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Seasonal patterns in the mortality of
Daphnia species in a shallow lake

Maarten Boersma, Onno F.R. van Tongeren, and Wolf M. Mooij

Abstract: To assess the impact of predation by young-of-the-year (0+) fish on the population dynamics of
Daphniaspecies, we made independent estimations of the mortalDaphniaspecies during the year, and

of the predation pressure exerted by the juvenile fish. Mortality of daphnids was computed using a model
that allowed us to differentiate between different size-classes, while total fish consumption was estimated
from the temperature-dependent daily weight increase and the population development of the 0+ fish. The
predation pressure on the different size-classé3aghniaspecies was estimated by combining the total fish
consumption with estimates of the selective feeding behaviour of the fish. To make the estimates of fish
consumption independent of our current (1989-1991) zooplankton data set, we estimated fish
species-specific and fish length-dependent selectivity indices on zooplankton using a different data set
(1976-1977)Daphniapopulation densities usually increased in spring and decreased rapidly in early
summer. Predation by 0+ fish was not severe enough to explain the large mortality that caused the summer
decline; later in the year most of the mortality in the larger size-classes of the daphnids (>1.0 mm) could be
explained by fish predation.

Resumé: Pour mesurer I'impact de la prédation par les jeunes poissons de I'année (0+) sur la dynamique
des populations des espéceddiphnig nous avons fait des estimations indépendantes de la mortalité des
especes dPaphniapendant I'année, et de la pression de prédation exercée par les jeunes poissons. Nous
avons calculé la mortalité des daphnies a I'aide d’'un modéle qui nous permettait de différencier les classes
de taille, tandis que la consommation totale des poissons était estimée a partir de 'augmentation de poids
quotidienne dépendant de la température et du développement de la population de poissons 0+. Nous avons
estimé la pression de prédation sur les différentes classes de tdilgpti@iaen combinant la

consommation totale des poissons a des estimations du comportement d’alimentation sélective des poissons.
Pour rendre les estimations de la consommation des poissons indépendantes de notre série présente
(1989-1991) de données sur le zooplancton, nous avons calculé les indices de sélectivité a I'égard du
zooplancton qui sont propres a I'espéece de poisson et dépendants de la longueur des poissons, en nous
servant d’une série différente de données (1976-1977). Les densités de la populBéghdia

augmentaient généralement au printemps et baissaient rapidement au début de I'été. La prédation par les
poissons 0+ n’était pas assez forte pour expliquer I'importante mortalité qui causait le déclin estival; pendant
le reste de I'année, la majeure partie de la mortalité chez les plus grandes classes de taille des daphnies
(>1,0 mm) pouvait s’expliquer par la prédation des poissons.

[Traduit par la Rédaction]

Introduction distinct clear-water phase, with high water transparency, and
with a low phytoplankton abundance. The clear-water phase is
caused by the increased grazing pressure of the zooplankton as
a result of the increase in densities (Lampert et al. 1986). This
leads to a reduction in the phytoplankton densities, and often
to a shift in the phytoplankton composition from small single-
celled diatom species to larger cyanobacteria, resulting in de-
teriorating food conditions for the daphnids and consequently
declining animal densities.

Received February 8, 1995. Accepted July 20, 1995. Not all lakes show a clear-water phase. Especially in eutro-
J12768 phic lakes no apparent changes occur in the phytoplankton
composition, yet population numbersBéphniaspecies still
decline sharply in summer (Vijverberg and Richter 1982;

Population densities of many zooplankton species usually
show distinct seasonal patterns in temperate lakes. This sea
sonal behaviour has been well studied, particularly for daph-
nids (e.g., Luecke et al. 1990). Typically, the densities of
Daphnia populations peak in late spring and then decline in
early summer. This decline is often associated in time with a
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L o _ in eutrophic lakes an alternative hypothesis was formulated to
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spawning of fish (Mooij et al. 1994), followed by the recruit- usually present in low densities (Bremer and Vijverberg
ment of large numbers of fast-growing juvenile fish. Conse- 1982), while larvae of the phantom midg&haoborussp., are
guently, there is a sharp increase in the predation pressure oralmost absent from Tjeukemeer.
daphnids, which causes the population densities of these The open-water fish community of the lake consists of eight
zooplankters to decrease. species: bream Apramis bramg white bream Blicca
In Tjeukemeer, a highly eutrophic lake, young-of-the-year bjoérkna), roach Rutilus rutilug, smelt Osmerus eperlanyis
(0+) fish constitute approximately 80% of the total fish pro- pikeperch Etizostedion luciopergaperch Perca fluviatilig,
duction and are the main vertebrate zooplanktivores (Vijver- ruffe (Gymnocephalus cernjjaand eel Anguilla anguillg).
berg et al. 1990). Hence, when investigating the effect of fish Although adult bream has by far the largest standing stock of
predation on the population dynamics of cladoceran zooplank-the fish species in Tjeukemeer, production is lower than the
ton it suffices to evaluate the effects of 0+ fish, especially as production of the 0+ fish (Vijverberg et al. 1990). As a result,
older year-classes of most fish species often shift to other, young-of-the-year smelt, bream, perch, pikeperch, and roach
more benthic, prey (Lammens et al. 1985). are the main zooplanktivores in Tjeukemeer. In most years
We investigated the validity of the predation-induced smelt constitute 70-80% of the 0+ fish biomass.
decline hypothesis by estimating the impact of predation by
juvenile fish on the population dynamics of daphnids. We Sampling
compared two almost independent estimates of the mortality
of daphnids. First, we estimated the total mortality of the daph- Zooplankton
nids using a method similar to the one derived by Paloheimo During the years 1976—1977 and 1989-1991 zooplankton was
(1974). Secondly, we estimated the consumption of daphnidssampled with a 5-L Friedinger sampler at five stations. At each
by 0+ fish, combining data on individual fish growth, selectiv- station two samples were taken, one below the surface and the
ity, and fish densities. The comparison of these two estimatesother just above the bottom of the lake. Sampling was done at
yielded information on the impact of juvenile fish on the popu- weekly intervals during the growing season from April to Oc-
lation dynamics oDaphniaspecies. tober, and at fortnightly intervals during the rest of the year.
Studies such as this one, integrating data on zooplanktonThe samples were concentrated by filtration through a 120-um
production and fish consumption, are relatively rare (e.g., mesh sieve, pooled, and preserved in a 4% formaldehyde
Luecke et al. 1990; Rudstam et al. 1992; Mehner et al. 1995), solution. The cladoceran zooplankters were identified to spe-
and might be subjected to criticism from two sides. On the one cies, whereas the copepods were classified as cyclopoids and
hand it might be argued that the assumptions and simplifica- calanoids, and the densities were established. For the numeri-
tions necessary for the computations completely underrepre-cally important groups, length—frequency distributions were
sent real systems, and combinations of different methods anddetermined by measuring 100 individuals. Daphnids were
sampling strategies will yield nontestable or irreproducible measured from the top of the eye to the base of the tail spine.
results, whereas on the other hand other workers might find theFor the other cladocerans the total length minus the tail spine
methods used in these computational exercises too elaboratevas measured. Because copepods usually have curved telsons
However, as the methods used in this study are a formalizationin fish stomachs, or break in two, cephalothorax lengths were
of what is often done by rules of thumb we feel that an ap- recorded for these groups. To compute birth and death rates
proach such as the one presented here is a useful tool to obtaithe relationships between egg number and animal length were
more knowledge of aquatic systems as a whole, and results ofestablished for thBaphniaspecies on animals taken in addi-

studies like this one could direct further research. tional samples that were stored in 95% ethanol.
. Fish
Materials and methods Length—frequency distributions of the five major 0+ fish spe-
cies were obtained from a routine sampling of fish in Tjeuke-
Study area meer, which started in 1975 (Lammens et al. 1990). Trawling

