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ABSTRACT: Planktonic heliozoa were investigated at a mid-lake and an inshore station in Lake 
Constance (Germany) from April to November 1993. Integrated water samples were taken over 0 to 8 m 
and 8 to 20 m depth intervals at the deep mid-lake station and over 0 to 2 m depth at the shallow 
inshore station. Heliozoans were counted and identified to genus level in live samples. The following 
genera were identified: Actinophrys, Raphidocystis, Heterophrys, Chlarnydaster, Choanocystis, 
Raphidiophrys, and Pterocystis. Small heliozoans (10 to 20 pm, mainly Heterophrys and Choanocystis) 
generally dominated the con~n~uni ty  in terms of abundance. Large genera (Actinophrys, Raphidocystis) 
were, however, the major contributors to total biovolume. Total cell concentrations remained below 
detection limits from April to mid-June. Maxima of up to 6.6 ind. ml-' were observed in summer; 
smaller peaks occurred in autumn. Heliozoan cell numbers were significantly positively correlated w t h  
chlorophyll a concentration close to the surface. Negative trends were found in relation to potential 
heliozoan competitors or predators such as rotifers and crustacea. Community biovolumes of up  to 
60 mm3 m-3 were recorded in mid-summer The seasonal succession of the dominant genera was sirni- 
lar at  both stations. The vertical distribution of heliozoans, examined on 2 occasions in summer and 
autumn, was positively correlated with chlorophyll a and temperature. We further studied the horizon- 
tal distribution of heliozoans at 8 stations across the northwestern part of Lake Constance on one occa- 
sion in late summer. Cell numbers recorded varied by a factor of 2. In situ growth rates of heliozoans 
were measured in diffusion chambers after the exclusion of larger potential predators at  the mid-lake 
station on 2 occasions. Growth rates of distinct genera ranged from 0.06 to 0.59 d-l, community growth 
rates from 0 3 to 0.5 d.' Based on growth rates and biomasses, we calculated the potential heliozoan 
production Results suggest that during periods of their maximum abundance heliozoan community 
production is similar to average production estimates of ciliates and heterotrophic nanoflagellates. The 
seasonal mean heliozoan production is, however, equ~valent to only about 1 % of the combined ciliate 
and flagellate production. 

KEY MIORDS: Heliozoa Planktonic protozoa . Seasonal dynamics - Lake Constance 

INTRODUCTION 

Heliozoans have been known for more than 2 cen- 
turies; yet they have rarely been included in limnolog- 
ical studies. The first detailed account on the ecology 
of these sarcodines was given by Penard (1904). More 
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recently, Rainer (1968) described the preference and 
tolerance of 22 species in relation to environmental 
factors such as pH and temperature. Takahashi & Yi 
Ling (1980) examined the vertical distribution of Sti- 
cholonche zanclea in the Pacific Ocean. BerzinS & 
Stensdotter (1990) investigated the adequacy of differ- 
ent substrate types for rhizopods and some heliozoans. 
Until recently, the prevailing opinion was that helio- 
zoans prefer solid substrate surfaces like sediment and 
macrophytes (cf. Rainer 1968) or live attached to detri- 
tal particles (Laybourn-Parry et  al. 1991). Research 
conducted over the last 2 decades has revealed, how- 
ever, that heliozoans are also common in freshwater 
plankton, at times even in high numbers comparable to 
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those of other pelagic protozoa (reviewed by Arndt 
1993). 

In the large, prealpine Lake Constance, the micro- 
bial food web has been examined for more than 10 yr. 
Among protozoa, these studies have concentrated on 
the ecology of heterotrophic nanoflagellates (Gude 
1986, Weisse 1990, 1991, Jiirgens & Giide 1991) and 
ciliates (Muller 1989, Muller et al. 1991, Muller & 
Weisse 1994). In this paper, we extend the existing 
knowledge on the significance of pelagic protozoa by 
presenting the first quantitative data on heliozoa in 
Lake Constance. 

MATERIALS AND METHODS 

Lake Constance ('Bodensee') is a warm-monomictic 
prealpine lake with a surface area of 540 km2 and a 
maximum depth of 252 m (Geller & Gude 1989). The 
lake is thermally stratified from April through October. 
Its current trophic state is considered mesotrophic 
(Tilzer et al. 1991). Our study was conducted in Uber- 
linger See, a fjord-like basin with an area of 65 km2 
and maximum depth of 147 m, in the northwestern part 
of the lake (Fig. 1). 

