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The use of models in simulation and state estimation has proved useful in diverse
applications, especially in industrial process control. The project presented here
looked into the modeling of fish physiology for applications in fish physiology
research and aquaculture. The models deal with gastric evacuation, metabolism,
kidneys, gills, the cardiovascular system, and feeding behaviour and are based on
data from the literature. Model responses are mostly in accord with real responses in
principle, but, as with most models of complex biological systems, the numerical
accuracy is low in several cases. However, these structured models enable
researchers to test hypotheses by altering the submodels and parameters.

1. Introduction

Aquaculture is an ancient and important supplier of food in many countries,
especially in Asia, where the fish are to a large extent left to themselves, often fed on
household and agricultural leftovers. In several European and North American
countries fish farming is becoming a significant industry. In this case the production is
based on specially produced feeds and is both capital- and work-intensive. Because of
the higher costs involved, the species cultured are those that get a high price on the
market. A major species in Norway is salmon (Salmo salar). High costs also imply that
the enterprises must be run efficiently.

First of all the fish must be fed the appropriate amounts of feed at the right times
under varying environmental conditions that affect their appetite (temperature, oxygen
level, light, season, etc.). If fed too little, the maximum growth rate will not be achieved.
If fed too much, the excess feed will not be taken up by the fish and will be lost. In both
cases plant efficiencies are lower than optimal; the latter case is also a serious source of
local pollution. At present, feed wasted by overfeeding is estimated to cost Norwegian
fish farmers about 100 million U.S. dollars a year, representing about 10% of the fish
value.

Better understanding and knowledge of fish physiology and nutrition also enables
the farmers to add other criteria to their optimal feeding strategies. Examples of this are
given in Ruohonen (1986, 1988). The feeding strategy is in these cases adjusted by
factors such as capital costs, predicted seasonal variations in temperature, oxygen level,
and market price. This helps the farmer to control the growth rate of the fish to obtain
the right weight at an optimal time of slaughter.

A fish farm manager’s largest problem is to guess what the state of the fish really is.
As the fish grow, the weight distribution becomes more and more uncertain. Fish
cannot be weighed often because the handling induces stress that retards growth for
days or even weeks. The total weight of fish kept in a pen is a compromise between
capital cost and growth; if the fish density increases, the growth rate will decrease. A
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dense population is also more likely to develop diseases. By optimizing both feeding
and densities, Norwegian fish farmers may save an estimated sum of 200 million U.S.
dollars per year.

Visual observation of fish in sea pens is difficult, as is the interpretation of such
observations. A fish farmer will probably not detect growth stagnation or altered
behaviour by visual inspection, both factors being indicators of disease or environ-
mental problems.

Experience has shown that the only instrument that in practice survives the harsh
environment and retains a reasonable degree of accuracy is the thermometer. It is
therefore clear that data for decision support are very limited.

One possible way to increase information about the state of a fish farm is to apply
mathematical models of the fish and environment in combination with a state
estimator and the available measurements (Olsen and Balchen 1988). Some measure-
ments may be subjective and/or fuzzy, such as the observed feeding activity, which may
be graded into, say four levels. Using such techniques, management-supporting
systems may be realized for daily and long-term support. A more detailed discussion on
instrumentation, information, and control technology applied to aquaculture can be
found in Balchen (1989).

Fish research is another application of such models. Today most data are gathered
from static experiments used for curve-fitting. The use of structured mathematical
models, again combined with state estimation, may allow dynamic experiments, which
give more information. The structured modeling approach will also enable the
researcher to test different submodels, thus providing a tool for hypothesis testing. If
high quality models are available, it will be possible to estimate states that are not
directly measurable during the experiment.

In most cases, and certainly in the case of biology, it is not a question of choosing
either modeling or empirical work. Rather, experimental work, data collection, and
modeling are parts of an integrated process. The models may help in formulating
knowledge and hypotheses in a suitable form, and data provide a basis for calibration
and falsification of models or may indicate where the models can be improved.
Structured models can be incrementally, and the submodels often independently,
improved without having to discard the full model.

The purpose of this paper is to provide some basic models that we believe represent
the most important relations in the areas of fish physiology treated.

2. Gastric evacuation

A prerequisite for optimal feeding is some knowledge about how the appetite of the
fish varies in time, affecting the amount of feed that will be taken at a given instant. The
appetite of the fish is strongly dependent on stomach filling (Elliott 1975, Grove,
Loizides and Nott 1978); that is, after feeding, while the food is being digested and
evacuated from the stomach into the intestines, the fish become increasingly motivated
to approach and struggle for food. The fullness of the stomach is therefore an important
state.

The evacuation rate has traditionally been modeled by a function of the type

w_
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where the constants ¢ and b depend on factors such as temperature, feed properties, and
fish weight, and V is the volume of food remaining in the stomach after a meal. The
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value of the exponent b is often chosen from assumptions about the digestive process,
common values being 0, 1, 1/2, and 2/3 (Holmgren, Grove and Fletcher 1983, Jobling
1981). Such models describe the digestive process in the stomach, assuming that the
digestive process is the limiting factor for the evacuation rate.

Several workers have found that the evacuation rate depends on the nutrient
composition of the feed, energy-dense feed being evacuated at a lower rate than feed
poor in nutrients. This suggests that the evacuation rate is controlled, possibly through
the same hormonal and neural paths as in mammals. It would therefore be sound to
model the digestive and evacuation processes separately. In aquaculture the feed
usually consists of aggregates of finely minced particles; thus the digestive process
taking place in the stomach is more rapid than when the fish prey on whole organisms.
Hence, the evacuation process may be taken to be the limiting factor.

One may describe the evacuation rate as an intrinsic rate, assumed to be
exponential, b=1 in (1), modulated by a feedback from chemoreceptors in the upper
intestine (Jobling 1987). The objective of this control loop is probably to keep the
nutrient flow rate slow enough for efficient nutrient absorption, yet evacuate poor-
nutrient meals fast to yield space in the stomach for more food. The control mechanism
found in many fish species is not perfect: as the nutrient density of the feed increases, the
corresponding decrease in the evacuation rate levels out. This may be a result of the
saturation of the control paths when the feed nutrient content is elevated above the
level usually found in natural prey. The feeds used in aquaculture often have an energy
content above 20 kJ/g, whereas natural prey usually lies in the range 4-8-5kJ/g. The
saturation effect may therefore be important in fish farming.