Tjeukemeer is a shallow (mean depth 1.5 m), wind-exposed,was done monthly at the same five stations in the open-water
eutrophic lake, with a surface area of 21.5%amd a poorly zone of the lake as the zooplankton samples were taken, with
developed littoral zone. Phytoplankton biomass in the lake is a 5-m small-mesh beam trawl (5-mm cod end, fishing speed
high during summer, with chlorophy#l concentrations often 1 m-s?, 10-min hauls). The 0+ fish were sorted, identified, and
exceeding 100 pg Algal biomass is dominated by diatoms measured to the nearest 0.5 cm. Average numbers caught per
in February and March and by cyanobacteria, ma@®égilla- sampling date were calculated using the geometric mean of the
toria species, during the rest of the year. In general, no clear-five stations (Buijse 1992). To estimate the absolute numbers
water phase occurs; summer Secchi-disc depths vary betweenf fish, the trawl catches were calibrated in 1976 using a purse
25 and 35 cm. seine (Coles et al. 1985) with an encircled area of 7625 m
The herbivorous zooplankton is dominated by cladocerans:assuming that with this type of netting 100% of the juvenile
Bosmina coregoni, Bosmina longirostris, Chydorus sphaeri- fish were caught. The calibrations were made in the growing
cus, Ceriodaphnia pulchella, Daphnia galeata, Daphnia cu- season of the juvenile fish. No indications were found that the
cullata, and the hybrid between these two daphnid species. efficiency of the trawl net for juvenile fish changed during the

Invertebrate predators includleptodora kindtij different spe- course of the season.
cies of omnivorous cyclopoid copepod€yclops vicinus In 1976, 0+ fish were caught at fortnightly intervals during
Acanthocyclops robustusand Mesocyclops leuckaiti and the growing season and measured. The stomach contents of

water mites. The opossum shrimpleomysis integeris individual fish were analyzed, and the species and size
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distributions of the prey in the stomach were established (van overestimation of the mortality rates of the larger size-classes.

Densen 1985). Therefore, mortality was computed twice a week by compar-
ing the computed densities with interpolated field data, and
Daphnia mortality reports were generated on a weekly basis.

The mortality of the differenDaphniaspecies was estimated
using the discrete event model INSTAR (Hogeweg and Rich-

ter 1982; Vijverberg and Richter 1982; Hovenkamp 1990). Fish consumpt_ion . : . .
The model simulates a population of zooplankton, using field The consumption of different zooplankton species by juvenile

data on fecundity and length—frequency distributions, and fish was estimated using data on prey selectivity, fish growth,

estimates the number of individuals of different size-classes 2d densities of the different fish species.
that die in a certain period by comparing the computed num-
bers with the numbers observed in the field. If the numbers in gejectivity

the model are higher than the observed densities in the field, the preferences of the 0+ fish for different zooplankton spe-
this difference in numbers is removed from the model popula- cjes ‘and size-classes were estimated using the data set col-
tion and these animals are assumed to have died. If the nUMygteq by van Densen (1985) in the years 1976—1977

bers in the model are lower, mortality is set to zero; N0 congisting of detailed analyses of the gut contents of 0+ fish in
hatching from resting stages is included in the model. Mod- re|ation to their own length and to the zooplankton densities.
elled numbers are, however, only rarely lower than those in the 4 preferences were established by computing the selectiv-
field. Field data were smoothe_d prior to the application of ity index (@) of Chesson (Chesson 1978, 1983) for every indi-
INSTAR by applying a three-point moving average. vidual fish and every prey class. Chessanis defined as the
The model is essentlally the same as the mode_l to CompUteproportion of prey classin the gut,r,, divided by the propor-
death rates described by Paloheimo (1974), which uses th&;o of prey class in the environmentp,, normalized in such

equatiorr =b —d, in whichr is the natural rate of increase, 5 \yay that the sum of the values over all prey types equals 1,
is the birth rate, derived from the egg development time and .,

the average number of eggs in the population, dnd the

death rate. The difference is that with the help of INSTAR (ri/p)
different size-classes can be considered, which can result in o =—"——
different death rates for these different size-classes. The > (rj/p)

