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Modelling reproductive strategies of D a p h n i a 

Das Modellieren der Vermehrungsstrategien von D a p h n i a 

By WILFRIED GABRIEL 

W i t h 2 figures and 1 table in the text 

Abstract 
A model is developed which predicts growth and reproduction of D a p h n i a without 

any growth function. Inputs to the model are net production rates depending on body 
weight and measured or assumed mortality rates. Partition of energy into growth and 
reproduction are determined by the postulate that the adaptation to environmental 
conditions including mortality maximizes the probable total reproduction. G o o d quan
titative and qualitative agreement wi th experimental data on D a p h n i a p u l i c a r i a is 
obtained with the assumption of a moderate size dependent mortality. 

Introduction 
Parthenogenetically reproducing daphnids are usually considered to be 

opportunistic and "r selected" (ALLAN, 1976), although there may be gradual 
differences in the manifestation of this character, especially when food is 
limited (HRBÄCEK, 1977). Therefore, they should be selected for a maximum 
number of offspring under the given environmental conditions. 

D a p h n i a species grow further after reaching maturity. Under identical 
food conditions large specimens carry more eggs than smaller ones (GREEN, 
1954). On the other hand larger animals suffer from increased natural mortal
ity (ALLAN, 1976; L Y N C H , 1980) and vertebrate predation (ZARET, 1980). As the 

amount of energy which can be utilized by an animal is limited by the avail-
ability of food and its harvesting capabilities, an optimization problem arises. 
The daphnid has to share the available energy in somatic growth and reproduc
tion as to maximize the Output of young. If there were no increased mortality 
for large individuals it would make sense to postpone maturity and to put all 
the net production into somatic growth first, thus growing to a large size and 
then having large numbers of eggs. At the other extreme, with high mortality 
rates, it would be more efficient to put all the available energy into reproduc
tion as early as possible, mature early, and stay small. Clutch size would be 
smaller in this case, but the total number of offspring could be increased, 
because the life time of the mother is longer. These two life history tactics have 
in fact been found in fishless and fish-inhabited water bodies respectively 
(HRBÄCEK & HRBÄCKOVA-ISSLOVÄ, 1960; STENSON, 1972). They form part of the 

arguments supporting the "Size Efficiency Hypothesis" (HALL et al., 1976). 

0003-9136/82/0095-0069 $ 3.00 
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Partition of net production between body growth and reproduction is, 
therefore, one of the key processes which determine the life history of an 
animal. I present here a simple mathematical model, which is based on the 
assumption that this process is optimized to gain a maximum number of 
young for given conditions of food availability and mortality. The model pre-
dicts the time course of growth and reproduction of a daphnid only from basic 
measurable metabolic parameters as assimilation and respiration, and from 
assumed mortalities. 

Outline of the model 

The net production can be measured as the differences between assimila
tion and respiration for instance, provided the losses as excreta and exuviae are 
small enough to be neglected (WINBERG, 1971). These rates are influenced by 
body weight and environmental factors like temperature and food concentra-
tions. I assume that the partition of the net production into growth and 
reproduction will follow an optimal function which maximizes the reproduc
tion weighed with the probability of survival and summed over the total life-
span. There may exist a lot of mathematical functions which can describe the 
behaviour in question, but the specific analytic expression is of little interest as 
long as the biological relation is well reproduced. For that reason we can take 
any function, e. g. a polynomial of high order, if this function has sufficient 
variability to describe all possible reproductive tactics. The coefficients of such 
a polynomial, however, or the parameter of other functions are stringently 
determined by the postulate of maximum total reproduction. Therefore, find-
ing this maximum gives all necessary information for the prediction of growth 
and reproduction and there are not parameters left for "tuning" the model. 

Mathematical Formulation of the Model 

As a first step one has to know the dependence of the net production rate 
dP/dt on the body weight W . 

(1) ^ = f(W); 

one can use e.g. 

dP 

dt 
(la) ^ = a, W b l - a 2 W b 2 

w. here 

P = net production; 
W = body weight; 
a i , b i = assimilation coefficients; 
^2, b 2 = respiration coefficients. 
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The equation (la) is based on the anabolism-catabolism concept of BER-
TAANFFY (1941, 1964) and expresses the net production rate as the difference 
between assimilation rate and respiration rate. It has to be carefully checked 
for which ränge of W this expression is valid, because the coefficients, espe-
cially ai and a2, are in general not independent of W. Instead of (1 a) one may 
use any other relation, for instance a direct parametrisation of measured data 
of net production. 