Our hypothesis for the evacuation rate control is that the flow is constant until the
energy flow is equal to that given by the intrinsic function and that thereafter the
control is ineffective and the emptying proceeds along the intrinsic pattern. After a meal
of volume V¥, the stomach content thus initially decreases linearly with time, the
emptying rate being g,,. Assuming the intrinsic function to be exponential, the intrinsic
rate is g;=al. By equating the controlled and intrinsic rate,

qm=aV,
and substituting for the remaining volume
V=Vo—ant,
the switchover time t, can be found:
t,=Vo/q,,— 1/a.

The stomach volume at this time is ¥, =g,,/a. The intrinsic emptying after t, yields the
stomach volume

V="Vexp(—alt—t)).

The stomach may be defined as empty when a fraction ¥, remains. Substitutions and
rearrangement of the above equations then yield s the emptying time ¢,

t,= H]-—;][l + ln(aﬁ—Vo):l.
Gm Am

This is valid for feeds that are high enough in energy content to demand controlled
initial evacuation (aV¥} > g,,,).

The published data on the evacuation rate are sparse and are often inconsistent.
One reason for this is the measurement procedures usually applied. A number of fish
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are fed, fish are sampled and slaughtered at a few time intervals, and their stomach
content is measured. It is not easy to find which is the influential control limiting
function from these data. The rectangular hyperbola equation

Ye=KCg/(Cg+Cso)

may be useful for modeling. Here, Cp is the feed energy content and Cs, a parameter.
Further, taking the set point for the controlled evacuation rate to be the inverse of this
function (g,,= 1/y.), the resulting evacuation time delay due to the control can be

derived as
VokCp 1 aVokCy
A=t ta=C  Coo a [' +l"(C£+ c,o)]’
where the intrinsic emptying time t,; = —In(f)/a. This function is shown in Fig. 1 for a
particular set of parameters: k=2 and Cso=>5kJ/mL. The control of the flow may act
through pulse modulation of the sphincter at the stomach outlet, as proposed in
Jobling (1987).

By choosing the limiting function with appropriate parameters, the response can be
fitted more accurately to a data set. However, the present model produces a response
that in principle describes the observed saturation effect in energy content response.
This indicates that the above hypothesis may be valid. However, more accurate
methods for measuring evacuation rate are necessary to find out if real evacuation
patterns follow an initial linear slope as postulated.

3. Metabolism

The nutrients absorbed from the intestines are transformed into energy, storage,
and waste. Nutrients and waste are transported by the body fluids, and the
transformations take place in the cells. Growth is mainly a result of stored matter.

The nutrients may be divided into amino acids, carbohydrates, and lipids. Each of
these three groups behaves fundamentally differently through the metabolism, but the
variations between the several species within each group are not so pronounced. It is
therefore possible to aggregate the nutrients into the three main groups by using the
mean properties of the species involved.

8.
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Figure 1. Energy concentration response of evacuation rate model. Dots: data calculated from
Grove et al. (1978), using two kinds of feed diluters.
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3.1. Metabolic stoichiometry

The transformations taking place along the metabolic pathways can be described
by chemical stoichiometric equations (Machiels and Henken 1986, Schulz, 1978). As an
example, neglecting some insignificant parts, the overall equation for the total
breakdown of amino acids can be written

1 AA +a0,—bCO, +cNH, +dATP, )

where the coefficients g, b, ¢, and d depend on the actual amino acid (AA) composition.
ATP is the energy yield in the form of adenosine triphosphate. ATP is the common
denominator for energy used in the model. To simplify the relation of the model to
measured data, all chemical equations are in grams per time unit, except for ATP,
which is in moles per time unit. For a typical amino acid profile in fish, the coefficients in
Eqn. (2) are a=1-26, b=1-67, c=0-16, and d=0-22. Equivalent steps can be taken to
develop the stoichiometric equations for the other metabolic paths in the model.

3.2. Metabolic pathways

What are believed to be the dominating metabolic paths were chosen for inclusion
in the model. These constitute the basis for the formulation of state equations
describing the level of nutrients under processing or transport through the body fluids
or internally in the cells—the amino acid, carbohydrate, and lipid pools.

Feeds used in aquaculture are to a large extent made from less valuable fish, and the
amino acid composition is almost equal in fish of different species. It is therefore not
necessary to differentiate between amino acids stemming from the feed and those
resulting from breakdown of body proteins. The amino acid paths incorporated into
the model are

Absorbed amino acid—amino acid pool (subscript Aa),

Amino acid pool —energy (subscript ae),
Amino acid pool —glucose pool (subscript ag),
Amino acid pool —lipid pool (subscript al),

Amino acid pool «—stored protein (subscript ap).

The processing rates of these reactions are given by four rate controllers in the present
model. The controller for stored protein rate may be negative when energy demands are
larger than that provided by absorbed nutrients, representing a decreasing fish weight.
A differential equation can be formulated for the amino acid pool state,

j:A =(wAa_raeW_rngW_ra!W_rapm}r Va

where the r’s denote the process rates, W the dry weight of the fish, w the mass flow, and
¥, the equivalent reactor volume for amino acids, yielding the time constant of this
state. The rates are believed to be mainly controlled by the concentration of hormones,
which affects a number of cells taken to be proportional to the weight of the fish. The
rates in the above equation therefore relate to the concentration of hormones.
Most carbohydrates are transformed into glucose when absorbed, and glucose is
also the sole carbohydrate in the metabolic paths included in this model. Glucose is to
some extent stored in the body as glycogen. The glycogen storage is mostly static in fish,
decreasing only under hard physical stress, which is unlikely to occur for any significant
duration in aquaculture. The glycogen storage is therefore not included in the model.
Salmonids utilize carbohydrates poorly, and most of the glucose that is needed, mainly
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for the nervous system, is produced from amino acids. This is contrary to the
mammalian case, where most glucose is produced from fat and glycogen. The paths
participating in the glucose transformations are

Absorbed glucose—glucose pool (subscript Ag),
Amino acid pool —glucose pool (subscript ag),
Glucose pool —lipid pool (subscript gl),
Glucose pool —energy (subscript ge).
The corresponding equation describing the glucose state is
’iG = {w“ + 0.59“’"‘9' — rg,W— I’WW)H/;.