somatic growth rates determine the transition speed from one
size-class to the other, and hence the outcome of the analyses Smelt, perch, and pikeperch hardly forage at all on the
depends on the estimated growth rates. As a result of the consmaller zooplankton species, suchGaiodaphnia pulchella,
tinuous recruitment of the animals, it is not possible to meas- Bosmina coregoni, Bosmina longirosfrisand Chydorus
ure growth of daphnids in the field. It is, however, possible to Sphaericugvan Densen 1985). If the smaller species are eaten
establish the size at maturity under field conditions. The size at all, the numerical proportion of these species in the gut is
of the smallest individuals with eggs was taken as an estimateusually low. This, combined with their small size and hence
of the size at maturity in the field. By using laboratory-derived low individual biomass, results in a small proportion of the
data on the relative growth of the juvenile instars (Boersma fish growth being attributable to the small cladocerans. There-
and Vijverberg 1994) we computed the growth of the differ-  fore, we omitted the smaller cladocerans from the analysis of
ent juvenile instars. The ratio between the size at maturity andthe prey selectivity of smelt, pikeperch, and perch, and for
the maximal size an animal can reach was estimated usingthese species we distinguished seven prey classes: copepods in
laboratory observations (Vijverberg 1976; Lei and Armitage two length classes (<0.5 mm, >0.5 mm), daphnids in four
1980; Geller 1987; Urabe 1988; Boersma and Vijverberg different length classes (<0.5 mm, 0.5-1.0 mm, 1.0-1.5 mm,
1994a) to be a value averaging 0.62. Assuming that the size at>1.5 mm), and.. kindtii in one length class, as the densities of
maturity is influenced only by the ambient conditions, we were this latter species were too low to establish a length—frequency
able to estimate the maximum length of the animals in the distribution.
field. Using a von Bertalanffy growth equation, the growth of 0+ bream prefer smaller prey items (van Densen 1985), and
the animals in the field was established. Hence, depending onhence the smaller cladocerans were incorporated in the analy-
the size at maturity of the animals in the field, different growth sis of the gut contents of 0+ bream. As data on stomach con-
rates were used in the model, with small size at maturity re- tents of O+ bream were scarce, we were not able to
ducing the somatic growth (see also Taylor and Slatkin 1981).discriminate between size-classes for the estimations of selec-
Mortality rates were estimated separately [rgaleata, tivity. Hence, only species-specific prey classes were used:
D. yugcucullataand their hybrid. To compare the computed copepods, daphnidBosmina coregoni, Bosmina longirostris,
densities with the field densities, eight size-classes were arbi-Ceriodaphnia pulchellaand Chydorus sphaericusStomach
trarily chosen, with a size-class interval of 0.125 mm. In the content data for roach were not available in adequate numbers
generated output, length classes were merged to obtain fouto warrant proper analysis, and thus this species was omitted
output classesi)<0.5 mm, {i) 0.5-1.0 mm,i{i) 1.0-1.5 mm, from the analyses.
and {v) >1.5 mm. Because zooplankton was sampled every = The dependence af on fish length was estimated for the
week, computing mortality on a daily basis suggests an accu-different fish species, using a logit regression technique
racy that cannot be sustained by the original data. However,(McCullagh and Nelder 1983). The length and square length
the period between the two dates at which mortality is com- of the fish were used as independent variables and Chesson’s
puted should not be too long either, as this would cause ana was used as the dependent variable. Thus,
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. Oa O b andc values for 0+ fish growth in Tjeukemeer in the years
logit(a;) :Iog%D: k+IM+ml?+e 1976-1988, which were estimated by Mooij et al. (1994)
io (Table 4), withb = 0.6. The food parametea, was estimated
in whichk, I, andm are the parameters to be estimate the for each species for each year, to obtain an optimal fit of the
length of the fish, and is the error term. To obtain the best fit growth model through the field data. We found that in 1989
through the data we maximized the probability of finding the the temperature- and weight-corrected growth rates of all spe-
actually observed numbers of the different prey items in the cies decreased sharply after 15 July. Therefore, we calculated
guts given the estimated valuesaf This was accomplished  two values fora for this year, one for the feeding conditions
by minimizing the—2log(likelihood) values of the observed before, and the other after, 15 July.
numerical composition of the gut content in an iterative pro-
cess, in two steps. First, the dependence @ fish length Fish densities
was estimated for each prey class separately. Subsequently, &he changes in densities of 0+ smelt, pikeperch, and perch in
multinomial fit was obtained by analyzing all prey classes per the pelagic zone of Tjeukemeer were described using the
fish species together, constraining the sum of the Chesgon’s familiar negative exponential equation:
values at any fish length to be close (the difference being N = N.&2t
smaller than 0.001 for smelt and smaller than 0.0005 for the t 0
other species) to the expected value of the sura ofer all The numbers per sampling date of the juvenile cyprinids, that
prey classes, which is 1. To avoid weighting large fish (with is, bream and roach, usually increase during July and August,
many prey items in the gut) too heavily in the analysis com- which can be explained by a migration of these species from
pared with the smaller fish (with only a few prey items), we the littoral zone to the pelagic zone in this period (Mooij
chose to weight the gut data with the reciprocal value of the 1992). The best fit through the data of the cyprinid abundances
total number of prey items in the gut, i.e., every individual fish was given by the following equation:
had the same weight in the analysis. Constraining the sum of _ (4
R : N. = N, @+t

thea values means that it is difficult to estimate the accuracy t— 0
of the parameterk, |, andm. Therefore, only the significance  The data on fish abundance were too sparse to estimate the
of the total regression model was computed by comparing themortality parameterg andy for each year separately. There-
—2log(likelihood) estimates of the full model with the fore, 3-year averages afandy were computed for every fish
—2log(likelihood) estimates of the simpler models, that is, with species. With the use of the parameteaady, a standardized
the model withr; constant, meaning that the proportion of all abundance for each species at 1 September in every separate
prey types in the gut is independent of the length of the fish year (\,) was calculated.
and of the proportions of the prey types in the environment.
Furthermore, the total regression model was compared withConsumption
the model witha; constant, implying that the preference for The growth model of Mooij and van Tongeren (1990) essen-
certain prey types would not change during the ontogeny of tially computes daily weight increments. Using a conversion

the fish. As differences ir2log(likelihood) values arg? dis- efficiency of 0.12 (O.F.R. van Tongeren, unpublished results)
tributed, the significance of the different models in relation to between the growth of the fish and the zooplankton consump-
each other can be tested. tion needed for this growth, we computed the daily zooplank-

Thea functions derived from van Densen’s (1985) data set ton consumption per fish.
were used to estimate the consumption of zooplankton by ju-  The combination of the computed lengths of the 0+ fish and

venile fish in the years 1989-1991. the proportions of the different prey classes in the lake at the
time with the relationships ofi values with fish length as
Fish growth computed from the 1976 data set yielded the proportions of the

As we observed a significant effect of the length of the fish on different prey classes in the guts of individual fish in
their preferences for certain food types, estimates of the length1989-1991. These expected proportions in the fish gut were
of the different fish species were necessary for the estimationexpressed as numerical proportions, whereas total food uptake
of the consumption rates in 1989-1991. Fish lengths werewas expressed in mass units. The average weight of the
obtained by fitting the temperature-dependent growth model zooplankters in the gut was estimated using the average mass
of Mooij and van Tongeren (1990) through the observed of the different prey classes, weighted by their numerical pro-
lengths of the juvenile fish as caught in the monthly field portions in the gut. Dividing the mass of the food consumed
samples. The model of Mooij and van Tongeren has beenby each individual fish by the average prey mass gave the total
shown to predict the field observations of 0+ fish length accu- number of consumed prey, which was then divided over the
rately (Mooij et al. 1994). Growth was computed as the resul- different prey classes using the expected numerical propor-
tant of feeding conditions, body weight\f, and water tions.

temperatureT): Combining the densities of the juvenile fish with the con-
dw sumption per fish yielded an estimate of the total mortality of
ot alWVP[T - ¢) the zooplankton caused by juvenile fish.

