161

AQF 634: Fish Bioenergetics

Acknowledgement
This course was authored by: 

Dr  Jeremy Likongwe 

Aquaculture Department

Bunda College of Agriculture

Email: jlikongwe@yahoo.com

The course was reviewed by: 

Dr Nazael Madalla


Sokoine Unniversity of Agriculture


Email: nmadalla@googlemail.com

The following organisations have played an important role in facilitating the creation of this course:

1. The Association of African Universities through funding from DFID (http://aau.org/)

2. The Regional Universities Forum for Capacities in Agriculture, Kampala, Uganda (http://ruforum.org/)

3. Bunda College of Agriculture, University of Malawi, Malawi (http://www.bunda.luanar.mw/)

These materials have been released under an open license: Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). This means that we encourage you to copy, share and where necessary adapt the materials to suite local contexts. However, we do reserve the right that all copies and derivatives should acknowledge the original author.

Course Description
1.  Scope, Components, Processes, Principle, Measurements and Models 
       Bioenergetics
2. Fuel Homeostasis and Values of Food Materials
3. Fish Metabolism and Adaptation

4. Energy Flow and Exchange in Living Matter
5. Efficiency of Nutrient Energy Utilization and Retention

6. Impact of Starvation or Feed Deprivation on Body Nutrient Concentration
7. Effects of abiotic factors on metabolism and growth
8. Biochemical Adaptation to Temperature
9. Metabolic Rate and Aestivation of Poikilotherms
10. Effects of Biotic Factors on Metabolism and Growth
11. Ontogenetic Changes in nutrient requirements, and Mobilization
12. Constituent Changes in Body Composition and Causal Factors
13. Stress, Toxicants, pollutants, and Detoxification Mechanisms
14. Minerals- their Metabolic Functions and Utilization
15. Dietary Balances or Imbalances and Regulation of Feeding

==============================================================================

Course details

Topic 1:      Scope, Components, Processes, Principle, Measurements and Models of Bioenergetics
Learning Outcomes



By the end of this topic, you will be able to:

1. Synthesize the scope, processes, and the principle of bioenergetics, as well as the measurements of bioenergetics components.   
2. Utilize various fish bioenergetics models in aquaculture, fisheries biology or fisheries science.
3. Extend your knowledge of fish bioenergetics to solve problems of balanced energy budget equations, by deploying your own experimental data.

4. Relate hierarchical allocations of dietary energy in fish with hierarchical allocations of world financial resources in relation to practical economics.

5. Distinguish the variability in energy budgets of fish of different taxa, and how you can use this knowledge to address practical feeding schedules in fish.
6. Elaborate characteristic features of ammoniotellic, uricotellic and uriotellic animals, describe their nitrogenous wastes.
Key Terms:

Nutritional bioenergetics, bioenergetics principle, bioenergetics scope, bioenergetics components, bioenergetics measurements, bioenergetics models.

1.1
Introduction

Bioenergetics is “energy management in a living cell”. You will find several complete definitions of “bioenergetics” in those published text books that cover aspects of fish biology. Put in another way, “bioenergetics” encompasses fundamental, energy-harvesting processes of respiration, photosynthesis and metabolic reactions in a cell. The principle of conservation of energy in fish involves losses in various reactions. Energy is used for movement, synthesis of vital molecules, reproduction etc. Physiological rates such as: (i) consumption, (ii) respiration and (iii) production will depend on abiotic and biotic factors. Included among these factors are: (i) temperature, (ii) dissolved oxygen, (iii) salinity, (iv) pH, (v) body mass, (vi) reproductive cycle, (vii) food availability, (viii) inter-specific competition, (ix) intra-specific competition and (x) predation.  In any energy budget, you need to satisfy the terms of a simple equation, where outputs must equal inputs, thus balancing that equation. You also need to identify such external regulators as temperature and diet. Biological rates are size-dependent, so you should understand them well. It is important to remember that growth integrates a number of environmental variables that ultimately affect an individual fish. 
Do not think that a single abiotic factor such as salinity or a single biotic factor such as predator:prey interaction will be responsible for all growth responses in fish. Although work requires energy, not all of this energy in a system is free or available to do work. Bioenergetics components include: (i) consumption, (ii) metabolism, (iii) waste and (iv) growth. You may have noted that these components are simply saying: all energy acquired through food consumption will be: (i) used in metabolic processes, (ii) lost as waste in faeces (iii) excreted as urinary losses, and (iv) deposited as new body tissue in the forms of somatic cells and reproductive gametes. Energy expenditure by fish due to feeding may alternatively be known by four different terms: (i) Heat increment of feeding (HiE), (ii) Specific Dynamic Action (SDA), (iii) Calorigenic effect or (iv) Dietary thermogenesis. Factors that contribute significantly to heat increment of feeding include: (i) protein metabolism; (ii) feeding (iii) digestion and absorption processes (HdE); (iv) transformation and inter-conversion of substrates and their retention in tissues (HrE); and (v) formation and excretion of metabolic wastes (HwE). Why would you expect changes in heat production in animals?  The physiological bases of such an increase in the production of heat are: (i) post-absorptive processes related to consumption of food, particularly protein-rich food. This is namely, metabolic work required for protein and fat synthesis in the tissues, (ii) food-derived substrates such as amino acids and fatty acids, and (iii) formation of excretory nitrogen products. Stated in another way, the main biochemical basis for heat increment is the energy required for the ingested amino acids to be deaminated and excreted (HwE). Values for heat increment of feeding for fish are generally lower than those reported for terrestrial homeotherms (land animals).This energy expenditure, associated with food consumption and digestion (HdE), is far smaller than energy associated with metabolic work (HwE +HrE). Energy requirements for grasping, chewing and swallowing food are technically distinct from those expected for HI, but are experimentally difficult to be separated from each other. It has been suggested therefore, to modify “HI” to the less precise name “Apparent Heat Increment” (AHI). Bioenergetics models incorporate the assumption that AHI, relative to food intake, is independent of other variables, perhaps except the type of diet. For example, the value of “AHI” may have a much broader range (3-41%) for fish fed on natural diets than (11-29%} for those fish given formulated diets. So, “AHI” is not always a fixed proportion of gross energy intake. Generally, “AHI” increases with: (i) meal size, (ii) body weight and (iii) temperature, but will decline with body weight when food intake is fixed. In some cases, an increase in dietary lipid may also reduce “AHI” by reducing protein catabolism. In most modeling situations, the practice of adopting a fixed value for “AHI” relative to ingested or digestible energy may lead to spurious outputs. 

1.2
Scope of bioenergetics

Bioenergetics follows the laws of thermodynamics. Although work requires energy, not all energy in a system is free or available to do work. When work is done, energy is transformed from one form to another. This transformation process requires the degradation of the energy 
level. Such energy transformation process is never 100% efficient.
1.3
Components of bioenergetics 

The components of bioenergetics are: (i) Consumption, (ii) Metabolism, (iii) Waste and (iv) Growth. As you can see here, these are the forms of energy budget equations. Note that in bioenergetics, the words: (i) Consumption, (ii) Eating and (ii) Ingestion are used/have been used interchangeably. Consumption here entails gross energy intake from the ingested food. Our interest in this course is “energy”. Metabolism encompasses: (i) Anabolism and (ii) Catabolism. Wastes may be in the forms of faecal and urinary losses from the fish. The importance of faecal or urinary losses emanates from the fact that the energy lost with undigested food and urine would have been used by the fish if that food had been well digested. So, it is not the loss of faeces and urine per se that is important, but the loss of energy contained in these wastes. The lost energy would have been gainfully used for the growth of fish or contribute to maintenance energy needed that is needed by the fish. Growth of fish usually includes deposited tissues in the form of fat depots, somatic (proteinous) and reproductive tissues (gametes).

1.4
Principle of bioenergetics

The basic principle of bioenergetics is that: “all energy acquired through ingested feed is: (i) Used in metabolic processes, (ii) Lost as waste in faeces (iii) Excreted as urinary losses and (iv) Deposited as new body tissue. Once again, these processes depict the same components of  bioenergetics. Virtually, every reaction in the cell requires or releases energy. This energy is used for many activities such as movement and several other life-sustaining activities.  
1.5
Energetics of biological processes
Measurement of energetics of biological processes is the key component in the understanding of thermodynamic responses of homoeothermic animals to their environments. For these animals to achieve body temperature control, they must adapt to thermal-environmental conditions and to variations caused by weather (the meteorological condition of a region), climate, vegetation, topography, and shelters.  Adaptation can be physiological or genetic in nature. Physiological adaptation is the capacity and process of adjustment of the animal to itself, to other living materials, and to its external physical environment. Genetic adaptation refers to the selection and heritability of characteristics for a particular environment or climatic region. A long-term adaptive physiological adjustment is referred to as acclimatization. This occurs through observations of animal conformation, animal types, respiratory rate, color, behavior, food selection, etc. Since adaptation of the animal to its thermal environment requires regulation of body temperature, measurement of that adaptation through animal energetics provides an indicator of the extent and energetic cost of adaptation. 

1.6
Measurements of energy budget terms
The terms of the energy budget for fishes can be measured or estimated independently. The most easily measured component is “growth”. Care should be taken to identify the roles of 
external regulators such as diet and temperature. You should understand biological rates, bearing in mind that fish growth integrates several environmental variables that ultimately affect an individual fish. So, in an energy budget: (i) make sure that the terms of a simple equation are satisfied, (ii) outputs are equal to inputs, and (iii) the budget should balance. Collect all the growth data very accurately.

1.7
Application of fish bioenergetics models 

You can extensively apply your knowledge of fish bioenergetics in various fields of aquaculture and fisheries science. The general applications of bioenergetics include such studies as: (i) basic bioenergetics components, (ii) accumulation of contaminants; (iii) life history strategies, (iv) effects of predators on their prey, (v) aquaculture and management and (vi) energy budgets for larval and young fish. Knowledge of the models can also be used to: (i) quantify activity rates of fish populations under specified environmental conditions; (ii) predict the carrying capacity of given aquatic ecosystems; (iii) provide researchers with a powerful tool that helps them to assess fish reproduction; (v) accurately predict microhabitat choice by different drift-feeding fishes; (vi) predict habitat choice and growth at microhabitat scales; (vii) predict the reach and whole stream size distributions of fishes;(viii) provide estimates of zooplanktivory rates by small fishes in small lakes; (ix) estimate cannibalism and the quantitative estimates that link three trophic levels. The approach has been praised for its promise, although it has been criticized for its inadequacies. The model however, cannot be wrong because it is based on a budget that must be right. It will improve in proportion to our ability to accurately estimate the physiological parameters that regulate growth, and the errors or bias of data employed as inputs. Read further details of (i) to (vi) above in Schreck and Moyle, (1990). 

1.8
Forms of balanced energy budget equations

Balanced energy budgets may be expressed in various forms. Each one of them has components (terms) that have comparable or similar functions. We will give six of all possible forms of the balanced energy budget equations. 

Equation 1:

E (in) = E (P) + E(Out) 






(1)

Where:  E (in) = energy ingested as food; E (P) = energy retained as production and E (out) = energy losses. This is one of the short versions of the energy budget equation.

Equation 2:

C = P + R + F + U







(2)

Where C= consumption, the energy of food consumed; P= production, the energy for somatic and gonadal growth; R= respiration, the energy lost in the form of heat produced during metabolism; F= faeces, the energy lost in the faeces; and U =urinary and excretory losses, the energy lost in the excretory products, including urine and other nitrogenous products through gills (ammonium and urea). You may get further details of this energy budget in Wooton (1998). 
Equation 3:

R = SMR + RA + SDA






(3)

Where: SMR=standard metabolic rate; RA=activity metabolism; and SDA=specific dynamic action or metabolism related to digestion and assimilation of food.

Equation 4:

p.C= M+G 







(4)

Where p = proportion of consumed and assimilated food; C = food consumed; M =Metabolism (catabolism); and G = growth. C in equation 4 above can be expanded into the following form:

Equation 5 

C = (Mr+Ma+SDA) + (F+U) + (Gs+Gr)




(5)

Where C = food consumed or rate of energy consumption; Mr = standard metabolic rate; Ma= metabolic rate increase above standard metabolic rate due to activity; SDA =specific dynamic action or heat increment; F+U = waste losses due to egestion (faeces) and excretion (urine) rates; Gs =somatic growth rate due to protein synthesis and lipid deposition; and Gr=growth rate due to gonad (reproductive) synthesis or production. The component (Mr+Ma+SDA) represents metabolism; (F+U) represents wastes; and (Gs+Gr) represents growth. Look for further details in Schreck and Moyle (1990).
Equation 6.
IE = FE + G + (UE + ZE) + (HEm + HiE)





(6)

Where:

(i) IE

=
Energy intake (kJ/d).

(ii) FE

=
Energy in faeces excreted (kJ/d).

(iii) G

=
Energy in growth (kJ/d).

(iv) UE+ZE
=
Energy in nitrogenous excretion (kJ/d).

(v) HEm
=
Maintenance energy (kJ/d) and,

(vi) HiE

=
Energy in heat increment (kJ/d). 

All the above components of the equation must be expressed in the same units. These units can be biomass (dry or wet weight), energy (joules or calories); or carbon and nitrogen. The rates can be expressed as :cal/day; joules/day, amounts gained; or amounts lost during a given reference period. 

1.9
Bioenergetics Modeling

Dietary composition and energy density can influence growth, survival, and reproduction of fish, so it is important to develop models which can help you to understand patterns, and predict dynamic changes, especially when they are going to be used in aquaculture. 
1.9.1
First model example
The first model example may describe the general pattern of changes in lipid, protein, ash, and energy density that occur with changes in the water content. The key assumption in such a model is that there is a fixed amount of water associated with each gram of protein, and a much smaller fixed amount of water associated with each gram of lipid. This would explain the commonly observed linear relationship between the fraction lipid and the fraction water. Since the energy density varies in direct proportion to the fractions lipid and protein, the linear relationship between body composition and fraction water also makes energy density a linear function of the fraction water. 

1.9.2 
Second model example 
The second model example would describe the pattern of proximate composition and energy density that occur with variation in body size. A strong pattern was already found between the mass of water and the mass of protein, suggesting strict control of body water. This analysis shows that the relationship between body composition, energy density, and fraction water may vary with body size because the water:protein ratio and the fraction ash change with body size. 
1.9.3
Third model example

The third model example may demonstrate how this approach can be used to predict changes in fish body composition and energy density during starvation, as might be done with a bioenergetics model. The model can be fitted to data from a starvation experiment involving any fish as has already been done with other fish species.
1.10
Bioenergetics modelling approach

The strategy of model building is based on specifying rules that define the limit conditions. These rules include: (i) physiological parameters used to represent the rules derived from readily and often-measured processes such as temperature dependence, thermal tolerance, thermal preference, size dependence, assimilation efficiency, etc., that can be accurately measured in the laboratory. These physiological parameters are assembled as empirical rules that define the effect of temperature, body size and food quality on maximum feeding rates. The minimum is similarly defined by rules that describe the effect of temperature and body size on metabolic rates when food consumption is set to zero. These limits define the boundaries of the scope for growth. So, observed growth is somewhere between those limits, and will allow the user to estimate how that growth rate is being regulated. Bioenergetics modeling requires 
estimations of all components of the energy budget. A variety of calorimetric and respirometric methods can be used to estimate the components. It is not technically feasible to estimate all components simultaneously; therefore input coefficients are modelled. Note that the majority of biological traits, including physiological rates, are size-dependent, and model outputs would also depend on water temperature which has a major influence on physiological rates. 
1.10.1
The modelling process

The modeling process has two general components: (i) the "nuts-and-bolts" process of assembling the parameter tables and the input data. Much of the former (parameter tables) is already available in manuals or formatted in ways that welcome site-specific input (ii) the "arts-and-crafts" process of structuring analyses in ways that pose key questions and provide instructive answers. It is often valuable to use the model as a way of creating boundary conditions such as those for maximum possible growth or for maintenance requirements. When the model is used this way, it will serve as a "deductive engine" in a more creative and challenging process of science.

1.11
Advantages of modelling 

There are several advantages of modelling in fish bioenergetics. Modelling: (i) provides an easier and less labor-intensive approach to estimate food consumption than to directly measure it in the field; (ii) provides researchers with a powerful tool to assess growth, or reproduction of fish; (iii), could be applied to habitat management and restoration; (iv) has accurately predicted microhabitat choice by a variety of fish species, (vi) effectively provides a framework for the study of relationships between feeding rates of various organisms subjected to different environmental conditions, and may help to characterize an outcome from predator-prey interactions in fish populations. 
1.12
Limitations of modelling

The limitations of modelling include the following: (i) the accuracy of predictions generated by bioenergetics models will strongly depend on the validity of input coefficients. Errors in the estimation of these coefficients will directly affect the accuracy of the model out put; (ii) any inappropriate assumption could have a strong influence on the accuracy of predictions generated by bioenergetics models. For example, data from some physiological rates like consumption, production, and respiration rate depend on many biotic and abiotic factors. These factors include: (i) body mass, (ii) water temperature, (iii) predation, (iv) intra-specific competition, (v) salinity, (vi) dissolved oxygen, (vii) pH, (viii) food availability, (ix) inter-specific competion and (x) reproductive cycle. 

1.13
Nutritional energetics
Bioenergetics includes nutritional energetic. An example of the coverage of nutritional energetics may include such areas of study as: the effects of dietary composition and energy content on weight gain, feed intake, feed utilization efficiencies, protein efficiency ratio, energy deposition, lipid accumulation, and nutrient deposition. Rates of weight gain may or may not differ significantly between groups of fish. Feed utilization efficiency (g gain per MJ feed) and protein efficiency ratio (g gain per g dietary protein) may differ. 
1.14
Energy use by fish in a hierarchy
Fish in a body of water may decide to colonize different micro-habitats. Generally, two different levels of hierarchy formation may be cited. Fish found in these locations may be classified as winners and losers. They may also be considered dominant and submissive individuals, after they have established a hierarchy. To understand variations in the energy used by different individuals in each hierarchical location, you can determine the following: (i) free glucose, (ii) glycogen content (iii) rates of protein synthesis, (iv) protein concentration, (v) glucose and amino acid oxidation, and (vi) carbohydrate degradation. Winners and dominant individuals tend to produce more energy per unit time than losers and submissive individuals. Intuitively, you should expect differences in energy metabolism between individuals found in different stages of hierarchical formation. 

1.15
Metabolism of nitrogenous wastes in eggs and fry

The metabolism of nitrogenous wastes in developing eggs and fry seems to have drawn some attention of scientists in bioenergetics. There is need to measure or determine: (i) oxygen uptake, (ii) ammonia excretion, (iii) free amino acids, (iv) body protein, and (v) fatty acids that have accumulated. Amino acids seem to be mobilized for energy in the last part of the yolk-sac stage. Absorption of the oil globule occurs after hatching following yolk absorption, and correlates with catabolism of fatty acids from neutral lipids. In some fish, free fatty acids appear to serve as a significant energy substrate during the egg stage, while fatty acids from neutral lipids derived from the oil globule are the main metabolic fuel after hatching. 
1.16
Respiration and nitrogen metabolism 

Specific fuel sources play significant metabolic roles in fish reproduction. In some fish, yolk-dependent routine rates of oxygen consumption, ammonia excretion, and accumulation of ammonium ions are related to quantitative changes in the contents of: (i) glucose, (ii) glycogen, (iii) lactate, (iv) free amino acids, (iv) proteins and (v) lipid classes in order to determine the rate and sequence of catabolic substrate oxidation that occurs with development. During the first few days of larval development, glycogen becomes the sole substrate of oxidative metabolism. Later, the percentages of metabolic fuels for embryonic development may be dominated by: 
free amino acids, together with some polar lipids (mainly phosphatidyl choline), and neutral lipids, (mainly triacylglycerol). After hatching, the fuels demonstrate some changes. Thus, the catabolic metabolism of endogenously feeding larvae is predominantly fuelled by amino acids and lipids, while glycogen accounts for only a small percentage of the total enthalpy dissipated.  

1.17
Losses of faecal material (FE)

Not all food ingested by fish is fully digested by the fish. Part of the ingested food will not be digested and will be lost as faeces through the gastro-intestinal tract (GIT). Faeces consist of the 
following components: (i) unabsorbed food; (ii) cells sloughed from the gut wall; (iii) mucus; (iv) some digestive enzymes; (v) bile components and (vi) bacteria from the gut microflora. Mucus, dead cells and bacteria form a small component of faecal material. The faecal material leaves the fish with faecal energy (FE). So, FE is the gross energy in the faeces, and can be estimated as follows: weight of faeces x gross energy (E) of a unit weight of faeces. FE can be partitioned into energy from undigested food (FiE) and energy from compounds of metabolic origin (FmE). 

1.18
Factors affecting faecal losses

1.18.1
Food type: Food type and composition are important factors that influence faecal losses in fishes. Animal tissue in carnivorous fishes has high absorption efficiency in the range of of 70-95%, while plant material is digested and absorbed much less efficiently by herbivores which may often absorb their food with a lower efficiency of 40-80%. 

1.18.2
Feed composition: For formulated feeds, digestion and absorption efficiency will depend on feed composition. Choice of ingredients and the processing of these ingredients will influence the efficiency with which the food will be digested and absorbed.

1.18.3
Feeding rate: Feeding rate can influence the efficiency with which feed will be digested and absorbed. An increase in the rate of ingestion will result in reduced absorption efficiency.

1.18.4
Water temperature: Water temperature has a strong influence on absorption efficiency. Low water temperature results in reduced absorption efficiency.

1:19
Factors affecting rates of excretion

1.19.1
Nitrogen intake: Protein content of the food and the amino acid composition of the diet with respect to levels of amino acids will influence the exogenous component of nitrogen excretion. When fish ingests excess nitrogen and amino acids are absorbed in excess of immediate requirements, they will be deaminated.  The waste nitrogen arises directly from amino acids absorbed from the food.

1.19.2
Endogenous nitrogen excretion: This are nitrogenous excretory products resulting from transamination and deamination of amino acids. This results from the turnover and breakdown 
of tissue proteins. Rates of endogenous excretion are usually low because most of the amino acids released after protein breakdown are re-used for synthesis. Since it is difficult for fishes to  accept protein-free diets, you may estimate the endogenous protein excretion to be equal to the rate of excretion in fish deprived of food for some days. 

1:20
Comparison of energy budget among teleosts

There is some variation in proportions of food energy lost in the faeces of fish. For example, the proportion of food energy lost in faeces (FE) among teleost fishes may range from 6 to 10%.This clearly shows significant interspecific differences in the proportion of food energy lost in 
nitrogenous excreta (ZE+UE).  Intuitively, energy budget developed for one species is different from a budget developed for another fish species. 
1.21
Energy utilization by different fish taxa

Energy budgets for carnivorous and herbivorous fishes are compared here to demonstrate basic differences in biological attributes and feeding ecology of these two groups of fish. In the following budget: Energy consumed (IE) = Respiration + Waste + Growth. You can re-arrange this equation by normalizing it, using percentages. Energy consumption = 100.  The fish (carnivores and herbivores) growing at "typical" rates would have their energy budgets approximated as shown below: 
In carnivores: Consumption (100) = Respiration (44) + Waste (27) + Growth (29). 
In herbivores: Consumption (100) = Respiration (37) + Waste (43) + Growth (20). 

A close examination of the above budgets reveals two important features: (i) herbivores show lower growth rates and higher waste-loss rates per unit of energy consumed. This is a logical consequence of eating foods of lower energy density and higher indigestible content. Both types of fishes demonstrate high rates of growth efficiency compared to mammals and birds. 

1.22
Ammonia distribution and excretion

Ammonia, in the un-ionized form (NH3) is the end product of protein catabolism. It is stored in the body of fish in high concentrations relative to basal excretion rates. Note that NH3 is very toxic, and should not be allowed to accumulate in the body of fish. It should be eliminated from the body or converted to less toxic compounds and excreted. Like other weak acids and bases, ammonia is distributed between tissue compartments in relation to transmembrane pH gradients.  NH3 is equilibrated between compartments but NH4+ is distributed according to pH. Ammonia is eliminated from the blood upon passage through the gills. The mechanisms of branchial ammonia excretion vary between different species of fish and environments, and primarily involves passive diffusion of NH3, and the NH4+/Na+ exchange. Water chemistry near the gill surface is also important to ammonia excretion. You will require a more accurate measurement of the NH3 gradient across the gill epithelium prior to a more detailed analysis of NH3 and NH4+ excretion can be made. 
1.23
Energy budgets and flow in eggs, larval fish and fry

One of the very important metabolic fuels in fish metabolism, free amino acids (FAA) are abundant or abound in marine pelagic fish eggs. FAA provide fuel in energy metabolism of developing marine eggs and larvae. Aggregation of data verifies that pelagic eggs of marine teleosts have a high FFA content. The large pool of FAA is almost exclusively contained within the yolk-sac compartment. The relative composition of this FAA pool shows little interspecific 
variation. This pool is depleted during larval development, reaching low levels at first feeding. The observed decline in the FAA content during development is not due to loss of FAA to the ambient water, but rather this is a result from endogenous metabolic turnover. FAA seem to extent for body protein synthesis, but are more often used as substrates in energy metabolism. There are two patterns of ontogeny of glycolytic enzymes in fish embryos: (i) one group of enzymes does not undergo appreciable changes, whereas enzymes within the second group exhibit variable activities. Marked changes in enzyme activity occur during fertilization and gastrulation. In fish with low growth rates and small body size, a somatic growth rate maximization strategy may be optimum, producing for example, a 5% net survival advantage over an energy storage maximization strategy. In fish or cohorts that demonstrate intermediate growth rates and autumn mass, somatic growth and energy storage strategies lead to similar first-year survival. The fastest growing fish are estimated to have a net survival advantage of 7%, by adopting an energy storage maximization strategy over a growth rate maximization strategy. 
1.24
Factors influencing ingestion

1.24.1
Fish size: As expected, large fish consume more food than small fish, but when food consumprion is expressed as intake/g body weight, small fish do consume more than large fish. Maximum rates of ingestion are in proportion to body weight raised to power 0.6-0.8. This exponent describes change in metabolic rate with fish size. Relative food intake declines with increasing body weight. Relating this to metabolic rate, there is also a reduction in oxygen uptake as fish grows older.Generally, as in food intake, large fish consume more oxygen than small fish, but when oxygen consumption is expressed per body weight per day, it also shows that small fish consume more oxygen than large fish. This reduction in oxygen uptake as the fish grows larger is mainly due to developmental (ontogenetic) changes in relative sizes of different organs such as the liver and gut which are metabolically active organs. As the fish grows older, these organs represent a smaller proportion of the body weight. Metabolic intensities of various tissues also decline as the fish grows older. This is also shown by small fish which require more protein in their diets than larger fish. 

1.24.2
Social interactions and dominance hierarchies

When fish are fed in groups, social interactions and the establishment of hierarchies can lead to suppression of food intake and growth in some juvenile individuals. The effects of such interactions are more distinct when food supply is restricted or when food resources are defensible. In that case, only the dominant individuals will have access to most food and will consume more food than subordinate fish. These dominant individuals will display little variation in the rate of food ingestion. Among the subordinate fish, there will be high variation in food intake.
1.24.3
Reproductive cycle

Variations in food intake may be linked to different stages in the reproductive cycle. Mature fish tend to feed little during the spawning season. Mouthbrooding female Tilapia (Oreochromis species) may not eat for many days when they are incubating fertilized ova in the mouth. This should not give us an impression that it is only female fish that show slow growth rate because of mouthbrooding. In some species, males rather than females are the ones that incubate their eggs in the mouth. In that case, it will be males showing reduced growth rates. 
1.24.4
Photoperiod

Prey detection may involve vision, chemoreception, electroreception or mechanoreception. Therefore, there may be some long-term variations in food intake in response to differences in day length (photoperiod). Some fish show increased food intake as day length increases. 

Learning activities

Students will be introduced to the: 

1. Development and practical applications of modelling in aquaculture and fisheries science.
2. Calculations of growth rates, using field data and energy budget equations.

3. Measurement of growth rates from changes in carcass carbon and energy. 

4. Laboratory studies to determine energy budget of Tilapia species. 

In addition, students will write quizzes; give seminar presentations on selected fish bioenergetics topics, and learn to compute energy metabolism in fish using a simple respirometer or metabolic chamber.

SUMMARY OF TOPIC
Nutritional energetics, or bioenergetics follows the laws of thermodynamics. Bioenergetics may be defined as “energy management” by the cell. Not all this energy is free to do the work. Energy available to do work is transformed from one form to another, but this transformation is 
not 100% efficient. Heat is produced in the process. The gross energy ingested by fish is used for metabolic activities, waste production, removal and production of somatic cells and reproductive gametes.  All energy gained by fishes is through the consumption of food. In a balanced energy budget equation, growth is the most commonly measured component. Other components are usually calculated. Each balanced energy budget equation must balance. Accurate data collection is an important prerequisite. Incorrectly-collected data will yield erroneous model predictions. All data in the budget equation must be presented using the same unit e.g kJ/g or cal/g.  Although energy budget equations can be presented in several forms, all of them are expected to serve the same purpose. Feed alters wholebody proximate 
composition in fish. Lipid-rich and high energy diets enhance lipid accumulation in the liver, but low-energy and high-protein diets promote greater nutrient deposition in muscle tissue (fillet). Each fish species has its own optimum protein energy:total energy (PE:TE) ratio that maximizes fish growth, without over excessive deposition of liver lipid. There is a hierarchy of energy allocation: first nutrients are allocated to maintenance, followed by activity metabolism, to waste losses, and finally to somatic growth and reproduction. This hierarchy is analogous to practical economics, where you would identify the following sequence in the manner of financial expenditure. Ammonia, as a toxic end product of protein catabolism, should be removed from the body through gills. The model may describe the general pattern of changes in lipid, protein, ash, and energy density. If energy density varies in direct proportion to lipid and protein, then a linear relationship between body composition and water should make energy density also a linear function of water. Models can depict the relationship between body composition, energy density, and water should vary with body size; another can show how to predict changes in fish body composition and energy density during starvation. The strategy of model building is based on specifying rules that define the limit conditions. Bioenergetics modeling requires estimations of all components of the energy budget. The modeling process has two general components: (i) The "nuts-and-bolts" and the “ars-and-craft” components. Bioenergetics models are used in many activities. 
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Learning Outcomes

By the end of this topic, you will be able to:

1. Compare differences in fuel values of different food materials, and how you can make informed decisions during the selection of feed ingredients to achieve high efficiencies of nutrient utilization by fish.
2. Understand how fishes process carbohydrates, proteins and lipids prior to their utilization, deposition, retention/storage.
3. Synthesize roles of the liver during protein, carbohydrate and lipid metabolism.
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2.1
Introduction

There are three main metabolic fuels: amino acids, fatty acids and sugars. Of these, the end products of amino acid catabolism are of main concern when measuring metabolizable energy. The other fuels used in fish as the main energy source for the maintenance of physiological and metabolic homeostasis in fish include: (i) glucose, (ii) fructose, (iii) galactose, (iv) lactate, (v) free fatty acids, and (vi) amino acids. The main dietary nutrients are: (i) carbohydrates, (ii) proteins and (iii) fats ingested by fish must first be digested/ hydrolyzed in the body. Note that energy is not a nutrient. Digested carbohydrates, proteins and fats yield glucose, amino acids and fatty acids + glycerol, respectively. These nutrients supply variable amounts of energy which is the fuel needed by fish for their metabolic activities. Living systems depend on this energy input to fuel reactions that constitute life. Fishes use ATP for short-term energy needs. Cellular respiration uses oxygen that releases stored energy from carbohydrates, proteins and lipids. The amount of energy liberated by complete oxidation of a food is called “free energy of oxidation of food” which is given in “calories/mole” of substance. In glucose, this energy is liberated slowly, step-wise, involving many enzymatic reactions in the cytoplasm and mitochondria of cells. Energy is generally transferred from one molecule to another via the 
transfer of electrons in reduction/oxidation reactions.  You are encouraged to review Animal Physiology, Nutrition and Biochemistry literature, to refresh your memories on basic prerequisites of this course.
2.2
Production of glucose and glycogen

Energy stored in glucose and other feedstuffs is derived from: (i) photosynthesis, (ii) molecular re-arrangement and (iii) addition of ATP to activate glucose in glycolysis. The conversion of glucose to pyruvate involves 10 separate steps that require 10 enzyme reactions. The final products of carbohydrate digestion in the gut are almost entirely glucose, fructose and galactose. Glucose represents almost 80% of these. After its absorption, much of the fructose and almost all galactose are converted into glucose. Circulating blood has very little fructose and galactose. In liver cells, appropriate enzymes promote interconversions among monossacharides. When the liver releases the monossacharides back into the blood, the final product is almost entirely glucose. Generally, more than 95% of monosaccharides that circulate in the blood are the final conversion product, glucose. Before the cells can use glucose, the latter must be transported through the cell membranes into the cellular cytoplasm. Glucose will not diffuse through the pores of the cell membrane because the maximum molecular weight of particles that can do this is about 100, whereas glucose has a molecular weight of 180. Through facilitated diffusion, glucose is still able to enter cells. In the lipid matrix of the cell membrane, there are large numbers of protein carrier molecules that can bind with glucose. In this bound form, glucose can be transported by the carrier from one site of the membrane to another and released. If the concentration of glucose is greater on one side of the membrane than on the other side, then more glucose will be transported from high concentration area than in the opposite direction.  Transport of glucose through the membrane of most tissue cells is quite different from that which occurs through the gut membrane or through the epithelium of the renal tubules. In both these cases, glucose is transported through the mechanism of active sodium co-transport, where active transport of sodium provides energy for adsorption of glucose against a concentration difference. After ingestion of a meal, there is a rise in blood glucose, and in response, the pancreas releases insulin which "mops up" the glucose and carries it to the cells that need extra energy. The cells that need glucose have specific insulin receptors on their surface, so that insulin can bind to them, encouraging glucose entry and utilization in the cells. Once inside the cells, glucose is burnt to produce heat and ATP. The latter molecule stores and releases energy as required by the cell. The metabolism of glucose to energy may occur either in combination with oxygen (aerobic metabolism) or without it (anaerobic metabolism). Oxygen used comes from the mitochondria. Red blood cells (erythrocytes) do not have mitochondria, so they change glucose into energy anaerobically. Glucose is also converted to energy in muscle cells. These are probably the most important energy "customers". Muscle cells contain mitochondria, so they can process glucose in the presence of oxygen. Even if oxygen-levels in muscle-cell mitochondria fall too low, the cells can still convert glucose into energy without oxygen. Turning glucose into energy without oxygen produces lactic acid as a 
by-produce, but too much lactic acid will produce muscle ache. Food-intake and energy-needs do not always coincide. The fish may have lots of feed around, but no need for energy. Also, the fish may need lots of energy, but there may be no feed available. Fortunately, glucose can be stored as glycogen ("energy reserve") for future use. Without such a glucose storage system, fish and other animals would either have to eat constantly or risk a dangerous lack of energy.

2.3
Functional attributes of glucose

Glucose is a high-energy compound used as a food source. Much of its energy is extracted during glycolysis and cell respiration. Its atoms are excreted in the form of carbon dioxide and water. The overall flow of energy through biological systems involves anabolic and catabolic processes. Protein synthesis is an anabolic process which uses cellular energy and simple amino acids to build complex proteins. Photosynthesis is another anabolic reaction, which requires energy from the sun to build sugars from carbon dioxide and water. Conversely, catabolism is the breakdown of complex molecules into simpler constituents. This process usually results in the release of energy. Cell respiration as a catabolic process breaks down glucose to carbon dioxide and water. This process also releases stored energy. Although glucose and oxygen react spontaneously to liberate energy, they do so very slowly in the absence of ezymes at room temperature outside of a cell, and in the absence of enzymes. Enzymatic processes are a key part of the cellular control of metabolism in the cell. Enzymes are important in this process. For example, if you add sugar (glucose) in a dry bowl and place it in a room, at a given room temperature, the sugar will not react quickly and effectively with the sugar to liberate energy as expected, because there are no enzymes to catalyze the process.   

2.4
Carbohydrate utilization

There is some variation in the utilization of carbohydrates among fishes. Warm-water fishes use a greater amount of carbohydrate than cold-water and marine fishes. Carbohydrate incorporation in fish diets is necessary to prevent fishes from catabolizing protein to produce energy. Some enzymes for carbohydrate digestion have been identified in fish. These enzymes provide the main catalyst forces for carbohydrate metabolism in various metabolic pathways. Fish tolerate lower levels of carbohydrates in the diet for better and efficient growth than omnivorous mammals, and omnivorous or herbivorous fish. There is however, some controversy as to the value of carbohydrate in fish feeds. Digestible carbohydrate can be well utilized as an energy source if it is kept in proper balance with other nutrients. Generally, carbohydrates are poorly digested by carnivorous fishes, so they are less useful energy sources for some aquatic animals. While carbohydrates provide a significant amount of energy in mammals, fishes seem to digest and utilize protein and fat very well compared to carbohydrates. Polysaccharides are poorly digested by fish, although some cold-water fishes such as trout are capable of digesting starch at a limited level. Addition of high levels of carbohydrates in fish diets results in high levels of carcass fat. Excess starch intake by fish will also result in the accumulation of glycogen in the liver. Intuitively, for the diets to be efficiently digested and assimilated, you should minimize the use of fibreous material in fish diets. Carnivorous fish such as salmonids lack sufficient quantities of the enzymes necessary for efficient digestion and metabolism of most carbohydrates.

2.5
Metabolic functions of the vertebrate liver

The liver is probably the largest gland in the body of fish. It has the following vital functions: (i) it forms the bile, (ii) stores and releases carbohydrates (glucose), (iii) forms urea, (iv) metabolizes cholesterol, (v) manufactures plasma proteins, (vi) metabolizes fat, (vii) inactivates some polypeptide hormones, (viii) reduces and conjugates adrenocortical and gonadal steroid hormones, (ix) synthesizes 25-hydroxycholecalciferol and (x) detoxifies many drugs and toxins. The bile contains bile salts, and bile pigments. The golden yellow colour of bile is due to the presence of bile pigments, bilirubin and biliverdin. Bile salts include sodium (Na+) and potassium (K+) salts of bile acids synthesized from cholesterol. Specific functions of the liver in the metabolism of carbphydrates, proteins and lipids are given below in the following sections. 
2.6
Functions of the liver in carbohydrate metabolism

In carbohydrate metabolism, the liver: (i) maintains normal blood glucose levels over both short (hours) and long (days or weeks) periods of time. (ii) hepatocytes house many different metabolic pathways, (iii) hepatocytes employ dozens of enzymes that are alternatively turned on or off depending on whether blood levels of glucose are rising or falling out of the normal range. (iv) rapidly takes up excess glucose entering the blood after a meal and sequesters glycogen (in a process called glycogenesis). (v) activates other pathwats which lead to depolymerisation of glycogen (glycogenolysis) later, when blood concentrations of glucose begin to decline, and (vi) exports glucose back into the blood for transport to all other tissues. (vii) hepatocytes activate additional groups of enzymes that begin to synthesize glucose out of amino acids and non-hexose carbohydrates in gluconeogenesis.This occurs when glycogen reserves are exhausted, when the fish has not eaten for several hours. The ability of the liver to synthesize new glucose is of monumental importance to carnivores which, at least in the wild, have diets virtually devoid of starch. 

2.7
Functions of the liver in protein metabolism

The most critical aspects of protein metabolism that occur in the liver are: (i) deamination and transamination of amino acids, (ii) conversion of non-nitrogenous part of those molecules to glucose or lipids (iii) formation of urea for removal of ammonia from body fluids; (iv) formation of plasma proteins and (v) interconversions among the different amino acids and other compounds to the metabolic processes of the body. Several of the enzymes used in these pathways are commonly assayed in serum to assess liver damage. These enzymes are: (i) alanine and (ii) aspartate aminotransferases. The liver removes ammonia (very toxic ) from the body by the synthesis of urea. Ammonia should be rapidly and efficiently removed from circulation to avoid the development of nervous disease. Hepatocytes are responsible for the 
synthesis of most of the plasma proteins such as albumin, the major plasma protein, which is almost exclusively synthesized by the liver. The body cannot dispense with the important services of the liver in protein metabolism.

2.8
Functions of the liver in lipid metabolism

Few aspects of metabolism are carried out predominatly by the liver. The liver is extremely active in oxidising triglycerides to generate energy. It is also responsible for the following: (i) very high rate of fatty acid oxidation to supply energy for other body functions, (ii) formation of most of the lipoproteins, (iii) synthesis of large quantities of cholestrol and phospholipids, and (iv) conversion of large quantities of carbohydrates and proteins to fat. The liver breaks down many more fatty acids that hepatocytes need, and exports large quantities of acetoacetate into the blood where it is picked up and readily metabolized by other tissues. A bulk of the lipoproteins are synthesized by the liver.The liver is the major site for converting excess carbohydrates and proteins into fatty acids and triglycerides which are then exported and stored in adipose tissue. The liver also synthesizes large quantities of cholesterol and phospholipids. Some of this is packaged with lipoproteins and made available to the rest of the body. The remainder is excreted in the bile as cholesterol or after conversion to bile acids.
2.9
Normal changes in body composition

As the fish develops, there is a predictable and regular change in the proportions of protein, water and ash. During early life, the rate of increase in body protein relative to body water is rapid. Thereafter, gross compositional changes occur as a result of variations in body fat relative to the non-fat fraction of the body. Fishes are capable of storing their excess energy as triacylglycerols in various anatomical locations of the body. Major changes in carcass composition are in the fat content. The deposition of body fat and its composition will mostly depend on dietary quality and quantity.
2.10
Lipid metabolism

The major aspects of lipid metabolism involve: (i) fatty acid oxidation to produce energy; and (ii) the synthesis of lipids (lipogenesis). Lipid metabolism is closely connected to the metabolism of carbohydrates which is converted to fats. The first step in lipid metabolism is: (i) hydrolysis of lipids in the cytoplasm to produce glycerol and fatty acids. Since glycerol is a three carbon alcohol, it is metabolized quite readily into an intermediate in glycolysis, dihydroxyacetone phosphate. The last reaction is readily reversible if glycerol is needed for the synthesis of a lipid. The hydroxyacetone, obtained from glycerol is metabolized into one of two possible compounds. Dihydroxyacetone may be converted into pyruvic acid through glycolysis to make energy. Dihydroxyacetone may also be used in gluconeogenesis to make glucose-6-phosphate for glucose to the blood or glycogen depending upon what is required at that time. Fatty acids are oxidized to acetyl CoA in the mitochondria. 

