Quantitative importance of ciliates in the planktonic biomass of lake ecosystems
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Abstract

No previous study of plankton in lakes has estimated the relative contribution of ciliated protozoa to the
biomass of the total plankton community, including phytoplankton. In a series of south-central Ontario
lakes, ciliates comprise on the order of 5 to 10% of the total planktonic biomass of these relatively
oligotrophic lakes and exist there in densities of 20-40 ml-!. Therefore, ciliates constitute an important
component of lake ecosystems that should not be ignored in limnological studies of zooplankton abundance

and distribution.

Introduction

Ciliated protozoa increasingly are being rea-
lised to be important components of aquatic eco-
systems, but there have been few studies of their
relative importance or of their absolute contribu-
tion to overall biomass. Our ignorance about cil-
iates in nature mostly has been the result of inade-
quate sampling: nearly all zooplankton sampling
methods rely on filtering, which destroys ciliates
by lysing their soft cell bodies on netting. Further-
more, settled bulk column samples which have been
stained and settled usually are not examined for
ciliates. Here I report a comparative analysis of the
relative biomass contribution of ciliates to the
plankton of several freshwater lakes in Ontario,
and I examine the temporal stability of ciliate bio-
mass in one of these lakes.

In marine planktonic exosystems, the potential
(Johannes, 1965; Berk er al., 1977) and estimated
(Heinbokel, 1978; Heinbokel et al., 1979) grazing
impact of ciliates has been investigated, as has their
importance in the microbenthos of marine sedi-
ments (Fenchel, 1967, 1969 & 1980). Laboratory
studies have shown their ability to rapidly recycle
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phosphorus in freshwater systems (Buechler & Dil-
lon, 1974; Taylor & Lean, 1981). The potential
importance of ciliates in food chains has been
argued (Sorokin, 1972; Porter et al., 1979; Crisman
et al, 1981) and tested in a small zooplankton
community (Pace & Orcutt, 1981).

Previous studies of ciliates in freshwater lakes
usually have been confined to a single lake (Nau-
werck, 1963; Davis, 1973; Goulder, 1974; Rigler et
al., 1974, Mamaeva, 1976; Finlay, 1978 & 1981;
Hecky et al, 1978; Hecky & Kling, 1981; Bark,
1981; Pace & Orcutt, 1981; Pace, 1982), although a
series of Florida lakes has been examined monthly
for a year (Beaver & Crisman, 1982). All of these
studies have used a taxonomic approach in classify-
ing ciliates, and many have considered ciliates in
isolation from other faunal components. In con-
trast, I have used a purely size-based approach for
phytoplankton, ciliates, and other zooplankton, in
order to focus on the allocation of biomass into
different functional size categories of microplank-
ton (Sprules & Holtby, 1979; Sprules & Knoechel,
in press), rather than its allocation among species.
For ciliates, the order Oligotrichida is the predomi-
nant taxonomic group represented in our plankton-
ic samples (Corliss, 1979).
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Table I. Seasonally averaged biomass (in ug 1-!) and limnological data for a set of Ontario lakes in 1981.

Name Location Mean Maximum  Surface Secchi Total Epilimnetic pH  Conduct- Dissolved
Lat. Long. depth depth area depth (P) Chlorophyll ivity Oxygen
CN) (W) (m (m) (km?) (m) (ug 1) A(ugl!) (mSml)y (mgll)
White 44 50" 7829 372 10.4 1.75 4.4 14 14 7.73 169 8.2
Blue Chalk 4512 7856°  9.37 21.9 0.50 8.4 9 0.7 6.59 43 10.2
Crosson 4505 7902 8.15 23.5 0.59 3.6 17 1.3 535 40 9.0
Mountain 4559’ 7843’ 1343 314 3.19 7.0 7 1.0 7.08 6.8 11.2
Plastic 45117 7850 8.10 16.8 0.33 6.3 14 0.9 554 38 9.4
Three Mile 4510° 7927 3.48 11.0 9.29 3.7 16 1.1 6.82 10.1 13.7
King 4553" 7930 2.56 5.8 0.29 34 28 14 5.17 4.2 9.7
Ruth 4601’ 7931' 5.72 14.6 1.97 5.6 14 1.7 6.28 5.0 10.3
Young 4443 79100 433 10.4 0.93 4.5 19 1.4 840 235 9.5
Table 1. (continued)
Name Ciliate Ciliate 0-10 um > 10 um Filament Herb. Carn. Ciliates
numbers biomass phyto- phyto-~ phyto- 200~ Z00- as % of
(ml1) density plankton plankton plankton plankton plankton total
White 374 140.6 346.5 3074 305.1 312.8 175.6 8.9
Blue Chalk 28.4 39.9 217.0 151.7 131.9 388.0 3549 3.1
Crosson 17.1 26.9 320.0 212.4 51.6 226.8 91.2 2.9
Mountain  28.8 36.1 204.3 2346 194.8 99.5 222.2 3.6
Plastic 17.8 76.7 203.6 273.1 48.5 297.6 60.5 8.0
Three Mile 20.1 30.7 288.2 418.2 415.2 245.1 160.6 2.0
King 15.0 47.2 274.3 331.2 57.6 667.0 145.9 3.1
Ruth 19.2 70.8 251.1 308.6 439 2374 85.9 7.1
Young 27.9 89.2 325.5 439.2 108.6 696.4 435.7 4.3

