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Abstract 

Development of bacterioplankton was studied by manipulation of planktivorous fish and/or nutrients 
in experimental enclosures in a fish pond. Grazing pressure exerted by large zooplankton (Daphnia 
galeata and Daphnia pulicaria) strongly influenced the counts and size distribution of bacterial popula- 
tions. Morphometric analyses by scanning electron microscope revealed a shift in size distribution from 
larger mainly rod-type bacteria under low grazing pressure towards smaller mainly coccus-type under 
strong grazing pressure. The metabolic activity of bacteria measured as glucose uptake was higher under 
strong grazing pressure. After removal of large daphnids, the increase in bacterial density was proba- 
bly the result of two additive factors: low grazing pressure and high level of dissolved organic matter 
(DOM) due to photosynthetic activity of more abundant algae. Composition of bacterial populations 
shifted toward larger, rod-type bacteria, and their metabolic efficiency measured by uptake, was lowered. 
The basic dimensionality of the system and interactions between variables was describe by R-mode factor 
analysis. The manipulated enclosures were relate with factor score. 

Introduction 

Planktonic heterotrophic bacteria process more 
than half of the organic carbon produced in 
aquatic system. Because they are the only popu- 
lations control the movement of the major part of 
organic matter and capable of significantly alter- 
ing both DOM and POM, their recycling pro- 
cesses affect composition and trophic interactions 
in plankton systems (Overbeck et al., 1990). The 
new concepts on the connections between micro- 

bial loop and classical food chain are presented 
by Porter et al. (1988). 

Grazing activity by daphnids is an important 
factor influencing the size and quality of bacterial 
populations and has been well documented (Ri- 
emann, 1985; Lampert et al., 1986; Pace et al., 
1990 and others). The filtering apparatus of many 
Cladocera is morphologically equipped to retain 
even small bacteria (Brendelberger, 1985; De- 
Mott, 1985) and the fine filtering structures of 
Daphnia galeata are responsible for considerable 
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bacterial losses during clearwater phase (Geller & 
Mtiller, 198 1; Lampert et al., 1986). If large daph- 
nids are reduced or eliminated by fish predation, 
protozoa quickly take over the control of bacte- 
rial populations (Riemann, 1985). The pelagic 
food webs are more complicated because bacte- 
ria can be grazed by protozoans and metazoans, 
including mixotrophic algae, heterotrophic flagel- 
lates, ciliates and zooplankton (Pace, 1988; Mc- 
Manus & Fuhrmann, 1988). The plankton system 
is very variable in time and its structure is a re- 
sult of interactions between all components at 
each trophic level. The fate of bacterial produc- 
tion is dependent on consumers-daphnids and 
flagellates (and other loss factors, for example 
lysis by viruses). Direct predation on bacteria by 
daphnids can transferred a significant fraction of 
bacterial carbon up the food web. 

On the other hand, bacterial populations are 
connected by positive interactions with phy- 
toplankton. A close coupling between algae and 
bacteria has generally been found during the pe- 
riod of an algal bloom (Riemann et al., 1982; 
Billen & Fontigny, 1987; Garnier & Benest, 1990; 
Overbeck et al., 1990). Close interactions between 
bacteria and algae did not appear so clearly dur- 
ing the course of a seasonal cycle, probably be- 
cause sources of dissolved organic matter are 
multiple and cannot be distinguished from each 
other (Pedro+Alio & Brock, 1983; Simon & 
Tilzer, 1987). Phytoplankton excretion or algal 
decay may be an important source of dissolved 
organic matter (DOM): results have shown that 
extracellular organic matter originated from algae 
can sustain the major part (32-99%) of bacterial 
activity (Ssndergaard et al., 1985; Overbeck et al., 
1990). 

Here, we report the effects of the fish stocks 
and concentrations of nutrients on natural plank- 
ton communities in experimental enclosures. Our 
purpose was to assess the fate of the bacterial 
component under different densities of Daphnia 
and algae in a eutrophic pond. The experiment 
was run for several months (June-October) and 
included the whole water column from the surface 
to the bottom to allow undisturbed movement of 
migrating plankters. 