2.11
Lipid utilization during embryogenesis

There are changes in the lipid content in developing fish eggs. Phosphatidylcholine (PC) is the only lipid class that declines in absolute terms during embryogenesis. Catabolism of neutral lipid is initiated during the first week after hatching. The rate of neutral lipid utilization increases after the larvae have completely absorbed their yolk sac. The quantity of triacylglycerol (TAG) remains constant during embryogenesis, but the percentage of 22:6 (n-3) increases substantially during this period. It appears that PC replete in appropriate fatty acids represents a major proportion of the lipid in artificial diets for fish and other larvae.

2.12
Lipid depletion 
When fish are given an opportunity to feed continuously, while their condition factors continue declining, it may mean that energy from the feed is insufficient to offset the costs of maintenance metabolism.This phenomenon may be applicable to both immature individuals and adult fish (including recently spawned fish). One would suggest that stream-dwelling fishes also suffer a metabolic deficit during acclimation to rapidly declining water temperatures. Fish exposure to declining water temperatures would essentially be an international problem, and may be applicable to several countries including those in the tropical region, where air temperatures may plummet to approximately 5oC. This would be expected during winter.  
2.13
Lipid storage
In some salmonids, triglyceride may be the only major lipid class present in myosepta. The proportion of polar lipids increases in both white muscle and dark muscle. The ratio of phosphatidyl choline (PC) to phosphatidyl ethanolamine (PE) in both muscle types remains constant, indicating that neutral lipids account for most of the lipids in myosepta. It may be concluded that, this type of connective tissue, not the actual muscle fibres, stores most of the muscle lipids even in some species of fish.
2.14
Effects of nutritional state on lipid mobilization 

Insulin generally appears to be antilipolytic as this agent inhibits glucagon-stimulated lipase activity and glucagon-stimulated fatty acid release. In the presence of glucose, insulin reduces net lipolysis, as indicated by glycerol release. Glucagon stimulates lipid breakdown in both liver and adipose tissue. These actions are manifested by the enhanced fatty acid and glycerol release into the culture medium, and by the elevated triacylglycerol lipase activity. Nutritional state and glucose are important modulators of lipid mobilization. Glucagon and insulin act directly on lipid storage sites, to coordinate lipolysis.
2.15
Ontogeny and energetics of larvae
In young fish, ontogenetic transitions of metabolic scaling have so far been documented only for the routine level of activity. Maximum metabolic rate is limited by mitochondrial density in the swimming muscles. Mitochondrial density in swimming muscles of a species of fish, from larva to adult, covers about the same range as mitochondrial density in the skeletal muscles of mammals. The aerobic capacity (power density) of mitochondria is however, one order of magnitude lower in fish than in mammals. 
Energy metabolism in embryos and early larvae of fish is almost entirely aerobic. Anaerobic power in the fast muscle fibres is low after hatching but increases during the transition from larva to Juvenile with a mass exponent greater than one. If the rate of growth exceeds a critical threshold (about 10% d-1) fish larvae are capable of increasing the apparent efficiency of growth, probably by reducing the costs of other energy-consuming functions of maintenance.

2.16
Dietary energy losses
Part of the dietary energy ingested by fishes is lost in the faeces. Faecal residues are composed of the following: (i) the remains of digestive enzymes, (ii) mucosal cells and (iii) other secretions released into the digestive tract. It is the heat of combustion of faeces that represents loss of energy. This loss of energy is known as “fecal energy of metabolic origin” (FmE). This is influenced by food characteristics and the plane of nutrition. FmE only represents 2-3% of fecal energy (FE) loss, or 0.6-0.7% of the gross intake energy (IE). At normal feeding levels, the proportion of FmE in the faeces should be negligible. Yolk-dependent routine rates of oxygen consumption, ammonia excretion, and accumulation of ammonium ions are related to quantitative changes in contents of glucose, glycogen, lactate, free amino acids, proteins and lipid classes. 
2.17      Cost of nutrient conversion and growth 

Protein turnover is a major determinant in the conversion of feed into growth. About 15% to 25% of the energy consumed by growing animals is used for protein breakdown and re-synthesis. Consequently, minimizing the energetic cost of protein turnover is a strategic goal for enhancing animal growth and feed efficiencies. Protein accretion is the net effect of protein synthesis and degradation. When protein synthesis rates are similar, factors affecting protein degradation are critical in explaining differences in growth efficiency of individuals. Fish muscle protein degradation depends on activities of proteolytic enzymes that are tightly controlled and regulated. The major systems involved in fish muscle proteolysis are: (i) fish swiftly use proteins as oxidative substrates, and have traditionally been considered to be the usual gluconeogenic precursors during feed deprivation periods, (ii) rates of protein synthesis fall during starvation,  (iii) during starvation, fish depend on body energy reserves, (iv) an effective way to identify the relationships between major metabolic pathways and body processes is to examine changes in metabolism during starvation, (v) growth increases with an increase in dietary protein up to a point beyond which growth will start increasing at a decreasing rate, (vi) this decrease in growth may be due to the deamination of excess amino acids that a fish cannot use immediately, (vii) deaminaition is an energy-demanding process, so the energy used for amino acid deamination would not be made available for growth.

2.18
Respiratory allocation and standard rate of metabolism 
In the African lungfish, total metabolic rate is positively correlated with body mass with a scaling exponent of 0.78. Aerial oxygen consumption is about 98% of total respiratory allocation under low aquatic oxygen levels. Measurements of oxygen consumption made across a gradient of dissolved oxygen from normoxia to anoxia show that this fish maintains its standard metabolic rate irrespective of changes in its respiratory allocation between water and air.

Learning Activities: 

Students will be instructed to determine energy densities of main fuel sources such as carbohydrates,proteins and lipids using a bomb calorimeter in the library. 

SUMMARY OF TOPIC
Organisms take in nutrients to survive. Energy stored in glucose originates from solar energy, and most of the energy released after complete oxidation of glucose is immediately stored in ATP which is then made available for cell metabolism. Conversion of amino acids and fatty acids also yields energy. The final products of carbohydrate digestion in the gut are almost entirely glucose, fructose and galactose, with glucose representing almost 80% of these. After its absorption, much of the fructose and almost all galactose are converted into glucose. After the ingestion of a meal, blood glucose rises, and the pancreas releases insulin which "mops up" the glucose and carries it to the cells that need extra energy. Once inside the cells, glucose is burnt to produce heat and ATP. Glucose metabolism occurs either aerobically or anaerobically. Turning glucose into energy without oxygen produces lactic acid, and too much lactic acid produces muscle ache. Food-intake and energy-needs do not always coincide. Fortunately, glucose can be stored as glycogen (energy reserve) for later use. Without such a glucose storage system, fish and other animals would either have to eat constantly or risk a dangerous lack of energy. The overall flow of energy through biological systems involves anabolic and catabolic processes. Protein synthesis and photosynthesis are anabolic processes, while cell respiration is a catabolic process.  Carbohydrate utilization among fishes is variable. Fishes seem to digest and utilize protein and fat very well compared to carbohydrates.  Addition of high levels of carbohydrates in fish diets usually results in high levels of carcass fat, while excess starch intake by fish results in the accumulation of glycogen in the liver. The liver has several metabolic functions in fish, including deamination and transamination. The most critical aspects of protein metabolism occur in the liver. Ammonia should be removed fast from the body to avoid the development of nervous disease. Metabolism of lipids and that of carbohydrates are closely 
related since carbohydrate can also be converted into fat. The liver actively oxidizes triglycerides to generate energy, and will also break down many more fatty acids needed by hepatocytes. The efficiency of protein utilization falls with an increase in protein intake, as it is in land animals. High protein diets give overall lower protein retention efficiencies in fish than in mammals. Protein deposition per unit energy intake is also potentially greater in fish than in birds (uricotelic animals) or mammals (ureotelic animals). Fishes synthesize 10 essential amino acids in sufficient quantities to meet their needs. Non-essential amino acids can be synthesized from carbon, oxygen, hydrogen and nitrogen. Early in life, there is a rapid rate of increase in body protein relative to body water. Gross compositional changes occur thereafter, as a result of variations in body fat relative to non-fat fraction of the body. Fishes store excess energy as triacylglycerols in various anatomical locations. Major changes in carcass composition are however, in the fat content, and the deposition of body fat and its composition will mostly depend on dietary quality and quantity. The rate of neutral lipid utilization, and the percentage of 22:6 (n3) increases after complete yolk sac absorption. Glucagon directly stimulates lipid breakdown in fish liver, and energy metabolism is similar to that in mammals and birds, with few exceptions. Energy is needed for swimming, gland secretions, nerves and muscle functions, synthesis of cell substances and absorption of food. Maximum metabolic rate is limited by mitochondrial density in the swimming muscles. The aerobic capacity of mitochondria is however, lower in fish than in mammals. In embryos and early larvae, energy metabolism is almost entirely aerobic. Anaerobic power in the fast muscle fibres is low after hatching, but increases from larva to juvenile size. Yolk-dependent routine rates of oxygen consumption, ammonia excretion, and accumulation of ammonium ions are related to quantitative changes in contents of glucose, glycogen, lactate, free amino acids, proteins and lipid classes. Following hatching, the fuels are free amino acids (32%), polar lipids (20%), neutral lipids (17%) and proteins (31%). Thus, the catabolic metabolism of endogenously feeding fish such as larvae of Atlantic cod has is fuelled by amino acids (67%) and lipids (32%).   Salinity and its variations are among the key factors that affect survival, metabolism and distribution of fishes during their development. Before gill development, the pre-larval tegument containing a high density of ionocytes appears as the main temporary osmoregulatory site. Gills develop gradually along with the numerous ionocytes. During the larval phase, the osmoregulatory function shifts from the skin to gills. The drinking rate tends to decrease throughout development. The kidney and urinary bladder also develop progressively during ontogeny, and the capacity to produce hypotonic urine at low salinity increases. These events are inter-related and are correlated with changes in salinity tolerance. Protein turnover is a major determinant in the conversion of feed into growth, and minimizing the energetic cost of protein turnover may be considered as a strategic goal for enhancing animal growth and feed efficiencies. In addition, rates of protein synthesis tend to fall during starvation, and this is the time that fishes depend on body energy reserves.
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1. Provide a comprehensive analysis of metabolism. 
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3.1
Introduction

Biochemical and metabolic adaptations to temperature covered in this topic are important components of bioenergetics. Two main processes (anabolism and catabolism) carried out by cells, constitute metabolism. Protein synthesis is one example of an anabolic process, since it uses cellular energy and simple amino acids to produce complex molecules. Cell respiration is an example of a catabolic process, since it changes glucose into simple products such as carbon dioxide, water and yields stored energy. All energy acquired through food consumption is used in metabolic processes, lost as faeces, excreted as urine and deposited as new body tissue (growth). Habitat temperature is a critically important environmental factor for ectothermal organisms such as fishes because of the direct effects of temperature on all biological processes in these organisms. Chemical adaptation may be related to levels of fish tolerance and to chemical toxicants. Three paradigms in thermal physiology of ectotherms are: (i) resting metabolism increases with temperature; (ii) evolutionary and acute responses to temperature are different and (iii) organisms that evolved at low temperature tend to show elevated resting metabolic rates when compared with eurythermal species measured at the same low temperature. In metabolic cold adaptation, thermal compensation would involve the maintenance of physiological rate and scope in the face of thermal change.

3.2
Metabolic rate

In fish, the rate of oxygen consumption is frequently used as an indicator of metabolic rate, assuming that no significant anaerobic metabolism takes place during the measurement period. In that case, the amount of energy liberated per unit of time is the metabolic rate. The amount of energy that is released by catabolism of food in the body is the same as that liberated when food is burnt outside the body.  It is this energy liberated by catabolic processes that is used by the body for maintaining various body functions such as thermoregulation (in higher vertebrates), digesting and metabolism of food, and other physical activities.

3.3
Factors affecting metabolic rate

Generally, factors that influence metabolic rate include: {i) recent ingestion of food,(ii) low or high environmental temperature, (iii) fish size, (iv) sex of fish, (v) age, (vi) emotional state, (vii) circulating levels of thyroid hormones, (viii) circulating epinephrine (adrenalin) and (ix) norepinephrine levels, (x) body mass; (xi) salinity (xii) feeding rate; (xiii) reproductive status, (xiv) physiological stress, (xv) activity; (xvi) season, and (xv) different stress factors such as handling or sudden temperature changes. The most important factor that influences metabolic rate is muscular exertion.
3.4
Classification of metabolism

Metabolism is classified into the following categories: (i) standard metabolic rate, (ii) routine metabolic rate, (iii) and activity-dependent metabolism. Oxygen consumption is greatly increased not only during exertion, but for a long time afterwards as is necessary to repay the oxygen debt. Food that is recently ingested raises metabolic rate because of its specific dynamic action (SDA).  The SDA of a food is the obligatory energy expenditure that occurs during its assimilation into the body. The energy that is required for assimilation of this food comes from the same food. The energy may also come from body energy reserves. 

3.5
Metabolic role of ATP

ATP plays an important role in metabolism. Interconversions between ATP, ADP and AMP occur as follows: (i) ATP is converted to ADP (-12,000 calories); (ii) ADP is converted to AMP (-12,000 calories); (iii) AMP is converted to ADP by addition of 2PO3 and 12, 000 calories, and (iv) ADP is finally converted back to ATP by addition of PO3 and 12,000 calories. ATP is present everywhere in the cytoplasm and nucleoplasm of all cells. All physiological mechanisms that require energy for operation obtain this directly from ATP (or some other similar high-energy compounds such as guanosine triphosphate (GTP). In turn, the food in the cells is gradually oxidized, and the released energy is used to reform the ATP.
3.6
Uses of energy in metabolism

Every developed and adapted biological system extracts useful energy from outside. The 
system then: (i) converts, (ii) stores, and (iii) uses it for the following functions: (i) muscular contraction, (ii) substrate transport, (iii) protein synthesis, and (iv) other energy utilizing processes. The useful energy is the energy which is destroyed in every irreversible process. A living cell uses the ATP for all the energy demanding activities; and has to maintain non-vanishing thermodynamic forces, such as electrochemical potential gradient. Hence, it is an open, non-equilibrium system which manages the energy destruction and power production to adapt the fluctuations in energy demand and production within the mitochondria. The use of energy analysis is helpful for you to understand and analyze oxidative phosphorylation in bioenergetics.

3.7
Food as source of nutrients

Essential foods supply energy (calories) and the necessary chemicals which the body itself cannot synthesize. Food provides a variety of substances that are essential for the building, upkeep, and repair of body tissues, and for the efficient functioning of the body. A complete diet must supply the elements; carbon, hydrogen, oxygen, nitrogen, phosphorus, sulfur, and at least 18 other inorganic elements. The major elements are supplied in carbohydrates, lipids, and protein. In addition, at least 17 vitamins and water are necessary. If an essential nutrient is omitted from the diet, certain deficiency symptoms appear. Some attention should also be given to the synthesis of other bio-molecules. 
3.8
Pattern of metabolic responses
Most fishes, like other vertebrates, are osmoregulators. They regulate their internal osmotic environment within a fairly narrow range that is suitable for proper cellular function even if the external osmotic environment fluctuates. The main patterns of metabolic responses to changes in salinity of the environment have been observed. These are: (i) metabolic rate does not change over a wide range in salinity, (ii) metabolic rate is minimum in isotonic salinity but increases at lower or higher salinities; (iii) metabolic rate is minimum in freshwater and increases at higher salinities); and (iv) metabolic rate is highest in freshwater and decreases to isotonic (higher salinities are not tolerated). Chloride cells located in fish gills are sites of branchial salt secretion in seawater. Salinity increases chloride cell population and chloride hypertrophy, paralleled by an increase in Na-K-ATPase activity. Proper regulation of the internal osmotic environment is one of the most important functions of living organisms. Deviation from the normal range can jeopardize proper physiological function through water loss or gain. Fishes that tolerate only a small change in the solute concentration of their external environment are known as stenohaline. Those that osmoregulate over a wide range of environmental salinities are known as euryhaline. Freshwater teleosts are hypertonic to their environment and tend to gain water and lose salts by diffusion across the thin membranes of the gills and pharynx. Ions are also lost in urine. If left unchecked, the cells would swell and burst from the constant influx of water. To prevent this from happening, freshwater fishes excrete a large volume of dilute urine. Marine fishes are hypotonic to their environment, and 
have an opposite problem. The high salt concentrations of the ocean draws water out of the fish, and salts diffuse in across the permeable membranes. To counteract potential dehydration, marine fishes must drink seawater and actively secrete excess salts. They secrete exces salts because they take in these salts together with the water. Small monovalent ions such as sodium and chloride are excreted by the chloride cells. Large multivalent ions especially sulfate and magnesium are excreted in the urine. Marine fishes that belong to the family: Myxinidae and hagfishes, are osmoconformers, similar to many marine invertebrates. Their overall internal osmotic concentrations are about the same as the ocean, but there are differences between the concentrations of some individual ions. Marine elasmobranches (Sharks) are capable of preventing osmotic stress in a salty environment by maintaining high levels of urea in their blood, as well as elevated levels of trimethylamine oxide (TMAO) which helps to stabilize proteins against the denaturing effect of urea. Urea and TMAO along with elevated levels of sodium and chloride give elasmobranches blood an osmotic concentration even higher than that of sea water. Some elasmobranches gain water. Marine elasmobranches rid themselves of excess sodium and chloride by active secretion via the rectal gland which lies anterior to the cloaca. The rectal gland produces a solution that has a higher NaCl concentration than the surrounding seawater, but it is isosmotic to plasma. Sodium chloride solution drains into ducts leading to the lower intestine and is eliminated with other wastes. Osmoregulation requires energy from the food taken (consumed) by the fish. The energy that a fish uses to permanently maintain their body fluids at the same concentration of dissolved salts whatever the concentration of the external environment cannot be made available for growth. The salinity of the outside environment has a direct impact on utilization of food by fish.

3.9
Estimation of metabolic rates in the laboratory

First approach: In general, respirometry experiments are used to analyze metabolic rates in fish. In these experiments, oxygen consumption rate is estimated using oxygen depletion over time. Obtained oxygen consumption rates are converted, using an oxycaloric coefficient, the energetic equivalent of oxygen consumption.  Generally, for fish, an oxycaloric coefficient of 13·59 kJ·g−1 is applied and this is reported as mg O2 / h/ g-1. Shorter periods are used since during prolonged periods, oxygen concentration will decline, excretory products will increase within the respirometer, and this may potentially lead to additional stress to the fish.  Stress generally leads to an increase in oxygen consumption of fish. Measuring oxygen consumption in closed or flow-through respirometers over long time periods however permits measurements of routine metabolism.  You can also use simultaneous video recordings which will allow further examination as to whether increased metabolic rates have resulted from fish activity. 
Second approach:  You can use forced swimming experiments to estimate standard metabolism, and extrapolate the swimming speed-oxygen consumption relationship back to zero swimming speed. It has been defended that metabolic rate determined in this way is close enough to standard metabolic rate. Third approach:  A third method attempts to exclude activity costs from SMR estimates, and involves an experiment that includes paralyzing the fish using a neuromuscular blocking agent. Fourth approach:  You can use starvation experiments 
which is another promising approach to the evaluation of standard metabolic rate in fish. This approach however, assumes that the effect of spontaneous activity during the experiments is negligible, since starved fishes reduce their activity. The disadvantage of closed systems is that the method only enables estimations of oxygen consumption rate over relatively long time periods (several hours). During these prolonged periods, oxygen concentration may decline, whereas excretory products increase within the respirometer. Potentially, this may lead to additional stress to the fish. Stress generally leads to an increase in oxygen consumption. Measuring oxygen consumption in closed or flow-through respirometers over long time periods permits measurements of routine metabolism. Determination of standard metabolic rate of fish needs to be accompanied by a measure of fish activity. Estimates of fish metabolism should also be accompanied by monitoring of the locomotory activity of the experimental fish. The new approach to overcome the problems due to the inference of fish activity is the development of intermittent flow respirometry. Intermittent-flow respirometry avoids the disadvantages of both closed and flow-through respirometers. In these systems, the water flow through the respirometer chamber is closed for regular time intervals, interspersed by intervals in which the respirometer chamber is flushed with aerated ambient water. Due to high temporal resolution of the measuring intervals, it is possible to distinguish between metabolic rates that are affected or unaffected by spontaneous activity.
3.10
Measuring principle

(i) 
Intermittent flow (or stop-flow) respirometry
Measurements of oxygen consumption rates on fish and other water breathers commonly involve the use of one of three different methods: (i) Closed respirometry (or constant volume respirometry); (ii) Flow-through respirometry (or open respirometry) and (iii) Intermittent flow respirometry (or stop-flow)
(ii)
Closed respirometry (or constant volume respirometry)
These are measurements in a sealed chamber of known volume (a closed respirometer). Initially, the oxygen content of the water is measured (t0), then the respirometer is closed. At the end of the experiment (t1), the oxygen content is measured again. When the body weight of the animal, the respirometer volume and the oxygen content of the water at time t0 and t1 are known, the mass specific oxygen consumption rate can be calculated as follows:

VO2 = ([O2]t0 – [O2]t1) • V/t • BW.

Where:  VO2 = oxygen consumption rate (mg O2/kg/hour);                                                           
[O2]t0 = oxygen concentration at time t0 (mg O2/liter)
[O2]t1 = oxygen concentration at time t1 (mg O2/liter); 
V = respirometer volume minus volume of experimental animal (liter); 
t = t1 – t0 (hour); BW = body weight of experimental animal (kg)

Simplicity is the advantage of this method. A disadvantage is that measurements are never made at a constant oxygen level, due to the continuous use of oxygen by the animal inside the respirometer. This might cause problems when interpreting data, since animal respiration often changes with ambient oxygen partial pressure. Furthermore, metabolites from the experimental animal, i.e. CO2, accumulate in the water, and this will limit  the duration of measurements. This limited time for measurements does not allow the experimental animal to recover from initial handling stress that often increases fish respiration significantly and for several hours, thus overestimating oxygen consumption rates.
(iii)
Flow-through respirometry (or open respirometry)

This is a more sophisticated method for the measurements of oxygen consumption. Experimental animals are placed in a flow-through chamber, with known flow rate. Oxygen is measured in the inflow and outflow and oxygen consumption rate can be calculated as follows: 
VO2 = F • ([O2]in – [O2]out) /BW
here: VO2 = oxygen consumption rate (mg O2/kg/hour); 

F = water flow rate (l/hour);
[O2]in = oxygen content in water inflow (mg O2/liter);
[O2]out = oxygen content in water outflow (mg O2/liter), and 

BW = body weight of experimental animal (kg)

There are several advantages of this method: (i) the duration of the experiment is in principle unlimited, (ii) CO2 and other metabolites do not accumulate, (iii) it is possible to measure at a constant oxygen level by controlling the quality of the inflowing water, and (iv) it is possible to measure metabolism at different desired levels of oxygen, salinity etc. This method however, brings one significant disadvantage: in order to determine oxygen consumption by open respirometry, it is crucial that the system is in steady state. This means that the oxygen content of the in-flowing and out-flowing water, and the oxygen consumption of the animal have to be constant. If the oxygen consumption of the animal for some reason changes during the experiment, steady state will not exist for a while. Not until the system is in steady state again will the above formula give the correct oxygen consumption rate. The duration of the time lag depends on the relationship between chamber volume and flow rate. Thus, open respirometry measurements have poor time resolution, and are not suitable for determination of oxygen onsumption of organisms with a highly variable respiration like fish.

(iv)
Intermittent flow respirometry (stop flow)

The system for automatic respirometry works by intermittent flow respirometry aiming at combining the best of both (i) closed and (ii) flow-through respirometry. The experimental animal is placed in a respirometer immersed in an ambient tank (temperature bath). A recirculating pump ensures proper mixing of the water inside the respirometer and adequate flow past the oxygen probe. A second pump can swap the water inside the respirometer with water from the ambient tank (temperature bath). During measurements of oxygen consumption, this flush pump is turned off and the systems operates like a closed respirometry setup. Then the pc controlled flush pump turns on pumping ambient water into the respirometer and bringing the oxygen content back to pre measurement levels. In this way, problems with accumulating metabolites and severe changes in oxygen level due to animal respiration are avoided. As with open respirometry, the duration of the experiment is in principle unlimited. However, the most important advantage is the great time resolution of this method. Oxygen consumption rates of animals can be determined for every 10th minute over periods of hours or days, making the systems for automatic respirometry extremely suited for uncovering short term variations (minutes) in respiration. In summary, the system for automatic respirometry is developed for prolonged and automatic measurements of oxygen consumption rate in a controlled laboratory environment.

The automatic measuring procedure runs in 3 phases: (i) measuring period; (ii) flush period; and (iii) wait period. In the measuring period, the flush pump is off, and the chamber is closed. Fish respiration rate is calculated from the decline in oxygen. During this time the recirculation pump is active to mix the water inside the respirometer and to ensure proper flow past the oxygen sensor. The measuring period is followed by a flush period, where the flush pump is active, pumping water from the ambient temperature bath and into the respirometer. During this period the recirculation pump is inactive and the oxygen curve will rise to approach the level of the ambient water.

3.11
Cardiac metabolism in high performance fish

In aerobic tissues, such as cardiac and skeletal muscle, short term increases in energy demand are met primarily by acute regulation of mitochondrial pathways. Chronic increases in time-average metabolic rate of an individual or tissue can lead to modest “physiological adaptations” that may result in increased metabolic capacities and more efficient energy production and utilization. These physiological adaptations differ fundamentally from those which alter metabolic rate acutely. Analysis of metabolic strategies used by an individual to chronically elevate cardiac metabolic rates may help identify the components of cardiac metabolism which may be constrained or malleable over evolutionary time. While pronounced physiological differences in cardiac energy transduction are apparent across species, the evolutionary origins of such differences are difficult to assess. 
3.12
Active metabolism

Active metabolism is the maximum aerobic rate associated with swimming at the greatest sustainable velocity. Any useful determination of metabolism should be accompanied by a measure of physical activity. The respirometers help to establish the interaction between oxygen consumption and swimming speed. Swimming metabolic rates are measured at some voluntary or forced level of swimming. 

3.13
Measurement of oxygen consumption

When measuring oxygen consumption of fish in the laboratory, first keep the fish in a plastic bag. Each fish should be transferred quickly and gently.  Avoid stressing the fish which increases metabolism. Then catch the fish with a hand net and release them in the respiration chamber without taking it out of the water. Close the lid quickly, and immerse the apparatus for a few minutes for the fish to acclimate to the respiration chamber. Pull the apparatus out of the water and dry it with paper towels to detect leaks before the start of oxygen consumption measurements. Measure oxygen consumption at short, 2-min intervals for 10 min. Before you start collecting the data, activate the pump by continuous motion for 1 min. This will allow the standardization of the oxygen concentration throughout the respirometer without stressing the fish. You may activate the pump continuously, but it may not be necessary, because a complete turn-over of the water is made by <1 min of pumping. Reduce stress that may come from the transfer of fish to the respirometer by using an automatic pump, and leaving the fish overnight for a period of rest at low-current speed. The mass of the fish should be measured after the respiration session. Measurements can be made to investigate several factors: (i) use at varying temperatures, (ii) at some pollutant concentration, (iii) before fish are fed, (iv) after the fish are fed, (v) with different fish species and (vi) with different taxonomic groups. The respirometer can be efficient for determinations of oxygen consumption, and could be comparable with that of more sophisticated equipment. It has the advantage of being easy to assemble, inexpensive, and user friendly, allowing the instructor to demonstrate the so-called specific dynamic action, which is the metabolic rate augmentation owing to digestive activity.

3.14    Accumulation of lactic acid

In a normal life style of any fish, energy for its metabolic or physiological activities is obtained from oxidative breakdown of organic matter from food.  After a severe exercise, a fish cannot obtain adequate oxygen for all its metabolic functions. The energy needs of the fish will have to be met anaerobically. In this process, organic matter will be converted to lactic acid instead of carbon dioxide and water. The problem with lactic acid is that it cannot be easily eliminated from the blood, unless it is used to reconstruct glycogen in the presence of oxygen. Lactic acid easily accumulates in the muscles and blood. Both lactic acid and pyruvic acid will accumulate in the muscle. At the end, lactic acid will continue being produced from pyruvic acid in the muscle.  Lactic acid will then enter the blood from the muscle.  This is why lactic acid will continue to be 
in the blood even after treatment has come to an end.  When a fish is stressed because of handling, there is an increase in lactic acid accumulation in the blood and muscle of fish. Lactic acid lowers blood pH, although blood itself has a strong buffer function by the bicarbonate buffer system. When a large amount of acid is added to blood its pH may be appreciably lowered. 

3.15
Tissue metabolism

At tissue level, oxygen leaves the blood and diffuses into the tissues in exchange for CO2 which is a by-product of tissue metabolism. The blood gives up its CO2 to the returning blood when blood pH is low (acidic). While it is important to associate method of dissolved oxygen extraction with species, it is also important to indicate that fast-swimming fishes may not be subjected to a very high water pumping cost because their respiratory surfaces will adequately be ventilated if the fish simply opens its mouth as it swims fast in fast-flowing waters.  Gas exchange between the water and gills is facilitated by differences in the concentrations of oxygen between the water and the blood in the fish. The water will contain more oxygen than that in fish blood. The result will be diffusion of blood from high to low concentration of this gas. 

3.16
Heat increment 
The heat increment (HI) of feeding (a component of the energy flow in fish), accounts for as much as 30% of the ingested metabolizable energy (ME) in mammals and birds. Studies have shown that HI of protein is much lower in fish than in mammals and amounts to <5% of the ingested ME.  HI's of carbohydrate and protein may not significantly differ from each other, but both are higher than that in fat. The net energy of protein is higher for fish than it is for birds or mammals. A major part of the superior energetic efficiency of fish is due to low energy cost of protein metabolism. Heat increment is a measure of metabolic work primarily for the post-absorptive processes that follow the ingestion of food. Energy requirements for grasping, chewing, and swallowing food are technically distinct from those for heat increment but are experimentally difficult to separate from them. In order to take special account of these mechanical aspects, we suggest modifying the term "heat increment" (also known as specific dynamic action) to the less-precise "apparent heat increment." Bioenergetic models invariably incorporate the assumption that apparent heat increment, relative to food intake, is independent of other variables. Laboratory studies have revealed that apparent heat increment is not always a fixed proportion of gross energy intake. Values reported range from 3 to 41% for fish fed natural diets and from 11 to 29% for those given formulated diets. Generally, apparent heat increment increases with meal size and body weight, but declines with body weight when food intake is fixed. Apparent heat increment increases with temperature, It is related to the proportion of dietary protein either directly or in an asymptotic manner. In some cases, increases in dietary lipid reduce apparent heat increment by reducing protein catabolism. In most modeling situations, consequently, the practice of adopting a fixed value for apparent heat increment relative to ingested or digestible energy leads to spurious outputs.
3.17
Metabolism and predator- prey interaction

The theory predicts that staying in a refuge has benefits in terms of predator avoidance, and the cost of lost feeding opportunities. Larger fish are subject to predation risks, but they are less affected by food deprivation, than small fish. The fish decrease their responses to food-deprivation treatments more strongly with increasing body length than to predation treatments. This explains why large fish emerge later from a refuge than small ones, and spend shorter times outside the refuge. Refuge in animals provides an excellent, but underexploited phenomenon for the study of trade-offs between the benefits of predator avoidance and the costs of lost feeding opportunities. The longer an animal stays hidden in a hole or crevice, the smaller the chances that the predator will still be there on the prey’s emergence, but the larger also are the energetic costs. This scenario has given rise to a number of studies that look at the following questions: how long should predators wait for their prey to emerge? how is the emergence time of prey affected by its nutritional state and how the emergence strategy of prey is influenced by fluctuating resources in the environment. Another factor that can have an important influence on emergence times of prey is body size. In fish, with both weight-specific metabolic requirements and locomotion (and thus foraging) it will be more costly to small individuals, due to a relatively larger drag coefficient. Small fish are expected to emerge sooner from their refuge than larger ones. Smaller fish however, tend to experience higher predation pressures than larger individuals, This  mechanism selects for the opposite trend; that of the smaller fish having longer hiding time.

3.18
Classification of metabolic rates

The metabolic rate that is determined at rest in a room at a comfortable temperature 12-14 hours after the last meal is called basal metabolic rate (BMR). Large animals usually have higher absolute BMRs, but the ratio of BMR to body weight in small animals is much greater. In fish, BMR is similar to standard metabolic rate (SMR) which is the metabolic rate at rest, measured when there is no food in the gut.

3.18.1
Standard Metabolic Rate (SMR)

Standard metabolism (or standard metabolic rate) is the metabolic rate of an ectotherm at rest at a given temperature. Standard metabolism must be distinguished from basal metabolism, which applies only to endotherms (mammals) since temperature does not have the same effect on endotherms and ectotherms. Endotherms regulate their temperature with metabolic heat, whereas ectotherms (fish) can rely only on external heat sources. Consequently, their corporal temperature follows water temperature, and their metabolic rate increases with increasing temperature. Standard metabolic rate may be estimated by oxygen consumption  measurements that have already been mentioned in this manual. 

3.18.2
Resting routine metabolism (RRM)

This is metabolic rate for quiescent fish, but not necessarily the lowest rate during the 24-hour cycle. Routine metabolism is the metabolic rate that includes spontaneous movements.

3.18.3
Routine metabolic rate (RMR) 

Routine metabolic rate (RMR) is measured while the fish is moving, and is slightly higher than the standard metabolic rate (SMR). Normally, metabolic rate increases with activity until a fish reaches the point at which it is using oxygen as rapidly as its gas uptake and delivery system can supply it.

3.18.4 Metabolic scope (MS)

This is the difference between the standard metabolic rate (SMR) and the maximum metabolic rate. Any factor that increases the standard or routine metabolic rate such as stress due to diseases, handling, reproduction, or other environmental conditions, will effectively reduce metabolic scope, and further limits other activities. In general, metabolism may be divided into two categories: catabolism or the break down of molecules to obtain energy; and anabolism or the synthesis of all compounds needed by the cells (examples are DNA, RNA, an protein synthesis).
3.19
Scope for growth and its model
Scope for growth model is expressed as: P=A-(R+U). It is the difference between the energy of the feed an animal consumes and all other energy utilizations and losses, where A=energy absorbed from food, ie. Ingested ration times absorption efficiency; R=energy lost in respiration; U=energy lost as excreta and P=energy available for production.  Scope for growth is described as (Rmax-Rmaint) where Rmax=maximum ration and Rmaint=maintenance ration. Rmax is maximum food consumption when growth is greatest, and is defined as apetite when food is restricted. Rmaint is maintenance ration when growth is zero. Energy lost in respiration may be partitioned into standard metabolism, metabolic cost of activity, and specific dynamic action (SDA). As an organisms increases in size, Rmax falls rapidly, Rmaint also decreases but at a slower rate than Rmax.  The result is a converging scope for growth as the animal grows larger. Physiologists have shown that an old and mature organism would mainly be eating for maintenance and gonadal development. Somatic growth is almost terminated. The dimunition of growth promoting hormone that must accompany advanced age and size results in decreased demand for food such that maximum food intake (Rmax) would approach that needed for maintenance (Rmaint). 
3.20
Relationship between SDA and growth

In terms of the overall energy budgets of growing fish, SDA represents between 12 and 58%.  As ration increases, the size of SDA relative to total respiration increases. Significant positive 
correlations are found between oxygen consumption (total or due to SDA) and specific growth rate, and between oxygen consumption and the deposition of protein and energy. Growth rate however, has a minimal influence on daily oxygen consumption when compared with food intake.

3.21
Metabolism during gonad formation

During oogenesis, fish oocytes accumulate several substances mostly lipids and glycogen which are the major energy substrates. Oocyte maturation is accompanied by an increase in all the enzymes of carbohydrate metabolism.  After fertilization, there is an increase in respiration and glycogenolysis. The energy charge is decreased. During early embryogenesis, glycogen becomes the only substrate of glycolysis. Citric acid cycle and glycolysis are the main sources of energy for the biosynthetic activities, and for the maintenance of embryo morphology. In trout embryos for example, there are two patterns of ontogeny of glycolytic enzymes. One group of enzymes does not undergo appreciable changes, whereas enzymes in the second group exhibit variable activities. Marked changes in enzyme activity occur during fertilization and gastrulation. The activity of Lactate dehydrogenase (LDH) increases during gastrulation.

Learning activities

Students will determine the following through laboratory experiments: 

(i).Metabolic rates of selected fish species; (ii) Temperature preference of the same fish (iii) Effects of salinity on fish metabolism; (iv) Measuring oxygen consumption by fish; and (v) In addition, students will be given reading assignments on related topics in metabolism, thermal effects and fish adaptation. 

SUMMARY OF TOPIC
The rate of oxygen consumption is frequently used as an indicator of metabolic rate, assuming that no significant anaerobic metabolism takes place during the measurement period. The amount of energy released by catabolism of food in the body is the same as that liberated when food is burnt outside the body. Energy liberated by catabolic processes is used by the body for maintaining various body functions, such as thermoregulation, digestion, metabolism of food and other physical activities. Factors that influence metabolic rate include: (i) recent ingestion of food; (ii) low or high environmental temperature; (iii) fish size; (iv) sex of fish; (v) age; (vi) emotional state; (vii) circulating levels of thyroid hormones; (viii) circulating epinephrine (adrenalin); (ix) norepinephrine levels; (x) body mass; (xi) salinity; (xii) feeding rate; (xiii) reproductive status; (xiv) presence of food in the gut; (xv) physiological stress; (xvi) activity; (xvii) season; and (xviii)handling . The most important factor that influences metabolic rate is muscular exertion. Oxygen consumption is greatly increased during exertion. Food that is recently ingested raises metabolic rate. The specific dynamic action (SDA) of food is an obligatory energy expenditure that occurs during its assimilation. The energy required for 
assimilation of food comes from the same food itself. The energy may also come from body energy reserves. The main patterns of metabolic responses to changes in salinity are as follows: (i) metabolic rate does not change over a wide range in salinity; (ii) metabolic rate is minimum in isotonic salinity but increases at lower or higher salinities; (iii) metabolic rate is minimum in freshwater and increases at higher salinities;  (iv) metabolic rate is highest in freshwater and decreases to isotonic. Deviation from the normal range can jeopardize proper physiological function through water loss or gain. Adenosine triphosphate (ATP) plays an important role in metabolism. ATP is converted to ADP (-12,000 calories). ADP is converted to AMP (-12,000 calories). In reverse, AMP is converted to ADP by addition of 2PO3 and 12, 000 calories. ADP is then finally converted to ATP by addition of PO3 and 12,000 calories. All physiological mechanisms that require energy for operation obtain this from ATP. Food in the cells is gradually oxidized, and the released energy is used to reform ATP. Essential foods supply energy and chemicals the body cannot synthesize. Food provides many substances essential for the building, upkeep, and repair of body tissues, and for efficient functioning of the body. A complete diet must supply the elements; carbon, hydrogen, oxygen, nitrogen, phosphorus, sulfur, and at least 18 other inorganic elements. Some attention will also be given to the synthesis of biomolecules. Energy management in a living cell is called bioenergetics, and this useful energy is destroyed in every irreversible process. Every developed and adapted biological system extracts useful energy from outside, converts, stores, and uses it for muscular contraction, substrate transport, protein synthesis, and other energy utilizing processes. A living cell uses ATP for all the energy demanding activities; and has to maintain non-vanishing thermodynamic forces, such as electrochemical potential gradient, and hence is an open, non-equilibrium system, which manages energy destruction and power production to adapt the fluctuations in energy demand and production within mitochondria. Use of energy analysis is helpful for understanding and analysing oxidative phosphorylation in bioenergetics. 
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By the end of this topic, you will be able to:

1. Deploy your knowledge of energetics to elaborate main sources, forms and fate of ingested energy in fish.

2. Synthesize your knowledge of energy flow in fish (including larvae) and in the environmenet. 

3. Explain how energy is metabolized and allocated/distributed in organisms.
4. Characterize various patterns of energy flow through different trophic niches of the aquatic environment.
5. Synthesize dietsry energy transformations, losses and deposition in fish.
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4.1
Introduction 

The Sun is the overall source of energy that supports biological systems on Earth. Fishes obtain their energy from diets formulated from plants (producers) and animals (consumers). This energy also drives biological engines in plants and animals. Carbohydrates, proteins and lipids (fats) are the main energy sources in fish diets. Nutrients have variable energy densities, with lipids contributing much higher energy than is found in either proteins or carbohydrates. After its ingestion, dietary energy flows through the fish, and is transformed into different forms as it flows from the buccal cavity (mouth) to the rectum. There is abundant literature on energy flow in fish. There is another form of energy flow, through both aquatic and terrestrial environments. There are distinct variations among ways in which mammals and ectotherms use their dietary energy for maintenance and other metabolic activities in animals. Fishes seem to demonstrate reduced energy requirements, considering the fact that these poikilothermic animals move through water in which they float (are basically suspended). Deposition and losses of energy by fish are expected due to some varying abiotic and biotic factors.
4.2
Energy requirements of fish

Maintenance energy requirement is the amount of energy needed by fish to survive, neither gaining nor losing weight, in a particular environment. In general, the “maintenance energy requirement” of fish is less than 10% of the maintenance energy requirement of birds and mammals. This is largely due to the fact that fish are cold-blooded (poikilothermic) animals, and their body temperature is directly affected by, dependent on, or influenced by the temperature of the ambient (surrounding) water. In contrast, warm-blooded animals (endotherms) have to expend considerable energy to maintain their body temperature. Literature has shown that active fishes demonstrate higher maintenance energy requirements than less active fishes. Fish are efficient in the excretion of waste products of protein metabolism. Some proteins from the diet may be broken down and used for energy production, and this, combined with the breakdown of old and damaged proteins from body cells and tissues, produces ammonia, a toxic waste product that must be removed from the body with speed. In mammals, ammonia, is converted to less toxic urea before being temporarily stored in the bladder.  This process uses energy. Fish take advantage of their aquatic environment and release the toxic ammonia directly into the water where it is diluted to safe levels before its removal by plants and bacteria. Thus, fish do not have to expend energy by converting ammonia to urea. Fishes are ammoniotellic animals, unlike mammals (ureotellic animals) that excrete urea and birds (uricotellic animals) that excrete uric acid. Energy needs for maintenance and activity must be satisfied first before any growth can occur. Feeding levels must be high enough to supply maintenance needs and still have energy remaining for growth. 
Digestion efficiency in fish decreases as feeding level is increased. The problem becomes one of finding the feeding level at which the increased efficiency of energy utilization at a high feeding rate is balanced by the lower efficiency of digestion at the higher feeding rate Some protein from the diet may be broken down and used for energy production, and this, combined with the breakdown of old and damaged proteins from body cells and tissues, produces ammonia, a toxic waste product that must be removed from the body. In mammals, ammonia, is converted to less toxic urea before being temporarily stored in the bladder, however this process uses energy. Fish take advantage of their aquatic environment and release the toxic ammonia directly into the water where it is usually diluted to safe levels before removal by bacteria and plants. Thus fish do not have to expend energy by converting ammonia to urea.