Materials and methods

Nine lakes (Table 1) were sampled as part of a
larger, cooperative project (by the Lake Ecosystem
Working Group of the University of Toronto) at
approximate fortnightly intervals during the ice-
free period of 1981. The lakes were sampled at their
deepest points, and separate water chemistry, zoo-
plankton, and phytoplankton samples were taken
concurrently, as outlined elsewhere (Sprules &
Knoechel, in press).

Zooplankton samples were collected by a me-
tered conical tow net with mesh size 110 um hauled
from near bottom to the surface and preserved inan
aqueous 4% formalin - 4% sucrose solution. Indi-
vidual specimens in sample aliquots were measured
in counting chambers using an electronic calipers
on projected images. Biomass estimates for zoo-
plankton(by W. G. Sprules) were obtained usingan
empirical relationship between wet weight and
length (Hillbricht-Ilkowska & Patalas, 1967) for

each of 10 functional size categories (5 each for
herbivores and carnivores).

Both phytoplankton and ciliate samples were
taken from the same pooled sample of two hauls of
an 8 M weighted plastic tube (9 mm diameter),
separated midway into two equal length compart-
ments; samples of the two depth ranges were kept
separately. Phytoplankton samples were fixed in
Lugol's iodine solution, settled onto microscope
slides with a special chamber (Knoechel & Kalff,
1976), and measured under phase microscopy. Vo-
lumes were calculated from geometric formulae
and converted to biomass estimates (by R. Knoe-
chel) for each of 5 spherical and 2 filamentous size
categories?* by assuming neutral buoyancy. In Ta-
ble 1, the three smallest (0-10 um) and the two
largest (10-30 wm and >30 um) spherical categories
have been combined.

Ciliate samples of 120 ml volume were fixed in
Lugol’s iodine solution (final concentration 0.5%)
and stored at 10 °C in the dark. Subsamples were
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Fig. 1. Percentage histograms across all lakes of ciliate dimensions: (@) length (b) width.

settled overnight in 50 ml Utermohl chambers
(Nauwerck, 1963) and examined by a single ob-
server in uniform transects under phase microscopy
with a Zeiss inverted microscope at 500X total
magnification. Individual ciliates were measured
forlength and maximum cell body breadth, exclud-
ing feeding organelles. Volumes were estimated by
assuming a prolate spheroid shape, and these were
converted to biomass by using a conservative con-
version factor of 0.416 pg um-3, which recently has
been determined directly for the ciliate Tetrahyme-
na (Gates et al., 1982).

Results

Figure 1 presents percentage histograms for the
total ciliate data. Ciliate densities and sizes at both
the 0-4 m and 4-8 m depths were comparable. Fig-
ure 2 illustrates temporal trends over two sampling
seasons for one lake. These results are typical of the
other lakes which were sampled, in that there are
few correlations among phytoplankton, zooplank-
ton, and ciliate biomass values, either within size
classes or overall. In this set of temperate lakes, the
different compartments appear to show independ-
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Fig. 2. Biomass fluctuations over two sampling seasons for
White Lake. Solid lines and closed symbols are for the 1981
season (9 fortnightly samples, from early May to late August);
dashed lines and open symbols are for the 1980 season (8 fort-
nightly samples, from late April to late August). Circles denote
total ‘edible’ phytoplankton biomass (nannoplankton < 30 um
diameter); triangles, mean ciliate biomass(0-8 mdepth); squares,
total zooplankton biomass. '

ent abundance patterns. Detailed analyses of depth
and temporal patterns for all the lakes are presented
elsewhere (Gates, in press).