¥, is the glucose space—for salmonids, about 14%; of body volume. The flow of glucose
produced from amino acids (w,, =r,,W)is multiplied by a constant because less glucose
is produced than the amount of amino acid that is consumed.

As was the case for amino acids, several types of lipids taking part in the metabolism
are aggregated into a mean lipid representing the overall properties of the lipids. The
lipid composition of the fish body is often taken to be correlated with the feed
composition, and the variation in the average values for several types of feed may be
small. Using such average values, the paths described by the model are

Absorbed lipid —lipid pool  (subscript Al),
Glucose pool —lipid pool  (subscript gli),
Amino acid pool —lipid pool  (subscript al),
Lipid pool —senergy (subscript le),
Lipid pool ostored lipid  (subscript Ii).

The resulting differential equation for the lipid state is

where ¥ represents the time constant of this state.

3.1. Growth
The growth in dry weight is described by the equations

xp,=0-86w,,=0-86r,,W,
where the constant compensates for the water produced in the process, and

5:! =wWy=ry W.
From this the dry weight gain is
W=3%,+ %
The ash content of the fish must be added to this.

If the percentages of water (m) and ash (s) content of the fish are known, the growth
rate of whole fish is

W,,=100(%, + %)/(100 — m—s).

Approximate values for m and s are 75% and 2-5%, respectively, the former varying
somewhat with feeding history and the ratio of body fat and protein (From and
Rasmussen (1984).
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The terminal flows—oxygen and energy consumption, and carbon dioxide and
ammonia production—can be described by arithmetic equations based on the
stoichiometric equations. Thus, for the amino acid state, the terminal flows are

Wo, = 126w, +0-53w,, +0-57w,,
Weo, = 167w, + 077w, + 016w,
Wi, = 016w, +0-16w,,+ 016w,
and

0 ifr,<0
Warp=022w, +0-77w,, —0-048w, + {0-046wap els: ’ (3)
Similar equations can be derived for the other states, the sum of which yields the total
terminal flows of the fish.

3.2. Rate control

The object of the rate control is to distribute nutrients and tune metabolic processes
to provide and control the concentrations of metabolic intermediates and energy to
support demand, maintain the fish fit for survival, and invest excess nutrients into
growth.

In a real fish the rates are controlled by hormone concentrations. Most knowledge
about hormone activation and responses derives from experiments on mammals,
especially the white rat. Fish and mammals are distantly related on the evolutionary
tree, and one cannot assume that the same relations exist in fish as in mammals. The
knowledge on fish hormone mechanisms is sparse and to some extent contradictory.
The strategy for this modeling was therefore not to model the hormonal processes
directly, but to apply controllers that simulate the known cause-and-effect systems of
metabolic control of real fish.

Energy production in the fish mainly supports food processing and osmotic and
mechanical work. The total energy is often divided into routine and feeding
metabolism. Routine metabolism is that of an active, nonfeeding, and nonstressed fish,
given in From and Rasmussen (1984) as equivalent weight loss

W, =154 x 10~ exp (0-0875T) W2 7688,

The fish wet weight loss W, is in grams per hour and must be recalculated into moles of
ATP per hour, assuming a protein and lipid mobilization ratio as in Eqns. (4) and (5).
Feeding respiration is the energy expenditure for digestion and metabolic processing of
the nutrients after a meal. Neglecting digestion costs, this follows from the stoich-
iometric equations along the line exemplified in Egn. (3).

The energy supplied by glucose is used mainly for the neural system. Based on few
data, a reasonable function for this rate is

r,e=84x10"®exp (0-0697),

where T is the temperature in °C.

Except for the neural requirements for glucose, the rest of the routine energy and
feeding energy is assumed to be supplied by amino acids and lipids. In mammals more
energy is provided by fat than by amino acids, the opposite being the case for
salmonids. Measurements have shown that protein may provide 80-90%, of the energy
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supply. The proportion of energy provided by amino acids can be represented by a
variable re[0, 1], and the fat and amino acid combustion rates can be described by

T =1Wurp/0-22 4)
and

rie=(1—1)Wagp/0-51, )

where w,p is the total energy demand minus the energy provided by glucose, and the
constants are the energy yield (moles of ATP per gram).

It is fair to suggest that the energy mobilization ratio r depends on the state of the
fish, for example, the body protein/lipid ratio (analogous with the lipostatic theory of
CNS control of feed intake)

r=*xpx),

where f* is a suitable function. Several sources of data show that the x,/x,, ratio in fish
rises with increasing supply of feed and increasing level of lipids in the feed. The
dependency on feeding level (fe[0, 1) can be modeled by the straight line

The response from the fat/protein ratio in the feed (L /P < 1) to fat/protein ratio in the

body can be described by
L L,
Ly=g | Zf—d, |-=L—.

This function is more influential when the feeding level is high. Thesum L, =L, + L, is
now used as a reference for the energy allocation ratio controller,

r= —k,‘,(x,/W— Ly)+ 0'5,

where k;, is the controller gain, L, the controller set point, and the last term a controller
output bias. All parameters in the above equations must be found from experimental
data.

