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Abstract

Variation in offspring size and number has been described for a wide range of organisms. In this study I investigated
the relationship between resource level of the mother and size of her offspring in the cladoceranDaphnia magna, in
order to assess whether offspring produced at different food levels are optimal in size for these food levels. Optimal
offspring size was defined as the size of offspring that yields the highest parental fitness (i.e. offspring of optimal
size have the highest juvenile fitness per unit maternal effort invested in them). I observed that especially at the
higher food levels, daphnids produced offspring that are larger than the computed optimal offspring size at these
food levels. I interpret this as a mechanism to avoid starvation of neonates in the case of suddenly deteriorating
food conditions.

Introduction

One of the general axioms in the theories of life-history
evolution is that selection should favour those parental
strategies which maximize parental fitness (e.g. in the
determination of the number and size of offspring pro-
duced, Lack (1947)). According to the classic paper
of Smith & Fretwell (1974), maximizing parental fit-
ness will lead to a single optimal investment per off-
spring for any given environment, provided that (1) a
trade-off exists between size and number of individ-
ual offspring, i.e. the amount of energy invested in
reproduction per breeding attempt is fixed; and (2) that
as energy expended on individual offspring increases,
fitness of individual offspring increases. The optimal
investment per offspring is characterised by the highest
fitness of individual juveniles per unit effort put into
these animals. Changes in either total resource acqui-
sition, or in the proportion of resources which is allo-
cated to reproduction, should not change this optimal
investment per offspring,as the total effort per breeding
attempt does not influence the parental fitness-function
(Smith & Fretwell, 1974). In planktonic cladocerans
such asDaphnia, the trade-off between size and num-
ber of offspring has been repeatedly observed (e.g.

Ebert, 1993; Boersma, 1997), but is often masked by
differences in total available resources for reproduction
(see van Noordwijk & de Jong, 1986). Moreover, as
daphnids live in changing environments with respect to
food conditions, the resource acquisition of the adults
may be used as an estimate of environmental circum-
stances which their offspring will encounter after birth.
Adults and juveniles generally show a large overlap in
their resources, and the mothers adjust the size of their
offspring according to their own resource availability,
resulting in a relationship between resource level and
egg size in cladocerans, characterized by larger off-
spring produced at lower food levels (e.g. Tessier &
Consolatti, 1991; Glazier, 1992; Guisande & Gliwicz,
1992; Ebert, 1994). This relationship is easy to under-
stand intuitively, as offspring produced by females
grown at low food levels should have more reserves
to withstand the concurrent food conditions than when
food is in ample supply and juveniles can start feed-
ing immediately. Thus far, however, to my knowledge
only one study exists which tries to link the investment
in individual offspring with their successive fitness in
a more formal way, in order to study whether the off-
spring produced at different food levels are optimal for
the ambient environmental conditions (Tessier & Con-
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solatti, 1989).These authors, however, only described
a theoretical framework, and made no attempt to quan-
tify optimal offspring sizes. In the present study, I set
out to perform this quantification. I collected neonates
with different initial weights produced by first adult
instar females (Boersma, 1997), and cultured them at
four different food levels to assess the optimal offspring
weight under these conditions. These values of opti-
mal offspring weight were then compared to observed
offspring weights.

Materials and methods

Offspring fitness

Fitness, usually defined as the average number of off-
spring produced by individuals with a certain geno-
type, relative to the number produced by individuals
with other genotypes (e.g. Ridley, 1993), is in the cur-
rent literature often represented by the intrinsic rate
of population increase,r (e.g. Stearns, 1992). Most
laboratory studies on cladocerans use the Euler-Lotka
equation to estimater iteratively (e.g. Ebert & Jacobs,
1991; Spitze, 1992; Weider, 1993; De Meester, 1994;
Spaak & Hoekstra, 1995; Lampert & Trubetskova,
1996). Often, these values of the intrinsic rate of popu-
lation increase are computed using individual animals
(Weider, 1993; De Meester, 1994; Spaak & Hoekstra,
1995). This causes problems, as doing so makes it
impossible to find negative values ofr, except for the
infinite negative, when an animal does not reproduce
at all. The production of one single egg in the ani-
mal’s life-time will lead to anr-value equal or larger
than zero. Moreover, even ifr equals zero, this does
not mean that fitness equals zero, as the individual
is still capable of replacing itself, leading to a stable
population density. It could therefore be argued that
the intrinsic rate of population increase is not suitable
as a fitness measure, but that rather er (�) would be
the appropriate fitness measure, as this value equals
zero when r approaches negative infinity. However,
this fitness measure essentially only rescales the obser-
vations, and hence does not solve the above mentioned
problems withr, as now values between 0 and 1 will
be absent. This interval of 0< er < 1 is of lesser
interest when assessing optimality of offspring size,
because when population growth rates are less then 1,
the population will die out. Therefore, the domain of
the optimization problem for realistic purposes has a
lower limit of er = 0, which will result in a stable pop-