Figure 3 gives the ciliate data for the same lake
over all sampling periods. Data previous to 1981
were obtained from fortuitously preserved phyto-
plankton samples which had been stored in the dark
and which were settled and processed as outlined
above. Only in the last two years of sampling were
separate depth samples kept. The contribution of
ciliates to total planktonic biomass over the four
years sampled, 1978-1981, was 2.5, 2.5, 4.0, and
8.7%, respectively. Ciliate numerical densities were
lower in 1979, and the mean volume of individual
ciliates in the samples was significantly lower in
1978 and significantly larger in 1981. The late
bloom of ciliates in 1981 was accompanied by an
increase of testate amoebae as well, but, as shown in
Fig. 2, did not accompany or directly follow peaks
in other plankton compartments.
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Fig. 3. Ciliate biomass fluctuations over 4 sampling seasons for
White Lake. Circles denote 1981; triangles, 1980; squares, 1979;
hexagons, 1978. Solid symbols for 1980 & 1981 represent the
0-4 m depth interval, while open symbols for those years repre-
sent 4-8 m samples; in previous years, no 4-8 m samples were
taken.

Values for the seasonally averaged numerical and
biomass densities of ciliates, and of the biomass den-
sities for phytoplankton and zooplankton, are given
in Table 1 for 1981. It is clear that there are no
consistent trends across lakes with respect to the
relative allocation of average biomass to the dif-
ferent compartments, although ciliates do constitute
an appreciable amount of the total planktonic bio-
mass. Indeed, because filamentous and other lar-
gely ‘inedible’ (>30 um) net phytoplankton (Sprules
& Knoechel, in press) are included in the total,
ciliates contribute an even greater percentage tothe
edible planktonic biomass.

Discussion

There are few comparable numerical and bio-
mass density values for ciliates in the literature. For
oligotrophic Lake Tanganyika, a ciliate abundance



of 8.8 ml! and a total protozoan biomass density of
184 ug 1-! has been reported (Hecky er al., 1978;
Hecky & Kling, 1981), while for an oligotrophic
reservoir in the Soviet Union, densities of only 1.9
ml-! were found (Mamaeva, 1976), and one oligo-
trophic Newfoundland lake (Davis, 1973) attained
a maximum density for small ciliates of 5.2 ml-!.
Numerical densities of 9-19 ml-! and biomass den-
sities of 52-83 ug 1-! were found in Jack Lake,
another oligotrophic Ontario lake (Taylor & Lean,
1981). In the extremely oligotrophic and polar Char
Lake, the average ciliate density over one year was
2.4 ml'!, and the size range (12.5-30 um) was com-
parable (Rigler et al., 1974). Larger densities (18-42
ml!) have been found in a Soviet mesotrophic lake
(Sorokin & Pareljeva, 1972) and in the discrete
ciliate populations of a small eutrophic lake in the
English Lake District (Bark, 1981). In the large
inland oligotrophic sea of Lake Ontario, plankton-
ic ciliate densities in the epilimnion of the middle of
the lake are of the order of 8-10 mi-! and biomass
densities range from 35 to 60 ug 1-! (W. D. Taylor,
unpubl.).

The numerical abundance found in the Ontario
lakes agrees with the range of 8-60 ml-! found fora
set of Florida lakes spanning a range of trophy
levels, although none of the former set reached
values in excess of 100 ml'! found in certain hype-
reutrophic Florida lakes (Beaver & Crisman, 1982).
The size range of ciliates was also comparable, al-
though more larger ciliates were found in the Flori-
da series. My estimate of average biomass density
(62.0 ug 1!, calculated fromtable 1) is less than the
mean value of 124 pg 1-! reported for the oligotro-
phic subset of Florida lakes (Beaver & Crisman,
1982); however, this difference is partly due to dif-
ferent methods of estimation.

The prolate spheroid approximation to the shape
of ciliates, used above, is the most commonly used
method of converting linear cell measurements to
volume estimates, but it produces an overestimate
of the true cell volume for the pyriform genus 7e-
trahymena (Roberts, 1980; Gates er al, 1982).
However, for most of the ciliates found in plankton,
such an estimate is more reasonable, because of
their less elongate and more rotund shapes, and
because the lateral extent of the large feeding orga-
nelles is ignored in measuring cell widths.

