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ABSTRACT

Labat, J.-Ph., 1991. Model of a shrimp population ( Philocheras trispinosus). 11. Simulation of
the energy fluxes. Ecol. Modelling, 53: 95-107.

Using a model of the kinetics of the size structure of a shrimp population ( Philocheras
trispinosus), this work attempts to simulate the energy fluxes. It incorporates functions which
take into account respiration, excretion, reproduction and energy loss by moulting. It
calculates the biomasses and productions. The model describes these fluxes throughout the
annual cycle for different values of the mortality coefficient. The simulations show how the
evolution of the energy fluxes reflect the evolution of the demographic structure. For the
simulated population, the mean of the K, coefficient varies between 32 and 37% while the
mean of the production/biomass ratio is between 7.19 and 9.01.

INTRODUCTION

As the size structure of a population can be simulated at any time (Labat,
1991), the energy fluxes and the biomass can be defined from these elements
and from the environmental temperature.

After Welch (1968), Crisp (1971), Bouché (1978) and Kerr (1982), the
equation for the energetic balance of a crustacea population is written as:

A=M,+E, +M,+P,
where A4 is the assimilated energy, M, the energy used by the general
metabolism, E, the excreted energy, M, the energy contained in the moult,

and P, the energy contained in the increase in the organic material of the
population.
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The general metabolism can be represented by:

+ M,

eac

Me = Mes + Mesda
where M, is the standard metabolism, M., is that of the specific dynamic
action, and M, is that connected with the animal’s activity.

The production P, is considered to be the total sum of the new body
material created within a population in one time unit, whether or not this
amount survives until the end of this period. It is production as defined by
Ivlev (in Ricker, 1980). At the level of the population biomass, it represents
the input.

From the point of view of the exchanges with the environment, ‘environ-
mental’ production is the quantity of organic material which is lost at any
moment by this population (loss of biomass through mortality; Banse and
Mosher, 1980). In this case, if the mortality coefficient is constant, the ratio
of production to biomass will be equal to this mortality (Allen, 1971; Brey,
1986).

The time-lag between these incoming and outgoing flows represents
variations in the biomass stocked by the population.

FUNCTIONS AND SUB-ELEMENTS OF THE MODEL

Initially, the complementary functions will be considered which are
necessary for the simulation of the biomass and of the fluxes from the size
structure.

Calculation of weight: Function [WEIGHT |

The weight was estimated for each shrimp, as a function of its sex, its
reproductive state (for females) and its size, using the relationship estab-
lished for previous measurements:

P=aT?®

with P dry weight in mg, and 7 size in mm. The adjusted values of the
parameters are the following:

a b
Males 0.01153 2.5176
Females 0.01253 2.5146

Females bearing eggs 0.00155 3.2334
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‘Metabolism: Function [ METABOLISM ]

The metabolism was approached by defining respiration as a function of
the weight and the temperature.

A general rule seems to exist in the animal kingdom, which connects
respiration to the weight by a power function of the following type (Prosser,
1961; Dejours, 1975):

R =aP?

with R respiration; P weight.

Biochemical reactions in general, and respiration in particular, are accel-
erated by temperature within a standard range of values. Several forms of
the relationship can be used. In this case a linear function was used, which
provides a good adjustment quality for this data set:

R=c¢(T+d)

with R respiration; T temperature.
The following relationships were used to connect respiration to the weight
and to the temperature for each sex:
— For the females:
R = 0.20289( PO*2*)(T — 8.3301)
— For the males:
R = 0.13831( PO\ T — 4.2594)
with R respiration expressed in pg O, h™! per animal; P weight in mg;
T temperature in °C.

Energy equivalence of respiration

In the experimental conditions used, when the animals were at rest and
not fasting, the measurement of respiration corresponded to that of the
standard metabolism plus that of the specific activity (M, + M..4,).

The approach for the animals’ energy requirements should also take into
account the activity of the animal throughout a daily cycle (M.,.). Observa-
tions made by Sedgwick (1981) showed that the energy requirements of an
active shrimp, Crangon crangon, were in the order of two times greater than
those of the animal at rest. The nutritional rhythm of Philocheras trispinosus
indicates that its activity, like that of Crangon crangon (Van Donk and De
Wilde, 1981), is essentially nocturnal. It therefore appeared that a maximum
estimate of the metabolic demands for the animal’s daily cycle could be
calculated by multiplying the metabolic rate at rest by a factor of 1.5.
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The energy equivalent of respiration depends on the kind of assimilated
nutrients used at the time of the oxidation reactions. In accordance with
Elliott and Davison (1975), the value 3.2 cal mg~! O, was used.