4.3
Forms of ingested energy

Fat is a good form of energy storage since it has the least weight per unit of energy (9.4 kilocalories per gram compared to sugar at 4.2 kilocalories per gram). Fat is however, difficult to digest (the most difficult food source to digest) because it is water insoluble and the lipases used to digest it are water soluble. In the digestive tract, fat typically has to be emulsified for digestion (emulsification by bile breaks fat into small globules so that there is more surface area for the lipases to act upon). Glycogen is very easily broken down (also faster) but does weigh 
more per unit of energy. Additionally, being water soluble, about 3 g of water for every gram of glycogen is needed to store glycogen! Glycogen can also be used in anaerobic conditions (broken down to lactic acid) to make ATP while fat can not. Fat is useful for animals (less weight) while glycogen is more useful for sessile animals. In reality all animals have some of both. 

4.4
Fate of ingested feeds

The ingestion of food is followed by its digestion and absorption in the gut, where the nutrients from the food are used by the body for different physiological, life-sustaining functions. The digestion of carbohydrates yields simple sugars; proteins yield amino acids while fats yield free fatty acids and glycerol. Amino acids, simple sugars, free fatty acids and glycerol enter the liver, while fat reaches this organ through other tissue fluids. In the liver, the blood gives up the amino acids which are temporarily stored before they are transported throughout the body for the synthesis of new proteins. The breakdown and synthesis of proteins are continuous processes. The synthesized proteins are used for enzyme production and for the building of cell and tissue structures. Any excess proteins will be used as an energy source for maintenance. Absorbed sugars from the diets are converted to glucose in the liver where the glucose is either burnt to supply energy, or changed into glycogen that is then stored in the liver to serve as an energy reserve. Fats are catabolised to provide the energy needed for daily maintenance and movement needs of fish. Living systems depend on an input of energy to fuel the reactions that constitute life. This energy is released slowly, step-wise, through many enzymatic reactions in the cytoplasm and the mitochondria of the cell. In general, energy is transferred from one molecule to another via the transfer of electrons in reduction/oxidation reactions. Highly reduced molecules such as glucose, are energy-rich. During cellular respiration, glucose molecules are slowly oxidized to release their stored energy. 

4.5
Energy flow in fish

Both natural and formulated diets have a total or gross energy (IE, GE) value. Fish cannot access all of this energy. Not all this gross energy is digestible since some of it will be lost as faecal energy. Not all the digested component of the diet will be completely metabolized. Metabolizable energy can then be used for maintenance, movement and growth of fish, but a small amount of energy is also lost through heat production (Heat Increment –HiE, metabolic waste (HwE) and biosynthesis (HiE).  This flow of energy (Fig 1) is shown together with percentage values. Gross energy is assumed to contain 100% of the energy ingested (consumed) by the fish. Of this, 13% will be faecal energy. About 87% of the gross energy is digestible energy (DE). This energy will consist of 12% energy from urine (UE) and gill excretions (ZE). From the digestible energy, 75% is metabolizable energy (ME) and 5% of this is due to heat production (Fig 1). About 70% of ME is net energy (NE) which consists of growth (33%) and maintenance movement (37%).  Since muscle is essentially protein, more than 33% of the diet needs should be in the form of protein to ensure maximum feed conversion and growth. The following formula represents the flow of energy (details of energy flow have already been presented and explained earlier in this manual. 
C = P + R + U + F.


Where C=consumption, the gross energy content of the food ingested; P=energy utilized in growth materials; R=respiration or net loss of energy as heat; U=urinary loss, energy lost in nitrogenous excretory products, and F=faeces, the energy lost in the faeces. 
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Fig 1: Utilization of dietary energy in salmonids (after Luquet, 1982)
4.6
Energy budget and flow in larval fish

In marine fish larvae, the sum of protein deposition, turnover and catabolism necessary for their rapid growth dictates a high amino acid (AA) requirement. Once the yolk is exhausted, the digestive tract becomes the vital organ that ensures a steady supply of dietary AA to growing larva tissue. The yolk was quickly absorbed during the embryonic and early larval stages and was 95% depleted by 100 hours post-fertilization. Depletion rates of the free fatty acids (FFA) were faster than the rate of absorption of the general yolk matter, and were almost complete by 80 hours post-fertilization.  The oil globule was mainly absorbed after hatching, following yolk absorption and occurred concurrently with catabolism of fatty acid (FA) from neutral lipids. Approximately 30% of the oil globule was still present at the presumed onset of exogenous feeding. Overall, FAA appeared to be a significant energy substrate during the egg stage and the early yolk sac stage while FA from neutral lipids derived from the oil globule seemed to be the main metabolic fuel after hatching. Amino acids from protein seemed to be mobilized for energy in the last part of the yolk sac stage. 

4.7
Energy flow in oxygen-starved fishes 

The ability of fishes, amphibians and reptiles to survive extremes of oxygen availability derives from a number of adaptations such as: (i) profound metabolic suppression, (ii) tolerance of ionic and pH disturbances and (iii) other mechanisms involved to avoid problems that may be encountered during re-oxygenation. For long-term anoxic survival, enhanced storage of glycogen in critical tissues is necessary. The diversity of body morphologies and habitats, and the utilization of dormancy have resulted in a broad array of adaptations to hypoxia in lower vertebrates. 

4.8      Energy flow in the environment

The source of all food is the activity of autotrophs, mainly photosynthesis by plants. They are called producers because they can only manufacture food from inorganic raw materials. This food is consumed by herbivores (primary consumers). Carnivores that consume herbivores are “secondary consumers”. Carnivores feeding on other carnivores are tertiary consumers. This path of food consumption is a “food chain”. Each level of consumption in any food chain is “a trophic level”. Most food chains are interconnected. Animals consume a variety of diets and, in turn, serve as food for several other creatures that prey on them. These interconnections create food webs. The analysis of energy flow through a river ecosystem (in kcal/m2/yr has shown that at each trophic level: Net production is only a fraction of gross production because the organisms must expend energy to stay alive. The difference between gross and net production is greater for animals than for the producers - reflecting greater activity of the animals. Much of the energy stored in net production was lost to the system by decay and by being carried downstream. There are substantial losses in net production as energy passes from one trophic level to the next. The ratio of net production at one level to net production at the next higher level is called the “conversion efficiency”. Usually 10% is used as the average conversion efficiency from producers to primary consumers. In animal husbandry this value often exceeds 10%. Conversion efficiencies from primary consumers to secondary consumers (herbivores to carnivores) tend to be much lower, averaging about 1%. In this ecosystem, all the gross production of the producers ultimately disappear in respiration and downstream export and decay. So energy storage from one year to the next cannot be expected. At each link in a food chain, a substantial portion of the sun's energy - originally trapped by a photosynthesizing autotroph -is dissipated back to the environment (ultimately as heat). Thus it follows that the total amount of energy stored in the bodies of a given population depends on its trophic level.The total amount of energy in a population of toads must necessarily be far less than that in the insects on which they feed. The insects, in turn, have only a fraction of the energy stored in the plants on which they feed. This decrease in the total available energy at each higher trophic level is called “the pyramid of energy”. However, fat-soluble pesticides like DDT, are not normally dissipated back to the environment. So, as they pass from one trophic level to the next, their concentration in living tissue actually increase. 
4.9
Energy from glucose

Glycolysis and respiration use energy of the glucose molecule to manufacture ATP, the most widely used energy molecule of the cell which is also highly energetic. Nucleotides are used to manufacture ribonucleotic acid (RNA). All nucleotides used to make RNA and DNA are full of energy. Most of their energy is stored in the two bonds between their two terminal phosphates. While these nucleotides have different types of ribose sugar and nitrogenous bases, they all have the two terminal phosphate groups, and all will have equivalent energies. It takes energy to form all chemical bonds, and the breaking of these chemical bonds will release energy. The triphosphate nucleotides are special because the bonds between the phosphates take more energy to form (~8 kilocalories/mole) as compared to the bonds between the phosphate and the ribose (~5 kilocalories/mole). These high-energy bonds between the phosphates therefore, release more energy when they are broken. The energy released from ATP supplies the energy necessary to form or break chemical bonds in biochemical reactions. The energy released by the conversion of ATP to ADP is used in the manufacture of ATP during glycolysis. When the phosphates are cleaved from ATP, two other forms of the nucleotide are made; ADP and AMP. ADP is always inside cells. This is the ultimate use of recycling by the cell. Sometimes ATP, ADP and AMP molecules are completely degraded because they wear out. Cells contain many biochemical pathways and can rebuild new AMP molecules from scratch. AMP molecule can then be phosphorylated to form ADP and ATP. The cell however, prefers to conserve energy by dephosphorylation of ATP to ADP and AMP, and rephosphorylation of these back to ATP. 

4.10
Energy metabolism

Fish brain is isolated from the systemic circulation by a blood-brain barrier that allows the transport of glucose monocarboxylates and amino acids. Available information suggests that oxidation of exogenous glucose and oxidative phosphorylation provide most of the ATP required for brain function in teleost, whereas oxidation of ketones and amino acid occurs preferentially in elasmobranches. In several agnathans and benthic teleosts, brain glycogen levels rather than exogenous glucose may be the proximate glucose source for oxidation. When glucose is in limited supply teleost brains utilize other fuels such as lactate or ketones. Information on use of lipids and amino acids as fuels in fish brain is scarce. The main pathways of brain energy metabolism are changed by several effectors. Thus several parameters of brain energy metabolism have been demonstrated to change post-prandially in teleostean fishes. The absence of food in teleosts elicits profound changes in brain energy metabolism (increased glycogenolysis and use of ketones) in a way similar to that demonstrated in mammals though delayed in time. Environmental factors induce changes in energy parameters in teleosts such as the enhancement of glycogenolysis elicited by pollutants, increased capacity for anaerobic glycolysis under hypoxia/anoxia or changes in substrate utilization elicited by adaptation to cold.  

4.11
Energy transformations 

Growth, energy content, ingestion and respiration rates as well as energetic efficiencies may be of special interest to some researchers. Larvae of some species accumulate energetic reserves in the tissues and such reserves are used during metamorphosis. Ingestion and respiration rates may differ among species. Larvae may show an allometric relationship between respiration rate and biomass. Energetic efficiencies may denote different metabolic patterns in each species. Energy used for growth may increase progressively during the larval (pelagic) period. In some species, energy allocated to growth may be greater than that allocated to metabolic processes. Conversely, other species may invest less energy in growth than in metabolic processes and display a constant energy allocation over a given period.  Note that young growing animals require more energy per unit weight for maintenance than mature animals, but reproduction increases the energy needs of mature animals. 

4.12
Energy allocation

Growth and maturation are processes that are tuned to the external environment that an individual is likely to experience, where food availability, the mortality regime, and events necessary to complete the life cycle are of special importance. Understanding what influences life history strategies and how changes in life history in turn influence population dynamics and ecological interactions are crucial to our understanding of marine ecology and contemporary anthropogenic induced change. Energy can be allocated to growth or reproduction and depends on the individual's age, body length, stored energy and the state of the environment. Allocation and the physiological processes of growth, energy storage, and reproduction are modelled mechanistically. Growth and maturation predicted by the model fit well with field observations, and based on a further investigation of cod reproduction in the model, it can be concluded that the model has the ability to recapture complex life history phenomena, e.g., indeterminate growth and skipped spawning, and therefore provides an important tool that can improve our understanding of life history strategies in fish. The relationship between somatic stage and gonad cycle was investigated. Condition, nutrition and somatic energy cycles could be divided into two distinct periods. Gonad development took place from the end of the winter into the summer, the testes developed before the ovaries. 

4.13
Energy allocation to growth and reproduction

An increase in ovary size results largely from an allocation of tissue of low energy density. Fecundity and gonad size tend to be correlated with somatic and gonadal energy density. A bioenergetics model can be  used to describe the monthly allocations of energy to respiration, growth, excretion, and reproduction. Energy acquired in the fish may be critical for determining maturation, fecundity, and egg quality.
4.14
Energy distribution in relation to feeding level

Basal or standard metabolism in fish is relatively constant under constant environmental conditions. It can change with changes in temperature and fish size among other factors. The energy expended on voluntary activity usually increases somewhat with increasing feeding level. Starved fish are less active than well-fed fish but there is always some expenditure of energy for activity. The heat of nutrient metabolism is proportional to the level of feeding. The energy excreted in urine and gill excretions is also a function of feeding level. The amount remaining for growth is zero at maintenance feeding and becomes proportionately greater as feeding level is increased, until it is balanced by the decreased efficiency, of digestion.
4.15
Energy losses

Energy is lost from the body of a fish in the faeces, urine, gill excretions and as heat. Also small amounts are lost from external body surface. The energy lost as heat comes from three sources which are difficult to measure separately. These are: (a) standard metabolism (SM), which is the energy required to keep the animal alive and is similar to basal metabolism measured in humans. Since it is difficult to obtain a "motionless" animal, the definition of basal metabolism is not applicable to fish. When a fish is restrained to a motionless condition it struggles to free itself and uses more energy than if allowed to swim freely in still water. SM is the minimum heat production of an undisturbed fish in the "post absorptive" state in still water; (b) voluntary physical activity, which is the energy expended by a fish moving about, seeking food, maintaining position, etc.; (c) heat of nutrient metabolism, also called heat increment or specific dynamic action (SDA), which is the heat released by the many chemical reactions associated with the processing of ingested feed. It includes the energy expended in digestion, absorption, transportation, and anabolic activities, as well as the cost of excretion of waste products.

Learning activities

(i). Students will assemble different forms of nutrient utilization formulae commonly used in aquaculture; (ii) They will review examples of energy flow in the aquatic ecosystems using; (iii) They will also prepare and give Power point presentations on energy flow in fish and aquatic environment.

SUMMARY OF TOPIC
We have seen that Solar energy is the main source of energy for all life on Earth. This energy comes in different forms: potential, mechanical, electrical and chemical. Energy can also be transformed from one  form to another. Dietary energy is derived from three sources: carbohydrates, proteins and lipids. Once this energy has been ingested by fish, it contains gross energy (IE or GE). It then  undergoes changes in the body. Approximately 30% of the original energy from the diet will be used by the fish for its somatic and reproductive growth. The rest 
will be used for anabolic and catabolic activities (metabolism), and will also be wasted. The food is made ready for absorption or assimilation after digestion. Carbohydrates are broken down into glucose, fructose and glycogen which will then be mobilized later for energy. Proteins are broken down into amino acids, while lipids are broken down into fatty acids and glycerol. These components are used later as energy sources. Lipids produce much more energy than carbohydrates and proteins. Fishes use protein mainly for growth, but when non-protein energy is unavailable in the diet, the fish will use protein as an energy source. This is wasteful since energy from protein should specifically be used for protein synthesis or growth. Proteins made up of essential amino acids are more important in the nutrition of fish and mammals since such amino acids will promote fast growth. If fish diets are full of energy from carbohydrates, the fish will accumulate a lot of fat in the carcass, and this may lower the quality and storage life of the product. Energy requirements of fish are variable, but such energy should be adequate for growth and reproduction. Energy is also used for various activities including swimming. In the management of captive fishes, it is necessary to minimize their handling to avoid stress. Continuous swimming tends to excite the fish and cause stress. Several factors influence energy needs of fish. Maintenance energy is basal, as it is used for respiration (movement of muscles that operate opercula in the breathing process), heart-beat which moves blood from the respiratory (gill) area to the body and back; movement of blood through the capillaries which must  become constricted and dilated in the process of contraction and expansion, respectively. Fishes also face problems of energy losses due to osmotic regulation, or iono-osmotic regulation. Growth of fish is a strong evidence of adequate feed energy supply to the fish. Energy wastage is also inevitable through fecal and urinary losses. The amount of dietary energy ingested by fish will depend on the feeding level as well as feed efficiency. Elimination and losses of energy are therefore, expected in fish and other animals. Energy flow is in two forms: through fish and the environment. Both forms of energy flow are of biological significance to humans, energy transformations in the body and efficiencies of energy conversion in the environment will result in variable quantities of matter produced which then bec0omes food or sources of energy. Ingested energy can also be deposition or retained. This means that unused energy can be stored by fish in the form of fat in adipose tissue, visceral organs and liver for future use. Extra energy can also be stored in various forms such as glycogen.
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Topic 5:
     Efficiency of energy utilization and retention

Learning Outcomes

By the end of this topic, you will be able to:

1. Synthesize requirements, functions, utilization, distribution and deposition of carbohydrates, proteins and lipids in fish, and how you can manipulate these nutrient sources in aquaculture. 

2. Describe various uses of energy during swimming in a shoal, holding position in running water, energy wastage for aggressive activities, use during aging and for the development of larvae. 
3. Explain how male and female fish use energy for reproduction/spawning and how they share this energy with their progeny at fetal stage of development. 

4. Descibe how fishes prioritize use of their dietary energy where feed resources are limiting.
Key Terms: 

Energy requirements, energy allocation, growth, swimming, spawning, osmoregulation, energy utilization, fish larvae,  energy deposition, energy storage.
5.1
Introduction

Life exists in a thermodynamically-unstable state. In common with all other organisms, fishes need energy for maintenance, swimming, growth, activity (other than swimming), and reproduction. When the diet provides less energy to fish than is needed to sustain life processes and support voluntary activities, body tissues will be catabolized in addition to the diet. Physical activity and thermoregulation increase energy requirements. These energy requirements are influenced by: (i) the stage of the life cycle, (ii) season and (iii) the environment. Young, active and growing animals require more energy per unit weight for maintenance than mature animals. Reproduction increases the energy needs of mature animals. Temperature plays an important role in influencing the fuel required to maintain body temperature in homeotherms (mammals and other land animals), but has an even greater influence in poikilotherms (ectotherms) in which the rate of metabolism can change many times in response to changes in ambient water temperatures. Under this scenario, humans should develop and adopt appropriate strategies designed to increase the efficiency of energy utilization and retention in aquaculture species.

5.2
Functions and utilization of energy

Dietary energy is used for: (i) swimming, (ii) voluntary activity, (iii) secretion of products by glands;(iv) maintenance of membrane potentials by nerves and muscle fibres, (v) synthesis of substances in the cells, and (vi) facilitating the absorption of food from the gastrointestinal tract. In fish, energy metabolism is similar to that in mammals and birds, with the following exceptions: (i) the energy cost for maintenance and voluntary activity is lower for fish than it is for warm blooded land animals; (ii) in most fish (with few exceptions) there is no regulatory mechanism that maintains a fixed body temperature; (iii) ammonia is the principal end product of protein metabolism, in contrast to urea and uric acid in terrestrial homeotherms, and (iv) ammonia excretion requires less energy than it does in homeothermic land animals. Most of the digestible energy (DE) is utilized for maintenance and some is retained as growth (RE). About 15-25% of DE in a balanced diet is lost as nitrogen excretion through gills (respiratory area), kidney (UE) and as heat increment (HiE). You should consider these losses when formulating fish diets. Use of a high level of protein in the diets (as an energy source), will be followed by higher nitrogen losses as ammonia. Heat energy is also lost through deamination of amino acids to ammonia. Metabolizable energy (ME) and net energy (NE) values of diets are influenced by: (i) the balance of amino acids, (ii) water temperature, (iii) metabolic rate, (iv) the animal’s physiological state, and (v) feedingenous urinary energy losses (UeE).  These losses may represent over 20% of non-faecal loss (ZEg levels above maintenance requirement. Dietary losses have also been in the form of endo +UE), but is 1% of ME.  Most fish use protein as a source of maintenance energy, so aquaculturists should manipulate the dietary protein: energy (P:E) ratios to maximize feed utilization and fish growth. Most of this energy should come from non-protein sources to spare protein for growth. ME values of diets can be measured or determined by measuring catabolized amino acids or nitrogenous losses through the kidney and gills. When nitrogen passes across the gut wall, it is transported through the circulatory system to target organs. Ammonia plus heat that is produced may account for about 55 to 85% of the total nitrogen excreted by fish. In most freshwater teleosts (including Labeo or Tilapia species), urea seems to be the second major nitrogenous catabolite (5-15% of total N). ME and NE of fish diets are mainly influenced by dietary digestible protein and energy balance. Apparent digestibility of nutrients is used to evaluate the nutritional quality of feed ingredients for fish diets. In contrast, ME or better NE, should be used to evaluate the productivity of complete diets. Acceptability of the quality of the edible portion of the final product will, to some extent, depend on gustatory and socio-cultural needs of customers. When fishes have been starved for an extended period of time, there is a decline in the lipid content of the carcass, with a corresponding increase in body water, especially at high temperature.  Liver glycogen appears to be the most readily utilized energy source. Lipid initially provides the energy, after which protein is mobilized to save further lipid losses. The choice of energy source (made by the fish) may depend on temperature to which the fish have been exposed, and on the actual period of starvation. Fish may tolerate low temperature because of the high fat content and high glycogen stores (hyperglycemia) in the carcass. When hepatic glycogen stores have been exhausted, fishes can turn to other organs in the body to generate glucose.

5.3
Energy requirements and supply 

Energy needs of fasting depend on water temperature. The estimated maintenance energy requirements of fish are about 10- to 20-fold lower than those of terrestrial vertebrates. Under negative N-balance or maintenance conditions, body protein oxidation accounts for a greater part of the energy supply in fish than in higher animals. While the apparent digestibility coefficients of protein and fat from most commonly used feed ingredients are high, those of carbohydrates vary widely.  Due to  relatively high contribution of protein and amino acids as preferential energy substrates in fish, much attention is paid to the digestible protein to digestible energy (DP/DE) ratios. Note that precise and optimal values (ratios) are not available for all aquaculture species.  
5.4 
Priorities in energy allocation
Energy needs of fish for maintenance and voluntary activity should be met first before those for growth. Fish will use dietary protein for energy when the diet is deficient in energy in relation to protein. When there is limited energy intake, the little energy consumed will first be used for breathing.  Secondly, it will be used for digestion. Thirdly, the energy will be used for swimming to capture food. Fourthly, the remaining energy will be used for reproduction and growth. When fish are fed for maximum growth rate, a diet containing excess energy can prevent the intake of the necessary protein and other nutrients since fishes like mammals and birds eat to satisfy their energy requirements. Caloric density appears to regulate food consumption. Fish tend to eat more of a low energy diet. Since fishes eat to satisfy their energy requirements, they will also stop eating when their energy needs are fully met. Excess dietary energy derived from fat will produce fatty fish. Deposition of large quantities of body fat in fish may be undesirable because: (i) some consumers will reject it; (ii) it reduces the dress-out yield, and (iii) shortens the shelf-life of frozen fish.  Successful fish feeds should contain from 4-18% fat. The gross conversion efficiency of fat as measured by gain in fish weight plus use of energy is about 90%. Lipids are required by fish as a source of dietary energy and for building body tissues. Dietary lipids are almost completely digested by fish, but very high levels of dietary lipid are not desired by fish. Growth of fish may decrease when fishes feed on diets containing fat in excess of 17%.

5.5
Hierachy of energy allocation

The hierarchy of energy allocation is an important component of the modeling approach. In this hierarchy of energy allocation, consumed energy is: First allocated to catabolic processes (maintenance and activity metabolism), then to waste losses (feces, urine and specific dynamic action), and the left over is then allocated to somatic storage (body growth and gonad development). This hierarchy is similar to practical economics, where: The first set of costs paid 
are those for rent or mortgage (metabolism) that sustain the organism. The second set of costs (waste losses) are like taxes, which are proportional to income (food consumption) and must be paid. The energy resource that remains may then be allocated to savings (growth) or invested in the next generation (gonad development). In an ecological or evolutionary context, it is easy to imagine the selection for behaviors that maximize benefits (growth rate or gonad development) and minimize costs. Like an account balance, a record of growth reveals how well the organism has resolved the complexities of its environment.
5.6
Energy allocation over reproduction and somatic growth 
Somatic growth of fish peaks during certain months of the year. So, processes of somatic growth and the building up of energy reserves for gonad growth take place simultaneously. The energy reserves accumulated before spawning are known to be positively correlated with somatic growth, but a two-fold increase in somatic growth results in an increase in energy reserves of less than 10%.   
5.7
 Maintenance energy

Fishes and other organisms need energy for their maintenance. All energy lost due to standard metabolism, heat of nutrient metabolism and physical activity appears as heat. Fish need energy for maintenance for (i) heart beat, (ii) swimming movements, (iii) muscular movement, (iv) blood flow, (iv) movement of enzymes and hormones, (v) feeding activities, (vi) excretion of metabolites,(vii)  excretion or absorption of mineral elements in osmoregulation, and (viii) movements of gases. 
5.7.1
Determination of maintenance energy

The maintenance energy requirement can be determined or estimated by: (i) measuring heat produced, using a calorimeter; (ii) measuring oxygen consumption. In the secThe factor commonly used in the conversion of oxygen consumption to energy is 3.42 kcal/mg O2/kcal. This factor is largely an extrapolation of data for mammals and has not been directly measured in fish. The heat equivalent of oxygen also varies with the type of substrate being oxidized; and (iii) by measuring energy loss during starvation. 

5.8
Energetics of swimming 

Swimming is energetically expensive to fish.  In pelagic fishes, the energetic cost of swimming at 13.5 cm All potential sources of energy (lipid, carbohydrate and protein) are utilized, but lipid is the most energetically important across the species. You should therefore expect the lipid levels to decrease significantly after the fish have swam for a lomg distamce. 
5.9
Energy depletion, fuel source and fish size 

The decrease and relative percentage of energy lost in the form of lipid will be greater than for 
carbohydrate and protein. The greatest decrease in energy stores is normally found in the heaviest species which swim for the longest duration. The lighter species which swim for shorter time periods show comparatively little change in energy reserves after swimming. Initial levels of energy reserves correlate with distance swum and are greater in heavier species.

5.10
Energy expenditure during spawning
Spawning activity is an energy-demanding process in fishes. The fish spend their significant body energy during the spawning period, and as a consequence, they also lose their condition soon after spawning. The fish arrive at their spawning grounds with lower body energy densities. It is observed that male and female energy densities are about identical, but differences between male and female fish may exist. For fish that die after spawning, they  do so when their energy densities are lowest. Lower energy densities of fish at the time of their death clearly connote losses of body energy during the spawning activities. Moisture levels generally increase in body tissues during the spawning life, mostly in female gonads. This is because lipid levels have been reduced. Body lipid and body water have an inverse relationship. Holding behaviour in running water also constitutes a dominant component of the activity schedule and energy budget of both sexes. After holding, the most energetically expensive behaviours of fish include: nest digging by females and aggressive displays by males. Basically, dominant males expend most of their energy on breeding behaviour each day, as indexed by higher oxygen consumption than that of female fish. Fish that frequently swim up and down in a water body  should be expected to expend more energy than sedentary individuals. This diurnal vertical migration is what drains energy intended for somatic growth. 
5.11
Secondary sexual characters and cost of reproduction

In some fish species that switch habitats in their life, changes in egg development have also been observed. Between freshwater entry and the start of spawning, fish ovaries increase in mass, and secondary sexual characters also increase in linear dimension. Between the start of spawning and death, secondary sexual characters decrease in relative size. Mass-specific somatic energy declines from freshwater entry to the start of spawning in terms of fat and proteins, and finally to death.  Stored fat is used primarily for upriver migration and egg production. Stored protein is used primarily for the development of secondary sexual characters and metabolism during spawning. Most development of secondary sexual characters occurs late in maturation. In fishes such as salmon, total energy cost of reproduction (in freshwater entry until death (including gonad investment) is higher for females and lower for males. When we compare smaller virgin spawners of a stunted population with repeat spawners, one would expect higher specific energy content of the former than that of repeat spawners, indicating that once maturation has started, some fish such as trout do not completely recover from their first spawning. Males have higher amounts of total and specific energy after spawning compared with females. The greatest energy expenditures are recorded among spawning females, about twice the losses of male spawners. The loss in carcass protein and fat for the spawners is greater than the corresponding loss in visceral fat and protein. Survival rates may also parallel the amounts of energy expended in reproduction.
5.12
Energetic cost of spawning in male and female fish

Fishes experience changes in their body energy densities after spawning. Energetic expenditure during spawning of male and female fish such as salmon reveals that energy loss of male soma is higher than that of females. This is a result of higher loss of fat in males than in females. Total energy cost of spawning in males and females is almost the same, suggesting that male and female fish may not differ significantly in their total energy costs of spawning.  Although eggs produced by the female fish represent a large energetic investment, this should not be taken to imply that the overall reproductive costs are greater in females than in males. In addition to the costs of gamete development, there may be additional energetic costs associated with: migration from feeding to breeding sites, defence of breeding sites, preparation of a nest, courtship, guarding of mates, the act of mating, shedding of gametes, and parental care. It is usually males that engage most actively in in courtship and breeding-territory defence. Overall energetic investment in reproduction may therefore not differ to any great extent between the sexes. Some female fish may lose more weight during the spawning season than males. The males may also lose more fat than females. In females, about half  of the energy lost may be from shedding of gametes and the rest from metabolism of somatic tissue reserves. In the male, much higher percebtage of the energy lost may be due to metabolism of somatic tissue and very little due to the shedding of gametes. So, greater energetic costs in females will be related to gamete production while the greatest cost for males appear to be related to engaging in various reproductive costs from part of metabolism rather than the production component. Fishes may also differ in ways they share breeding responsibilities particularly during the incubation of fertilized ova. In some species, the males starve as they mouthbrood the eggs, while females become more active than males in courtship and in attacks against conspecific intruders that may invade their spawning territory. The deterioration of somatic condition is more severe in females, suggesting that the overall energetic costs are larger for females. Selective mortality of females could primarily be due to depletion of their energy reserves. The increased mortality in females is also a possible mechanism for the male-biased operational sex ratio which may provide the potential for sexual selection on males.

5.13
Energetics of feeding, reproduction and spawning migration

There is adequate evidence which supports the fact that body energy reserves are replenished during the feeding period.  For example, energy reserves may be abundant during the feeding season, but most of the energy reserves are expended during migration. The reserves become almost exhausted during the active spawning season. 
5. 14
High-energy/low-protein diets: effects on growth, nutrient retention and slaughter quality

In fish, proximate composition of fish carcasses do change following feeding. The diet containing the lowest protein can also have the highest fat content. Deamination requires 
expenditure of energy intended for growth. Slaughter quality (measured as dress-out percentage), drops as the protein content of the diets decreases, suggesting that the drop in slaughter quality (as the dietary protein levels decreased) could suggest that a progressive increase in fat content can also promote carcass fat which reduces the quality of the fillet. 

5.15
Energetics of aging

The “disposable soma theory” suggests that aging occurs because natural selection favours a strategy in which fewer resources are invested in somatic maintenance than are necessary for indefinite survival.  One hypothesis that seems to be in disagreement with this theory is that an adaptive response involves a shift of resources during short periods of famine away from reproduction and toward increased somatic maintenance. The potential benefit is that the animal gains an increased chance of survival with a reduced intrinsic rate of senescence, thereby permitting reproductive value to be preserved when the famine is over. Individuals are assumed to allocate the available resources to maximize the total number of descendants.  

5.16        Fish positioning behaviour in shoals: a cost–benefit analysis
In a shoal, not all fish have equal access to energy from the environment. Shoal position can have a strong influence on individual fitness. Individuals in front positions of shoals have higher feeding rates than individuals elsewhere. Hungry individuals have a stronger preference for front positions, and the duration of food-deprivation is positively correlated with the degree of position preference. On the other hand, front positions (like other peripheral positions) probably incur costs in terms of increased predation risks. Frightened individuals seek the central part of the shoal, indicating that individuals rotate their shoal positions according to the trade-off between energy intake and predation risk. What this suggests is that frequent switching of shoal positions can drain energy reserves, especially if fish in front of the shoal decide to swim backwards to occupy a central position. Such fish would cover certain short distances, within the shoal, more than once. The mode of swimming activity will also dictate the amount of energy that such fish will expend. If the fish use burst swimming to avoid predation near the shoal front, they will swim rapidly, and this will use anaerobic metabolism which will also incur higher energetic costs than those supplied by aerobic metabolism.  The immediate energy needs for short bursts of muscular activity are met from creatine phosphate (high energy phosphate compounds) which are exhausted quickly. 

5.17
Energetics of fish larvae

In fish larvae, the following would be of special interest for you to understand their energetics: (i) aerobic and anaerobic energy metabolism; (ii) compensatory strategies of metabolism; (iii) growth; (iv) metabolic scaling; (v) mitochondrial density; (vi) mitochondrial capacity; (vii) muscle development; (viii) temperature effects; (ix) oxygen content; and (x) oxygen debt. Note that studies on energetics and physiological problems are very much linked to small body size. In swimming muscles, maximum metabolic rate is also limited by the mitochondrial density. From larva to adult, mitochondrial density in the swimming muscles of a species of fish covers about the same range as mitochondrial density in the skeletal muscles of mammals. The aerobic capacity of mitochondria is however, one order of magnitude lower in fish than it is in mammals.  Energy metabolism in embryos and early larvae of fish is almost entirely aerobic. Anaerobic power in the fast muscle fibres is low after hatching, but this will increase during the transition from larva to Juvenile size. 
5.18
Energy utilization by fish in freshwater and seawater
Differences do exist in energy utilization by fish in freshwater (FW) and seawater (SW). Fish can be acclimated (acclimatized) to SW following a transfer from FW. After such a transfer to SW, the Na+-K+-ATPase activity is maintained for some time at higher levels than in FW. Details of isosmotic, hypotonic and hypertonic status of fishes are shown elsewhere in this document. 
5.19
Energy from carbohydrates

Carbohydrates are the cheapest and most abundant source of energy for animals. In feed material, they range from easily digested sugars to complex cellulose molecules which cannot be digested by fish. Digestible carbohydrate can be well utilized as an energy source if it is kept in proper balance with other nutrients. ME values of carbohydrates for fish range from near 0 for cellulose to more than 3 kcal/g for easily digested sugars. ME values for raw starch is within the above values. Cooking of starch increases its ME. The value of carbohydrate in fish diets depends on: source, type of carbohydrate and processing to which it has been subjected.

5.20
Energy from proteins

Protein has several functions: (i) production of haemoglobin in the blood, (ii) formation of anti-bodies that fight infection; (iii) supply of nitrogen for DNA and RNA genetic material;(iv) supply of energy and (v) is necessary in nutrition because it contains amino acids. Proteins of animal origin have the highest biological value (BV) because they contain a greater amount of essential amino acids. Examples of foods with the best quality protein are listed in the order of their diminishing quality as follows: whole eggs > milk > soybeans > meats > vegetables > grains. In nature, carnivorous fish consume diets that contain about 50 percent protein. Fish have a very efficient system for excretion of waste nitrogen from protein which is catabolized for energy 
and therefore, high protein diets are not harmful. Protein is often the most expensive source of energy in manufactured diets, so it should be kept to a minimum, as long as this is consistent with good growth and feed conversion. In general, proteins from animal sources are more digestible than those originating from plants. 
5.21
Growth and energy retention 

Retention of dietary energy and deposition of new tissue will result in increased weight of fish. Weight gain of young fish is usually a reliable indicator of adequate nutrition and efficient 
management. The rate of weight gain is however, not a quantitative measure of energy retention, because: (i) deposition of fat reduces the water content of the body, and this changes the energy value per unit weight of the living animal, (ii) the energy contents of fat and protein are different. Fat is normally deposited in adipose tissue in association with relatively little water. This results in a higher heat of combustion for fish adipose tissue, than that of deposited protein. Protein, on the other hand, is deposited in viscera and muscle, usually in association with a great deal of water. This then results in much less heat of combustion for fish muscle tissue than that of deposited fat. Reproduction involves the synthesis and temporary storage of new material which is formed regardless of the level of dietary energy intake. The necessary energy is withdrawn from other body tissues if the dietary supply is insufficient. Therefore, the redistribution of tissue energy in the fish during the breeding season can affect the measurement of energy balance. In actively-growing fishes, part of the retained energy is stored as protein and part as fat. When the animal is approaching its mature size, an increasing proportion of retained energy will be stored as fat. The relative importance of protein and fat deposition depends on the following factors, in addition to maturity of the animal
(i) The balance of the available amino acids of dietary protein
(ii) The amount by which the dietary energy intake exceeds the energy expended as heat are two main factors.
(iii) Proteins of higher biological value will promote greater protein deposition than those of low value.
(iv) Marginal excess of energy intake over protein expended as heat will result in deposition of a large proportion of retained energy as protein.
(v) As excess energy intake increases, the total amount of protein deposited also increases, but the proportion of energy retained as fat increases at an even faster rate.
(vi) Increased energy intake will lead to an increase in the amount of energy retained as fat.
(vii) In terms of diet composition, an increase in digestible fat level will result in increased energy retention.
(viii) Energy expended in swimming reduces that which can be retained as new body tissue.
(ix) Energy expended in swimming can exceed the dietary energy intake, so the balance would be supplied by mobilization of body tissue reserves.
(x) During migration, energy reserves that accumulate may be depleted when fishes migrate to spawning grounds without feeding.
(xi) Use of metabolic energy also influences the energy taken in as food by the fish. When such energy is not dissipated as heat, it is retained by the body as new tissue. 

(xii) In growing animals, part of the retained energy is stored as protein and part as fat.
(xiii) Proteins of higher biological value promote greater protein deposition than those of low value, and

(xiv) Temperature influences energy retention. Increasing the water temperature increases energy retenstion. The composition of the diet also influences energy retention. Increasing digestible fat levels results in increased energy retention. 

5.22
Lipids and their utilization
Fats contain more energy per unit weight than any other biological product. Generally, fats are well digested and utilized by fish. It is usually estimated that fat provides 8.5 kcal metabolizable energy (ME) per gram. Evidence shows that high levels of short chain fatty acids can depress growth, but this is seldom a problem in aquaculture. Natural diets may contain as much as 50 percent fat. High levels of fat can also be used in manufactured feeds, if other nutrients are adequate. Fats can be produced from: (i) amino acids, (ii) glucose, (iii) glycerol and (iv) free fatty acids. They (the fats): (i) make up part of the structure of cells;(ii) form a protective cushion and heat insulation around vital organs; (iii) carry fat soluble vitamins, and (iv) provide a reserve storage for energy. Dietary lipids serve as carriers for absorption of other nutrients including fat-soluble vitamins and pigments for flesh coloration. Three unsaturated and essential fatty acids include: (i) linoleic acid (2 double bonds); (ii) linolenic acid (3 double bonds), and (iii) arachidonic acid (4 double bonds). Saturated fats, along with cholesterol, are implicated in the hardening of the arteries (arteriosclerosis). The diet should have low levels of animal fat which is saturated, and high levels of vegetable fat which is unsaturated. Of the major nutrients, lipids are the group most easily digested and metabolized.  Long-chain polyunsaturated fats (PUFA) are necessary for carnivorous fish. 
5.23
Changes in energy requirements with temperature 

Since fish are ectothermic animals, an increase in water temperature will lead to an increase in their body temperature. This increases rates of metabolic reactions in the body. The magnitude 
of change and the range over which this occurs are important factors. The maintenance food requirement increases nearly three-fold as water temperature rises from 20o C to 24o C. In carp (koi), the maintenance energy requirement is reported to have doubled when water temperature was increased from 10o C to 20oC.

5.24
Energy distribution and feeding level 

Basal or standard metabolism in fish is relatively constant under constant environmental conditions. It can change with changes in temperature and fish size among other factors. The 
energy expended on voluntary activity usually increases somewhat with increasing feeding level. Starved fish are less active than well-fed fish but there is always some expenditure of energy for activity. The heat of nutrient metabolism is proportional to the level of feeding. 
5.25
Carbohydrate utilization

There is some variation in the utilization of carbohydrates among fishes. Warm water fishes use more carbohydrate than marine and cold-water fishes. Fish tolerate lower levels of carbohydrates in the diet for better and efficient growth than omnivorous mammals, and omnivorous or herbivorous fish. Incorporation of carbohydrates in fish diets may be necessary to prevent fishes from catabolizing protein as an energy source. Some enzymes for carbohydrate digestion have been identified in fish, as these provide the main catalyst forces for metabolism of carbohydrate. 
5.26
Energy deposition and storage

In fish, lipid deposition may be translated into energy deposition. The types of fish body lipids (fatty acids) have been shown to be derived from dietary lipids (fatty acids). For example, the fatty acid compositions of body lipids in fish tend to reflect dietary input.  
Learning Activities:

1. Students will measure energy densities of different fish taxa at various levels of voluntary activity, reproductive stage, and ontogenetic sizes in the laboratory, using a bomb calorimeter. 