Water samples were taken with a 2 m long water bot- 
tle at  weekly intervals from April to November 1993. 
Samples were integrated for 0 to 2 m depth at  a littoral 
station (M2, z = 2.2 m) and for 0 to 8 m and 8 to 20 m 
depth, respectively, at a mid-lake station ( M l ,  z = 
147 m). The latter station has been used as the routine 
sampling station by the Limnological Institute Con- 
stance since 1979 (e.g. Muller 1989, Tilzer et al. 1991, 
Weisse 1991, Sommer et al. 1993). Live samples of 1 to 
3 1 volume were concentrated by gra.vity filtration 
using a 10 pm plankton net. Aliquots corresponding to 

between 100 and 300 m1 of the original sample were 
examined in a settling chamber (2 m1 vol) by inverted 
microscopy using phase contrast. We checked the pre- 
cision and accuracy of this melliucl by splitting 1 sam- 
ple into 3 subsamples and counting each subsample 3 
times. The coefficient of variability (CV) of total cell 
numbers calculated according to Lozan (1992) was 7 "h 
at abundances ranging from 500 to 1000 heliozoans 1-'. 
The CV of the abundance of individual genera varied 
from 8.5% in the most numerous up to 86.5% in the 
rarest genus. 

Identification to the genus level followed the keys by 
Rainer (1968) and Page & Siemensma (1991). Live 
specimens were examined by phase contrast micro- 
scopy for different morphological criteria, especially 
size and  shape of skeletal elements. Cell size was mea- 
sured by a calibrated eyepiece micrometer. Biovolume 
was calculated assuming spherical cell bodies of the 
heliozoans. 

Parallel counts of total heliozoans, without discrimi- 
nation of genera, were performed in fixed samples for 
the entire series at the mid-lake station, depth interval 
0 to 8 m. An aliquot of 250 m1 was fixed with acid Lu- 
gol's iodine (final concentration 1 %), allowed to sedi- 
ment for 24 h and then concentrated to 100 m1 by gently 
removing the supernatant. Half of the remaining 100 m1 
was counted by inverted microscopy (Utermohl 1958). 
Generally, heliozoan numbers obtained from live 
counts were slightly higher than those determined in 
fixed samples. One maximum of very small heliozoans, 
however, could be detected only by the live counting 
procedure. These results will be reported in full detail 
elsewhere (U. Zimmermann & T. Weisse unpubl.). 

The vertical and horizontal distribution of planktonic 
heliozoans were investigated in fixed samples. Be- 
cause proper discrimination of genera was impossible 
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Fig. 1. Study area with sampling locations. 
(A) Uberlinger See with routine mid-lake 
station (Ml) and sampling stations of the 
case study on the horizontal distribution 
(H1 to Ha). (B) Obere Giill with routine l i t -  
toral station (M21 and location of in situ 

growth rate measurements (W) 
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Order Genus ('cl1 size Cell volume 
(1-lm1 (pm '1 

Actlnophry~da Actinophl-)/S (n  - 185) 41.9 r S.5 46979 + 28179 
Centrohelida Raphjdocystls (n  = 550) 25 0 t 5.0 9515 * 6153 
Centrohelida Raphid~ophrys (n  = 24) 18 8 r 2.9 3703 r 1591 
Centrohellda Heterophrys (n  = 2605) 15 6 r 1.0 2065 r 524 
Centrohellda Chlamydaster ( n  = 195) 14 2 * 2.1 1668 r 793 
Centrohellda Choanocystls ( n  = 526) 14.0 r 2.1 1599 r 730 
Centrohellda Pterocystis (n  = 79) 12 3 * 1.1 1053 r 277 

in fixed heliozoans we measured in Table 1 Hel~ozoan genera found In Lake Constance \wth thelr mean cell slze, 
those samples only total heliozoan mean cell volume and respective standard deviations. n number of indlv~duals 