ulation. Moreover, given the nature ofr, with values
usually small and close to zero, the distinction between
r and er is rather subtle, as er shows a linear relation-
ship with r for small intervals. To allow comparison
with other studies, and given the considerations above
r, was used as a measure of fitness in this study.

Laboratory derivedr-values as a measure of fitness
do not incorporate mortality occurring in the field.Evo-
lution of egg size obviously has occured with mortality
sources, such as predation, present. Size differences
between offspring are, however, usually not large, and
thus far it has been very difficult to properly estimate
differences in mortality in the field between animals
with such subtle size differences (e.g. Boersma et al.,
1996). As these differences is size-specific mortality
are unknown, and are likely to change within a grow-
ing season, it is difficult to incorporate field-mortality
in the computation of optimal offspring size. One way
to circumvent this is to estimate fitness under different
assumptions of juvenile size-selective mortality. How-
ever, as very little is known about this size-selective
juvenile mortality, the power of this analysis would be
limited. Alternatively, optimal offspring sizes can be
computed under the assumption that mortality differ-
ences are non-existent. Then, from the computed opti-
mal offspring sizes and the measured actual offspring
sizes, the size-specific mortality needed to make the
observed offspring size the optimal offspring size can
be computed. The validity of this set of size-specific
mortality assumptions could then be assessed by field
observations and experiments.

A significant correlation has been found between
juvenile growth rate (somatic growth between birth and
maturity) and the intrinsic rate of population increase,
r (Lampert & Trubetskova, 1996). As juvenile growth
rates are easier and quicker to establish, I collected one
individual per experimental vessel when the animals
were five days old, and again upon reaching maturi-
ty. These animals were used to establish dry-weights
in order to estimate growth rates. In order to estimate
the exact relation between juvenile growth andr under
the conditions of the present study, I also established
r-values for animals placed in 20 experimental cham-
bers per series; these animals were cultured until they
released their second broods. Development times and
number of juveniles produced were used to estimate
r by solving the Euler-Lotka equation iteratively. The
relationship between growth rates andr-values com-
puted for these individuals was then used to establish
r-values for all experimental animals.
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Offspring weight offspring fitness

TheDaphnia magnaclone used in this study has been
kept in the laboratory for many years, and was orig-
inally collected from a pond in Frankfurt, Germany.
From a stock culture, juvenile animals were collect-
ed randomly. These animals were placed individually
in 120 ml flow-through chambers, with a flow rate
of 1 litre d�1, and fed aScenedesmus acutussuspen-
sion with an algal carbon content of 0.8 mg C l�1 at
20 �C, under continuous light conditions. The algae
were grown in 3-litre chemostats in Chu-12 medium
(Lampert et al., 1988). Food suspensions were pre-
pared daily by addingScenedesmusto 0.45�m filtered
lake water. Algal concentrations were measured spec-
trophotometrically. The only way to obtain a large set
of offspring with different initial weights produced by
first adult instar females is to harvest these neonates
from animals cultured at different food levels. There-
fore, first brood neonates of the animals cultured at
0.8 mg C l�1 were collected and these neonates were
placed in flow-through chambers at four different food
levels: 0.1; 0.2; 0.4 and 1.0 mg C l�1. Each cham-
ber contained 5–10 individuals. Upon reaching matu-
rity, these animals were measured, the length of the
neonates produced by these animals was established,
and two or three neonates from every chamber were
weighed to establish dry weight of individual offspring.
If possible, five other neonates from each chamber
were collected and placed in flow-through chambers to
assess their fitness. Neonates produced at the different
food levels were divided evenly across all four food
levels mentioned above.