2. They will run other supervised indoor experiments so they can comprehend some of the study areas covered during lecture periods. This will increase their practical skills.

3. They will compare energy densities of fish larvae, fry and fingerlings of different aquaculture species.  In addition, they will be given assignments.
SUMMARY OF TOPIC
Dietary energy is an important component in fish bioenergetics. It has widely been reported 
that energy density regulates food consumption. Fish therefore, tend to eat for energy and will stop eating when their energy needs have been met. Energy requirements of fish are generally lower than those of homeothermic animals (mammals) because of a number of factors. Fishes do not have to use energy to regulate their body temperature. Fat produces more energy per gram than carbohydrates or proteins. In cases where energy needs are inadequate for movement (swimming), the fish is expected, at least, to have access to maintenance energy for their basic life sustaining activities such as: anabolism, catabolism, respiration, heart beat, blood flow, enzymatic activities, fin movements for the fish to hold position in water and hormonal functions. There are changes in energy requirements with temperature. Not all the 
gross energy ingested by fish will be utillized. Energy losses through feces, urine, activity and other metabolites are expected. The functions of absorbed amino acids, following protein ingestion, digestion and asimmilation, are to produce and repair body tissue and increase energy for several energy-demanding functions. Changes in the content of protein which are affected by protein synthesis and degradation are continuous processes in metabolism. Nutrient utilization by fishes tends to vary with species and environmental factors. In metabolism of carbohydrates, proteins and lipids, the liver has several key metabolic and physiological functions. Various fish taxa differ in their carbohydrate utilization. Glucose is an important fuel in the physiology of fishes, as they need it for normal functioning of their body systems. If produced in excess of immediate requirements, glucose is stored in the liver as glycogen. When body glucose reserves are depleted, the liver will then convert glycogen into glucose. Without this glycogen storage capability, animals would have to consume glucose continuously just to maintain basal metabolic functions of their bodies. In protein utilization, deamination of amino acids is at times required especially when these amino acids are in excess of immediate requirements. Deamination usually results in high concentrations of ammonia as a metabolite, which must be excreted quickly by the fish.
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Topic 6:      Impact of starvation or feed deprivation on body nutrient concentration and metabolism 

Learning Outcomes

By the end of this topic, you will be able to:

1. Understand the mechanisms of body nutrient depletion following feed deprivation.
2. Explain how fasting affects erythrocytes, body glycogen and flesh quality.
3. Describe effects of starvation on body composition and specific nutrient depletions.
4. Elaborate the impacts of starvation/fasting or feed deprivation on metabolic rates of fish.
5. Identify the sequence of the severity of impacts of starvation on specific body organs of fish.
Key Terms: 

Feeding; Melatonin; feed deprivation, fasting, nutrients, enzymes, starvation, ATP metabolism transgenic; Atlantic salmon; oxygen consumption; body composition; growth hormone;  Atlantic salmon; proteolytic activity, water temperature, growth, compensatory feeding regimen; hyperplasia, hypertrophy, liver nucleic-acid concentration, protein-turnover rate; rainbow trout, blood parameters; oxygen uptake, reserve utilization,  amino acid mobilization.

6.1
Introduction 

The real effects of fish starvation or feed deprivation depends on species and the starvation period. During the period that fishes are starved, lipid reserves are utilized first in the liver, and then muscles. A protracted starvation period results in increased muscle proteolytic activity, and amino acid mobilization. The amino acids that a fish mobilizes are derived from muscle proteins, and are channelled into vital organs for their utilization. For example, in some fish species such as carps, after starvation, nitrogen may diminish in the following order: intestine >kidney>liver> spleen>muscle. After a longer period of starvation, nitrogen loss is greater in muscle> spleen> kidney> liver> intestine.  Amino acid concentration in the liver, spleen, and kidney changes little. Energetic costs of synthesis are lower for ammonia than for urea and uric acid. Most bony fishes are incapable of synthesizing urea because they lack enzymes for this process, except fishes that inhabit soda lakes, at pH 10. Some air-breathing fishes and cartilaginous fishes also excrete urea. Since dissolved oxygen and temperature are inextricably linked, temperature regimes need to be carefully considered to ensure optimal growth of stock.

6.2
Restricted feeding regimens and compensatory weight gain

Fish on a restricted diet will weigh less than adequately-fed fish. Immediately following the 
period of feed deprivation, body fat in all restricted-fed fish will be lower than in non-starved fish. Within a few weeks on full-feeding, body fat increases in these fish. This demonstrates that fishes are capable of partially or completely recovering their weight gain and body composition from periods of limited feeding, but the basic condition is that they (the fish) should be subsequently re-fed to satiety.

6.3
Effects of feeding and fasting on metabolic rate

Feed has a significant effect on fish metabolism. The metabolic rate of fed fish is higher than that of fasted fish. Metabolic rates of freshly collected specimens of deep-living fish may also resemble those of laboratory-fasted fish.  Within a species, protein concentration and activities of some enzymes in white muscle, but not in brain, are higher in fed than in starved fish. These differences are species-specific. Decreases in enzyme activities in red muscle are smaller than those in white muscle. Muscle enzyme activities in the field-collected fish reflect adaptation to low oxygen level in the habitat of the adult fish. The low metabolic rate of deep-living fishes may also be due to: (i) reduced abundance of food in deep waters; (ii) low temperature expected in deep waters; (iii) low ambient oxygen concentration in this environment and (iv) the darkness, which are all depth-related. 
6.4
Compensatory growth of fish after starvation
Compensatory growth of fish is rapid or faster than normal growth rate of fish after re-feeding following  fasting period or under-nutrition. Compensatory growth has been reported in cold-water fish for both temperate and tropical fishes including hybrid tilapia.  Weight of fish decreases with period of starvation. Linear relationship between condition factor (CF) and hepatosomatic index (HSI) against week of starvation may also be found among the individuals of starved fish. Weight gain in fish starved for few weeks is generally higher than that of fish starved for a longer period. The poorest weight gain and specific growth rate (SGR) should be expected in fish starved for a longer period. Feed consumption of fish starved for a short period is significantly higher than that of fish starved for a longer period. Some juvenile fish have the ability to fully compensate for a short period of feed deprivation. 
Fishes can effectively compensate for losses of their growth during starvation by growing fast later, when feed becomes abundant again. Achieving compensatory growth of fish could have several advantages for aquaculture. These include: (i) saving feed and labor costs, (ii) reducing water pollution during starvation, (iii) improving feeding activity shortly after re-feeding, and 
(iv) improving efficiency of fish production.
6.5     Cave colonization without fasting capabilities

Subterranean animals have commonly evolved hypoactivity (low level activity), hypometabolism (low level metabolism) and the sequential use of energetic reserves to 
tolerate long fasting periods imposed by the low food levels found in subterranean environments. Some tropical caves are however, characterized by having a potentially high level of natural food. Despite drastic decreases in locomotory activity and oxygen consumption expected during fasting, hypogean fishes consume significantly more glycogen, triglycerides and proteins during the starvation period than epigean fishes. This lower fasting capacity of hypogean fishes is confirmed by the higher activation of their compensatory metabolic pathways (characterized by ketogenesis and gluconeogenesis). After the re-feeding period, cave fishes do not seem to recover from “food deprivation” stress. The important consideration here is that starvation adaptations are not necessary for cave life, but such fish life will be correlated to the “energetic state” of each ecosystem.
6.6
Effect of fasting on glycogen 

Fasting results in the depletion of glycogen stores in liver cells, and this stimulates gluconeogenesis from glycerol and amino acids. Glycogen synthetase is involved because it is responsible for the synthesis of glycogen. Glycogen phosphorylase is also involved because it is responsible for glycogen breakdown. During the same starvation period, acetyl CoA, formed by the breakdown of fatty acids, may produce ketone bodies which accumulate in the blood. 
6.7
Impact of food deprivation on erythropoiesis

When adult fish are subjected to long-term starvation, immature erythrocytes in peripheral blood show decreased erythropoiesis. From this observation, it becomes clear that a process of senescence takes place in pre-existent red blood cells, and that the cells are not replaced during starvation. After a longer starvation period, these fish will have a significantly reduced number of red blood cells. This may cause changes in hematocrit and blood indices. In addition, during the starvation period, the fish may show leukopenia (lymphocytopenia) and thrombocytopenia. After re-feeding however, the numbers of leukocytes and thrombocytes recover, but the red blood cell number will still remain low. There may be a significant increase in abnormal red cell nuclei.

6.8
Impacts of food deprivation

When fish are starved, hepatic reserves are mobilized. Perivisceral fat bodies are consumed gradually, being completely exhausted after a longer period of starvation. Length of starvation is associated with a significant decrease in oxygen uptake.  In spite of this reduction, the respiratory frequency is kept nearly constant during the starvation periods. Haematocrit and 
the number of red blood cells decrease after a longer starvation period. These parameters do not normally recover in re-fed fish (after a long starvation period). This hypometabolic state in response to food deprivation contributes to energy conservation during the same periods. We can suggest that some fish species may be capable of surviving food deprivation for periods of up to six months without reductions in their metabolism. Even after becoming hypometabolic 
(reduced metabolism), normal metabolic rates are rapidly restored when the fish are re-fed.
6.9
Impact of feed deprivation on body nutrient concentrations
Body fat is the major storage reserve that is utilized during the starvation period. Although the liver and gut are much depleted during the fasting period, they contribute only a small proportion of the metabolizable (ME) energy.  Gut atrophy leads to reductions in motor activity, but the ability of this organ to digest and absorb nutrients is hardly impaired. 
6.10
Feed deprivation, oxygen consumption, body composition of growth-enhanced  transgenic fish
During the greater period of food deprivation, transgenic fish have been shown to exhibit a greater rate of oxygen consumption, but exhibits a more rapid decline in oxygen consumption as starvation is in progress.  Transgenic fish deplete body protein, dry matter, lipid and energy at a faster rate than non-transgenic individuals. Transgenic fish also demonstrate the ability to reduce their metabolic rate during starvation. This may not be unique to transgenic fish however, because this is also observed in non-genetically modified control fish.

6.11
Effect of starvation on body composition and organs of fish

Effects of starvation (food deprivation or restricted feeding) have shown reductions in relative sizes of the liver and viscera. With food deprivation, lipid percentage decreases and the percentage of water increases in the eviscerated carcass. Following transfer from a restricted to a satiation feeding regime, the relative sizes of both liver and viscera increase to levels exceeding those of fish fed continuously to satiation. Except for the excess protein in the diet, or a certain weight of obligatory protein degradation each day, the body uses almost entirely carbohydrates or fats for energy as long as these are available. After several weeks of starvation however, when the quantity of stored fats begins to run out, amino acids of the blood begin to be rapidly deaminated and oxidized for energy. From this point on, the proteins of the tissues degrade rapidly, and the cellular functions deteriorate precipitously. While carbohydrate and fat utilization for energy occurs in preference to protein utilization in higher vertebrates, fish prefer protein as a source of energy, so diets should be formulated with a high non-protein energy source to spare protein for growth. In this case, carbohydrates and fats will spare protein. 
During starvation, the metabolism of nonfatty fish with limited reserves of lipid is supported to a significant extent by the degradation of proteins in white muscle. Many fish species therefore, 
experience these body composition changes or nutrient depletions in their bodies during certain times of the year. They thus resort to mobilizing their body constituents as fuel, and this is what helps them to survive. Fishes are however, able to withstand long periods of food deprivation, but such a period is normally reduced by high temperature. Lower temperature 
helps the fish to withstand much longer periods without food.

6.12
Effects of starvation and salinity on energy utilization

Environmental salinity has a direct influence on the ability of fish to withstand starvation. It has been shown that once glass eels metamorphose into elvers, they tolerate starvation better in fresh water than in brackish environments.  Fasted elvers kept in fresh water seem to withstand starvation for a longer period, compared with those kept in brackish water which reaches irreversible starvation within shorter periods. The high level of lipid reserves contained in liver inclusions and abdominal cavity (perivisceral deposits) in elvers might explain their long resistance to starvation and differences in fasting tolerance under different salinities. 
Fasting has been shown to result in: (i) a significant reduction of the elvers’ condition factor and body depth; (ii) severe histopathological changes in the digestive system and musculature, such as the alteration of the liver organization, and hepatic glycogen and lipid content; (iii) shrinkage of enterocytes and reduction of their height (iv) degeneration of the pancreas (v) autolysis of oesophageal and intestinal mucosa; (vi) disarrangement of myofibrils; and (vii) degeneration of trunk musculature. Degeneration of the oesophageal and intestinal mucosa as a consequence of fasting might have impaired digestive and osmoregulatory functions in feed-deprived fish, thereby directly affecting their tolerance to starvation. Length of food deprivation has been found to be associated with: (i) a significant increase in mortality, (ii) increased coefficient of variation; and (iii) increased cannibalism and point of no return at high salinities. Mortality depends on food deprivation and salinity concentrations.
6.13
Influence of carbohydrate diets on starved condition in tilapia

The physiological responses of tilapia during starvation are affected by pre-fasting diets containing different carbohydrates. During starvation, fish previously fed on the diet containing glucose show significant weight loss, compared with fish fed on the diet containing starch. Liver glycogen is higher in fish fed a starch diet compared with fish fed a glucose diet during both feeding and fasting periods. Starvation also results in decreased liver glycogen in fish as the fasting period increases. Plasma glucose is higher in starch-fed fish during feeding and few days after fasting, compared with glucose-fed fish. Plasma glucose of both dietary groups is lower in starvation than in the feeding period. During starvation, plasma triglyceride content is higher in fish pre-fed on the starch diet than fish pre-fed on the glucose diet. Relative to the glucose diet, body lipid content is also higher in fish fed on starch diet prior to fasting for few days.
6.14
Starvation impacts: energetics and metabolic correlates 

In fish, the major enzymes of energy metabolism are: (i) phosphofrukitokinase and (ii) glutamate pyruvate transaminase. You can monitor these enzymes during periods of food deprivation. Average rate of oxygen consumption also decreases during the starvation period. Water temperature influences the choice of a major energetic source after the exhaustion of 
carbohydrate stores. A negative correlation has been found between the scope for spontaneous activity and the specific rate of oxygen consumption, suggesting that the resting rate of metabolism responds more strongly to food deprivation than the rate of spontaneous activity.
6.15
Influence of starvation on flesh quality
	Starvation has an influence on flesh quality. During starvation, there will be a drastic reduction in muscle lipid content and a relative increase of proteolysis. There will be little qualitative changes in the fatty-acid profile of muscle lipids. Starved fish show higher muscle firmness, but no differences in pH and water holding capacity. Total and myofibrillar protein and collagen content increase significantly in starved fish. Firmness during post mortem storage is also significantly higher in starved fish, compared with control group. Pre-slaughtering feeding status shows a decisive influence on the evolution of fish muscle quality parameters during cold storage. 
	


6.16
Selective changes in protein-turnover rates and growth

Effects of a cycle of long-term starvation, followed by re-feeding, on liver-protein turnover rates and nature of protein growth should be of interest to scientists. During starvation, total hepatic-protein and RNA contents tend to decrease significantly, absolute protein-synthesis rate may fall, the fractional protein-synthesis rate may remain unchanged and the fractional protein-degradation rate may increase significantly. Both total DNA content (indicator of hyperplasia), and protein:DNA ratio, (indicator of hypertrophy), fall considerably. After re-feeding for some days the protein-accumulation rates in fish rises sharply. Total hepatic protein and RNA contents increase, but will still remain below the control values. The protein:DNA and RNA:DNA ratios increase significantly. These changes demonstrate that there is a high response capacity of protein-turnover rates in fish liver upon re-feeding after long-term starvation. Upon re-feeding, hypertrophic growth increases considerably whilst hyperplasia remains at starvation levels.

Learning Activities

(i) Students will run an experiment on comparative impacts of feed deprivation on rates of body nutrient depletion in four species after four different periods of deprivation.
(ii) They will also run an experiment as above, but focusing on ontogenetic (fish size-specific) responses to feed deprivation. In both experiments, special attention shall be paid to major organs that will be most affected by feed deprivation. Controls will be fed ad libtum.
(iii) Students will also have reading assignments that will be followed by submission of a report which will synthesize.summarize the contents of the chapter(s) which will be read.

(iv) Useful link    http://www.biomedcentral,com/1471-2164/8/328.

SUMMARY OF TOPIC
Effects of feeding and fasting have been documented in freshwater and marine species of deep-living and shallow-living fishes. Respiration of shallow-living fish species was higher than in fasted fish of the same species. Metabolic rate of fed fish was higher than of starved fish. Metabolic rates of deep-living fish resembled those of laboratory-fasted fish. Total protein concentration and activities of some enzymes were lower in deep-living than in shallow-living fish species. Muscle enzyme activities in field-collected fish reflected adaptation to low oxygen level in its habitat. The low metabolic rate of deep-living species was due to reduced abundance of food; low temperature; low ambient oxygen concentration and, darkness, which may select for reduced locomotory activity. In flounder, weight decreased linearly with week of starvation. Juvenile fish fully compensate for 2-wk feed deprivation. Compensatory growth of fish is rapid or faster than normal growth rate of fish. Achieving compensatory growth of fish could save feed and labour costs, reduce water pollution during starvation, improve feeding activity shortly after re-feeding, and improve efficiency of fish production. Compensatory growth is known in cold-water fish for both temperate and tropical fishes, including hybrid tilapia. Environmental salinity has a direct influence on the ability of elvers to withstand starvation. They tolerate starvation better in fresh water than in brackish environment.  Fasted elvers kept in fresh water are able to withstand starvation for a longer period, while those in brackish water reach irreversible starvation within a period of about a month. In elvers, fasting results in: (i) a significant reduction of the elvers’ condition factor and body depth; (ii) severe histopathological changes in the digestive system and musculature, such as the alteration of liver organization, and hepatic glycogen and lipid content; (iii) shrinkage of enterocytes, (iv) reduction of their height, (v) degeneration of the pancreas, (vi) autolysis of the oesophageal and intestinal mucosa; (vii) disarrangement of myofibrils; and (viii) degeneration of trunk 
musculature. Length of food deprivation is associated with a significant increase in mortality, increased coefficient of variation, and increased cannibalism. In juvenile goldfish, about half of the liver glycogen content is utilized during fasting. Goldfish differs from the rat in metabolizing protein during starvation in preference to glycogen and lipid. The physiological responses of tilapia during starvation are affected by pre-fasting diets containing different carbohydrates. During starvation, fish previously fed on diet containing glucose lost weight significantly, compared with fish fed on diet containing starch. Liver glycogen was higher in fish fed a starch diet rather than a glucose diet.  Plasma glucose was higher in starch-fed fish during feeding.  
During starvation, plasma triglyceride were higher in fish pre-fed on starch diet than fish fed on glucose diet. Relative to the glucose diet, body protein was higher in fed fish than in fish starved for 86 days. Protein and fat were important sources of energy during starvation.  

Further Reading Materials

Adams, S. M and Breck, J. E. (1990). Bioenergetics,  In Schreck, C. B. and Moyle, P. G (Eds.): Methods for Fish Biology, American Fisheries Society, Bethesda, Maryland. 

Aquaculture Volume 135, Issue 4, 15 October 1995, Pages 285-293 [image: image23.png]


doi:10.1016/0044-8486(95)01027-0 

Atwood, H.L., Tomasso, J.R., Webb, K. and Gatlin III, D.M., (2003). Low-temperature tolerance of Nile Tilapia, Oreochromis niloticus: effects of environmental and dietary factors. Aquaculture Research  34: 241-251.

	Buckel, J.A., Steinberg, N.D. and Conover, D.O., (1995).  Effects of temperature, salinity, and fish size on growth and consumption of juvenile bluefish. Journal of Fish Biology. 47: 696-706.

Ceinos, R. M. Sergio Polakof, Arnau Rodríguez Illamola, José L. Soengas  and Jesús M. Míguez (2008). Food deprivation and refeeding effects on pineal indoles metabolism and melatonin synthesis in the rainbow trout Oncorhynchus mykiss. General and Comparative Endocrinology. Volume 156, Issue 2, 1 April 2008, Pages 410-417 doi:10.1016/j.ygcen.2008.01.003.
Jobling, M. (1994). Fish Bioenergetics. Chapman and Hall, London.
Kamler, E. (1992). Early life History of Fish-An Energetic Approach. Chapman and Hall, London.
	

	Longerwell, E. A. (2001). Metabolic Rate of California Pacific Sardine Estimated from Energy Losses during Starvation. Transactions of the American Fisheries Society 2001; 130: 526-530.doi: 10.1577/1548-8659(2001)130<0526:MROCPS>2.0.CO;2. 

Mallekh, R. and Lagardère, J.P., (2002). Effect of temperature and dissolved oxygen concentration on the metabolic rate of turbot and the relationship between metabolic scope and feeding demand. Journal of Fish Biology, 60: 1105-1115.

Molecular and Cellular Biochemistry Volume 201, Numbers 1-2, 1-10, DOI: 10.1023/A:1006953917697. 

Olai, E., Børre Waagan and Magny S. Thomassen(1998) Starvation prior to slaughter in Atlantic salmon (Salmo salar): I. Effects on weight loss, body shape, slaughter- and fillet-yield, proximate and fatty acid composition Aquaculture Volume 166, Issues 1-2, 1 July 1998, Pages 85-104 [image: image24.png]


doi:10.1016/S0044-8486(98)00279-8.
	


Pablo Garcia De Frutos, Lluis Bonamusa and Isabel V. Baanante (1991) Metabolic changes in fish liver during the starved-to-fed transition. Comparative Biochemistry and Physiology Part A: Physiology Volume 98, Issue 2, 1991, Pages 329-331 [image: image25.png]


doi:10.1016/0300-9629(91)90541-J.
Rios, F. S., A. L. Kalinin, F.T. Rantin (2002)The effects of long-term food deprivation on respiration and haematology of the neotropical fish Hoplias malabaricus.DOI: 10.1111/j.1095-8649.2002.tb01738.x Journal of Fish Biology, Volume 61, Issue 1, pages 85–95, July 2002.
	


Rios, F. S, E.T. Oba, M.N. Fernandes, A.L. Kalinin and F.T. Rantin (2005). Erythrocyte senescence and haematological changes induced by starvation in the neotropical fish traíra, Hoplias malabaricus (Characiformes, Erythrinidae) Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology. 

	Salin, K., Y. Voituron, J. Mourin and F. Hervant(2010). Cave colonization without fasting capacities: An example with the fish Astyanax fasciatus mexicanus, Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology Volume 156, Issue 4, August 2010, Pages 451-457 .[image: image26.png]


doi:10.1016/j.cbpa.2010.03.030.
Suárez, M. D., Cervera, M. R., Abellán, E., Morales, A. E., Gallego, M. G. and Cardenete, G. (2010), Influence of Starvation on Flesh Quality of Farmed Dentex, Dentex dentex. Journal of the World Aquaculture Society, 41: 490–505. doi: 10.1111/j.1749-7345.2010.00390.x.

Takeshi Yamamoto, Takao Shima, Hirofumi Furuita and Nobuhiro Suzuki (2003). Effect of water temperature and short-term fasting on macronutrient self-selection by common carp (Cyprinus carpio). Aquaculture, Volume 220, Issues 1-4, 14 April 2003, Pages 655-666, [image: image27.png]


doi:10.1016/S0044-8486(02)00541-0.  
	 

	Uliano, E.,  M. Cataldi, F. Carella, O. Migliaccioa, D. Iaccarino and C. Agnisola (2010). Effects of acute changes in salinity and temperature on routine metabolism and nitrogen excretion in gambusia (Gambusia affinis) and zebrafish (Danio rerio) Comparative Biochemistry and Physiology - Part A: Molecular & Integrative Physiology Volume 157, Issue 3, November 2010, Pages 283-290 [image: image28.png]


doi:10.1016/j.cbpa.2010.07.019.
Useful links

	


END OF TOPIC 6
==============================================================================
Name of Course: 
Fish Bioenergetics

Course Code: 

AQF 634

Lecturer: 

Dr Jeremy S. Likongwe

Topic 7:       Effects of abiotic factors on metabolism and growth

Learning Outcomes

By the end of this topic, you will be able to:

1. Synthesize several abiotic and biotic factors of aquaculture importance, and explain how they conjointly affect metabolism, energy utilization and growth of fish. 

2. Provide a detailed description on thermal (temperature) impacts on fishes and other living organisms. 
3. Explain the impacts of hypoxia (oxygen deficiency) on growth, metabolism and energy utilization in fish.
4. Understand and explain metabolic adaptation of fish under hypoxic conditions in a chronically cold environment.
5. Synthesize the metabolic role of carbon dioxide and blood in aquatic environments that are experiencing fluctuating acid:base balance.

6. Explain how running water environments demonstrate an impact on energy utilization in fish.

7. Classify salinity, its interaction with temperature on fish, and explain how, under certain conditions, osmoregulation could be detrimental to fish performance.

Key Terms: 

Temperature, dissolved oxygen, active thermoregulation, behavioural growth physiology, size-dependent growth, respiration, hypoxia, cold-water, adaptation, photoperiod, osmoregulation, hypercapnia, energy metabolism; respirometer; calorimetry, psychrophiles; extremophiles; cold adaptation; microbial proteins; protein stability; weak interactions; fish growth; metabolism; energetic cost; osmoregulation; oxygen consumption; salinity, growth hormonal control; physiological ecology; respirometry; active metabolic rate; metabolic scope.
7.1
Introduction 

Fish is directly impacted by different water quality parameters in its habitat.  These have a direct impact on fish metabolism. Physical forces exerted on fishes will drain their energy stores. The drained energy will be at the expense of efficient utilization of any residual energy 
in the fish for their fast growth. Water temperature drives metabolic rates and fishes have an optimum range for their optimal survival and growth assuming that food supply is non-limiting. Among several other factors, fish size will affect metabolism in fish.  Young fish have a higher metabolic rate than their own adult conspecifics. This is because these juvenile animals need to grow fast. Respiration is a means of drawing in dissolved oxygen which fuels the physiological engine in fish. Without oxygen, no energy would be made available to the fish even for basal metabolism. This would lead to their death. Although most fish depend on aquatic respiration to satisfy their oxygen requirements, there are others that rely on aerial respiration. The latter method of respiration may have some merits over aquatic respiration. Oxygen consumption is normally converted into energy by converting its value into oxycalorific values. Estimates of oxygen consumption can be made using special metabolic gadgets such as respirometers or metabolic chambers. Fishes are traditionally classified into: warmwater fish, cold water fish, coolwater fish, freshwater fish, brackishwater fish and seawater fishes. Members of each group have developed adaptation strategies for long-term survival, growth, and reproduction to perpetuate their own kind. Cold-water fishes have developed their strategies to survive without haemoglobin and myoglobin in their blood and muscles. The saline environment has also imposed a different kind of osmoregulatory problem for fishes and methods have been used by fishes to survive, feed, grow and reproduce in different saline environments. It is possible that the bioenergetics of fishes may be impacted by photoperiodic effects and turbidity of their environment. 

7.2
Effect of water temperature

Temperature has a major influence on the amount of feed that fishes consume. When food supply is not restricted, an increase in temperature will initially lead to increased rates of feed consumption and oxygen consumption which peaks at some intermediate temperature and then declines as temperature continues to rise. Temperature at which feed consumption peaks is slightly higher than the optimum temperature for growth. The temperature at which feed efficiency (G/I) is maximized is slightly lower than the optimum temperature for growth. If fish held al low temperature for a long time is transferred to a higher temperature, the metabolic rate will increase very fast. If the temperature remains high for a long time, the metabolic rate will be acclimatized to a new temperature. When the fish is again transferred to a lower temperature, there will again be an acute response before the fish are re-acclimatized to another temperature. Do not study metabolism of fish under fluctuating temperatures.

7.3
Metabolic functions of temperature

Multiple environmental factors affect the bioenergetics of organisms by limiting their distribution and abundance, with temperature being one of the most important abiotic factors. Water temperature affects fishes and their metabolic rates in several ways as follows: Metabolic rates of these ectotherms increase with increasing temperature. As water 
temperature decreases, body temperature of fish also decreases and metabolic rate is reduced. In temperate regions, the low metabolic rate at low temperatures enables fish to survive for long periods under ice where little food is available. This also suggests that lower temperatures help fish to withstand much longer periods without food. Conversely, in mammals, as the environmental temperature declines these endotherms must increase their metabolic rate to compensate for the additional heat loss if they are to maintain a constant body temperature. There is considerable species difference in metabolic adaptation to changes in environmental temperature. Each species seems to have a preferred temperature at which it functions most efficiently. If temperature gradients exist, the fish will seek the most favourable temperature. Energy requirement does not however, increase with temperature in a simple manner. In temperate fishes, as the body temperature decreases, as expected in cold water, changes in the physical chemistry of body cells will produce a reduction in metabolic activity of the fish. Cold water temperatures either lead to dormancy or else trigger a range of homeostatic responses which serve to offset the passive effects of reduced temperature. Compensatory adjustments to temperature occur with time, ranging from less than a second to more than a month. Acclimation temperature affects hepatosomatic index, the concentration of energy reserves and the relative importance of glucose and fatty acid catabolism in the liver. It is likely that many of the changes in liver metabolism with temperature acclimation do reflect associated changes in feeding behaviour and /or diet and other energetic demands (eg. gametogenesis). Possible mechanisms underlying alterations in pathway utilization with temperature acclimation may include changes in factors that influence enzyme structure and activity (eg pH, substrate/modulator concentrations, phosphorylation state, membrane composition) and effects of temperature on gene expression. This would indicate that something, other than scarcity of food and temperature, is at work in animals that are undergoing aestivation, and perhaps, also hibernation. Fish tend to have optimal temperature ranges within which they can function normally, and outside this range things can and do go wrong. Within any range, increases and decreases in external temperature have an effect on internal metabolic and physiological rates .Conversely, when temperatures are too low, processes slow right down and may even be stopped. Environmental temperature varies at different time scales, therefore organisms are continually challenged to maintain their thermoregulatory homeostasis, since temperature is closely tied to the energy acquisition and use of fishes. Studies that deal with cost-benefit of temperature and use of food resources have shown a significant effect of water temperature on net energy budget. Temperature is an important external regulator, as it plays an important role in determining fish energetics and physiology. A fish's metabolism will be optimized at some intermediate temperature between high and low values, depending on species. The energy gained from the caloric content of prey will highly depend on temperature. Given a constant amount of food, growth rate will increase with increasing temperature to a certain threshold value, beyond which it will begin to decrease. Increased water temperature induces a significant increase in blood glucose (hyperglycemia) when the fish is exposed to air and/or to non-aerated water. Energy depletion is greater at high temperatures. Environmental temperature stimulates metabolism. Water temperature and its impact on fish metabolism can 
be measured. 

7.4
Interactive effects of temperature, feed and fish size on growth

The interaction of water temperature and fish size significantly influences growth. For example, in juvenile Atlantic cod of different sizes, overall growth was highest at 13oC, when fish received 10% higher overall feed intake, compared to another group. Optimum temperature for growth decreased as fish size increased. This indicates ontogenetic reduction in optimum temperature for growth with increasing fish size. Smaller fish require slightly higher temperatures than bigger fish to achieve optimum growth. Likewise, it also demonstrates that bigger fish require slightly lower temperatures to achieve optimum growth. In addition, there is increased temperature tolerance with size. Juvenile fish exhibit ontogenetic variation in optimal temperature for growth, this may be shown by fishes that become widely distributed.
7.5
Effect of low temperature on seawater tolerance 

Mortality and capacity for hyposmotic regulation in seawater were monitored at different temperatures. With pre-smolts, survival increases with increasing temperature, and the fish are unable to regulate plasma Na+ and Cl− concentrations or muscle water content at any temperature. There is a lower temperature limit for transfer of fish to seawater, thus supporting what others suggested that salmon smolts should not be transferred to seawater at temperatures temperatures lower than 6–7 °C.

7.6
Effect of water temperature, fish size and starvation on depletion of energy reserves

Depletion of energy reserves varies inversely with size in some fish species. Some fish show size-dependent winter mortality, and temperature-dependent energy depletion. Energy depletion is greater t high temperature, than at the low temperature. Energy depletion is proportionally greater in small than in large fish. 

7.7
Effects of water temperature, fish size and starvation on retention of energy reserves

At low temperature, small fish retain a higher percentage of their original energy reserves, but retain lower energy reserves at the same higher temperature after a longer starvation period. This indicates that small fish size and low temperature are conducive to the retention of energy reserves. At a higher temperature, big fish may retain less of the energy reserves, suggesting that higher temperature speeds up depletion of energy reserves. At low temperature, fed fish deplete their energy reserves as rapidly as unfed fish, but at a higher temperature, fed fish maintain their energy reserves at higher levels than unfed fish. 
This shows that higher temperature speeds up the depletion of stored energy in fish that did not receive any feed. A high proportion of unfed fish (higher percentage at lower temperature, and lower percentage at higher temperature) died. This indicates that higher temperatures may partly be responsible for the mortalities. Survival may not vary with size, and in addition, it may not be influenced by the amount of energy reserves.

7.8
Temperature and lipid conversion

The percentage of fatty acid lipogenesis attributable to unsaturates is elevated after an acute drop in temperature. This may decline with continued cold acclimation. Selected desaturation reactions proceed more rapidly in cold than in warm-acclimated fish. Both acute and chronic cold exposure elevates the incorporation of PUFA into phosphatidyloserine (PS), indicating that conversion of PS to phosphatidylthanolamine (PE) may be activated at cold temperatures. 

7.9
Temperature and delayed initial feeding

Larval growth is closely related to endogenous reserves, and that larvae have a very short period during which they are resistant to food deprivation. Growth of fish is affected if they fail to feed within a day after mouth opening (HAMO) at a given temperature.  The process of endogenous feeding (absorption of yolk) is increased by higher temperatures. Low yolk absorption will lead to slow shrinkage (depletion) of yolk mass with time. The absorption of yolk sac and oil globule has a tendency to be consumed more rapidly with increasing temperature. In contrast, starved larvae show negative growth some hours after mouth opening.
7.10
Chronically-cold environments and energetic cost 

Fishes living in the cold regions of the world face a special challenge in respiration. For example, icefishes (Family Channichthyidae) of the Antarctic have provide an excellent example of unique traits arising  in a chronically cold and isolated environment. These icefishes lost their haemoglobin (Hb) and even loss of myoglobin (Mb) in some cases. Although the absence of these proteins is a fixed trait in icefishes, these losses are not of any adaptive value. Actually, loss of Hb has led to higher energetic costs for circulating blood. In addition, losses of Mb have also reduced cardiac performance. So, losses of Hb and Mb have consequently, resulted in extensive modifications to the cardiovascular system. These particular modifications are meant to ensure adequate oxygen delivery to working muscles. The high NO levels that occur in the absence of Hb and Mb also lead to an increase in:(i) tissue vascularization, (ii) lumenal diameter of blood vessels, and (iii) mitochondrial densities, all as hallmark traits of icefishes.
7.11
Effect of dissolved oxygen

The concentration of dissolved oxygen (DO) affects ingestion of food. When the DO content is reduced, ingestion of food and growth will also be depressed. Metabolism is usually equated to rate of oxygen consumption (mlo2/fish/hr), assuming that no significant anaerobic metabolism takes place when measuring this. Active metabolic rates of fish show a five-fold difference between species. Mammals and birds expend energy at a maximum sustained rate of about 10 to 100 times that of active fish like salmon. Small mammals operate on a minimum transport metabolic rate of about 50 to 100 times the routine (transport) rate of some salmonids. Estimation of the momentary demand for oxygen during anaerobic, burst performance of such a salmonid may approximate the aerobic, transport metabolic rate of a mammal of corresponding weight. 
The respiratory-circulatory complex of this fish appears to have evolved to meet the demands placed on it during migration. In those exceptional species of fish which have evolved deep muscle homeothermy, no great increase in oxygen uptake over other fast-swimming species can be expected. Aerial respiration alone, in amphibians and reptiles, is not accompanied by any particular increase in O2-consumption rate over that of fish, despite the liberation from a highly restrictive respiratory medium. Among many factors which accompany the respiratory evolution of vertebrates the coupling of aerial respiration with homeothermy has permitted the immense increase in the ability of vertebrates to consume oxygen. 
7.12
Pollution, oxygen deficiency and sexual development

Waterways choked with pollution and lacking in oxygen are potentially wiping out their aquatic populations over the generations by altering the sexual development of fish. There are gender-bending chemicals in the environment that affect fertility and reduce the ratio of male to female fish. For example, in China, where water is clogged with pollutants, the swing has been reversed, because lack of oxygen has led to predominant production of male fish. With up to 75% of some species now hatching as male, there could be a serious threat of extinction. This would have a dramatic impact on reproductive success of certain fish. Eventually, this could also mean a decline in fish populations. Hypoxia in fish occurs when the DO content is less than 2 ppm. Further impacts of hypoxia on fishes are covered in subsequent sections of this topic. Hypoxic conditions can happen naturally in some areas where fresh and salt water meet. More commonly, this is due to pollution from agriculture and sewage. Under hypoxic conditions, some fish spawn into more males, but the energetics of this development has not been demonstrated. It should be a potentially interesting area of research.

7.13
Species-specific effects on fish and severe hypoxia stress

Exposure of fish to low oxygen level is followed by: (i) hypoxic stress which causes an 
immediate mobilization of carbohydrate stores, (ii) a concomitant accumulation of blood lactic acid, (iii) and an increase in blood glucose. There are differences in circulatory responses to hypoxia in fish. Exposure to low levels of dissolved oxygen during early life can elicit a wide variety of responses, compensatory or pathological. Fish responses depend on (i) species (ii) stage of development (iii) level of hypoxia (iv) duration of exposure (v) temperature and (vi) water flow. Sensitivity to hypoxia increases as development proceeds. Maximum sensitivity occurs during the larval period. 

7.14
Hypoxia and nitrogenous wastes

Fish will normally avoid ammonia toxicity by increasing urea synthesis and/or by decreasing endogenous N (ammonia) production. The dependence on these two mechanisms however, differs between normoxic and hypoxic fish. The rate of urea synthesis increases 2.4-fold, with a 12% decrease in the rate of N production in normoxic fish.  In contrast, the rate of N production in hypoxic fish decreases without increasing the rate of urea synthesis. Hypoxia leads to significantly lower ATP concentration, compared to normoxia. 
Under hypoxic conditions, lowering the dependence on increased urea synthesis to detoxify ammonia (which is energy intensive) by reducing N production, would conserve cellular energy during aestivation. There is also a significant increase in glutamate concentrations in the tissues of fish that are aestivating in hypoxia. This indicates a decrease in its degradation and /or transamination. 
7.15
Metabolic adaptation to hypoxia

Ability of fishes to survive extremes of oxygen availability is due to the following: (i) profound metabolic suppression, (ii) tolerance of ionic and pH disturbances, and other mechanisms that follow during re-oxygenation. For long-term anoxic survival, enhanced storage of glycogen in critical tissues is necessary. One of the most anoxia-tolerant vertebrates, the crucian carp, meets the challenge of variable oxygen concentrations by: (i) remaining active and responsive in the absence of oxygen, (ii) the presence of large stores of glycogen, (iii) drastically decreased metabolism, (iv) regulation of ion channels in excitable membranes and (v) the control of metabolism in the fish. With increasing hypoxia, metabolic parameters change in the following manner: (i) phosphocreatine (PCr):Pi ratio decreases, (ii) O2 consumption decreases (iii) intracellular pH (pHi) decreases; (iv) ATP decreasess, (v) inorganic phosphate (Pi) increases and (vi) free ADP concentration [ADP]free increases. 
Lactate is cleared over time, mainly after tissue re-oxygenation, and this eventually returns to control levels. Major themes in regulatory adjustments of hypoxia include: (i) control of metabolism; (ii) ion channel conductance by protein phosphorylation; (iii) tolerance of decreased energy charge; (iv) accumulation of anaerobic end product; (v) enhanced antioxidant defences and (vi) regenerative capacities.

7.16
Asphyxia, stress and metabolism

Asphyxia and struggling disturb glucose metabolism in fish. Exposure of fish to air and/or to non-aerated water induces a significant increase in blood glucose. This hyperglycemia is accelerated by raising the water temperature. The disturbance in blood glucose lasts several days, even though the exposure is of short duration. Subjecting some fish for a few minutes in hypoxic condition may also result in an increased concentration of free fatty acids. Stress imposed on fish by forced swimming will also result in increased blood glucose, but a reduced concentration of free fatty acids. Fish turn pale when stressed, but they recover to normal colour condition after the withdrawal of stress.  In carp, the effect of stress on blood glucose and free fatty acids could be duplicated by injecting adrenaline, which promotes production of excess glucose (hyperglycemia). The circulating levels of such adrenalin in the blood will rise, but the recovery rate depends on temperature.

7.17
Aerobic capacity in cold-water fish muscle

In red-blooded, active pelagic or semi-pelagic species, mitochondrial volume density may be within the range 0.27-0.33, regardless of habitat temperature. Amongst less active demersal species, mitochondrial volume density ranges from 0.29-0.33 in polar species to 0.08-0.13 in some fishes. The volume density of intracellular lipid droplets do not correlate with fish activity patterns or habitat temperature. The surface density of mitochondrial clusters is however, higher in summer fish. Energetically, increasing the volume and surface density of mitochondrial clusters is the primary mechanism that helps to enhance the aerobic capacity of muscle in cold-water fish.

