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Small, aloricate ciliates as a major component
marine heterotrophic nanoplanktod
Abstract-Small, aloricate ciliates with equivalent spherical cell diameters ~20 km (biovolume <4,000 pm3) compose, on average, 4-57%
of the total biomass of heterotrophic (apochlorotic) nanoplankton in diverse marine systems.
Biomass production of nanoplanktonic ciliates in
a southeastern U.S. estuary was also a significant
part of the total production of heterotrophic microprotozoa. During summer in a salt marsh tidal
creek, the production of small ciliates exceeded
the production of heterotrophic microflagellates.
Bacteria and coccoid cyanobacteria were frequently observed in the food vacuoles of the ciliates, while ingested nanoplanktonic algae were
rarely seen. We suggest that small, aloricate ciliates can be an important component of the biomass of heterotrophic nanoplankton and deserve
further attention as potential consumers of picoplanktonic cells in marine pelagic systems.

The smallest marine plankters are responsible for a large part of total production
and respiration in the sea (Sieburth 1979;
Pomeroy 1980; Williams 198 1). It appears
that most of the marine picoplankton, cells
of 0.2-2 pm including heterotrophic
bacteria, cyanobacteria, and small eucaryotic
phytoplankton
(Sieburth et al. 1978; Johnson and Sieburth 1979, 1982), grow rapidly
(Azam et al. 1983; Platt et al. 1983) and that
the relatively low and constant in situ abundances of these organisms are maintained
by predation (Bumey et al. 198 1, 1982; Da’ This work was supported by NSF grants OCE 8219866 and OCE 8 l-10707 and by grants from the Sapelo Island Research Foundation. Contribution 543 of
the University of Georgia Marine Institute.
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vis et al. 1985). Heterotrophic
nanoplanktonic organisms, apochlorotic cells of 2-20
pm, have been identified as the dominant
consumers of picoplankton,
especially of
bacteria (Fenchel 1982; Sieburth and Davis
1982; Azam et al. 1983). Marine heterotrophic nanoplanktonic
organisms have been
considered to consist predominantly
of
phagotrophic
microflagellates
(Fenchel
1982; Sieburth and Davis 1982), while marine pelagic ciliates have been generally recognized as important only in the microzooplankton, organisms 20-200 pm in size
which graze nanoplanktonic
cells (Sorokin
198 1; Beers et al. 1980, 1982; Banse 1982).
(Exceptions are Ibanez and Rassoulzadegan
1977; Johnson et al. 1982; Gast 1983, 1985.)
Here we present evidence that small, aloricate ciliates with equivalent spherical cell
diameters ~20 pm are present in both eutrophic and oligotrophic marine waters and
at times make up a large fraction of the total
heterotrophic
nanoplankton
biomass. Indirect evidence also indicates that these ciliates may utilize the same food resources as
do heterotrophic microflagellates, i.e. bacteria and other picoplanktonic
microorganisms.
Ciliates in the nanoplanktonic
size range
have been reported in many parts of the
world ocean, including coastal waters of
southern California (Beers et al. 1980), the
North Pacific central gyre (Beers et al. 1982),
the northern Adriatic Sea (Revelante and
Gilmartin 19 8 3), the Chesapeake Bay (Haas

178

Notes

1982), the Baltic Sea (Gast 1983), the northeastern Mediterranean
Sea (Rassoulzadegan 1977), and coastal waters of southern
England (But-kill 1982). Smetacek (198 1)
noted the presence of an 8-pm-diameter
spherical ciliate in the Kiel Bight. Nanoplanktonic cililates also seem to be present
in freshwater environments;
8- 1O-pm ciliates have been found in Lake Michigan (M.
Boraas pers. comm.) and in a blackwater
river in Georgia (L. Carlough pers. comm.).
However, the quantitative occurrence and
trophic significance of such small ciliates is
poorly understood, owing mostly to methodological problems. Investigators studying
microzooplankton
populations
using the
Utermiihl
inverted microscope technique
have found that small, aloricate ciliates are
not well preserved with the method and are
not easily detected at low magnifications
(~250 X) (Beers et al. 1980, 1982; Burkill
1982; Revelante and Gilmartin
1983).
Workers using most-probable-number
culture techniques to evaluate the population
of bacterivorous protozoa in marine systems have reported ciliate abundances two
to three orders of magnitude lower than
those estimated by direct counts (Lighthart
1969; Caron et al. 1982). Investigators
studying heterotrophic
microflagellates by
recently developed epifluorescence
techniques at high magnifications
(> 1,000 x )
(Haas 1982; Caron 1983; Sherr and Sherr
1983a,b) can easily miss the less numerous
ciliates. We overcame many of these problems by using a double-staining epifluorescence method (Sherr and Sherr 1983b) and
an intermediate magnification (500 x ).
We thank L. Gassert for preparing the
figure and T. Andrew for technical assistance. We appreciate the review of the
manuscript by T. Fenchel, J. McN. Sieburth, and others.
Water samples were collected in both
winter and summer from a depth of 1 m at
two sites in a Georgia estuary, the tidal creek
and the open estuary, and at depths ranging
from 5 to 45 m across the continental shelf
off Georgia and South Carolina. In August
1984 water was also sampled in several habitats of Davies Reef on the Great Barrier
Reef, Australia, including reef front, reef flat,
and adjacent lagoon, at depths of O-60 m.