Most previous workers have assumed a specific
gravity of 1.0, or greater (Sorokin & Pareljeva,
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1972; Beaver & Crisman, 1982), for ciliates, and
they have used this in estimating wet weight from
volume (Schonborn, 1977) or from a regression of
volume on cell length (Fenchel, 1967). I have used a
directly measured value for wet weight (Gates et al.,
1982) of 0.416 + 0.071 pg um-3, which is based on
the assumption of a prolate spheroid shape for
Tetrahymena. However, a more accurate value is
0.787 +0.166 pg um3, based on electronic sizing of
the cells (Gates et al., 1982). This is still an underes-
timate since it is based on axenically grown cells:
bacterized Tetrahymena cultures have average wet
weights(Gates ef al., 1982) inexcess of 1.1. pg um=3.

Therefore, the estimates of biomass given above
are very conservative, True ciliate biomass densities
in nature are probably larger, although confirma-
tion will require direct measurements of ciliate
weights from live field samples. Even though cil-
iates constitute a numerically small fraction of the
total biomass in lakes, their heterotrophic role in
consuming bacteria, which themselves release little
phosphorus into oligotrophic lakes (Jonannes,
1965; Buechler & Dillon, 1974), means that small
ciliates constituting only 1% of the aggregate bio-
mass can account for nearly 50% of the total dis-
solved phosphorus in the lake (Buechler & Dillon,
1974; Taylor & Lean, 1981). My estimates of ciliate
biomass imply, therefore, that ciliates comprise a
quantitatively important component of lake eco-
systems.

Summary

Phytoplankton, zooplankton, and ciliated pro-
tozoa were sampled from9 Ontario lakes fortnight-
ly during the ice-free period of 1981. Biomass esti-
mates were made for these three plankton cate-
gories. The results indicate that the ciliates, which
occurred in average densities of 20-40 ml-!, consti-
tuted 5-109% of the total planktonic biomass.

Acknowledgements

This work was supported by a subgrant from the
Lake Ecosystem Working Group, University of To-
ronto, and by grant U0090 to M. Gates, both
funded by the Natural Sciences and Engineering
Research Council of Canada. I thank R. Knoechel,



238

W. G. Sprules, and A. P. Zimmerman for the phy-
toplankton, zooplankton, and limnological data,
respectively, and for their advice and encourage-
ment. I am especially grateful to Rob Graham for
his enthusiastic and competent technical assistance,
and to Bill Taylor for his advice, inspiration, and
unpublished data.

References

Bark, A. W, 1981. The temporal and spatial distribution of
planktonic and benthic protozoan communities in a small
productive lake. Hydrobiologia 85: 239-255.

Beaver, J. R. & Crisman, T. L., 1982. The trophic response of
ciliated protozoans in freshwater lakes. Limnol. Oceanogr.
27: 246-253.

Berk, S. G., Brownlee, D. C., Heinle, D. R,, Kling, H. J. &
Colwell, R. R., 1977. Ciliates as a food source for marine
planktonic copepods. Microb. Ecol. 4: 27-40.

Buechler, D. G. & Dillon, R. D., 1974. Phosphorus regeneration
in freshwater Paramecia. J. Protozool. 21: 339-343.

Corliss, J. O., 1979. Ciliated Protozoa. Characterization, Classi-
fication and Guide to the Literature. Pergamon Press, Ox-
ford. 455 pp.

Crisman, T. L., Beaver, J. R. & Bays, J. S., 1981. Examination of
the relative impact of microzooplankton and macrozoo-
plankton on bacteria in Florida lakes. Verh. int. Ver. Lim-
nol. 21: 359-362.

Davis, C. C., 1973. A seasonal quantitative study of the plankton
of Bauline Long Pond, a Newfoundland lake. Nat. can. 100:
85-105.

Fenchel, T., 1967. The ecology of marine microbenthos. 1. The
quantitative importance of ciliates as compared with meta-
zoans in various types of sediments. Ophelia 4: 121-137.

Fenchel, T., 1969. The ecology of marine microbenthos. 4.
Structure and function of the benthic ecosystem, its chemical
and physical factors and the microfauna communities with
special reference to the ciliated protozoa. Ophelia 6: 1-128.

Fenchel, T., 1980. Suspension feeding in ciliated protozoa. Mi-
crob. Ecol. 6: 1-25.

Finlay, B. J., 1978. Community production and respiration by
ciliated protozoa in the benthos of a small eutrophic loch.
Freshwat. Biol. 8: 327-341.

Finlay, B. J., 1981. Oxygen availability and seasonal migration
of ciliated protozoa in a freshwater lake. J. gen. Microbiol.
123: 173-178.

Gates, M. A, in press. Contribution of ciliated protozoa to the
planktonic biomass in a series of Ontario lakes. J. plank.
Res.