The assumption behind the Smith & Fretwell
(1974) model is that offspring fitness increases
monotonically with offspring weight up to an asymp-
tote (i.e. increasing per-offspring investment results in
diminishing fitness gains). Hence, I iteratively fitted
the three parameter model proposed by Tessier & Con-
solatti (1991) to describe the dependence of offspring
fitness (f) on offspring investment (n):

f = fm[1� e�k(n�no)];

whereno = the minimum viable neonate mass,fm = the
maximum fitness level, andk the rate of rise of fitness
with neonate mass (see also Winkler & Wallin, 1987).
As pointed out by Tessier & Consolatti,fm will be most
sensitive to changes in food concentration in the envi-
ronment, with lower food levels leading to lower values
of fm. However, the optimal solution in the offspring
weight-offspring number trade-off is independent of

the value offm (Parker & Begon, 1986), and therefore
fm was estimated separately, being the average fitness
of all animals with a birth-weight larger than 10�g.

Egg quality

The premise for the approach taken in this paper to be
valid is that, apart from the differences in size between
the offspring, no quality differences between offspring
produced at different food levels should exist. This was
tested for the four different food levels, in an exper-
imental set-up identical to the one described above.
Experimental animals were collected, and placed in
flow-through chambers at the four food levels. Each
chamber contained 10 individuals, with 22 replicate
chambers per food level. Once these animals reached
maturity they were harvested, the eggs produced by
these animals were separated from the mothers, and
analysed for volume, dry weight, carbon content and
fat content. Observations were made every 12 hours,
so the average age of these eggs was six hours. The
analysis of carbon content and fat content are mutually
exclusive so two different sets of samples had to be
prepared, one to be analysed further for ash free dry
weight and carbon content of the eggs, and the other
one to be used in the analysis of total fat content of
the eggs. A minimum of five eggs per sample were
collected, if possible from the same mother. For the
individuals cultured at the lower food levels, howev-
er, this was not always possible.Daphnia eggs are
nearly spherical in early development, and hence one
measured diameter per egg sufficed for the estimation
of egg volume (Lampert, 1993). Egg diameter of three
eggs per brood was established to the nearest 0.01 mm.
For the analysis of dry weight and carbon content, eggs
were collected in pre-combusted small silver weighing
boats, and dried for 24 hours at 60�C. These sam-
ples were stored in a desiccator, weighed to the nearest
0.1 �g using an electronic microbalance, and subse-
quently analysed for carbon content.

For the analysis of fat (triglyceride) content, eggs
were collected and stored at –20�C in 100�l phos-
phate buffered saline solution (Sigma; P–4417). They
were homogenized, and the fat content was established
using triglyceride (GPO-Trinder) reagent (Sigma; Cat-
alogue number 337), which is normally used for the
quantitative enzymatic determination of triglycerides
in serum or plasma (see also Stibor, 1995).

hy4324.tex; 11/06/1998; 15:07; v.7; p.3



82

Table 1. Quantity differences between
eggs produced at different food levels.
Four different food levels were tested (0.1,
0.2, 0.4, and 1.0 mg C l�1), a total of
70 clutches were analysed.P-values of
analyses of variance are shown

Trait P-value

Volume (mm3) < 0:001

Carbon content (�g) < 0:001

Ash-free dry weight (�g) < 0:001

Fat (�g) 0.20

Figure 1. Quality differences between eggs produced at different
food levels. Four different food levels were tested (0.1, 0.2, 0.4, and
1.0 mg C l�1), a total of 70 clutches were analysed. Mean values
and standard errors of carbon content (�g), ash-free dry weight (�g),
fat (�g) and volume (mm3) are shown.