These various marine systems included eutrophic to oligotrophic
conditions. In the
estuary, concentrations of suspended bacteria range between 0.2 and 1.7 x 10’ cells
ml-’ (Newell unpubl. data, AODC) and Chl
a between 0.2 and 8 pg liter-l (Pomeroy and
Weigert 198 1). In shelf waters of the Georgia Bight, the abundance of suspended bacteria ranges from 1O5 to 1O6 cells ml-l and
Chl a concentrations from 0.5 to 1.4 pg liter-l, increasing from the outer to inner shelf
(Pomeroy et al. 1983). In water over the
Great Barrier Reef, bacterial populations are
generally about 2-20 x 1O5cells ml-l (Moriarty 1979); over Davies Reef, bacterial
abundance was within this range (B. Sherr
unpubl. data, AODC), and Chl a ranged
from 0.05 to 0.4 pg liter-’ (Furnas unpubl.
data).
Shelf and reef water samples were taken
with 5-liter Niskin bottles. In the estuary,
water samples were taken with a hand pump,
during 17 low tides in August 1983 and 16
low tides in February 1984, at two sites in
the Duplin River, a tidal embayment adjacent to Sapelo Island. The lower site was
influenced by water from the open estuary;
the upper site was a tertiary tidal creek
draining a 35-ha Spartina alterkjlora marsh
(Imberger et al. 1983). Subsamples (5-20
ml) of Formalin-preserved water (final concn
of 2%) were stained with the fluorescent dye
4,6-diamidino-2-phenylindole
(DAPI), filtered gently onto Irgalan-black stained, 0.8pm Nuclepore membrane filters, and stored
at - 20°C in individual Millipore Petri dishes. Samples treated this way can be preserved up to several months with negligible
deterioration
of nanoplanktonic
cells and
chlorophyll
autofluorescence.
The filters
were subsequently stained with fluorescein
isothiocyanate
(FITC), mounted on glass
slides, and examined with a Zeiss epifluorescence microscope
(Sherr and Sherr
19833).
On each filter, 200 fields were examined
for ciliates at 500 x , and 100 fields for heterotrophic microflagellates at 1,250 x . Duplicate filters were counted for each water
sample. A visual record of the numbers and
cell dimensions of the ciliates and microflagellates counted on each filter with FITC
fluorescence was used to calculate the num-
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Table 1. Abundance and biomass of small, aloricate ciliates (biovolume 14,000 m3) and heterotrophic
microflagellates in several marine pelagic systems. Mean +- 1 SD, range of values in parentheses; number of
samples in brackets.
Ciliates
Location

Georgia salt marsh
Tidal creek, Aug 83 [ 171
Tidal creek, Feb 84 [ 161
Open estuary, Aug 83 [17]
Open estuary, Feb 84 [ 161
Southeastern U.S. continental shelf
Cross-shelf, Jun 83 [23]
Shelf edge, Jun 83 [ 181
Inner shelf, Sep 83 [7]
Midshelf, Sep 83 [8]
Outer shelf, Sep 83 [9]
Shelf edge, Sep 83 [5]
Cross-shelf, Apr 84 [24]
Australia
Great Barrier Reef, Aug 84 [25]

M~croflagellates
(mgC m-))

(No. ml-‘)

(mgC m-‘)

(No. ml ‘)

61-t41
(16-185)
28+- 14
(5-54)
16+22
(O-87)
29+- 14
(6-70)