The model has three parameters: a foay (eight @), and Assumptions

temperatured) parameter. It is not to be expected that the Computational exercises, such as the one presented here, are
values ot andc will vary between years, as these parameters based on several assumptions. In many cases, however, these
are intrinsic properties of the fish species. Hence, we used theassumptions are not mentioned, making results of the
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Fig. 1. Seasonal variation in the densities of different (vi) We assumed that the conversion factor between fish
size-classes dPaphniaspecies in 1989-1991 in Tjeukemeer growth and food uptake was equal for the different fish spe-
(Dap 1, <0.5 mm; Dap 2, 0.5-1.0 mm; Dap 3, 1.0-1.5 mm; cies, similar for all different prey types, and constant over the
Dap 4, >1.5 mm). temperature range found in the lake in summer. A conversion
150 efficiency of 0.12 between food uptake and growth of the fish
was used (O.F.R. van Tongeren, unpublished results). The
—— Dap 1 conversion efficiency may seem low when compared with the
§ -o- Dap2 published values for well-fed carnivorous juvenile fish of
4 —+ Dap3 0.2—-0.3 (Brett and Groves 1979). However, older planktivor-
¢ oo Dap4 ous fish have a lower conversion efficiency (0.12; O’Grady
and Spillet 1985). Moreover, Mills et al. (1989) reported con-
version efficiencies for 0+ perch that were even lower (<0.10).
All of the juvenile fish in this study are planktivorous, and we
therefore feel that this low conversion efficiency is justified.
By keeping the conversion factor at a fixed level over the
temperature range some bias was probably introduced,
because the conversion efficiency is known to decrease with
increasing temperature. However, during the growing season
of juvenile fish in Tjeukemeer the temperature of the lake is
relatively constant (14-19°C). Moreover, as little is known
about the exact relationships of the conversion efficiency of
these different fish species with temperature, we chose to keep
computations difficult to interpret. To avoid such difficulties the values for the conversion efficiency constant. Had we
in interpretation we made the assumptions underlying ourincluded a change in conversion efficiencies with temperature,
computations explicit. then the predicted predation rates in spring would have
(i) Daphniaspecies were lumped while considering preda- decreased, and the predicted predation rates in the summer
tion by fish. Hence, we assume that 0+ fish feed aselectively months would have increased.
on different species dbaphniawithin a given size-class. (vii) The data on fish abundance were too sparse to estimate
(i) We were selective in the possible prey items for the 0+ the mortality parameterg andy for each year separately.
fish species we included in our computations. For smelt, Given the observation that the mortality of 0+ fish is mainly
pikeperch, and perch the smaller zooplankton species were notaused by predation (Mooij 1992), and that the densities of the
considered as prey. Naturally this influenced the results, be-main piscivorous fish, pikeperch, were similar in the years
cause by attributing all of the growth of the juvenile fish to 1989-1991, we presumed that the shapes of the mortality
daphnids, copepods, amd kindtii, the predation pressure on curves were similar between the years, and hence 3-year aver-
the different size-classes Bfaphniaspecies was most likely  ages ofz and y were computed, meaning that the years
overestimated. However, as the biomass contribution in the 1989-1991 only differed in initial fish densities.
fish gut of the smaller zooplankton species was small (<5%)  (vii) To be able to make the comparison between the abso-
(van Densen 1985), the size of this bias is likely to have been|ute estimates of predation by fish and of mortality we had to
small. compute the absolute densities of juvenile fish in the lake. This
(iii) No length measurements were available for the prey was done using trawl data and the net efficiency established
items of O+ bream. Because of the high preference of 0+ breamfor juvenile fish during the course of the year. As this calibra-
for smaller (<1.0 mm) zooplankton species we assumed thattion set was only small, it could be argued that using one net
the predation of 0+ bream dbaphniaspecies was limited to  efficiency for all fish species, length classes, dates, and
individuals of size-class 2 (0.5-1.0 mm). weather types is not appropriate. However, as we did not find
(iv) By using the value of the selectivity indices of a change in net efficiency, and temporal reproducibility of
1976-1977 for the years 1989-1991 we assumed that the fishyields in trawl catches is high (Mooij 1992), differences in net
length —a relationships did not change between these years. efficiency are not likely to have been large.
During these 13 years the lake hardly changed: fish, zooplank-
ton, and phytoplankton communities were stable, no new fish
or zooplankton species were introduced, and no species disapResults
peared. Therefore, there is no reason to expect changes in fish
feeding preferences. Daphnia
(v) Prey densities were not used as independent variables inDaphniasize-class 2 (0.5-1.0 mm) dominated the size spec-
the computations; only the proportions of the different prey trum in 1989 and 1990, whereas size-class 3 (1.0—-1.5 mm)
items in the field were incorporated as independent variablescontributed substantially to the total densities in 1991 (Fig. 1).
in our analyses. This translates to the assumption that optimalThese interannual differences were mainly the result of the
foraging does not play a role in this predator—prey system. varying densities of the differeaphniaspecies. In 1989 we
Although evidence exists that optimal foraging in fish may be observed a succession bBf galeataby the smaller hybrid,
of importance (e.g., Mittelbach 1981; Persson and GreenbergD. galeatax cucullatg which was again succeeded by the still
1990), the impact of optimal foraging strategies on the diets of smallerD. cucullata responsible for the peak in densities of
fish is as yet not clear (e.g., Mills et al. 1986). the smallest size-class in the summer of 1989. In 1990 the
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Fig. 2. Mortality of the different size-classes Bfaphnia
species in Tjeukemeer, expressed as the number of daphnids
that died per litre per week.
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Table 1. Correlation coefficientsrf and their
significance P) between the per capita rates¥jdof the
different size-classes of the daphnids.

Size- Dap 1 Dap 2 Dap 3

class r P r P r P

Dap2 0.37 0.001

Dap3 -0.13 0.195 -0.08 0.410

Dap4 -0.01 0.992 -0.08 0.527 0.27 0.03

Note: For definitions of the size-classes see the caption «
Fig. 1.

Table 2. Correlation coefficientsrj between the per capita death
rates (dY) of the different size-classes of tlaphniaspecies with
the rate of increase of the populations at the time.

: D. galeatax
Size- D. galeata cucullata D. cucullata
class

r P N r P N r P N
Dapl -0.17 0.542 15 -0.30 0.003 98 -0.10 0.387 85
Dap2 -0.35 0.001 84 0.11 0.266 101 0.02 0.882 86
Dap3 -0.14 0.188 84 0.09 0.938 84 0.12 0.418 48
Dap4 -0.10 0.477 57 -0.41 0.011 38

Note: For definitions of the size-classes see the caption of Fig. 1.

spring peak was dominated ly. galeataand the hybrid,
whereas the autumn peak mainly consisteD afucullataand
the hybrid. Daphnia galeatadominated the whole year of
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Table 3. Year-specific log-transformed densities per litre on 1
September (IN{y)) and average rates of change in the population
(z (™) andy (d) in the equatiorN, = Ny-e@*Y%) of the five

major 0+ fish species in Tjeukemeer during 1989-1991.

Smelt  Pikeperch  Perch Bream Roach
In(No)
1989 -7.71  -10.55 —-7.07 -6.94 -9.15
1990 -7.59 -12.76 -13.45 -8.81 -10.51
1991 -6.16 -12.15 -12.13 -7.61  -10.29
z 0.0157 0.0374 0.0060 -0.0177 0.0018
y 0 0 0 0.000 80 0.000 76

Table 4. Year-specific food parameters(x 102 g°4°C.d?), of
the five major 0+ fish species in Tjeukemeer during 1989-1991.