number (vertical profiles) 01- abun- measured 

dance in 3 different size classes 
(<20 pm, 20-30 \pm, and >30 pm, hol-1- 
zontal distribution), respectively. Vei-ti- 
cal profiles were recorded at the 
pelagic station on August 17 and Octo- 
ber 12, 1993. Samples were taken from 
discrete depths (0, 2, 4, 6, 8,  10, 15, 20, 
25, 30, and 50 m) ,  and total numbers of 
heliozoans were counted by inverted 
mlcroscopy. The horizontal distribution 
of heliozoans was examined in fixed 
samples taken from the upper 8 m of 
the water column at 8 stations across Uberlinger See in 
early August (H1 to H8; Fig. 1).  The coefficient of vari- 
ability (CV) of total cell numbers in fixed samples, de- 
termined as given above for live samples, was 10 %. 

In situ growth experiments were performed at Stn W 
near the littoral station in summer and autumn. Water 
samples from 3 m depth were prefiltered through a 
140 pm mesh screen to exclude larger predators and 
then poured into diffusion chambers of 3.5 1 volun~e 
(Miiller & Weisse 1994). These were exposed at  3 m 
depth for 2 d .  A 10 pm mesh gauze was mounted at 2 
sides of the chamber to allow for the exchange of water 
and smaller plankton (algae, heterotrophic nanoflagel- 
lates) during the incubation period. Samples of 500 m1 
each were taken at the beginning and after 24 and 
48 h.  Growth rates of heliozoa (p,  d-l) were calculated 
from changes in log-transformed cell numbers and 
least-squares linear regression analysis. Generation 

ln 2 
times (G)  were calculated as G = -- . The resulting 

P 
growth rates were comb~ned with biomasses recorded 
at the mid-lake sampling location to estimate the 
potential production of pelagic heliozoans in Lake 
Constance. 

We compared the seasonal and spatial distribution of 
heliozoan numbers to chlorophyll a concentration and 
to numbers of ciliates, rotifers and crustaceans. Those 
data were obtained with standard methods by various F - 
researchers of the Limnological Institute Constance in 
parallel to the present investigation. S 

W 
5 

ria were most important for taxonon~ic identification. 
Actinophrys: large cell size, central nucleus, absence 
of skeletal elements, large peripheral contractile vac- 
uole. Raphidocystis: 2 different types of spicules (tubu- 
lar and cup-shaped), and scales. Raphidiophrys: 
curved, spindle-shaped scales loosely attached to cell 
body and basal part of axopods. Heterophrys: thick 
gelatinous coat in which needle shaped spicules were 
embedded. Chlamydaster: gelatinous coat, no skeletal 
elements. Choanocystis: scales and short, slightly 
curved spicules. Pterocystis: very small cell size, scales 
and long tubular spicules. 

The seasonal course of total heliozoan abundance 
was similar at  both stations (Fig. 2) .  In April and May, 
total abundance of heliozoa was too low (i 3 ind. 1 - l )  to 
be detected by our sampling technique. Heliozoans 
were first recorded in mid-June at the end of the 'clear- 
water' phase, a regular phenomenon occurring in Lake 
Constance at the end of spring which is caused by 
grazing zooplankton (mainly Daphnia) (Lampert 1978). 
Within 2 or 3 wk cell numbers increased rapidly up to 
a first maximum of 5.7 heliozoans m l '  at the mid-lake 
station ( M l )  and 5.5 heliozoans ml-' at the littoral sta- 

RESULTS 

Seasonal dynamics of community composition, 
abundance, and biovolume 

We found 7 heliozoan genera in Lake Constance 
during the study period as listed in Table 1 together 
with cell dimensions. The following morphologic crite- 

Mid-lake station Littoral station 

A M J J A S O N D  A M J J A S O N D  

Fig. 2. Seasonal course of heliozoan abundance.  Left: Mid- 
lake station ( M l )  0 to 8 m (solid line) and 8 to 20 m (dotted 

line). Right: Littoral station (M2) 0 to 2 m 
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Fig. 3. Seasonal course of total heliozoan numbers (shaded 
area) at the mid-lake station in 0 to 8 m (upper) and 8 to 20 m 
(lower) in relation to chlorophyll a concentration and major 

zooplankton taxa 

tion (M2), respectively. A second peak 
occurred at the beginning of August, 
which was most expressed in 0 to 8 m 
depth (6.6 heliozoans ml-') at Stn M1. 
Two smaller maxima were recor- 
ded in September and October. Maxi- 
mum abundance in 8 to 20 m water 
depth reached only one third of the 
upper water column (2.0 heliozoans 
ml-'). Averaged over the investigation 
period, cell numbers in this stratum 
reached 75% of the 0 to 8 m depth 
layer. 