Materials and methods 

The study site 

Experiments were carried out during the period 
June-October 1985 in a shallow, eutrophic pond, 
Velkjr Palenec, situated in southwest Bohemia 
100 km from Prague, Czech Republic. Pond 
Velkjr Palenec has been under limnological inves- 
tigation over the last 40 years. Its basic limnolog- 
ical characteristics are given in Table 1. 

Table 1. Limnological characteristics of the pond Velk$ Ptie- 
net from last 20-years period May-October. 

Parameter Number/Range 

Surface area 
Maximum depth 
Mean depth 
Water temperature 
Oxygen 
PH 
Transparency 
Phosphate PO,-P (reactive) 
Phosphate PO,-P (non-reactive) 
Total phosphorus (soluble + 

particulate) 
Nitrate nitrogen 
Ammonia nitrogen (NH,-N) 
Chlorophyll-a 
Phytoplankton biomass 
BOD, 
BOD, 
Bacterial direct counts 
Bacterial cell biovolume 
CFU-mesophilic bacteria 

(Beef-pepton Agar, 20 “C) 
CFU-coliform bacteria 

(Endo-Agar, 37 “C) 
CFU-fecal streptococci 

(Slanetz-Bartley Agar, 37 “C) 
Uptake of “C-glucose 

V max 
V,,, specific 

31.0 ha 
3.3 m 
1.4 m 
lo-24 “C 
O.l-15mgO,l-’ 
7.5-10 
0.4-3.2 m 
1-7OOfLgPI~’ 
lo-6OngPI-’ 
30-300 pg 1~ ’ 

Undetectable levels 
1-1000~g1-’ 
1-179ngI-’ 
0.130-22.942 mm3 1-r 
l.O-1.5mgO,l-’ 
3.1-9.1 mgO,l-’ 
1.27-5.24 x lo6 cells ml- r 
0.180-0.320 pm3 
12-3100 cells ml ’ 

O-200 cells ml- ’ 

O-10 cells ml- I 

0.50-4.20 pg glucose l- ’ h- ’ 
0.16-2.23 /~g glucose h 1 

for lo9 cells 
Zooplankton numbers total O-568 ind 1-l 

numbers large daphnids O-261 ind I- r 
(> 850 pm size) 

Zooplankton dry biomass total o-5.1 g1-’ 
dry biomass large o-3.2g1-’ 

daphnids 
Fish production (Cyprinus carpio) 600-900 kg ha ’ y - ’ 

(1978-1984) 
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Experimental design 

Enclosures were used to manipulate fish preda- 
tion and concentration of nutrients. Four circular 
plastic enclosures (diameter 10 m, depth 1.5 m 
and approximate volume 110 m3) were con- 
structed from polyethylene sheet anchored at the 
bottom and floating on the surface through the 
collar filled by Styrofoam. Walls were fastened to 
the poles to ensure a rigid circular shape. Natu- 
ral bottom was a normal part of experimental 
enclosures. 

The enclosures were manipulated in duplicates 
by additions of nutrients and fish. One enclosure 
was unmanipulated control, 2 contained fish Cyp- 
rinus carpio (600 small fish, 10 cm length), 2 en- 
closures contained nutrients (4 g Pm- ‘). This ar- 
rangement enable to us to follow simple effect of 
one factor fish/nutrients or conjoint effect both 
factors. Fish and nutrients were added one month 
after the beginning of the experiment and the 
whole experimental period was four months 
(June-October) and covered completely summer 
period. 

Changes in abiotic conditions, nutrients (phos- 
phorus, nitrogen), phytoplankton, zooplankton, 
bacterioplankton and benthos were followed with 
sampling frequency not exceeding 14 days. 

