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Abstract: The aim of the study was to compare the density, body size, and reproduction of the cladoce-
ran, Ceriodaphnia quadrangula (O. F. Miiller, 1785), in various habitats of Lake Piaseczno (38.8 m deep)
in eastern Poland. Samples were taken in the littoral zone (from emergent and submerged vegetation, as
well as from open water and the surface layer of water above submerged vegetation) and in the pelagic
zone (from the epilimnion, metalimnion, and hypolimnion). The results show that C. quadrangula prefers
the littoral zone, as it achieves there much higher values of the analysed variables than in the pelagic
zone. The number and size of adults (including ovigerous females), as well as brood size achieved equally
high values in emergent and submerged vegetation, and much lower values in the other habitats (inclu-
ding pelagic ones). Juveniles also preferred to stay in the littoral zone but displayed clear preferences to
none of the habitats.
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INTRODUCTION

Ceriodaphnia quadrangula is the most widespread of all Ceriodaphnia species,
distributed in Europe, Asia, and South America (Forro et al. 2008). Although the spe-
cies is predominantly found in the littoral zone (Havens 1991; Korronat et al. 1997;
LAURIDSEN et al. 1999), it also occurs in the open water of deep lakes (KOROVCHINSKY
2000; WALSENG et al. 2006). In shallow lakes, C. quadrangula usually hides within
macrophyte stands (LAURIDSEN et al. 1996; RoMARE & Hansson 2003), although stay-
ing in vegetation patches is disadvantageous for obligatory filter-feeders (JEPPESEN et
al. 2002; Burks et al. 2002), such as Ceriodaphnia. However, in deep lakes, Cerio-
daphnia could display different behavioural patterns, as deep lakes provide a greater
diversity of niche types, with different abiotic and biotic conditions important for spe-
cies distribution (ScHOENER 1974). Differences in biotic conditions in a deep lake are
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observed not only between the littoral and the pelagic zones but also within them. In
the littoral zone, the type and abundance of plant vegetation changes from nearshore
to offshore with increasing depth of the lake (WeTzeL 1983). The pelagic zone, in
turn, consists vertically of the epilimnion, metalimnion, and hypolimnion, with clear
gradients of chemical parameters as well as light, food, and predation pressure.

Because of the common occurrence in the world’s freshwaters, C. quadrangula
has been subject to a number of studies examining its response to abiotic and biotic
factors under experimental conditions (e.g. SMyLY etal. 1975; LyNcH 1992; GLADYSHEV
et al. 1999; Karpes & SinscH 2005; Savas & ErpoGan 2006). However, information
on population parameters of C. quadrangula under natural conditions is quite scarce.
SmyLy (1974) studied the abundance, vertical distribution, and sexual proportions in
its populations in small English lakes. LAURIDSEN et al. (1999) studied diel vertical
distribution of Ceriodaphnia in oligotrophic and mesotrophic lakes. The abundance
of C. quadrangula as a part of cladoceran communities was also investigated in lakes
of various trophic status (i.e. HAVENS 1991; LAURIDSEN & BUENK 1996; LAURIDSEN et
al. 1996; JEPPESEN et al. 1997; Korronal et al. 1997; KorovcHINSKY 2000; ROMARE &
Hansson 2003; WALSENG et al. 2006). Due to the scarcity of data about its population
dynamics in deep lakes, the aim of the study was to compare the abundance, body
size, and reproductive parameters of C. quadrangula between biotic zones as well as
between different types of habitats within the biotic zones of a deep lake.

MATERIAL AND METHODS

The research was carried out in Lake Piaseczno (51°23°03"'N, 23°01'46"'E)
situated in Leczna-Wtodawa Lakeland (Pojezierze Leczynsko-Wtlodawskie) in east-
ern Poland. The lake area is 83.2 ha and its maximum depth reaches 38.8 m. The lake
is dimictic, so in summer and winter a typical oxygen and temperature stratification
occurs.