We compared the seasonal course of 
heliozoan numbers at the mid-lake 
station to chlorophyll a concentration, 
which we took as an  indicator of the 
availability of autotrophic prey, and to 
numbers of major zooplankton taxa, 

which could have been prey, competitors or predators 
(Fig. 3). Positive trends were apparent to chlorophyll a 
in both depth layers, negative trends to rotifers and 
crustacea. Least-squares regression analysis revealed 
that, close to the surface (0 to 8 m), heliozoan cell num- 
bers were significantly correlated to chlorophyll a (r2 = 

0.35, p c 0.01, n = 19). In the deeper layer (8 to 20 m) 
this relationship was only weak (r2 = 0.18, p < 0.1, n = 
17). Relationships to ciliates, rotifers and crustacea 
were insignificant at the 5% level (p < 0.1 in each 
case). Nevertheless, it is obvious from Fig. 3 that helio- 
zoan peaks occurred only when crustacean numbers 
were low, and that major peaks of heliozoans and 
rotifers alternated in summer. 

We also applied multivariate statistics on the com- 
hined dats se!c frnm O to 8 and 8 to 20 m to test for 
potential synergistic effects of several variables (tem- 
perature, chlorophyll a, ciliates, rotifers, bacteria and 
autotrophic picoplankton). Multiple linear regression 
with the raw and log-transformed data set revealed 
that chlorophyll a was indeed the only parameter that 
significantly (p c 0.001) impacted heliozoan cell num- 
bers during the period when heliozoans were present. 
Overall, chlorophyll a accounted for 36% of the vari- 
ance of total heliozoan abundance (adjusted r2 = 0.361, 
n = 35). 

The seasonal succession of heliozoan genera was 
similar at  both sampling stations (Fig. 4). The only clear 
difference was the spring peak of Actjnophrys at the 
littoral station with 4 times higher cell numbers than at 
the mid-lake station. Abundance of Raphidocystis, 
Heterophrys and Chlamydasterwas much lower in 8 to 
20 m water depth than in the upper epilimnion in the 
central part of the lake. The heliozoans that were 
recorded first in spring were Actinophrys. Four genera 

Mid-lake station 
(8-20 m) 

Littoral station 
(0-2 m) 

Fig. 4.  Seasonal course of abundance of dominant heliozoan genera at the 
2 routine sampling stations 
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occurred from June to November, whereas 
the following 3 genera were restricted to 
shorter periods: Chlamydaster (July/Au- 
gust), Raphidiophrys (August/September 
at the mid-lake and September/October 
at the littoral station, respectively), and Pte- 
rocystis (October/November). Choanocys- 
tis, Raphidiophrys and Pterocystis reached 
the same or even higher maximum abun- 
dance in 8 to 20 m water depth than in 0 to 
8 m depth. 

From July to mid-October, the heliozoan 
community was dominated by small genera 
with cell diameters between 10 and 20 pm. 
Mainly Heterophrys, Chlamydastel- and 
Choanocystis contributed to total heliozoan 
abundance. In early summer and late au- 
tumn, however, the larger heliozoans like 
Actinophrys and Raphidocystis reached 57 
to 100% of total heliozoan abundance. 

The seasonal course of total heliozoan biovolume was 
also similar at both stations (Fig. 5). Maximum biovol- 
umes were recorded in July with 59.0 mm3 m-3 at the 
mid-lake station in 0 to 8 m depth and 59.8 mm3 mS3 
at the littoral station. Peaks in August, September and 
October were less distinct than corresponding abun- 
dance maxima. In deeper water (8 to 20 m) the highest 
biovolume reached only one-third (20.5 mm3 m-3) of the 
value recorded in the near-surface layer (0 to 8 m). 