The qualitative or quantitative properties of lipogenesis from amino acids are not
well known for fish. One assumption that may be valid is that lipids are produced if
there are excessive amino acids. If the amino acid excess is denoted by C,,, the control
functions for protein storage and lipid production can be postulated as

Cox= kax(xA —A4,), (6)
fag+by if Cop>0

rI - {0 elsc‘ {7)

Tap= Cu(1—r,), (8)

o= Caxr x* (9)

Here A, is a postulated amino acid reference level. The parameters a, and b, are
unknown, but reasonable guesses may be 0 and 0-4, respectively. When r is high,
corresponding to the case when most of the energy demand is provided by amino acids,
a major part of the amino acid excess is transformed into lipid.
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Gluconeogenesis has been observed to decrease if exogenous glucose is supplied.
This indicates that gluconeogenesis is under the control of the blood glucose level:

L _[~kulxe—G) i G,>xg
%710 else,

where G, is a postulated glucose reference level and k,, the controller gain. When the
glucose level is higher than the reference, excess glucose may be removed by the
production of lipids, independent of the actual lipid level:

_ Jkglxg—G,) when x>G,
"0 else.

The storage of lipids in the body may be controlled from the lipid level deviation from
the reference L,

ry=ky(x,—L,),

where k;; is the controller gain.

3.3. Model simulation

The above model was calibrated using data compiled from several sources, mainly
based on salmonids. Most parameters for the controllers were adjusted to get sound
simulated responses; data on dynamic metabolic responses in fish are virtually
nonexistent. However, many parameters of the static relations are obtained from the
chemical equations and are thus fairly accurately determined. The parameters used are
given in Table 1.

Figure 2 illustrates a few responses of the model compared with analogous
experimental results on oxygen consumption and nitrogen production. In this case an
intrinsic evacuation rate, b=1 and ¢=0-15h ™! in Eqn. (1), was used. The experimental
data are from fish fed every morning; therefore the rise in oxygen consumption before
feeding may be caused by increased physical activity due to the feed expectations of the
fish combined with increased activity at sunrise.

Responses of the internal states of this model cannot presently be verified by
experimental data, but responses not shown here demonstrate that the model behaves
qualitatively as expected. Owing to lack of relevant data one can only conclude that the
model performs reasonably well with respect to both quality and numerical values
compared to data on oxygen consumption and NH; excretion.

w 29g L 50mg/l00mL a, 04
v, 5% G, 60mg/l00mL b, 00
v, 14% A, 30mg100mL a, 10
v, 5%k, 0025 b, 20
m 75% ko 001 g 21
s 25% ky 0022 d, 02
L, 64% k, 05 T 15°C

P, 33% ky 005
C, 15% k, 20

Table 1. Parameters used in the metabolic model for the simulations of fig. 2.
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Figure 2. Respiration of 29 g fish at 15°C fed a 0-85 g meal from 8:30 to 9:30 (top) and nitrogen
excretion of same fish (bottom). Solid lines: simulated; broken lines: data from Brett and
Groves (1979).

4. Kidneys

It is known that several species of carnivorous fish (e.g., the salmonids) are not able
to control their blood concentration of glucose well when given large doses of glucose.
Although insulin affects the blood level of glucose in these fishes, insulin in usually not
produced in large enough quantities to handle glucose overloads. This resembles the
situation in mammals with type 2 diabetes. The upper stationary limit of blood glucose
level in diabetic mammals is given by the kidney threshold, reflecting the glucose
concentration above which blood glucose is lost through the kidneys. If this also is a
path for glucose loss in fish following ingestion of the carbohydrate-rich feeds given in
aquaculture, it may be useful to add a model to this to the metabolic model.
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4.1. Glucose filtration

The kidney nephrons mainly consist of a glomerular capsule followed by a tubule.
When blood enters the kidney, the plasma and its smaller molecules are filtered
through the walls of the glomerular capillaries into the capsule. The concentration of
glucose in the capsule is equal to that of the blood. The total rate of plasma flow into all
the capsules of the kidneys is called the glomerular filtration rate (GFR). Then the
filtrate flows through the tubule and is mostly reabsorbed into blood capillaries. The
part that is not reabsorbed forms the urine.

The reabsorption of glucose is active, and this transport is saturated at the glucose
transport maximum (T,). When the glucose rate in the filtrate exceeds this limit,
glucose will be lost through the urine.

Nephrons in the teleostian kidney are functionally equal to those of mammals, but
in several species T, has been found to vary linearly with the filtration rate. This
indicates that a varying number of nephrons in the kidney are activated in an on/off
fashion depending on the total filtration rate rather than the variation of the filtration
rate of each nephron. In freshwater-adapted trout, about 509 of the nephrons are
filtering, whereas in seawater the filtering population is less than 109, reflecting the
different needs for osmoregulation.

42 Model
For each nephron nin the filtering population N, the mass flow of filtered glucose is

Worn=daCobs
where g, is the filtrate flow and C,, the blood glucose concentration. If the filtration
rate is assumed to be equal in all nephrons (on/off control), the total filtration rate in the
kidney is
Wor=NqCo=4,Cos,
where g, is the total glomerular filtration rate.
The reabsorbed glucose mass flow for a single nephron is

_ ngu if wﬂﬂ’ < TMM
" | Ty oOtherwise,

where T,,, is the kidney threshold for a single nephron. If the reabsorption saturation
level is assumed to be equal for all nephrons, the total reabsorption capacity is

Ty=NTyn

Therefore, because of the varying degree of nephron recruitment (N) found in fish, the
glucose threshold is variable and not constant as in mammals. From the above, the
total reabsorption is

_ {wgf if wyy<Tyy,
or

T, celse.

The glucose loss through the urine is the difference between that filtered and that
reabsorbed:

_ _ 0 if Wor < TM’
Wou=Wer —Wor= {q Cop— Ty else.
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From this the condition for total reabsorption of glucose is found to be
q7Cu<Typ,

and the kidney threshold is
Copi= Tulq I

4.3. Comparison with real data

Few data are available, and the following calculations are only intended to indicate
the order of values. The values for the transport maximum and filtration rate as given in
Table 2 are taken from Kenyon, McKeever, Oliver and Henderson (1985), based on
experiments with freshwater- and seawater-adapted 200-300 g rainbow trout (Onco-
rhynchus mykiss, formerly Salmo gairdneri). The corresponding values for the kidney
threshold were calculated according to the above model. From these data one would
expect the blood glucose level to be higher in fish adapted to seawater than in those
adapted to freshwater when fed high-carbohydrate diets. Data on glucose level vs. feed
carbohydrate content were not available. But data from Sundby, Eliassen, Blom and
Aasgaard (1991) on fish fed commercial diets may be indicative: The blood glucose level
in rainbow trout in freshwater and Atlantic salmon in seawater was 80-110mg/100 mL
and 115-140mg/100mL, respectively. However, these data neither support nor
contradict the above hypothesis, because these differences may be due to other factors.