Sampling 

Water temperature (measured by thermometer at 
10 cm below surface), transparency (as Secchi 
depth), dissolved oxygen and pH (measured using 
Orion oxygen electrode) and major nutrients (N, 
P) were measured at 1-2-day intervals. Water 
samples were taken 10 cm below surface. Param- 
eters of bacterioplankton (direct counts, glucose 
uptake, morphometric analysis of cells, BOD, 
and BOD,) were assayed every fourteen days or 
less and were determining using standards meth- 
ods as in the protocol of MarkoSova et al. (1990). 
Data on chlorophyll-a, phytoplankton biomass 
(by measuring biovolume) and zooplankton bio- 
mass (as dry weight) were obtained from Stuch- 
likova (unpublished data), Prchalova (unpub- 
lished data) and Byte1 (1986) respectively. 

Sterile samples for bacteria were taken from 
0.1 m depth into sterile 100 ml flasks with wire 
holders. Non-sterile samples and samples for 
other analyses were collected with 2-liter 
Friedinger bottle from 0.1 m depth. Bacteriolog- 
ical samples were transported within 20 minutes 
in cool boxes ( + 4 “C) to the field laboratory. 

Biochemical oxygen demand (BOD) 

Water samples were filtered through 40 pm size 
sieves and saturated bubbling by air for 1 hour at 
20 “C. Two 250 ml bottles were filled with water 
and incubated for 1 and 5 days in dark at 20 “C. 
Concentration of oxygen was measured using an 
Orion oxygen electrode. Calculation and other 
details follow MarkoSova et al. (1990). 

Bacterial direct counts 

For direct microscopic counts, samples were fixed 
with 3 y0 formaldehyde. 2-5 ml sample were fil- 
tered through a membrane filter with 0.1-0.3 pm 
pore size (Synpor 7, Synthesia, Czech Republic), 
stained with erythrosine, and dried and cleared 
with immersion oil. Two replicate filters were 
counted for each sample. The results are ex- 
pressed as cells per ml (details in MarkoSova 
et al., 1990). 

Glucose uptake 

Glucose uptake by bacteria was measured using 
the method of Hobbie & Wright (1965). The sam- 
ples were filtered through 40 pm mesh size sieves 
to remove large organisms and particles. [ U-14C] 
glucose (UVVR, Czech Republic, sp. act. 
0.1 mCi/mg) was added in ten concentrations 
(lo-75 pg l- ‘). Each concentration was prepared 
in triplicate. One bottle was fixed immediately 
with Lugol’s solution (blank value); two others 
were incubated at the in situ temperature for 0.5- 
2 h depending on the season, fixed with Lugol’s 
solution and filtered through membrane filters. 
After the filters were washed and dried, radioac- 
tivity was measured by liquid scintillation. 
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Fig. 1, Temperature (average values) and transparency for 
enclosure l-4 and pond Velkji Paenec during experimental 
period June-October 1985. Arrow indicate onset of manipu- 
lation. 

Morphometric analyses on scanning electron 
microscope (SEM) 

Bacterial cell dimensions and biovolume were 
measured on SEM using microcomputer system 
(Krambeck et al., 1981) which assists cell size 
measurements on images from scanning electron 
micrograph negatives They were projected on 
digitizer field, bacterial length and width were 
marked by a cursor. A special dialogue program 
organized and calculated biovolume of cells. The 
samples were analyzed at the MaxPlanck Insti- 
tute of Limnology, P&n, Germany. 

Data analysis 

Data analysis was performed with the Statgraph- 
its software version 4.2. The data have multivari- 
ate character and show strong time dependency. 
For the study of their inter-relations we started 
from the correlation matrix and further employed 
the method of factor analysis which creates a 
minimum number of new variables (factors) 
which are linear combinations of the original ones 
such that the new variables contain practically the 
same amount of information. For a description of 
factor analysis, see AfX & Azen (1979) or 
Joreskog et al. (1976). 

Results 

Initial conditions in the system 

At the beginning of the experiment (13 June 1985) 
all enclosures contained the same initial plankton 
community. 

