2015 (2) 6 0.23 0.69 0.92 

  Nguyen and Davis 2016 8 0.25 0.60 0.94 

  Hua et al. 2019 (1) 10 0.17 0.68 0.98 

  He et al. 2013 (1) 20 0.06 0.72 * 

  Hua et al. 2019 (2) 58 0.06 0.63 0.92 

  He et al. 2013 (2) 165 0.17 0.52 * 

  Hua et al. 2019 (3) 248 0.17 0.46 0.95 

  Michelato et al. 2016 274 0.09 0.54 0.85 

Rainbow Trout Ketola 1983 1 0.50 0.35 0.94 

 Thu et al. 2007 1 0.33 0.70 0.86 

  Walton et al. 1984 5 0.37 0.80 0.93 

  Lee et al. 2019 (1) 9 0.43 0.54 0.87 

  Lee et al. 2019 (2) 12 0.43 0.49 0.84 

  Kim et al. 1992 14 0.26 0.84 0.97 

 Cheng et al. 2003 15 0.60 0.50 0.85 

  Encarnação et al. 2004 (1) 24 0.25 0.62 0.97 

  Encarnação et al. 2004 (2) 24 0.41 0.73 0.98 

  Rodehutscord et al. 2000 (2) 50 0.38 0.84 0.99 

  Rodehutscord et al. 2000 (1) 50 0.47 0.87 0.92 

  Aksnes et al. 2006 149 0.53 0.76 0.95 

* The value for lysine retention efficiency was estimated and reported by the study. 
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Table 3-6: Estimated parameters of suggested models predicting the lysine retention efficiency in Nile tilapia and rainbow trout and 

the statistics obtained when fitting models 1 to 4 to dataset from rainbow trout and Nile tilapia. 

 
Nile Tilapia Rainbow trout 

Model Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4 

Parameters 
        

a 0.72 0.78 0.41  0.64 0.85 0.58   

b -0.10 -0.55 -0.26 0.90 -0.16 -0.55 -0.42 0.91 

c -0.005 -0.002 -0.004 -0.001 -0.002 -0.002 -0.001 -0.001 

k   0.5 0.10 0.09   0.50 0.37 0.06 

Fit statistics*         

-2 Log Likelihood -24.6 -46.6 -58.2 -12.5 -48.3 -52.9 -52.4 -52.2 

AICC  -12.6 -30.0 -41.5 -0.5 -36.7 -36.9 -36.4 -40.5 

BIC  -13.8 -33.1 -44.7 -1.7 -37.2 -39.0 -38.5 -41.1 

*Selection criteria: for -2 log likelihood fit statistic, AICC and BIC; smaller values are better.  
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Table 3-7: Statistics obtained from analysis of the residuals of fitting Model 2 and Model 3 for 

Nile tilapia and Model 2 and Model 4 for rainbow trout  

Species Nile Tilapia Rainbow Trout 

Model Model 2 Model 3 Model 2 Model 4 

RMSPE % 8.91 6.42 6.62 6.68 

MSPE 0.003 0.002 0.003 0.003 

Errors in central tendency, % of MSPE 14.8 18.2 0.2 0.3 

Errors due to regression 64.8 3.2 26.9 31.3 

Errors due to disturbances 20.3 78.7 72.9 68.4 

Cb 0.77 0.98 0.86 0.82 

Correlation coefficient 0.91 0.91 0.55 0.53 

CCC 0.67 0.88 0.47 0.44 
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Figure 3-1: The estimated values of maintenance lysine requirements from individual studies 

regressed against body weight 
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Figure 3-2: Model simulation of estimated lysine retention efficiency through suggested models 

as a function of body weight (g) and lipid contribution in digestible energy. 
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Figure 3-3: Plotted residuals, residual vs. predicted values of lysine retention efficiency, (Model 

2 and Model 3 for Nile tilapia and Model 2 and Model 4 for rainbow trout)  
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CHAPTER 4. ESTIMATING THE MINIMUM HOMEOSTATIC 

NON-FECAL PHOSPHORUS EXCRETIONS FOR NILE 

TILAPIA AND RAINBOW TROUT 

 Abstract 

Non-fecal phosphorus excretion has proven to be a reliable indicator of the inevitable 

phosphorus loss by fish. This study aimed to estimate the minimum non-fecal phosphorus 

excretion at the dietary phosphorus intake level which leads into maximum phosphorus retention 

in animals’ body. Digestible phosphorus intake at maximum phosphorus deposition, for Nile 

tilapia and rainbow trout are estimated to be 125±36 and 63±29 mg kg MBW−1 day−1 

respectively. The non-fecal excretion was expected to be minimal up to a certain threshold point, 

after which non-fecal phosphorus excretion increases linearly with increase in digestible 

phosphorus intake. Accordingly, three models were developed to describe the relationship 

between digestible phosphorus intake and non-fecal phosphorus excretion. A mixed model 

approach was used to fit a segmented model, a logistic function and a Gompertz model to the 

dataset. The performance of models was evaluated by -2 log likelihood fit statistic, Bayesian 

Information Criteria (BIC), Corrected Akaike Information Criteria (AICC) and biologically 

meaningfulness of the estimates. According to the selection criteria, the best fitting model with 

lower AICC for both species was the Gompertz model. The estimated non-fecal phosphorus 

excretion at theoretical zero digestible phosphorus intake or the endogenous phosphorus loss in 

fed fish for Nile tilapia was 2 ± 0.2 and for rainbow trout was 4 ± 0.4 mg kg MBW−1 day−1. The 

non-fecal phosphorus excretion at the maximum phosphorus retention was 31 ± 37 for Nile 

tilapia and 39 ± 15 mg kg MBW−1 day−1 for rainbow trout. The ability of models to predict non-
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fecal phosphorus excretion from digestible phosphorus intake in rainbow trout was evaluated by 

fitting the models to a dataset from an experiment on rainbow trout that was not used in the 

model calibration process. Correlations between predicted and observed values were above 0.99 

which indicates that the models were capable of accurately estimating non-fecal phosphorus 

excretion at different levels of digestible phosphorus intake.  

 Introduction 

Phosphorus plays an essential role in the maintenance and growth of fish (Lall, 2002, 

NRC, 2011). Phosphorus usually exists as part of a phosphate molecule (PO4) as a component of 

variety of organic molecules such as nucleotides, phospholipids and coenzymes (Westheimer, 

2007; NRC, 2011). Feed is the main source of phosphorus for fish and therefore the dietary 

supply of phosphorus is highly critical in fish nutrition (Lall, 1991; NRC, 1993; Lall and 

McCrea, 2007; NRC, 2011). Providing insufficient dietary phosphorus results in reduced growth 

and feed efficiency, reduced bone mineralization and leads to skeletal abnormalities (Lall and 

McCrea, 2007). Therefore, there is a need to provide a sufficient dietary supply of digestible 

phosphorus to meet the requirements of fish.   

From the feed manufacturers perspective, an excess dietary supply of nutrients has been 

rarely considered a problem, unless it leads to toxicity or economic disadvantage. In the case of 

phosphorus, the discharge of surplus phosphorus form fish farms is known to cause excessive 

eutrophication of the aquatic ecosystem which is a major environmental concern for many 

aquaculture operations. The dissolved (non-fecal) form phosphorus waste is readily available to 

algae and consequently can have an immediate environmental impact (Cho and Bureau, 2001). 

https://www.sciencedirect.com/science/article/pii/S0044848605006241#bib18
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Hence, it is very important to formulate the diet to maintain the dietary phosphorus content to the 

level that meets but not exceeds the requirements of fish (Lall, 1991; Oliva-Teles et al., 1998).  

A significant difference exists between the estimated values of phosphorus requirements 

by different studies which have been often estimated through feeding trials and dose-response 

experiments. For example, the estimated values of digestible phosphorus requirements of 

rainbow trout as dietary concentration, by Rodehutscord (1996) was 0.37 for maximizing growth 

rate and 0.56% for maximizing phosphorus deposition; while Ketola and Richmond (1994) 

estimated the requirements of phosphorus for large trout to be between 0.34 - 0.54%. This 

variability between estimated values could be caused by the difference between experimental 

design and conditions, basal diet composition, duration of the feeding trial, fish strains, fish body 

weight, rearing conditions, methods of analysis of the results and the mathematical model and/or 

the response criterion (e.g. maximum growth, phosphorus retention, vertebral mineral 

concentrations or plasma saturation) used to estimate the requirements (Åsgård and Shearer, 

1997; Baeverfjord et al., 1998; Bureau and Encarnação, 2006; Fjelldal et al., 2009; Prabhu, 2017; 

Hua and Bureau, 2012). The generated information from previous studies on phosphorus 

requirements of fish have been compiled in reference sources (e.g. NRC, 2011, Prabhu et al., 

2013). In many cases these references are recommending only one single value of phosphorus 

“requirement” for each species. However, one single value cannot be a reliable representative for 

phosphorus requirements of fish at different life stage, dietary and environmental conditions (e.g. 

salinity, stress, temperature etc.) (Shearer, 1984; Austreng et al., 1998; Bureau and Encarnação, 

2006; Hua et al., 2008; Fjelldal et al., 2011, 2012; Prabhu et al., 2016). Another method of 

estimation of nutrient requirements of animal that has been widely used in animal nutrition is the 
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factorial approach. Factorial models are basically an “accounting mechanism” that computes the 

nutrient requirements of an animal through partitioning of the ingested nutrient as the sum of 

nutrient deposition and nutrient loss (Moughan, 2003). 

In growing animal, a large proportion of the available phosphorus requirements is 

determined by the phosphorus accretion in the body. The dietary phosphorus absorbed in excess 

of the requirements will be excreted from the body mainly through urine. The non-fecal or 

urinary phosphorus excretion is strongly related to the plasma phosphate level (Bureau and Cho, 

1999; Sugiura et al., 2000). Phosphorus absorbed from diet enters the plasma and extracellular 

fluid pool and moves in and out of bone and other tissues as needed. Multiple factors and 

regulatory mechanisms play a role in maintaining plasma phosphorus concentrations within a 

physiological range and among them, the kidney plays a key role in phosphorus homeostasis. 

Plasma phosphorus is filtered almost completely at the glomerulus and enters the tubular fluid in 

approximately the same concentrations as it presents in plasma (Berndt et al., 2005; Verri and 

Werner, 2019). In the states of phosphorus deprivation, the majority of the filtered phosphorus is 

reabsorbed into the plasma and only a minimal amount of phosphorus is excreted into the urine 

(Bureau and Cho, 1999). The amount of excreted phosphorus is slightly increasing by increasing 

the dietary phosphorus intake to maintain the phosphorus homeostasis in body. Beyond a certain 

level of dietary phosphorus intake, the urinary phosphorus excretion increases rapidly (Bureau 

and Cho, 1999; Sugiura et al., 2000; Coloso et al., 2003; Segawa et al., 2004; Verri and Werner, 

2019). The ingested dietary phosphorus above the level that leads to plasma saturation will be 

excreted into the urine to bring plasma phosphorus concentrations back into the normal range 

(Berndt et al., 2005; Blain et al., 2015; Verri and Werner, 2019). In fish fed diets sufficient in 
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digestible phosphorus, the increased dietary phosphorus concentration does not lead to further 

significant increase in concentration of phosphorus in plasma, since the excess phosphorus will 

be excreted into the urine. The phosphorus intake levels at which non-fecal phosphorus excretion 

increases rapidly, has been known as dietary phosphorus requirements and the non-fecal 

phosphorus excretion at this level has been known as the inevitable or homeostatic phosphorus 

loss (Cowey et al., 1977; Knox et al., 1981;1982; Björnsson and Haux, 1985; Rodehutscord, 

1996; Bureau and Cho, 1999; Sugiura et al., 2007).  

Direct estimation of urinary phosphorus excretion from fish is a very difficult task due to 

the small volume of urine collection by stripping, large differences of urinary phosphorus 

concentration over the time of sampling, stresses of the confinement in a metabolic chamber and 

the catheterization of urinary bladder, and a high variability among individual fish (Dosdat et al., 

1998; Médale et al., 1998; Sugiura, 1998; Bureau and Cho, 1999). Through a mass-balance 

approach and mathematical explanation of phosphorus excretion in relation with phosphorus 

intake, it is possible to estimate the non-fecal homeostatic phosphorus excretion at the threshold 

point. The estimation of non-fecal phosphorus excretion allows to calculate the phosphorus 

requirements by using a factorial nutritional modelling approach as the sum of phosphorus 

deposition in the body and the homeostatic non-fecal phosphorus excretion. Application of a 

factorial model results in a better estimation of phosphorus requirements, especially when the 

growth rate of fish varies along in life stages or in the fish receiving energy dense or high fat 

diets (Shearer, 1995; Watkins et al., 2001; Prabhu et al., 2016). 
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The objectives of the current study were therefore, to develop a method to estimate the 

non-fecal phosphorus excretion in fish through a mass-balance and mathematical modelling 

approach. The objectives of the current study were: 1) to conduct a meta-analysis of literature 

data to quantify the non-fecal phosphorus excretion in relation with dietary phosphorus intake in 

Nile tilapia and rainbow trout, 2) to estimate homeostasis non-fecal phosphorus excretion at 

approximate maximum phosphorus retention for the purpose of developing a factorial 

phosphorus requirement model, 3) and further, to test the ability and accuracy of the developed 

model in prediction of non-fecal phosphorus excretion in relation to digestible phosphorus 

intake. 