Gates, M. A, Rogerson A. & Berger, J., 1982. Dry to wet weight
biomass conversion constant for Tetrahymena elliotti (Cili-
ophora, Protozoa). Oecologia 55: 145-148.

Goulder, R., 1974. The vertical distribution of some ciliated
Protozoa in the plankton of a eutrophic pond during
summer stratification. Freshwat. Biol. 4: 127-147.

Hecky, R. E. & Kling, H. J., 1981. The phytoplankton and
protozooplankton of the euphotic zone of Lake Tanganyika:
species composition, biomass, chlorophyll content, and spa-
tio-temporal distribution. Limnol. Oceanogr. 26: 548-564.

Hecky,R.E., Fee,E. J.,Kling, H. & Rudd, J. W., 1978. Studies
on the planktonic ecology of Lake Tanganyika. Can. Fish.
mar. Serv. tech. Rep. 816: 1-51.

Heinbokel, J. F., 1978. Studies on the functional role of tintin-
nids in the Southern California Bight. 2. Grazing rates of
field populations. Mar. Biol. 47: 191-197.

Heinbokel, J. F. & Beers, J. R., 1979. Studies on the functional
role of tintinnids in the Southern California Bight. 3. Graz-
ing impact of natural assemblages. Mar. Biol. 52: 23-32.

Hillbright. Ilkowska, A. & Patalas, K., 1967. Methods of esti-
mating production and biomass, and some problems of
quantitative calculation methods of zooplankton. Ekol. pol.
B 13: 139-172 (Fish. Res. Bd Can., Transl. # 2781).

Johannes, R. E., 1965. Influence of marine Protozoa on nutrient
regeneration. Limnol. Oceanogr. 10: 434-442,

Knoechel, R. & Kalff, J., 1976. Track autoradiography: a me-
thod for the determination of phytoplankton species produc-
tivity. Limnol. Oceanogr. 21: 590-596.

Mamaeva, N. V., 1976. Planktonic ciliates in the Ivan’kovsky
Water Reservoir. Zool. Zh. 55: 657-664.

Nauwerck, A., 1963. Die Beziehungen zwischen Zooplankton
und Phytoplankton im See Erken. Symb. bot. ups. 17: 1-163.

Pace, M. L., 1982. Planktonic ciliates: their distribution, abun-
dance, and relationship to microbial resources in a mono-
mictic lake. Can. J. Fish. aquat. Sci. 39: 1106-1116.

Pace, M. L. & Orcutt, Jr., 1981. The relative importance of
protozoans, rotifers, and crustaceans in a freshwater zoo-
plankton community. Limnol. Oceanogr. 26: 822-830.

Porter, K. G., Pace, M. L. & Battey, J. F., 1979. Ciliate proto-
zoans as links in freshwater planktonic food chains. Nature
277: 563-565.

Rigler, F. H., McCallum M. E. & Roff, J., 1974. Production of
zooplankton in Char Lake. J. Fish. Res. Bd Can. 31I:
637-646.

Roberts, D. M., 1980. Aspects of cell size measurements in
Tetrahymena elliorti. J. gen. Microbiol. 120: 211-218.

Schonborn, W., 1977. Production studies on protozoa. Oecolo-
gia 27: 171-184.

Sorokin, Y. 1., 1972. Biological productivity of the Rybinsk
Reservoir. In Z. Kajak & A. Hillbricht-Ilkowska (eds), Pro-
ductivity Problems of Freshwaters. Polish Scientific Pub-
lishers, Warsaw: 493-503.

Sorokin, Y. I. & Pareljeva, E. B., 1972. On the quantitative
characteristics of the pelagic ecosystem of Dalnee Lake
(Kamchatka). Hydrobiologica 40: 519-552.

Sprules, W. G. & Holtby, L. B, 1979. Body size and feeding
ecology as alternative to taxonomy for the study of limnetic
zooplankton community structure. J. Fish. Res. Bd Can. 36:
1354-1363.

Sprules, W. G. & Knoechel, R., in press. Lake ecosystem dynam-
ics based on functional representation of trophic compo-
nents. In D. G. Meyers & J. R. Strickler (eds), Trophic
Dynamics of Aquatic Ecosystems. Am. Ass. adv. Sci., Wash.
D. C.

Taylor, W. D. & Lean, D. R. S., 1981. Radiotracer experiments
on phosphorus uptake and release by limnetic microzoo-
plankton. Can. J. Fish. aquat. Sci. 38; 1316-1321.

Received 8 November 1982; in revised form4 April 1983; accept-
ed 8 April 1983.