7.18
Oxygen and metabolic rates

Most fish cannot generate their own internal body heat, but derive it from the surrounding environment. Since the ambient water temperature is not constant due to the latent heat capacity of water, most fish do not have stable internal temperatures. They tend to have optimal temperature ranges within which they can function normally. Outside this range, things can and do go wrong. Within any range, any increase or decrease in external temperature will have an effect on internal metabolic and physiological rates. When temperatures are too low, processes slow right down. With respect to feeding, the process of digestion results in the release of heat, irrespective of whether the animal is poikliothermic or homeothermic. In homeotherms, the levels of insulation in body tissues allow a slow release of heat to the outside environment. In aquatic poikliotherms this heat can quickly be lost to water. As a consequence it is possible for fish to gorge themselves to the point of the stomach and throat being completely full of food. Mammals cannot do this, as the build up of heat becomes uncomfortable. In addition, the animal will stop feeding long before the stomach alone is full. 

7.19
Adverse effects of low dissolved oxygen

Sublethal responses of fish to low dissolved oxygen (DO) include: (i) changes in cardiac function, (ii) reduced growth and (iii) decreased swimming capacity. Behavioral responses include: (i) lowered final temperature and metabolic activity, (ii) alterations in blood chemistry, (iii) mobilization of anaerobic energy pathways, (iv) upset temperature preferenda and (v) avoiding low DO. Under extreme conditions, fish may take advantage of oxygen-rich surface water. Low DO can also affect invertebrate communities by causing selective mortality or inducing drift, which may affect fish production. 

The presence of pollutants can exacerbate responses to low DO with the effect of raising the threshold DO at which such responses occur. In some cases, riverine fishes may be grouped into four categories of acute lethal sensitivity. Chronic DO requirements are however, far more important to long-term maintenance of healthy fish communities than acute tolerances. Defining chronic DO criteria for fishes in the north is complicated by: (i) long periods of winter ice cover, (ii) possible presence of pulp mill effluent, and (iii) lack of information on many regional species. 
Although previously recommended criteria should provide a reasonable level of protection for fish, any reduction in DO below saturation will cause some production impairment within the aquatic community. Switching to a new energetic fuel may also be accompanied by a change in the pattern of swimming activity. Choice of the major energy source after exhaustion of the carbohydrate store is substantially influenced by water temperature. Resting rate of metabolism responds more strongly to food deprivation than the rate of spontaneous activity. 
7.20
Photoperiod and growth

Light intensity influences photoperiod, or the number of sunshine days in relation to days of darkness. Light intensity influences photosynthetic activity, while the dark:light (D:L) photoperiod affects growth of organisms. Growth may particularly be affected by the dark:light requirements of fishes that depend on vision to identify and pursue their food (prey). This meal -to- meal variation among fish may be compounded by longer term seasonal variations in temperature, photoperiod and body size.

7.21
Physical forces and fish bioenergetics 

Several physical factors are known to affect fish bioenergetics. Among them are the local hydrologic characteristics in a river. Not all physical factors involved are obvious. For example, the fish must expend energy against the downstream force of water in a river, unless the fish wants to be washed downstream. If fishes want to remain stationary in the water column in a river, they should exert a force equal and opposite to the downstream force of water. In order 
to move upstream or make lateral movements, the fishes need to exert a force greater than that exerted by the force of water flowing downstream. While water velocity demands energy from the fish, it also affects how much energy is available for the fish to gain. 
For a given amount of drifting invertebrate energy in a stream, there is an increase in the amount available to the fish with an increase in water velocity. Therefore, water velocity will variably affect a fish, depending on the amount of energy available. The stream characteristics that affect water velocity can strongly influence where a fish will ultimately decide to hang out. An extremely profitable position for a fish occurs where the fish can spend most of its time in slower moving water that is immediately adjacent to faster water. Staying in slower water reduces energetic cost to the fish, while the faster water next to it provides a more beneficial (higher) source of energy in the form of drifting invertebrates. The fish can hold its primary position in the slow-moving waters and move into the faster water to retrieve prey for brief periods. 

Most fish will choose the highly beneficial positions where there is physical structure. There are also some important forces operating on a microscale. When a fish is feeding on drifting macro-invertebrates or zooplankton, the amount of prey that it can take into its mouth at one time is a function of the volume inhaled through the mouth and gills by expanding and then contracting these parts. Small, mobile invertebrates on the periphery of this volume are able to escape when their swimming strength is greater than the inhaling force. The speed with which these invertebrates must move in order to evade going into the fish’s mouth is the “escape velocity”.
The retention of prey that does enter the mouth is largely a function of gill-raker spacing, with organisms that are smaller than the gill raker spacing often passing through the gills with minimum scratches. A healthy fish will also have a significant layer of mucous on the gills so that some of the smaller prey items can be retained. Many small organisms can be caught in the mucous when the strength of adherence is greater than the force of the water pushing through the gills. The net result of these various micro-components will determine how much energy is acquired by the fish. 

7.22
Carbon dioxide and hypercapnia

When fish are exposed to hypoxia, they are able to regulate and maintain Vo2 down to a water oxygen tension (Pwo2) of about 25 mmHg. When exposed to hypercapnia, which is an elevated partial pressure of Co2, the fish such as eels, show a depression in Vo2 as carbon dioxide tension (Pwco2) in the water increases. Faced with a combination of hypoxia and hypercapnia, fish show increased sensitivity to hypoxia, and the critical oxygen tension will increase to 40–45 mmHg.

7.23
Salinity and temperature

 Acute stress may affect metabolism and nitrogen excretion as part of the adaptive response that allows animals to face adverse environmental changes. Routine oxygen consumption is barely affected by acute salinity or temperature stress, and is reduced by the combined effects of temperature and high salinity. Gills have maintained their structural integrity in all stressing conditions; hyperplasia and hypertrophy of mitochondria-rich cells are observed. The major effect observed is a reduction of nitrogen excretion. Under these extreme conditions, a significant structural disruption of gills is observed. 

7.24
Salinity and fish growth

Development and growth (continuous in fish) are controlled by ‘internal factors’ including (i) Central Nervous System, (ii) endocrinological and (iii) neuroendocrinological systems.  Vertebrates in general, are highly dependent on environmental conditions. In most fish species, the following depend on salinity: (i) egg fertilization, (ii) incubation, (iii) yolk sac resorption, (iv) early embryogenesis, (v) swimbladder inflation, and (vi) larval growth. In larger fish, salinity controls growth. The question that can be raised could be: Do changes in growth rate that depends on salinity, result from an action on: (i) standard metabolic rate; (ii) food intake; (iii) food conversion; or (iv) hormonal stimulation? 

Better growth at intermediate salinities is very often correlated to a lower standard metabolic rate. About 20 to >50% of total fish energy budget are dedicated to osmoregulation. Osmotic cost is however, not as high. Data are also available in terms of food intake and stimulation of food conversion, which are both dependent on environmental salinity. Temperature and salinity have complex interactions that have widely been reported. Many hormones are active in the regulation of both osmoregulation and growth; including the control of food intake. Osmoregulatory costs are also linked to metabolic activity through ventilation. This relationship is highlighted by the interaction between environmental salinity and temperature.  

7.25
Marine environment

Fishes are hypotonic to sea water, and do suffer from a water shortage (they are dehydrated). To conserve body water, they have a low rate of urine production, and cannot produce concentrated urine. Excess salts are excreted by the gills. These fishes drink water and the kidney’s function is to excrete divalent ions, such as magnesium and sulphate which are in seawater. Freshwater and marine fishes differ considerably in kidney structure, reflecting the very different problems these animals face. These animals live in solutions of very different solute concentrations. Freshwater fishes have larger kidneys with more and larger glomeruli up to 10,000 per kidney. 
In sea water, the internal environment of the fish is less saline than that of the environment.  The fish compensate for osmotic loss of water which occurs at the gills, by ingesting sea water through the mouth (drinking) and absorbed by the intestine. 
This absorption is compensated by excretion of Nacl through the gills. The kidneys excrete very little urine. Marine fishes therefore, drink seawater to correct dehydration and excrete a low volume of highly concentrated urine. Most nitrogenous wastes are excreted extra-renally through the gills. Some fishes are aglomerular, since they lack glomeruli in their kidneys. At least 30 species of aglomerular teleosts are known from seven different families of mostly marine fishes. These include Cottidae. Aglomerular kidneys are unable to excrete sugars, and are useful to physiologists who want to study the functions of glomeruli.

7.26
Classification of salinity

A fluid into which normal body cells can be placed without causing either swelling or shrinkage on the cells is isononic with the cells. A 0.9% salt solution or 5% glucose solution is approximately isotonic. Fishes that have their blood ionic concentration isotonic to that of the surrounding water will use minimum energy in trying to attain homeostasis. The energy that is saved is diverted to growth and development of body tissues. Freshwater fishes will lose equilibrium very quickly if suddenly dropped in salt water. The same would apply when a marine fish is suddenly dropped in freshwater. A solution that causes cells to swell is hypotonic. Any solution of sodium chloride with less than 0.9% concentration is hypotonic. Fishes that have hypotonic blood will gain water. A solution that causes cells to shrink is hypertonic. Sodium chloride solutions of greater than 0.9% concentration are hypertonic. Fishes can maintain the ionic composition of their body fluid at levels different from the external environment. They may be classified into four categories based on the strategy of osmotic regulation: 

Fishes that do not regulate their internal water and total solute concentration have a total salt concentration in their body fluids similar to that of salinities. They are called osmoconformers. Plasma sodium, potassium and chloride concentrators of fish are similar to that in seawater. The second category includes fishes that maintain an internal inorganic salt concentration equal to about one third that of sea water. These have organic salts (eg urea) in their blood which brings total osmotic concentration up to that of sea water. Examples in this category include: marine elasmobranches. 
The third category includes fishes whose intenal environment is more concentrated than the ambient environment. They continually gain water through the gills by diffusion. They also lose salts. Excess water is continually excreted by well developed kidneys (as dilute urine). Some salts are lost through urine, and by diffusion through the gill tissue. This includes fresh water teleosts and elasmobranchs.  Fishes can adapt to both freshwater and seawater. The functions 
of osmoregulatory organs are modified or maintained by hormonal factors. 

7.27
Energetic cost of osmoregulation

Energetic cost of ion regulation is lowest in an isotonic environment where the ionic gradients between the blood and water are minimal, and that this energy-saving is substantial enough to increase growth. Some studies have failed to show isotonic salinity as the point of maximal growth in some fish freshwater. Premature transfer to seawater can impair survival of fish and that the selection of proper transfer time can improve survival. Age (size) at the time of seawater transfer has an influence on survival of tilapia. 
Newly hatched fry are less salt-tolerant than older juveniles. The Na-K-ATPase of the gill seems is mainly localized in the chloride cell. So, the Na-K-ATPase activity of the gills is higher in seawater-adapted fish than those adapted to freshwater. Osmoregulation involves energy expenditure. Heavy metals also affect osmoregulatory abilities in aquatic organisms. This influence depends on several factors such as: (i) the concentrations of metals in the experimental medium, (ii) the exposure period, (iii) the species being investigated, and (iv) the type or nature of metal and other related factors. 
Prolactin behaves as a “freshwater-adapting hormone” Beta cells, located in inter-lamellar region of the primary epithelium, are specifically involved in fish adaptation to freshwater living conditions. Beta cells are found exclusively in freshwater adapted fishes, and disappear during seawater adaptation. So, a major modification following transfer of teleosts into seawater is a drastic reduction in prolactin secretion.

7.28
Freshwater environment

In freshwater, ions from the interior of the fish diffuse to the outside across the gills and water enter the fish by osmosis. This happens like that because the concentration of their body fluids is greater than that of the aquatic environment. The kidney produces large quantities of urine made up of water with a low concentration of salts to compensate for the water flowing in across the gills. 
The ions lost in this urine are compensated for by those taken in by the gills by means of chloride cells. These ions are supplemented by mineral salts extracted from food. The fish can extract salts at low concentration from the surrounding water, but is unable to survive in pure (distilled) water. All freshwater fish (with few exceptions) have glomerular kidneys. The water taken in osmotically is carried by the blood and is filtered through the glomeruli of kidneys, because of the pressure difference between the blood and the filtrate. The water passes through the kidney tubules and is finally excreted in the hypotonic urine. There is no true freshwater fish.

Learning Activities

1. First experiments onoxygen uptake by fish in a respiratory chamber. 
2. Experiment to study interactive effects of temperature and salinity on survival, energy utilization and growth.
3. Experiment to study interactive effects of dissolved oxygen and temperature on survival, energy utilization and growth.
4. Experiment to analyze short-term (30 days) and long-term (150 days) impacts of hypoxia on fish survival, metabolism, enegy utilization; and In addition, students will be given reading assignments on impacts of various abiotic factors, including minerals and pollutants or toxins on fish.

SUMMARY OF TOPIC
Abiotic factors greatly impact fish energetics. Temperate freshwater fishes fall into three thermal guilds: —cold, cool, and warm water fishes. If animals successfully compete for their thermal niche, then they can maximize growth and other measures of their fitness.  Both ectothermic and endothermic vertebrates respond to temperature fluctuations, so cases of cause and effect can be suggested regarding the ecological role of temperature. Development involves growth and differentiation while energetics, involves metabolism, performance and efficiency of energy transformation. Most fishes cannot generate their own internal body heat, they have to derive it from the surrounding environment.  The temperatures of the surrounding water are however, not constant, so most fish do not have stable internal temperatures. Fish have optimal temperature ranges within which they can function normally; outside this range things go wrong. Within any range, an increase and decrease in external temperature has an effect on internal metabolic and physiological rates. When temperatures are too low, fish processes slow down, and may be stopped. Temperatures <1oC, depress energy budget because food intake is lower than at 14oC and 26oC where food intake is higher.  Some fish are tolerant with respect to temperatures at various depths.  The interaction of temperature and fish size significantly influences growth rate and feed conversion efficiency. Optimal temperature for growth and feed conversion efficiency decreases as fish size changes. There is thus an ontogenetic reduction in optimum temperature for growth with increasing fish size. There is an increase in temperature tolerance with fish size.  Energy depletion is greater at high temperature than at the lower temperature. Energy depletion is also proportionally greater in small than in large fish. After two months starvation at lower temperature, small fish have been shown to retain a lower percentage of their original energy reserves. Each fish species is adapted to a given range of dissolved oxygen (DO). Sublethal responses of fish to low DO include: (i) changes in cardiac function, (ii) reduced growth and (iv) decreased swimming 
capacity, among other responses.  Average rate of oxygen consumption decreases during starvation. Fishes use different types of fuel, but switching to a new energetic fuel may be accompanied by a change in the swimming activity. Development and growth are controlled by ‘internal factors’ including Central Nervous System (CNS), endocrinological and neuroendocrinological systems. In most fish species, (i) egg fertilization and incubation, (ii) yolk sac resorption, (iii) early embryogenesis,(iv) swim bladder inflation, and (iv) larval growth depend on salinity. In larger fish, salinity controls growth. Better growth at intermediate salinities (8–20 ppt) is often correlated to a lower standard metabolic rate. About 20 to 50% of total fish energy budget is used for osmoregulation. Temperature and salinity have complex interactions, and many hormones are active in osmoregulation and growth regulation. They are also involved in the control of food intake. Depletion of energy reserves varies inversely with size in some fish. Fish fed on low-salt diets do not restore ionic homeostasis, regardless of the dietary energy content. Growth and food conversion efficiency were greatest when fish were fed on regular-energy/regular-salt diet; negative in fish fed on low-energy/regular-salt diet, and intermediate in fish fed on other diets. Fish fed on low-energy/low-salt diet, those fed on regular-salt diets, and the starved fish were not as adversely affected by acid stress. The metabolic cost of stress increases with the severity of handling in juvenile coho salmon. Rates of oxygen consumption was 39–98% higher in stressed fish than controls.  Oxygen consumption was significantly correlated to plasma cortisol and lactate in response to a moderate stressor. Fish given exogenous cortisol did not experience an increase in oxygen consumption, so cortisol alone is unlikely to have a major effect on metabolic rate. Whole-body lactate has been significantly elevated following stress, reaching 500% higher than control values. It has been suggested that metabolism associated with exercise or hypoxia is a dominant source of elevated oxygen consumption following handling. Percent fatty acid lipogenesis attributable to unsaturates was elevated after an acute drop in temperature. Selected desaturation reactions involved in the production of PUFA of n-3 and or n-6 families proceeded more rapidly in cold than in warm-acclimated fish.  Studies have shown that larval growth is closely related to endogenous reserves, and that larvae possess a very short period during which they are resistant to food deprivation. Fish growth was affected if they failed to feed within 24 h after mouth opening (HAMO). Fish larvae during endogenous feeding at 25, 28, and 31°C showed that mean volume of yolk sac at 25 C was significantly larger than at 28  and 31 C, at larval onset of mouth opening, and at onset of feeding, indicating that yolk sac absorption and oil globule had a tendency to be consumed more rapidly with increasing temperature. In contrast, starved larvae showed negative growth from 24 to 96 HAMO. 
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Topic 8:        Biochemical Adaptation to Temperature

Learning Outcomes

By the end of this topic, you will be able to:

1. Understand the process of biochemical adaptation in fish.
2. Synthesize temperature-rate relationships, and mechanisms of thermal acclimation in fish.
3. Analyze metabolic adaptation to different temperatures, how temperature influenceS protein and lipid utilization.
4. Understand the dynamics of osmoregulation in fish, and the interactive effects of temperature  and salinity on metabolism and growth of fish.
5. Key Terms:

Biochemical adaptation, Thermal acclimation, Metabolic adaptation Osmoregulation, DPH polarization; Homeoviscous adaptation; Fatty acid composition; Fluorescence; Intestinal mucosa.

8.1
Introduction

Water temperature plays an important role in determining fish energetics and physiology. In fish, body temperature reflects that of the water in their environment. In cold water fish, the body temperature decreases, and the changes in physical chemistry of cells reduce metabolic activity. Cold water temperatures thus either leads to dormancy or it may trigger a range of homeostatic responses which offset the passive effects of reduced temperature. Compensatory and dormancy responses are not mutually exclusive, and sometimes occur in the same species depending on temperature. Cold-acclimation results in significant increases in the density of mitochondria and capillaries in skeletal muscle. This reduces diffusion distances and increases the capacity for aerobic ATP production, relative to fish that are acutely exposed to low temperature. Inspite of their increased concentration, aerobic enzymes show lower activities at cold than at warm temperatures. Acclimation temperature affects hepatosomatic index, the concentration of energy reserves and the relative importance of glucose and fatty acid catabolism in the liver. With temperature acclimation, it is likely that many changes in liver 
metabolism will reflect associated changes in feeding behaviour and /or diet and other energetic demands. Fish tend to avoid extremely high temperatures (if this is outside their thermal range) and will hide in cooler, deeper waters. The movement of fish from a water body that has unbearably high temperature to water that has a tolerable temperature range would be associated with changes in energy expenditure due to swimming activities of the fish. Fish tend to have optimal temperature ranges within which they can function normally, and outside this range things can and do go wrong.Within any range, increases and decreases in external temperature will have an effect on internal metabolic and physiological rates. Studies have demonstrated that many physiological variables studied were significantly affected by water temperature, as well as the net energy balance. At temperatures lower than 1oC, the energy budget was depressed because food intake was lower than at temperatures between 14oC and 26oC where food intake was higher and independent of temperature. At these temperatures, the energy balance was positive. 
Multiple environmental factors affect the bioenergetics of organisms by limiting both their distribution. In fishes, studies dealing with cost-benefit of temperature and food resources use have shown a significant effect of water temperature on net energy budget. In some species, not all of the physiological variables (ie. ingestion rate, metabolic rate, and digestibility) associated with the fishes net energy budget are related to water temperature. A fish's metabolism will be optimized at intermediate temperature between high and low values, depending on species. Lower temperature helps the fish to withstand much longer periods without food. The energy gained from the caloric content of prey will highly depend on temperature. Given a constant amount of food, growth rate will increase with increasing temperature to a certain threshold value, beyond which it will begin to decrease. Increased water temperature induces a significant increase in blood glucose (hyperglycemia) when the fish is exposed to air and/or to non-aerated water. Energy depletion is greater at high temperatures. High temperature also reduces the period that fishes tolerate food deprivation. Environmental temperature stimulates metabolism. The higher the water temperature, the lower the dissolved oxygen. High water temperature will also influence energy expenditure of fish. The main effects on fish metabolism are caused by the ingestion of food and water temperature. Although glucose and oxygen react spontaneously to liberate energy, they do so exceedingly slowly at room temperature outside of a cell. Obviously, energy metabolism is affected by temperature. Also, temperature does not have the same effect on endotherms and ectotherms. Endotherms regulate their temperature with metabolic heat, whereas ectotherms rely only on external heat sources. Their metabolic rate of fish increases with increasing temperature.

8.2
Biochemical adaptation and its process
From the earliest observations of deep-sea animals, it was obvious that they differed in many ways from shallower-living relatives. Over the years, there has been speculation that deep-sea animals have unusually low rates of biological activity; numerous adaptive scenarios explaining 
this have ben offered. However, these speculations and scenarios have rarely been tested due to the difficulty of data collection and the inevitable confounding of a number of major variables which vary with depth.  Biochemical adaptation to environmental parameters such as temperature appears to involve two distinct types of changes in the organism’s (fish’s) chemistry. On the one hand, the quantities of certain molecular species present in the cells may change. Alternatively, the actual types of molecules present may vary. These data plus the information on comparable changes in membrane lipids, lead to us to propose that adult poikilotherms may undergo a considerable degree of “biochemical restructuring” on a seasonal basis.  The factors which control this “restructuring” and the rates at which the process occurs at high and low temperarures are topics for future investigation. 

8.3
Temperature adaptation

In fish that coccupy a specific thermal habitat the contractile apparatus has been adapted during evolution for that specific temperature range. Such thermal characteristics may be a general feature of proteins from Antarctic fish, and so may contribute to their extreme cold stenothermy. The Antarctic ice fish does not have red blood pigments (hemoglobin) nor red blood cells. This is an adaptation to the low temperature. The blood becomes more fluid, asa consequence, the animals saves energy to pump blood through their body. These are genes that encode different types of myosin crossbridges (the force generators for muscular contraction) and therefore, determine the contractile characteristics of the muscle. The physiological result of the switches in gene expression are that the muscles of fish acclimated to low environmental temperatures develop more force and more power at these temperatures and temperatures than muscles from fish acclimated to warm environmental temperatures.



Fig 1:  Antarctic ice fish

Source: http://www.oceanleadership.org
Census of Marine Life – Photo of the Week: Antarctic ice fish. (Photo: Julian Gutt/ Alfred Wegener Institute)

8.4
Metabolic adaptation to different temperatures

Altering the body temperature of fish causes immediate changes in both the functional and biochemical properties of secretory epithelial tissues. A fish adapts to regulate its function after a sudden exposure to a change in environmental temperature. Adaptation can be in three distinct steps: (i) 15-20h after the change in environmental temperature, the ability of actively transported non-electrolytes to increase the microvillar membrane permeability to sodium is altered. The passive permeability of the cells to sodium is also regulated at this stage; (ii) adaptive change which follows involves changes in membrane phospholipids and amino acid transport, occurring after about 32-48h. Regulation is still not complete, however, the intracellular sodium remaining low and intracellular potassium remaining high for 2-3 weeks; (iii) a final regulation of sodium-pump activity. This change, which is concerned with pump turnover rather than with number of pump sites, is probably connected with the synthesis of new cells. Temperature affects everything that an organism does. An increasingly sophisticated understanding of evolutionary adaptation to temperature at the molecular level for some cellular processes has been is already known, but little is known about evolutionary temperature adaptation in gene expression, cell-cycle control or growth, all of which influence organism performance and fitness. The physiological costs of evolutionary temperature adaptation vary with body temperature. This macroecological pattern has powerful consequences for life-history theory, and probably also for food-web dynamics, biological diversity and biotic response to climate change. The relationships among evolution, temperature and ecology are multivariate, hierarchical and complex. In fish that coccupy a specific thermal habitat the contractile apparatus has been adapted during evolution for that specific temperature range. Some curythermal species of fish have the ability to rebuild their contractile systems by expressing a different set of genes at low temperature to that expressed at warm environmental temperatures. The physiological result of the switches in gene expression are that the muscles of fish acclimated to low environmental temperatures develop more force and more power at these temperatures than muscles from fish acclimated to warm environmental temperatures. Carp acclimated to warm temperatures have myosin with a greater thermostability but at a lower myofibrillar ATPase.

8.5    Thermal adaptation in biological membranes: interacting effects of temperature and pH 

The chemical composition of the internal milieu can significantly influence the physical properties of membrane lipids. Temperature-dependent patterns of intracellular pH regulation may partially offset the ordering effect of low temperature on membrane fluidity. The majority of the thermal compensation of plasma membrane fluidity resulting from a period of temperature acclimation most likely reflects differences in membrane composition between acclimation groups.  The response of species to global warming depends on how different populations are affected by increasing temperature throughout the species' geographic range. Local adaptation to thermal gradients could cause populations in different parts of the range to respond differently. 
In aquatic systems, keeping pace with increased oxygen demand is the key parameter affecting species' response to higher temperatures. Respiratory performance is expected to vary between populations at different latitudes because they experience different thermal environments. Compensatory mechanisms in high-latitude populations enhance their performance at extreme temperatures, and consequently, that high-latitude populations of reef fishes will be less impacted by ocean warming than will low-latitude populations. The response of species to global warming depends on how different populations are affected by increasing temperature throughout the species' geographic range. 

8.6
Increases in energy requirements with temperature

Since fish are poikilothermic, an increase in water temperature leads to an increase in the body temperature of the fish. This increases the rate of metabolic reactions in the body, and so the energy requirements also increase. Increases in energy requirement however, do not increase with temperature in a simple manner; both the magnitude of the change and the range over which it occurs are important factors. The maintenance food requirement of fish increases nearly three-fold as water temperature rises from 20oC to 24oC. 
8.7
Metabolic responses to low temperature in fish muscle

For most fish, body temperature is very close to that of the habitat. The diversity of thermal habitats exploited by fish as well as their capacity to adapt to thermal change makes them excellent organisms in which to examine the evolutionary and phenotypic responses to temperature. Closer examination of inter-species comparisons indicates that the proportion of muscle fibres occupied by mitochondria increases at low temperatures, most clearly in moderately active demersal species. 
Isolated muscle mitochondria show no compensation of protein-specific rates of substrate oxidation during evolutionary adaptation to cold temperatures. During phenotypic cold acclimation, mitochondrial volume density increases in oxidative muscle of some species. A role for the mitochondrial reticulum in distributing oxygen through the complex architecture of skeletal muscle fibres may explain mitochondrial proliferation. Changes in mitochondrial properties (membrane phospholipids, enzymatic complement and cristae densities) can enhance the oxidative capacity of muscle in the absence of changes in mitochondrial volume density. 
Changes in the unsaturation of membrane phospholipids are a direct response to temperature and occur in isolated cells. This fundamental response maintains the dynamic phase behaviour of the membrane and adjusts the rates of membrane processes. However, these adjustments may have deleterious consequences. For fish living at low temperatures, the increased polyunsaturation of mitochondrial membranes should raise rates of mitochondrial respiration 
which would in turn enhance the formation of reactive oxygen species.
8.8
Cold adaptation 

Psychrophilic organisms have successfully colonized polar and alpine regions and are able to grow efficiently at sub-zero temperatures. At the enzymatic level, such organisms have to cope with the reduction of chemical reaction rates induced by low temperatures in order to maintain adequate metabolic fluxes. Thermal compensation in cold-adapted enzymes is reached through improved turnover number and catalytic efficiency. This optimization of the catalytic parameters can originate from a highly flexible structure which provides enhanced abilities to undergo conformational changes during catalysis. Thermal instability of cold-adapted enzymes is therefore regarded as a consequence of their conformational flexibility. All known structural factors and weak interactions involved in protein stability are either reduced in number or modified in order to increase their flexibility.

8.9
Thermal limits and adaptation in marine Antarctic ectotherms: an integrative view

The functional specialization to permanently low temperatures implies reduced tolerance of high temperatures, as a trade-off. Maintenance of membrane fluidity, enzyme kinetic properties and protein structural flexibility in the cold supports metabolic flux and regulation as well as cellular functioning overall. 
8.10.
Metabolic functions of temperature

Multiple environmental factors are known to affect the bioenergetics of organisms by limiting their distribution and abundance, with temperature being one of the most important abiotic factors. Water temperature affects metabolism. Metabolic rates of ectotherms increase with increasing temperature. As water temperature decreases, body temperature of fish also decreases and metabolic rate is reduced. Lower temperatures will help fish to withstand much longer periods without food. Conversely, as the environmental temperature declines homeotherms (endotherms) must increase their metabolic rate to compensate for the additional heat loss if they are to maintain a constant body temperature. There is considerable species difference in metabolic adaptation to changes in environmental temperature. Each species seems to have a preferred temperature at which it functions most efficiently. If temperature gradients exist, the fish will seek the most favourable temperature. An increase in energy requirement does not however, increase with temperature in a simple manner. In temperate fishes, as the body temperature decreases, expected in cold water, changes in the physical chemistry of body cells will produce a reduction in metabolic activityof the fish. Cold water temperatures either lead to dormancy or else trigger a range of homeostatic responses which serve to offset the passive effects of reduced temperature. 
Compensatory adjustments to temperature occur with time, ranging from less than a second to more than a month. Acclimation temperature affects hepatosomatic index, the concentration 
of energy reserves and the relative importance of glucose and fatty acid catabolism in the liver. It is likely that many of the changes in liver metabolism with temperature acclimation do reflect associated changes in feeding behaviour and /or diet and other energetic demands. Possible mechanisms underlying alterations in pathway utilization with temperature acclimation may include changes in factors that influence enzyme structure and activity. 
In aestivation, it would seem to indicate that something other than scarcity of food and temperature is at work and perhaps, also in hibernation. Fish tend to have optimal temperature ranges within which they can function normally, and outside this range things can go wrong. Within any range, increases and decreases in external temperature have an effect on internal metabolic and physiological rates .Conversely, when temperatures are too low, processes slow right down and may be stopped. 
8.11         Temperature and protein

Growth rate and feed utilization are significantly better at higher water temperature. Within each temperature, specific growth rate and feed efficiency are significantly higher at  two protein levels. At 25°C, feed efficiency was is also significantly better with the higher than the lower protein diet. Regarding energy utilization, at each temperature, there are no differences among dietary treatments on energy retention. Within each temperature, at the end of the trial, there were no differences among groups in proximate composition of whole fish. Apparent digestibility coefficients of dry matter, protein and energy significantly improved with the increase of water temperature but, within each temperature, there were no significant differences among groups. Growth and feed efficiency are significantly higher at the higher temperature, but protein utilization is more efficient at the lower temperature.

8.12
What is cold adaptation and how should we measure it?

Cold adaptation encompasses all those aspects of an organism's physiology that allow it to live in polar regions. With the exception of the special case of the need to avoid freezing, it is therefore merely a specific example of the more general temperature compensation needed by all marine organisms. Temperature compensation is a form of homeostasis; the extent to which a given organism has achieved this can only be assessed in those processes which can be studied at the molecular level. Recent studies of polar organisms, primarily fish, have indicated that compensation is not always perfect. 
Growth, for example, may show compensation at the molecular level but still be slow for other reasons.. Respiration is a particularly misleading indicator of temperature compensation, primarily because it represents the summation of many processes each of which may react differently to temperature. The use of respiration rate to assess temperature compensation should be abandoned forthwith. 

The response of species to global warming depends on how different populations are affected by increasing temperature throughout the species' geographic range. Local adaptation to thermal gradients could cause populations in different parts of the range to respond differently. In aquatic systems, keeping pace with increased oxygen demand is the key parameter affecting species' response to higher temperatures. Therefore, respiratory performance is expected to vary between populations at different latitudes because they experience different thermal environments. 

8.13       Counter-gradient variation in respiratory performance of coral reef fishes at elevated temperature

The concentrations of sodium, potassium, and calcium in plasma and muscle were similar in fish adapted to fresh water and those adapted to sea water. Acute exposure to cold causes a shift in plasma concentrations of sodium and calcium toward environmental concentrations, i.e., these ions decrease in fresh water and increase in sea water. An ionoregulatory failure due to cold is suggested. High temperatures has little effect on plasma electrolyte levels in fresh water whereas in sea water the concentrations of sodium, potassium, and calcium were elevated. The effect of warm water on ion levels in muscle is, in general opposite that of cold. These data suggest shifts of ions or water between cellular and extracellular fluids of muscle. Such shifts might affect the function of excitable tissue. Muscle tremors and loss of equilibrium observed in dying alewives during summer mortalities might be brought about when sudden temperature drops. 
Learning Activities

(i) A first experiment will be conducted in the laboratory to study changes in enzymes involved in thermal adaptation of fish, and changes in body nutrient content in fish subjected to varying temperatures. 

(ii) A second experiment will be on effects of temperature on: growth, feed conversion, body composition, oxygen uptake, feed utilization and nutrient retention/deposition.

(iii) A third experiment will be conducted to study the dynamics of osmoregulation in fish, in addition to interactive effects of temperature and salinity on metabolism, growth and mineral fluxes in the fish.

SUMMARY OF TOPIC
Deep-sea animals are obviously different in many ways (including metabolic) from shallower water-living relatives. Biochemical adaptation to temperature appears to involve: (i) the quantities of certain molecular species present in the cells may change; and (ii) the actual types of molecules present may vary. More work is needed on “biochemical restructuring”, and on rates at which the process occurs at high and low temperatures. In fishes that occupy a specific thermal habitat, the contractile apparatus has been adapted during evolution for that specific temperature range. The Antarctic ice fish has no hemoglobin or red blood cells. This is an adaptation to low temperature. Altering the body temperature of fish causes immediate changes in the functional and biochemical properties of secretory epithelial tissues. Little is known about evolutionary temperature adaptation in gene expression, and cell-cycle control or growth, which influence organism performance and fitness. Because fish are poikilothermic, an 
increase in water temperature leads to an increase in the body temperature of the fish. This increases the rate of the metabolic reactions in the body, and so the energy requirements also increase. There is a diversity of thermal habitats exploited by fish, and the capacity of fish to adapt to thermal change makes them excellent organisms for studies on evolutionary and phenotypic responses to temperature.  Metabolism is linked to thermal regimes and it is temperature-dependent. Polar fish are metabolically cold-adapted because they have considerably elevated resting oxygen consumption or standard metabolic rate (SMR), compared with tropical and other temperate species. Regarding energy utilization, at each temperature, there were no differences among dietary treatments on energy retention. Growth and feed efficiency were significantly higher at the higher temperature, but protein utilization was more efficient at the lower temperature. In rainbow trout, the percentage of fatty acid lipogenesis attributable to unsaturates was elevated after an acute drop in temperature, but declined with continued cold exposure (cold acclimation). In contrast, selected desaturation reactions [particularly those involved in the production of PUFA of the n-3 and/or n-6 families] proceded more rapidly in cold than in warm-acclimated trout. The response of species to global warming depends on how different populations are affected by increasing temperature throughout the species' geographic range. Local adaptation to thermal gradients could cause populations in different parts of the range to respond differently. In aquatic systems, keeping pace with increased oxygen demand is the key parameter affecting species' response to higher temperatures. Therefore, respiratory performance is expected to vary between populations at different latitudes because they experience different thermal environments. 

A study of the effects of temperature and salinity on ionoregulation in the alewife, revealed that concentrations of sodium, potassium, and calcium in plasma and muscle were similar in fish adapted to fresh water and those adapted to sea water. These findings seem to suggest that salinity does not modify the capacity of alewives to tolerate acute temperature stress.
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Topic 9:
Metabolic rate and aestivation of ectotherms

Learning Outcomes

By the end of this topic, you will be able to:

1. Understand conditions that lead to aestivation in fish. 

2. Synthesize impacts of aestivation on energy utilization by fish.Analyze the impacts of aestivation on nitrogenous excretion in fish.
3. Synthesize the impacts of aestivation on blood chemistry in fish. Know how fishes carry out their metabolic activities during aestivation. 

4. Grasp the major similarities and differences between “ diapause and aestivation”. 

Key Terms:

Aestivation, cryptobiosis, anyhydrobiosis, osmobiosis, rmancy, torpor, hypometabolism, quiescence, energy utilization, diapause, blood chemistry, exogenous feeding, metabolic adaptations, nitrogen utilization, energy depletion. hypoxia, lungfish, nitrogen metabolism,  Protopterus annectens urea. 

9.1
Introduction 

Metabolic depression in animals and plants has intelligently been synthesized and summarized by Withers and Cooper (2010). His summary stipulates that an extended period of inactivity and reduced metabolic rate of many animals and plants, as well as unicellular organisms, has long been recognized.  The period of inactivity can be less than a day, a few consecutive days or weeks, an entire season, or even many years (Withers and Cooper, 2010). It can involve very different physiological states in response to a variety of environmental stimuli, such as extreme temperatures or unavailability of food or water. These periods of inactivity have been described and classified according to the group of organisms in question, extent and duration of the metabolic depression, ambient and body temperatures, state of body water (frozen or hyper-osmotic), or the presence/ availability of oxygen. Although first described by Aristotle and Pliny, studies in the 1900s delineated basic physiological changes that accompany dormancy. This dormancy allows avoidance of unfavourable short- or long-term climatic conditions and conservation of energy and water. Hibernation is viewed as a long-term multiday torpor during winter, whereas aestivation is dormancy during summer. In ectothermic animals such as fish, the metabolic depression that accompanies dormancy is intrinsic, where metabolic rate declines to about 10 to 20% of resting metabolic rate at the same body temperature. The molecular mechanisms for intrinsic metabolic depression are however, poorly understood. In endothermic animals such as mammals or land vertebrates, torpor involves a fundamental physiological change in body temperature regulation that markedly reduces metabolic rate and water loss often to <10% of the normothermic resting metabolic rate at the same ambient temperature. Most of this reduction in metabolic rate reflects the decreased set-point for thermoregulation, resulting in reduced metabolic heat production and a Q10 effect. There may be some intrinsic molecular-based metabolic depression in some hibernators. Dormancy allows species to exploit ephemeral environments and colonize habitats that would otherwise be unsuitable for growth or survival at certain times of the year. There are costs to dormancy, but for many species, the energetic advantages outweigh these costs (Withers and Cooper, 2010).The lungfishes are a truly ancient group of vertebrates, known from fossils, dating back to at least the lower. Devonian Age, some 408 million years ago. Most lungfishes do indeed possess a lung and gills, which enable these animals to surface and breathe air when it lives in stagnant water containing little oxygen. In the dry season, when water evaporates resulting in little and wet mud, the fish burrows down into this substrate where it forms a cocoon of mucus and mud. Its metabolic rate greatly decreases; requires only an occasional breath of air via a small opening in the top of its burrow, and can aestivate despite the mud around it completely drying out. Months later, when the rains return, the lungfish re-emerges into the water and resumes living like a fish. Members of the African lungfish genus Protopterus are usually classified in the family Protopteridae, or sometimes in a more inclusive family Lepidosirenidae, including both the South American and African lungishes (but excluding more primitive Australian lungfish, which cannot aestivate). Juvenile P. a. brieni lungfishes resemble miniature adults but have external gills.  

[image: image37.jpg]



Fig 1: Ther African Lung fish from Malawi; Protopterus annectens brien
Credit: Skelton 

9.2
Aestivation

Metabolic depression is relatively uncommon among fishes, with the greatest number of species exhibiting dormancy as embryos. Dormancy in fish embryos is mostly associated with deposition of embryos into terrestrial habitats to avoid predation or to survive intermittent drying of aquatic habitats. For example, embryos of annual killifish are highly adapted for life at the interface between land and water. They have evolved a suite of characters that allow them 
to survive in an aerial environment.  Aestivation is an adaptive tactic to survive hot and dry periods of low food availability.  Aestivation has been reported in many animal groups: lungfishes, teleosts, amphibians, reptiles, birds, and mammals. It is characterized by inactivity and fasting. In lungfishes and amphibians, aestivation involves the formation of a cocoon around the body to retard water loss. Inactive tissues such as skeletal muscles and those of the gastrointestinal tract regress during aestivation, and this reduces metabolic rate. African lungfishes experience changes in the structure of their skin, gills, lungs, and heart, during aestivation. For anurans, aestivation also generates a significant decrease in gut mass and modification of the intestinal epithelium. Intestinal mucosal thickness, enterocyte size, and microvillus length of anurans are characteristically reduced during aestivation. Losses of tissue structure induced by aestivation may be matched by a loss of cellular function generating an integrative decrease in the performance of tissue and metabolism. Ample opportunity exists to remedy the paucity of studies on morphological plasticity of organs and tissues to aestivation and examine how such responses dictate tissue function during and immediately following aestivation. In Protopterus, aestivation is clearly observed as an episode event characterized by an elaboration of a cocoon as ambient water is withdrawn, a state of torpor and distinctive cardio-respiratory and metabolic changes. Among the more striking of these features are: (i) a decrease in oxygen consumption; (ii) a complete reliance on air-breathing to satisfy metabolic needs, (iii) slowing down of the heart rate and (iv) a drop in blood pressure. The pattern of decrease in oxygen uptake during aestivation and starvation are quite similar, suggesting that a common factor may be involved in both. Once aestivation sets in, a variety of adaptive changes (e.g oliguria and a shift in metabolic pathways) occur that enable the aestivating lungfish to survive for months to years without ingesting food or water. 

9.3     Aestivation of ectotherms 

Fishes can alleviate problems of ammonia toxicity during drought by adopting alternative metabolic adaptations to remain alive until the normal aquatic environmental conditions return.  Despite decreases in rates of ammonia and urea excretion, the ammonia content in the muscle, liver, brain and gut of this species remains unchanged after about a week of aestivation. In specimens aestivated for onger period, the ammonia concentrations in the muscle, liver and gut become significantly lower than those of individuals fasted for a similar period of time. During the first week of aestivation, the rate of ammonia production is reduced.  For specimens aestivated for a long period, the activities of carbamoyl phosphate synthetase, ornithine transcarbamylase and argininosuccinate synthetase + lyase are significantly greater than those of the control. So, a reduction in ammonia production and decreases in hepatic arginine and cranial tryptophan contents are important facets of aestivation in this species. 