 Methodology 

4.3.1. Construction of Database 

A comprehensive survey of published literature was carried out to collect data from 

studies on non-fecal phosphorus excretion, and experiments on phosphorus retention in relation 

to digestible phosphorus intake on Nile tilapia and rainbow trout. Data were collected 15 number 

of published literature and PhD theses on feeding different levels of dietary phosphorus 

including six (6) studies on Nile tilapia and nine (9) studies on rainbow trout. the database was 

created by recording data on initial body weight, final body weight, duration of feeding trial, feed 

composition, initial and final body composition, feed efficiency and water temperature 

corresponding to each study were and the compiled data were pooled as one group. After 

excluding the outliers, the dataset included 84 dietary treatments from 15 studies conducted with 
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Nile tilapia and rainbow trout (Table 4-1- Table 4-2). For those studies with some missing 

information such as digestibility coefficients or body composition, an external reliable database 

was consulted (IAFFD, 2019) to complete the database prior to the meta-analysis of data. A 

number of selection criteria were applied to include the data from studies in database including: 

(1) the basal diet has to contain adequate levels of essential nutrients other than phosphorus; (2) 

the study includes supplementation or feeding graded levels of digestible phosphorus; and (3) 

adequate duration of the trial, depending on the response criteria.  

4.3.2. Standardization of Dataset  

A considerable between-study variation was observed due to differences in fish body 

weight, duration of trial and magnitude of somatic weight gain in absolute terms that makes the 

direct between-study comparison of data difficult. Therefore, the information on weight gain and 

phosphorus deposition for both species were standardized to a common unit to be comparable 

prior to meta-analysis. The data within each study were normalized by taking the maximum 

response within each study as 100 and the response in other groups were calculated as a relative 

percentage to the maximum response (Simongiovanni et al., 2012; Prabhu et al., 2013). The 

digestible dietary phosphorus intake and non-fecal phosphorus excretion were expressed as mg 

phosphorus per kg BW0.8 or metabolic body weight (MBW) per day where kg MBW was 

calculated as (BW g/1000)0.8.  
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4.3.3. Estimation of Phosphorus Intake at Maximum Performance Response 

Apparent digestibility coefficient of phosphorus (ADCP, %) was used to calculate the 

phosphorus intake on a digestible basis as: digestible phosphorus intake (mg phosphorus kg 

MBW−1 day−1)= 1000*[(digestible phosphorus intake (g P fish−1) / kg MBW)] / duration of the 

trial (day), where digestible phosphorus intake (g P fish−1)= feed intake g * dietary phosphorus 

concentration* ADCP. Daily phosphorus deposition were calculated as unit per mg phosphorus 

kg MBW−1 day−1 as: retained phosphorus (mg P kg MBW−1 day−1) = 1000*[( retained 

phosphorus (g P fish−1) / kg MBW)] / duration of the trial (number of day) where, retained  

phosphorus (g P fish−1) = [(FBW (g) * phosphorus content of FBW) – (IBW * phosphorus 

content of IBW)].  

A segmented model (broken line model) was used to describe the standardized 

phosphorus deposition and standardized weight gain in relation to graded levels of digestible 

phosphorus intake. The assumption in the segmented model is a constant rate of weight gain or 

phosphorus deposition up to the break point which represents the phosphorus intake at maximum 

weigh gain or maximum phosphorus deposition. After this point, no further positive or negative 

response is expected which is represented by a horizontal line. The segmented model is 

described as follows (Equation 4.1):  

Y = L - U (z1);    where: z1 = (X < R) (R - X) (4.1) 

where the variable ‘Y’ represents the response factor (phosphorus deposition (mg P kg MBW−1 

day−1) or weight gain); the variable ‘X’ represents digestible phosphorus intake (mg P kg 
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MBW−1 day−1), the parameter ‘L’ is the ordinate of the breakpoint; showing the maximum 

response, the parameter ‘R’ is the abscissa of the breakpoint, showing the digestible phosphorus 

intake at maximum response and the parameter ‘U’ is the slope of the line for X < R.  

Because the data were pooled from different dose-response studies, a hierarchical mixed-

effect model was introduced where some of the parameters of each dose-response curve vary 

randomly between studies (Davidian and Giltinan, 2003; Nielsen et al., 2004) to account for the 

random effect of the body weight of the fish used in different studies on the estimated values. 

Both fixed-effect model and mixed models were fitted to the constructed dataset for each 

species. The random effect of body weigh was introduced to the parameters as follows (Equation 

4.2): 

Y𝑖  = L𝑖-U𝑖  (R𝑖 -X𝑖)  (4.2) 

 𝜀𝑖⁓ N[0, 𝜎𝜀  2],   i = 1, . . . , n;   where: 

L𝑖  =α𝐿 (P intake i) + 𝜀𝐿 (BW i) 

𝜀𝐿(BW i) ⁓ N[0, 𝜎𝜀𝐿
2],   i = 1, . . . , n 

U𝑖  = α𝑈  (P intake i) + 𝜀𝑈 (BW i) 

𝜀𝑈(BW i)⁓ N[0, 𝜎𝜀𝑈
2],   i = 1, . . . , n 

R𝑖  = α𝑅 (P intake i) + 𝜀𝑅  (BW i) 

𝜀𝑅(BW i) ⁓ N[0, 𝜎𝜀𝑅
2],   i = 1, . . . , n 
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where α denotes the fixed-effect of phosphorus intake on parameters, ε denotes the random 

effects of body weight with the variance of σε 
2 that is the random variation between the studies 

due to difference between body weight of the fish used in each study, corresponding to each 

parameter. Both the random effects and the measurement errors were assumed to follow a 

normal distribution. To find out which parameters need to include the random effect, a trial-and-

error approach was used to remove the random effects one by one to the parameters to find the 

best fitting model. Removing random effects means that the corresponding estimated parameters 

in the dose-response curves will have a negligible between-study variation and allows the correct 

mean structure to be captured by the model. The data pooled from all studies were analyzed 

using the NLMIXED function of SAS software (version 9.4, SAS Institute, Cary, NC, USA). 

4.3.4. Estimation of Non-fecal Phosphorus Excretion  

Non-fecal phosphorus excretion was estimated through a mass-balance approach from the 

difference between the digestible phosphorus intake and the phosphorus deposited in whole 

body. A secondary dataset constructed based on the results from calculated daily non-fecal 

phosphorus excretion (mg P kg MBW−1 day−1) and their corresponding information on 

digestible phosphorus intake and the body weight of the fish for each species. Based on the 

observations from previous studies (Sugiura et al., 2000; Bureau and Cho, 1999) the models in 

this study were developed with the assumption that the non-fecal excretion of phosphorus at the 

very low levels of digestible phosphorus intake is minimal up to a threshold point. After the 

expected threshold, the non-fecal phosphorus excretion increases dramatically as the digestible 

phosphorus intake increases. Based on this theory, three theoretical models were developed to 



 

 

102 

  

describe the relationship between non-fecal phosphorus excretion and digestible phosphorus 

intake. A segmented model, a logistic function (Seber, 2003) and Gompertz model were fitted to 

the dataset and the parameters were estimated. The assumption in the segmented model was that 

the phosphorus excretion below the threshold is minimal and constant and after threshold the 

non-fecal phosphorus excretion increases linearly by the increase in digestible phosphorus 

intake. The segmented model is described as follows (Equation 4.3): 

Y =L + U (z1);    where: z1 = (x > R) (R - x) (4.3) 

where the variable ‘Y’ is non-fecal phosphorus excretion (mg P kg MBW−1 day−1), the variable 

‘X’ is digestible phosphorus intake (mg P kg MBW−1 day−1), the parameter ‘L’ represents the 

minimum non-fecal phosphorus excretion (mg P kg MBW−1 day−1), the parameter ‘R’ 

represents the digestible phosphorus intake at the non-fecal phosphorus excretion threshold and 

the parameter ‘U’ is the slope of the regression line after threshold.  

The logistic model represents a slight increase in non-fecal phosphorus excretion in 

response to an increase in digestible phosphorus intake below the threshold. At very high levels 

of digestible phosphorus intake above the threshold, the sigmoid shape of the models represents 

the theoretical saturation of the phosphorus transporters in the intestine. The logistic function 

was fitted to dataset constructed for both species and is described as follows (Equation 4.4): 

y= c / (1 + a (exp (-b x)))  (4.4) 

where ‘y’ is non-fecal phosphorus excretion (mg P kg MBW−1 day−1), ‘x’ is digestible 

phosphorus intake (mg P kg MBW−1 day−1). The parameter ‘b’ is the slope factor and the value 
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of c / (1 + a) corresponds with the theoretical non-fecal phosphorus excretion at zero digestible 

phosphorus intake in fed fish.  

Since the logistic model results in a symmetrical shape around the inflection point, the 

Gompertz function was suggested to explore the potential non-symmetrical shape of the curve. 

The Gompertz model is described as follows (Equation 4.5): 

y= a′ (exp (-b′ (exp (-k x)))   (4.5) 

where the variable ‘y’ is non-fecal phosphorus excretion (mg P kg MBW−1 day−1), ‘x’ is 

digestible phosphorus intake (mg P kg MBW−1 day−1). The Parameter ‘a′’ is the upper 

asymptote, the parameter ‘b′’ sets the displacement along the x-axis and ‘k’ is the slope factor.  

The random effect of body weight of the fish used in each study, was introduced to the 

parameters (individual parameter or a combination of the parameters) in all three models to 

account for the between-study heterogeneity caused by the difference between body weight of 

fish. The random effect of body weight was introduced to the parameters of each model as 

follows (Equation 4.6): 

Y′𝑖  = L′𝑖 + U′𝑖  (R′𝑖  -X′𝑖)  (4.6) 

 𝜀𝑖 ⁓ N[0, 𝜎𝜀
2],   i = 1, . . . , n;   where: 

L′𝑖  =β𝐿′ (P intake i) + 𝜀𝐿′ (BW i) 

𝜀𝐿′(BW i) ⁓ N[0, 𝜎𝜀𝐿′
2],   i = 1, . . . , n 

U𝑖′ = β𝑈′ (P intake i) + 𝜀𝑈′ (BW i) 
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𝜀𝑈′(BW i)⁓ N[0, 𝜎𝜀𝑈′
2],   i = 1, . . . , n 

R′𝑖  = β𝑅′ (P intake i) + 𝜀𝑅′ (BW i) 

𝜀𝑅′(BW i) ⁓ N[0, 𝜎𝜀𝑅′
2],   i = 1, . . . , n 

 

For the logistic model (Equation 4.7):  

yi = ci / (1 + ai (exp (-bi xi)))  (4.7) 

εi = N[0, σε 
2],   i = 1, . . . , n;   where: 

 

ai = χa (P intake i) + εa(BW i) 

εa (BW i) ⁓ N[0, σ εa 
2],   i = 1, . . . , n 

bi = χb (P intake i) + εb (BW i) 

εb (BW i)⁓ N[0, σ εb 
2],   i = 1, . . . , n 

ci =χc (P intake i) + εc (BW i) 

εc (BW i)⁓ N[0, σ εc 
2],   i = 1, . . . , n 

For the Gompertz model (Equation 4.8):  

yi = a′i(exp(-b′i(exp(-ki xi)))   (4.8) 
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εi = N[0, σε 
2],   i = 1, . . . , n;   where: 

 

a′i = χa′ (P intake i) + εa′ (BW i) 

εa′ (BW i) ⁓ N[0, σ εa′ 2],   i = 1, . . . , n 

b′i = χb′ (P intake i) + εb′ (BW i) 

εb′ (BW i)⁓ N[0, σ εb′ 2],   i = 1, . . . , n 

ki =χk′ (P intake i) + εk′ (BW i) 

εk (BW i)⁓ N[0, σ εk 
2],   i = 1, . . . , n 

 

where β and χ denotes the fixed-effect parameters, ε denotes the random effects with the variance 

of σε 
2 and σε’ 

2 the random variation from the individual studies corresponding to each 

parameter.  

Negative values estimated for non-fecal phosphorus excretion at very low digestible 

phosphorus intake (4 observations from Nile tilapia sub-dataset and 3 Observations from 

rainbow trout sub-dataset were removed; potentially caused by the ability of fish to absorb 

phosphorus from the environment) were disregarded from the sub-dataset. The data were 

analyzed using the NLMIXED function of SAS software (version 9.4, SAS Institute, Cary, NC, 

USA). Both fixed-effect and mixed-effect models for the three functions were fitted to data 
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pooled from all studies for each sub-database. The fixed-effect model pooled data from multiple 

studies and the mixed model considers the random effect of body weight on parameters.  

Homeostatic non-fecal phosphorus excretion at the calculated maximum phosphorus 

retention was estimated from the combination of the phosphorus deposition and non-fecal 

phosphorus excretion models and the non-fecal phosphorus excretion corresponding to the 

digestible phosphorus intake at maximum phosphorus deposition was estimated for all three 

functions and their fixed and mixed models.  

4.3.5. Model Selection 

Estimated values for parameter were considered final when the lowest AICC value vas 

obtained (Akaike, 1974). The performance of models was evaluated by -2 log likelihood fit 

statistic, Bayesian Information Criteria (BIC) (Burnham and Anderson, 2002) and Corrected 

Akaike Information Criteria (AICC) which is used when the sample size is small (Hurvich and 

Tsai, 1989) (Equation 4.9).  

AICC = -2log(ℓ) + 2k * n / (n – k – 1),  (4.9) 

where ℓ is likelihood value, k is number of parameters and n is number of samples. 

The performance of models was also evaluated for biologically meaningfulness of the 

estimated parameter (e.g. non-fecal phosphorus excretion is not negative unless the fish is 

absorbing phosphorus from its environment). For the process of ranking the models, if the AICC 

of models were equal, the model with smaller BIC or the narrower confidence interval and 

biological meaningfulness of the estimated parameter was selected as the best-ranked model. 
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Then the best-ranked models from each function (segmented, logistic and Gompertz) for each 

species were subjected to residual analysis. Residuals were analyzed through visual inspection of 

residual plots. In addition, the assessments of the error of prediction and source of error were 

made by calculating the mean square prediction error (MSPE) as the sum of the squared 

difference between predicted and observed values divided by the number of observations, with 

the fitted model resulting in the lower MSPE in theory being superior (Bibby and Toutenburg, 

1977) (Equation 4.10).  