5. Circulation and ventilation

An important limiting factor for activity and metabolism is the ability of the fish to
extract oxygen from the water and excrete CO, into the water. Although some
exchange can occur through the skin, practically all exchange in the salmonids happens
through the gills. The blood flow of teleost fish differs from the mammalian as the fish
have only one circuit through the heart. Gills are therefore in series with the vascular
bed of the tissues. The gills are perfused with ventral arterial blood, and the gas
exchange over the gill membrane is by passive diffusion for both CO, and O,. The
dorsal arterial blood from the gills carries the oxygen to the tissues, where CO, is
loaded. The venous blood is then pumped back to the gills, where CO,, is unloaded.
Water has a large capacity to absorb carbon dioxide, and it is therefore the extraction of
oxygen that is the limiting factor for fish. The following model of the cardiovascular
system therefore neglects CO,.

5.1. Haemodynamics

The blood flow is pulsatile, and pressure pulses are therefore reflected from
geometric irregularities and bifurcations along the blood vessels. For all but the largest
fish, for example, tuna, such transmission line effects are not significant. Neglecting

Adaptation  [ug/kg/min)]  [ul/kg/mim)]  (mg/100mL)
FW 190 115 165
SwW 65 18 360

Table 2. Transport maximum for glucose and glomerular filtration rate in saltwater- and
freshwater-adapted rainbow trout (Kenyon et al.), and calculated kidney threshold.
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pulsatile components of the flow, the vascular system can be modeled as two resistances
in series, the gill and peripheral (tissue) flow resistances, the flow being driven by the
heart ventral pressure. In this case the dorsal aorta pressure (the pressure over the
tissues) is

Paa =prp\/(Rp+ Rg)r

where p,, is the ventral aorta pressure (the pressure over the heart), and R »and R, are
the peripheral and gill flow resistances, respectively. By the same model, the blood flow
is given by

qpy= pw/(Rp + Rg)

Both flow resistances may be under hormonal and central and local nervous control,
but the gill resistance has been found to be nearly constant.

5.2. Blood

Oxygen is transported both in physical solution in the plasma and chemically
bound in the haemoglobin of the red blood cells. The degree of oxygen saturation (S) of
haemoglobin as a function of oxygen partial pressure (p,) is given approximately by
Hill's equation

S=ps/(Ph+ P50), (10)

where ps, is the half-saturation pressure and »n is a parameter that for trout has a
maximum of 2-0 at pH =7-5. The carrying capacity for oxygen is dependent on such
factors as temperature and pH (CO, concentration). A better approximation of the
blood properties for both O, and CO, can be found in Malte and Weber (1985);
however, the uncertainties in the parameters involved does not improve the accuracy of
the model over that based on Hill’s equation.

When the parameters for plasma and haemoglobin properties are known, the
concentration of oxygen in the blood can be found:

Cy =Py +4C 0, 13/(Py + Do), (11

where y is the solubility in plasma and Cy,, is the concentration of haemoglobin, each
molccule being able to bind four O, molecules. The oxygen carried in the physical
solution in the plasma can be neglected because the dominant oxygen transport is by
haemoglobin.

5.3. Gills

The filaments of the gills are positioned to let the blood flow in the direction
opposite to the water at their interface. This allows very efficient gas transfer. Since the
gas exchange is passive, the gills may be modeled as a passive countercurrent gas
exchanger. The oxygen partial presssure of the water (p,,) and blood (p,) can thus be

described by a pair of partial differential equations,
Opw_DLpul2) —ps2)] (12)
0z gyt

and

s _DLpo2)—pd2)]

oz a8 (13)
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where z€[0, 1] is the distance from the ventral inlet along the exchanger, g,, the water
flow, and D the apparent diffusion coefficient. & and f are the solubilities (dC/dp) of
oxygen in water and whole blood, respectively. f is generally a nonlinear function
varying along the gill filament with the O, concentration, obtained by derivation of
Eqn. (11). In addition to this, Hill's equation may be modified by the Bohr shift: the
slope of the dissociation curve increases with increasing pH. This effect requires the pH,
and therefore also the concentration of CO,, to be included in the model. A derivation
of a complete set of partial differential equations describing the O, and CO, exchange
over the gills, including the nonlinear Hill’s equation and Bohr shift, can be found in
Malte and Weber (1985). These nonlinear partial differential equations represent a two-
point boundary value problem and can be solved by numerical integration (e.g., by the
‘shooting’ method (Press, Flannery, Teukolsky and Vetterling, 1989)).

In the following model a constant f=0-5C,,,,/Pso Will be used, thus drastically
reducing the computational burden. The nonlinear model will typically yield about
20%, more oxygen uptake than the linear one. However, in the following model,
feedback controllers are assumed to compensate for this inaccuracy together with the
uncertainty of the diffusion coefficient. A linear approximation is therefore valid, at
least in this case where qualitative modeling is most important.

The partial differential equations can therefore be solved analytically, and the water
transfer efficiency can be derived (Piiper 1982, Piiper and Scheid 1984):

n=p;—re)/(Pi—p)=(1— exp(— Z)/(X —exp(—Z)), (14)
where
4 1-1/X
x=" and Z=D
o b

and p,, pg, and p, are the partial oxygen pressures of the inspired and expired water and
ventral blood at the gill inlet, respectively.