Three heliozoan genera were the major contributors 
to biovolume: Actinophrys, Raphidocystis and Het- 
erophrys (Fig. 6). Actinophrys and Raphidocystis, due 
to their large cell volume, reached high percentages of 
total biovolume even when their cell numbers were 
low. The maximum biovolume recorded at  the begin- 
ning of July was 90 to 95% composed of these 2 
genera. The small genus Heterophrys contributed 
substantially to total heliozoan biovolume because of 
its high cell numbers in mid-summer. Biovolumes of 

Mid-Lake stat~on 
(8-20m) 

M J J A S O N  I 

Mid-lake station Littoral station 
,- 
E 70 

Fig. 6 .  Seasonal course of biovolume of dominant heliozoan genera a t  the 
2 routine sampling stations 
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Fig. 5. Seasonal course of heliozoan biovolume. Left- m~d- l ake  
statlon (M11 0 to 8 m (solid line) and 8 to 20 m (dotted line). 

h g h t :  littoral station 0 to 2 m 

Raphidiophrys and Pterocystis were 1 to 2 orders of 
magnitude lower than those of the other genera. 

Vertical and horizontal distribution 

The vertical distribution of heliozoans was examined 
at the mid-lake station in Uberlinger See on 2 occa- 
sions in summer and autumn. In both cases, the com- 
munity was numerically dominated by small helio- 
zoans (<20 pm). Only a few heliozoans >30 pm in cell 
diameter were recorded. Both depth proflles are 
shown in relation to chlorophyll a and temperature 
(Fig 7). In summer, heliozoan abundance peaked at 
6 m water depth. Below 6 m there was a steady strong 
decline in cell number except for a second, less devel- 
oped maximum at 15 m depth. We observed only a few 
heliozoans deeper than 20 m. Total cell numbers were 
lower in autumn than in summer. Highest heliozoan 
cell numbers were recorded at 10 m water depth. A 
smaller peak occurred in 4 m depth. Below the ther- 
mocline abundance declined rapidly, and at 50 m only 
8 heliozoans 1-' were recorded. Both depth profiles 
were significantly positively correlated with chloro- 
phyll a (summer: p c 0.01, r2 = 0.61, n = 11; autumn: p c 
0.01, r2 = 0.69, n = 11). A multiple linear regression 
with both vertical profiles combined revealed that tem- 
perature as well as chlorophyll a was highly signifi- 
cantly (p  < 0.001) related to the vertical distribution of 
heliozoan abundance. The combined effect of both 
variables explained 80 % of the total variance in helio- 
zoan numbers (adjusted r2 = 0.802, n = 22). 

The horizontal distribution of heliozoans in Uber- 
linger See in the upper 8 m of the water column was 
investigated in early August (Fig. 8). Variation of abi- 
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Fig 7 Vertical d~stribution of total heliozoan abundance (solid line) in 
relation to temperature (dashed line) and chlorophyll a (dotted line) at the 

mid-lake station in summer (left) and autumn (right) 

Horizontal distribution 
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Sampling stations 

In situ growth rates 

In situ growth experiments were carried 
out in summer and autumn close to the rou- 
tine littoral station (Fig. 1). Water tempera- 
ture at the sampling depth (3 m) was 20°C 
throughout the whole summer experiment. 
The communitv growth rate calculated from 
cellular changes in both diffusion chambers 
was 0.32 d-l, equivalent to a generation 
time of 2.2 d (Table 2). Growth rates of 
single genera varied between 0.06 and 
0.39 d-l, generation times ranged from 2.2 to 
11.6 d. Highest growth rates (0.39 d-l) were 

measured for the genus Chlamydaster Surprisingly, 
growth rates were generally higher in autumn when 
water temperature was only 14°C. At this time Choa- 
nocystis and Rhaphidiophrys reached the highest 
growth rates corresponding to generation times of only 
1.2 d (Table 2).  

DISCUSSION 

Ours is the first study that investigated the seasonal 
dynamics and ecological role of planktonic heliozoans 
in a large, mesotrophic lake. We examined, however, 
only planktonic heliozoans. Species that colonize 
macrophytes or the sediment surface were not . . 