12.2k8.4
(3.0-36.8)
2.8+ 1.5
(0.3-5.8)
1.8k2.2
(0.0-9.1)
3.1-tl.6
(0.6-7.8)

1,05oi310
(460-1,710)
1,950?720
(880-3,320)
2,340&920
(700-4,230)
3,970+ 570
(2,800-4,960)

9.3k7.5
(2.3-3 1.3)
10.7k3.3
(6.3-l 8.0)
6.4k2.9
(2.3-l 2.0)
15.9k6.3
(6.0-30.7)

0.9* 1.3
(0.0-3.7)
0.450.6
(0.0-l .8)
5.7k5.5
(2. l-l 7.4)
4.8k2.4
(1.1-8.7)
2.8a3.0
(0.5-8.7)
0.9kO.4
(0.5-l .4)
1.4+ 1.9
(0.0-8.7)

O.l-tO.2
(0.0-l .O)
O.lkO.1
(0.0-0.3)
0.7t0.7
(0.2-2.1)
0.6kO.3
(0.2-l .O)
0.3so.3
(0.1-0.8)
0.1+0.1
(0.0-0.2)
0.2kO.3
(0.0-l .2)

380+ 140
(150-780)
490-t 180
(210-790)
820+360
(600-l ,360)
53O-t270
(160-700)
330?260
(170-710)
270260
(190-340)
670?240
(230-1,130)

0.6kO.2
(0.2-l .O)
0.7kO.4
(0.2-l .2)
5.5k3.4
(3.6-10.6)
2.1k2.1
(0.5-5.2)
3.3k3.9
(0.3-8.7)
0.5-to.2
(0.3-0.9)
2.3-t 1.8
(0.3-6.8)

0.2-to.2
(0.0-0.7)

in summer. Ciliates usually made up about
lo-20% of the total heterotrophic
nanoplankton biomass in estuarine and shelf
waters. However, in individual samples the
ciliates sometimes composed > 50% of the
total biomass and in tidal creek waters up
to 92% of the biomass of heterotrophic
nanoplankton.
Pelagic ciliates have been characterized
as inefficient grazers of picoplanktonic cells.
From theoretical consideration of ciliate filtering capabilities as well as from results of
laboratory
feeding experiments,
Fenchel
(1980a, b, 1984) concluded that bacterivorous ciliates cannot maintain growth on suspensions of bacteria 55 X 106-5 X lo8 cells
ml-‘, assuming an average bacterial size of
0.1 pm3, corresponding to 0.2-7 mg org. dry
wt liter-‘. Similar conclusions have been
drawn in field investigations of bacterivorous ciliates in Chesapeake Bay (Berk et al.

0.03+0.03
(0.0-O. 10)

19OF50
(100-300)

-

0.7-to.4
(0. l-l .4)

1976) and in the Baltic Sea (Gast 1985). In
most of the waters we sampled, bacterial
biomass concentrations were ~0.2 mg org.
dry wt liter- l. Even in the salt marsh estuary, bacterial abundance was only of the
order of 106-10’ cells ml-‘, with an average
cell size of 0.05 pm3 (Newell unpubl. data),
corresponding to 0.04-0.35 mg org. dry wt
liter-l (calculated with the higher conversion factor of 0.22 pg C prne3 bacterial biovolume suggested by Bratbak and Dundas
1984). When food vacuoles were observed
in nanoplanktonic
ciliates, however, they
most often appeared to contain bacteria or
coccoid cyanobacteria and only rarely had
what looked like nanoplanktonic-size
cells.
(Ingested phytoplankton
cells were commonly seen in ciliates ~20 lrn and in heterotrophic dinoflagellates.)
In the estuary
during summer, the nanoplanktonic ciliates
seemed to be mostly bacterivorous. At the
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Table 2. Biomass production (mg C m-3 h-l, mean value with 1 SD in parentheses) of bacterioplankton,
heterotrophic microflagellates, and small, aloricate ciliates at two sites in a salt marsh estuary, during 16-day
periods in August and February.
Tidal creek
Summer