Knowing the net production rate (1) we can write the growth rate 

(2) f = f - d - « M 

where OL = function which calculates the portion of net production 
put into reproduction (0 ^ ot ̂  1); 

x = (xj, . . . , x n ) is a parametrisation vector, which gives the 
dependence of this portion on the actual body weight. 

As long as the function a can describe the behaviour in nature, the results 
of this model are not influenced by the functional expression used for ot. I 
chose the following polynomial 

n / d P : ' 

(3) af(W,x) = D x; ( dt_ 
i = 1 \ w 

because the dependence of a on the relative production rate seems to be quite 
linear so that n = 5 already gives a satisfactory degree of freedom for most 
cases. 

From the growth rate equation (2) it follows for the reproduction rate 
dR/dt 

(4) f . f . a W f ) 
dt dt 

Integrating the System of the two differential equations (1) and (2) with a Com
puter by usual methods of numerical mathematics we can calculate the 
reproduction for a certain time interval. If we assume a non zero mortality 
rate, we have to multiply the reproduction rate with the probability of 
survival s. The probable reproduction R p r o b in the time interval At is then 

(5) Rprob - { ~ • <*(W,x) • s(W,t)dt 
At d t 

The probability of survival is easily related to the often used daily mortality 
rate by 

(6) s(W,t) = ( l - m ( W ) ) 1 

daily mort; 
and 
time measured in days. 

w h e r e m(W) = daily mortality rate at body weight W 
and 



72 Wilfr ied Gabriel 

The optimization problem is now to find in maximum of R p r o b with At 
equal to the life-span; that is, we have to find the functional dependence of ot 
on W which maximizes the integral in (5). In other words we have to find the 
maximum of the function R p r o b with respect to the vector x. This can be cal-
culated by numerical mathematical methods, as given e.g. by FLETCHER & 
POWELL (1963) or FLETCHER & REEVES (1964). 

As the Output of the maximization we get the vector x, for which 
CY(W, X) follows the optimal reproductive tactic for each body weight. 

With this knowledge one can integrate the equations (1) and (2) again and 
now predict the whole life-pattern of growth and reproduction. 

Test of the model with experimental data 

The applicability of the model has been tested by the following compa
rison of the predictions with the data of a longterm experiment carried out by 
LAMPERT (1977). Coefficients of the BERTALANFFY equation and length-weight-

relationships at two food concentrations taken from this study serve as input 
to the model. The net production outside the ränge of the experiment is 
estimated by extrapolation. Input parameters are listed in Table 1. It is 
unknown to which mortality rate the animals were best adapted. Therefore, 

Table 1. Input parameters of the model. 

Parameter Food concentration (Scenedesmus) 
low high 
(0.1 mg C / l ) (1.0 mg C / l ) 

Time period of the optimisation 
(life span) in days 50 50 

Starting weight 
(carbon content in ^gC) 3 3 

M i n i m a l weight upon reaching 
maturity (carbon content in /igC) 15 15 

Relation between length L 
(in mm) and weight W 
(carbon content in /*gC) 
L = a W b a 3.0 4.9 

b 2.65 2.59 

Bertalanffy coefficients ai 0.021 0.041 

bi 0.91 0.83 

a2 0.0094 0.01 
b 2 

0.88 0.75 

Assumed daily mortality rates 
zero-mortality 0 0 
size independent 0.1 0.24 
size dependent 0.005 • L 2 0.005 • L 2 
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several mortality rates have been studied: zero-mortality, size independent and 
size dependent mortality. Some results are shown together with the experi-
mental data in the Fig. 1 a—d for low food concentration and in the Fig. 2 a—d 
for high food concentration. The experimental data are represented by open 
dots, the results of the model are drawn by lines: shorter dashes for zero-mor
tality, longer dashes for size independent mortality and solid lines for size 
dependent mortality. 

For zero-mortality the reproductive part ex (Fig. 1 a, 2 a) of the net produc
tion is zero for the time period, where experimental data are available. For that 
reason the r e p r o d u c t i o n (Fig. 1 b, 2 b) Starts v e r y late (and out of the t ime scale 

of the figures). As the net p r o d u c t i o n is used o n l y for somatic growth, the pre-

dicted body weight (Fig. 1 c, 2 c) increases after reaching maturity much faster 
than in the experiment. As long as the reproduction rate is zero there is no dif-
ference between body weight and net production and the net production (Fig. 
1 d, 2 d) has maximal possible values at any time, because net production 
increases with body weight and no slow-down of the growth occurs by 
reproduction. 