MSPE = ∑ (Oi - Pi)
2/n   (4.10) 

where ‘n’ is the number of treatments, and Oi and Pi are the observed and predicted values of 

non-fecal phosphorus excretion, respectively. The MSPE was decomposed into three terms, error 

caused by the overall bias of prediction, error caused by deviation of the regression slope from 

unity, and error caused by the disturbance (random variation; Bibby and Toutenburg, 1977). 

Root MSPE, which is in the same unit as the observed values, was expressed as a percentage 

(RMSPE%) and was used as a measure of accuracy of prediction and the discrepancy between 

observed values and predicted values. The RMSPE% provides the same properties as the root-

mean squares error but is expressed as percent.  

Agreement between predicted and observed values was assessed using the concordance 

correlation coefficient (CCC) following the method of Lin (1989). CCC values was decomposed 

into two compartments: the correlation coefficient (r) which measures the precision, and the bias 

correction factor (Cb), which is the measure of accuracy and indicates how far the regression line 

deviates from the line of unity. The CCC values fall between -1, perfect disagreement, and +1, 
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perfect agreement, with a value of 0 representing no agreement between model predictions and 

observations. The visual inspection of the residuals was used as a diagnostic tool for the best-

ranked models (Cook and Weisberg 1982). A plot of raw residuals against the predicted values 

of non-fecal phosphorus excretion was assessed to test whether the correct mean structure is 

captured by the model.  

4.3.6. Model Testing 

One study on rainbow trout (Bureau and Cho, 1999) conducted at the Fish Nutrition 

Research Laboratory, Department of Animal Biosciences at the University of Guelph, was 

excluded from the model calibration procedure and data were used to test the models developed 

in the current study. The ability of models to predict non-fecal phosphorus excretion from 

digestible phosphorus intake in rainbow trout was evaluated by fitting the models to a dataset 

from rainbow trout that has not been used in the model calibration process on the basis of AICC, 

MSPE and CCC and their associated compartments. 

 Results 

4.4.1. Estimation of Phosphorus Intake at Maximum Performance Response 

The data from standardized weight gain and phosphorus deposition against the graded 

levels of digestible phosphorus were successfully fitted to the suggested segmented model. The 

parameters estimated from fitting the fixed and mixed models to the constructed datasets, and the 

goodness of fit for each model to the datasets, are presented in Table 4-3 and Table 4-4, which 
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also illustrates the model selection procedure. Fitting the dataset to both fixed-effect models and 

mixed-effect models was successful and without major problem. In general, introducing a 

random effect of body weight to the parameters reduced the estimated AICC. According to the 

AICC, the best fitting model for Nile tilapia was a mixed model with a random effect of body 

weight on parameters L and U, and for rainbow trout it was the mixed-effect model with random 

L. The best fitting model for prediction of phosphorus intake at maximum phosphorus 

deposition, for Nile tilapia, was the mixed model with a random effect of body weight introduced 

to the parameter L. with an estimated break point at 125 ± 36 mg kg MBW−1 day−1 digestible 

phosphorus intake. For rainbow trout, the mixed model with random L and U fitted the dataset 

best and the estimated value of phosphorus intake at the break point was 63 ± 29 mg kg MBW−1 

day−1 digestible phosphorus intake. The estimated digestible phosphorus intake at maximum 

weight gain for Nile tilapia was 81 ± 14 mg kg MBW−1 day−1, and for rainbow trout was 54 ± 

10 mg kg MBW−1 day−1. In general, the digestible phosphorus intake at maximum weight gain 

was lower than the digestible phosphorus intake at maximum phosphorus deposition in both 

species. In addition, the estimated digestible phosphorus intakes at maximum phosphorus 

deposition and maximum weight gain were both higher in Nile tilapia than in rainbow trout.  

4.4.2. Estimation of Non-fecal Phosphorus Excretion  

Table 4-6: Results from residual analysis, decomposition of MSPE and CCC 

obtained from comparing the predicted data from the best-ranked model from each 

function and the observed values of non-fecal phosphorus excretion of Nile tilapia and 

rainbow trout. 
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Species Nile tilapia Rainbow trout 

Model Logistic  Segmented Gompertz Logistic  Segmented Gompertz 

MSPE 0.00002 0.00002 0.00002 0.00004 0.00005 0.00005 

RMSPE  0.005 0.005 0.001 0.006 0.007 0.01 

RMSPE % 11.25 11.19 10.89 14.52 15.06 15.43 

Central Tendency 0.31 0.00002 5.39 0.0012 0.012 14.09 

Regression 0.56 0.0001 2.22 1.13 0.49 2.05 

Disturbances 99.11 99.99 92.39 98.87 99.50 83.86 

         

Bias correction factor 0.99 0.99 0.99 0.99 0.99 0.99 

Correlation coefficient 0.99 0.99 0.99 0.98 0.98 0.99 

CCC 0.99 0.99 0.99 0.98 0.98 0.98 
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Table 4-7: The fit statistics obtained from using the best-ranked models from each function to 

reproduce the experiment of Bureau and Cho (1999) and the residual analysis. 

Dataset Bureau and Cho, 1999 

Model Logistic  Segmented Gompertz 

MSPE 0.00004 0.00002 0.00001 

RMSPE  0.00617 0.00471 0.00375 

RMSPE % 16.02 12.22 9.73 

Errors in central tendency 80.20 79.43 77.53 

Errors due to regression 1.05 19.99 0.06 

Errors due to disturbances 18.74 0.58 22.41 

       

Bias correction factor 0.98 0.98 0.99 

Correlation coefficient 0.99 0.99 0.99 

CCC 0.97 0.98 0.99 

    

Fit statistic    

-Log Likelihood -29.9 -33.3 -31.5 

AICC -25.9 -29.3 -27.5 

BIC -28.5 -31.9 -30.1 
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Figure 4-1 demonstrates a scatterplot of calculated non-fecal phosphorus excretion 

through mass balance against digestible phosphorus intake for both species. The estimated 

parameters from fitting the data to all three functions are presented in Table 4-5. The goodness of 

fit of the fixed models and mixed models in all three functions to each dataset and the model 

selection procedure are illustrated in Table 4-5. According to the selection criteria, the best 

fitting model for Nile tilapia was the Gompertz model with random effect of body weight 

introduced to the parameter b or parameter k and, for rainbow trout, it was the Gompertz model 

with a random effect of body weight introduced to parameters b and k. In general, within the 

logistic models and the segmented models, the mixed models had lower AICC value than the 

fixed models.  

According to the best fitting models, the estimated non-fecal phosphorus excretion at 

theoretical zero digestible phosphorus intake or the endogenous phosphorus loss, in fed fish for 

Nile tilapia was 2 ± 0.2 mg kg MBW−1 day−1 and for rainbow trout was 4 ± 0.4 mg kg MBW−1 

day−1. The non-fecal phosphorus excretion at the maximum phosphorus retention was accounted 

at 31 ± 37 mg kg MBW−1 day−1 for Nile tilapia and 39 ± 15 mg kg MBW−1 day−1 for rainbow 

trout. In Figure 4-2, the predicted mean curve from the best-ranked model of each function and 

the scatter plot of calculated non-fecal phosphorus excretion against digestible phosphorus intake 

for both species are presented. 

Analysis of the MSPE components showed that the majority of the error is random (> 

98.64 % in rainbow trout and > 99.11% in Nile tilapia) and a very small fraction of the error is 

associated with error in central tendency and/or errors due to regression. The results from MSPE 
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decomposition are suggesting that the errors around segmented models are distributed more 

randomly in comparison with the logistic model and Gompertz model. For Nile tilapia the 

smallest RMSPE% was for Gompertz model and for rainbow trout the smaller RMSPE% was 

estimated for logistic model.  

The CCC analysis showed that the bias correction for all models was very close to one 

(1) meaning that the bias in prediction of non-fecal phosphorus excretion by the suggested 

models for both species was very small (Table 4-6). Regardless of the species, according to the 

estimated correlation coefficient, the predicted values were highly correlated (> 0.99) with the 

observed values. Overall, there was no considerable difference between CCC value estimated 

from different models and in both species, the predicted value had a very good agreement with 

the observed value.  

In analyzing the residual plot a symmetrical pattern of residual distribution is preferable. 

The analysis of the residual plot (Figure 4-3) showed that, apart from a region showing residuals 

for very high levels of digestible phosphorus intake in the logistic model fitted to the data from 

rainbow trout and a few outliers, in all three models the residuals are distributed symmetrically 

and non-systematically around the x-axis with the predicted values. It can be concluded that the 

segmented model and Gompertz model satisfactorily capture the mean values of non-fecal 

digestible excretion. The results from the logistic model are applicable in low levels and 

marginal levels of phosphorus intake, but in higher levels of dietary phosphorus, the logistic 

model underestimates non-fecal phosphorus excretion. 
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4.4.3. Model Testing 

The results from statistical analysis of predicting independent data from Bureau and Cho 

(1999) to the best-ranked model of each functions are presented in Table 4-7. Based on the lower 

AICC and MSPE values, the predicted values from the segmented model fitted the data from 

Bureau and Cho (1999) slightly better than the logistic and Gompertz model. Comparison of Cb 

values calculated for models shows that the regression line between observed and predicted 

values by Gompertz model is closer to unity (Cb = 0.99) in comparison with segmented and 

logistic models (Cb = 0.98).  

 Discussion  

Factorial nutritional models estimate the nutrient requirements of animals from the sum 

of nutrient retention and nutrient loss. In this study, non-fecal phosphorus loss at the dietary 

phosphorus intake level that leads to maximum performance of an animal was estimated. 

Somatic growth has been frequently used as a response criterion to estimate the phosphorus 

requirements of fish for maximum performance. In the initial steps of construction of a dataset 

for this study, the statistical analysis showed that the dietary digestible phosphorus requirements 

for maximum somatic growth are lower than the requirements for maximum phosphorus 

deposition in the whole body, at least for the periods of the feeding trials used in the dataset. 

These results are in agreement with the suggestions of Rodehutscord (1996), Åsgård and Shearer 

(1997) and Bureau and Cho (1999). Previous studies have suggested that using somatic growth 

as the response criterion in estimation of phosphorus requirements may result in underestimation 

of phosphorus requirements of fish to maintain the fish in an optimal physiological state over the 
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long term (Hardy et al., 1993; Coloso et al., 2003; Fontagne et al., 2009; Prabhu et al., 2016). 

Therefore, in this study, maximum phosphorus deposition was used to estimate the homeostatic 

non-fecal phosphorus excretion.  

All three suggested functions for prediction of non-fecal phosphorus excretion were 

successfully fitted to the constructed sub-dataset, which is supported by the statistical 

measurements. However, the symmetrical characteristic of the logistic model appears to be a 

considerable disadvantage for using the logistic curve since symmetry, rarely presents in 

biological processes (Pearl and Reed, 1920). Therefore, the Gompertz function with 

asymmetrical characteristics makes it superior to the logistic model and the predictions from this 

model are more reliable to be used to estimate the soluble phosphorus waste output from fish 

farms. Each suggested model has some advantages and drawbacks. However, the errors are 

homoscedastic and non-systematically distributed around the mean value of the homeostatic non-

fecal phosphorus excretion that is represented by models.  Regardless of the model and species, 

the CCC values and its compartments indicated strong agreement between predicted and 

observed values (0.98 or higher). The bias error factor (Cb) values are ranging from 0 to 1 and 1 

indicates that the deviation of the regression line of observed and predicted values from unity or 

the Y = X line is negligible. The Cb values of the best fitting models for both species indicated a 

very small deviation from unity and the values were greater than 0.98 regardless of the model. 

Therefore, my conclusion is that the mean values of non-fecal phosphorus excretion at marginal 

levels of phosphorus intake are satisfactorily captured by the best fitting models for both sub-

databases. In addition, the lower value of AICC for the mixed-effect model in comparison to the 
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fixed-effect model shows that a fraction of the variation in the dataset was accounted for by the 

body weight of the fish.  

From the visual inspection of plotted residuals, no major patterns were evident in either 

of the models or species, which suggests that the models describe the response curve 

satisfactorily. The predicted values tended to vary less from the observed values at high levels of 

digestible phosphorus intake, based on the decrease in variation from left to right in the residual 

plot of both species (Figure 4-3). However, we interpret this decrease in variation as a minor but 

negligible lack of fit of the best fitting models for very low phosphorus excretions caused by the 

nature of data. The residuals increase and have larger scattered as the value of the digestible 

phosphorus intake and non-fecal phosphorus excretion increases.   

The estimated endogenous phosphorus loss of fed fish in this study by calculating the Y 

intercept of the plot of non-fecal phosphorus excretion against digestible phosphorus intake was 

4 ± 0.4 mg kg MBW−1 day−1for rainbow trout and 2 ± 0.2 mg kg MBW−1 day−1for Nile tilapia. 