Every enclosure was monitoring separately and 
the average data were; Temperature was 15 “C 
and transparency was 60-120 cm. Density of 
bacterioplankton was 2.8-3.2 x lo6 cells ml- ’ 
and metabolic activity of bacteria (measured as 
glucose uptake) were in the range for V,,, 1.4- 
3.0 pg glucose l- ’ h - ‘. Bacterial populations 
were comprised mostly rod-type cells. BOD value 
were 1.4 mg 0, l- ’ (1 day) and 3.2 mg O2 l- ’ (5 
days). Chlorophyll-u concentration was 18 pg 
1 - ‘. The phytoplankton was dominated by Oo- 
cystis marsonii and phytoplankton biomass was 
4.5-7.9 mm3 l- ‘. Zooplankton was composed of 
Daphnia galeata with density 135 ind l- ’ and bio- 
mass 2.37 g l- ‘. 

Experimental conditions in the system 

Temperature in the enclosures tracked the values 
in surrounding pond (Fig. 1). During the experi- 
mental period temperature fluctuated in the range 
of 15-26 “C. 

Oxygen concentration fluctuated over the range 
of 4.5-15 mg O2 l- ’ with the exception of unma- 
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nipulated enclosure 1, where concentration of ox- 
ygen varied between l-5 mg 0, 1 - ‘. 

Transparency, measured by the Secchi disk 
reading (Fig. 1) ranged from 40-> 160 cm (bot- 
tom). The higher values developed in enclosure 1 
(control) which had very high transparency from 
mid July through October. 

Concentrations of nutrients (PO,, NH, and 
NO,) followed the seasonal pattern typical for 
the locality (Table 1). 

Biochemical oxygen demand (BOD) 

The lowest values of BOD,-labile fraction of 
DOM (Fig. 2) were found in the control system 
(enclosure 1). It corresponded with a very low 
density of phytoplankton (Fig. 4). The ‘back- 
ground’ system pond Velky Palenec had the sec- 
ond lowest value but in the range of the values 
determined in the long-term observations (Ta- 
ble 1). The strongest effect of manipulated param- 
eters on BOD, were in enclosure 2 and 4 (Fig. 2), 
in correlation with the highest concentration of 
chlorophyll-a (Fig. 4). 

The control system (enclosure 1) and ‘back- 
ground’ pond Velky Palenec (Fig. 2) had BOD, 
values (more resistant fraction of DOM) in the 
range typical for the locality (Table 1). Adding 
nutrients (enclosure 3) had a positive effect on 
BOD,: its concentration increased from 3 to 6 mg 
O2 1~ ’ (Fig. 2). This level was maintained till the 
end of the experiment. In the enclosure 2 and 4, 
the presence of the fish stock had the strongest 
effect on the concentration BOD,; addition of 
nutrient to enclosure 4 had negligible effect. The 
removal of large daphnids was followed by a fast 
development of phytoplankton (Fig. 4) which 
probably enriched the system with extracellular 
organic matter from photosynthetic process. 

Bacterial density 

The density and composition of bacterial popu- 
lations were dependent on the character of food 
web present in the enclosures. 

In the first group (enclosures 1 and 3) low fish 
stock caused development of the population large 

daphnids, especially Daphnia galeatu (Fig. 5). 
This kept bacterial assemblages on a low level 
(1.4-2.5 x lo6 cells ml- ‘) without significant os- 
cillations. Situation in the ‘background’ system 
pond VelkE Palenec was very similar to these 
enclosures. Bacterial direct counts were (l.l- 
2.4 x lo6 cells ml- ‘) in the year-round range (Ta- 
ble 1). 

In the second group (enclosures 2 and 4) high 
fish stock resulted in low density of Daphnia gale- 
ata (Fig. 5). Absence of large daphnids enabled 
development of phytoplankton up to biomass 
13.8 mm3 l- i (enclosure 2) and 8.2 mm3 l- ’ (en- 
closure 4). Bacterial direct counts increased very 

BOD , 
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- CONT + FISH - NUTR -8 FI*NU --it POND 

Fig. 2. Biochemical Oxygen Demand (BOD) measured as 
BOD, and BOD, for enclosure l-4 and pond Velky Pglenec. 
Arrows indicate onset of manipulation. 
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Fig. 3. Bacterial direct counts and t4C-glucose uptake ex- 
pressed as V,,, for enclosure l-4 and pond Velky Paienec. 
Arrows indicate onset of manipulation. 

rapidly from 0.5-1.5 x 106cells ml-’ to 6.1- 
7.0 x lo6 cells ml- ’ (Fig. 3). 