9.4
Variations in the aestivation of animals

Aestivation is similar to hibernation, if they are not identical to each other. If hibernation is 
"winter sleep," then aestivation may be called "summer sleep." In zoology, aestivation is defined as a state of reduced metabolic activity in which certain animals become quiescent. It is a resting interval associated with warm, dry periods in areas that have alternating wet and dry seasons. Animals are induced to aestivate when drought and heat interfere with their activities. Biologists define aestivation as "the state of torpidity induced in animals by excessive dry heat”. Aestivation occurs chiefly in the tropics during the long, hot, and dry season, when food is scarce and vegetation is taking a rest. In the temperate zone (desert regions), a few animals also aestivate. Alligators, snakes, certain mammals, insects and land snails become dormant. In the tropics, pools and streams dry up. Crocodiles aestivate in Summer, through the dry season without feeding or emerging from the mud in which they have buried themselves. They are able to "sleep" in this almost "lifeless" state for a whole year. Alligators, the American division of the crocodile family, also hibernate very much like frogs. 
American alligators and other animals, bury themselves in the mud, reduce their physiological activities to a bare minimum, while the earth above them is baked into a hard crust. When rain returns, they resume activity, and come forward renewed by their long fast and rest. Certain fish are able to burrow deep down into the mud and lie there until the coming of the rainy season. There are several examples, including the mud-fish of Australia. The lungfishes (Protopterus of Africa and Lipidosiren of South America), live in mud cocoons during the dry season. The African lungfish digs into mud almost 60 cm, curls its tail around its body which becomes covered with mucus, and draws air through a long tube and lives on the breakdown of body fat. The spearhead fish buries itself in the mud. Even planarians (flatworms) and leeches (annelids) bury themselves in the mud. Mollusks found in pools and patches of water that frequently form in the desert, also bury themselves deep in the clay or baked mud. Turtles aestivate in the mud, while lizards and snakes retire to crevices. 
The Iberian water turtle hides under rocks. Frogs burrow into mud and exist for months in its sun-baked hardness. During periods of aestivation, frogs can survive the loss of half of their body moisture. Certain Australian frogs become distended with water during the wet season and use this stored water during the aestivating period. The storing of water by these frogs is similar to the storage of fat by hibernating animals. Birds are not known to aestivate, but a mammal such as Orycteropus, and some lemurs do. An Australian snail plugs the mouth of its shell with a morsel of clay before entering upon its period of aestivation. After a prolonged shower, snails become active. Aestivating desert snails revive and crawl about after years in the dormant state.  

9.5
Bioenergetics of diapause and quiescence

Diapausing embryos of fish survive desiccating conditions by reducing evaporative water loss. Over 40% of diapause II embryos survive for more than three months. An early loss of water from the peri-vitelline space occurs during days. Thereafter, rates of water loss are reduced to about zero. No dehydration of embryonic tissue is indicated based on microscopic observations, and the retention of bulk (freezable) water in embryos. Such high resistance to desiccation is unprecedented among aquatic vertebrates. The egg envelop is composed of protein fibrils with characteristics of amyloid fibrils.
9.6
Energy utilization during aestivation

The lung fish slows down its metabolic rate to a low level during aestivation when it is buried in the mud of dried-up ponds. They may survive more than 3 years in the mud.  The liver and muscle are affected soon after the cessation of feeding. The lipid content in fish brain does not show a significant change during starvation, while liver lipids have dwindled from 40% down to 2%. In some fish, the lipid content in the brain, heart and gills does not change. This ensures that their functions are not impaired by starvation. The organs are exploited in the following order after two months of starvation: intestine first, then liver, kidneys, spleen, muscle and heart. In 8 months of starvation, the changes reported in literature were: liver and kidneys are most affected, spleen and intestine less affected while the heart is hardly affected. Testes also lose weight during starvation. When immature fishes are starved, stomachs show atrophy with degenerated epithelium. The liver degenerates. With starvation, the gall bladder becomes enlarged, since it only discharges its contents under the stimulus of food. Physical weakness is  One would consider this as a rather strange bioenergetics event. High anaerobic capacity of both skeletal and heart muscles has been reported, even during the aestivation period, when enzymes show suppressed levels compared to those on non-aestivating animals. Lung fish may be considered advanced, despite retaining primitive morphological characters. In the African lungfish, the concentration of glycogen in the liver of starved aestivating fish has been shown to be lower, suggesting its withdrawal and utilization by aestivating animals. After starvation, muscle glycogen falls. During the latter condition, urea accumulates in the tissues to a level five times higher than in the control or starved fish. Urea is excreted on return to water. No change in protease activity could be detected during aestivation or starvation.

9.7
Factors inducing aestivation: impact of energy reserves, size, or age

Conditions that favour aestivation may vary. Fish complete their aestivation when water temperature increases.  Aestivation is induced by rising seawater temperature, and it plays an important role in energy conservation. In the field, individuals in age-1 group start their aestivation earlier than the age-0 group. Within the age-0 group, larger sandeels enter aestivation earlier. These observations indicate that fat reserves are an important cue to start aestivation.

9.8
Hypoxia, energy status, nitrogen metabolism and aestivation 
Fish avoid ammonia toxicity by increasing urea synthesis and/or decreasing endogenous N production (as ammonia). Dependency on these two mechanisms differs between the normoxic and the hypoxic fish. The rate of urea synthesis increases, while the rate of N production in normoxic fish decreases. The rate of N production in hypoxic fish decreases, without an increase in rate of urea synthesis. Hypoxia thus led to significantly lower ATP concentration, and significantly lower creatine phosphate concentration, compared with normoxia. Hypoxic fish have lower creatine phosphate concentration than normoxic fish. Lowering the dependency on increased urea synthesis to detoxify ammonia (which is energy intensive), by reducing N production will conserve cellular energy during aestivation in hypoxia. 

. 

9.9
Increased urea synthesis or suppressed ammonia production 
Aestivation in air leads to a significant increase in urea, not ammonia, in tissues of this fish. Rate of urea synthesis increases 2.7-fold despite the lack of changes in the activities of hepatic ornithine–urea cycle enzymes. There is a minor change in rate of ammonia production. After a long period of aestivation in air, ammonia in the liver decreases significantly and urea in some tissues increases significantly, This suggests that fish shift to a combination of increased urea synthesis, and decreased ammonia production to defend against ammonia toxicity. Longer period of aestivation in mud does not result in changes in tissue urea, indicating profound suppressions of urea synthesis and ammonia production. Fish aestivating in the mud have a lower dependency on increased urea synthesis to detoxify ammonia, which is energy intensive, than fish aestivating in air.

9.10
Morphological plasticity of vertebrate aestivation 
Aestivation or daily torpor is an adaptive tactic to survive hot and dry periods of low food availability. Aestivation is characterized by inactivity and fasting. For lungfishes and amphibians, there is formation of a cocoon around the body to retard water loss. Few studies have explored the morphological responses of organs and tissues to aestivation. Predictably, inactive tissues such as skeletal muscles and those of the gastrointestinal tract would regress during aestivation, and thus aid in the reduction of metabolic rate. African lungfishes experience changes in the structure of their skin, gills, lungs, and heart during aestivation. Aestivation-induced loss of tissue structure may be matched with a loss of cellular function generating an integrative decrease in tissue performance and metabolism.

9.11
Acid-base balance and plasma composition in aestivating lungfish

Upon entering into aestivation fish develops a respiratory acidosis. A slow compensatory increase in plasma bicarbonate suffices only to partially restore arterial pH toward normal. The cessation of water intake from the start of aestivation results in hemoconcentration and marked oliguria. The concentrations of most plasma constituents continue to increase, and electrolyte ratios change. An increase in urea is disproportionately high for the degree of dehydration and constitutes an increasing fraction of total plasma osmolality. Acid-base and electrolyte balance does not reach a new equilibrium within 1 yr in the cocoon. 
Aestivation is an episodic event characterized by elaboration of a cocoon as ambient water is withdrawn, and distinctive cardiorespiratory and metabolic changes. There is decreased oxygen consumption, a complete reliance on air breathing to satisfy metabolic need, a slowing of the heart rate, and a drop in blood pressure. So far, specific “aestivating factors” have not been identified. Once aestivation sets in, a variety of adaptive changes occur that enable the aestivating lungfish to survive for months to years without ingesting food or water. 

9.12
Metabolism during overwintering period

Larger individuals in a temperate fish population do emerge from winter in a better energetic condition than do smaller individuals. Both lipid mass and lipids per gram of body weight are significantly and positively correlated with body size. Results are attributed to allometric relationships between body size and energy reserves, and between body size and metabolic rate. Body size markedly affects energetic state which may explain why individuals of different sizes vary in their reproductive behaviour and survivorship. 

9.13
Nitrogen utilization during aestivation

The urea cycle is essentially the simultaneous operation of two linear pathways, both primitive and widespread among animals. One is for arginine synthesis, and another for arginine degradation to ornithine and urea.  All animals may have the genetic capacity to express a urea cycle. Many diverse groups of animals, from flatworms to mammals, have a functional urea cycle. Urea is a major balancing osmolyte in marine cartilagenous fish, the coelacanth and a few amphibians and some aestivating terrestrial amphibians. It is a storage osmolyte in cocoon-forming aestivating lungfish and amphibians. Urea contributes towards positive buoyancy in marine cartilagenous fish. Urea functions for non-toxic N transport in ruminant and pseudoruminant mammals. It is a major solute in the mammalian (but not avian) kidney, contributing to a renal medullary osmotic gradient; it is substantially reabsorbed by mammalian nephrons. Urea is a preferred nitrogenous waste compared with ammonia at high ambient pNH3 or pH, with water restriction, or air breathing. 

Learning Activities

(i) Students will be given an assignment to compile thirty examples of effects of aestivation on metabolism of different fish taxa. 

(ii) Students will have to focus on the following:

· Impacts of aestivation on energy utilization (6 references); 

· Excretion of nitrogenous wastes during aestivation (6 references);

· Impacts of aestivation on blood chemistry (6 references);

· Specific examples of how fishes carry out their metabolism during aestivation (6 references);

· Aestivation in non-fish species of aquatic vertebrates (6 references).

SUMMARY OF TOPIC
According to Withers and Cooper (2010), cryptobiosis, or “hidden life,” is an extreme form of inactivity, with often complete cessation of metabolism. It was first described in the 1700s, was further characterized in the 1800s, and in the 1900s physiological studies delineated the extent of metabolic depression. Molecular mechanisms for cryptobiosis have been sought since the late 1900s. Cryptobiosis includes three physiological states, anhydrobiosis (desiccation), osmobiosis (high osmotic concentration), and cryobiosis (freezing), where metabolic depression is associated with an altered physical state of cell water and often involves accumulation of compatible solutes, and one physiological state, anoxybiosis (anoxia), where metabolic depression occurs at the normal cellular hydration state (Withers and Cooper, 2010. Dormancy (torpor) is a less extreme form of inactivity, associated with a moderate reduction in metabolic rate (hypometabolism). With one exception, all major animal phyla contain species that possess dormant states, a feature that affords tolerance to extreme environmental conditions. Diapause is an obligate developmentally-programmed form of dormancy that precedes the onset of environmental insult. Calorimetric and respirometric studies have revealed that a major metabolic depression accompanies entry into diapause in vertebrates and invertebrates.  Under fully aerobic conditions, embryos of the annual fish Austrofundulus limnaeus depress their metabolism by approximately 90% over a period of several days as they enter diapause. This metabolic shift is achieved without changes in the ATP:ADP ratio. Breakage of diapause involves a lengthened photoperiod, accompanied by a 200-fold increase in metabolic rate. In contrast, to diapause, quiescence is a form of dormancy that is a direct response to environmental stress. Coordinated depression of catabolic and anabolic processes is a hall mark feature of both diapause and quiescence. 
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Learning Activities:

By the end of this topic, you will be able to:

1. Describe the effects of feed on body composition.
2. Synthesize changes in energy utilization from egg-yolk larvae to post-larval fry.
3. Elaborate the energetic impacts of predator-prey interactions.
4. Explain the impacts of fish stocking density on stress factors.
5. Describe impacts of aging  on body composition

Reading assignment will be on: Factors that influence feed intake, energy flow, energy distribution, energy deposition and energy storage.

10.1
Introduction

Operations undertaken in aquaculture are influenced by the surroundings and intrinsic environmental factors, whilst simultaneously impacting the environment. Factors such as water temperature and oxygen levels influence fish feeding and digestion (and ultimately growth) whilst feed, faecal material and chemicals have an adverse impact on the surrounding environment. It is the interaction between these two sides of the coin which ultimately determines how well stock will do in any particular aquatic environment. These potential effects have their most severe impact on farmed stock. Given maintenance of good conditions for the farmed stock and selection of sites with good water exchange, the impacts of water quality changes due to poor water circulation mqy be considered minimal. Cages, their moorings and other structures also offer new substrates for the attachment of organisms which may affect water quality through respiration or excretion or alter the structure of local food chains. 

10.2
Food Consumption

One should expect some variation between two species of fish in their food consumption, daily rates of oxygen consumption and growth. It is suggested that flatfish spend relatively less energy in swimming and therefore convert more food energy into growth than (pelagic) roundfish. The maximum rate of food consumption (Cmax) is related to body weight (W) and temperature (T) by the relationship: Cmax=aWb1Tb2. There are significant daily variations in Cmax, which tend to decline over time. Absorption efficiency increases with increasing ration size and decreasing temperature.  Ammonia-N predominates over urea-N in the excreta of most experimental fish. The proportion of urea-N in the total nitrogen excreted is generally higher at lower rations than at higher rations. Rates of nitrogen excretion increase with increased ration size and are influenced by temperature. 
10.3
Energy density of fish

Use of bioenergetics models in fisheries ecology and management has increased rapidly in recent years, but application-specific information on energy content of fish and their prey has lagged behind. This is because the process of directly measuring energy density in fish (J/g wet weight) is time consuming. It is predicted from the percent dry weight of fish. Data can be gathered from literature, obtained from cooperating investigators, and measured directly. 
Least-squares models can be derived for all species combined and for orders, families, and species. The model for all species combined can also be estimated. At all taxonomic levels, energy density models show a strong positive relationship between energy density and percent dry weight. This relationship should allow the estimation of seasonal and ontogenetic changes in energy density, based solely on percent dry weight data.

10.4
Effects of stocking density on energy metabolism

Fish stocking density produces variable signs of stress. Stocking density may have no effect on: (i) plasma cortisol and T3 concentrations; (ii) plasma protein and free fatty acid (FFA) levels; (iii) pyruvate dehydrogenase, (iv) glycerol kinase and (v) glycerol-3-phosphate dehydrogenase, compared with those fish held at low stocking density. These results suggest that high stocking density will: (i) mobilize triglyceride sources, (ii) promote gluconeogenesis from glycerol, but has little effect on protein metabolism.

10.5
Estimation of food consumption 

Two most commonly used methods for estimating the food consumption of fish are based on either the evacuation rate of food or the energy budget of an individual fish. Both methods can be used where necessary. Bioenergetics models of various species of fish can be reconstructed based on experimental data and published values. The precision of the bioenergetics estimates for food consumption can be evaluated under experimental conditions. The modelling efficiency (EF) of the bioenergetics model can be computed for each species (giving values of usually less than unity or 1. The bioenergetics model gives a better estimate of food consumption than the evacuation rate model.

10.6
Fate of digested feed

Following digestion and absorption of nutrients in the gut, the base components of the nutrients which constitute the fishes' diet are used in different ways. Chemical reactions result in either liberation of their energy through final breakdown - this is known as catabolism - or production of new molecules and tissues - known as anabolism. The sum of these catabolic and anabolic reactions is referred to as metabolism. It is the metabolism of the main dietary ingredients of protein, fat and carbohydrate that is of prime importance in terms of energy for maintenance and growth. 
Through digestion proteins are broken down into amino acids, carbohydrates to simple sugars, and fats to glycerol and free fatty acids (FFA). On absorption, these smaller components end up in the liver, although fats take a circuitous route through tissue fluids and part of the lymphatic system known as the lacteals. A number of metabolic processes occur in the liver. Amino acids are removed from the blood and stored temporarily prior to transport through the body for the synthesis of new fish proteins. There is a continual breakdown and synthesis of proteins which are used in cell and tissue structures, and enzymes. Any excess will be used for maintenance. 
Absorbed sugars (from dietary carbohydrates) are converted to glucose in the liver which can then either be burnt to supply energy or recombined to form glycogen which is stored in the liver as an energy reserve. Fats are readily catabolised as a source of daily maintenance and movement energy needs. If there is too much fat in the diet, or fish are overfed for a long period of time, fat deposition will occur. Fats can be synthesized from amino acids and glucose as well as from glycerols and free fatty acids - it is thus easy for fish to accumulate fat from their diet. Use of fat is also the most economical way to store energy as it has an inherent higher energy latency. 

10.7
Metabolism during endogenous feeding of fish larvae

Various methods are used to measure heat generated (energy) by fish larvae, but these give varying levels of precision and accuracy. A microcalorimeter can be used to measure total heat output (µW) in order to determine total metabolic rate (aerobic and anaerobic and the total cost of feeding (SDA) in larval fish.  Total heat output increases throughout development.  

10.8
Impact of aggression and position choice on energy expenditure 

Excessive expenditure of energy for unnecessary aggression, use of fast-flowing water or other purposes contributes to poor survival of hatchery fish after they are stocked in streams.  This 
poor fish survival would reduce the efficacy of using hatchery stocks to supplement wild production. Hatchery fish are more aggressive than their wild conspecifics, irrespective of rank. In both groups, socially intermediate fish are almost evenly distributed between pools and riffles, and subordinate fish spend most of their time in pools. On average, hatchery fish spend more time in pools than in riffles, whereas wild fish spend more time in pools than in riffles. 
10.9

Energetics of fecal nitrogen losses

The proportion of N excreted as NH3---N is much higher across the gills than in the urine. The proportion of NH3---N excreted (ZN + UN) relative to ingested N increases with dietary protein concentration at both meal sizes. Urea-N relative to N intake do not differ with dietary protein or lipid concentration. Fecal-N relative to intake varies inversely with dietary N and is independent of dietary lipid at both meal sizes. Digestibility varies directly with dietary concentration of protein and lipid and inversely. Maintenance feeding (MF) followed by higher submaximum feeding is evaluated to reduce waste feed, fecal solids, and feed conversion ratios (FCRs) in aquaculture. Maintenance/submaximum feeding may be applicable in aquaculture for reducing feed costs and improving effluent quality without reducing growth
10.10

Feeding and oxygen demand
All chemical processes, including metabolism, are energy-consuming. The burning or combustion of nutrients requires oxygen as a catalyst. A high energy consumption necessarily means a high oxygen demand. Digestion and metabolization require energy so there is an increased oxygen demand by fish after feeding. Larger fish however, require less energy per unit body weight than smaller fish. As oxygen and temperature are inextricably linked, temperature regimes need to be carefully considered to ensure optimal growth of stock. 
Since the respiratory system is responsible for the uptake of oxygen from the environment and its distribution to all parts of the body, this system and the digestive system help each other to function properly. The cardio-vascular system distributes oxygen, and rids the body of unwanted gases such as carbon dioxide and ammonia. Although these are two different systems, the digestive and respiratory systems help each other. The blood would be a useless red fluid, if its oxygen concentration suddenly became very low. Without the respiratory system therefore, there would be no oxygen, and without oxygen, body systems would not function. Failure of body systems to function would be equivalent to death of the animal.

10.11 

Effects of re-feeding on compensatory growth

Compensatory growth is observed after starved fish have been re-fed. During the period of growth recovery, specific growth rate (SGR) and feeding rates are sufficiently higher than those of fed control groups. There may be no significant difference in feed conversion rates among re-fed and control groups. Trends in the activities of such enzymes as pepsin, tryptase and lipase are the same initially, but decrease, and then increase from starvation to satiation. The change in amylase activity may also not differ strikingly after re-feeding. 
Fish in a group starved for some days may have over-compensatory capability across the growth recovery. Starved juvenile fish starved for a week demonstrate full compensatory ability, while those starved for a longer period show partial compensation for growth. The compensatory growth occurring after a short-term starvation for hybrid tilapia juveniles mainly result from hyperphagia and an increase in feeding 

10.12

Compensatory growth and starvation

During the starvation period, all fish lose weight at about the same rate. Upon re-feeding, both mass specific maintenance; and routine rates of metabolism as well as relative growth rates increase rapidly, the peaks of these increases being directly proportional to the length of the starvation period. On the basis of data and calculations made, it appears that compensatory growth, if fuelled by the metabolic power as indicated by the measurements of oxygen consumption, would have to be about twice as efficient as normal growth. 

10.13

Growth and water flow

Energy which is used for physical activity is not available for growth. Fish which are forced to swim against a strong current are expending energy which would otherwise be used for growth. Still water however, allows stratification and the accumulation of waste products. Fish rearing facilities should be designed to obtain maximum use of water without undue stress on the fish.

10.14

Growth, metabolic rate and body size

Small animals produce more heat per unit weight than do large animals. Small fish should be fed a higher percentage of feed/body weight than large fish. In mammals the metabolic rate is proportional to the three-fourths power of body weight (W0.75). Work elsewhere has indicated that trout from 1.0 to 4.0 g in weight have a metabolic rate proportional to W1.0. Fish from 4.0 to 50.0 g in weight have metabolic rates proportional to W0.63. 

10.15

Growth and feeding level

Food eaten affects the metabolic rates of fish. Protein catabolism increases the enegy requirement because fish must get rid of toxic nitrogenous waste products. Fish require substantial amounts of energy for the formation of reproductive products and spawning activity. The increased energy requirement is caused by the loss of calories to the body by the deposition in the eggs and by the energy required for the formation of the products themselves. Besides energy expenditure for the elimination of excess protein, the elimination of minerals is also an energy-demanding process. 

The metabolic changes reflect reductions in energy, that are expected during starvation. No animal is able to utilise all the energy from its food. The level of feeding also has an effect on the energy expenditure of fish. This becomes important in the design of fish rearing facilities. Dissolved oxygen is usually the first limiting factor in fish rearing. Oxygen consumption increases shortly after feeding due to the physical activity of feeding and the heat of nutrient metabolism. Facilities must be designed with adequate safety margins. The oxygen required per unit weight of feed also varies with feeding level, being higher at maintenance level when all the food is oxidized than at higher feeding levels when much of the energy is stored as growth.

10.16

Growth and its variations among species

Fishes in general have lower energy requirements than terrestrial vertebrates. For example, warm-water fishes (Tilapia and catfish) have a greater metabolic rate than that of cold-water fishes. Energy requirements of warmwater fishes are therefore greater than those of equally active cold water fishes. Anything that makes the fish uncomfortable increases physical activity and reduces growth. Carnivorous fish have a relatively high metabolic rate bcause they consume high levels of protein which is in part utilized for energy.
10.17

Growth and environmental variables

Crowding, low oxygen and waste accumulation are some of the factors influencing energy requirements. Temperature also influences metabolic rates. Metabolism declines at low temperature. As the temperature increases growth also increases. Beyond a certain point, the fish will die. Prolonged exposure to light reduces growth. Fish kept in darkness have shown faster growth than those placed in continuous light. Fish ponds can never be exposed to continuous light, so fish growth cannot be limited by light exposure of this type. If fishes feed after visual identification of their feed, their growth rates can increase during periods of prolonged light.  In that case, long dark periods will not help the fish to obtain food and this will not help to increase their growth. Fish in isotonic environment expend energy for osmoregulation. In a hypertonic environment, fish loses water. In a hypotonic environment, fish gains water. Fast flowing water tends to increase energy requirements of fish which swim against currents. Toxins, exposure to lethal doses of hydrogen sulphide, and decreased dissolved oxygen alter the respiratory rates of fish. These changes in respiratory rates indicate changes in energy requirement.

10.18

Growth and age

The caloric requirements of an animal including fish decrease with age. Since fishes continue growing throughout life, the decrease in caloric content as the fish grows older is only associated with reduced growth rate rather than complete growth cessation. Smaller fish have a higher metabolic rate than larger fish which have proportionally less body surface and therefore, less loss of energy (heat) to the water with propotionally less body surface than that of smaller fish.
10.19

Growth and fish activity

An increase in fish movement (activity) increases metabolism and oxygen consumption. Active fishes spend more energy than less active fishes. This reduces the elimination of ammonia. Although a substance may have a high GE content, it is of no use unless the animal is able to digest and absorb it. The amount that is digested and absorbed is known as DE and equals GE minus energy lost in faeces. This has been covered under energy flow in fish. 
Some of the absorbed food may only be partially available to the tissues, the remainder being excreted via the urine, or across the gills (branchial excretion). The energy that is ultimately used by the tissues is known as ME, and is calculated as DE minus energy lost in branchial and urinary excretion. The DE and ME contents of foods depend on their composition and the species that eats them. For example, energy from a plant source is more digestible to the carp than a top predator.  Spawning activity also requires energy. If we want the fish to produce many eggs, enough energy must be given to them for this process. 

10.20

Marine and freshwater fish larvae: implications for recruitment

Differences in the dynamics (growth and mortality) and energetics properties of marine and freshwater fish larvae have important implications for determining the life stages at which year-class size is established. After correcting for temperature effects, marine fish larvae, which typically weigh less at hatch, can be shown to experience mortality rates, have higher metabolic requirements, and have longer larval stage durations than do freshwater fish larvae. Growth rates and growth efficiencies are similar for the two categories of larvae. 
The difference in body size between typically small marine and typically large freshwater fish 
larvae is an important factor affecting their dynamics and energetics. The probability of significant density-dependent regulation during the larval stage could be relatively high for marine species, based upon their life-history properties. The probability that episodic mortalities of larvae will have significant impacts on recruitment may be higher for freshwater fish than for marine fish. Starvation mortality is more probable for marine larvae, primarily because of their small body size, associated high metabolic demands, and possibly higher ingestion requirements. Because expected mean survivorship of freshwater larvae is 44 times higher than that of marine larvae, juvenile-stage dynamics will be relatively important in controlling/regulating recruitment levels of freshwater fishes. In contrast, properties of marine species indicate that larval-stage dynamics will have a greater influence on recruitment success. Aerobic heat production and heat loss via the gills are inexorably linked in all water breathing teleosts except tunas. 
The presence of vascular counter-current heat exchangers is not clearly advantageous in all situations, however. Mathematical models predict that tunas could overheat during strenuous activity unless the efficacy of vascular heat exchangers can be reduced, and that they may be activity limited in warmer waters. Tunas may likewise be forced out of potentially usable 
habitats as they grow because they have to occupy cooler waters. Vascular counter-current heat exchangers also slow rates of heating and cooling. A reduced rate of muscle temperature decrease is clearly advantageous when diving into colder water to chase prey or avoid predators. 
A reduced rate of heat gain from the environment would be disadvantageous, however, when fish return to the warmer surface waters. They apparently can modify overall efficiency of their vascular counter-current heat exchangers and thus avoid overheating during bouts of strenuous activity, retard cooling after diving into colder water, and rapidly warm their muscles after voluntarily entering warmer water. The exact physiological mechanisms employed remain to be elucidated. 

10.21

Larval nutrition

Marine pelagic fish eggs from various latitudes contain up to 50% of the total amino acid pool as free amino acids. The free amino acid (FAA) pool is established during the final oocyte maturation and seems to derive from the hydrolysis of a yolk protein. During yolk resorption, the FAA pool is depleted and reaches low levels at first feeding. The FAA are predominantly used as metabolic fuel, but they are also utilized for body protein synthesis. Amino acids are important catabolic substrates after the onset of first feeding and may account for 60% or higher of the energy dissipation. Since growth is primarily an increase in body muscle mass by protein synthesis and accretion and fish larvae have very high growth rates, they have a high dietary requirement for amino acids. Fish larvae that develop stomachs late in development have a low proteolytic and absorptive capacities of the digestive systems at first feeding.  The FAA composition of live feed used in aquaculture may to some extent be manipulated within rearing conditions and species and strain selection. 

10.22

Lipids at early stages of marine fish: a review
Lipids affect the spawning and the egg quality of many fish species, and a deficiency in (n−3) highly unsaturated fatty acids (HUFA) in broodstock negatively affects fecundity, fertilization rate and hatching rate of the species studied. After hatching and prior to first-feeding, some marine species show a preference in catabolizing phosphatidylcholine, whereas phosphatidylethanolamine tends to be synthesized. Considerable research is necessary to clarify many aspects regarding the function of these fatty acids, especially how their content at the egg stage can affect further requirements for normal growth and survival.

10.23

Energy distribution in relation to feeding level

Basal or standard metabolism in fish is relatively constant under constant environmental conditions. It can change with changes in temperature and fish size among other factors. The heat of nutrient metabolism is proportional to the level of feeding. The energy excreted in urine and gill excretions is also a function of feeding level. The amount remaining for growth is zero at maintenance feeding and becomes proportionately greater as feeding level is increased, until it is balanced by the decreased efficiency, of digestion.  

10.24

Growth-ration relationship

Maximum growth efficiency does not necessarily coincide with maximum feed intake. Instead, the growth-ration relationship shows growth rates which initially increase with increasing ration but then plateau out at the highest feeding rates In some quarters it is felt that the optimum ration (Ropt), the point just prior to growth starting to plateau, is achieved if fish are fed at restricted ration levels rather than to appetite. This plateau may result from the differences in the ration delivered to the fish and the actual ration consumed and indicate a decreased growth efficiency. 
The situation may be closer to that where the optimum ration for growth and FCR is the same as the maximum ration - anything above this results in wasted feed. The appetite of fish is not constant, varying from feed to feed under the influence of different factors such as the presence of predators, stormy weather, etc. Thus the appetite at any one meal can be more or less than the preceding or succeeding one. This meal -to- meal variation is compounded by longer term seasonal variations in temperature, photoperiod and body size. In order to match appetite to the feed ration to be fed, there is therefore a requirement to have some means of monitoring feeding by the fish in any particular cage. 
Such systems include detecting feed falling through the bottom of the cage (sonar, video) or mechanical retrieval systems which return uneaten feed to the surface. None of these is cheap and are only cost-effective in large-scale production units. Smaller units will have to rely on visual surface operation which is not very effective with regard to knowing when feeding has stopped. This implies that feeding tables are not sufficiently accurate when feeding stock to appetite on a meal-to-meal basis.

10.25

Growth-ration interaction
High growth rates and high FCRs tend to indicate overfed fish, i.e. the ration fed is to the right of the Rmax line in the diagram above. Thus overfeeding means delivering a ration in excess of the fishes' appetite. It doesn't mean giving more than is good for the fish in terms that some physiological problems may ensue. Fish have the ability to regulate their appetite in relation to their requirements at any particular time. Low growth rates and high FCRs could indicate underfed fish. 
Underfeeding a stock has the potential for the problem to be compounded. If a farmer considers that a low growth rate combined with a high FCR is due to some environmental or biological problem causing the former and resultant feed wastage causing the latter, he may be tempted to reduce the ration in order to correct the situation. Obviously this will compound the problem causing growth rates to decrease and FCRs to increase further. This means that ration 
is driven towards that required for maintenance alone. This plateau may result from the differences in the ration delivered to the fish and the actual ration consumed and indicate a decreased growth efficiency. The situation may be closer to that shown in Figure B where the optimum ration for growth and FCR is the same as the maximum ration - anything above this results in wasted feed. The appetite of fish is not constant, varying from feed to feed under the influence of different factors such as the presence of predators, stormy weather, etc. 

Thus the appetite at any one meal can be more or less than the preceding or succeeding one. This meal -to- meal variation is compounded by longer term seasonal variations in temperature, photoperiod and body size. In order to match appetite to the food ration to be fed, there is therefore a requirement to have some means of monitoring feeding by the fish in any particular cage. Such systems include detecting feed falling through the bottom of the cage (sonar, video) or mechanical retrieval systems which return uneaten feed to the surface. None of these is cheap and are only cost-effective in large-scale production units.

10.26

Size –related hierarchy and feeding

Fish tend to establish a size hierarchy during feeding. Dominant fish have a greater share of the group meal, and these fish have low CVs for food intake. This indicates relatively little variation in daily consumption. Conversely, the fish which consume a low mean proportion of the group meal display high CVs for food intake, indicating considerable variability in the sizes of individual meals consumed by these fish. As group ration increases, the range of meal sizes and individual CVs in daily feeding decreases, suggesting that the strength of the feeding hierarchy and the variability in individual consumption decreased as food availability increased. 

10.27

Feeding and metabolism 

All chemical processes, including metabolism, are energy-consuming. The burning or combustion of nutrients requires oxygen as a catalyst (in the same way as a fire requires oxygen to stay alight). A high energy consumption necessarily means a high oxygen demand. Digestion and metabolization require energy so there is an increased oxygen demand by fish after feeding. As oxygen and temperature are inextricably linked (the higher the temperature, the lower the solubility of oxygen), temperature regimes need to be carefully considered to ensure optimal growth of stock.

10.28

Cost of growth

Rapid growth is of paramount importance for young fish larvae as mortality due to predation declines rapidly with increasing size of the larvae. High rates of growth mean high rates of energy expenditure for synthesis of body components, and as energy may be limiting in the youngest life stages the cost of rowth has been a central issue. In juvenile and adult fish, the cost of growth represents approximately 40% of the energy content of the newly synthesized 
tissue, and with growth rates of up to about 25% per day the energy demands for growth represent a large fraction of the energy available. As growth is energetically costly, it has been obvious that there is a positive relationship between the rate of growth and the rate of energy expenditure (above maintenance level).

10.29

Influence of fish density on energy allocation pattern 
Growth, consumption, and activity rates of fish held at high density display more aggressive behavior, execute much more movements, and swim faster than fish held at lower density. These differences result in activity rates fourfold higher at higher density than in lower density enclosures. This supports the hypothesis that competition can have a negative effect on growth through a decrease in consumption rates and an increase in costs of activity.
 Learning Activities

Five experiments will be run concurrently within 10 weeks, on the following: 

(i) Effect of feed composition on wholebody body composition. 

(ii) Changes in energy density of egg-yolk larvae and post-larval fry. 

(iii) Impact of predator-prey interactions as they affect metabolic rates. 

(iv) Effect of stocking density on selected stress factors, and 

(v) Impacts of aging on distribution of organ energy. 

In addition, there will be a reading assignment on factors influencing feed intake, energy flow, energy distribution, energy deposition and energy storage.

SUMMARY OF TOPIC
All energy fishes use comes from the sun. Through photosynthesis, plants are able to use solar energy to manufacture glucose which serves as an energy source in fish diets. The amount of food consumed by fish can be estimated under different experimental scenarios (in the laboratory or in the wild). The food ingested by fish has total energy commonly known as “gross energy” that is taken in when the fish consumes the food. Not all this energy will be used by fish for beneficial purposes, since part of it will be used for metabolism, maintenance, lost in wastes, waste remival and growth (somatic and reproduction). Fish lose nitrogen from their bodies at different levels depending on the nitrogen content in the feed. The nitrogen excreted (lost) can be through feces or urine or through the gills as ammonia. There are non-fecal nitrogen losses linked to loss of body nitrogen when the fish has inadequate energy from food to carry out its basal metabolic functions.  Fishes that lose weight during starvation or feed 
deprivation may show increased growth when re-fed. This is compensatory growth. There are several factors (abiotic and biotic) that affect growth of fish. It is the responsibility of aquafarm operators to  ensure adequate conditions for the growth of captive fish populations.  The physiological differences between freshwater and marine larvae may have an impact on future success of their populations. The nutrition of larvae is an important part of their life-history. Glucose is an important energy source for animals, although research seems to suggest that fishes have not developed anatomical and physiological structures needed to handle high levels of glucose in their diets. Energy from glucose can be stored in the liver in the form of glycogen. Without this glucose-storage capability, animals would have to eat continuously to maintain adequate glucose levels in their blood. This would be impractical. There is a growth-ration relationship which clearly demonstrates that growth increases with increased ingestionof food, assuming other growth-limiting factors do not interfere with this growth pattern. Fishes develop size-selected hierarchy under captive conditions. Under such conditions, subordinate individuals (juveniles) suffer, and only big fishes can access more food. This situation creates a significant variation in fish sizes. Food intake will also vary widely among fishes of variable sizes. 
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Ontogenetic changes in nutrient requirements, utilization, body composition and causal factors

Learning Outcomes

By the end of this topic, you will be able to:
1. Synthesize and elaborate ontogenetic changes in body composition of normally-fed fish.
2. Distinguish among carbohydrate, protein, and fat as energy sources, and how dietary energy utilization changes with the age of fish. 
3. Describe major changes in proximate composition of selected organs of different fish species.
4. Synthesize differences in wholebody composition of carnivores, omnivores and herbivores of a given ontogenetic size.
5. Analyze other factors that may be incriminated for changes in wholebosy compostion, besides species, fish size and diet.
6. Describe the dynamics of energy density in fish eggs and provide an outline of subsequent changes in energy densities during the post-fertilization period. 

7. Understand energy budget and flow in larval fish, as well as utilization during gonadal maturation and reproduction of fish.
8. Outline energy content, allocation and composition in mature eggs. 

9. Synthesize your understanding of ontogenetic changes in nutrient requirements and chemical changes in fish during larval growth.

Key Terms: 

Anaerobic energy metabolism, compensatory strategies of metabolism, metabolic scaling, mitochondrial density.

11.1
Introduction 

Fish larval growth rates are much higher, sometimes reaching more than 50% of body weight per day, than those of their juvenile and adult counterparts. In order to determine the energy allocated from the total energy budget to growth in such rapidly developing and growing stages, reliable measurements of metabolic rate at different larval feeding states must be made. Often, metabolic rates in larval fish have been determined by measurements of oxygen 
uptake in a respirometer (indirect calorimetry). Recently, using direct calorimetry which can measure total (aerobic and anaerobic) metabolism in the form of enthalpy of heat output released by a living organism, reliable measurements have been made for fish. In the past, studies using respirometers have measured oxygen uptake in the early developmental stages of both fish and invertebrates for the following reasons: (i) to study metabolic adaptation and acclimation to environmental factors (ii) to determine the effects of metabolic cost of swimming on growth; (iii) to quantify the amount of energy associated with nutrient assimilation and production under the effects of environmental contaminants; (iv) to determine total biological metabolic demand in water quality control. Use multiples of tens of hundreds of larvae for each experiment. Use of large numbers of larvae in this work is basicaly meant to produce enough heat that can then be measured reliably and achieve good study results.

Changes in body compostion of fish are expected because of several factors such as the age of fish. These differences in body composition occur because of both ontogenetic changes and the composition of the diet consumed by the fish. Changes in body composition may also be influenced by genetic factors. Fishes can be classified into the following categories based on fat and protein concentrations: high fat/low protein, high fat/medium protein, high fat/high protein, low fat/high protein, low fat/medium protein, and low fat/low protein. This classification is basically for wild fish. Generally, carnivores and herbivores would differ in their carcass compositions on account of their different diets. In aquaculture, the composition of fish carcasses has been manipulated via the diet, suggesting that requirements for a given profile of essential amino acids for fish may be estimated by analyzing the amino acid profile of the fish collected from the wild. Changes in carcass composition of fish may be a requirement to suit specific market demands. For example, consumers may reject fishes that have high fat content, so producers would use that information to manipulate fish diets that would not produce fatty fish. Naturally, changes in body composition of fish are inevitable. Some of these changes are linked to seasons (periods of scarce or plentiful food resources). Changes may also occur due to biotic factors (predator- prey interactions). The quality of water and its associated abiotic factors should also be expected to change body composition of fish. In situations where the water has high mineral concentrations, the fish would absorb some of these minerals and elevate the content of similar minerals in their bodies. This is possible because fishes are capable of absorbing mineral elements from their ambient environment. This is what makes it hard for scientists to determine mineral (calcium) requirements of some fish. Differences in the ontogenetic stage of fish will also be responsible for variations in the proximate composition of fish of various ontogenetic stages of development. It is because of these differences that we see a need for formulating fish diets according to age. Juvenile fish need very high protein diets while adults of the same species may require lower protein diet.  High fat diets are incriminated for elevating the energy density (as fat) in fish carcass. Such a body composition of fish would not be desired by some consumers who prefer lean fish tissue of low fat content. Fish proximate composition and energy density can influence growth, survival, and reproduction, so it is important to develop models to understand the patterns and predict dynamic changes. One 
model would describe the general pattern of changes in lipid, protein, ash, and energy density with changes in the water content. The key assumption in this model is that there is a fixed amount of water associated with each gram of protein and a much smaller fixed amount of water associated with each gram of lipid. In combination with a mass balance constraint, this explains the commonly observed linear relationship between the fraction lipid and the fraction water. Because energy density varies in direct proportion to the fractions lipid and protein, the linear relationship between body composition and fraction water makes energy density also a linear function of the fraction water. A second model would describe the pattern of proximate composition and energy density that occurs with variation in body size. A strong pattern may be found between the mass of water and the mass of protein, suggesting strict control of body water. This analysis shows that the relationship between body composition, energy density, and fraction water is expected to vary with body size because both the water: protein ratio and the fraction ash will change with body size. The third model will demonstrate how this approach can be used to predict changes in fish body composition and energy density during starvation, as might be done with a bioenergetics model.