Smelt  Pikeperch Perch Bream Roach
3592 1.34 5.26 6.15 8.84 5.88
agap 1.11 2.17 1.86 6.31 3.35
agp 1.26 3.25 4.68 6.45 3.99
agy 1.13 4.20 4.55 6.21 3.84
a76_gg 1.10 4.07 4.40 5.62 3.60
c -3.6 9.8 9.8 12.8 10.2

Note: For 1989, two food parameters were estimatggd {andaggy),
representing the feeding conditions before and after 15 July, respectively.
Long-term values 0& (azg_gg * 1073 g%4°C1.d™}) and of the temperature
parameterc (°C), are also presented. Paraméteras kept constant at 0.6
for all species and all years (Mooij et al. 1994).

more comparable, per capita death rates were computed by
dividing the mortality by the densities of the different size-
classes. Per capita death rates’)(fbr the smallest two size-
classes were positively correlated, as were the rates for the
largest two size-classes. The other correlations were not sig-
nificantly different from zero, although all were negative
(Table 1). BothD. galeataandD. galeatax cucullatashowed
significantly negative correlations between their respective
population growth rates, and the per capita death rates in
their smallest size-class (Table 2). Only a few of the juvenile
D. galeatawere smaller than 0.5 mm, so for this species the
smallest size-class is class 2. No significant correlation was
found between any of the per capita death raté3s.@fucullata

and the rate of population increase in this species. Onlipfor
galeatax cucullatawas the per capita death rate of the largest
size-class negatively correlated with

0+ fish
The total abundance of 0+ fish varied annually, and was four
times higher in 1989 than in 1990 (Table 3). Fish densities in

1991, except for the small peak of size-class 2 late in the year1991 were intermediate between those in 1989 and 1990. In

which was mainly the hybrid (see also Spaak 1994).

1989 the 0+ fish community was dominated by smelt, perch,

Mortality, expressed as the number of animals that died perand bream in fairly equal numbers. In 1990 and 1991 smelt
litre in each week, differed greatly between the size-classes,dominated the 0+ fish community; pikeperch and perch were
and was not correlated to the densities in the field (Fig. 2). almost absent in these years. Roach was present in low num-
Animals in the smallest size-class showed a high mortality, bers in all 3 years, whereas the other fish species showed large
whereas mortality in the largest size-class was much lower. A interannual differences. It can be seen from Table 3 that the
substantial difference in mortality patterns was found between mortality of pikeperch was the highest of the species under
years. To make the mortality figures between size-classesconsideration in 1989-1991, as thealue for pikeperch was
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Table 5. Parameters of the length-logit transfornmeedegressions

for the different fish species.
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Table 6. Parameters of the length-logit
transformedx regressions for bream for
different prey species.

Para-
Prey class meter  Smelt Pikeperch Perch Prey class Parameter Bream
Copepods Copepods k 0.8589
<0.5mm (Copl) k  0.0037 1.2750 0.0851 | ~0.1613
| -0.0051 -0.1682 -0.0510 m 0.0010
m -0.0015 -0.0010 -0.0001 Daphnids k -1.5727
>0.5 mm (Cop 2) k 0.0549 -2.3502 -1.1891 | 0.017 2
| —-0.00095 0.1378 0.0101 m —-0.00001
m -0.00097 -0.0031 -0.00001 B. coregoni k -1.887 3
Daphnids | 0.037 3
<05mm (Dapl) k —3.6744 —1.7294 —2.7145 o m -0.0003
| —0.0209 -0.1897 -0.0322 B. longirostris k -3.412 4
m  —0.000 48 —0.0010 —0.000 7 ! 0.0153
0.5-1.0mmDap2) k -7.1841 —3.7690 —2.669 4 , m -0.00001
| 0.3262 00711 0.0551 C. sphaericus k —1.6434
m —0.0047 -0.0012 —0.0001 ! =0.0032
1.0-15mm (Dap3) k —6.4586 -3.7399 -2.4090 m -0.0001
| 0.2366 0.0824 0.0651 C. pulchella k —0.8713
m -0.0026 -0.0014 -0.0006 ! 0.0143
>1.5mm(Dap4) k -9.3431 —-3.9550 —3.6411 m —0.0007
| 0.2714 0.0887 0.0434 Note: The parameters indicate the constant
m -=0.0020 -0.0008 -0.00001 (k), and the regression coefficients for length
o (I (mmY) and square lengt((mn9)).
Leptodora kindtii
(Leki) k —3.0439 -1.3711 -3.2558
I 0.0430 0.0437 0.0142
m 0 0 0

Note: The parameters indicate the constdditénd the regression

coefficients for lengthl((mnT™2)) and square length((mnT?).

Fig. 3. Feeding selectivity of smeltQsmerus eperlanjisn
relation to its own length (Cop 1, copepods <0.5 mm; Cop 2,
copepods >0.5 mm; Dap 1, daphnids <0.5 mm; Dap 2,
daphnids 0.5-1.0 mm; Dap 3, daphnids 1.0-1.5 mm; Dap 4,
daphnids >1.5 mm; Lekl.eptodora kindtii.
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Table 7. Number of fish ) used for the gut analysis and
—2log(likelihood) values of the models:constantg; constant,
anda; dependent on the length of the fish.

Smelt Pikeperch Perch Bre
N 148 167 88 14
ri constant 2026 2286 1342 44
a; constant 523 528 305 48
a; length dependent 408 510 291 44

Note: The number of degrees of freedom in the comparisons
the different models; constant versus; constant, and; constant
versugy; length dependent, were 7 and 13, respectively.

of all three species showed the highastalues for the two
copepod classes (Fig. 3). With an increase in lengthalues

for increasing size-classes of daphnids showed an optimal
curve, althougtu for the smallest daphnids was low over the
whole length range. At around 65 mm in length, smelt started
to preferL. kindtii as prey (Fig. 3). The preference for the
largest prey class began at smaller lengths for pikeperch. Perch
showed high and constant values for the copepod 2 class.
Juvenile bream showed a high preference for the smaller
cladocerans (Table 6). In the case of smelt, pikeperch, and
perch the —2log(likelihood) values of the length-dependent
regressions were significantly lower than the —2log(likeli-

the largest. The year-specific parameters of the fish-growth hood) values of the constantregressions (Table 7). In addi-
model are summarized in Table 4.

Zooplankton and 0+ fish

The parameters of the length-logit transforneedegressions

tion, the —2log(likelihood) values of the length-dependant
regressions were also lower than the —2log(likelihood) values
of the constanty; regressions. The difference, however, was
only significant for smelt. It should be kept in mind, however,

are given in Table 5 for smelt, pikeperch, and perch. Small fish that the values forx? (being the differences between the
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—2log(likelihood) values for the different models) are a severe Fig. 4. Total mortality of daphnids (number of individuals per
underestimation, as a result of the weighting of the data, litre per week) in size-classes 4)( 2 (b), 3 (c), and 4 ),
implicitly assuming that all fish only consumed one prey item. related to the predation mortality of 0+ fish. For definitions of
With two prey items consumed per fish tigé values would the size-classes see the caption of Fig. 1.

already be doubled, yielding significant differences in all

cases. (a)
When the numbers dbaphniaspp. eaten by juvenile fish 2001 ﬁ —— Died
were compared with the total numbers@aphniaspp. that lo - - Eaten

died in the same period the different size-classes showed dis-
tinctly different patterns (Fig. 4). Animals in the smallest size-
class (<0.5 mm) were not eaten by juvenile fish, yet they
showed a high mortality. The mortality in the larger classes
can be explained better by predation by fish; in the second half
of 1990 and 1991 all of the mortality in the larger size-classes
of the daphnids can be explained by predation by 0+ fish. If a
peak in mortality in the larger classes occurs early in the year,
asin 1990, juvenile fish predation cannot explain the mortality
at that time.