The value estimated for rainbow trout is comparable with the value estimated by previous 

studies. Bureau and Cho (1999) estimated the minimal non-fecal phosphorus excretion value 

about 6 mg kg BW−1 day−1 (which was calculated to be 2.28 mg kg MBW−1 day−1) through 

direct measurement of urinary phosphorus excretion from rainbow trout which is very close to 

the estimated values in this study. Also, the endogenous phosphorus loss estimated by Prabhu et 

al. (2015) was 3.4 mg kg MBW−1 day−1 which is in strong agreement with the estimate from the 

best fitting model in this study. This study has been the first attempt to estimate the endogenous 

phosphorus loss in Nile tilapia and therefore, it is not possible to compare this result with the 
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previous observations of other studies. However, the models were successfully fitted to the 

dataset and the estimates of endogenous phosphorus loss for Nile tilapia are comparable with the 

estimates for rainbow trout and biologically meaningful. Therefore, it can be concluded that the 

model could adequately describe the non-fecal phosphorus excretion in relation to digestible 

phosphorus intake in Nile tilapia and the estimated value for endogenous phosphorus loss by this 

study is reliable. The predicted homeostatic non-fecal phosphorus excretions at estimated 

maximum phosphorus retention for Nile tilapia and rainbow trout were 31 ± 37 mg kg MBW−1 

day−1 and 39 ± 15 mg kg MBW−1 day−1, respectively. To the best of the author’s knowledge, 

this is the first study that estimates the minimal non-fecal phosphorus excretion of Nile tilapia 

and rainbow trout at maximum phosphorus retention.   

The ability of models to predict non-fecal phosphorus excretion in rainbow trout based on 

phosphorus intake was tested by fitting the models to the calculated non-fecal phosphorus 

excretion from Bureau and Cho (1999). Figure 4-4  demonstrates the location of the data points 

from Bureau and Cho (1999) among the rainbow trout dataset used in model calibration. Based 

on the CCC compartments, the predicted values from both models were highly correlated 

(correlation coefficient > 0.99) with the calculated values of non-fecal phosphorus excretion 

from Bureau and Cho (1999). The Cb values were above 0.99 indicates that the regression line of 

observed and predicted values has no significant deviation from unity or the Y = X line. This 

shows that all three models were capable of generating reasonable estimates of non-fecal 

phosphorus excretion at different levels of digestible phosphorus intake for rainbow trout. Based 

on the smaller values of AICC and RMSPE%, the segmented model and Gompertz model had 
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more accurate estimation of the non-fecal phosphorus excretion for data from Bureau and Cho 

(1999) in comparison with logistic model. 

The present study is, to the best of author’s knowledge, the first report of a meta-analysis 

of available data on estimation of non-fecal phosphorus excretion of rainbow trout and Nile 

tilapia. Results from this study are very useful to develop a factorial nutritional model to estimate 

phosphorus requirements of rainbow trout and Nile tilapia for a maximal and healthy growth. In 

addition, these results can be used to develop effective nutritional strategies and in management 

of phosphorus waste output from fish farms and provide a detailed understanding of utilization 

and excretion of phosphorus in fish.  

 Conclusion  

The objective of this study was to develop an approach to estimate the homeostatic 

nutrient loss (mainly) through non-fecal loss. Phosphorus was selected as a test nutrient and the 

ability of suggested models to estimate the homeostatic phosphorus excretion at the marginal 

levels of digestible phosphorus intake in Nile tilapia and rainbow trout was assessed. Despite 

limitations in the availability of data in the literature, this study took a systematic approach and 

used appropriate analytical methods to suggest models describing the non-fecal phosphorus 

excretion in relation to digestible phosphorus intake with an acceptable accuracy. The results 

from this study are valuable tools for developing feed formulation and farm management 

strategies. This meta-analysis also demonstrated a serious lack of sufficient data for estimation of 

non-fecal phosphorus excretion for Nile tilapia.   
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Table 4-1: List of studies used for analyzing growth, phosphorus deposition and non-fecal 

phosphorus excretion in Nile tilapia and rainbow trout. 

Nile tilapia  Rainbow trout 

Yao et al. 2013 

Cao et al. 2008  

Furuya et al. 2008 (1) 

Furuya et al. 2008 (2) 

Goda 2007 

Nwanna 2007 

 

Morales et al. 2018 

Prabhu et al. 2013 

Fontagné et al. 2009 

Coloso et al. 2003 

Rodehutscord et al. 2000 

Bureau and Cho 1999 

Skonberg 1997 

Rodehutscord and Pfeffer 1996 

Rodehutscord and Pfeffer 1995 

 

 

 

Table 4-2: Description of the summary of the dataset used for analyzing growth, phosphorus 

retention and non-fecal phosphorus excretion in Nile tilapia and rainbow trout. 

Species  Temperature 
oC 

IBW 

g 

FCR Dietary 

Digestible P % 

P concentration 

of body % 

Duration 

# days 

TGC 

NT Min 27 0.5 1.1 0.15 0.22 46 0.06 

 Max 29 47 2.0 1.02 0.60 120 0.14 

 SEM* 0.12 3.60 0.06 0.05 0.01 5.28 0.01 

RBT Min 12 0.1 0.8 0.00 0.08 28 -0.01** 

 Max 18 128 1.6 1.82 0.51 112 0.24 

 SEM 0.18 4.28 0.02 0.06 0.01 3.15 0.01 

* SEM: Standard error of the mean. 

**Starved fish
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Table 4-3: Statistics obtained from fitting the models to the datasets from Nile tilapia and rainbow trout, model selection and the 

estimated phosphorus intake (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) required for maximum weight gain ±Confidence interval. 

 

* Selection criteria: for -2 log likelihood fit statistic, AICC and Bayesian BIC, smaller values are better. 

  

Species Model P Requirement  

(mg kg MBW−1 day−1) 

Estimated Parameters -Log 

Likelihood 

AICC BIC Rank 

   L R U     

NT Fixed effect 90 ± 25 94 0.09 -699 191 201 204 3 

 Random effect added to L 81 ± 14 94 0.08 -1061 186 196 197 1 

 Random effect added to U 96 ± 25 97 0.1 -697 192 201 203 4 

 Random effect added to L and U 98 ± 25 96 0.1 -703 189 199 200 2 

RBT Fixed effect 53 ± 10 89 0.1 -1687 396 405 411 3 

 Random effect added to L 54 ± 10 88 0.1 -1429 386 394 398 1 

 Random effect added to U 83 ± 24 94 0.1 -785 408 417 421 4 

 Random effect added to L and U 55 ± 11 88 0.1 -1410 385 394 397 2 
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Table 4-4: Statistics obtained from fitting the models to the datasets from Nile tilapia and rainbow trout, model selection and the 

estimated phosphorus intake (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) required for maximum phosphorus retention ±Confidence interval. 

 

*Selection criteria: for -2 log likelihood fit statistic, AICC and Bayesian BIC, smaller values are better. 

 

 

Species Model P Requirement  

(mg kg MBW−1 day−1) 

Estimated Parameters -Log 

Likelihood 

AICC BIC Rank 

   L R U     

NT Fixed effect 118 ± 42 98 0.12 -306 178 188 191 2 

 Random effect added to L 82 ± 21 95 0.08 -697 181 191 192 3 

 Random effect added to U 76 ± 23 94 0.08 -694 184 194 195 4 

 Random effect added to L and U 125 ± 36 101 0.12 -366 176 186 187 1 

RBT Fixed effect 64 ± 30 94 0.06 -709 407 416 423 2 

 Random effect added to L 59 ± 28 91 0.06 -706 409 418 422 4 

 Random effect added to U 63 ± 29 94 0.06 -732 407 416 419 1 

 Random effect added to L and U 59 ± 28 92 0.06 -700 409 418 421 3 
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Table 4-5: Model selection and the estimated endogenous phosphorus loss and phosphorus excretion at maximum phosphorus 

deposition and the confidence limits for Nile tilapia and rainbow trout.  

 * Selection criteria: for -2 log likelihood fit statistic, AICC and Bayesian BIC, smaller values are better.  

Model Endogenous P loss P Excretion at Requirement Estimated Parameters Fit Statistics Rank 

Nile tilapia (mg kg MBW−1 day−1) (mg kg MBW−1 day−1) a b c 
-Log 
Likelihood 

AICC BIC  

Logistic -Fixed 4.0±0.6 29.7±9.8 36.11 27.04 0.15 -178.3 -168.2 -165.6 5 

Logistic - random a 4.0±0.6 29.7±10.2 36.11 27.04 0.15 -178.3 -168.2 -167.2 3 

Logistic - random b 4.0±0.6 29.7±10.2 36.11 27.04 0.15 -178.3 -168.2 -167.2 3 
Logistic - random c 4.1±0.4 29.7±12.6 35.98 26.84 0.15 -176.6 -166.5 -165.5 6 
   a b k     

Gompertz - Fixed 1.9±0.1 30.7±33.1 0.25 4.88 10.53 -179.1 -169.0 -166.4 4 
Gompertz - random a 2.0±0.2 30.7±37.8 0.26 4.85 10.12 -178.4 -168.3 -167.3 2 

Gompertz - random b 1.9±0.1 30.7±34.3 0.25 4.88 10.53 -179.1 -169.0 -168.0 1 
Gompertz - random k 1.9±0.1 30.7±34.3 0.25 4.88 10.53 -179.1 -169.0 -168.0 1 
Gompertz - random k and b 0.2±0.1 14.2±0.1 0.17 5.63 14.69 -178.0 -161.1 -161.4 9 
   L R U     

Segmented - Fixed 12.1±5.0 30.4±0.3 0.012 0.059 0.86 -174.1 -164.0 -161.4 8 
Segmented - random L 12.0±5.8 31.3±0.4 0.012 0.058 0.85 -174.0 -163.9 -162.9 7 
Segmented - random U 12.1±5.2 30.4±0.4 0.012 0.059 0.86 -174.0 -163.9 -162.9 7 

Rainbow trout   A b c     

Logistic - Fixed 7.2±0.6 38.1±5.8 20.90 30.07 0.16 -408.0 -399.2 -391.8 8 
Logistic - random a 7.2±0.6 38.1±6.0 20.90 30.07 0.16 -408.0 -399.2 -394.6 8 
Logistic - random b 7.2±0.6 38.1±6.0 20.90 30.07 0.16 -408.0 -399.2 -394.6 8 
Logistic - random c 6.9±0.5 37.6±5.9 20.48 30.87 0.15 -414.7 -405.9 -401.3 4 
   A b k     

Gompertz - Fixed 4.2±0.3 39.6±15.5 0.22 3.95 13.34 -413.3 -404.5 -397.1 7 

Gompertz - random a 3.9±0.4 39.3±14.7 0.20 3.94 14.10 -418.5 -409.8 -405.2 3 
Gompertz - random b 4.2±0.3 39.6±15.9 0.22 3.95 13.33 -413.3 -404.5 -400.0 7 
Gompertz - random k 4.2±0.3 39.6±15.9 0.22 3.95 13.34 -413.3 -404.5 -400.0 7 
Gompertz - random k and b 0.2±8.1 7.7±8.1 0.21 4.09 13.41 -437.0 -423.3 -417.0 1 
   L R U     

Segmented - Fixed 10.6±3.2 41.4±0.3 0.011 0.03 0.97 -413.9 -405.1 -397.7 6 

Segmented - random L 7.3±3.5 40.0±1.1 0.007 0.03 0.96 -427.5 -418.7 -414.1 2 
Segmented - random U 10.6±3.3 41.4±0.3 0.011 0.03 0.97 -414.2 -405.4 -400.8 5 
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Table 4-6: Results from residual analysis, decomposition of MSPE and CCC obtained from 

comparing the predicted data from the best-ranked model from each function and the observed 

values of non-fecal phosphorus excretion of Nile tilapia and rainbow trout. 

  

Species Nile tilapia Rainbow trout 

Model Logistic  Segmented Gompertz Logistic  Segmented Gompertz 

MSPE 0.00002 0.00002 0.00002 0.00004 0.00005 0.00005 

RMSPE  0.005 0.005 0.001 0.006 0.007 0.01 

RMSPE % 11.25 11.19 10.89 14.52 15.06 15.43 

Central Tendency 0.31 0.00002 5.39 0.0012 0.012 14.09 

Regression 0.56 0.0001 2.22 1.13 0.49 2.05 

Disturbances 99.11 99.99 92.39 98.87 99.50 83.86 

         

Bias correction factor 0.99 0.99 0.99 0.99 0.99 0.99 

Correlation coefficient 0.99 0.99 0.99 0.98 0.98 0.99 

CCC 0.99 0.99 0.99 0.98 0.98 0.98 
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Table 4-7: The fit statistics obtained from using the best-ranked models from each function to 

reproduce the experiment of Bureau and Cho (1999) and the residual analysis. 

Dataset Bureau and Cho, 1999 

Model Logistic  Segmented Gompertz 

MSPE 0.00004 0.00002 0.00001 

RMSPE  0.00617 0.00471 0.00375 

RMSPE % 16.02 12.22 9.73 

Errors in central tendency 80.20 79.43 77.53 

Errors due to regression 1.05 19.99 0.06 

Errors due to disturbances 18.74 0.58 22.41 

       

Bias correction factor 0.98 0.98 0.99 

Correlation coefficient 0.99 0.99 0.99 

CCC 0.97 0.98 0.99 

    

Fit statistic    

-Log Likelihood -29.9 -33.3 -31.5 

AICC -25.9 -29.3 -27.5 

BIC -28.5 -31.9 -30.1 
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Figure 4-1: Plotting pooled data from calculated non-fecal phosphorus excretion against 

digestible phosphorus for Nile tilapia and rainbow trout.  
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Figure 4-2: The predicted mean curve from the best-ranked model from each function and the 

scatter plot of the observed (calculated) values of non-fecal phosphorus excretion (mg kg 

𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) against digestible phosphorus intake (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) for Nile tilapia 

and Rainbow trout.  