Glucose uptake 

In manipulated systems of enclosures 1 and 3 (low 
fish stock) the highest values of glucose uptake 
were observed (Fig. 3). Under high density of 
large daphnids (Duphnia galeata) glucose uptake 
increased from V,,, 1.37 to 4.2pg glucose 1-l 
h-‘. 

stock) containing low density of daphnids 
(Fig. 3), where the lowest metabolic activity of 
glucose uptake (1.4 pg glucose 1 - ’ h - ‘) was re- 
corded. Weak grazing pressure by large daphnids 
and high density of phytoplankton (Fig. 4) in co- 
incidence with high concentration of BOD 
(Fig. 2) resulted in bacterial populations (espe- 
cially in enclosure 2) with low metabolic activity 
(1.4-1.8 pg glucose I-’ h-l). 

Morphometric analysis of bacterial cells 

A different development pattern was observed Mean cell volume under conditions of high den- 
in the second group (enclosures 2 and 4, high fish sity of daphnids and low density of phytoplank- 

Chlorophyll-a 

Zooplankton biomass 
large daphnids )850 pm 

g/l 
3.5, I I 1 

Aw Sep Ott 
- CONT - FISH -NUTR -FI*NU 1 

Fig. 4. Chlorophyll-u concentration (Z. Stuchlikova data) in 
enclosures l-4 and pond Velky Palenec. Zooplankton biom- 
ass of large daphnids > 850 pm (J. Byte1 data) in enclosures 
l-4. Arrows indicate onset of manipulation. 
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ton (enclosures 1 and 3) had the lowest value 
from 0.10-0.15 ,um3 cell- ’ (Fig. 6). Mean bacte- 
rial cell volumes were lower in these enclosures 
than in the pond Velky Pglenec (up to 0.17 pm3 
cell- ‘). In the enclosures 2 and 4, without large 
daphnids and with dense phytoplankton (Fig. 5), 
the mean cell volume increased to the value 
0.25 pm3 cell-’ (Fig. 6). 

In the enclosures 1 and 3 with strong grazing 
pressure by Duphniu gakata 81% (enclosure 1) 
and 67 7, (enclosure 3) of the bacterial population 
were represented by cocci. On the other hand, 
only 10 y0 (enclosure 4) and 27 y0 (enclosure 2) of 
bacterial population were present as coccus and 
most cells were in form of rods. 

Results of statistical analysis 

Using Statgraphics software we calculated cor- 
relation coefficients for bacterial direct counts 
(BAC), bacterial glucose uptake (BAG), large 
daphnids (DAPH), biovolume of phytoplankton 
(PHYTO), chlorophyll-a (CHLA), dissolved or- 
ganic matter-labile (BOD,) and dissolved organic 
matter-more resistant (BOD,). We analyzed 
every enclosure separately and ail enclosure to- 
gether as one system. 

Starting from the correlation matrix in Table 2 
the factor analysis was performed. The results of 
the factor analysis were following: the first two 
principal components accounted for 95% of the 
variance examined and thus two factors were 
judged to be sufficient to form an adequate model 
of the problem. These factors were rotated by the 
varimax method. Table 3 shows rotated factor 
loadings as well as the communalities of the var- 
iables. The communalities give a part of the var- 
iance of a variable which is explained by the 
model. 

Factor loadings give the correlation coefficients 
between factors and a variables. In a rather sim- 
plified form we can say that the first factor in- 
cludes the variables BAC, PHYTO, CHLA, 
BOD,, BOD, and the second factor is composed 
mainly from the variables DAPH and BAG. A 
graph of the variables in relation to factor axes is 
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a convenient way of illustrating the relationships 
between variables. Figure 9 shows such a plot for 
the rotated factor loadings. 