Results

Egg quality

Differences in volume, carbon content and ash-free
dry weight of eggs produced at the four experimental
food levels were highly significant (Table 1), where-
as I observed no signifcant differences in fat content
of the eggs. The pattern was similar for all four mea-
sures: highest values were found for the eggs produced
by females grown at the lowest food level, and lowest
values were observed for eggs produced by females
cultured at 1.0 mg C l�1 (Figure 1). A two-way ANO-
VA with food concentration and trait as the grouping
variables, and the log-transformed measurements as

Table 2. Summary table of the iterative curve fitting of the rela-
tionship between offspring fitness and initial offspring weight
(standard error of estimate). The following function was fitted:
f = fmf1 � e�k(n�no)g. Total explained variance and sig-
nificance of the whole model are shown. Values forfm were
determined by averaging the realised fitness of animals with a
initial dry weight of more than 10�g

Food level fm k no r2 N P

(mg C l�1) (d�1) (�g�1) (�g)

0.1 no feasible solution

0.2 0.19 0.48 3.46 0.24 62< 0:001

(0.25) (1.49)

0.4 0.26 0.54 2.79 0.22 72< 0:001

(0.42) (2.10)

1.0 0.45 0.36 1.92 0.31 82< 0:001

(0.11) (1.27)

the dependent ones showed a non-significant interac-
tion (F9;280 = 0:205;P = 0:99). This means that the
relative differences between food levels are similar for
the different traits, and implies that no quality differ-
ences exist between the food levels.

Offspring weight offspring fitness

Figure 2 shows the relation between initial offspring
weight and the computed values forr from the dai-
ly growth increments. Unexpectedly, most data points
seem to fall within the saturated part of the curves relat-
ing offspring fitness with offspring investment, mak-
ing it difficult to fit curves of the shape described by
Smith & Fretwell (1974). Especially for animals cul-
tured at the lowest food level, no solution could be
found. As a result of the distribution of the data, even
the curves fitted through the data of the animals cul-
tured at the higher food levels explain only a small (but
significant) portion of the variation (Table 2; Figure 2).
With the help of these curves, using the marginal value
solution proposed by Smith & Fretwell (1974) it was
possible to estimate the optimal offspring weight at the
different food levels (Figure 2). For the food levels 0.2,
0.4, and 1.0 mg C l�1 the optimal offspring weights
were computed to be 6.4, 5.3, and 4.6�g dry weight,
respectively. The method of estimating optimal birth
weight from the fitness profile is in essence an inverse
regression problem, and the techniques to assign confi-
dence intervals for the linear case are well-developed.
(Sokal & Rohlf, 1981). In the non-linear case, howev-
er, these techniques are less readily available. Sincek
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Figure 2. Initial offspring weight (�g) and offspring fitness (r, d�1) as computed from the daily growth increments. For the highest three food
levels the following functions were fitted:f = fmf1� e�k(n�no)g (see also Table 2) in order to estimate the optimal offspring weight at
these food levels (indicated on the abscissa).

essentially is the regression coefficient in the current
study, I assessed the variability of the estimates of opti-
mal offspring weight by computing the optimal weight
at different food levels, withk�one standard error.
These ‘confidence-intervals’, obviously asymmetrical
around the estimated values, were found to be 5.8–7.7
(avg = 6.4), 4.4–7.1 (5.3) and 4.4–5.3 (4.6) for the dif-
ferent food levels. The comparison of the computed
values for optimal offspring weights at the different
food levels with the weights of the offspring actually
produced by these animals revealed that the actual off-
spring weight, even for the first adult instar mothers
used in this study, was larger than the computed opti-
mal offspring weights for these food levels, especially
for the animals at the higher food levels (Figure 3). At
the lower end of the food concentration spectrum, the
differences between the computed optimal and actual
offspring weights were smaller.

Mortality

Fitness,r, as established from abbreviated life-tables
inadequately describes fitness under field conditions.
Mortality in the field is obviously much higher than in
the laboratory, as mortality by predation is completely
ruled out in the laboratory. This implies that the mea-
surements ofr in the laboratory are only related to dif-

Figure 3. Optimal offspring weight (�g) (line) and actual offspring
weight (�g) (symbols) at different food concentrations (dotted line
indicates ‘confidence interval’ for optimal offspring weight, filled
symbols represent average offspring weight at different concentra-
tions).

ferences in food concentration.Size-selective mortality
in the field would change the relativer values of the dif-
ferent size classes, which could change the conclusions
of the present study considerably. I assessed the pos-
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sible influence of size-selective mortality as follows:
first I assumed that the observed average offspring
weight produced at the different food levels is actually
the optimal offspring weight under these food condi-
tions under natural circumstances. This implies that
the curve relating juvenile fitness to offspring weight
should be redrawn in such a way that the actual aver-
age weight becomes the point on the abscissa at which
the line passing through the origin is tangent to the
curve (Figure 4). As the value of the maximal attain-
able fitness,fm, does not influence this point,fm values
were kept constant. The values forn0 are most likely
only influenced by concurrent food conditions, and not
by predatory effects. Hence, the curves were redrawn,
with only k fitted, andfm andn0 kept constant. Under
the assumption that daily mortality is constant, mortal-
ity (m) can be entered in the Euler equation by substi-
tuting lx, the probability of survival to timex, by exm