 

 

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.00 0.05 0.10 0.15 0.20

N
o

n
-f

ec
al

 P
 e

xc
re

ti
o

n
 (

g 
kg

 M
B

W
−1

d
−1

)

Digestible P intake (g kg MBW−1 d−1 )

Non-fecal P excretion vs digestible P intake-Nile tilapia

Observed

Logistic

Segmented

Gompertz



 

 

127 

  

  

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.00 0.05 0.10 0.15 0.20

N
o

n
-f

ec
al

 P
 e

xc
re

ti
o

n
 (

g 
kg

 M
B

W
−1

d
−1

)

Digestible P intake (g kg MBW−1 d−1 )

Non-fecal P excretion vs P intake- Rainbow trout

Observed
 Logistic
Segmented
Gompertz



 

 

128 

  

Figure 4-3: Plot of residuals against the predicted non-fecal phosphorus excretion values and 

plotted predicted non-fecal phosphorus excretion values and observed values resulting from 

fitting the best-ranked model from logistic, segmented and Gompertz function to the datasets in 

Nile tilapia and rainbow trout. 
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Figure 4-4: The observed values of non-fecal phosphorus excretion (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) 

against digestible phosphorus intake (mg kg 𝐌𝐁𝐖−𝟏 𝐝𝐚𝐲−𝟏) for rainbow trout.   
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CHAPTER 5. BIOENERGETICS-BASED FACTORIAL MODEL 

TO DETERMINE LYSINE AND PHOSPHORUS 

REQUIREMENT OF NILE TILAPIA AND RAINBOW TROUT 

IN PRACTICAL DIETS 

 Abstract 

A hybrid bioenergetic based factorial model was developed to calculate nutrient 

requirements of fish by taking into account the effect of body weight and feed composition. 

Lysine and phosphorus were selected as the test nutrients and two model species, carnivorous 

rainbow trout and omnivorous Nile tilapia were selected for this study. Body composition sub-

models were calibrated to estimate the nutrient and energy content of fish. The results from 

modeling body composition of fish were combined with the predictions from the Thermal 

Growth Coefficient (TGC) growth model to estimate nutrient retention over the time. Voluntary 

feed consumption was estimated by application of the Fish-PrFEQ bioenergetics factorial 

approach. Models developed in Chapters 3 and 4 were used to integrate the effect of feed 

composition and body weight on maintenance lysine requirements, lysine catabolism and 

homeostatic non-fecal phosphorus loss, and the results were applied into the hybrid model. The 

results from model simulation indicated that lysine requirements as a dietary concentration 

decrease throughout growth in both species. Dietary lipid caused an amino acid sparing effect 

which was quantified on lysine requirements of both species. Lysine requirements in both 

species were decreased by increasing dietary lipid as a source of digestible energy. Digestible 

phosphorus requirement as a dietary concentration decreased in both species during growth. The 

estimated digestible phosphorus requirement of Nile tilapia was higher than in rainbow trout. 
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The model developed in this study was also able to predict body growth at sub-optimal levels of 

amino acid intake. The results from this model is the first study of its kind to simulate the weight 

gain in Nile tilapia and rainbow trout on the basis of lysine intake and feed composition. This 

part of the study enforces that development of nutrient-flow based growth models especially in 

farm animals and for practical uses is very crucial. 

 Introduction  

Nile tilapia and rainbow trout are two important commercially farmed species and are 

produced in several countries with different climates, culture systems (ponds, raceways, cages) 

and degree of intensity (from low-input subsistence to super-intensive culture facilities) (Yi, 

1998, 1999; Fitzsimmons and Gonzalez-Alanis, 2006; Chowdhury et al., 2006, 2007). In recent 

years, aquaculture production has tended to move toward intensification and reliance on 

manufactured feed. Today, over 60% of tilapia production in the world is from commercial farms 

depending completely on formulated diets (Chowdhury et al., 2013). Feeding cost comprises a 

considerable (40 to 60%) portion of total operational costs of fish production. On the other side, 

the cost of aquafeed increases due to the increasing the price of ingredients which results in 

increasing the production cost. In this situation, the maintaining the profitability and 

sustainability of aquaculture production highly depends on the feed formulation to deliver a 

nutritionally balanced feed that maximize fish growth while minimizing cost and environmental 

effects (NRC, 2011). Therefore, developing a nutrient requirement model suitable for 

commercial farming carries immense importance to maximize production while minimizing 

waste generation. 
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A number of empirical methods have been used to estimate the nutrient requirements of 

fish, and amongst them, the dose-response study has been used more frequently. In these studies, 

the nutrient requirements are estimated by regressing the increasing dietary levels of nutrient 

with a response parameter which is often weight gain or nutrient deposition. The lowest dietary 

nutrient level that maximizes the response is considered the “nutrient requirement”. This method 

results in one single value, often regardless of the dietary and state of the animal.  

Mathematical functions have been used to make more flexible estimations of the nutrient 

requirements of animal through quantification of the biological processes. Factorial nutrient 

requirement models mathematically represent the nutrient partitioning and the main biological 

processes in body and estimate the nutrient requirements of an animal as the sum of retained 

nutrients in body, and maintenance and inevitable losses (Moughan, 2003). Factorial nutrient 

requirement modeling offers a practical and dynamic solution to the challenges in quantification 

of animal responses to the dietary nutrient level under different circumstances. Previously, 

factorial models have been used to estimate nutrient requirements in poultry (Baker, 1991) in 

swine (NRC, 2011; Moughan, 1989; Susenbeth, 1995), and in fish (Hauler and Carter, 2000).  

The output from a factorial model represents the absolute amount of nutrient required by 

the animal in a certain period of time. However, from the feed manufacturing perspective, the 

nutrient requirement values have to be converted into optimal dietary concentration. For this 

purpose, it is required to know how much feed will be ingested by fish, while the nutrient 

concentration in feed itself, has a significant impact on feed intake. In addition, the variation in 

nutritional density of commercial feeds for different production systems makes it more 
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challenging to formulate a nutritionally balanced feed that delivers all the required nutrients 

within the voluntarily ingested amount of feed. Therefore, there is a need for a dynamic model 

that can integrate all the possibilities for composition of feed and voluntary feed intake to 

estimate the optimal dietary concentration of nutrients at a given set of conditions.  

Voluntary feed intake in an animal is under the control of a central feeding system 

(located in the brain) by hunger and satiation signals through complex networking of peripheral 

neural and humoral signals (Lin et al., 2000; Volkoff et al., 2005). Several molecules and 

neurotransmitters have been suggested to impact the mechanism of regulation of feed intake 

(Volkoff and Peter, 2006; Volkoff et al., 2009). It has been also suggested that fish adjust the 

voluntary feed intake depending on their physiological state, quality of feed (De la Higuera, 

2001) and environmental conditions (Kestemont and Baras, 2001). Factors such as stomach 

volume and gastric emptying rate (Vahl, 1979; Jobling,1981; Grove et al., 1985) and the physical 

characteristic of feed also affect the short-term control of feed intake in fish (Jobling, 1982; 

Hilton et al., 1983; Ruohonen and Grove, 1996). 

In the long term, however, the energy requirements for maintenance, growth and 

reproduction have a greater impact on the regulation of feed intake (Cho and Kaushik, 1985; 

Kaushik and Medale, 1994). The factors controlling the feed intake in short term are also 

affected by the energy requirements of fish. For example, it has been observed that after a period 

of feed deprivation, the amount of feed intake often exceeds the normal level of intake and the 

gastric emptying rate increases (Rubio et al., 2010). Overall, the energy requirements of fish can 

affect the long-term and short-term mechanism of regulation and adjustment of feed intake. 
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Other mechanisms of feed intake control have been suggested for fish such as the glucostatic 

regulation of feed intake (Mayer, 1953), or the impact of the amino acid level of blood (Gurure 

et al., 1995; De la Higuera, 2001). However, these theories are applicable for the short-term 

regulation mechanism of feed intake and the results from these studies are controversial. So far, 

the environmental temperature, the energy requirements of fish and the digestible energy content 

of feed has been suggested to be the most feasible estimator of feed intake in several fish species 

(Cho and Bureau, 1998; Yamamoto et al., 2000; Bendiksen et al., 2002). 

In the past, feed was often delivered to the fish based on the guidelines resulted from 

empirical equations (e.g. percent of body weight day-1). During the past decades, a number of 

nutritional models have been developed to estimate feed intake of various fish and crustacean 

species (Cho and Bureau, 1998; Bailey and Alanärä, 2001; Lupatsch et al., 2003; Hua et al., 

2008, 2010; Booth et al., 2010; Pirozzi et al., 2010; Glencross and Bermudes, 2011; Trung et al., 

2011; Serpa et al., 2013; Sun et al., 2016). Among them, the bioenergetics-based approaches 

offer a practical method to estimate feed intake on the basis of the partition of dietary digestible 

energy (Cho and Bureau, 1998; Cho, 1992). These models have been applied to predict feed 

intake and waste output for several fish and shrimp species in several studies (Zhou et al., 2005; 

Sara et al., 2009; Glencross and Bermudes, 2011; Trung et al., 2011). Bioenergetics based 

models are built based on the energy budget equation and its relationship with the main 

influencing factors such as growth rate and temperature. In this model, the energy requirement of 

fish is estimated from the sum of energy required for maintenance, retained energy and energy 

loss. Then based on the energy requirements of fish, the energy content of diet determines the 

feed intake and, consequently the nutrient intake of fish. This assumption is derived from 
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evidence in the literature showing that when offered diets with various DE levels; fish appear to 

adjust their feed intake to maintain a particular (daily) energy intake (Boujard and Medale, 1994; 

Kaushik and Medale, 1994; Yamamoto et al., 2000; Yamamoto et al., 2005). Cho and Bureau 

(1998) developed the Fish-PrFEQ bioenergetic model on the basis of bio-energetic principles. 

This model is built by linking a group of empirically determined parameters, such as metabolic 

energy demand for maintenance, growth potential, and efficiency of energy utilization. The 

calculated digestible energy requirement is translated into a feed intake requirement based on the 

digestible energy content ( kJ g feed−1) of the feed and generates a dynamic and flexible 

estimation of the feed intake based on the variable influencing factors such as temperature, 

energy content of body and growth rate as input.  

The accuracy of predictions from the bioenergetics-based factorial model is dependent on 

the accuracy of its sub-models. Estimation of retained energy is a fundamental part of factorial 

bioenergetics-based feed requirement models. Prediction of nutrient and energy gain is based on 

the rate of growth and the concentration of the nutrient and energy in the body of the animal. 

Therefore, application of an appropriate growth model and an accurate prediction of energy 

content of fish plays an important role in the accuracy of prediction of feed intake using a 

bioenergetics-based approach. Various growth functions have been developed and used to 

describe changes in body size of fishes with time. Among them, the monomolecular, von 

Bertalanffy, Gompertz, logistic, and Richard’s growth functions are used ubiquitously owing to 

their simplicity and convenience (Brown, 1957; Von Bertalanffy, 1957; Paloheimo and Dickie, 

1966; Stauffer, 1973; Brett, 1979; Ricker, 1979; Iwama and Tautz, 1981; Schnute, 1981; Muller-

Feuga, 1990; Petridis and Rogdakis, 1996; Charnov et al., 2001; De Graaf and Prein, 2005). The 
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growth rate of aquatic poikilotherms is controlled by a multitude of factors, including life stage, 

temperature, and genetics. Traditional growth functions used to predict the growth of aquatic 

animals such as Specific Growth Rate (SGR), Average Daily Growth (ADG) and Daily Growth 

Coefficient (DGC), do not consider the effect of temperature on the growth of poikilotherms. 

Later the traditional growth model was modified to imply the effect of temperature in growth of 

poikilothermic aquatic animals (Cho and Bureau, 1998; Dumas et al., 2007). The Thermal-unit 

Growth Coefficient (TGC) has been developed and calibrated for a number of species such as 

Nile tilapia and rainbow trout to take into account the effect of temperature on the growth rate 

and consequently energy and nutrient deposition rate (Cho, 1982; Cho and Bureau, 1998; Dumas 

et al., 2007; Chowdhury et al., 2013; Powel et al., 2017). The TGC model has gained relatively 

wide acceptance in fish nutrition research and, also more broadly, the aquaculture literature as 

well as in the industry (Stead and Laird, 2000; Alanärä et al., 2001; Hardy and Barrows, 2002). 

Development of the TGC growth model was based on the assumption that the substrates required 

for growth are non-limiting. With this assumption, animal growth is considered a system with 

only one output and there is no ability to predict growth rate when the dietary nutrient intake is 

sub-optimal. It is important to develop a dynamic model that can estimate the growth of fish not 

only based on its maximum growth potential and the environmental temperature, but also as a 

function of nutrient intake and utilization efficiency of nutrients. The development of a dynamic 

model capable of generating robust estimates of nutrient requirements considering changes in the 

metabolism of fish throughout its growth trajectory as affected by dietary and environmental 

factors is a priority for nutritionists and many industry stakeholders.  
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This study aimed to develop a bioenergetic-based factorial nutritional model that 

incorporates the impact of body weight and feed composition on nutrient requirements of fish as 

dietary concentrations. Beside estimation of nutrient requirements of fish for maximum growth, 

the model was designed to predict weight gain based on nutrient intake at sub-optimal intake 

levels. The developed hybrid-model is not only limited to the test nutrients (lysine and 

phosphorus) and species (Nile tilapia and rainbow trout) but also applicable to estimate 

requirements of other essential nutrients in other fish species. 

 Methodology  

5.3.1. The Factorial Model  

Through a factorial approach the “absolute amount” of nutrient requirements of fish 

(g fish−1day−1) were estimated from the partitioning of ingested nutrients as follows:  

Nutrient Requirements (g fish−1day−1) = Retained Nutrient (g fish−1day−1) + 

Maintenance Nutrient Requirement (g fish−1day−1) + Inevitable Catabolism (g fish−1day−1) + 

Basal Non-Fecal Nutrient Losses (g fish−1day−1) 

The estimate of each compartment was based on the sub-models demonstrated in Table 

5-6: Nutritional specification (% of Diet) of feed for different commercial life cycles of in 

Nile tilapia and rainbow trout. 