Seasonal variations in the population of C. quadrangula were monitored monthly
from April to November 2003. Samples were taken in the littoral zone among emer-
gent macrophytes (mostly the common reed Phragmites australis), among submerged
macrophytes (patches dominated by the water milfoil Myriophyllum alterniflorum or
by the macroalga Nitella flexilis) as well as from surface water (depth 0—10 cm) and
from water above submerged vegetation (depth 1-3 m), and in the pelagic zone in
all thermal layers (see below). Zooplankton was collected there around noon, using a
5-litre sampler. In the littoral zone, the material was taken from the surface (4 samples
every month), from water above macrophytes (2 samples) and from emergent (2 sam-
ples) and submerged vegetation (4 samples). In the pelagic zone, samples were taken
every 1-2 m of depth in the epilimnion (3 samples) and the metalimnion (3 samples),
and every 3-5 m in the hypolimnion (6 samples), and then pooled into one sample
from each thermal layer. Samples were sieved through a 50-um mesh net and next pre-
served. Individuals classified as C. quadrangula were separated from the samples and
counted to calculate their abundance (ind.-dm™). Thirty randomly chosen individuals
were measured in each sample. The proportion of juveniles and adults in the popula-
tion was estimated after determining the size at maturity (STiBOrR & LamPERT 1993) for
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each of sampling times. Ovigerous females were counted and eggs enumerated. The
proportion of egg-bearing females in the population was determined.

The ANOVA Friedman test was used to assess the effect of habitat on the exam-
ined parameters. Statistica 5.0 software was used to perform the analyses.

RESULTS

In all sampling sites the first individuals of C. quadrangula started to appear in
April, and their abundance peaked in May. The population was recorded until Sep-
tember (in the pelagic zone) or October (in the littoral zone), and then declined to
almost complete absence.

In the littoral zone, juveniles were abundant and evenly distributed among the
studied habitats. Adults preferred to stay in the littoral zone, too, but gathered in great
numbers among plants, while their densities above the vegetation were much lower.

In the pelagic zone, densities of both juveniles and adults were low. All individ-
uals found in the epilimnion were immature. The number of juveniles in the meta- and
hypolimnion was also higher as compared to adults. Differences in spatial structure
of the species were statistically significant (y* = 18.66, P < 0.05 for juveniles,
x*=32.37, P <0.01 for adults).
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Fig. 1. Seasonal changes in the mean density of juveniles and adults of C. quadrangula in various
habitats of Lake Piaseczno
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In most of the habitats, juveniles peaked in May and July, with a distinct decline
in June. Adults reached the highest density in June in emergent and submerged veg-
etation, and their abundance dropped in the following months. In the other habitats
their density was quite low, with only a slight increase in May and June (Fig. 1).

Spatial distribution of Ceriodaphnia quadrangula was related to their body size.
In the littoral zone, larger juveniles were found at the water surface and in water
above the vegetation. Adults showed an inverse trend, as larger individuals were
found among emergent and submerged macrophytes. In the pelagic zone, body size
of juveniles in the epilimnion was apparently lower than their size in the metalimnion
and hypolimnion. Adults, in turn, showed similar body size in all layers of the pelagic
zone (Fig. 2). Differences in the spatial structure of differently sized individuals were
statistically significant (y*= 45.32, P < 0.01 for juveniles, y*= 34.91, P < 0.011 for
adults). Generally, in May and June, the mean size of individuals of this species con-
siderably diminished, probably as a result of increased numbers of juveniles at that
time. The only exceptions were the sampling sites located in the littoral zone among
submerged vegetation, where the average body size of C. quadrangula was always
high, irrespective of the season.
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Fig. 2. Body length of juveniles and adults of C. quadrangula in Lake Piaseczno



CERIODAPHNIA QUADRANGULA IN A DEEP LAKE 55

All the measured individuals of C. quadrangula were females. Parthenogenetic
females appeared from May to October in the littoral zone, and from May to July in
the pelagic zone. Over the year, the bulk of egg-bearing females aggregated mainly
among emergent (24%) and submerged vegetation (23.9%). In the pelagic zone, the
number of reproducing females was low, as their share did not exceed 7% of their
number. Reproducing females carried on average from 1.0 egg in the pelagic hy-
polimnion to 1.9 eggs in the surface water as well as among emergent vegetation
in the littoral zone (3*= 15.28, P < 0.05). On average, individuals displayed highest
brood sizes in May (3.5 eggs) and declined to approximately 1 egg in the following
months (Fig. 3).
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Fig. 3. Proportion of ovigerous females and brood size in the population of C. quadrangula in Lake
Piaseczno (s = surface; wam = water above mactrophytes; em = emergent vegetation; sub = sub-
merged vegetation; epi = epilimnion; meta = metalimnion; hypo = hypolimnion)