(Stearns, 1992). This implies thatmandr scale linear-
ly, and hence that the mortality needed to decrease the
observedr-values in such a way that the observed aver-
age weights produced at the different food levels are
optimal for these food levels can be computed. Hence,
the adjustedr-values fall on the line described by the
old fm and n0 , and the recomputedk (Figure 5). It
should be kept in mind that, sincefm was not changed,
the absolute value of the mortalities is not of interest.
It is the change in mortality rate with changes in ini-
tial body mass that is relevant. The calculated decrease
in mortality with the increase in birth weight equals
0.006 d�1 �g�1 (r = �0:19; P < 0:01; N= 211),
which implies that individuals with a birth-weight of
6 �g should have a mortality in the field, which is
0.054 d�1 higher when compared with animals which
are 15�g at birth.

Discussion

In this study I set out to investigate the relationship
between initial weight of neonates ofDaphnia magna
and their fitness. The main conclusion of this paper
should be that this is not an easy task. First of all,
as was already indicated in the Materials and Meth-
ods section, a measure of juvenile fitness, given the
individual culturing set-up asthemethod of choice in
life-history experiments, is difficult to find. Although
the vast majority of papers do take the intrinsic rate
of population increase,r, as a fitness measurement
it should be reiterated that fitness equals zero whenr
equals negative infinity, i.e when the animal dies before

reproducing. Values between negative infinity and 0
(when an animal produces exactly one offspring dur-
ing its life-time) are not possible in such experimental
systems. er (�) would be a better fitness measurement,
as this value equals zero when the animal does not
reproduce, but then again as a result of the culturing
conditions, no values between 0 and 1 (r equals 0) will
be found, and all values will be larger than one. This
would not make the curve-fitting procedure, as carried
out in this paper, any easier. Total reproductive output,
R0, does not take into account the time needed to repro-
duce, and hence is not suitable as a measurement of
fitness either. Fitness is a relative quantity, describing
the relative contribution of a certain individual or clone
to the next generation, and in most studies values ofr
are used to compare the reaction of identical individ-
uals to different experimental conditions (e.g. Weider,
1993; Spaak & Hoekstra, 1995), or to compare dif-
ferent animals under similar conditions (e.g. Ebert &
Jacobs, 1991; Spitze, 1992). Although it should be
kept in mind thatr does not scale linearly with�, and
hence that takingr as a fitness measure could bias the
results, the relative differences between both estimates
will be small, becauser is usually close to zero. As
argued in the Materials and Methods section, an opti-
mal weight of offspring yielding a value ofr smaller
then zero would result in a population going to extinc-
tion. A computed optimum offspring size resulting in a
negativer is therefore outside the domain, and cannot
occur. The optimum offspring size should thus be in
the range wherer > 0.

Tessier & Consolatti (1991) reported differences in
quality between offspring produced at different food
levels: they observed that neonates born at the low-
est food level (� 0:05 mg C l�1) had a higher relative
nitrogen content than neonates produced at higher food
levels. In contrast to these findings, I did not observe
quality differences between offspring produced at dif-
ferent food concentrations. Although food quality has
been reported to affect egg quality (Müller-Navarra,
1993), my results indicate that this is not the case
for differences in food quantity, at least for the rather
crude measures of offspring quality used here. Fur-
ther research should clarify whether indeed differences
between offspring produced by females grown at dif-
ferent food levels are only quantitative in nature, or
whether more sophisticated measures (e.g. fatty acid
spectrum) would reveal also qualitative differences.

The explained variance of the curves fitted through
the data relating offspring weight with offspring fitness
was low, but significant (Table 2). Generally, it has
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Figure 4. An example of a refit of the function:f = fmf1� e�k(n�no)g, for animals grown at 0.4 mg C l�1, with the parametersk andn0
changed in such a way that the observed average offspring weight becomes the optimal offspring weight (dotted line).