 Production Cycle  BW g Digestible Phosphorus   Lysine 

DE MJ/kg   15 18 20  15 18 20 

Rainbow Trout Starter < 5 g 0.57 0.69 0.76  1.8 2.2 2.4 
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 Fry 5-50 g 0.52 0.63 0.69  1.6 2.0 2.2 

 Pre-grower 50-200 g 0.45 0.54 0.60  1.4 1.7 1.9 

 Grower 200-500 g 0.41 0.49 0.54  1.4 1.6 1.8 

 Finisher 500-1500 g 0.32 0.38 0.42  1.3 1.6 1.8 

           
DE MJ/kg   14 16 18  14 16 18 

Nile Tilapia Starter < 5 g 0.89 1.02 1.14  1.7 2.0 2.3 

 Fry 5-50 g 0.73 0.83 0.94  1.5 1.7 1.9 

 Pre-grower 50-200 g 0.62 0.71 0.79  1.3 1.5 1.8 

 Grower 200-500 g 0.52 0.59 0.66  1.3 1.5 1.7 

 Finisher 500-1500 g 0.33 0.38 0.43  1.1 1.3 1.5 
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Table 5-7: Estimated parameters and residual analysis obtained from fitting the exponential 

model to the data for lysine concentration of body in relation with dietary lysine intake in Nile 

tilapia and rainbow trout. 

Parameters Nile tilapia Rainbow Trout 

a 1.308 1.337 

b 0.625 0.5264 

c -0.88 -0.9757 
   

RMSPE % 10.68 19.6527 

MSPE 0.011 0.0501 

Errors in central tendency 1E-06 0.0017 

Errors due to regression 0.018 28.2160 

Errors due to disturbances  99.98 71.7823 
   

bias correction factor 0.992 0.9739 

Correlation coefficient 0.884 0.7968 

CCC 0.877 0.7760 
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Figure 5-1: The schematic of the sub-models incorporated in estimation of the hybrid factorial 

model components.  
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Figure 5-2 The sub-models and calculations applied in this study are described as 

follows:  

5.3.1.1. Growth Model 

The TGC growth model was applied in this study based on its ability to incorporate the 

environmental temperature in prediction of weight gain of fish and also based on its 

compatibility with the indeterminate pattern of growth in fish. The TGC growth model used in 

this study is shown in Equation 5.1.  

 FBW (g) = [IBW(1−b) +
TGC

100
 ∑ T ∗ d ]

1

(1−b)   (5.1) 

where IBW and FBW are initial and final body weight, respectively, d is the number of days, T 

is temperature (°C), (1 – b) is the body weight exponent and TGC is the thermal growth 

coefficient. The thermal growth coefficients and BW exponents corresponding to each life stage 

for each species (Table 5-1) were obtained from Chowdhury et al. (2013) and Dumas et al. 

(2007).  

5.3.1.2. Modelling Body Composition and Nutrient Retention 

Data on chemical body composition of Nile tilapia and rainbow trout across their life 

stages were collected from 50 studies including 332 observations for Nile tilapia and 273 

observations for rainbow trout (Table 5-2) to model the content of body component in relation to 

body weight. The summary of all 605 observations that were included in the dataset is presented 

in the Table 5-3. A wide variety of strains, life stages, rearing conditions, types of feed and 
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feeding levels (but no data from starved fish) were included in the dataset. The analytical 

methods for measurement of the content of gross energy, moisture, crude protein, amino acids, 

lipid, ash and phosphorus applied in these studies corresponds with the Official Methods of 

Analysis of Association of Official Agricultural Chemists (AOAC, 1995).  

The content of body component (g/fish) was plotted against body weight of fish to 

explore the mathematical expression of relationships for body composition. Since the proximate 

body composition in fish is affected body weight (Breck, 2014; Dumas et al., 2007), in this study 

both isometric and allometric relationships of live body weight (BW) with body protein, lipid, 

lysine, phosphorus and gross energy were assessed using regression analysis. Then the 

differences between the analytical methods were compared based on the coefficient of 

determination of the regression line and the equation that described the relationship best was 

applied in the hybrid model. Then the nutrient retention was estimated as (Equation 5.2): 

Retained Nutrient (g fish−1) = [ (FBW * Nutrient concentration in FBW)- (IBW * 

Nutrient concentration in IBW)]   (5.2) 

5.3.1.3. Estimation of Maintenance Requirements and Nutrient Loss  

The maintenance lysine requirements were estimated in Chapter 3 to be 31.9 kg MBW−1 

day−1for Nile tilapia and 18.6 kg MBW−1 day−1for rainbow trout.  

The lysine retention efficiency was estimated according to the best fitting model 

developed in Chapter 3. For Nile tilapia the lysine retention efficiency was estimated as 

(Equation 5.3):  
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LysRE = 0.4069 − b(exp(−0.0042 ∗ BW)); where: b = (
 −0.2797∗Lipid Contribution in DE

0.099+Lipid Contribution in DE
) 

(5.3) 

And for rainbow trout the best fitting model was (Equation 5.4):  

LysRE = 
 (0.9101(𝑒𝑥𝑝(−0.00023∗𝐵𝑊)))∗Lipid Contribution in DE

0.05728 +Lipid Contribution in DE
  (5.4) 

Non-fecal phosphorus loss at the maximum phosphorus retention was estimated in 

Chapter 4 to be 31±37 mg kg MBW−1 day−1 for Nile tilapia and 39±15 mg kg MBW−1 day−1 

for rainbow trout.   

Then the lysine requirements of fish in absolute amount (g fish−1day−1) were estimated 

as: Lysine Requirements (g fish−1day−1) = Retained Lysine (g fish−1day−1) + Maintenance 

Lysine Requirement (g fish−1day−1) + Inevitable Lysine Catabolism (g fish−1day−1) and the 

phosphorus requirements of fish in absolute amount (g fish−1day−1) were estimated as: 

Phosphorus Requirements (g fish−1day−1) = Retained Phosphorus (g fish−1day−1) + 

Maintenance Nutrient Requirement (g fish−1day−1) + Homeostatic (Non-Fecal) Phosphorus 

Losses (g fish−1day−1) 

5.3.2. Computation of Optimal Dietary Concentration of Nutrients 

To estimate the nutrient requirements of fish as dietary concentration, the nutrient 

requirements as g fish−1day−1 were divided by the calculated feed intake g fish−1day−1 as 

(Equation 5.5) 
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Optimal Nutrient Concentration (% of diet) =
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 (g fish−1day−1)

Voluntary feed intake of fish (g fish−1day−1)
 

 (5.5) 

Voluntary feed consumption was predicted by dividing the energy requirement of fish to 

the digestible energy content of feed. The Fish-PrFEQ Bioenergetic model proposed by Cho 

(1991) based on an energy budget equation as the sum of energy retained in the body, 

maintenance energy requirements and energy loss (Equation 5.6).  

DEreq =RE + HeE + HiE + (UE+ZE)  (5.6) 

where DEreq is the digestible energy requirement, RE is recovered (or retained) energy, HeE is 

the energy requirement for basal metabolism (or maintenance), HiE is the energy loss through 

heat increment of feeding and UE + ZE are the urinary and branchial energy losses. RE was 

estimated by applying the results from body composition equations as (Equation 5.7): 

RE (kJ fish−1) = [ (FBW g* Gross energy concentration in FBW (kJ 𝑔 fish−1))- (IBW g* 

Gross energy concentration in IBW (kJ 𝑔 fish−1))]    (5.7) 

Basal metabolism (HeE, kJ fish−1) was calculated as a function of temperature and 

MBW (metabolic body weight) (Equation 5.8): 

𝐻𝑒𝐸 =  (𝑎 + 𝑏𝑇 +  𝑐𝑇2)  ∗ BW0.8   (5.8) 

where, (𝑎 + 𝑏𝑇 +  𝑐𝑇2) is the relationship of temperature (T) with HeE and MBW. Heat 

increment of feeding (HiE, kJ fish−1) has been estimated from the difference between the energy 

intake (IE) and the sum of the RE, HeE, UE and ZE (Equation 5.9).  
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HiE=IE – FE – RE – (UE + ZE) – HeE   (5.9) 

The energy loss coefficients have been calibrated previously for Nile tilapia (Chowdhury 

et al., 2013) and rainbow trout (Cho and Bureau, 1998). These coefficients represented in Table 

5-4.  

The voluntary feed consumption was determined based on the energy requirements of 

fish and the energy content of diet as (Equation 5.10): 

Feed requirement (g fish−1day−1)= 
DEreq  (kJ )

DEdiet  (kJ g−1)
   (5.10) 

where DEreq is digestible energy requirements (kJ) and DE diet is dietary energy concentration 

(kJ g−1). Therefore, the energy content of feed is affecting the nutrient requirements estimated as 

dietary concentration. Then the optimal dietary concentration of nutrient was calculated as 

(Equation 5.11): 

Optimal Nutrient Concentration (%) = 100 * 
Nutrient Requirements (g fish−1day−1)

Feed Consumption (g fish−1day−1)
   (5.11) 

5.3.3. Estimation of Growth Based on Nutrient Intake  

The hybrid factorial model developed in this study is also able to estimate the growth 

based on sub-optimal levels of nutrient intake. In this study, growth was estimated based on 

dietary lysine intake. The weight gain of animal was estimated based on the lysine deposition 

and lysine content of body (Equation 5.12).  
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Expected Weight Gain (g fish−1day−1) = 
LysR (g fish−1day−1)

Lysine Concentration of Body at the Corresponding LysIn (g 𝑘𝑔 𝐵𝑊−1)
   

(5.12) 

where: 

LysIn <Lys Requirements:   LysR=LysRE (LysIn- LysM)  

LysIn ≥Lys Requirements:   LysR=LysRmax 

where LysR is lysine retained (g fish−1day−1), LysIn is lysine intake (g fish−1day−1), LysM is 

maintenance lysine requirement (g fish−1day−1) and LysRmax is the maximum potential of fish 

to retain lysine in the body which is calculated based on the TGC model and lysine content of the 

body. The effect of digestible lysine intake on lysine content of body was also incorporated in 

the model. An exponential function was used to describe the lysine concentration of body at 

corresponding lysine intake as follows (Equation 5.13):  

Lys Concentration of Body (%) = ymax - (b*(exp(c*x)))   (5.13) 

where ymax = asymptotic maximum response at lysine intake levels above lysine requirements 

or the maximum lysine concentration of body (%), x is lysine intake (g kg Biomass−1day−1) and 

b is the parameter describing the steepness of the curve. The exponential model (Equation 5.12) 

was fitted to the dataset including lysine concentration of body at different levels of lysine intake 

(g fish−1day−1) which was constructed based on data from dose-response studies used in 

Chapter 3.  
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Parameters were estimated using the NLMIXED procedure of SAS software. Estimated 

parameters were considered final when the lowest Corrected Akaike Information Criterion 

(AICC) value was obtained (Akaike, 1974). Also, the error of prediction and source of error were 

assessed by calculating the mean square prediction error (MSPE) as the sum of the squared 

difference between predicted and observed values divided by the number of observations, with 

the fitted model resulting in the lower MSPE in theory being superior (Bibby and Toutenburg, 

1977) (Equation 5.14).  

MSPE=∑(Oi − Pi)2/n   (5.14) 

where ‘n’ is the number of treatments, and Oi and Pi are the observed and predicted values of 

lysine concentration of body, respectively. The MSPE was decomposed into three terms, error 

caused by the overall bias of prediction, error caused by deviation of the regression slope from 

unity, and error caused by the disturbance (random variation; Bibby and Toutenburg, 1977). 

MSPE values were decomposed into three terms: errors in central tendency, errors due to 

regression and errors due to disturbances. Root MSPE, which is in the same unit as the observed 

value, was expressed as a percentage (RMSPE%) and was used as a measure of accuracy of 

prediction and the discrepancy between observed and predicted values. The RMSPE% provides 

the same properties as the root-mean squares error but expressed as percent.  

Agreement between predicted and observed values was assessed using the concordance 

correlation coefficient (CCC) following the method of Lin (1989). CCC values was decomposed 

into two compartments: the correlation coefficient (r) which measures the precision, and the bias 

correction factor (Cb), which is the measure of accuracy and indicates how far the regression line 
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deviates from the line of unity. The CCC values fall between -1, perfect disagreement, and +1, 

perfect agreement, with a value of 0 representing no agreement between model predictions and 

observations. The visual inspection of the residuals was used as a diagnostic tool for the best-

ranked models (Cook and Weisberg, 1982). The plot of raw residuals against the predicted 

values of lysine concentration of body was assessed to test whether the correct mean structure is 

captured by the model. Then the estimated functions were applied to predict body weight as a 

function of lysine intake in both species. Residuals were also analyzed through visual inspection 

of residual plots. 

In the case of phosphorus, marginal sub-optimal dietary levels of phosphorus are not 

affecting the growth of fish in short term significantly. Moreover, at suboptimal level of dietary 

phosphorus level in long term, fish develop serious skeletal disorders such as jaw deformation 

and therefore, the prediction of weight gain at sub-optimal phosphorus intake was not applied in 

the model.  