54. Model

A single-controller model for the cardiovascular/respiratory system was presented
in Taylor, Houston and Horgan (1968) and, although behaving well, was apparently
tested only on the data used for model calibration. The following model is a
development of that model and consists of two states: the oxygen concentration of the
blood at the gill (dorsal arterial) C, and tissue (venous) C, outlets. The differential
equation describing the first state is

Co=[aC,—CA+WIV,,
where ¥, is the apparent volume of the gill vascular bed. The oxygen transfer from the
water is given by

wg ={pl —D E)qwa'

Applying Eqn. (14) yields

_l—exp(—2)

wJ_X_exp(_Z)(pl’ pv}qwa'

The state of the venous blood is given by

Cv = EQb(Cﬂ - CIJ) - w.t].[ P.;’
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where V, is the apparent volume of the tissue vascular bed and w, the flow of oxygen
from the blood into the tissues.

Arterial and venous blood oxygen partial pressures are given by the dissociation
curve of the blood, approximated by a rearrangement of Hill’s equation (10),

Pa=PsolSa/(1—S8)1'", (19)
pvszO[Sv/(l _Sv ]”ns (16)

where S,=C,/C,,,, and S,=C,/C,,,. In this case the nonlinearity of Hill’s equation
must be included because the concentration/pressure relation is an important factor in
the model and cannot be compensated for by the controllers.

5.5. Control structure

The variables to be controlled are blood flow, water flow, blood pressure, tissue flow
resistance, gill diffusion coefficient, and venous and arterial oxygen concentrations.

The peripheral resistance depends on the parallel combination of the individual
capillary resistances. These are under independent local control in an on/off fashion by
the concentration of metabolites in their vicinity. Put in other words, they independ-
ently open when perfusion is needed. Relative to the simplifications in this model, this
means that the peripheral resistance adjusts itself according to the metabolic oxygen
demand. A controller may simulate this, adjusting the blood flow by operating on the
peripheral resistance; the aim of this is to maintain the venous oxygen concentration at
the set point C,,,

9s={dno + kl(cw - Cv)

This assumes that no nervous control is present, which is valid for mammals under
normal conditions of stress.

The apparent diffusion coefficient of the gills may be controlled by hormonal
means, but there is a strong correlation between the pressure drop over the gills and the
diffusion coefficient. This is probably due to a distribution of the pressure needed to
open the individual filaments for blood perfusion, so when the pressure drop increases,
more and more filaments open. This can be modeled as a function of the ventral and
dorsal blood pressures,

D =Dy+ky(pa—Pad)-
The dorsal pressure is given by

Paa=Puva— Ryqs,
where R, is taken to be constant.
The ventral blood pressure provided by the heart increases during exercise. This
may be, and is modeled as being, controlled by the deviation of the arterial oxygen
content from the set point C,,,

Pva=DPuao + k3(Car - Cﬂ)‘

The oxygen sensor is presumably located near the gills, but the precise location is not
known.

The ratio of the blood and water flows is often assumed to be about 1:10,
independent of exercise level. However, some experiments show this ratio to
increase/decrease by a factor of 0-6—1-4 from rest to maximum exercise. This ratio is not
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measured directly and is therefore dependent on the accuracies of the data and
assumptions involved in the calculations. Preliminary experiments with the present
model indicated that a ratio increase by a factor of 2 was necessary to yield good
simulation results at all levels of exercise. Our hypothesis is that this ratio r is controlled
by the deviation of the arterial blood oxygen concentration from a reference level,

r=ro+ kd-(cnr_ Ca)‘
The resulting water flow is then
4w=rgy=[ro+ko(Cor — C)1 4

This implies that the ventral blood pressure and water flow act in parallel to increase
oxygen uptake.

5.6. Model simulation
The model was calibrated with data from several sources. Temperature is an
important parameter for the metabolic rate, the solubility of oxygen in water and
blood, and the blood properties. This was not implemented in the model, so nominal
values were used, mostly based on data from experiments in the 10-15°C range.
The oxygen consumption was taken to be (Kiceniuk and Jones, 1977)

w,=10127+UVm ymol/(kg/min),
where U,, is the maximum speed for sustained swimming and is described by
U,,=124L%55 cm/s,

L being the body length in centimetres.

Some parameters were tuned by comparing simulation runs with experimental data
from static experiments, that is, experiments where the fish were exercised at a constant
level (Kiceniuk and Jones, 1977). The results are summarized in Table 3. Although the

Rest Max. exercise

Variable Ref. data Model Ref. data Model Units
C, 317 3-20 0-6 0-61 mmol/L
C, 4-64 4-65 433 422 mmol/L
Pv 443 4-52 213 1-22 kPa
P 18-27 179 168 86 kPa
q 25 25 193-7 184 pmol/min
@ 17-6 17-2 52:6 509 mL/min
4, 211 207 <1700 1485 mL/min
Poa 47 475 72 7-58 kPa
Paa 38 371 45 4-53 kPa
R, 022 0215 0-085 0089  kPamin/mL
4../9s 12:0 292
n 20 20
Coax 48 4-8 mmol/L
Pso 32 32 kPa
PE 124 123 kPa
D 24 149

Table3. Comparison of data from static experiments (Kiceniuk and Jones, 1977) (ref. data) and
present model at minimum and maximum exercise.
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agreement between model and real data is good, a significant deviation exists for the
partial pressures at maximum exercise. This is probably caused by a shift of the blood
properties at increasing load (e.g., Bohr shift caused by increased levels of CO, and
decreased pH), which is not taken into account by Hill’s equation.

Following the calibration phase, the transient behaviour of the model was
compared to dynamic experimental data (Stevens and Randall 1967a,b). In this
experiment the exercise was gradually increased from a low level to a high level, kept at
this level, and then lowered again, each phase taking 5min. An estimate of the
corresponding oxygen consumption rate function was given in Taylor et al. (1968), and
this function was used for the simulations.

Figure 3 shows the results for the blood pressure and Figure 4 shows the oxygen
partial pressure. The simulated blood pressure responses agree well with the real data,
but they indicate that the oxygen consumption rate function applied lasts too long after
the end of exercise. The shapes of both the arterial and venous blood oxygen pressures
are also correlated to some degree with the model responses. The arterial oxygen
pressure in both cases increases at the beginning of the active interval, decreases during

[kPal

Cminl
10. 20. ao. 40.  so.