The model needs a non-zero mortality to begin with reproduction as early 
as seen in the experiment. But with a constant mortality rate (long dashes in 
the figures) for the whole life until natural death the function cx changes in too 
short a time period from minimum value 0 to the maximum value 1, so that 
the curve of body weight follows the zero-mortality line for some time and 
then suddenly deflects to a line of constant body weight. The net production 
rate remains constant for fixed body weight and for that reason the reproduc
tion and net production follow a straight line after a reaches 1. If one runs the 
model with a lower or higher constant mortality the reproduction Starts later 
respectively earlier but the qualitative behaviour does not change. Besides these 
discrepancies between data and model one has to choose different constant 
mortality rates for high and low food concentration in order to get at least 
some points close to the experiment. 

To describe the experiment by the model one has to assume the animals to 
be adapted to a more complex strueture of mortality. The results become reali-
stic with the simple hypothesis that mortality is increasing with visibility. The 
solid lines in the figures are the model predictions for size dependent mortality 
using the same function m = 0.005 L 2 (with L = length in mm and m = daily 
mortality rate) for both food concentrations. To evaluate the agreement with 
the experiments one should take into consideration that all curves are totally 
determined by the input parameters and that no further adjustments to the 
data are possible: With the assumed mortality and with the measured 
metabolic parameters the reproductive and the somatic parts of the net produc
tion are calculated by the optimization procedure for each body weight. 
Therefore, the time course of production, growth and reproduction are fixed 
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Fig. 1 a—d. Time courses of (a) reproductive part ot of the net production, (b) reproduc
tion, (c) body weight, and (d) net production. Open dots are experimental data. Lines 
are model predictions: shorts dashes wi th zero-mortality, long dashes with size indepen
dent mortality, and solid lines size dependent mortality. The food concentration is low. 
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by the starting point, so that a small change at any time and especially at the 
beginning may cause a dramatic change after a short time period. 

Discussion 

The model presented predicts growth and reproduction of D a p h n i a with-
out any growth function. It has to be pointed out that the growth curve of the 
animal is a result of the optimization process. Realistic results for D . p u l i c a r i a 
are only obtained, when a size dependent moderate mortality is assumed. The 
model, therefore, predicts D . p u l i c a r i a to be best adapted to moderate ver-
tebrate predation. In Europe this species is known to live in large fish ponds, 
where it can persist at moderate levels of fish predation, but disappears at high 
predation pressure (FOTT et al., 1981). 

Although a good qualitative and quantitative consistency with experi
mental data has been shown, I propose further crucial experimental tests for 
the model. Only two concentrations of food could be tested because of the 
lack of data from long-term experiments. Thus by studying additional food 
concentrations one should confirm that the agreement is not accidental. 
Moreover, the experimental conditions should be altered during the course of 
an experiment and the results compared to the predictions of the model. 

Then the model should be applied to Cladocera other than D . p u l i c a r i a , 
which live in different habitats. Metabolie input data have to be determined 
experimentally for this purpose. 

Besides this the model could help to explain the shift to smaller sizes at first 
reproduction often observed in populations of cladocerans in the field (LYNCH, 
1979; BRAMBILLA, 1980). Information on mortality rates must be available in 
this case. 

It is easy to understand that natural selection acts to maximize the 
reproductive rate in a variable environment. Thus the basic assumption of this 
model seems to be realistic. It is, however, limited to "r selected" species and 
cannot be valid for "K selected" ones. Reproductive success is certainly one 
important factor determining the fitness of a population, but there are more 
factors involved. Selective mortality of small stages, e.g. by invertebrate pre-
dators, is one of these parameters. It probably has to become incorporated to 
sufficiently describe the life history tactics of species other than D a p h n i a p u l i 
c a r i a . 

Zusammenfassung 

Es wi rd ein Model l für Wachstum und Reproduktion von Daphnien ohne Benut
zung irgendwelcher Wachstumsfunktionen entwickelt. Eingabeparameter für das 
Model l sind die experimentell bestimmbare, gewichtsabhängige Nettoproduktionsrate 
und eine angenommene oder gemessene Morta l i tä t . Das Model l optimiert die Aufspal-
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tung der Energie in somatisches Wachstum und Eiprodukt ion unter der Annahme, daß 
Daphnien daran adaptiert sind, im Laufe ihres Lebens die Zahl ihrer Nachkommen zu 
maximieren. Dadurch wi rd der gesamte zeitliche Ablauf von Wachstum und Reproduk
tion vorhergesagt. Das Mode l l kann die verfügbaren Daten eines Langzeitexperiments 
mit D a p h n i a p u l i c a r i a bei niedrigen (Fig. 1 a—d) und hohen (Fig. 2 a—d) Futterkonzen
trationen gut reproduzieren, wenn man in Ubereinstimmung mit Freilanduntersuchun
gen eine geringe, längenabhängige Mortal i tä t annimmt. 
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