These data resulted in the following relationship:

M, = (R % 3.2%24x%1.5),/1000

=0.1152R

with M, total metabolic demand of a daily cycle, expressed in calories per
animal per day; R respiration at rest in ug O, h™! per animal. The energy
flux represented by excretion (E,), has been related to the function
[METABOLISM]. In effect, excretion is the result of oxidation of proteins. The
ratio O/N is linked to the type of animal nutrition, and in particular to the
size of the protein fraction. The fraction of the excreted energy as a function
of the respiratory metabolism can be identified if this ratio is known. From
the avalaible data on this species (Labat, 1987) and the comparable data
from Crangon crangon (Regnault, 1981; Regnault and Lagardére, 1983), the
average value for this ratio can be estimated at 35; this represents an
excreted energy value in the order of 5% of the respired energy:

E,=0.05M,

where E, and M, are the values in calories of the excretion and the
metabolism, respectively, over 24 h.

Losses by moulting: Function [ MOULT

As the simulation of the growth was decided to be of a continuous nature,
it was not possible to determine directly the losses connected with moulting.
However, by comparison with the literature data for Crangon crangon, it was
possible to identify the order of size of this element. From the size /growth
relationship at the moult, size /duration of the intermoult (Mauchline, 1977),
size /weight ratio (Szaniawska, 1980), moult-weight / body-weight ratio [Nel-
son et al. (1977) with Macrobrachium rosenbergii] and the equivalents in
calories of the moulting (2.50 cal mg ! dry weight) and of the whole shrimps
(4.11-4.20 cal mg~! dry weight) (Szaniawska, 1980; Evans, 1984), the ratio
of the amount of calories lost in the form of moulting to the amount of
calories produced by growth was determined. From these data, and from the
assumption that P. trispinosus follows the same rules during its growth, the
ratio 0.2 was used as a rough but realistic estimate:

M,=02P,

In agreement with Jobling (1983), we have used the thermochemical calorie (cal,) as the unit
of measurement which, even if it is not the official unit, is the most frequently used (1
cal = 4.184 J).
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where M, was the loss by moulting in calories, and P, was the production in
calories, as defined by Ivlev. This estimate introduced a slight bias into the
simulation, as it did not take into account the variations of this relationship
with the size structure of the population.

FUNCTIONING OF THE MODEL

At each time step (?), the biomass was computed by summing the weight
calculated from the size and the sex of each theoretical individual which
constituted the population. Such an operation was also carried out for all the
individuals that died. The first biomass was that of the living population, the
second represented the production of the population for the ecosystem. The
equivalence energy /weight used was 3.81 cal mg ™' (Villiers, 1979).

Two kinds of productions are computed: production as defined by Ivlev,
and the environmental production. For the calculation of the production as
defined by Ivlev, the formula proposed by Crisp (1971) was used:

Pr=(B1_BO)+M

where B, was the biomass at the beginning, B, the biomass after time ¢, and
M the total mortality expressed as the sum of the weights of the animals
which died during time ¢.

The ‘environmental production’, M, is the sum of biomass lost through
mortality. Simulated productions were calculated for each time-step (1 day)
and added up during the time-lag between two outputs of the model.

The losses by moulting were deduced from the production values using
[MouLT]. The model computed the energy demand connected to the respira-
tory metabolism of the population, by summing the demands of each
individual using [METABOLISM].

Finally, loss by reproduction (in the form of spawning by the adult
population per day) was calculated as a function of the number of eggs
reaching hatching and of their calorific value; by analogy with Crangon
crangon, this value was taken to be 0.053 calories for an egg at the end of
development.

Two simulations (1 and 2) were run using two alternative mortality
coefficients (see Labat, 1991).

Energy aspects of Simulation 1. Figure 1 represents the different compo-
nents of the energy budget of the population over time, in the form of a
cumulative histogram. The cycles are well pronounced. There is an im-
portant difference between the lowest (winter) and the highest
(summer /autumn) levels: 4.02 to 42.13 cal m~?day . The proportion of
energy used for growth (production) in relation to the assimilated energy
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Fig. 1. Energy balance components of the simulated population. Cumulated histograms.
Simulation 1.

also varies greatly, as it can be seen in Fig. 2 which shows the evolution of
the production/assimilation coefficient (K, as defined by Ivlev). The fac-
tors responsible for this effect are the increase of production which follows
recruitment, and the increase in the proportion of respiratory metabolism
which is positively connected to the temperature. The periods of low yield
occur mainly during the summer, between the two principal peaks of
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Fig. 2. Production /assimilation ratio. Simulation 1.
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Fig. 3. Production as defined by Ivlev and ‘environmental’ production and resulting biomass.
Simulation 1.
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Fig. 4. Production and biomass ratio. 1. Ivlev production. 2. ‘Environmental’ production.
(Productions are extrapolated over a year). Simulation 1.
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recruitment and when the temperature is maximum; inversely, the high
yields occur at the period when the young individuals with high growth
arrive at times when the water is not yet heated up or when it is already
sufficiently cooled down.

Estimates of the production as defined by Ivlev, and of the ‘environmen-
tal’ production, are described in Fig. 3. These two fluxes represent the input
and the output of the biomass, respectively, which increase or decrease as a
function of the sign of their differences (Fig. 3). The variations in the ratio
of production (Ivlev) to biomass also reflect the changes in the population
structure (Fig. 4): the highest values correspond to the youngest populations
(recruitment periods), the lowest to the oldest populations (in order to be
comparable to literature values, the production is here extrapolated over a
year). The ‘environmental’ production shows random variations around a
constant mean, because it depends on the mortality coefficient, which is
expected to be constant.