 Results 

The resulting allometric and isometric equations and corresponding coefficients of 

determination are shown in Table 5-5. To select which model (allometric or isometric) fit the 

data best, higher coefficient of determination of the regression line was used as the selection 

criterion. For all suggested models, the coefficient of determination was greater than 0.9 (except 

for the isometric relationship between body lipid and body weight in Nile tilapia) showing a high 

degree of correlation between the observed and predicted values.  
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5.4.1. Model Simulation 

The factorial model was constructed by incorporating the calculated values, developed 

sub-models and the coefficients obtained in this study, to estimate the optimal dietary 

concentration of lysine and phosphorus in feed for Nile tilapia and rainbow trout at different life 

stages and diet compositions (based on dietary digestible energy content of diet and contribution 

of dietary lipid to dietary digestible energy). The factorial nutrient model was used to simulate 

several realistic feed formulation scenarios on the basis of the composition of feed available in 

the market. Results from the simulation of different digestible lysine and digestible phosphorus 

requirements at different digestible energy content of diet and the simulation of different 

digestible lysine requirements at different levels of dietary lipid are shown in Figure 5-3 to 

Figure 5-5.  

5.4.2. Lysine Concentration of Body Based on Lysine Intake 

The exponential model (Equation 5.12) was fitted to the dataset including constructed 

based on the values of lysine concentration of body at different levels of lysine intake 

(g fish−1day−1) (Figure 5-6). Parameters were estimated using the NLMIXED procedure of 

SAS. Resulting parameter estimates, along with their associated MSPE decomposition values of 

both models for each dataset are given in Table 5-7. When fitting the exponential model, the 

majority of the error was attributed to random disturbance (99% in Nile tilapia and 72 % in 

Rainbow trout). The CCC values were 0.88 for Nile tilapia and 0.78 for rainbow trout, 

representing a good agreement between predicted and observed values. Decomposing the CCC 

values to Correlation coefficient and Cb showed that there is a very high correlation between the 
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predicted and observed values (0.88 for Nile tilapia and 0.80 for rainbow trout). Moreover, the 

Cb values calculated for models shows that the regression line between observed and observed 

values by the exponential model is close to unity which was 0.99 for Nile tilapia and 0.97 for 

rainbow trout. In analyzing the residual plot (Figure 5-7), a symmetrical and non-systematic 

pattern of residual distribution was observed around the x-axis which is preferable. It can be 

concluded that the exponential model could satisfactorily capture the mean values of lysine 

concentration of body in both Nile tilapia and rainbow trout. 

The predicted growth trajectory of fish based on dietary lysine level was simulated with 

the hybrid model. The digestible energy content of diet for Nile tilapia was considered to be 16 

MJ kg−1and for rainbow trout was considered 20 MJ kg−1. The growth trajectory of both species 

based on different sub-optimal levels of dietary lysine concentration is visualized in Figure 5-8. 

 Discussion 

Today, fish production in the world is moving toward intensification where reliance on 

formulated commercial diets increases every year (FAO, 2019; Hasan, 2017). Commercial feeds 

are formulated to a variety of compositions for fish at different life stages. Nutrient utilization 

efficiency has been known to be affected by a number of factors such as feed composition and 

the life stage of the animal. Therefore, developing a nutrient requirement model suitable for 

commercial farming that can take into account the effect of feed composition and life stage of 

fish is very important in maximizing production while minimizing feeding cost. Therefore, the 

present study was carried out to develop a modelling approach that allows quantifying the effect 

of factors affecting the nutrient requirements of fish over their life cycle. An organic nutrient 
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(lysine) and an inorganic nutrient (phosphorus) were selected as test nutrients and two model 

species a carnivorous (rainbow trout) and an omnivorous species (Nile tilapia) were selected for 

this study.   

In growing animals, a significant amount of nutrient is required for growth and new 

tissue synthesis. Therefore, estimation of nutrient requirements through the factorial approach is 

highly dependent on estimation of nutrient deposition which is estimated based on the chemical 

composition of the body and the growth rate of the fish. Allometric and isometric equations were 

tested to describe the relationship between body weight and body chemical composition of fish 

(Dumas et al., 2007; Booth et al., 2010; Glencross and Bermudes, 2011; Chowdhury et al., 

2013). Both allometric and isometric equations were tested in this study to update previously 

developed equations for body composition of Nile tilapia and rainbow trout. The results from 

this study showed that an isometric function can describe the relationship between body protein 

and body weight very well in both species. For energy and phosphorus content of body, the 

estimated coefficient of correlation for the allometric equation was greater that for isometric 

equation. The result from this study was in line with the previous observations in Nile tilapia 

(Chowdhury et al., 2013) and rainbow trout (Dumas et al., 2007). The lysine content of fish was 

better explained by an allometric function in both species. The chemical composition of fish 

receiving a nutrient deficient diet can be affected by the dietary level of nutrient. Therefore, in 

this study the models were developed using only data from fish receiving sufficient amount of 

feed and nutrients to be able to provide a reliable relationship between body weight and body 

components of tilapia and rainbow trout in commercial condition where sufficient nutrients and 

feed are provided.   
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Energy content of feed is an important factor that determines the optimal dietary 

concentration of feed. By increasing the energy content of feed, the voluntary feed intake of fish 

decreases (Cho, 1992; Cho and Bureau, 1998). Therefore, to formulate the feed to nutrient 

concentrations that adequately cover the daily nutrient requirements of fish, the high energy diet 

has to be denser in nutrient concentration in comparison with a feed with lower energy content. 

In the model developed in this study, to estimate nutrient requirements of fish as dietary 

concentration, the user of the model has to specify the level of the dietary energy. The model 

estimates the voluntary feed consumption of fish based on bioenergetic principles. The model 

then adjusts the optimal nutrient concentration of feed in accordance with the given digestible 

energy content of diet. Although, bio-energetic based models have resulted in reliable 

estimations in practice (Cho, 1992; Cho and Bureau, 1998; Chowdhury et al., 2013), the user of 

bioenergetic-based models should always remember that bioenergetics is a ‘methodology’ or 

‘system’. Animals do not metabolize ‘energy’ per se but metabolize the ‘nutrients’. The source 

of energy influences the feed intake by affecting the oxygen consumption required for 

metabolism of the energy yielding nutrients (Fu et al., 2007). Different macronutrients (protein, 

lipid, carbohydrates) consume different amounts of oxygen in their catabolism to produce the 

same amount of energy (Tran-Duy et al., 2008). There is a limitation to the maximum amount of 

oxygen that a fish at certain body weight can absorb from water for aerobic metabolism of 

nutrients. Therefore, the limitation in available oxygen for metabolism due to physiological (e.g. 

species, life stage, gill surface area, etc.) and environmental (e.g. temperature) conditions, in 

combination with the composition of feed can affect the feed intake in fish (Soofiani and 

Hawkins, 1982; Fry and Hart, 1948; van Dam and Pauly, 1995). Thus, it can be assumed that the 
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voluntary feed intake of fish can be also constrained by the oxygen consumption. A thorough 

investigation on the relationship between nutrient composition of feed and feed intake in fish is 

needed for better understanding of feed intake control in fish.  

The source of energy influences the efficiency of utilization of nutrients (Encarnação et 

al., 2006) and, as a result, the estimate of nutrient requirements through a factorial approach. In 

this study, the lysine sparing effect of dietary lipid has been applied in estimation of lysine 

requirements. The simulation of the model showed that by increasing the lipid contribution in 

digestible energy content of diet, lysine requirements as dietary concentration decreases. In 

rainbow trout, the best fitting model (Model 2) suggests that the lysine sparing effect of lipid in 

large fish and small fish is the same. However. in Nile tilapia, the model suggests that the lysine 

sparing effect of lipid decreases along with the life cycle of fish. This decrease in lysine sparing 

effect of dietary lipid in Nile tilapia can be due to the increase in ability of larger Nile tilapia to 

utilize carbohydrate (mainly starch) as a source of energy (Hooft, 2016).  

The present model was developed to characterize changes in the nutrient requirements of 

fish over their life cycle. Results from simulation of the digestible lysine requirements of Nile 

tilapia and rainbow trout show that the digestible lysine requirements of rainbow trout decrease 

slightly as the fish grows, but for Nile tilapia the optimal dietary digestible lysine level remains 

relatively constant. This difference between the patterns of digestible lysine requirements 

between the two species results from the sharper drop in lysine retention efficiency along the life 

cycle in Nile tilapia in comparison with rainbow trout, which was observed in Chapter 3.  
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The estimated digestible phosphorus requirement as a dietary concentration decreases 

along the life cycle of both species in a similar fashion. Although the non-fecal phosphorus 

excretion based on digestible phosphorus intake was less in Nile tilapia than rainbow trout, the 

dietary phosphorus requirement of Nile tilapia was estimated to be higher than rainbow trout. 

Based on the body composition models, the phosphorus content of Nile tilapia (0.6 % of BW) is 

higher than rainbow trout (0.4 % of BW). This difference could result from the morphological 

differences between Nile tilapia and rainbow trout. Nile tilapia retain higher amounts of 

phosphorus per unit of body weight in comparison with rainbow trout due to morphological 

differences in body shape and the ratio of bony tissues to the body. Nile tilapia has coarser scales 

than rainbow trout. In addition, the ratio of head, which is a bony part of body, to whole body in 

Nile tilapia is about 25.2% of body weight (Rutten et al., 2005) but in rainbow trout is about 11% 

of body weight (Haffray et al., 2012) which can contribute to the higher concentration of 

phosphorus in whole body of Nile tilapia in comparison with rainbow trout.  

The global aquaculture feed sector is made up of a multitude of feed manufacturers with 

very different scientific and technical capabilities. The diversity of the production systems used 

and the large number of feed ingredients in the composition of formulated feeds are factors that 

affect the feed composition and the preferred digestible energy content of feed by feed 

manufacturers. The current hybrid model is able to dynamically adjust the optimal concentration 

of digestible lysine and digestible phosphorus based on the digestible energy content of feed. 

Digestible nutrient requirements as dietary concentrations increase by increase in digestible 

energy content of feed due to decrease voluntary feed consumption of the fish. Therefore, in this 

study, a table of nutritional specification of a balanced feed for Nile tilapia and rainbow trout at 
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different commercial life stages was developed based on the digestible energy content of the feed 

(Table 5-6). It has to be noted that the macronutrient composition of the diet also modifies 

voluntary digestible energy intake in fish. Although the bioenergetic based model of estimation 

of voluntary feed intake is very useful and practical, further efforts and research are required to 

incorporate the effect of macronutrient composition of the feed on voluntary feed intake of Nile 

tilapia and rainbow trout.  

Conventional growth models consider the growth machinery of fish as a system with only 

outputs and do not consider nutrient intake and utilization to predict growth. However, growth is 

controlled by a multitude of exogenous and endogenous factors including (but not limited to) 

nutrient intake, strain, photoperiod and season, etc. These models are based on the assumption 

that the substrates required for growth are non-limiting which is not always the case in practical 

condition. In this study, efforts have been made to better describe the weight gain of fish based 

on sub-optimal nutrient intake. It has been suggested that weight gain in most animals, including 

swine (Landgraf et al., 2006) and fish (Dumas et al., 2007), is driven by protein deposition. 

Therefore, in this part of the study, only the effect of lysine intake was applied on weight gain. 

The maximum potential of animal to retain lysine in the body was estimated by application of the 

TGC model which indirectly incorporates the effect of temperature in the prediction of weight 

gain based on the digestible lysine intake. The results from this model have been the first attempt 

to simulate the weight gain in Nile tilapia and rainbow trout based on the lysine intake and feed 

composition (dietary lipid and digestible energy) of its own kind and a stepping stone toward 

developing more practical nutrient flow-based growth models.   



 

 

161 

  

 Conclusion 

The primary goal of this study was to develop a model that can characterize the changes 

in nutrient requirements of fish over their life cycle. A number of sub-models were developed in 

Chapter 3 and Chapter 4 through statistical analysis of available data in the literature, and models 

incorporated with the models developed in previous studies to develop the current bioenergetic-

based factorial hybrid model. The developed hybrid model in this study is able to predict the 

digestible lysine and digestible phosphorus requirements of Nile tilapia and rainbow trout 

dynamically at different dietary levels of lipid, dietary digestible energy and for different life 

stages of fish. The developed model is a valuable tool for developing phase feeding and farm 

management strategies. In addition, the model is able to predict growth based on the daily 

digestible lysine intake at sub-optimal digestible lysine intake. This part of the study reinforces 

that it is crucial to develop growth models that take into account several factors such as nutrient 

intake and feed composition, particularly in practical conditions. 
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Table 5-1: Thermal-unit growth coefficient and BW exponents for the nursery, pre-grow out and 

grow out stages of Nile tilapia and rainbow trout.  

  

Species  Rainbow Trout  Nile Tilapia 

Reference Dumas et al. 2007 Chowdhury et al. 2012 

Life stage BW g BW Exponent Coefficient BW g BW Exponent Coefficient 

Nursery 0.2-20 0.209 0.08 0.1-30 0.35 0.16 

Pre-Grow out 20-500 0.333 0.23 30-260 0.71 1.78 

Grow out >500 0.967 41.1 >260 1.00 16.11 
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Table 5-2: List of studies (in alphabetical order) used for analyzing body chemical composition 

of tilapia and Rainbow trout.  
Nile tilapia Rainbow trout 

Studies Abd-Elrahman et al. 2016 Azevedo et al. 1998 

Abdul-Malik et al. 2016 Azevedo et al. 2004a 

Al.Hafedh 1999 Bergot 1979 

Ayisi et al 2018 Brauge et al. 1994 

Cao et al. 2008 Cheng et al. 2003 

Rowena et al. 1996 El-Haroun and Bureau 2007 

Dabrowska et al. 1989 EL-Haroun et al. 2009 

Daudpota et al. 2016 Encarnacao et al. 2004 

Devic et al. 2018 Fontagné et al. 2007 

El-Saidy and Gaber. 2005 Gatrell et al. 2017 

El-Sayed 1998 Grayton and Beamish 1977 

El-Shafai et al. 2004 Kaushik et al. 1995 

Furuya et al. 2012 Kim et al. 1992 

Gao et al. 2015 Konberg et al.1997 

Haidar et al. 2016 Thu et al. 2009 

Nguyen PhD thesis 2017 Rodehutscord 1995 

Liebert and Portz 2005 Rodehutscord and Pfeffer 1995 

Lu et al. 2014 Rodehutscord et al. 2000a 

Michelato et al. 2016 Rodehutscord et al. 2000b 

Nwanna and Liebert 2016 Storebakken and Austreng 1987 

Schneider et al. 2004 Sugiura et al. 2000 

Pereira et al. 2017 Thu et al. 2007 

Santos et al. 2013 Vilma et al. 2000 

Silvia et al. 2015 Zongjia et al. 2003 

Tran-Duy et al. 2008 
 

Trosvik et al. 2012 
 

Van-Trung et al. 2011 
 

Watanabe et al. 1980 
 

Ye et al. 2016 
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Table 5-3: The summary of the data used at developing the body composition models for Nile 

tilapia and rainbow trout. 
  