[kPal

. _/—\/\é_/

Cmird
10. 20. 30. 40. 50.
Figure 3. Responses of ventral (top) and dorsal (bottom) blood pressure after an intermittent

increment in swimming speed from 5 until 20 min. Dots: mean-pressure data calculated
from Stevens and Randall {1967a).
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Figure 4. Responses of arterial (top) and venous (bottom) blood oxygen partial pressure after
an intermittent increment in swimming speed from 5 until 20 min. Dots: data calculated
from Stevens and Randall (1967b).

the activity, and overshoots at the beginning of recovery. The venous oxygen controller
does not function well in the simulated case; the real response is far more stable. If the
gain of the venous oxygen controller is increased, the venous oxygen variation
decreases and the initial arterial overshoot becomes more pronounced. Thus, the
controller gain found by static calibration is too low. This response may also pointtoa
weakness in the proposed control structure, an illustration of the fact that dynamic
experiments yield more information than static experiments, and the power of dynamic
modelling in hypotheses testing.

Some of the numerical deviations between model and real fish are attributed to the
different conditions for the static experiments used for model calibration and the
dynamic experiment used for testing. In addition, the fish used in the dynamic
experiment have a ventilation/blood flow ratio of about 100, an exceptionally high
value, possibly indicating a weakness in the experimental procedures or measurement
errors. The actual blood dissociation curve is not known, either for the fish used for
static calibration or for those used in the cited dynamic experiment. Differences here
will introduce errors into the partial pressure calculations.
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6. Feeding behaviour

The most important aspect of fish behaviour related to aquaculture is the feeding
behaviour and possible hierarchical systems among the individuals, Most behavioural
studies have been undertaken in various types of tanks and are therefore fairly
representative for cultivated fish. However, most studies are based on only a few fish,
whereas in aquaculture the fish density is very high. The few experiments on large
collections of fish relate to growth rate differentiation, but there have also been some
observations of hierarchical indicators such as spatial distribution and
aggression/avoidance.

Using growth rate distributions over time is a slow way of estimating feeding
behaviour, and they are not useful in practical aquaculture because under uncontrolled
situations many other effects may influence growth differentiation. A model-based
estimator will therefore be more appropriate as an aid in daily feeding management.
For such applications a simple model of feeding behaviour was developed. This model
is based on a combination of several probability functions along the lines presented in
Balchen (1979).

6.1. Appetite

Appetite as used here is the short-term desire for food, often given as amount of feed
ingested per time unit. In the long term, the appetite is controlled by a set point given by
the central nervous system, depending on several factors. Long-term appetite is often
called hunger. Appetite involves metabolic, neurophysical, and hormonal mechanisms
and may be stimulated by metabolic factors such as levels of certain metabolites in the
blood. In many cases the appetite is mainly dependent on stomach fullness x, which
again is a function of amount of food previously eaten and stomach evacuation rate.
For fish number i, this may be formulated as

J'Cj= prp/Vﬂ_ axb (17)

where x,€[0,1] is the fullness and V, the average food particle volume. The rate of
particle ingestion w, and the coefficient of emptying rate a are in this case both assumed
to be independent of fish size. For a single fish fed ad libitum, w, is the maximum rate at
which the fish can feed. The maximum stomach volume V; is given by Grove et al.
(1978) as

V., =0075W,— 08,

where W is the whole fish weight.

A relationship between stomach fullness and appetite has been found for several
species, including brown trout, rainbow trout, dab, sockeye salmon, and turbot. The
data in Elliott (1975) and Grove et al. (1978) yield a sigmoid function for appetite vs.
stomach fullness. A possible approximation to the mean of these data for fish number i
is the probability function

_ [0:50—0-57(x;— 0-3)/(x;—02), x;>03,
Pai™10-50 4067003 — x)/(0-4—x), x,<03.

6.2. Food availability

The food taken by fish depends on several factors, such as visual conditions, particle
size and distribution, and confusion effects. Visual conditions include light intensity,
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water turbidity, and particle colour/background contrast. Fish usually forage most
intensely at sunrise and sunset, when enough light is present to detect prey while at the
same time the low light condition lowers the probability of the fish themselves being
preyed upon. This may be modeled by a function of light intensity modulating the
appetite. The distance at which food can be detected and the motivation to go for the
food depend on particle size, as given by Wankowski (1979). These results yield
probabilities of food capture and ingestion/rejection, which combined provide a
function for optimal feed particle diameter of 0-02 x fish length. In aquaculture thisis a
well-known function, and particle size is chosen according to fish size. There is therefore
no need to model this process.

The probability of a fish catching a food particle obviously depends on the density
of particles in the water volume. However, assuming the feed rate to be appropriate,
social interactions may be more important. Depending on the method of introducing
the feed into the tank, the food particle distribution may vary throughout the water
volume. Therefore a distribution index p is introduced, being 1 for even distribution
and Oif all particles are concentrated at one point. When food is spatially concentrated,
the fish will be attracted to this space, thus increasing the local fish density. This
contributes to confusion, because the fish must use more of their attention to avoid
other fish rather than fully concentrating on catching food. A confusion factor
probability function is therefore included:

P.= Pb»

where b> 0 is a constant. If the confusion depends on the length of free space in front of
the fish, then b= 1/3. If the confusion relates to the spatial angle of free view in front of
the fish, b=2/3, and if it depends on free volume around the fish, b will be equal to 1. In
the present model, »=0-4 will be applied, corresponding to a dependency between the
spatial angle and linear length cases.

6.3 Social interaction

Social status among salmonids is mainly dependent on size; large fish dominate
over smaller fish. When few fish are kept in a tank, many species tend to develop a
despotic hierarchy, where one fish dominates over all the others. At higher densities
that are more relevant to aquaculture, however, linear hierarchies usually develop. In
these hierarchies each individual dominates all others with lower rank, although
aggression tends to occur between fish of nearly equal rank.