Energy aspects of Simulation 2. The cycles of the different components of
the simulated energy balance alternate between high and low production
phases. In Fig. 5, the cumulative histograms of the different components of
the assimilated energy are shown, while Fig. 6 displays the ratio
production /assimilation, K,. These phases reflect the evolution of the
energy variations of the population as a function of its demographic struc-
ture, and of the thermal cycle. The populations composed largely of young
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Fig. 5. Energy balance components of the simulated population. Cumulated histograms.
Simulation 2.
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15 .

. Simulation 2
Production

‘Environmental’

(103 cal / 20 days/ 100m? )

Reproduction

2 ] Biomass

20 o

16

(10% cat / 100m?2)

S S W

360 560 760 960 1160

Time (Day)
Fig. 7. Production as defined by Ivlev and ‘environmental’ production and resulting biomass.
Simulation 2.
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Fig. 8. Production and biomass ratio. 1. Ivlev production. 2. ‘Environmental’ production.
(Productions are extrapolated over a year). Simulation 2.

individuals have a much higher K, ratio than those composed of older
individuals.

The observation of the evolutions of the Ivlev and ‘environmental’ pro-
ductions (Fig. 7) demonstrates that their relative importances alternate
several times during the annual cycle, a fact linked to the fluctuations in the
demographic structures that have already been described; in this simulation,
a higher mortality makes this feature particularly clear. These alternating
predominances of the two fluxes are the cause of the variation in the
biomass (Fig. 7).

The outgoing flux, represented by the release of larvae, can be equivalent
to 10% of the production during the reproductive periods (Fig. 7); on
average it represents 2.5% of the annual production.

The examination of the relationship between production (Ivlev) and
biomass (Fig. 8) is another illustration of the effect of changes in the
demographic structure of the simulated population. The periodicity and the
way in which it varies, are identical to those of simulation 1; the only
differences are the mean level and the amplitude, which are directly linked
to the mortality coefficient value.

DISCUSSION

Several approximations were made during this study. When specific data
were not available on the species in question, an analogy was made with
Crangon crangon. The continuous representation of growth introduced an
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error in the estimation of losses by moulting. This problem could have been
avoided by taking into account the duration of the intermoult, and the
growth at the moult. Only the effects of temperature, sex and weight of the
animal were used in the estimation of the metabolism. Potential changes
connected with food, physiological state, etc. were not considered.

A comparison of the two simulations demonstrates that there is a good
similarity between the flux cycles, the yields and the biomasses. This is also
the case for the similarity between the kinetics of the size structures, which
have already been established (Labat, 1991). The two annual generations are
characterized by a large production of young individuals; this addition of
organic material is basically stocked by the population. With the demo-
graphic evolution of the population, this ‘stock’ is given up to the environ-
ment, because production is reduced and is exceeded by mortality. In effect,
when production, as defined by Ivlev, is greater than the loss by mortality,
organic material is stocked. There is more material gained than lost in the
compartment. In contrast, the reverse situation reflects a reduction in the
biomass. The former situation is observed in populations consisting of
young individuals with rapid growth; the latter is observed in groups where
the number of older individuals exceeds the number of younger ones.

The differences observed between the results of the two simulations can
be linked to the differences in the mortality coefficient. A high mortality
coefficient results in a generally younger and therefore smaller population
structure. From this, the production/biomass ratio as well as the produc-
tion / assimilation ratio are going to be greater:

— Simulation 1: P,/B=719, P./A=32% and P./M,=5789% for a

mortality coefficient of 0.020.

— Simulation 2: P.,/B=9.01, P./A=37% and P,/M, = 67.62% for mortal-

ity coefficients of 0.024 and 0.029;

The mean level of the absolute values of the biomasses and of the fluxes is
going to be lower in a simulation with high mortality because the density of
the simulated population is weaker.

In conclusion, the stmulation of the abundance and of the kinetics of the
size structure, allows the essential fluxes which regulate the population of
Philocheras trispinosus to be followed, through the use of functions which
represent the size/weight ratios and the metabolism. Therefore, this ap-
proach allows us to follow the fluxes, the stocking and the ecosystem’s
potential use of the trophic level that this species represents. It describes the
variations between the different yields of the use of the assimilated energy
(K, as defined by Ivlev, ratio of production to metabolism). The ratios of
production/biomass are characterized throughout the annual cycle from the
estimates which take into account the ‘environmental’ production and the
production as defined by Ivlev. The effect of energy stocking, represented by
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the biomass and due to the flux difference between the production as
defined by Ivlev and ‘environmental’ production, is particularly evident. The
simulation process ensures, as precisely as possible, a quantitative dynamic
representation of the different fluxes and accumulations.
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