BW Moisture DM Ash CP Lipid P Lysine GE 
  

g % % % % % % % MJ/kg 

Nile tilapia Min 0.5 63.7 13.8 1.2 9.3 1.1 0.2 0.9 3.4 

Max 1796.8 86.2 36.3 7.5 20.1 15.5 0.9 1.4 8.2 

SEM* 11.6 0.3 0.2 0.1 0.1 0.2 0.0 0.0 0.2 

Rainbow 

Trout 

Min 0.1 59.6 14.0 1.1 9.3 2.4 0.1 0.7 5.2 

Max 1448.0 86.0 40.4 3.4 18.6 25.2 0.7 1.3 13.0 

SEM 12.7 0.3 0.3 0.0 0.1 0.2 0.0 0.0 0.1 

*Standard error of the mean 
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Table 5-4: Coefficients of the equations for the estimation of body energy retention, basal 

metabolism, heat requirement of feeding, urinary-branchial excretion, and digestible energy 

requirement. 

Parameters Nile tilapia Rainbow trout 

 Chowdhury et al. 2013 Cho and Bureau 1998 

HeE [(−30.33+2.37∗T)∗ BW0.8] [(−0.0104+3.26∗T-0.05∗T2)∗ BW0.824 ] 

HiE [0.45∗(RE+HeE)] [0.67∗(RE+HeE)] 

UE+ZE [0.043∗(Re+HeE+HiE)] [0.08∗(Re+HeE+HiE)] 
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Table 5-5: Coefficients of the equations for the estimation of body chemical composition of Nile tilapia and rainbow trout. 

 

 NT  RBT 

 Isometric Allometric  Isometric Allometric 

 Model R² Model R²  Model R² Model R² 

Crude protein 0.1607*BW 0.994 0.1309*BW1.0331 0.993  0.1577*BW 0.997 0.1091*BW1.0665 0.997 

Gross Energy 0.008*BW 0.962 0.0051*BW1.0684 0.987  3E-06*BW2+0.0072*BW 0.983 0.0067*BW1.0452 0.976 

Lipid 0.0934*BW 0.841 0.0389*BW1.1145 0.918  4E-05*BW2+0.0981*BW 0.960 0.0866*BW1.0537 0.960 

Lysine 0.0116*BW 0.981 0.0095*BW1.0299 0.993  0.0109*BW 0.943 0.0085*BW1.0449 0.994 

Ash 0.0449*BW 0.940 0.0227*BW1.0997 0.968  0.0189*BW 0.959 0.0194*BW1.0158 0.992 

Phosphorus 0.0066*BW 0.960 0.0029*BW1.1354 0.980  0.0036*BW 0.977 0.0036*BW1.0044 0.991 
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Table 5-6: Nutritional specification (% of Diet) of feed for different commercial life cycles of in 

Nile tilapia and rainbow trout. 

 

  

 Production Cycle  BW g Digestible Phosphorus   Lysine 

DE MJ/kg   15 18 20  15 18 20 

Rainbow Trout Starter < 5 g 0.57 0.69 0.76  1.8 2.2 2.4 

 Fry 5-50 g 0.52 0.63 0.69  1.6 2.0 2.2 

 Pre-grower 50-200 g 0.45 0.54 0.60  1.4 1.7 1.9 

 Grower 200-500 g 0.41 0.49 0.54  1.4 1.6 1.8 

 Finisher 500-1500 g 0.32 0.38 0.42  1.3 1.6 1.8 

           
DE MJ/kg   14 16 18  14 16 18 

Nile Tilapia Starter < 5 g 0.89 1.02 1.14  1.7 2.0 2.3 

 Fry 5-50 g 0.73 0.83 0.94  1.5 1.7 1.9 

 Pre-grower 50-200 g 0.62 0.71 0.79  1.3 1.5 1.8 

 Grower 200-500 g 0.52 0.59 0.66  1.3 1.5 1.7 

 Finisher 500-1500 g 0.33 0.38 0.43  1.1 1.3 1.5 
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Table 5-7: Estimated parameters and residual analysis obtained from fitting the exponential 

model to the data for lysine concentration of body in relation with dietary lysine intake in Nile 

tilapia and rainbow trout. 

Parameters Nile tilapia Rainbow Trout 

a 1.308 1.337 

b 0.625 0.5264 

c -0.88 -0.9757 
   

RMSPE % 10.68 19.6527 

MSPE 0.011 0.0501 

Errors in central tendency 1E-06 0.0017 

Errors due to regression 0.018 28.2160 

Errors due to disturbances  99.98 71.7823 
   

bias correction factor 0.992 0.9739 

Correlation coefficient 0.884 0.7968 

CCC 0.877 0.7760 
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Figure 5-1: The schematic of the sub-models incorporated in estimation of the hybrid factorial 

model components.  
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Figure 5-2: Whole body chemical composition of Nile tilapia and rainbow trout in relation to 

body weight. 
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Figure 5-3: Estimated lysine requirements of Nile tilapia and rainbow trout at different dietary 

digestible energy levels.  
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Figure 5-4: Visualization of estimated lysine requirements of Nile tilapia and rainbow trout at 

different dietary lipid levels at dietary digestible energy for Nile tilapia at 15 MJ 𝐤𝐠−𝟏 and for 

rainbow trout at 18 MJ 𝐤𝐠−𝟏.  
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Figure 5-5: Estimated phosphorus requirements of Nile tilapia and rainbow trout at different 

dietary digestible energy levels.  
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Figure 5-6: Lysine concentration of body in relation with dietary lysine intake in Nile tilapia and 

rainbow trout. 
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Figure 5-7: Plot of residuals against the predicted values when fitting the exponential model to 

the data for lysine concentration of body in relation with dietary lysine intake in Nile tilapia and 

rainbow trout. 
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Figure 5-8: Predicted weight gain based on lysine intake at sub-optimal lysine intake in Nile 

tilapia and rainbow trout. 
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CHAPTER 6. GENERAL DISCUSSION AND CONCLUDING 

REMARKS 

The profitability and sustainability of aquaculture practices strongly rely on formulation 

of nutritionally balanced feeds which deliver sufficient amounts of nutrients to meet the 

requirements of animals in order to promote growth and health while minimizing production cost 

and nutrient wastage. To formulate a cost effective and nutritionally balance feed, it is crucial to 

have an accurate estimation of nutrient requirements of the animal. Evidence suggest that the 

nutrient requirements of fish are not constant and are affected by a number of factors such as diet 

composition, life stage, genetics, environmental conditions, etc., (Cowey and Cho, 1993; 

Encarnação et al., 2004;2006; He et al., 2013; Hua et al., 2019). However, the changes in nutrient 

requirements of fish at different conditions has been poorly characterized.  

The purpose of this thesis was to advance the quantitative description of the changes in 

nutrient requirements of fish based on the effect of dietary factors and life stage through a 

factorial approach. Lysine and phosphorus were selected as the test nutrients and two model 

species, a carnivorous (rainbow trout) and an omnivorous species (Nile tilapia), were selected for 

this study. The goal was to demonstrate the application of factorial modelling in estimation of the 

requirements of nutrients with different partitioning and metabolic pathways, and to compare the 

changes in nutrient requirements of fish with different feeding habits. Different compartments of 

the factorial model were quantified as a function of body weight and feed composition for the 

two test nutrients and species. 
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It has been known that amino acid utilization efficiency is affected by factors such as diet 

composition (Encarnação et al., 2004;2006) and life stage of the fish (Bureau and Hua, 2012; He 

et al., 2013; Hua et al., 2019). In this study, four different non-linear models were developed to 

quantify the effect of body weight and dietary lipid on marginal lysine utilization efficiency. In 

line with observations in previous studies, results from the current study demonstrated that the 

efficiency of lysine utilization in both species decreases during growth. In addition, the 

simulations of the best fitting models suggested that the dietary lipids can spare lysine from 

being catabolized for energy production in both species. Interestingly, the model simulation 

showed that the lysine sparing effect of dietary lipid in Nile tilapia decreases as the fish grows, 

probably due to the increase in the ability of fish to utilize carbohydrate as a source of energy, 

whereas the lysine sparing effect of dietary lipid in small and large rainbow trout remained 

unchanged. The current study, while focused on lysine, provides a valuable approach for 

quantification of the efficiency of utilization of other amino acids and nutrients in relation to 

dietary and biological factors.  

A nonlinear mixed model approach was used to estimate lysine maintenance 

requirements as another component of the factorial model for each selected species. The model 

was fitted to data collected from published literature. The maintenance lysine requirements of 

Nile tilapia and rainbow trout were estimated to be 32.9 and 18.6 mg Lys kg MBW−1d−1, 

respectively. This approach was well illustrated by the example of lysine but is also applicable to 

meta-analysis studies particularly when the dataset is pooled from different studies. The mixed 

model approach used in this study provided a superior fit to data than a fixed effect model by 

accounting for the variation in body weights of the animals used in different studies. 
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To estimate the components of the factorial model for calculating phosphorus 

requirements of fish, non-fecal phosphorus excretion was used as a reliable indicator of 

inevitable phosphorus loss by fish (Sugiura et al., 1999). The minimum non-fecal phosphorus 

excretion was estimated at the dietary phosphorus intake level which leads to maximum 

phosphorus retention in body. Based on the theoretical pattern of non-fecal phosphorus excretion 

in fish, 3 models were developed to describe the relationship between digestible phosphorus 

intake and non-fecal phosphorus excretion. Since the data were pooled from several published 

studies, the mixed-model approach that was developed in Chapter 3 was applied. The non-fecal 

phosphorus excretion at the maximum phosphorus retention was 30 ± 37 for Nile tilapia and 39 ± 

15 mg kg 𝑀𝐵𝑊−1 𝑑𝑎𝑦−1 for rainbow trout. The homeostatic non-fecal phosphorus excretion 

estimated in this study accounts for the sum of phosphorus maintenance requirements and the 

inevitable phosphorus loss at maximum phosphorus deposition. The endogenous phosphorus loss 

estimated using the developed model (in fed fish) for Nile tilapia was estimated to be 2 ± 0.2 and 

for rainbow trout was estimated to be 4 ± 0.4 mg kg 𝑀𝐵𝑊−1 𝑑𝑎𝑦−1. For both species, the 

correlations between predicted and observed values were above 0.99, which indicates that the 

models are capable of making reasonable estimates of non-fecal phosphorus excretion at 

different levels of digestible phosphorus intake for both species. The models were tested through 

a set of data from a study (Bureau and Cho, 1999) that was not applied in the model calibration 

process. The correlation between the predicted value and observed values was above 0.99. This 

indicates that the models are capable of predicting the non-fecal phosphorus excretion at 

different levels of digestible phosphorus intake with a good accuracy. The results from this study 
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can be used as a valuable tool for farm management strategies to estimate the phosphorus 

excretion from farms.  

The main goal of this study was to develop a model that can characterize the changes in 

nutrient requirements of fish over their life cycle. In Chapter 5, a hybrid bioenergetic-based 

flexible factorial model was developed to calculate the nutrient requirements of fish (as dietary 

concentration) by taking into account the effect of body weight and feed composition. Different 

compartments of the factorial model (nutrient inevitable catabolism, non-fecal nutrient loss, 

maintenance nutrient requirements) developed in previous Chapters, were used in the factorial 

model. The nutrient deposition was estimated through a combination of the TGC (Thermal 

Growth Coefficient) growth model and the updated body composition sub-models in Chapter 5. 

Then, through a factorial approach, the absolute amount of nutrient required by fish (per day) 

was calculated. The voluntary feed consumption was estimated by application of Fish-PrFEQ 

bioenergetics factorial approach developed by Cho and Bureau (1999) and later calibrated for 

rainbow trout and Nile tilapia (Dumas et al., 2007, Chowdhury et al., 2013; Powel et al., 2017). 

The results from model simulation showed that lysine requirements as dietary concentration is 

decreasing in both species as the fish grows. Different scenarios of diet composition (energy and 

lipid content) based on the composition of the available feed in the market were developed and a 

series of simulation were made. The result from model simulation indicated the amino acid 

sparing effect of dietary lipid in both species. Lysine requirements in both species decreased by 

increasing dietary lipid as a source of digestible energy.  
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The model developed in Chapter 5 proposes a novel approach to predict growth at sub-

optimal nutrient intake. This part of the study is the first study of its kind and enforces that 

development of the nutrient-flow based growth models especially in farm animals and for 

practical uses is very crucial. The hybrid bioenergetic-based model developed in this study is a 

valuable tool for feed formulators to ensure that the formulated feed is nutritionally balanced for 

different feed composition and commercial life stages. It is also very useful tool for developing 

phase feeding and farm management strategies.     
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