The factor scores provides the information 
about the time distribution of the factor values. 
The plots of the factor scores corresponding to 
the first or the second factor are in Figs 7 and 8, 
respectively. 

Discussion 

Experimental system with high densities of Daphnia 

Unmanipulated experimental system (enclo- 
sure 1) by excluding fish resulted in an extended 
clearwater phase. A period of clearwater was very 
probably caused by mass developments of Daph- 
nia and is common in many meso- and eutrophic 
lakes (Lampert, 1985; Sommer et al., 1986; 
Lampert et al., 1986). In this system a clearwater 
phase was observed from the beginning of August 
until the end of October (Fig. 1). Absence of fish 
predation allowed development of high densities 
of large daphnids (up to densities 196 ind 1 - ’ and 
biomass 3.5 g l- ‘, Fig. 4) and consequently a 
drastic reduction of phytoplankton (Fig. 5). This 
situation is typical in low-stock fish ponds (Fott 
et al., 1980). Spring zooplankton peaks coinci- 
dent with the period of clearwater as a direct 
consequence of grazing were also observed in 
Lake Schdsee (Sommer et al., 1986; Lampert 
et al., 1986). Concentration of dissolved organic 
matter (BOD,) in enclosure 1, (Fig. 2) was very 
low in coincidence with the low concentration of 
chlorophyll-a (Fig. 4) and bacterial density was 
low too. Perhaps Daphnia strongly reduced bac- 
teria both; by direct consumption and by strongly 
depressing primary productivity, the major source 
of dissolved substrates. Both of these mechanis- 
mus are probably important in our experimental 
systems (Fig. 3). Some studies have shown that 
Daphnia and Metazoa in general, are relatively 
unimportant as bacterial consumers (Pace, 1988; 
McManus & Fuhrmann, 1988; Sanders et al., 
1989) or that Daphnia feeds on bacteria with a 
lower efficiency than it does on algae (Giide, 1988) 
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Table 2. Correlation matrix for the variables corresponding to enclosures l-4 together as one system. BAC-bacterial direct counts, 
BAG-bacterial glucose uptake, DAPH-large daphnids, PHYTO-biovolume of phytoplankton, CHLA-chlorophyll-a, BOD,- 
dissolved organic matter-labile, BOD,-dissolved organic mater-more resistant. 

Sample correlations 

BAC BAG DAPH PHYTO CHLA BOD, 

BAC - 0.142 - 0.433 0.484 0.660 0.594 
(40) (40) (40) (40) (40) 

0.383 0.005 0.002 0.000 0.000 

BAG - 0.142 0.567 - 0.442 - 0.299 - 0.194 
(40) (40) (40) (40) (40) 

0.383 0.000 0.004 0.061 0.229 

DAPH - 0.433 0.567 - 0.567 - 0.545 - 0.460 
(40) (40) (40) (40) (40) 

0.005 0.000 0.000 0.000 0.003 

PHYTO 0.484 - 0.442 - 0.576 0.763 0.632 
(40) (40) (40) (40) (40) 

0.001 0.004 0.000 0.000 0.000 

CHLA 0.660 - 0.299 - 0.545 0.763 0.654 
(40) (40) (40) (40) (40) 

0.000 0.061 0.000 0.000 0.00 

BOD, 0.594 - 0.194 - 0.460 0.632 0.654 
(40) (40) (40) (40) (40) 

0.000 0.229 0.003 0.000 0.000 

BOD, 0.567 0.029 - 0.373 0.634 0.657 0.865 
(40) (40) (40) (40) (40) (40) 

0.000 0.858 0.18 0.000 0.000 0.000 

Coefficient (sample size) significance level. 

Table 3. Varimax rotated factor loadings and estimated com- 
munality of variables. BAC-bacterial direct counts, BAG- 
bacterial glucose uptake, DAPH-large daphnids, PHYTO- 
biovolume of phytoplankton, CHLA-chlorophyll-a, BOD,- 
dissolved organic matter-labile, BOD,-dissolved organic 
matter-more resistant. 