Fig. 8. Horizontal distribution of heliozoan abundance in 3 recorded in this study. Lake snow particles which are 
size classes across the northwestern part of Lake Constance knotvn to be populated by heliozoans ( ~ ~ ~ b ~ ~ ~ ~ - p ~ ~ ~ ~  

on August 3, 1993 (0 to 8 m) 

Table 2. Growth rates and generation times of heliozoans in summer 
and biotic parameters was (mid-August) and autumn (end of September). Mean values from 2 diffu- 

small at the different stations. Secchi-depth sion chambers each 
readings ranged from 2.5 to 3.1 m, tempera- 
ture from 17.6 to 19.?OC, pH from 8.5 to 8.7,  
and chlorophyll a concentrations from 11.7 to 
12.5 mg m-3. Cell numbers of heliozoa varied 
by a factor of 2 across the lake. Differences 
between central and near shore stations 
were insignificant. Heliozoan abundance 
was not sign~ficantly correlated to any of the 
following abiotic or biotic factors: tempera- 
ture, pH, chlorophyll a, concentrations of 
macronutrients, bacteria, heterotrophic fla- 
gellates, and ciliates. 

Summer Autumn 
Growth Generation Growth Generation 

rate p (d") time G (d) rate p (d-l) time G (d) 

Community 0.32 2.2 0.4 1 1.7 
Actinophrys 0.24 2.9 0.31 2.2 
Chlamydaster 0.39 1.8 - - 
Choanocyst~s 0.38 1.8 0.59 1.2 
Heterophrys 0.31 2.2 0.33 2.1 
Pterocystis - - 0.53 1.3 
Raphidiophrys - - 0.58 1.2 
Raphidocystis 0.06 11.6 - - 
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et al. 1991) and the neuston, which is also a potentially 
important habitat for heliozoans (Petersen & Hansen 
1960). were also neglected in our investigation. 

Community composition was the same at both sam- 
pling sites We cannot exclude the possibility, of 
course, that populations of additional genera do exist 
in other parts of Lake Constance. Actinophrys, Raphi- 
docystis and Raphidiophrys were observed as long 
ago as the early 1930s in Lake Constance (H.  J Elster 
pers. comm.), while we detected the other 4 heliozoan 
genera for the first time. The taxonomic composition 
of heliozoans in Lake Constance thus seems to be 
very similar to that of Lake Geneva (Switzerland) 
where Penard (1904) found the same 7 genera at the 
beginning of this century. Similar to Arndt's (1993) 
investigation in Lake Miiggelsee (Germany), the 
heliozoan community in Lake Constance was domi- 
nated by small, centrohelid heliozoans with cell bod- 
ies less than 20 pm in diameter. Large heliozoans 
(Actinophrys, Raphidocystis) contributed, however, 
substantially to total biovolume in early summer and 
late autumn. 

Maximum heliozoan abundance in Lake Constance 
was about 6500 ind. I-'. Higher cell numbers (up to 
51000 ind. I-') were observed only in the highly eu- 
trophic Lake Muggelsee (Arndt 1993) and in the 
mesoeutrophic lakes Neumiihler See and Schalsee 
(Germany) (up to 77000 ind. 1-'; Mathes & Arndt 1994). 
The few other heliozoan concentrations reported in the 
literature are lower than those found in our study: 
1200 ind. 1-' in the eutrophic Lake Esthwaite (UK) 
(Laybourn-Parry et al. 1990). 550 ind. 1-l in 
mesotrophic Lake Windermere (UK) (Laybourn-Parry 
& Rogerson 1993), and only 20 to 50 ind. 1-l of the 
genus Actinosphaerium in ultraoligotrophic Crooked 
Lake (Antarctica) (Laybourn-Parry et al. 1991). In the 
Pacific Ocean, Takahashi & Yi Ling (1980) counted 
25 heliozoans 1-' of the genus Sticl~olonche. These data 
suggest that planktonic heliozoans, like other protozoa 
such as ciliates (Beaver & Crisman 1982) and het- 
erotrophic nanoflagellates (Berninger et al. 1991, but 
consult Gas01 & Vaque 1993), are positively related to 
lake trophy. 