Bacterioplankton
Microflagellates
Ciliates

3.0(2.0)
1.O(1.O)
1.2(0.8)

open estuary site, an average of 55% of the
ciliates counted contained bacteria in their
food vacuoles, and in the tidal creek, up to
100% of the ciliates (avg 86%) in a given
water sample had ingested bacteria. Among
the ciliate assemblages in continental shelf
waters, an average of only 5% of individual
ciliates appeared to contain bacteria in their
food vacuoles; however, up to 77% of shelf
nanoplanktonic
ciliates (avg 14.5%) in a
given sample had photosynthetic
cells,
mostly cyanobacteria, in their food vacuoles. These estimates of the incidence of
ingestion of bacteria and cyanobacteria are
probably low because our epifluorescence
method only detects recently ingested cells
(Sherr and Sherr 1983b).
Protozoan biomass production was assessed in the estuary as described by Sherr
et al. (1984) by holding 500-ml subsamples
of water (screened through 17-pm Nitex
netting to remove potential predators of
nanoplanktonic protozoa) in the dark at the
in situ temperature for 12-l 6 h and comparing initial and final biomass of microflagellates and ciliates. The results are compared to estimates of bacterial production
in the same water samples via C3H]thymidine
uptake (Newell and Fallon 1982; Fallon et
al. in press) in Table 2. Ciliate biomass production accounted for, on average, between
14 and 54% of total heterotrophic
nanoplankton production. The productivity
of
suspended bacteria was sufficiently high to
support the growth requirements of both
apochlorotic
microflagellates
and ciliates,
assuming a protozoan growth efficiency of
about 33%, except in the tidal creek in summer. However, in that case the biomass of
apochlorotic flagellates was dominated by
14-20-pm heterotrophic
dinoflagellates
which appeared to be ingesting small phytoplankton cells; on the basis of contents of

Openestuary
Winter

2.4(1.3)
0.3(0.4)
0.05(0.05)

Summer

1.2(0.7)
O.l(O.2)
0.03(0.06)

Winter

l.O(O.4)
0.2(0.2)
0.07(0.06)

food vacuoles, the ciliates seemed to be the
dominant consumers of bacteria. The ciliate
populations we observed in the tidal creek
may have been resuspended from surface
sediments, although the dynamics of growth
suggested otherwise, i.e. the ciliate assemblage always grew well in laboratory-incubated water samples, with an average population generation time of 9 h.
In the other systems we investigated, it is
less likely that the ciliates originated from
the benthos. The presence of the ciliates,
and the contents of their food vacuoles, suggested that they were at least maintaining
stable populations at the expense of picoplanktonic cells. Fenchel’s calculations of
physical constraints to the maximum rate
of filtration for hymenostome and oligotrichous ciliates (Fenchel 1980b, 1984) lead to
the conclusion that bacterivorous
ciliates
cannot survive on the dilute suspensions of
bacteria found in open marine waters. If
suspended bacteria were not randomly dispersed, but aggregated in patches or around
particles, it is more likely that bacterivorous
ciliates could in fact exist in the open ocean
(Sieburth 1984). Aloricate ciliates have routinely been observed associated with particles in even the most oligotrophic parts of
the ocean (e.g. Caron et al. 1982; Silver et
al. 1984). It has been suggested that microbial populations in the sea are in fact patchily distributed around microsites of higher
organic matter concentration such as phytoplankton cells releasing DOM and organic
detrital microaggregates (Azam and Ammerman 1984; Goldman 1984). Azam and
Ammerman (1984) argued that bacterivorous ciliates would be able to survive under
oligotrophic conditions if that were the case
by swimming to microsites of higher bacterial abundance and productivity.
Our preliminary survey in several marine
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pelagic systems, together with other published reports, suggests that nanoplanktonic-size ciliates are common in the ocean.
Improved
counting techniques have allowed us to quantify in situ populations of
these ciliates. Laboratory incubations of estuarine water demonstrated that natural
populations
of apparently bacterivorous
nanoplanktonic ciliates could grow when the
total biovolume of suspended bacteria was
x0.35 mg org. dry wt liter-l. It has only
recently been recognized that saprotrophic
and autotrophic microbial populations in
the sea are capable of rapid biomass production which is apparently immediately
cropped by phagotrophic protozoa (see Sherr
and Sherr 1984; Sieburth 1984). Nanoplanktonic ciliates may play a role in this
microbial food web. Since ciliates are a
known food for copepods and other metazooplankton (Berk et al. 1977; Porter et al.
1979; Robertson 1983), the presence of
nanoplanktonic
ciliates in the sea may represent a direct link in the marine food web
between procaryotic microbes and metazoans.

Evelyn B. Sherr
Barry F. Sherr
Robert D. Fallon
Steven Y. Newell
University of Georgia Marine
Institute
Sapelo Island 31327
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