Figure 5. Mortality (d�1) needed to explain the discrepancy between optimal offspring weight and observed offspring weight.

been found that the smallest offspring are produced
at the highest food levels, while larger offspring are
produced at lower food levels (e.g. Tessier & Conso-
latti, 1991; Glazier, 1992; Guisande & Gliwicz, 1992).
Hence, it was to be expected that fitting the curves for
animals cultured at the highest and at the lowest food
levels would prove to be most difficult: at the high-

est food level even the smallest neonates were not ‘too
small’ for this food level, while at the lowest food level
there were no individual newborn that were ‘too large’.
Even at the two intermediate food levels variation was
large, and also at these food levels animals that were
too small for these food concentrations seemed to be
lacking. It could be argued that, given the large varia-
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tion in the observedr-values, fitting a three parameter
model through the data is not valid, and that instead
the more parsimonious solution, i.e. linear regression,
should have been chosen. This was not done, as fit-
ness of the juveniles cannot increase indefinitely, but
rather should show some maximum value. The main
problem, however, was the large variation in the data,
and the observation that very few offspring seemed to
be too small for their environment. The causes of this
are unclear. On the one hand, it could have been the
case that the mothers used in these experiments were
badly fed, leading to the production of large offspring.
However, Lampert (1993) reported that eggs with a
diameter of 0.22 mm always failed to hatch. Using the
relationships between volume and dry weight estab-
lished in the first experiment, this would translate in a
dry weight of around 4�g. Figure 2 shows that a num-
ber of the offspring produced in this study were close
to this value, so most likely it was not the case that
all offspring used in this experiment were too large,
but rather it seems to be that in this study differences
in initial weight of the offspring are rather unimpor-
tant, and that only the actual food level plays a role
in the determination ofr, an observation contradicted
by a substantial body of literature, showing maternal
effects in daphnids (e.g. Lynch & Ennis, 1983; Lam-
pert, 1993).

The values computed forn0 were smaller than the
value for the minimum viable offspring reported by
Lampert (1993) of 4�g. Bell (1983) also reported for
Daphnia pulexthat eggs smaller than a certain volume
never hatched. This would imply that my estimates for
nrmo are too high, which would imply that the com-
puted values for optimal offspring weight are under-
estimated. Alternatively, the value of minimum viable
egg weight as estimated by Lampert (1993) might be
too small as these experiments were donein vitro, with
a total hatching success of only 50%. This value is
certainly lower thanin vivo, and it could be the case
that the smaller eggs would have hatched in the brood-
pouch.

As only a few studies have focused on size-selective
mortality in the field (Vijverberg & Richter, 1982;
Boersma et al., 1996) it is difficult to judge whether
my estimates of the differences in mortality needed to
make the actual average birth weight the optimal birth
weight are realistic. This would involve a very detailed
study of the fate of newborn daphnids with size differ-
ences which are rather small.Using the paper of Vijver-
berg et al. (1993), I estimated how large the differences
in mortality would be between the 15 smallest individu-

als produced in this study and the 15 largest individuals
(ranked according to their lengths). In summer, these
differences are in the order of 0.1 d�1, a value com-
parable to the difference in mortality I computed, and
hence it is conceivable that these differences in nat-
ural mortality could explain the discrepancy between
the observed average weight and the computed opti-
mal weight. This difference in mortality would then
comprise of either selective predation on smaller indi-
viduals (e.g. by invertebrate predators) or higher non-
predation mortality rates of smaller individuals.