In Lake Constance cell numbers varied considerably 
throughout the year with maxima occurring in summer 
and, less pronounced, in autumn. The seasonal devel- 
opment therefore confirms earlier investigations in dif- 
ferent environments. Penard (1904) and Rainer (1968) 
each reported a major heliozoan peak in autumn and a 
smaller one in spring. A very similar seasonal develop- 
ment is also known from Lake Esthwaite (Laybourn- 
Parry et al. 1990). Some other authors recorded highest 
cell numbers of planktonic sarcodines (heliozoa, tes- 
taceans and naked amoebae) in summer (Arndt 1993, 
Mathes & Arndt 1994). 

The relationships we found to chlorophyll a, rotifers 
and crustaceans suggest that the abundance of helio- 
zoans in Lake Constance is, apart from temperature, 
primarily driven by supply of algal food and predation 
by or competition with metazoan plankton. We assume 
that small algae were an important food source, since 
heliozoan abundance was significantly positively 
related to chlorophyll a concentration both seasonally 
and vertically. Furthermore, Actinophl-ys could be cul- 
tivated in our laboratory with a green cryptornonad as  
food (H. Muller unpubl.). Heterotrophic nanoflagel- 
lates (HNF), which were frequently seen attached to 
axopods of heliozoa, might serve as  additional food. In 
Lake Constance, however, biomass of HNF generally 
is insignificant relative to biomass of small algae 
(Miiller et al. 1991). 

The observed inverse trends between heliozoa and 
rotifers and between heliozoa and crustacea could 
have been caused by various mechanisms: predation, 
competition for common algal food (exploitative com- 
petition), and/or other interactions such as  interference 
competition. At present, it appears premature to spec- 
ulate about the exact nature of these interactions, 
especially since such relationships will emerge a t  the 
genus or species level rather than at the community 
level. The most remarkable trend was the seasonal 
displacement between heliozoan and rotifer peaks in 
summer. Predation and exploitative competition be- 
tween these 2 zooplankton taxa need to be studied 
experimentally. 

The vertical distribution confirmed the positive rela- 
tionship to chlorophyll a noted above for the seasonal 
course. In both depth profiles investigated, heliozoan 
cell numbers declined rapidly below the epilimnion. 
This trend was also apparent at the mid-lake station 
where cell numbers in 8 to 20 m were lower than in 0 to 
8 m throughout the year In marine environments high- 
est abundances of sarcodines (Caron & Swanberg 1990 
and references therein) and of the heliozoan species 
Sticholonche zanclea (Takahashi & Yi Ling 1986) have 
also been reported from the euphotic zone. The food 
spectrum of planktonic heliozoans has received only 
little attention. Our findings support the assumption 
that most heliozoans prefer algal food (Page & 

Siemensma 1991). The extent to which smaller species 
may feed upon other protozoa and bacteria awaits 
experimental study. Large species such as Actinophrys 
seem to be carnivorous or omnivorous (Page & 
Siemensina 1991, Arndt 1993). 

In contrast to the long prevailing opinion that envis- 
aged heliozoans primarily as  benthic animals living on 
sediment surfaces and macrophytes (Grospietsch 1958, 
Rainer 1968, BerzinS & Stensdotter 1990, Caron & 
Swanberg 1990) we found only minor differences 
between the pelagic and the littoral sampling site. 
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Only Actinophrys reached 4 times higher maximal cell 
numbers inshore than in the central lake. In contrast to 
other heliozoan species, Actinophrys seems to prefer 
macrophytes like Chara sp. and Potamogeton sp. as 
habitat (Berzini & Stensdotter 1990). These macro- 
phytes were dominant at  our littoral sampling station. 

Our case study on the horizontal variation across 
Lake Constance did not confirm the very patchy distri- 
bution of heliozoans noted by Rainer (1968). The hori- 
zontal range of heliozoan cell numbers by a factor of 2 
is similar to horizontal changes found for the immobile 
autotrophic picoplankton in Lake Constance (Weisse & 
Kenter 1991). 