Although the number of daphnids eaten by fish in the larger
size-classes was close to the number that died in the second
part of the year, some differences were found mainly in the
period from September to October in the 3 years. Age 0+ fish
showed marked increases in preference forkindtii with
length (Fig. 3), having the greatest preferences at the end of
the year. However, because of the low densitids. &indtii in
the lake, numbers caught in the standard zooplankton sam-
pling programme were small, and hence the determination of
densities was inaccurate. Because of the higlalues for this
prey item, the proportion of.. kindtii in the environment
greatly influences the predicted predation rates on all alterna- 50
tive prey classes, and hence it is important to have a good
estimate of its density. To assess the impact of inaccuracieson 4
the estimates oL. kindtii densities, we reanalyzed the data
with the observed densities of kindtii both plus and minus ®
two standard deviations. Expected numbers in a sample areg
Poisson distributed, and hence the square root of the number 2
of individuals counted is an estimate of the standard deviation. g 20
From the analysis it became clear that the density. &indtii <
as an alternative prey played an important role in the predicted
predation rate on the larger size-classes of daphnids later in the
year.
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Discussion

Approach

The two ways of estimating mortality were almost completely
independent. Consumption by fish was estimated using fish
growth and fish densities obtained from the field, combined
with a measure of prey selectivity, which was estimated using
observations from 1976-1977, years with different fish densi-
ties and zooplankton number®aphnia mortality was esti-
mated using only théaphnia densities and fecundities, in o :
combination with some laboratory-derived parameters of the 0 S e i S e~ Ll e L
growth and temperature dependence of the growth and repro- 1989 1990 1991
ductive processes. The only data used for both the mortality Date

and the consumption estimates were the densities of the differ-

entDaphniasize-classes. It is important to note, however, that

in the estimates of consumption the densities were not used agalues between densities and proportions of the different prey
such, but as proportions of the different prey classes in the groups varied between 0.04 and 0.72).

environment, although these two were positively correlatéd ( Given the assumptions underlying the computations of the

(No./L)/week
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mortality of the daphnids on the one hand and the consumptionpressure of.. kindtii on the smaller species. The same is true
by the juvenile fish on the other hand it is remarkable that the for the predation by copepods, whereas the effect of the pre-
results obtained from the two different ways of estimating the dation by water mites cannot be inferred, as no information is
mortalities are of the same order of magnitude. However, it available on this group of predators in Tjeukemeer.
would be unwise to elaborate on the absolute magnitude of the Our own observations showed that in cultures intrinsic
predation and mortality rates reported here. It is difficult to mortality was highest when the animals were small; moreover,
assess the reliability of estimates in studies such as this onesmall daphnids seemed to be most vulnerable to physical dis-
which is illustrated by the fact that in similar studies no turbances. Herzig (1974) reported that death rate®iaf
(Luecke et al. 1990) or very limited (Rudstam et al. 1992) phanosoma brachyurumwere strongly positively correlated
attempts were made to estimate the reliability of the results. with wind speed, whereas McNaught and Hasler (1961)
Sampling variation in the density determination of the differ- reported large amounts of air-lock&hphniaspecies in the
ent species is most probably driving the accuracy of the modelfoam lines of Langmuir circulations (see also George and
output, with coefficients of variation estimated for zooplank- Edwards 1973). Fryer (1991) also reported patches of millions
ton of approximately 15% (de Nie and Vijverberg 1985), a of doomedDaphniaindividuals trapped in the surface film of
value lower than the ones reported for a large number of lakesthe water. The fact that we do find a significantly negative
by Pace et al. (1991). Sampling variation in the fish densities correlation between the mortality of the smallest size-classes
was higher, with a coefficient of variation of 60%. We have, and the population growth rates in two of the three taxa
however, most likely overestimated the predation by juvenile (Table 2) does show that the mortality rate in this size-class is
fish, as a result of the low conversion efficiency between food important for the population dynamics of the daphnids.
uptake and growth, as a result of the exclusion of some prey  The second conclusion that can be drawn from this study is
types, and as a result of the fact that the conversion efficiencythat the larger size-classes of the daphnids were hardly eaten
was estimated in the laboratory at 20°C (O.F.R. van Tongeren,at all in the first part of the year, although the mortality rate
unpublished results). This means that in all periods in the 3 accompanying the end of the spring peaks was high in 1990.
years with lower temperatures, predation will have been over-The utilization of the daphnids by 0+ fish early in the year is
estimated. Nevertheless, some general conclusions can beependent on the timing of the population growth of the daph-
drawn from our results as these reflect differences in mortality nids. If the growth starts early in the year, when the juvenile
rates and consumption rates of an order of magnitude. fish are not yet present, the zooplankters will overexploit their
resources, and the population densities will decrease as a result
of food limitation. Hence, it is not possible to explain the
Predation of 0+ fish collapse of the spring densities by predation by juvenile fish.

Given the limitations of the computations presented here, two Irrespective of whether the 0+ fish are present or Baphnia
main conclusions can be drawn from our results. Firstly, the populations will decline. The same observation was made by
smallest size-class @aphnia(<0.5 mm) had a high mortal- ~ Luecke etal. (1990), who also found high mortality in spring,
ity, but the consumption by 0+ fish of this size-class was When fish predation is too low to explain this mortality.

almost zero. Thus, the cause of the mortality of this size-class It is important to note that even if all of the zooplankton
cannot be explained by fish predation. Smadphniaindi- mortality could be explained by fish predation, it would be
viduals have the lowest starvation resistance (Threlkeld 1976),incorrect to conclude that the population dynamics of the par-
and hence starvation could be responsible for the high juvenileticular species under consideration is the only factor of impor-
mortality, especially because daphnids are food limited during tance. After all, in the computation of the population
most of the year (Boersma and Vijverberg 1BpMoreover, development of the zooplankton, field-derived length—
smaller daphnids are more vulnerable to invertebrate predationfecundity relationships were used. These will greatly affect the
than larger ones (e.g., Mordukhai-Boltovskaia 1958; Herzig computed birth rates, and hence the computed densities, im-
and Auer 1990). Relatively little is known, however, about the plying that comparisons of mortality data for zooplankton will
selectivity and consumption rates of the invertebrate predatorsalways underestimate the importance of the food conditions.
present in Tjeukemeet:. kindtii, cyclopoid copepods, and In our case, the sharp decrease in fecundity at the time of the
water mites. Although Hovenkamp (1990) found that the mor- summer decline remained invisible; only the increased mortal-
tality in the smallest size-classes@aphniaspecies could be ity at this time became apparent. Usually, the declines in birth
attributed to predation bghaoborus flavicanandL. kindtii rates are used to explain the decline in numbers in spring (e.g.,
in mesotrophic Lake Vechten, and others have also reportedSommer et al. 1986). However, as we have shown here, even
large impacts of predation by invertebrates on the community with the decrease in birth rates accounted for, mortality was
structure of the herbivorous zooplankton (e.g., Kerfoot 1977), also high at the time of the decline. This suggests that in this
it is unlikely that the predation rates of the invertebrate preda- period the daphnids were so food limited that they died of
tors in Tjeukemeer were high enough to explain the high mor- starvation.