Variable Factor loadings 

Factor 1 Factor 2 

Estimated 
communality 

BAC 0.653 - 0.226 0.478 
BAG - 0.004 0.779 0.607 
DAPH - 0.384 0.650 0.570 
PHYTO 0.645 - 0.543 0.711 
CHLA 0.735 - 0.423 0.720 
BOD, 0.867 - 0.185 0.786 
BOD, 0.935 0.008 0.874 

and bacteria alone are a poor food for Duphnia 
(Pace et al., 1983). Our data show that Daphnia 
galeata and Daphnia pulicaria grazed effectively 
on bacteria and strongly reduced bacterial pop- 
ulations (Fig. 5); correlation coefficient between 
large daphnids biomass and bacterial direct 
counts (for all enclosure together) was -0.433 (Ta- 
ble 2). 

Grazing pressure by daphnids resulted in in- 
creasing metabolic activity of bacteria (Fig. 6): 
correlation coefficient between large daphnids 
and glucose uptake (for enclosures 1 and 3 with 
low fish predation) was + 0.675. Zooplankton- 
induced stimulation of bacterial activity was de- 
scribed also by Riemann et al. (1986) and Simon 
& Tilzer (1987). Under strong grazing press by 
large daphnids, filamentous and rod-type bacte- 
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Fig. 7. Development of the first factor score in time (June-October) for experimental systems (enclosure l-4). Arrow indicate 
onset of manipulation. 

ria were preferentially removed with a concomi- 
tant decrease of mean bacterial cell volume to the 
lowest value 0.10 pm3 (Fig. 6); bacterial popula- 
tion was composed predominantly from the cocci 
(up to 80% population, Fig. 6). Similar shift in 
bacterial morphology structure was observed by 
Simon (1987), Gtide (1979) and Gtide (1988); 
from inhomogenous composition towards well 
distributed small cells of the coccus-type. 

The situation in enclosure 3 was similar to that 
in enclosure 1 with exception that adding nutri- 
ents and lower density of daphnids allowed bet- 
ter development of algae (Fig. 5). In experimen- 
tal or natural systems, however, where dense 
population of daphnids develop, they can con- 
sume a substantial portion of the bacterial pro- 
duction as noted during seasonal maximum of 

Duphniu in several lakes (Pedros-Al% & Brock, 
1983; Lampert et al., 1986) and in enclosure ex- 
periment with high density of Duphniu (Riemann, 
1985). High densities of D. longispina (5-326 ind 
I - ‘) could graze 3-48% of bacterial biomass 
daily (Kankaala, 1988). Grazing pressure by 
daphnids can resulted in modeling time-structure 
of bacterial production. 

Experimental systems with low densities of 
Daphnia 

In the system with high fish predation (enclo- 
sures 2 and 4) the zooplankton density drastically 
decreased (Fig. 4) and its biomass approached 
nearly zero (Fig. 5). Removing large daphnids 
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Fig. 8. Development of the second factor score in time (June-October) for experimental systems (enclosure l-4). Arrow indicate 
onset of manipulation. 

(Daphnia galeata and Daphnia pulicaria) allowed 
undisturbed development of phytoplankton with 
chlorophyll-a values as high as to 115 pg l- ‘. 
Phytoplankton was identified as important con- 
tributor to the concentration of DOM pool in 
eutrophic ecosystems (Garnier & Benest, 1990, 
MarkoSova et al., 1990); this paper contributes 
further evidence to support this idea (Fig. 2). 
Highest values of BOD were observed in the en- 
closures 2 and 4. The coefficient of correlation 
between chlorophyll-u and BOD, for all enclo- 
sure systems was + 0.657 (Table 2). Absence of 
large daphnids in these systems resulted in fast 
increasing density of bacteria (Fig. 3). The exper- 
imental design with low density of Daphnia of- 
fered excellent conditions for development of 