Until now, there have been few reports concerning 
growth and production of heliozoans. Tobiesen (1991) 
desci-ibed growth rates bet:.ree~ 0.21 and 1 59 d-' for 
Heterophrys marina. In his laboratory experiments 
growth was impacted by prey species, prey concentra- 
tion and temperature. In enclosure experiments U. 
Stensdotter (pers. comm.) found an increase of helio- 
zoan abundance and biomass with increasing N and P 
concentration, and with decreasing cell numbers of 
large zooplankton. In situ growth rates obtained in our 
study ranged from 0.06 to 0.59 d-' for heliozoan gen- 
era. Higher growth rates in autumn in spite of lower 
water temperature might have been caused by better 
food quality due to enhanced nutrient supply. We can- 
not rule out the possibility that our growth rate calcula- 
tions are underestimates because some heliozoans 
were sensitive to the experimental treatment and 
enclosure in the diffusion cages. Yet we never 
observed that heliozoans were damaged at the end of 
the incubation period and we therefore assume that 
our results give valid estimates of heliozoan in situ 
growth rates. 

Using our biovolume data and results from the 
growth experiments, we may provide a tentative esti- 
mate of heliozoan productivity in Lake Constance for 
the upper 20 m of the water column. Due to the lack 
of a heliozoan-specific carbon to volume conversion 
factor we assumed the conversion factor of 110 fg C 
pm-3 given for ciliates (Turley et  al. 1986). Heliozoan 
biomass thus calculated varied between 0 and 4 mg C 
m-"rom April through November with a mean value 
of 0.3 mg C m-3. To calculate production, we used the 
mean gross growth rate ( p  = 0.37 d-l) obtained from 
our in situ growth experiments. Mean heliozoan pro- 
duction in Lake Constance would thus have ranged 
from 0 to 1.5 mg C m-3 d-' throughout the study 
period. The seasonal mean heliozoan production esti- 
mate of 0.1 mg C d-' is low relative to other 
planktonic protozoans In Lake Constance. Ciliate pro- 
duction derived from similar in situ growth expen- 
rnents conducted at the mid-lake station ranged from 
0.7 to 13.3 mg C m-3 d-', heterotrophic nanoflagellate 

production from 0 to 9.4 mg C m-3 d-' (Weisse un- 
publ.). The average annual production calculated for 
these protozoans in Lake Constance is 4.9 mg C m-3 
d ' for ciliates dnd 2.8 mg C m-3 d-' for flagellates 
(Weisse unpubl.). Similar flagellate and ciliate pro- 
duction estimates in Uberlinger See have been calcu- 
lated by Gaedke & Straile (1994), based on biomass 
data and theoretical assumptions. Their values for the 
upper 20 m of the water column in different seasons 
range from 38 to 55 mg C m-2 d-l (1.9 to 2.7 mg C m-3 
d-l) for heterotrophic nanoflagellates and from 45 to 
153 mg C m-2 d-I (2.2 to 7.6 mg C m-3 d-l) for ciliates. 
We therefore conclude that, on an annual average, 
heliozoa contribute only about 1 % to total protozoan 
productivity while at  their seasonal peak they reach 
production values comparable to those of flagellates 
and ciliates. 

Sarcodine production data from other lakes are still 
lacking. According to Arndt (1993), sarcodine biomass 
in eutrophic Lake Miiggelsee contributed 1 to 15 % to 
the annual mean protozooplankton biomass. In a simi- 
lar study in 19 north German lakes, Mathes & Arndt 
(1994) calculated an average contribution of sarco- 
dines to protozoan biomass of 2.4 %. This suggests that 
the contribution of heliozoa to total protozoan produc- 
tion might also be small in these lakes, which is in 
agreement with our results from Lake Constance. 

In conclusion, our investigation demonstrated that 
heliozoans on average contribute only little to the 
overall planktonic productivity in a moderately large, 
mesotrophic lake. At their seasonal peak, however, 
they reach biomasses comparable to those of smaller 
protozoa, i.e. ciliates and heterotrophic flagellates. 
Apparently, mainly small heliozoans (<20 pm) are 
much more prominent in the plankton than hitherto 
assumed. Heliozoan genera show a distinct seasonal 
succession comparable to the succession observed 
in ciliate species (e.g. Miiller et al. 1991). With the 
present study we have only begun to understand the 
factors that potentially impact the seasonal and 
spatial distribution of heliozoans. Clearly, more qua- 
litative and quantitative investigations in a variety 
of lakes of different trophy are necessary to achieve 
a better insight into the ecology of planktonic 
heliozoa. 
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