DISCUSSION

Results of this study indicate that C. quadrangula shows clear preferences in
spatial distribution. The species apparently prefers the littoral zone, achieving there
much higher values of the studied variables than in the pelagic zone. A clear domi-
nance of juveniles and either low abundance or lack of adults were observed in the
pelagic zone. Three explanations of such a distribution pattern are possible: (1) under
conditions of no efficient shelters for Ceriodaphnia in the pelagic zone, adult big in-
dividuals are captured and eaten by planktivorous fish; or (2) adolescent individuals
avoid the littoral zone during the day; or (3) juveniles migrate from the littoral to
the pelagic zone, but return to the littoral zone after reaching maturity. It is difficult
to determine which of these explanations (and maybe all of them) are responsible
for the higher abundance of the species in the littoral zone. Anyway, Ceriodaphnia



56 M. Adamczuk

individuals in the littoral zone were larger than the ones found in the pelagic zone in
this study.

C. quadrangula was not evenly distributed within the biotic zones, but preferred
some of habitats. In the littoral zone, the density and mean size of adults as well as
reproductive characters displayed the highest values among macrophytes. Although
the average number of eggs was similar in the examined habitats, females with maxi-
mum brood sizes were also found among plants. It is controversial if staying among
macrophytes is advantageous for C. quadrangula, as food concentration for filter-
feeding zooplankton is low in the plant beds, while some macrophyte species may re-
lease harmful chemical substances, and the density of invertebrate predators may be
high there (ScHrIVER et al. 1995; JeppESEN et al. 2002). However, it has been reported
that zooplankton (especially the larger and thus more vulnerable individuals) move
to vegetated habitats under fish predation pressure (CRYER & TowNsep 1988; Lima
& DiLL 1990). Thus the high abundances of egg-bearing females of C. quadrangula
in macrophyte patches could be caused by predation avoidance. In parthenogenetic
reproduction, Ceriodaphnia produce eggs with a visible yolk sac and yellow pig-
mentation inside the brood chamber (Dopson & Frey 2001). Hence, because of their
greater visibility, egg-bearing females are subjected to size-selective feeding of fish
far more than infertile individuals, and the predation vulnerability of ovigerous fe-
males increases with brood size (GLiwicz & Boavipa 1996).

In the present research, submerged as well as emergent vegetation was taken
into consideration. Based on the previous investigations, each of the vegetation types
should affect zooplankton differently. HEck & OrTH (1980) noted that plants with
more complex and finely divided leaves provide more protection than robust taxa.
Emergent vegetation, in turn, is considered to provide worse shelter for some filter-
feeding cladocerans (NURMINEN & HorppiLa 2002) but constitutes an optimal habitat
for Ceriodaphnia (CazzaneLLl et al. 2007). In the Finnish Lake Hiidenvesi, Cerio-
daphnia had the highest mean body size in emergent vegetation (NURMINEN et al.
2001). The same phenomenon was observed in Lake Piaseczno. Some population
parameters, such as the proportion of egg-carrying females and brood size, achieved
high values irrespective of vegetation type. Differences in body size of juveniles and
adults between macrophyte patches and other habitats in the littoral zone suggest
that juveniles, after exceeding some size, migrated from vegetation patches to open
water, and then returned to vegetation to give offspring. In cladocerans, juveniles are
considered to be more sensitive to starvation than adults (NeiL 1975; LyNcH 1992;
TessiEr et al. 1983), so insufficient food supply in vegetation patches could cause
juveniles to spread to habitats abounding with accessible food.