The hierarchical strength is believed to increase with appetite and concentration of
food particles in space. When fish are well fed and food is cvenly distributed,
hierarchical effects may be fairly low, while the opposite may be the case of the fish are
scantily fed and/or the feed is introduced by a point feeder. The appetite may be
averaged over all individuals of the population. However, the appetite of the larger,
potentially dominating, fish is most important for the hicrarchical strength. Thus a
weighted mean appetite can be computed as

1 X
= W,
.,;l m ‘-Zl pﬂi i

where W, is the total weight of fish in the tank and N the number of fish.
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The hierarchical strength dependence on food distribution can be formulated as
Ja=p"5

where ¢ > 0is a constant. The combined hierarchical effects from the averaged appetite
and feed distribution can be mapped into a function expressing the probability for each
fish to catch food depending on its rank in the hierarchy; for example,

D= (W Wy oIe,

Here Wy is the weight of the largest fish. Thus, when the hierarchical exponent f, f; is 0.
there are no hierarchical effects, at 1 the hierarchical effect is proportional to weight,
and at co only the largest fish gets access to the food.
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Figure 5. Feeding behaviour for five size classes, number 5 being the largest and number 1 the
smallest. Top: stomach filling; middle: food taken, particles/minute/fish; bottom: hierarch-
ical exponent. Time axis (abscissa) in minutes.
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6.4. Model simulation

The probability for a fish catching a particle is the product of the probability
functions and the maximum feed rate,

P1i = WpPcPaiPhi-

Multiplying by particle size yields the volume of feed taken per time unit.

The above model was simulated to check if the behaviour was as expected. For this
purpose a stock of 2000 fish with a normal size distribution, mean weight 30 g, and
standard deviation 5 g was used. A suitable food particle volume is V,= 10 uL. The fish
were aggregated into 21 size groups, each spanning 2 g, ranging from 14 to 48 g. The
stomach filling for each group was modeled according to (17).

Figure 5 shows the results from a simulation with a feed distribution index of
p=02. For clarity, only the size groups centred around (1) 14 g,(2) 22 g,(3) 30 g,(4) 38 g,
and (5) 46 g are shown. All fish have empty stomachs when the simulation starts. One
can see that the smaller fish must wait for the larger ones to become somewhat satiated
before they get any significant access to the food. The hierarchical exponent (f,f;) starts
off well above 1 but stabilizes below 1. The responses illustrate hierarchical effects that
have often been observed in salmonids kept in tanks; however, it is hard to find
quantitative data to compare them to. The crudest measure is the variation in total feed
taken with time, but this does not give much information on the feed taken by each
group or individual. One can speculate about videotaping and subsequent analysis by
computers, or tagging each fish with tags transponding data on food capture. But both
techniques are at present not realistic for large collections of fish.

7. Conclusions

The use of static descriptive experiments that are not based on models, which are
common in biological sciences, limits the level of knowledge that can be achieved about
biological systems. One ends up doing more and more experiments on the same theme
to possibly obtain new curve-fitting parameters. Thus an important element of such
research has become the various statistical methods used to fit lines to a few data points,
an indication of having reached a wall. Several researchers in fish physiology are now
considering whether explanatory mathematical models can be a means of removing
this barrier. These models have much to offer an experimenter while scrutinizing the
causes of the responses observed. If structured mathematical models were applied, a
team of modelers and biologists would be able to do an impressive amount of work in
fish physiology research. The models presented here represent a starting point for such
efforts. With iterative experimentation and modeling, the models and knowledge will
inevitably be improved above present standards. Although optimistic in this respect,
we must point to the limits imposed on biological models—there is more te life, even in
the simplest organisms, than a collection of physical and chemical formulas.

In addition to the publications that are referred to, the models presented here are
based on information collected from several hundred publications. This puzzle work
has several drawbacks, especially when the data and responses stem from experiments
undertaken under different conditions, often on diverse fish species. Only a few
experiments published in the literature are dynamic; the few that were found mainly
treat gastric evacuation. This severely limits the knowledge neceded to formulate
dynamic models. Taking this into consideration, our results are rather impressive.

Several of our models can be tuned to obtain better agreement between model
responses and real data. If more independent sets of data were available, one might tune
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the models to agree with one data set and then test the qualities of the model by
comparing with other sets. However, data are sparse. We therefore chose to first
calibrate the models against static data and pieces of knowledge and then compare
results with real dynamic responses, using as little tuning as possible. At this stage of the
modeling of fish phyisology, the most important goal is to verify the model structure.
Numerical deviations are therefore less important than the qualities of the responses.

The digestive and absorptive processes of the fish are not well understood; the
feedback mechanisms introduced here may be useful to improve the understanding of
the gastric evacuation process. We will then have to find a high-quality model of the
enzymes and chemistry of digestion and absorption. This will be essential to the
evolution of fish growth models because classic descriptive experiments on growth vs.
feeding do not yicld much more knowledge than has already been acquired.

For the study of metabolic processes and hormones, a metabolic model combined
with state estimation and experiments will be useful, especially as this method allows
for dynamic experiments. Metabolic models like the one presented here are presently
not useful in the modeling of growth, because the calculated growth rates mainly
depend on the assumed nutrient absorption rates, not on the particular paths by which
they are transformed in the metabolism. However, the consumption of oxygen
calculated by metabolic models may be useful in practice. There is a trend toward
lifelong culturing of salmon in land-based tanks. In this situation the fish are kept at
very high densities, and extra oxygen must be introduced into the water to support the
feeding respiration. In such a situation, metabolic models can be useful for optimal
control of the oxygen injection,

The models of the blood/gill system will be useful in fish physiology research but
have no immediate application in aquaculture.

Feeding behaviour models will also be beneficial in research. This method may
enable behavioural researchers to get more knowledge out of their observations and
growth rate dispersion experiments and use probability functions to formulate their
theories. A better understanding of feeding behaviour may yield better procedures for
feeding in aquaculture, thus allowing for more optimal feed utilization and lower
weight dispersion.
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