11.2 Bioenergetics and life-history strategies 

Life-history strategies involves determination of growth from changes in carbon; differences in nitrogen; and understanding the roles of protein synthesis and lipid storage in growth; estimate growth from field data; and calculating growth from the balanced energy budget when other components are given. In general, life cycles of marine organisms comprise several distinct life-history stages (such as egg, larvae, juvenile, and adult). Each of these successive stages often differs in their habitat requirements and, as a consequence, might depend on different and frequently spatially separated habitats. 
For marine populations, it is a prerequisite that successive habitats are connected to allow survivors to mature and return to the spawning grounds for successful reproduction (the concept of life cycle closure). At each life-history stage and within each habitat, the spatio-temporal window of opportunity for development (somatic growth and reproduction) is set by both biotic factors (prey availability) and tolerance limits to abiotic factors whereby, for ectotherms, prevailing temperature conditions are a controlling factor. Temperature tolerance range is the temperature zone where growth rates are positive. Within the range of tolerable temperatures, an optimal temperature, preferred temperatures and temperature sensitivity (reflecting the rate at which physiological reactions change with temperature) can be distinguished using different criteria. 
Besides an acute response to temperature, an individual can show acclimatization as a chronic response and adaptation, measured in timescales of generations, as an evolutionary response. The latter will ultimately allow a modification of the physiological performance and response of an organism over time. Furthermore, there is some evidence for ontogenetic changes in the range of tolerable temperatures, and temperature sensitivity, indicating that optimal thermal 
habitats for growth may vary for different life stages. This has wide implications in terms of defining ‘ecologically relevant’ thermal tolerance of a species purely based on laboratory experiments conducted on specific life stages. 
In this respect, the lack of information regarding the physiology of late-larval/early-juvenile stages of many marine species is rather surprising, given that processes acting during these stages can create a bottleneck to successful life closure and have important consequences for recruitment strength. Within the window for somatic growth and reproduction, any prediction of the physiological performance requires a general framework that describes the relationship between prevailing abiotic and biotic conditions and fish growth and reproduction rates. 
At the organismal level, the use of balanced energy budgets to predict various aspects (e.g. prey consumption and growth) has become common. However, the various allometric relationships are a purely statistical description of species-specific measurements and not physiologically based on first principles. These budgets are also unable to describe the energetics of an organism within variable environments. Dynamic energy budgets (DEBs) are a framework describing the quantitative aspects of energy flows through an organism in a systematic and dynamic way, on first principles and can capture the energetics of species in a single model whereby interspecific differences are reflected by differences in parameter values. 
A second application of the DEB theory is the prediction of various body-size scaling relationships. Such relationships have been previously studied and debated for decades on the scaling of metabolic rate with body size and, over time, numerous empirical relationships of biological rates as simple functions of body size and other variables have been established. Although this descriptive ecology has proved to be valuable, it is criticized for seeking post hoc explanations of observed patterns without experimental tests of hypotheses. The DEB theory of Kooijman, based on surface- and volume-related processes, is a clear response to this criticism but has not yet been recognized as such. Body-size scaling relationships provide basic information that can be applied to predict species characteristics in cases where basic information is lacking. 
In addition, the DEB theory can be used to analyse the discrepancy between modelled and observed growth rates based on energetic constraints, and to potentially identify important intrinsic and extrinsic (environmental) factors in species life-history strategies. Finally, combining information on tolerance limits to environmental factors, particularly water temperature, and growth energetics by means of DEBs, can give considerable insight on the physiological plasticity of a species. Insight at the species level provides a sound foundation for analyses of ecosystem functioning and response to environmental variability such as climate change. Unfortunately, these bioenergetically-based analyses are largely unexplored. 
11.3 Inter-relationships and depletion of main body constituents in well fed fish 

Principal constituents of fish and mammals may be divided into the same categories. Variation 
in chemical composition of fish in closely related to feed intake, migratory swimming and sexual 
changes in connection with spawning. Fish will normally have starvation periods for natural or physiological reasons (i.e. migration and spawning); or because of external factors (e.g. shortage of food). Usually, spawning whether occurring after long migrations or nor, calls for higher levels of energy. Fish having energy depots in the form of lipids will rely on this. The species performing long migrations before they reach specific spawning grounds or river utilize protein in addition to lipids for energy, thus depleting both lipid and protein reserves, resulting in a general reduction of the biological condition of the fish. 
Most species, in addition, do not ingest much food during spawning migration and are thus not able to supply energy through feeding. During periods of heavy feeding at first, the protein content of the muscle tissue will increase to an extent, depending on how much it has been depleted, in relation to spawning migration. Then the lipid content will show a marked and rapid increase. After spawning, the fish resumes feeding behaviour and often migrates to find suitable sources of food. The lipid fraction shows the greatest variation. The variation within a species will display a characteristic seasonal curve with a minimum around the time of spawning. Although the protein fraction is rather constant in most species, variations have been observed, such as protein reduction in salmon during long spawning migrations. 

11.4
Body fat distribution

Body fat distribution is a heritable trait. In farm animals, genetic selection has been used to manage fat content of target body compartments, but it generally leads to changes in body fat content. In trout, there is substantial variation in seasonal growth rates, autumn body size, and growing-season mortality. Dry:weight mass and storage:structure ratios are positively related to fish length, indicating that the relative quantities of these constituents change with body size. Lipid concentration varies according to a sigmoid relationship with wet mass which also has a growth-rate dependence. 
The fastest growing individuals are estimated to have a net survival advantage of 7%, by adopting an energy storage maximization strategy over a growth rate maximization strategy. In white skeletal muscle, both total protein concentration and the activities of four enzymes of ATP metabolism may differ depending on the plane of nutrition of an animal. Within a species, protein concentration and activities of the four enzymes in white muscle, but not in brain, may be higher in fed than in starved fish with some expected between-species deviations.

11.5
Effect of starvation on body composition of fish

During starvation, some fish utilize muscle protein as a major energy source rather than stored glycogen which is maintained by gluconeogenesis, but others conserve body protein at the expense of their fat and glycogen stores. Fish body composition is influenced by several morphological, physiological and environmental factors. This is therefore, a good indicator of condition which is often assessed from a measure of the deviation of the mass of an individual fish from average mass for length of the population (Condition factor). 
During starvation, essential processes are maintained at the expense of accumulated energy reserves which of course results in the progressive depletion of body tissue. Starvation results in tissue hydration. This plays a role in the limitation of the loss or even the maintenance of wet body weight during starvation. Starvation results in significant decrease in lipid contents of the carcass and viscera. Following depletion of liver lipid stores, lipid contained in perivisceral adipose tissue is utilized along with apaxial muscle glycogen. 

11.6
Changes during starvation 

In some fish, body fat is the major storage reserve utilized during starvation. Although the liver and gut are much depleted during the period of the fast, they contribute only a small proportion of the metabolizable energy. Atrophy of the gut leads to reductions in motor activity, but the ability to digest and absorb nutrients was not impaired.   

11.7
Composition and energy content of mature eggs
Yolk is the source of energy and materials for developing embryos. The energy content of an organ is the total amount of energy per individual J or cal individual-1). Caloric value is the amount of energy per unit mass (J or cal mg-1). Caloric values of eggs and body tissues are higher in fish than in invertebrates. Energy in eggs is more condensed than in the body. Caloric value of egg (Dm) in fish and invertebrates are higher by 20-25% than those in body tissues.  The high dry matter content in fish eggs is due to high concentrations of lipids. Caloric value of fish eggs varies little among species. 
Total protein is a dominant constituent of fish yolk. A large proportion of this protein is transformed into embryonic tissue and part is consumed to provide energy. Energy density is an important measure of fish nutritional condition and is used to assess growth, constituent energy budget and measure energy flow in ecosystems. Together with other measures of fish condition, such as body composition, growth and length-weight condition indices, energy density integrates and reflects this history of fish feeding environments before the time of sampling. During good feeding periods, fish condition will be high, whereas the reverse is expected during poor feeding periods as energy reserves are depleted to maintain standard metabolic needs. When fish are starved, growth typically ceases and energy density declines when energy stores are used, the percentages of fat and protein in the fish decrease as the 
relative water content increases. 
Changes in fish energy density may be more detectable on small scales than other fish parameters such as growth during periods of poor feeding conditions in marginal habitats. Variations in lipid composition suggest that major differences are related to individual species and not to families or orders.  Total lipid energy (TLE) is proportional to total number of eggs produced (TEP), and exhibits a similar response to varying food abundance. Replacing spawner biomass with more accurate measures of reproductive potential is essential to developing a rational basis for stock conservation. The relationship between total biomass of mature fish \

(spawner biomass) and the number of offspring produced (recruitment) assumes that spawner biomass (tonnes) is proportional to the total number of egges produced (TEP). A positive association has also been shown between recruitment and liver weights of spawners. 

11.8
Oogenesis and energy utilization 

During oogenesis, fish oocytes accumulate several substances most of which are lipids and glycogen which are the major energy substrates. Oocyte maturation is accompanied by an increase in all enzymes of carbohydrate metabolism. After fertilization, respiration and glycogenolysis are increased, and the energy charge is decreased. During early embryogenesis,  glycogen appears to be the only substrate of glycolysis. Citric acid cycle and glycolysis are the main sources of energy for the biosynthetic activities and for the maintenance of embryo morphology. There are two patterns of ontogeny of glycolytic enzymes in trout embryos. One group of enzymes does not undergo appreciable changes whereas enzymes within the second group exhibit variable activities. Marked changes in enzyme activity occur during fertilization and gastrulation. 

11.9
Energy allocation in eggs for reproduction

Fishes allocate their energy for reproduction and growth differently. These categories are as follows: (i) some species allocate their energy from their body cavity fat to the gonads; (ii) other species uses energy accumulated in the muscles for the process of gonadal maturation; and (iii) another species uses energy accumulated in the muscles and body cavity fat for reproductive purposes.  Dry weight of individual eggs at fertilization varies from 39 to 50µg. There are no differences in carbon, nitrogen, hydrogen and and ash percentages. From fertilization to hatching, eggs lose about 7% of total energy. 

11.10
Energetics of developing embryos and yolk sac larvae 

Yolk-dependent routine rates of oxygen consumption, ammonia excretion and accumulation of ammonium ions are related to quantitative changes in the contents of glucose, glycogen, lactate, free amino acids, proteins and lipid classes. During the first 2 to 3d of development, glycogen is the sole substrate of oxidative metabolism. Following hatch, the fuels used are: (i) 
free amino acids, (ii)  polar lipids (mainly phosphaytidyl choline), (iii) neutral lipids (mainly triacylglycerol) and (iv) proteins. An increase in dietary fat and protein results in a decrease in moisture (%) and an increase in fat in fish carcasses.  
Mitochondrial density in the swimming muscles of a species of fish from larvae to adult covers about the same range as mitochondrial density in skeletal muscles of mammals. However, the aerobic capacity (power density) of mitochondria is one order of magnitude lower in fish than in mammals. Energy metabolism in embryos and early larvae of fish is almost entirely aerobic. Anaerobic power in the fast muscle fibers is low after hatching, but increases during the transition from larva to juvenile with a mass exponent greater than one. In hypoxic water, fish 
larvae swim more economically (i.e. their cost of transport is lower) than in normoxic water. 

11.11
Ontogeny of yolk-feeding fish: an ecological perspective 

Ontogeny is a continuous process with temporary accelerations. The extrinsic factors affecting ontogenetic rate during yolk feeding are: (1) dissolved oxygen, (2) salinity, (3) pH, (4) light, (5) biotic compounds, and (6) anthropogenic factors. The main intrinsic factor is egg size, which positively affects the time to particular ontogenetic steps at inter- and intra-specificlevels.

11.12
Ontogeny, diet shifts, and nutrient stoichiometry
Fish exhibit considerable ontogenetic variation in body stoichiometry, driven by an inherent increase in the relative allocation of P to bones, whereas ontogenetic variation in excretion N:P ratio of gizzard shad is driven more by variation in food N:P than by body N:P.
11.13
Ontogeny of osmoregulation in post-embryonic fish 

Salinity and its variations are among the key factors that affect survival, metabolism and distribution of fishes during their development. The successful establishment of a fish species in a given habitat depends on the ability of each developmental stage to cope with salinity through osmoregulation. Teleosts maintain their blood osmolality close to 300 mosM kg−1 due to ion and water regulation effected at several sites such as (i) tegument, (ii) gut, (iii) branchial chambers, and (iv) urinary organs. Most teleost pre-larvae are able to osmoregulate at hatch, and their ability to osmoregulate increases in later stages. Before the development of gills, the pre-larval tegument where a high density of ionocytes (displaying high contents of Na+/K+-ATPase) is located appears temporarily, as the main osmoregulatory site. Gills develop gradually during the pre-larval stage along with the numerous ionocytes which they support. The tegument and gill Na+/K+-ATPase activity varies ontogenetically. During the larval phase, the osmoregulatory function shifts from the skin to the gills, which become the main osmoregulatory site. The drinking rate normalized to body weight tends to decrease throughout development. 
The kidney and urinary bladder develop progressively during ontogeny and the capacity to produce hypotonic urine at low salinity increases accordingly. The development of the osmoregulatory functions is hormonally controlled. These events are inter-related and are correlated with changes in salinity tolerance, which often increases markedly at the metamorphic transition from larva to juvenile.  The ability of ontogenetical stages of fish to tolerate salinity through osmoregulation relies on: (i) integumental ionocytes, (ii) digestive tract development and drinking rate, (iii) developing branchial chambers and (iv) urinary organs. The physiological changes leading to variations in salinity tolerance are one of the main basis of the ontogenetical migrations or movements between habitats of different salinity regimes.

11.14
Ontogenetic changes in nutrient requirements

It has been suggested that: (i) changes in morphology i.e. “metamorphosis”, (ii) mode of respiration, (iii) allometric growth of organs, (iv) mode of swimming and (v) efficiency of biochemical pathways form the basis for progressive changes in nutrient requirements involving formation and development of several organs, systems and function. Digestive tract morphology changes during ontogenesis and aspects of fish metabolism, protein synthesis rate and body growth rate are interconnected and an attempt is made to explain these processes so as to understand the specificity of larval and juvenile fish nutrient requirements as compared to sub-adults. 
Protein and amino acid requirements given the body mass perspective and the generalization of the protein maintenance requirement in protein requirements for maximum growth was estimated to amount to from 5–20%.  Several cases of amino acid deficiency symptoms show strong dependence on fish weight (age), but even most numerous studies on salmonids are lacking complete research throughout the life history of one species in defined nutritional and environmental conditions. Larval and juvenile fish have reduced capacity of catabolic adaptability and this fact links them to strictly carnivorous mammals. Fatty acid deficiencies manifest themselves faster in juvenile fish, but larval fish might require separate classes of lipids, phosphatidylcholine, in the diet to develop and grow at all. It seems that the studies on nutrient requirements have so far not used an ontogenetical perspective, but evidence given throughout this work argues that it would be worthwhile.
11.15
Ontogenetic changes in nutrient utilization
Studies on the nutritional physiology of larval fish should provide the basis for defining the length of the larval period and for understanding the quantitative and the qualitative feed requirements of the larvae. For these purposes, it is necessary to perform both descriptive investigations on the ontogenesis of structures and functions as well as experimental investigations on adaptive strategies of the larvae under changing feeding regimes. At the onset of exogenous feeding, the digestive system of some species is sufficiently developed to ensure 
efficient utilization of live food, but not of dry food. A major event during the subsequent development is the differentiation of the stomach. Evidence exists that for turbot and catfish, a functional stomach is necessary to utilize dry feeds as efficiently as live feeds. Therefore, from a nutritional point of view, in those two species the larval period, during which a special larval diet has to be given, ends with the completion of stomach differentiation. The capacity of the larvae to acclimate physiologically to different nutritional conditions seems to be limited. This effect can be explained to some extent by quantitative considerations, i.e., lower food consumption and digestibility is less for dry diets than for live diets. The contribution of the qualitative factors involved in the different performance of larvae reared on dry or live food is presently not well understood. Future work should: {i) investigate why utilization of dry diets 
depends on presence of the stomach; (ii) define more precisely, the quantitative feed requirements of larvae; and (iii) search those diet-induced qualitative differences of larval metabolism which affect growth performance. 

Learning Activities

Students will carry out a series of laboratory experiments to determine the following: 

(i) Main ontogenetic changes in proximate composition of selected organs of normally fed fishes.

(ii) Analyze variations in nutrient (carbohydrate, protein, and fat) and dietary energy utilization with changes in the age of fish.
(iii) Energy utilization during gonadal maturation and reproduction; and 
(iv) Changes in the energy content and composition of mature eggs from different fish taxa.
SUMMARY OF TOPIC
Normally metabolism would involve use of oxygen (aerobic metabolism) but under certain circumstances, anaerobic energy metabolism will occur. Aerobic metabolism requires adequate oxygen. There would also be changes in mitochondrial densities to cater for oxygen uptake and utilization from the environment. Knowledge of the composition and energy density in fish eggs is important because after fertilization, embryonic development (endogenous feeding of the developing hatchling) shall need adequate nutrients from the yolk. There is a given amount of energy that fishes use during oogenesis. Energy utilization would include development of tissues that will eventually increase the numbers of eggs and fry. The gross energy contained in the food of an adult female fish must be allocated for egg production.This will mean a requirement for some expendirure of energy for egg and later, embryo development.  There is a pattern of energy flow in adult fishes, and one woulde assume a similar pattern applicable to larval fish. There is an energy budget developed for fry, just as we lknow about the energy 
budget  of adult fish. There qare chemical changes that take place during larval growth. Similarly, it is biologically understood that physiological, metabolic and ecological requirements of animnals vary with ontogenetic stage in their lives. Juvenile fish are more active metabolically than their adult conspecifics, so the former need adequate resources such as food and oxygen to carry out these activities without limitations. Growth of juvenile fish is much faster than that of adult fishes, although fishes do not stop growing. There are some ontogeny-related variations in body composition, with fat being higher in adult than juvenile fish. Since fat and body waterhave an inverse relatiobship, appropriate conclusions may be drawn about body water content and fat dynamics in various taxa of fish from varying age groups.

Further Reading Materials

Adams, S. M and Breck, J. E. (1990). Bioenergetics,  In Schreck, C. B. and Moyle, P. G (Eds.): Methods for Fish Biology, American Fisheries Society, Bethesda, Maryland. 

Atwood, H.L., Tomasso, J.R., Webb, K. and Gatlin III, D.M., (2003). Low-temperature tolerance of Nile Tilapia, Oreochromis niloticus: effects of environmental and dietary factors. Aquaculture Research  34: 241-251.

Buckel, J.A., Steinberg, N.D. and Conover, D.O., (1995).  Effects of temperature, salinity, and fish size on growth and consumption of juvenile bluefish. Journal of Fish Biology. 47: 696-706.

Functional Ecology Vol. 8, No. 1 (Feb., 1994), pp. 46-51 http://www.jstor.org/stable/2390110

Jobling, M. (1994). Fish Bioenergetics. Chapman and Hall, London.

Kamler, E. (1992). Early life History of Fish-An Energetic Approach. Chapman and Hall, London.

Mallekh, R. and Lagardère, J.P., (2002). Effect of temperature and dissolved oxygen concentration on the metabolic rate of turbot and the relationship between metabolic scope and feeding demand. Journal of Fish Biology, 60: 1105-1115.

Fish Physiology and Biochemistry 

Volume 1, Number 3, 125-144, DOI: 10.1007/BF02290254 

Reviews in Fish Biology and Fisheries, 1993, Volume 3, Number 1, Pages 1-15
WIESER, W. (1995), Energetics of fish larvae, the smallest vertebrates. Acta Physiologica Scandinavica, 154: 279–290. doi: 10.1111/j.1748-1716.1995.tb09912.x

Useful links

END OF TOPIC 11
==============================================================================

Name of Course: 
Fish Bioenergetics

Course Code: 

AQF 634

Lecturer: 

Dr Jeremy S. Likongwe

Topic 12:
Constituent changes in body composition and causal factors

Learning Outcomes

By the end of this topic, you will be able to:

1. Describe major changes in proximate composition of selected organs of different fish species.
2. Synthesize differences in wholebody composition of carnivores, omnivores and herbivores of a given ontogenetic size.
3. Analyze other factors that may be incriminated for changes in wholebosy compostion, besides species, fish size and diet.
Key Terms:

Wholebody composition, carcass composition, ontogenetic stages, body composition, starvation, life-history strategies.  

12.1
Introduction

Changes in body compostion of fish are expected because of several factors such as the age of fish. These differences in body composition occur because of both ontogenetic changes and the composition of the diet consumed by the fish. Changes in body composition may also be influenced by genetic factors. Fishes can be classified into the following categories based on fat and protein concentrations: high fat/low protein, high fat/medium protein, high fat/high protein, low fat/high protein, low fat/medium protein, and low fat/low protein. This classification is basically for wild fish. Generally, carnivores and herbivores would differ in their carcass compositions on account of their different diets. In aquaculture, the composition of fish carcasses has been manipulated via the diet, suggesting that requirements for a given profile of essential amino acids for fish may be estimated by analyzing the amino acid profile of the fish collected from the wild. Changes in carcass composition of fish may be a requirement to suit specific market demands. For example, consumers may reject fishes that have high fat content, so producers would use that information to manipulate fish diets that would not produce fatty fish. Naturally, changes in body composition of fish are inevitable. Some of these changes are linked to seasons (periods of scarce or plentiful food resources). Changes may also occur due to biotic factors (predator- prey interactions). The quality of water and its associated abiotic 
factors should also be expected to change body composition of fish. In situations where the water has high mineral concentrations, the fish would absorb some of these minerals and elevate the content of similar minerals in their bodies.  This is possible because fishes are capable of absorbing mineral elements from their ambient environment. This is what makes it hard for scientists to determine mineral (calcium) requirements of some fish. Differences in the ontogenetic stage of fish will also be responsible for variations in the proximate composition of fish of various ontogenetic stages of development. It is because of these differences that we see a need for formulating fish diets according to age. Juvenile fish need very high protein diets while adults of the same species may require lower protein diet.  High fat diets are incriminated for elevating the energy density (as fat) in fish carcass. Such a body composition of fish would not be desired by some consumers who prefer lean fish tissue of low fat content. Fish proximate composition and energy density can influence growth, survival, and reproduction, so it is important to develop models to understand the patterns and predict dynamic changes. 

One model would describe the general pattern of changes in lipid, protein, ash, and energy density with changes in the water content. The key assumption in this model is that there is a fixed amount of water associated with each gram of protein and a much smaller fixed amount of water associated with each gram of lipid. In combination with a mass balance constraint, this explains the commonly observed linear relationship between the fraction lipid and the fraction water. Because energy density varies in direct proportion to the fractions lipid and protein, the linear relationship between body composition and fraction water makes energy density also a linear function of the fraction water. A second model would describe the pattern of proximate composition and energy density that occurs with variation in body size. A strong pattern was found between the mass of water and the mass of protein, suggesting strict control of body water. This analysis shows that the relationship between body composition, energy density, and fraction water is expected to vary with body size because both the water: protein ratio and the fraction ash will change with body size. The third model will demonstrate how this approach can be used to predict changes in fish body composition and energy density during starvation, as might be done with a bioenergetics model.

12.2
Effect of starvation on body composition of fish

Effects of starvation (food deprivation or restricted feeding) have shown reductions in relative sizes of the liver and viscera. With food deprivation, percentage lipid decreased and percentage water increased in the eviscerated carcass, which is in agreement with findings for several other fish species. Following transfer from a restricted to a satiation feeding regime, the relative sizes of both liver and viscera increased to levels exceeding those of fish fed continuously to satiation. At the end of the experiment the percentage liver lipid content of restricted-satiation fed fish was higher than in fish fed to satiation. These differences in energy deposition patterns were, however, not sufficiently large to produce marked differences at the whole animal level, since whole body lipid energy: protein energy ratios and energy utilization efficiencies were 
similar for restricted-satiation and satiation fed fish.

12.3
Bioenergetics and life-history strategies 

Life-history strategies involve determination of growth from changes in carbon; differences in nitrogen; and understanding the roles of protein synthesis and lipid storage in growth; estimate growth from field data; and calculating growth from the balanced energy budget when other components are given. In general, life cycles of marine organisms comprise several distinct life-history stages (such as egg, larvae, juvenile, and adult). Each of these successive stages often differs in their habitat requirements and, as a consequence, might depend on different and frequently spatially separated habitats. For marine populations, it is a prerequisite that successive habitats are connected to allow survivors to mature and return to the spawning grounds for successful reproduction. At each life-history stage and within each habitat, the spatio-temporal window of opportunity for development (somatic growth and reproduction) is set by both biotic factors (prey availability) and tolerance limits to abiotic factors whereby, for ectotherms, prevailing temperature conditions are a controlling factor. Temperature tolerance range is the temperature zone where growth rates are positive. Within the range of tolerable temperatures, an optimal temperature, preferred temperatures and temperature sensitivity (reflecting the rate at which physiological reactions change with temperature) can be distinguished using different criteria. Besides an acute response to temperature, an individual can show acclimatization as a chronic response and adaptation, measured in timescales of generations, as an evolutionary response. The latter will ultimately allow a modification of the physiological performance and response of an organism over time. There is also some evidence for ontogenetic changes in the range of tolerable temperatures, and temperature sensitivity, indicating that optimal thermal habitats for growth may vary for different life stages. This has wide implications in terms of defining ‘ecologically relevant’ thermal tolerance of a species purely based on laboratory experiments conducted on specific life stages. Within the window for somatic growth and reproduction, any prediction of the physiological performance requires a general framework that describes the relationship between prevailing abiotic and biotic conditions and fish growth and reproduction rates. At the organismal level, the use of balanced energy budgets to predict various aspects (e.g. prey consumption and growth) has become common. However, the various allometric relationships are a purely statistical description of species-specific measurements and not physiologically based on first principles. These budgets are also unable to describe the energetics of an organism within variable. The DEB theory of Kooijman, based on surface- and volume-related processes, is a clear response to this criticism but has not yet been recognized as such. Body-size scaling relationships provide basic information that can be applied to predict species characteristics in cases where basic information is lacking. In addition, the DEB theory can be used to analyse the discrepancy between modelled and observed growth rates based on energetic constraints, and to potentially identify important intrinsic and extrinsic (environmental) factors in species life-history strategies. Finally, combining information on tolerance limits to environmental factors, particularly water temperature, and growth energetics by means of DEBs, can give considerable 
insight on the physiological plasticity of a species. Insight at the species level provides a sound foundation for analyses of ecosystem functioning and response to environmental variability such as climate change. Unfortunately, these bioenergetically-based analyses are largely unexplored. 

12.4
Inter-relationships and depletion of main body constituents in well fed fish 

Principal constituents of fish and mammals may be divided into the same categories. Variation in chemical composition of fish in closely related to feed intake, migratory swimming and sexual changes in connection with spawning. Fish will normally have starvation periods for natural or physiological reasons (i.e. migration and spawning); or because of external factors (e.g. shortage of food). Usually, spawning whether occurring after long migrations or nor, calls for higher levels of energy. Fish having energy depots in the form of lipids will rely on this. The species performing long migrations before they reach specific spawning grounds or river utilize protein in addition to lipids for energy, thus depleting both lipid and protein reserves, resulting in a general reduction of the biological condition of the fish. Most species, in addition, do not ingest much food during spawning migration and are thus not able to supply energy through feeding. During periods of heavy feeding at first, the protein content of the muscle tissue will increase to an extent, depending on how much it has been depleted, in relation to spawning migration. Then the lipid content will show a marked and rapid increase. After spawning, the fish resumes feeding behaviour and often migrates to find suitable sources of food. The lipid fraction shows the greatest variation. The variation within a species will display a characteristic seasonal curve with a minimum around the time of spawning. Although the protein fraction is rather constant in most species, variations have been observed, such as protein reduction in salmon during long spawning migrations. 

12.5
Body fat distribution

Body fat distribution is a heritable trait. In farm animals, genetic selection has been used to manage fat content of target body compartments, but it generally leads to changes in body fat content. Using divergent selection on muscle fat content in rainbow trout, these fish were characterized by differences in fat allocation between visceral, adipose tissue and muscle, with no change in overall body fat content between lines. There was substantial variation in seasonal growth rates, autumn body size, and growing-season mortality among eight experimental cohorts of age-0 rainbow trout. Dry:weight mass and storage:structure ratios were positively related to fish length, indicating that the relative quantities of these constituents change with body size. Lipid concentration varied according to a sigmoid relationship with wet mass which also had a growth-rate dependence. For cohorts with low growth rates and small autumn body size, a somatic growth rate maximization strategy is optimum, producing a 5% net survival advantage over an energy storage maximization strategy. For cohorts with intermediate growth rates and autumn mass, somatic growth and energy storage strategies led to similar first-year survival. 
12.6
Effect of starvation on body composition of fish

Studies on fish starvation are important for better understanding of the growth biology of fish in the wild state. Many species of fish are subjected to natural starvation periods during part of the year and have developed the ability to survive without food. The strategy in these fish to adapt to dietary deprivation varies considerably. Some fish utilize muscle protein as a major energy source rather than stored glycogen which is maintained by gluconeogenesis, but others conserve body protein at the expense of their fat and glycogen stores. Fish body composition is influenced by several morphological, physiological and environmental factors. This is therefore, a good indicator of condition which is often assessed from a measure of the deviation of the mass of an individual fish from average mass for length of the population (Condition factor). During starvation, essential processes are maintained at the expense of accumulated energy reserves which of course results in the progressive depletion of body tissue. Starvation results in tissue hydration. This plays a role in the limitation of the loss or even the maintenance of wet body weight during starvation. Starvation results in significant decrease in lipid contents of the carcass and viscera. Following depletion of liver lipid stores, lipid contained in perivisceral adipose tissue is utilized along with apaxial muscle glycogen. 

12.7
Changes during starvation 

Body fat is the major storage reserve utilized during starvation in  a numver of fish species including plaice. Although the liver and gut are much depleted during the period of the fast, they contribute only a small proportion of the metabolizable energy. Assessments of energy utilization using proximate analysis and calculations from ammonia quotient determinations were compared, and showed that the latter part of the 20-25% of the energy utilized was derived from protein catabolism. 

Useful links

Learning Activities

(i) Students will carry out an experiment to understand major changes in proximate composition of selected organs of different fish species.

(ii) They will collection of fish samples representing carnivores, omnivores and herbivores to synthesize differences in wholebody composition of these fish of a given ontogenetic size, and

(iii) Set up an experiment using a predator and prey to as an example of a possible factor that may be incriminated for changes in wholebosy compostion, in both species,  besides fish size and diet.

SUMMARY OF TOPIC
Normal body organ changes; and changes due to starvation are both expected in fish. Changes in wholebody composition could also be due to various formulations in fish diets. Season, salinity and other abiotic factors will also impact wholebody composition of fish. The age of fish will influence wholebody composition.  Through diets, fishes of a given carcass quality may be produced to suit consumer desires. These changes in wholebody composition of fish do would therefore, occur naturally seasonally or due to human intervention in aquaculture. Wholebody compostion of fish will also change when fish are aestivating, and are subsisting on stored energy reserves from the body. At the end of such a period of aestivation, the carcass fat content would be drastically reduced, body water content would be altered and even changes in carcass protein may occur. We should not forget the role that diseases play in fish health. Parasites and bacteria can drain some nutrients from their hosts (fishes), and this will also change the proximate compostion of these fishes. Changes in carcass composition may be compared among organs as affected by season, several abiotic factors and various activities that fishes may be subjected to in their habitats.
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Topic 13:          Stress, toxicants, pollutants, and detoxification mechanisms

Learning Outcomes

By the end of this topic, you will be able to:

1. Identify and describe major sources and presence of toxicants or pollutants in aquatic 
            ecosystems.
2. Describe injurious effects of toxicants, pollutants, and poisons on fishes, and how fishes
            respond to them.
3. Synthesize and elaborate toxin detoxification mechanisms in fish. 

4. Describe bio-indicators/biomarkers and explain how they are used in aquatic
            Pollution studies.
5. Analyze  and distinguish various actions of toxicants, pollutants, toxins and poisons and
            provide examples. 
            of their dynamics in aquatic ecosystems.
6. Identify available methods used to control various toxicants and pollutants including
           those emanating from the agriculture and the agro-industry.

Key Terms: 

Toxicant, pollutant, homolactic fermentation, contaminant detoxification, cytochrome P-450 enzymes, epithelial thickening, gill haemorrhage, ion permeability, macrophage aggregates, alcoholic fermentation, immunosuppression, hydromineral balance, aggressive behaviour; carbohydrates; energy metabolism; lipids; proteins, chloride cells; fishes; gills; ion fluxes; osmoregulation; stressors; stress adaptation; toxic metals.

13.1
Introduction 

Thousands of chemicals may find their way into water, but only a few of them occur in sufficient concentrations to form a continuous threat to fish and other aquatic organisms. These chemicals include: copper, zinc, ammonia and suspended solids. A major threat is however, caused by organic chemicals since they can be rapidly oxidized by bacteria and reduce the concentration of vital gases such as oxygen. Heavy metals are regulated through water quality criteria which do not recognize important interaction between the fate and effect of heavy metals. For example, (i) mercury methylation by sediment bacteria increases its lipophilicity and accumulation by fish, (ii) safe levels of water-borne selenium can be concentrated by benthic invertebrates and become lethal to benthic-feeding fish, (iii) metal-binding proteins induced by metal exposure can increase the tolerance of fish to heavy metals and change the normal metabolism of nutrients such as zinc. Management of metal contamination requires more understanding of metal uptake and metabolism in fish and the establishment criteria for loadings as well as concentration.

13.2
Stress, its causes and effects 

Stress is a specific response by the body to a stimulus such as fear or pain. Chronic stress is more common than acute stress. The fish may be subjected to low level of stressors for a long time without anybody detecting effects of this stress. Chronic stress interferes with long term growth, health and reproductive capabilities of fish. This in turn, can have an adverse effect on whole fish populations. Factors such as levels of chlorinated hydrocarbons and other pollutants may: (i) impair reproduction by the alteration of sexual maturation and spawning, (ii) decrease egg survival and hatching, (iii) alter embryonic development and (iv) decrease growth or (v) increase mortality among larvae. Research has shown several other effects of chronic stress on fish. These include: (i) development of significantly smaller ovaries, (ii) smaller eggs, (iii) reduced fecundity, (iv) failure to show an increase in fecundity with age, (v) alteration or reversal of fish sexual differentiation, (vi) modification of hormone levels in the blood, and (vii) female fishes may develop male characteristics (masculinized females). Stress may also suppress the immune system which would culminate in the failure of fish to fight infection. Stressors also increase the levels of catecholamines (epinephrine and nor epinephrine, and cortisol. Epinephrine is a hormone secreted by the adrenal medulla upon stimulation by the central nervous system, in response to stress such as anger, or fear and acting to increase heart rate, blood pressure, cardiac output and carbohydrate metabolism. Temperature, pollutants, inadequate oxygen, pathogens and handling by human beings are some of the main agents that cause stress in fish.

13.3
Energetic response to handling stress

In aquaculture species, metabolic cost of stress increases with severity of handling. For example, rate of oxygen consumption was higher (39-98%) in stressed juvenile coho salmon than unstressed fish (Control). This elevation of oxygen consumption was eliminated within 1 h after stress. Oxygen consumption was also significantly correlated to plasma cortisol and lactate, in response to a moderate stressor. Although cortisol concentration serves as an indicator of stress, coho salmon did not experience an increase in oxygen consumption following the administration of exogenous cortisol. This suggests that cortisol alone is unlikely to have a major effect on metabolic rate. Whole-body lactate concentration was also significantly elevated following stress, and levels were almost 500% higher than controls. It has been suggested that metabolism associated with exercise or hypoxia is a dominant source of 
elevated oxygen consumption following handling. 

13.4
Effects of pollutants on fish

Pollutants have several adverse effects on fish. There are many examples: (i) when Atlantic croaker were fed on polychrorinated biphenyls (PCBs), they developed smaller ovaries than the control fish (ii) white sucker from contaminated lakes have smaller eggs and reduced fecundity, (iii) the combination of chemicals in pulp mill effluents has been linked to alterations of hormone levels and maturity.Exposure to noxious stimuli often results in increased levels of catecaholamlnes (epinephrines, norepinephrine) and cortisol. Chronic exposure can result in prolonged elevation of cortisol which can increase the susceptibility to disease, by suppressing the immune system. Mechanisms of immune suppression include: (i) interference with antibody production (ii) inhibition of the proliferation of cells responsible for direct attack by pathogens. The pesticides and metals that impede immune function in fishes include: (i) atrazine, which is linked to macrophage generation in mullets, (ii) mercury, which impairs the immune function of rainbow trout (iii) cadmium, which changes macrophage –mediated immune functions in trout and (iv) cadmium. Physical stress caused by human handling can also hinder normal immune function, leaving fishes more susceptible to naturally-occuring pathogens. Stress therefore, will increase fish’s vulnerability to other harmful agents. If fish have to expend considerable energy to maintain good health, then there will be less energy channelled into growth and reproduction. Stress response in teleost fish shows many similarities to terrestrial vertebrates.

13.5
Physiological cost of chemical exposure: integrating energetics and stress to quantify toxic effects in fish

Metabolic rate, consumption, and growth are influenced by chemical exposure. At short durations of exposure, metabolic rate of exposed fish is depressed compared with controls. At a longer duration,  metabolic rate increases as a function of concentration. The response of each endpoint was consistent with predictions of the general adaptation syndrome. Energetic costs of contaminant-induced changes in metabolism and food consumption can be integrated with a bioenergetics model to demonstrate biological significance of chemical exposure in a natural environment.

13.6
Stress and social hierarchy rank in salmon

Formation of dominance hierarchy has been a phenomenon of special significance among fishes that vary in social status. Social position of these fish fell into three main categories: (i) the dominant fish; (ii) two or three intermediate fish; and (iii) two or three subordinate fish. Plasma cortisol concentration, interrenal nuclear diameter, and tail-beat frequency were lowest in the dominant fish, and highest in the subordinate fish. Fish held alone had levels of plasma cortisol, interrenal nuclear size, and tail-beat frequency similar to those of the dominant fish. Hepatic glycogen varied directly with social position. It is plausible that dominance status is inversely related to a low-level, chronic state of stress in the fish, the dominant individuals being the least stressed.

13.7   Transportation stress affects performance of coho salmon

Transportation of fish may be caused by physiological stress response, as judged by elevations in concentrations of circulating cortisol. Survivorship, as determined by recoveries of adults at sea and at the hatchery, was reduced in fish not given adequate time to recover from this transportation stress before they were released into their migratory stream. Elevated concentrations of plasma cortisol indicated reduced relative fitness of the stressed fish, as evidenced by the lower survival rates to adulthood for fish liberated while their circulating cortisol titers were still high.

13.8
Toxicants and osmoregulation in fish
Fish are extremely sensitive to many water-borne toxicants, which affect gills by increasing permeability of gill epithelium to water and ions, and by inhibiting ion exchange activity of the chloride cells. The compensatory responses of fish will significantly increase the energy required for maintenance of water and ion homeostasis. This will result in reduced growth and reproduction. The effects of toxicants are to a great extent comparable to those of stressors such as confinement, transport, and handling, not only where the endocrine and metabolic responses are concerned, but also with respect to the osmoregulatory disturbances produced. Stressors may affect osmoregulation indirectly through the action of catecholamines on the gills.  Stressors also induce immunosuppression. This may result in gill damage by infectious agents. Many toxicants evoke a stress response, and it is difficult to determine the mechanism of action of toxicants on the gills, because the specific effects of toxicants are hard to distinguish from effects of non-specific stress responses on the gills. This implies that negative effects of many toxicants and non-toxicant stressors on gill structure and hydro-mineral balance are additive. This aspect needs more attention in aquaculture. 

13.9
Effects of pollutants on larve and juvenile fish

The development process in fish embryos or larvae is the most sensitive stage in the life cycle of a teleost. It is sensitive to all kinds of low-level environmental changes to which the fish might be exposed. Certain stages in the life of marine and freshwater fish are more susceptible to environmental and pollutional stress than others. Newly fertilized eggs are more sensitive than after completion of gastrulation. Differences in susceptibility exist between embryos and larvae. Younger embryonic stages (before gastrulation) are more vulnerable than those that have completed gastrulation. The yolk sac or alevin stage is the most sensitive stage in the teleost life cycle. Also, the effects of heavy metals on embryonic development are particularly pronounced during early embryonic stages. Factors such as temperature, salinity, oxygen 
content etc. exert considerable impact on developing fish.

13.10
Metabolic responses associated with confinement stress in tilapia: the role of cortisol 
Confinement stress and cortisol treatment on plasma cortisol, glucose, lactate and free amino acids concentration and hepatic glycogen content and activities of certain enzymes involved in the intermediary metabolism may have effects on fish. Glucose production 2 hr after confinement may be due to glycogenolysis. The maintenance of higher glucose levels 24 hr after confinement is due to gluconeogenesis. 

13.11
Stress, metabolic cost and body system dysfunctions 

In fish, stress from exhaustive exercise differs from steady state aerobic exercise. Modulation of branchial Na+ and Cl- exchange is important in the temporary storage of H+m in the environment during recovery. Elevated catecholamine levels are implicated in many of these responses and serve to protect metabolic processes against acid-base disturbances. Catecholamines also cause an elevation in blood PCO2 by a mechanism linked to adrenergetic activation of red blood cell Na+/H+ exchange that protects O2 transport. 

13.12
Stress in the saline environment 

There are negative effects of high concentrations of salinity. When a fish is stressed, there are changes in plasma osmolarity and Na+ concentrations. Osmotic imbalance is reported to be higher in saline water than in freshwater. In an isotonic (isosmotic) environment, there will be little change in osmotic imbalance. The effects of handling fish when it is being transferred into a saline medium would be more damaging to the fish than it would be in freshwater. In this context, osmotic imbalances can only be reduced if the fish is being transferred to a medium that is isotonic to the blood of that fish. s

13.13    Heat shock proteins and physiological stress

The generalized stress response in fish at cellular and neuro-endocrine levels has been demonstrated. Descriptions of endocrine and cellular stress responses are followed by a discussion of how heat shock proteins (hsp) may be related to the stress hormones, adrenaline and cortisol. Primary evidence shows that adrenaline increases hsp70 in primary cultures of rainbow trout hepatocytes. Cortisol does not directly affect hsp70 levels in fish tissues. In primary cultures of trout hepatocytes, cortisol decreased the stressor-induced increase in hsp 70.  A wide range of abiotic and biological stressors induce hsp induction in many types of fish cells, including tissues from whole animals. Heat shock proteins have been implicated in the protection of sulphate transport in renal epithelium of flounder against the damaging effects of heat stress. Heat shock proteins confer thermotolerance in fish, as well as tolerance to cytotoxic effects of environmental contaminants and other non-thermal stressors. 