In comparison to the littoral zone, the pelagic zone greatly varies vertically in
abiotic (physical and chemical) and biotic conditions (including food availability and
predator abundance). The epilimnion (i.e. the top thermal layer in the vertical profile)
is characterized by the highest water temperature and high food concentration as well
as high predation pressure of visually-limited fish. Thus some cladoceran species,
despite excellent living conditions, avoid the epilimnion temporarily (conducting diel
vertical migrations) or permanently (living in darker water layers).
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In this study, Ceriodaphnia also avoided the epilimnion, as the highest density of
the species was noted in the metalimnion. The Ceriodaphnia population in the epilim-
nion consisted only of juveniles. Due to their smaller body size, juveniles are not as
susceptible to fish predation pressure as adults, so their presence in this warm water
layer, rich in food, undoubtedly accelerated their maturation. Since the adults avoided
the epilimnion, no reproductive processes were observed in that layer. Reproduction
of individuals in the metalimnion and hypolimnion showed a similar course, and no
apparent differences were found in values of reproductive characters.

Results of this study are only valid for Ceriodaphnia distribution during daytime.
Some authors, however, observed that Ceriodaphnia move between different habitats
during day and night (LAURIDSEN & BUENK 1996; JEPPESEN et al. 1997; LAURIDSEN et al.
1999). Up till now, there are no data about diel changes in distribution of juvenile and
adult ceriodaphnids, including egg-carrying females. Recognition of day and night
distribution of age groups would broaden our knowledge about the behavior of this
species, so common in freshwaters of the world.

REFERENCES

Burks R. L., Lobce D. M., JerpESEN E., LAURIDSEN T. L. 2002. Diel horizontal migration of zoo-
plankton; costs and benefits of inhabiting the littoral. Freshwater Biol. 47: 343-365.

CazzaNeLLI M., WARMING T. P., CHriSTOFFERSEN K. S. 2007. Emergent and floating-leaved macro-
phytes as refuge for zooplankton in a eutrophic temperate lake without submerged vegetation.
Hydrobiologia 605: 113—122.

CrYER M., Townsep C. R. 1988. Spatial distribution of zooplankton in a shallow eutrophic lake,
with a discussion of its relation to fish predation. J. Plankton Res. 10: 487-501.

Dobson S. I., FRey D. G. 2001. Cladocera and other Branchiopoda. In: Ecology and Classification
of North American Freshwater Invertebrates (Taorp J. H., Covich A. P., Eds), pp. 849-913,
Academic Press, San Diego, California, USA.

Forro L., KorovcHinsky N. M., Kotov A. A., PETRUsEK A. 2008. Global diversity of cladocerans
(Cladocera, Crustacea) in freshwater. Hydrobiologia 595: 177-184.

GrabpysHev M. J., TEmerova T. A., DuBovskaya O. P., KoLmakov V. J., Ivanova E. A. 1999. Selec-
tive grazing on Cryptomonas by Ceriodaphnia quadrangula fed a natural phytoplankton as-
semblage. Aquat. Ecol. 33: 347-353.

Griwicz Z. M., Boavipa M. J. 1996. Clutch-size and body-size at first reproduction in Daphnia
pulicaria at different levels of food and predation. J. Plankton Res. 18: 863—880.

Havens K. E. 1991. Summer zooplankton dynamics in the limnetic and littoral zones of a humic
acid lake. Hydrobiologia 215: 21-29.

Heck K. L. Jr., OrTH R. J. 1980. Seagrass habitats: the roles of habitat complexity, competing, and
predation in structuring associated fish and motile macroinvertebrate assemblages. In: Estua-
rine perspectives (Kennepy V. S., Ed), pp. 449464, Academic Press, New York.

JepPPESEN E., JENSEN J. P., SONDEGAARD M., LAURIDSEN T., PEDERSEN L. J., JENSEN L. 1997. Top-down
control in freshwater lakes, the role of nutrient state, submerged macrophytes and water depth.
Hydrobiologia 342/343: 151-164.

JEPPESEN E., SONDERGAARD M., SONDERGAARD M, CHRISTOFFERSEN K., JURGENS K., THEIL-NIELSEN J.,
ScHLUTER L. 2002. Cascading trophic interactions in the littoral zone: an enclosure experiment
in shallow Lake Stigsholm, Denmark. Arch. Hydrobiol. 153: 533-555.



58 M. Adamczuk

Karpes S. H., SinscH U. 2005. Tolerance of Ceriodaphnia quadrangula and Diaphanosoma brach-
yurum (Crustacea: Cladocera) to experimental soft water acidification. Hydrobiologia 534:
109-115.