bacteria (Fig. 3) supporting them by substrates 
and protecting them from grazing pressure of large 
daphnids (Fig. 4). Prokaryotic cells were proba- 
bly well supported by sufficient concentration of 
DOM in the surroundings (coefficient of correla- 
tion for direct counts and BOD, was + 0.828), 
therefore their cellular metabolism switched to 
lower efficiency, activity was 1.4-1.8 pg glucose 
l- ’ h 1 and coefficient of correlation for BAG 
and BOD, was -0.883. Mean cell volume 
reached the highest values up to 0.250 pm3 and 
bacterial populations were composed predomi- 
nantly of rods (Fig. 6). Similar, Pedros-Alio & 
Brock (1983) suggested that bacteria tended to be 
longer in eutrophic conditions. 
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biovolume of phytoplankton, CHLA-chlorophyll-a). 

Conclusions ‘break the microbial loop and directly consume 
both algae and a broad spectrum of heterotrophic 

As we can conclude from the experimental sys- microbes (Porter et al., 1979). Therefore the flow 
terns microbial food webs may differ between sys- of carbon to higher trophic levels will be greater 
terns with and without abundant populations of in systems with Daphnia, and lower in the systems 
large Daphnia, which is in a good agreement with without Daphnia (Pace et al., 1990). The density 
results of Stockner & Porter (1988). Daphnia, be- of large daphnids controls the movement and di- 
cause of their broad feeding abilities, are able to rection of energy in the systems and influences the 
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manner in what bacterial and algal carbon enter 
the food web. Biological interaction between zoo- 
phyto- and bacteria components seem to be im- 
portant in creating the structure of food webs in 
plankton ecosystems. 

Simpl~jikd mathematical model of the experimental 
systems 

The results of the factor analysis enable a simpli- 
fied description of the study systems. We con- 
cluded that the basic dimensionality of the prob- 
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lem can be seen as two and only two new 
variables-factor and can be used for a good de- 
scription of the model. As a complement of Ta- 
ble 3, Fig. 9 shows the relationships between var- 
iables and the two factors. The biological meaning 
of the first and second factor is related to the two 
processes; phytoplankton control and Duphniu 
control. First factor (F-l) is composed from 
PHYTO, CHLA, BOD,, BOD, and BAC. Pa- 
rameters BOD, and BOD, have very similar cor- 
relation structure, what is in good agreement with 
their biological interpretation. BAC and CHLA 
have near their correlation structure in agreement 
with the ecological interpretation; algae produce 
extracellular DOM and bacteria take up and 
grow. Second factor (F-2) is composed of two 
parameters with similar factoral weight and cor- 
relation structure DAPH and BAG. Ecological 
implication is that grazing pressure by daphnids 
has positive effect on metabolic activity of bacte- 
ria. 

The plots of the factor scores of the two factors 
in question (Figs 7,8) convey the same amount of 
information as the seven corresponding time plots 
of the seven original variables BAC, BAG... An- 
alyzing Figs 7 and 8 we can conclude, that the 
pattern of the first factor score from ENC 2 is 
close to that from ENC 4 and partly from ENC 3. 
In the case of second factor score ENC 1 and 
ENC 3 had very similar pattern. 

In Fig. 10 the scores of the first versus second 
factor are plotted. For the simplicity the points 
are numbered so that the first cipher (1, 2, 3, 4) 
represents the number of enclosure, and the sec- 
ond cipher (0, 1...9) corresponds to the rank in 
time. The point related to the times after manip- 
ulation (second cipher from 4 to 9) are connected 
by dashed line. The full lines show the simplified 
character of the tendency of the separate enclo- 
sure to the return to the original state of ecosys- 
tem equilibrium. In this manner interesting clas- 
sification schema emerges. Note that the situation 
in the enclosure 1 can be characterized as chang- 
ing the second factor as well as the changes of the 
first factor determine the enclosure 2. The enclo- 
sures 3 and 4 lie between the two above men- 
tioned. 

In respect to the results we can conclude that 
the factor analysis should be an effective tool for 
biological data analysis. 
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