It seems to be the case that especially at the higher
food levels, neonates are heavier than the computed
optimal offspring weights. The question of size of the
offspring produced by daphnids cultured on different
food levels has been addressed by a number of workers
(e.g. Tessier & Consolatti, 1989, 1991; Glazier, 1992;
Guisande & Gliwicz, 1992; Ebert, 1993, 1994; Boers-
ma, 1995, 1997), but thus far only a few studies have
investigated the relationship between initial offspring
size and fitness (e.g. Lynch & Ennis, 1983). Only
Tessier & Consolatti (1991) tried to link these traits
in a more formal way. In an earlier study (Boersma,
1997), I analysed the effect of maternal age on off-
spring weight and fitness, and observed that, although
primiparous females produce the smallest offspring,
these neonates had the highest fitness per unit effort.
Therefore I concluded that the youngest females pro-
duced the optimal offspring weight. The results found
in the current study, however, would implicate that even
these small offspring produced by the first adult instar
females are larger than the optimal weight, and that
producing even smaller offspring would yield a higher
parental fitness. It is difficult to envisage that daphnids,
which frequently experience periods of high food abun-
dance, are suboptimally adapted to their environment,
as is suggested by my finding that especially at higher
food levels they produce offspring larger than the com-
puted optimal offspring weight. The mean observed
offspring weight of the animals cultured at carbon con-
centrations of 0.2 mg l�1 was similar to the computed
optimal weight, whereas at the highest food level the
difference amounted to a factor two. This might be
a result of an incomplete trade-off between size and
number of offspring at these food levels. Indeed, Ebert
(1993) reported that the negative correlation between
size and number of offspring is strongest at lower food
levels, and close to zero when food conditions are
good. Although Ebert & Yampolsky (1993) suggested
that oocytes are originally produced in excess, so that
the actual egg number might be adjusted downward, it
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is unknown as yet how many oocytes are actually pro-
duced. It is conceivable that especially at higher food
levels, the number of oocytes, rather than the amount
of energy available is limiting the number of eggs pro-
duced. This means that the animals have excess ener-
gy, which might be distributed to the available oocytes.
This ‘luxus-nourishment’ of the eggs would then result
in offspring with a size larger than the optimal size.

Environmental conditions for daphnids in the field
are rather unstable. High levels of edible algae at one
moment in time can be followed by much lower levels
only a few days later, caused by the rapid depletion
of food as a result of high densities of zooplankton
(e.g. Jeppesen et al., 1990). Moreover, it has become
increasing clear that aquatic environments are not as
homogenous as previously assumed, but that many
zooplankton and phytoplankton populations show a
high degree of patchiness in their distributions (George
& Edwards, 1976; Harris, 1980), with, as was reported
by Malone & McQueen (1983) differences of upto a
factor three in chlorophyll content within a distance of
a few meters. This implies that a slight horizontal or
vertical movement of the daphnids could lead to dif-
ferent feeding conditions rather rapidly. As a result,
it may not always be the best strategy to adjust com-
pletely to concurrent food conditions, as these may
change within a few days. Egg weight and number
are determined around 0.6 developmental units (instar
durations) before they are actually deposited into the
broodchamber (e.g. Bradley et al., 1991; Ebert &
Yampolsky, 1993; Stibor, 1995). This means that the
timelag between the determination of the weight of
the offspring and their release from the broodcham-
ber is 1.6 instar durations, typically around 5.5 days at
20 �C. Larger offspring have higher starvation resis-
tance (Threlkeld, 1976; Tessier et al., 1983), and as a
result of the shape of the curves relating parental fitness
with effort per offspring (see also Smith & Fretwell,
1974), the parental fitness loss of producing offspring
which are slightly heavier than would be optimal is
much lower than the fitness loss associated with the
production of offspring which are slightly lighter than
the optimal weight. As the likelihood of deteriorating
food conditions is obviously greater at high than at low
food levels, the advantage of producing larger-than-
optimal-sized offspring is also larger under high food
conditions. At low food levels, energy is limiting and
producing overweight offspring might imply produc-
ing one offspring less,which would obviously decrease
parental fitness substantially. In addition, it was sug-
gested that offspring size at low food levels might be

limited by other factors, such as the existence of some
maximal offspring size (e.g. Ebert, 1994; Boersma,
1995), which would make it impossible to invest extra
energy in individual offspring for animals grown under
low food conditions.

In conclusion, in this study I observed that espe-
cially at higher food levels the difference between
observed offspring weights and the calculated optimal
offspring weight is large. The most likely explanation
for this observation is that daphnids experiencing high
food conditions produce these slightly obese offspring
to avoid possible starvation in the case of degener-
ating food conditions. The experiments in this paper
were carried out with one laboratory clone ofDaphnia
magna. Obviously, clones with different backgrounds
may react differently, and hence the results obtained
here should be corroborated by experiments with a
range of clones coming from different locations. It
would be of interest to investigate whether clones from
more instable habitats produce offspring that are over-
weight to a higher degree than clones from more stable
habitats.
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