Koroveumsky N. M. 2000. Species richness of pelagic Cladocera of large lakes in the eastern hemi-
sphere. Hydrobiologia 434: 41-54.

Korronal J., MATYAs K., RanLoviTs G., Tatral J., Kovacs N. 1997. The effect of different fish
communities on the cladoceran plankton assemblages of the Kis-Balaton reservoir, Hungary.
Hydrobiologia 360: 211-221.

Lauripsen T., Buenk 1. 1996. Diel changes in the horizontal distribution of zooplankton in the lit-
toral zone of two shallow eutrophic lakes. Arch. Hydrobiol. 137: 161-176.

LauripseN T., PEDERSEN C. J., JEPPESEN E., SONERGAARD M. 1996. The importance of macrophyte
bed size for cladoceran composition and horizontal migration in a shallow lake. J. Plankton
Res. 18: 2283-2294.

Lauripsen T. L., JeppESEN E., MitcHELL S. F., LobGe D. M. 1999. Diel variation in horizontal distri-
bution of Daphnia and Ceriodaphnia in oligotrophic and mesotrophic lakes with contrasting
fish densities. Hydrobiologia 408/409: 241-250.

Lmva S. L., DL L. M. 1990. Behavioural decisions made under the risk of predation: a review and
prospectus. Can. J. Zool. 68: 619—-640.

Ly~ncH M. 1992. The life history consequences of resource depression in Ceriodaphnia quadran-
gula and Daphnia ambigua. Ecology 73: 1620-1629.

Nei W. E. 1975. Experimental studies of microcrustacean competition, community composition
and efficiency of resource utilization. Ecology 56: 809-826.

NurRMINEN L., HorppiLa J. 2002. A diurnal study on the distribution of filter-feeding zooplankton:
Effect of emergent macrophytes, pH and lake trophy. Aquat. Sci. 64: 198-206.

NURMINEN L., HorppiLA J., TALLBERG P. 2001. Seasonal development of the cladoceran assemblage
in a turbid lake: the role of emergent macrophytes. Arch. Hydrobiol. 151: 127-140.

Romare P., Hansson L.-A. 2003. A behavioral cascade: Top-predator induced behavioral shifts in
planktivorous fish and zooplankton. Limnol. Oceanogr. 48: 1956-1964.

Savat S., ErRpoGan O. 2006. The effect of food (Scenedesmus acuminatus (von Lagerheim) R. H.
Chodat) densities and temperature on the population growth of the cladoceran Ceriodaphnia
quadrangula (O. F. Miiller, 1785). J. Fish. Aquat. Sci. 23: 113-116.

ScHoenER T. W. 1974. Resource partitioning in ecological communities. Science 185: 27-39.

ScHRIVER P., BaGSTRAND J., JEPPESEN E., SONDERGAARD M. 1995. Impact of submerged macrophytes
on fish-zooplankton-phytoplankton interactions: large scale enclosure experiments in a shal-
low eutrophic lake. Freshwater Biol. 33: 255-270.

SmyLy W. J. P. 1974. Vertical distribution and abundance of Ceriodaphnia quadrangula (O. F.
Miiller) (Crustacea, Cladocera). Freshwater Biol. 4: 257-266.

SmyLy W. J. P., VErA G., CoLLiNs G. 1975. The influence of microbial food sources and aeration on
the growth of Ceriodaphnia quadrangula (O. F. Miiller, 1785) (Crustacea: Cladocera) under
experimental conditions. Freshwater Biol. 5: 251-256.

StiBor H., LamPERT W. 1993. Estimating the size at maturity in field populations of Daphnia
(Cladocera). Freshwater Biology 30: 433-438.

TessiEr A. J., HEnry L. L., GouLpen C. E., Duranp M. W. 1983. Starvation in Daphnia: energy
reserves and reproductive allocation. Limnol. Oceanogr. 28: 667—-676.

WaLsenG B., Hessen D. O., HALVORSEN G., SHARTAU A. K. 2006. Major contribution from littoral
crustaceans to zooplankton species richness in lakes. Limnol. Oceanogr. 51: 2600-2606.

WETZEL R. G. 1983. Limnology, 2™ edn. W. B. Sauders College, Philadelphia.