tality rates of the small daphnids. If we assume that each  During the second half of the growing season, predation by
L. kindtii individual consumes 10 prey individuals per day (see juvenile fish may usually explain all of the mortality in the
Browman et al. 1989), and it does this aselectively, then it canlarger classes of the daphnids, resulting in the conclusion that
be computed that predation ly kindtii is too low to explain Daphnianumbers may be regulated by 0+ fish later in the year.
the high mortalities of daphnids (as was also concluded by Thus, if juvenile fish biomass is as high as in 1989, the densi-
Lunte and Luecke 1990): the densities of the smaller clado- ties of the smaller size-classes of daphnids will be higher than
cerans are usually also high during the growing season ofthe densities of the larger size-classe®aphniaspecies. In

L. kindtii, which will most likely lead to a high predation contrast, when fish densities are lower (1990), larger
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size-classes of daphnids will be more dominant. This type of Bremer, P., and Vijverberg, J. 1982. Production, population biology
seasonal regulation ddaphniaspecies by fish was also re- and diet ofNeomysis integefLeach) in a shallow Frisian lake
ported by Luecke et al. (1990) in Lake Mendota. The impor- _ (The Netherlands). Hydrobiologi@3: 41-51. _

tant difference between lakes Mendota and Tjeukemeer is thaBrétt: J-R., and Groves, T.D.D. 1979. Physiological energelics
the main planktivores in Lake Mendota are older (>2+) year- g'nscT Jplgyﬂ?é??ﬁc\gzt%/ilg.Iiggzdl\?gv\\,/v\.fsdrrﬁg’ 57'3'_?;2”“”'
classes of C|scoC(0(egonus artedjiand yellow perchRerca . Browman, H.l., Kruse, S., and O‘Br‘ien, W.J. 1989. Foraging behav-
flavesceng these fish were present throughout the year, in o, of the predaceous cladocerdreptodora kindti and escape
contrast to the case with 0+ fish in Tjeukemeer. Predation by  responses of their prey. J. Plankton Rik.1075-1088.

cisco and yellow perch, however, also failed to explain the Buijse, A.D. 1992. Dynamics and exploitation of unstable percid
high mortality resulting in the end of the spring maximum populations. Ph.D. thesis, Agricultural University of Wagenin-
densities oDaphniaspecies. gen, The Netherlands.

In their study on the annual variation of the food parameter Chesson, J. 1978. Measuring preference in selective predation. Ecol-
of fish, a, Mooij et al. (1994) observed that the year-spedific ogy,59: 211-215. o _ _
values never differed by more than 20% from the grand meanCh‘r?:lzct’ig’nih ilpgﬁffoTrQSir?;t:rToEgleolg ?E”C%gfg}}’si'g;?f plrggedfrence and its
of the years 1976-1988. The valuesatalculated in this : s - ;
study (')I/'able 4) for 1990 and 1991 were within this 20% range C°l€s: T.F., Wortley, J.S., and Noble, P. 1985. Survey methodology

PN L for fish population assessment within Anglian water. J. Fish Biol.
and hence there were no indications of food-limited growth of 27(Suppl. A): 175-186.

fish in these years. However, the valuesadbr the first part e Nje, H.W., and Vijverberg, J. 1985. The accuracy of population
of 1989 (before 15 July) were all more than 20% higher than  gensity estimates of copepods and cladocerans, using data from
the species-specific grand means. For the second part of 1989 Tjeukemeer (the Netherlands) as an example. Hydrobiologia,
the values ofa for pikeperch and perch were more than 20% 124 3-11.

lower than the average value. Thevalues of smelt, bream,  Fryer, G. 1991. Functional morphology and the adaptive radiation of
and roach in the second half of 1989 were within the normal  the Daphniidae (Branchipoda, Anomopoda). Philos. Trans. R.
range. The lowa values indicate apparent food limitation of Soc. Lond. Ser. B331 1-99. .

the juvenile fish in 1989 after mid July, and could explain our Geller, W. 1987. On estimating the age and the development time of
observation that in 1989 more of the total mortality of the g:ggrjlfSZSSa_{%g%tlon of body size and temperature. J. Plankton
!arger size-classes seems o _be. ex_plalned .by fish predation thm&eorgé, DG and Edwards, R.W. 19B@&phniadistribution within

in the other years. The food limitation for pikeperch and perch

- . . Langmuir circulations. Limnol. Oceanodt8: 798-800.
could be explained by the observation that the densities of thegati, R.D. 1990. Zooplankton structure in the Loosdrecht lakes in

preferred zooplanktorL( kindtii for pikeperch; copepods for relation to trophic status and recent restoration measures. Hydro-

perch) of these fish species were low after mid July compared  biologia, 191: 173-188.

with the other 2 years. Hairston, N.G. 1987. Diapause as a predator avoidance adaptation.
In conclusion, predation by 0+ fish usually affects popula- Predation. Direct and indirect impacts on aquatic communities.

tion dynamics oDaphniaspecies in Tjeukemeer only in the Edited byW.C. Kerfoot and A. Sih. University Press, Hanover,

second half of the year. The mortality that occurs when the ~ N-H. pp. 281-290. , »
population densities decrease in spring is too large to be Herzig, A. 1974. S_ome population che_lrgctenstlcs of plankton crusta-
explained by fish predation. Moreover, the smallest size-class ceans in Neusiedler See. Oecolodi, 127-141.
of the daphnids is hardly eaten at all by 0+ fish. erzig, A, and Auer, B. 1990. The feeding behavnouteptodpra
p y y kindtii and its impact on the zooplankton community of
Neusiedler See (Austria). Hydrobiolog#98 107-117.
Hogeweg, P., and Richter, A.F. 1982. INSTAR, a discrete event
model for simulating zooplankton population dynamics. Hydro-

i ot ; ; _ biologia, 95: 275-285.
These investigations were supported by the Life Science Foun Hovenkamp, W. 1990. Instar-specific mortalities of coexisBagh-

dat|on,_ Wh.'.Ch is subsidized by the Netherlands Organization nia species in relation to food and invertebrate predation. J. Plank-
for Scientific Research. We thank Koos Swart and Steven i, Res12 483-495.
Visser for their assistance in the field and Peter Mac Gillavry, kerfoot, W.C. 1977. Implications of copepod predation. Limnol.
Rob Hoekstra, Chris de Groot, and Guus Postema for their  Oceanogr22: 316-325.
help in the laboratory. Ramesh Gulati, Riks Laanbroek, Rob Lammens, E.H.R.R., de Nie, H.W., Vijverberg, J., and van Densen,
Lingeman, Joop Ringelberg, Piet Spaak, Koos Vijverberg, and  W.L.T. 1985. Resource partitioning and niche shifts of bream
Karen Wiltshire are thanked for their comments on the manu-  (Abramis bramyiand eel Anguilla anguilly mediated by preda-
script. tion of smelt Osmerus eperlanyion Daphnia hyalina Can. J.
Fish. Aquat. Sci42: 1342-1351.
Lammens, E.H.R.R., van Densen, W.L.T., and Knijn, R. 1990. The
References fish community structure in Tjeukemeer in relation to fishery and
habitat utilization. J. Fish Bio36: 933—945.
Boersma, M., and Vijverberg, J. 1994Resource depression in Lampert, W., Fleckner, W., Rai, H., and Taylor, B.E. 1986. Phyto-

Acknowledgements

Daphnia galeata Daphnia cucullata and their interspecific plankton control by grazing zooplankton: a study on the spring

hybrid: life-history consequences. J. Plankton Rek clear-water phase. Limnol. Oceano8t: 478—490.