13.14
Changes in fish after stress

Stress in fish caused by physical disturbances such as those encountered in aquaculture, in handling and transport, evokes a variety of responses that may be adaptive or maladaptive. The overall effect of stress may be considered as a change in biological condition beyond the normal resting state that challenges homeostasis and, thus, presents a threat to the fish's health. These stress-induced changes are grouped into: (i) primary; (ii) secondary (which includes metabolic, hematological, hydromineral, and structural changes), and (iii) tertiary or ‘whole animal’ responses. Many of these responses can be used as quantitative indicators of stress although investigators need to be aware of the various ‘nonstress’ factors that can also influence similar conditions. A major focus of current research is on the response of the hypothalamic-pituitary-interrenal axis and the resultant elevation of circulating corticosteroids.  Stress, through the action of corticosteroids, may: (i) reduce immunocompetence by influencing lymphocyte numbers and antibody-production capacity, and (ii) affect reproduction by altering levels and patterns of reproductive hormones that influence maturation. Stress may also (ii) alter metabolic scope in fish and (ii) affect growth, partly as a result of the catabolic or gluconeogenic effect of corticosteroids. Although certain stressors encountered during normal aquacultural procedures are unavoidable, a number of practical approaches may be suggested that would help to alleviate the detrimental effects of stress in fish.

13.15
Stress-induced changes 

Effects of stress can be studied through nutritional and handling experiments. Plasma cortisol elevations in response to handling or handling plus confinement stress are not appreciably affected by diet type or fasting. This indicates that you should first consider prior feeding regimes and the types of diet fed when you are interpreting the magnitude of hyperglycemic stress responses in fish.

13.16
Indicators of stress

Considerable interest in early detection of stress in fishes has led to increased study of biological markers (biomarkers), cellular and subcellular indicators of environmental stress. The main principle behind the study of biomarkers is that stress can be detected at sub-cellular and cellular levels before it affects organismal or population health. Biomarkers as well as biological indicators of stress at higher levels of biological organisation have been addressed at several meetings. Environmental stressors can result in the alteration of DNA and interfere with the molecular activity of some hormones. Exposure to many organic chemicals can result in increased levels of liver enzymes responsible for their detoxification and metabolism. The cytochrome P-450 enzymes for example, seem to be induced by exposure to PCBs. Exposure to high levels of heavy metals induces the production of metallothioneins, proteins responsible for binding these metals. Thus, information about the levels and activities of these types of enzymes can provide information about the environment in which fishes live. Chronic stress can result in a variety of changes in cellular and tissue morphology, mainly that of the liver, gills, and spleen. 

13.17
Use of bioindicators 

Use of bioindicatiors in environmental pollution studies involve monitoring a suite of selected stress responses at several levels of biological organization in order to: (i) assess the effects of sublethal stress on fish; (ii) predict future trends (early warning indicators) and (iii) obtain insights into causal relationships between stress and effects at the community and ecosystem levels. In freshwater systems, indicators such contaminants include: polychlorinated biphenyls (PCBs), hydrocarbons, heavy metals, and chlorine. Indicators such as mixed-function oxidase (MFO) enzymes and DNA damage have provided direct evidence of toxicant exposure, while condition indices and indicators related to lipid biochemistry or histopathology have reflected impaired lipid metabolism immune and reproductive system dysfunction and reduced growth potential. At high levels of organization, stress-mediated effects have included changtes in the richness and biotic integrity of fish communities 

13.18
Effects of stress on fish reproduction, gamete quality, and progeny 

Different taxa of fish have different tolerances to stress. For a particular stressor, severity may vary depending on the species to which it was applied. Species may differ in the nature of their physiological response and reproductive consequences to stressors. For example, disturbance or handling may affect the timing of reproduction; accelerating or delaying it as the case may be. Tilapia (Oreochromis niloticus) responds by acceleration or complete inhibition of reproduction, depending on the maturational stage when the stressor is experienced. Strategies for coping with stress affect reproductive fitness either in terms of gamete or progeny quality. The physiology associated with maturation and spawning appears tightly coupled with stress physiology. Environmental variables, particularly nutrition, affect gamete quality and reproductive timing. The physiological response to stressors is also quite polymorphic, within and between species. For example, the circulating concentration of the primary stress response factor cortisol varies greatly among resting and among stressed rainbow trout stocks. Immunocapacity can be influenced by stress, reducing reproductive fitness of broodfish. Maternal systems have been developed to buffer eggs from deleterious consequences of stressors, including regulation of transfer of substances of maternal origin to the egg and in mechanisms controlling the timing of reproduction. 
Effects of nutritional stressors are moderated by effects on timing of first maturity or subsequent reproductive events and/or by maintenance of quality of some eggs. Deleterious overload of eggs with substances such as cortisol is likely prevented by limiting entry of these compounds into the eggs. Barriers to vertical transmission of numerous pathogens seem to exist, while maternally derived immune protection is provided to assist with disease prevention of pathogenic organisms acquired from parents or by direct post-spawning infection. Timing of 
reproductive events including puberty, maturation and ovulation are influenced by other physiological variables responsive to stressors. Knowledge of how a stressor might affect the physiology of a species can help in development of management tactics that lessen the impact of a stressor or even in the development of therapeutants.

13.19
Biomarkers

Macrophages are white blood cells that phagocytize and digest foreign cells as well as cellular debris from damaged cells. They are, therefore, important components of a fish’s immune system. In some tissues, mostly the spleen, liver and head kidney, macrophages cluster together in formations known as “macrophage aggregates”.Under standard histological preparations with haematoxylin and eosin used as strains, macrophage aggregates (MAs) appear as yellowish masses, often with dark granules of the pigment melanin within the cells. For this reason, MAs are sometimes referred to as melanomacrophage centres (MMCs). MAs are important as sites of storage of digested cellular debris, perhaps as a way to keep these materials isolated from other tissues. They may also act as “antigen trap” and be in generating rapid and specific secondary immune responses. The number and size of MAs seem to be affected by several factors including fish size, age, disease, and nutrition. Fishes exposed to environmental contaminants may show increased number and size of MAs. For example, Winter flounder from a contaminated site had more and larger MAs in the liver and spleen than conspecifics from a clean reference site. Similar patterns occurred in spleens of brown bullhead (Ictaluridae), white mouth croaker (Sciaenidae), and rock bass (Centrarchidae). Thermally-stressed largemouth bas also showed moré numerous liver MAs than fish from a reference site. MAs therefore, appear to be good biomarkers of various environmental stressors. 

13.20
Biochemical poisons

Arsenic, which is a poison, is structurally very similar to phosphate, takes the place of phosphate, and blocks the step in ATP formation that traps the energy from respiration. Arsenic has the same effect on insects, so it is used in agricultural insecticides, and in treated-wood (on a ship’s deck). Arsenic poisoning can either be acute or chronic. Acute arsenic poisoning causes the burning in the mouth and throat. In Biochemical Energy (ATP) is used, among other things, to: (i) move muscles, (ii) build enzymes and nucleic acids, (iii) propagate nerve impulses and (iv) and build tissues. While glycolysis is the primary fuel process for some organisms that do not require oxygen, such as yeast, aerobic organisms can only gain a small portion of their needed energy from this process. The products of glycolysis are further metabolized to complete the breakdown of glucose. Glycolysis means, literally, the dissolution of sugar. The ultimate fate of these products varies with the type of organism. In certain microorganisms lactic acid is the final product from pyruvic acid, and the process is referred to as homolactic fermentation. In certain bacteria and in brewer's yeast, lactic acid is not produced in large quantities. Instead, pyruvic acid, which is also the precursor of lactic acid, is converted to ethanol and carbon dioxide by an enzyme-catalyzed two-step process, termed alcoholic fermentation. The process 
is a series of consecutive chemical conversions that require the participation of eleven different enzymes , most of which have been crystallized and thoroughly studied. Glycolysis occurs in two major stages, the first of which is the conversion of the various sugars to a common intermediate, glucose-6-phosphate. The second major phase is the conversion of glucose-6-phosphate to pyruvate. The products of glycolysis are further metabolized to complete the breakdown of glucose. Their ultimate fate varies depending upon the organism.  Much of the energy that is liberated upon degradation of glucose is conserved by the simultaneous formation of the so-called high-energy molecule adenosine triphosphate (ATP), the sugar ribose , and three phosphate groups. 

13.21
Toxicity of insecticides

A selected review of the biological, chemical and environmental factors that affect the acute and chronic, lethal and sublethal toxicity of pyrethroid insecticides to fish is presented. Pyrethroid insecticides are extremely toxic to fish; for example, 96—h LC50 values are in the nmol/L range. The symptoms associated with acute lethality suggest that effects on the nervous system, respiratory surfaces and renal ion regulation are associated with the mechanism of lethal action in fish. Qualitative structure—activity relationships indicate that the structural features required for good insecticidal activity and for lethality to fish are the same. Lethality also varies with biological (species, size) and environmental (temperature, sediment) factors. Some of these effects may be related to bioavailability and rates of pyrethroid biotransformation. Chronic exposure studies indicate that newly hatched larvae or early juveniles are the life stages most sensitive to pyrethroids. Exposures of fish to sublethal concentrations of pyrethroids have resulted in decreased growth and impaired swimming performance. The effects on bioenergetics and energy metabolism are variable.

13.22
Nitrogen pollution in mariculture

The toxicological and environmental significance of N-containing effluents discharged to seawater from fish farms is difficult to establish. Environmental quality standards for N compounds in seawater are hard to derive in the context of aquaculture because the toxicity of NH3 and NO2 -to marine fish is poorly understood.  In addition, details of aquacultural effluents are not routinely reported. Marine teleosts excrete N via the gills, skin and faeces, but do not have the metabolic capacity to cause breaches in discharge consent conditions. The most likely cause of discharge consent breaches will be poor farming practice. Nitrogen pollution will arise from food wastage, poor N absorption, and N retention. It is estimated that 52–95% of any N added to the culture system as food will ultimately pollute the environment. 

13.23
Detoxication mechanisms

The liver is the primary organ of detoxification. Benthic fishes in areas with contaminated sediments may show a greater incidence of liver tumours. Irregular nuclei, necrotic cells and area of cell regeneration may also be indicators of exposure to environmental contaminants. 
Liver abnormalities may subsequently affect other physiological functions due to the liver’s importance in energy storage and metabolism, contaminant detoxification and egg yolk production in females. Gills are sensitive to various environmental stressors. They are extremely important in gas exchange, excretion, osmoregulation and acid-base balance. Acids, metals, detergents and other chemical contaminants may interfere with gill function in a number of ways. A fish’s response to these factors may include: (i) the production of excess mucus and (ii) thickening of the gill epithelium both of which impair gill function by inhibiting gas exchange and electrolyte and pH regulation. Epithelial thickening can lead to fusion of secondary lamellae thus reducing gill surface area and further inhibiting respiration. Stress can also cause gill haemorrhage or separation of epithelial layers which upsets osmoregulatory and pH balance by increasing ion permeability. Even short-term stress from handling and confinement can alter gill permeability to water and sodium. These effects on gill permeability require a fish to invest more energy in salt, water, and pH balance, thus leaving less energy for other functions such as growth and reproduction. The spleen can also indicate environmental stress because of its important role in fish immune systems, as indicated by the presence of macrophage aggregates (MAs). Although MAs are found in other tissues, such as the liver and head (anterior) kidney, they are especially numerous in the spleen. Spleenic MAs tend to be larger and more numerous in fishes from contaminated areas than in similar aged fishes from non-contaminated reference sites. Through these and other mechanisms, it is becoming possible to detect stress from a variety of agents, thereby permittinvg early detection of potential impacts on fish physiology, health, growth, reproductive success and community structure. 

Learning Activities

Students will be given a reading assignment to do the following: 

(i).Students will survey major toxicants or pollutants, their potential effects on fishes and natural fish food organisms;(ii) Identify chemicals that can control pollutants; (iii) Visit agrochemical industries to study use and effects of various chemicals/ agrochemicals used for specific purposes in natural resources, but are inimical to fishes; and (iv) Carry out a simple experiment to demonstrate detrimental effects of graded concentrations of pollutants on survival and growth of selected fish species.

SUMMARY OF TOPIC 

Fishes are at the mercy of many organic or inorganic impurities, toxicants, pollutants, chemicals, and stressors in their aquatic environment. In many causes, these pollutants will arise from human intervention (agriculture, forestry, mining, warfare, industrial development,  and other factors). Contaminant detoxication is then required. Fishes have developed detoxification mechanisms.. The liver is the principle organ for detoxification. Througth the use Cytochrome P-450 enzymes, fishes are able to control toxicant loading in their tissues or 
organs. There are various drastic consequencies of pollution in fish. In case of high acidity (very low pH), the gills may become injured and fail to function normally. In some cases, epithelial thickening, gill haemorrhage, and ion permeability may occur and interfere with the normal functioning of body systems in the fish. This would interfere with normal flow of gases (oxygen, ammonia, and carbon dioxide) which may result in metabolic failure and tissue poisoning where hypercapnia cannot be controlled. Hydromineral balance must also be achieved by the fish otherwise, an imbalance in the concentrations of these minerals would be expected. 
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Minerals, their metabolic functions and utilization

Learning  Outcomes

By the end of this topic, you will be able to:

1. Identify main mineral elements vital importance to the healthy life of aquatic organisms.
2. Describe problems you would expect when determining mineral requirements of fish.
3. Summarize information on metabolic importance of minerals as used in aquaculture.
4. Synthesize your knowledge of safe and toxic concentrations of minerals in fish diets and their effects on fish.

Key Terms: 

Energy partioning, reproductive investment, minerals, bioavailability, toxic concentrations, metabolic functions, acid-base equilibrium, body fluids, mineral deficiency, phytase.
14.1
Introduction

Mineral elements have a great diversity of metabolic functions within the animal’s body. The following mineral elements are recognized as essential for normal body functions in fish: calcium, phosphorus, sodium, molybdenum, chlorine, magnesium, iron, selenium, iodine, manganese, copper, cobalt and zinc. To these may be added fluorine and chromium, also shown to be essential for land animals. The prominence of each mineral element in body tissues is closely related to its functional role. As constituents of bones and teeth, minerals provide strength and rigidity to skeletal structures. In their ionic states in body fluids they are indispensable for the maintenance of acid-base equilibrium and osmotic relationship with the aquatic environment, and for integration activities involving the nervous and endocrine systems. As components of blood pigments, enzymes and organic compounds in tissues and organs, they are indispensable for essential metabolic processes involving gas exchange and energy transactions. Calcium and phosphorus are usually discussed together because they occur in the body combined with each other for the most part, and because an inadequate supply of either limits the nutritive value of both. Almost the entire store of calcium (99 percent) and most of the phosphorus (80 percent) in the fish's body are present in bones, teeth and scales. There appears to be little variation in the composition of bone ash even though bone ash will decrease as a result of dietary deficiency in either calcium or phosphorus. This 
composition consists of calcium and phosphorus in the ratio of approximately 2:1. The 1% extra-skeletal calcium is widely distributed throughout the organs and tissues. Calcium in body fluids exists in two distinguishable forms, diffusible and non-diffusible. Non-diffusible calcium is bound to protein whereas the diffusible fraction is present largely as phosphate and bicarbonate compounds. It is this diffusible fraction that is of significance in calcium and phosphorus nutrition. Ionized calcium in the extracellular fluids and in the circulatory system participate importantly in muscle activity and osmoregulation. Large amounts of extra-skeletal phosphorus are present mostly in combinations with proteins, lipids, sugars, nucleic acids and other organic compounds. These phospho-compounds are vital exchange currencies in life processes and are distributed throughout the organs and tissues of the fish. The skin, like the skeleton, also appears to be an important repository for dietary phosphorus in some species. 

14.2
Mineral requirements

Fish can absorb some minerals (inorganic elements) from their environment. Calcium, magnesium, sodium, potassium, iron, zinc, copper amnd selenium are generally derived from water to satisfy part of the nutritional requirements of fish. Phosphates and sulphates are more effectively obtained from feed sources. Inorganic elements are required by fish for: (i) formation of skeletal structures, (ii) electron transfer, and (iii) regulation of acid-base equilibrium. Minerals are also important components of hormones and enzymes. The electrolytes Na K Mg Ca Cl and HCo3 play a major role in osmotic and ionic regulation of extra and intracellular fluids in fish. The exchange of ions from the surrounding water across the gills and skin of fish complicates the measurement of mineral requirements of fish. 

14.3
Metals and metabolism 

Heavy metals are regulated through water quality criteria which do not recognize important interactions between the fate and effect of heavy metals. For example, (i) mercury methylation by sediment bacteria increases its lipophilicity and accumulation by fish, (ii) safe levels of water-borne selenium can be concentrated by benthic invertebrates and become lethal to benthic-feeding of fish, (iii) metal-binding proteins induced by metal exposure can increase the tolerance of fish to heavy metals and change the normal metabolism of nutrients such as zinc. Management of metal contamination requires more understanding of metal uptake and metabolism in fish, and the establishment of criteria for loadings as well as concentration. 

14.4
Modeling and minerals

A factorial model can be used to examine the relationship between the net requirement for an essential element in fish (the amount required for growth and replacement of endogenous loss) and the dietary concentration necessary to meet that requirement. Factors that affect the dietary requirement (C) when stated as a concentration in the diet are the bioavailability of the element (A), feed intake (F), the amount of the element taken up from the water (U), the requirement for new tissue synthesis (G) and the amount of endogenous loss (E). The model contains factors that can be empirically quantified, but the relationships among all these factors are determined deductively according to the equation: C=(G+E-U)/A]/F

14.5
Absorption and metabolism 

Although their natural diets are rich in calcium, most fish are also capable of extracting dissolved calcium directly from their aquatic environment through the gills. After a 24-hour acclimatization period, channel catfish have been shown to efficiently extract calcium from rearing water containing 5 ppm of the mineral element. On the other hand, gill extraction of phosphorus is negligible and fish rely mainly upon dietary sources for this mineral element. Phosphorus present in plant phytate is poorly absorbed by fish. Absorption of dietary calcium and phosphorus begins in the upper gastro-intestinal tract. Absorbed calcium is rapidly deposited as calcium salts in the skeleton but absorbed phosphorus is distributed to all the major tissues: viscera, skeleton, skin and muscle. Phosphorus absorption is enhanced by increasing water temperature and by the presence of glucose in the diet. Its recovery from tissues also increases with increasing dietary levels of the element. On the other hand, increasing dietary calcium is not accompanied by correspondingly higher retention of the mineral element in the tissues.  Studies with common carp, Cyprinus carpio, and rainbow trout, Salmo gairdn eri, have also shown that the absorption of dietary phosphorus is not affected by calcium in the diet. The level of phosphorus in the diet, however, sets the rate at which calcium is retained in the body. An increasing level of dietary phosphorus will be accompanied by increasing: retention of both mineral elements in body tissues, thus maintaining the ratio of calcium and phosphorus within narrow limits. Fish appear to have an ability to balance Ca/P ratios by controlling the absorption and excretion of calcium for optimal utilization of both mineral elements. In general, the nutrition of calcium and phosphorus of both salt and freshwater fish species are very similar. Vitamin D plays an essential role in intestinal calcium absorption in land animals. A similar role for fish has not been established. The ability of fish to sequester calcium from water through the gill membrane possibly reduces the importance of such a role. 

14.6
Response of fed and starved fish to copper contamination

Qualitative as well as quantitative results of previous studies provide evidence that the nutritional status of a fish is of great importance in modifying its response to sublethal copper contamination. In both fed and starved fishes, the gill tissues showed significant uptake of copper, while the liver tissues of only starved specimens showed significant accumulation. Refeeding roach after 7 days of starvation and contamination resulted in a significant decrease of liver copper content. No copper release from the liver occurred if, after cessation of exposure, starvation was continued. Analysis of liver ultrastructure demonstrated no pathological lesions or copperspecific alterations. Cellular changes represented combined influences of nutrition and of copper.

14.7
Mineral deficiency symptoms 

Deficiency symptoms of calcium have not been described in fish although poor growth is observed with diets limited in phosphorus (which leads to reduced accretion of calcium by body tissues). Prolonged feeding of phosphorus-deficient diets to common carps resulted in deformed backs (lordosis) and heads due to abnormal calcification of bone. Bone growth was reduced in the skull and operculum regions. Recent studies with this species and the red sea bream have also shown fatty infiltration of liver and muscle tissues related to dietary phosphorus deficiency.

14.8   Calcium and Phosphorus in feeds

Feed ingredients vary widely in their calcium and phosphorus content. Fish meal, a principal ingredient in fish feeds, is rich in both calcium and phosphorus. On the other hand, feed ingredients of plant origin usually lack calcium and, despite a fairly high content of phosphorus, the latter is predominantly in the form of phytin or phytic acid which is not readily available for absorption by fish. Animal sources of calcium and phosphorus are generally better absorbed, although the stomachless carp cannot utilize bone phosphate present in fish meal as well as fish with functional stomachs. Dicalcium phosphate has the highest availability (80 percent). Phosphorus availability of common feedstuffs varies from 33 percent for grains to 50 percent for fish meal and animal by-products. Soybean meal has an intermediate phosphorus availability of 40 percent. Magnesium is closely associated with calcium and phosphorus both in its distribution and its metabolism. The bulk of magnesium in fish (60 percent in the carp) is stored in the skeleton. Magnesium constitutes a little over 0.6 percent of the ash content of bones compared with 30 percent calcium and 15 percent phosphorus. The remaining 40 percent of the body's magnesium is distributed throughout the organs and muscle tissues (where it plays vital roles as enzyme co-factors, and as an important structural component of cell membranes) and in extracellular fluids.
14.9
Absorption and metabolism

Fish are capable of extracting magnesium from the environment, although studies with common carp showed that, in this species, gill extraction of this element is very limited. Due to comparatively low concentrations of the mineral element in fresh water, non-marine fish appear to depend upon dietary sources to meet their requirement of magnesium. In common carp, as well as rainbow trout, dietary magnesium levels do not affect calcium and phosphorus composition in the whole body or skeleton despite sharp reductions of up to 50 percent of tissue magnesium when this mineral element was lacking in the diet (80 ppm) and retarded growth and behavioural abnormalities observed. 

14.10
Deficiency symptoms 

The symptoms of magnesium deficiency in common carp and rainbow trout are very similar to those described for magnesium deficient land animals: (i) loss of appetite, (ii) poor growth, (iii) sluggishness and (iv) convulsion followed by (v) tetany. Mortality is often high. Histological changes have also been observed in muscle, pyloric caeca and gill filaments of trout fed magnesium-deficient diets. 

14.11
Magnesium in feeds

Although natural waters are a good source of dissolved magnesium, fish do not extract this mineral element in sufficient quantities to meet dietary needs. Natural foods, as well as most artificial feed ingredients of both animal and vegetable origin, are adequate sources and deficiency under ordinary rearing conditions has not been observed to date. 

14.12
Other essential inorganic elements 

Dietary requirements of fish for most of the trace mineral elements have not been established. Iron deficiency in the red sea bream results in a form of microcytic, hypochromic anaemia similar to iron deficiency anaemia in land animals. Common carp fed a semi-purified diet without supplementary iron grew normally but exhibited sub-clinical symptoms of hypochromic microcytic anaemia. Iodine deficiency produces a goitrous condition in trout. Rainbow trout fed a semi-purified diet deficient in zinc (1 ppm) had: (i) increased mortality rate, (ii) cataracts in the eyes and (iii) erosion of the fins and of the skin. Protein digestibility was also reduced. Manganese is essential for growth and survival of Oreochromis mossambicus and rainbow trout. The roles of trace elements in fish, although not clearly defined, are probably similar to those described for land animals. Fish in their natural habitats are probably adequately provided for to meet the requirements for all the mineral elements. However, the intensive culture of certain fish species in man-made ponds and raceways, together with reliance on artificial feeding, make it necessary to incorporate adequate quantities of mineral nutrients in the feed. For the most part, where exact requirements are not known, levels are arbitrarily based on land animal requirements.  Reduction in locomotor activity is estimated to represent a saving of 185 kJ kg-1 of metabolizable energy during a period in which 364 kJ worth of gonadal tissue per unit weight of fish are being synthesized. Even in a poikilothermic animal such as fish, reduction in locomotor activity may compensate for the costs of gonadal tissue. 

14.13
Energetics of mineral utilization

Experimental results regarding nutrient and phosphorus (P) utilization due to different sources of microbial phytase in tilapia nutrition are very scarce. The efficiency of phytase supplementation was evaluated based on parameters of growth response, body composition, nutrient deposition and nutrient utilization. Significant improvements due to phytase addition were found for growth, feed conversion ratio, protein efficiency ratio, specific growth rate and 
nutrient deposition. Phytase supplementation increased energy-, protein and phosphorus utilization significantly. In addition, the mineral composition of scale and vertebra was significantly affected. Ash content of scale and vertebra as well as P content in the ash of scale and vertebra were significantly increased due to improved P availability in the diet. Based on ingredients and composition of the diet under study, the experimental phytase SP1002 expressed superior performance data.

Learning Activities

(i).Students will be given reading assignments to study mineral elements that are of vital metabolic importance in aquatic systems; (ii) They will carry out one experiment to determine mineral requirements of a selected number of fish species, and to observe how fishes differ in their mineral requirements with size; and (iii) They will also visit chemical selling points to examine and learn functions of various chemicals. 

SUMMARY OF TOPIC
The composition of fish blood in freshwater may be somewhat different from that in the blood of marine fishes. In the first place, mineral concentrations in the sea are different from those in freshwater. Since fishes are capable of absorbing these minerals, the rates of absorption may differ and the concentrations of individual minerals may vary among fish from the two environments. The issue of mineral homeostasis is also important for fish because of metabolic requirements. Development of fish skeleton needs a certain concentration of minerals especially calcium and phosphorus which are used to produce strong bones. In this case, the ongoing concerns about the impact of ocean acidification due to global warming or climate change will be of direct concern to humans. High levels of acidification in the sea are expected to result in dwindling chances for marine species that have exoskeletons, to survive. These skeletons require mineral elements to be formed and develop into strong structures. Unfortunately, high acid loading would compromise availability of mineral elements that fishes or aquatic organisms use to build their strong exoskeletons. Failure to build strong exoskeletons will be injurious to fish. Research in Australia has shown that juveniles of some reef fishes may be unable to re-enter their micro-habitat in the reef community because their otolith bones have failed to develop fully in a highly acidic environment. The otolith bone is what fishes use to maintain balance in their swimming movements. 
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Topic 15: 
Dietary balances or imbalances and regulation of feeding

Learning Outcomes

By the end of this topic, you will be able to:

1. Understand the impacts of nutrient balance and imbalance on fish.

2. Synthesize the effects of feeding and fasting on nutrient utilizatiuon and changes in body compostion in fish.
3. Analyze energy flow in oxygen-starved fish, and the factors that regulate feed intake by fish.
4. Compare rates of energy utilization among vertebrates.
Key Terms: 
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15.1
Introduction 

In a stated dietary balanced scenario, fishes will be assumed to have access to optimal levels of energy (from non-protein energy source, proteins, and lipids), minerals and vitamins. In another situation, there is need to achieve a well balanced nitrogen and phosphorus ratio in an aquatic environment for microorganisms to flourish as natural food for fish. 

15.2
Regulation/control of food intake

Access to nutrients is based on the ability of fish to ingest nutrients in the diet. Feed intake may be affected by some factors. For example, some workers observed that in both-fast- and slow-growing juvenile chinook salmon, adiposity plays a role in regulation of feed intake. Dietary fat levels had transient effects on intake, but plasma insulin levels consistently reflected the dietary fat levels. An important implication of the findings is that food intake, and possibly growth, could be retarded if a feeding regime results in high body fat levels.

15.3
Dietary balances and imbalances

The diets for fish should be well balanced in energy and nutrients. These components form the basis for economic production of high quality and healthy aquaculture products for domestic and export markets. Changing dietary nutrients and energy and feeding management can have a direct impact on the following: (i) growth and development of different life stages, (ii) disease resistance, (iii) production efficiency, (iv) quality and quantity of final product as well as (v) waste production. Nitrogen, phosphorus and organic substances from unconsumed and undigested feed as well as metabolic wastes are the major sources of environmental pollution. These compounds at high concentrations may lead to toxicity, health risk and growth depression. So, alternative sources of feed ingredients must be found to reduce the current heavy dependence of the aquaculture feed industry on fish meals a nd oils. Thus, appropriate nutrition should aim at the following: (i) lowering feed costs, (ii) improving product efficiency, (iii) reducing disease-related production losses, (iv) improving the quality of final product and (v) reducing environmental impacts. These are fundamental for sustaining the growth and competitiveness of various global aquaculture food systems in the aquaculture industry. 

15.4
Nitrogen and energy balance

Fishes are important pools of nitrogen (N) and phosphorus (P), and they have important direct and indirect effects on cycling of these potentially limiting nutrients in lakes. The predicted N:P supply ratio from fish excretion was reported to be low, and relatively constant (the median mass ratio for piscivores was 6.1, and 13.1 for all other fishes). Excretion rates for N and P by fishes were predictable from body size, food nutrient concentration, and environmental temperature. Nutrient recycling by fishes will tend to alleviate P limitation of phytoplankton growth, but the importance of this effect will be directly proportional to the magnitude of nutrient regeneration rates from fishes relative to other sources available to phytoplankton.
15.5
Nutrient regulation of endocrine function

Hormones play a central role in the regulation of growth and nutrient utilization in fish. Consequently, fish endocrine systems are sensitive to alterations in nutrient intake. Procedures routinely employed in the development of diets and feeding protocols for cultured fish have pronounced effects on endocrine systems. A review of evidence that alterations in ration level (including food restriction and food deprivation), diet composition, photoperiod, and feeding time has shown that these factors influence the most intensively-studied fish metabolic hormones: thyroid hormones, pancreatic hormones, and hormones of the growth hormone–insulin-like growth factor axis. Whle effects of these dietary manipulations on total circulating hormone levels are commonly examined, nutrient intake may also influence: (i) hormone transport in blood,(ii) activation in peripheral tissues, (iii) receptor binding, and (iv) neuroendocrine pathways regulating hormone secretion. Information on the cellular and molecular mechanisms through which nutrients influence endocrine systems is still needed. Significant new information about the regulation of endocrine function can be derived from nutritional studies currently employed in aquaculture for the development of diets. Additional information on the influence of nutrients on endocrine function is essential for the design and interpretation of hormone supplementation studies, and should eventually allow development of feeding strategies which promote anabolic hormone production.

15.6
Regulation of nutrient intake and energy balance in fish

There is a correlation between growth, adiposity and early maturity in salmonids. One strategy to avoid early maturity may be to favor muscle growth over fat accumulation. The regulation of food intake and fat storage under conditions of either relative over-abundance or insufficiency of energy intake was studied in salmon. In a series of experiments with chinook salmon of equal size, food intake of fat fish was significantly less than that of  their lean counterparts. Furthermore, when fat and lean fish were pooled and given access to the same diet, whole body fat levels converged, suggesting a robust mechanism for regulating body fat stores. Growth of the initially fat fish was impaired relative to the initially lean fish. 

15.7
Nitrogen balances and imbalances 

Following the ingestion of food, the amount of amino acids far exceeds immediate requirements for the synthesis of proteins. The excess amino acids are broken down (catabolized) in the liver and are used for energy production. During catabolism, the amino group (NH2) is removed and excreted as ammonia. An alpha keto acid is produced and converted into glycogen or triglycerides. Some of it is converted into carbon dioxide and water. These amino acids contribute to both lipid and carbohydrate stores. Some of the excess amino acids are stored in the muscles. Body proteins are continuously synthesized (anabolism) and degraded (catabolized). They are thus subjected to turnover which is prompted by the need to eliminate absorbed proteins, to allow a more rapid adaptation to dietary changes. Rate of turnover is decreased by increased rate of synthesis and decreased rate of turn-over rate. For nitrogen balance to be achieved the rates of synthesis and breakdown should be equal, and an imbalance in these rates would lead to net gain or loss of body proteins. Teleost fishes are ammoniotellic since the main product of amino acid degradation is ammonia (NH3) which is toxic. Ammonia may be present in less toxic form (NH4+). The two forms of ammonia are different in some respects. Unionized ammonia (NH3) can easily be eliminated from fish into the environment. About 60-70% of the nitrogen excreted is through gills, and the rest is excreted through the urine, faeces, and skin. Of the nitrogen excreted, 60-90% is ammonia. The remainder includes: urea, uric acid, trimethylamine (TMA) and trim ethylamine oxide (TMAO), and creatine. In land animals, ammonia has to be converted to urea or uric acid before it is excreted. Although gills are the main site of ammonia excretion, they do not play a major role in the formation of ammonia. Excretion of ammonia from the gills occurs by: (i) non-ionic diffusion (NH3), (ii) ionic diffusion (NH4+), and (iii) Na+/NH4+ exchange. Differences may also occur among species. About 60-70% of the ammonia is produced by the liver, the rest by the kidneys 
and muscle mass. The ammonia that is excreted comes from deamination of amino acids. 

15.8
Nitrogenous waste regulation and balance

Among primitive fishes, there is a diversity of strategies that have evolved to cope with ion, water, and nitrogen balance. The whole physiological spectrum is found from ionic and osmotic conformation to the regulation of body fluids distinct from the environment. The most primitive of vertebrates, the marine hagfish iono- and osmoconforms to its seawater environment, whereas their euryhaline relatives, the lampreys, iono- and osmoregulate. The gills of Agnathans contain both pavement and mitochondrial rich cells, but the arrangement of cells and structural features are unique relative to euryhaline teleosts. Coelacanths are osmoconformers but iono-regulators, maintaining high internal urea levels like the elasmobranchs. In many primitive species, ammonia is the dominant excretory product as it is in most teleost fishes. The exception is the coelacanth and aestivating lungfish that synthesize urea via the urea cycle and excrete urea. Membrane transporters have been isolated in fish that regulate urea and possibly ammonia movements between tissue compartments and to the environment. Nitrogen excretion during early life stages presents a particular challenge in encapsulated embryos that depend on yolk protein catabolism. As yet, little is known about how primitive fish embryos face these challenges. Research on primitive fish species will broaden our knowledge of the evolution of osmoregulation and excretion in fish and terrestrial vertebrates.

15.9
Energy balance

One hypothesis states that polyunsaturated fatty acids (PUFA), particularly those of the n-3 family, play essential roles in the maintenance of energy balance and glucose metabolism. The data discussed have indicated that dietary PUFA function as fuel partitioners because they direct glucose toward glycogen storage, and direct fatty acids away from triglyceride synthesis and assimilation and toward fatty acid oxidation. In addition, the n-3 family of PUFA appear to have the unique ability to enhance thermogenesis and thereby reduce the efficiency of body fat deposition. PUFA exert their effects on lipid metabolism and thermogenesis by up-regulating the transcription of the mitochondrial uncoupling protein-3, and inducing genes encoding proteins involved in fatty acid oxidation (e.g. carnitine palmitoyltransferase and acyl-CoA oxidase) while simultaneously down-regulating the transcription of genes encoding proteins involved in lipid synthesis (e.g. fatty acid synthase). Moreover, the data are interpreted in the context of the role that PUFA may play as dietary factors in the development of obesity and insulin resistance. Collectively, the results of these studies suggest that the metabolic functions governed by PUFA should be considered as part of the criteria utilized in defining the dietary needs for n-6 and n-3 PUFA, and in establishing the optimum dietary ratio for n-6 : n-3 fatty acids.

Learning Activities

(i).Students will be given reading assignments to understand the impacts of nutrient balance and imbalance on fish; (ii) They will also synthesize informstion on potentisl effects of feeding fish on balanced and imbalanced diets on growth and energetic of fish.

SUMMARY OF TOPIC
Fish can only have access to nutrients after ingestion of feed, but feed intake is affected by several factors. Feed intake and possibly growth, could be retarded if a feeding regime results in high body fat levels. Fish diets should be well balanced in energy and nutrients. This forms the basis for economic production of high quality and healthy marketable table fish. Changes in dietary nutrients, energy and feed management will directly impact: (i) fish growth and development, (ii) disease, (iii) production efficiency, (iv) quality and quantity of final product and (iv) waste production.  N P and organic substances from undigested feed and metabolic wastes are major sources of pollution, toxicity, health risk and growth depression. Look for effective, alternative sources of feed ingredients, to replace fish meals and oils. Appropriate nutrition that: (i) lowers feed cost,(ii) improves product efficiency, (iii) reduces disease-related production losses, (iv) improves the quality of final product and (v) reduces environmental impacts is fundamental to sustain growth and competitiveness in global aquaculture food production systems. Fishes are important pools of nitrogen (N) and phosphorus (P). They markedly affect the cycling of these limiting nutrients in lakes. The N:P supply ratio from fish excretion was found to be both low and constant. N P excretion rates by fishes were predictable from body size, food nutrient concentration, and temperature. Nutrient recycling by fishes alleviates P limitation for phytoplankton growth. The importance of this effect is directly proportional to nutrient regeneration rates from fishes, relative to other sources available for phytoplankton. Hormones regulate growth and nutrient utilization by fish. So, fish endocrine systems are sensitive to changes in nutrient intake. Food restriction, diet composition, photoperiod, and feeding time do influence: (i) thyroid hormones, (ii) pancreatic hormones, and (iii) hormones of the growth hormone–insulin-like  growth factor axis. Nutrient intake may also influence: (i) hormone transport in the blood, (ii) activation in peripheral tissues, (iii) receptor binding, and (iv) neuro-endocrine pathways that regulate hormone secretion. New information about regulation of endocrine function can be obtained from aquaculture nutritional studies. Knowledge of the influence of nutrients on endocrine function is vital for interpreting dietary hormonal studies undertaken in aquaculture. In mammals, the orexigenic and anorexigenic neuronal systems are morphologically and functionally connected. They form an interconnected network in hypothalamus to govern food intake and body weight. Few studies exist on brain control of feeding behaviour in fish. Recent studies indicate that brain orexigenic signal molecules include: (i) neuropeptide Y, (ii) orexins, (iii) galanin and (iv) β-endorphin. Brain anorexigenic signal molecules include: (i) bombesin, (ii) cholecystokinin, (iii) corticotropin-releasing factor, (iv) cocaine (v) amphetamine-regulated transcript, and (vi) 
serotonin. The brain hypothalamic area is associated with regulation of food intake. Sites outside hypothalamus are also involved in a similar function. Some correlation exists between short-term changes in serum growth hormone levels and feeding behaviour. In Salmonids, growth, adiposity and early maturity are correlated. Food intake of fat Chinook salmon of equal size was significantly less than that of their lean counterparts. This demonstrates existence of a robust me chanism for regulating body fat stores. When Chinook and Coho salmon were deprived of food, hypothalamic NPY mRNA and NPY secretion increased. These are central elements of energy balance regulation in mammals. The increase in hypothalamic NPY-like gene expression in a teleost reflects a mechanism to regulate energy intake and expenditure as in mammals. After ingestion of food, amino acids far exceed immediate requirements for protein synthesis. Excess amino acids are catabolized in the liver to produce energy. In catabolism, NH2 is excreted as ammonia. An alpha keto acid is produced and converted into glycogen or triglycerides. Some of it is converted into carbon dioxide and water. These amino acids contribute to lipid and carbohydrate stores. Some excess amino acids are stored in muscles. Body proteins are continuously synthesized and degraded. Their turnover is prompted by the need to eliminate absorbed proteins, and to allow rapid adaptation to dietary changes. Rate of turnover is decreased by increased rate of synthesis. 
To achieve nitrogen balance, rates of synthesis and breakdown should be equal. An imbalance in these rates leads to net gain or loss of body proteins. Among primitive fishes, diverse strategies exist to cope with ion, water, and nitrogen balance.  Marine hagfish iono- and osmoconforms to seawater, while lampreys, iono- and osmoregulate. Agnathan gills have pavement and mitochondrial rich cells. Cell arrangement and structural features are unique, in relation to euryhaline teleosts. Coelacanths are osmoconformers but are also ion-oregulators. They maintain high internal urea levels like elasmobranchs. In many primitive species, ammonia is the dominant excretory product. The coelacanth and aestivating lungfish synthesize urea and excrete it. Membrane transporters in fish regulate urea and possibly ammonia movements between tissues and the ambient environment. During early life stages, nitrogen excretion presents a challenge in encapsulated embryos that depend on yolk protein catabolism. Little is known about ways in which primitive fish embryos face these challenges. Polyunsaturated fatty acids (PUFA) (n-3 family), play essential roles in the maintenance of energy balance and glucose metabolism. PUFA partition fuel by: (i) directing glucose toward glycogen storage, (ii) directing fatty acids away from triglyceride synthesis and assimilation and towards fatty acid oxidation. This n-3 family of PUFA enhances thermogenesis and reduces body fat deposition efficiency. Studies suggest that metabolic functions governed by PUFA should be viewed as part of the criteria to be utilized when defining dietary needs for n-6 and n-3 PUFA, and in establishing optimum dietary ratio for n-6 : n-3 fatty acids. Fishes, amphibians and reptiles survive extremes of oxygen availability because they : (i) adapt to profound metabolic suppression; (ii) tolerate ionic and pH disturbances, besides other mechanisms. Long-term anoxic survival requires enhanced glycogen storage in tissues. In lower vertebrates, body morphologies, habitats and dormancy tend to facilitate wide adaptations to hypoxia. It is thus very important to balance 
dietary nutrients for optimum fish body functions. Essential amino acids should be well balanced. Fishes require the same 10 essential amino acids needed by higher vertebrates. They also need essential fatty acids to balance energy utilization. The dietary protein:energy (P:E) ratio must also be balanced. Fish should not use protein energy for body functions at the expense of somatic and reproductive growth. Fish metabolism is adversely affected by vitamin deficiencies and avitaminosis. Ectotherms and endotherms do not however, have similar nutrient requirements. It is known that fishes use significantly higher dietary protein than herbivores and chickens.
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