1741-1758. Lei, C.H., and Armitage, K.B. 1980. Growth, development and body
Boersma, M., and Vijverberg, J. 1994Seasonal variations in the size of field and laboratory populations 8faphnia ambigua

condition of twoDaphniaspecies and their hybrid in a eutrophic Oikos, 35: 31-48.

lake: evidence for food limitation. J. Plankton Re$2 Luecke, C., Vanni, M.J., Magnuson, J.J., Kitchell, J.F., and Jacobson,

1793-1809. P.T. 1990. Seasonal regulation Biaphnia populations by



28 Can. J. Fish. Aquat. Sci. Vol. 53, 1996

planktivorous fish: implications for the spring clear-water phase. C.B. Cowey, A.M. Mackie, and J.G. Bell. Academic Press, Lon-

Limnol. Oceanogr35: 1718-1733. don. pp. 269-280.
Lunte, C.C., and Luecke, C. 1990. Trophic interactionsegtodora Pace, M.L., Findlay, S.E.G., and Lints, D. 1991. Variance in zoo-
in Lake Mendota. Limnol. Oceanodgs5: 1091-1100. plankton samples: evaluation of a predictive model. Can. J. Fish.
McCullagh, P., and Nelder, J.A. 1983. Generalized linear models.  Aquat. Sci48 146-151.
Chapman and Hall, London. Paloheimo, J.E. 1974. Calculation of instantaneous birth rate. Lim-

McNaught, D.C., and Hasler, A.D. 1961. Surface schooling and feed-  nol. Oceanogrl9: 692—694.
ing behavior in the white basRoccus chrysop@rafinesque), in Persson, L., and Greenberg, L.A. 1990. Optimal foraging and habitat

Lake Mendota. Limnol. Oceanods: 53—60. shift in perch Perca fluviatili in a resource gradient. Ecology,

Mehner, T., Schultz, H., and Herbst, R. 1995. Interaction of zoo- 71:1699-1713.
plankton dynamics and diet of 0+ perdhegfca fluviatilisL.) in Rudstam, L.G., Hansson, S., Johansson, S., and Larsson, U. 1992.
the top-down manipulated Bautzen reservoir (Saxony, Germany)  Dynamics of planktivory in a coastal area of the northern Baltic
during summer. Limnologic&5: 1-9. Sea. Mar. Ecol. Prog. Se80: 159-173.

Mills, E.L., and Forney, J.L. 1983. Impact dbaphnia puleof pre- Sommer, U., Gliwicz, Z.M., Lampert, W., and Duncan, A. 1986. The
dation by young yellow perch in Oneida lake, New York. Trans. PEG model of seasonal succession of planktonic events in fresh
Am. Fish. Soc112 154-161. waters. Arch. Hydrobioll06 433-471.

Mills, E.L., Confer, J.L., and Kretchmer, D.W. 1986. Zooplankton Spaak, P. 1994. Genetical ecology of a coexisfiraphnia hybrid
selection by young yellow perch: the influence of light, prey den- species complex. Ph.D. thesis, University of Utrecht, the Nether-
sity, and predator size. Trans. Am. Fish. Sbts 716-725. lands.

Mills, E.L., Pol, M.V., Sherman, R.E., and Culver, T.B. 1989. Inter- Taylor, B.E., and Slatkin, M. 1981. Estimating birth and death rates
relationships between prey body size and growth of age-0 yellow  of zooplankton. Limnol. Oceanog?6: 143—158.
perch. Trans. Am. Fish. Sot18 2-10. Threlkeld, S.T. 1976. Starvation and the size structure of zooplank-
Mittelbach, G.G. 1981. Foraging efficiency and body size: a study of ~ ton communities. Freshwater Bid. 489-496.
optimal diet and habitat use by bluegills. Ecolo§g, 1370-1386. Urabe, J. 1988. Effect of food conditions on the net production of

Mooij, W.M. 1992. Recruitment of fish in a shallow eutrophic lake Daphnia galeataseparate assessment of growth and reproduc-
(Tjeukemeer, The Netherlands). Ph.D. thesis, University of  tion. Bull. Plankton Soc. Jprg5: 159-174.
Amsterdam, The Netherlands. van Densen, W.L.T. 1985. Feeding behaviour of major 0+ fish spe-

Mooij, W.M., and van Tongeren, O.F.R. 1990. Growth of 0+ roach cies in a shallow, eutrophic lake (Tjeukemeer, The Netherlands).
(Rutilus rutilug in relation to temperature and size in a shallow Z. Angew. Ichthyol.1: 49-70.
eutrophic lake: comparison of field and laboratory observations. Vijverberg, J. 1976. The effect of food quantity and quality on the
Can. J. Fish. Aquat. Sci7: 960-967. growth, birth-rate and longevity dbaphnia hyalinaLeydig.
Mooij, W.M., Lammens, E.H.R.R., and van Densen, W.L.T. 1994. Hydrobiologia,51: 99-108.
The growth of 0+ fish in relation to temperature, size and food in Vijverberg, J., and Richter, A.F. 1982. Population dynamics and pro-

shallow eutrophic Tjeukemeer. Can. J. Fish. Aquat. Si. duction of Daphnia hyalinaL.eydig andDaphnia cucullataSars
516-526. in Tjeukemeer. Hydrobiologi®5: 235—-259.
Mordukhai-Boltovskaia, E.D. 1958. Preliminary notes on the feeding Vijverberg, J., Boersma, M., van Densen, W.L.T., Hoogenboezem,
of the carnivorous cladocerahsptodora kindtii Dokl. Biol. Sci. W., Lammens, E.H.R.R., and Mooij, W.M. 1990. Seasonal vari-
(Transl. of Dokl. Akad. Nauk)122 828-830. a_ltion in the interactions between piscivorous fish, planktivorous
O'Grady, K.T., and Spillet, P.B. 1985. Gross nutrition and conver-  fish and zooplankton in a shallow eutrophic lake. Hydrobiologia,
sion efficiency of intensively and extensively reared calyp- 207 279-286.

rinus carpioL.). In Nutrition and feeding in fishEdited by



	Abstract
	Résumé
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References
	Figures
	Figure 1
	Figure 2
	Figure 3
	Figure 4

	Tables
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7


