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Abstract

The trophic interactions of the marine rotifer Synchaeta cecilia were investigated by determining its feeding
and growth rates on a wide variety of marine phytoplankton and by determining its susceptibility to predation
by the calanoid copepod, Acartia tonsa. Reproduction of S. cecilia was sustained in four-day feeding trails
by 13 of 37 algal species tested. Growth-supporting species included species of Cryptophyceae, Dinophyceae,
Chlorophyceae and Haptophyceae in sizes from 4 to 47 um. Within these taxa, other species in the acceptable
size range failed to support growth. No species of Cyanophyceae, Bacillariophyceae, or Chrysophyceae support-
ed growth of the rotifer. S. cecilia can be maintained on uniaigal cultures of Cryptophyceae but growth is en-
hanced by acombination of two or three species; a mixture of Chroomonas salina (Cryptophyceae), Heterocapsa
pygmaea (Dinophyceae), and Isochrysis galbana (Haptophyceae) has sustained laboratory stocks of S. cecilia
for over four years. The expected response of S. cecilia to food quantity was observed: as food concentration
was increased from 58 to 1154 ug C 17!, the population growth constant increased from 0.17 to 0.60 d~! at
20°C. This is equivalent to population doubling times of 4.0 and 1.1 days at H. pygmaea densities of 500 and
10 cells ml 1, respectively. The susceptibility of S. cecilia to predation was investigated by determining its rate
of capture by the omnivorous marine copepod Acartia tonsa. At prey densities of 5to 35 ug C1-1(0.3t0 1.9
individuals 1), A. tonsa readily ingested S. cecilia at rates up to 3 ug C copepod ! day~!.

Introduction many freshwater ecosystems (Makarewicz & Likens,

1979; Pace & Orcutt, 1981). Marine rotifers occur not

Among the marine microzooplankton, rotifers have only in coastal ponds and estuaries, but also in nerit-

been virtually unstudied. Although rotifers are not
as diverse nor as ubiquitous in the oceans as they are
in fresh-water environments (Hutchinson, 1967),
they do occur in most marine habitats (Berzins,
1952, 1960; Eriksen, 1968; Remane, 1929; Ruttner-
Kolisko, 1974; Shih & Figueira, 1971; Sudzuki, 1964).
In some marine ecosystems rotifers make up a major
fraction of the biomass (Ackefors & Hernroth, 1975;
Hernroth & Ackefors, 1979; Johansson, 1983;
Schnese, 1973; Snell & Thomsen, 1980) as they do in

ic (Berzins, 1952; Cassie, 1960) and, although less
prominently, in oceanic systems (Berzins, 1960). In-
tensive sampling in coastal waters has demonstrated
periods of high rotifer abundance alternating with
periods of low or zero densities (Ackefors & Hern-
roth, 1975; Snell & Thomsen, 1980; Schnese, 1973).
Information on rotifers from oceanic areas is more
limited, but this is not surprising given the small size
(<200 um) of the species most likely to occur there,
the failure of the non-loricate species to be preserved
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in an easily recognizable form, and their life cycles
which result in large temporal and spatial discon-
tinuities in distribution and abundance. The occur-
rence and significance of rotifers in offshore regions
cannot be fully evaluated until frequent water sam-
ples are fixed in a way that will preserve rotifers in
an expanded condition.

Rotifers of the genus Synchaeta occur abundantly
in estuaries and coastal areas throughout the world.
Species of the genus Synchaeta are especially well-
adapted to marine environments (Remane, 1929;
Ridder, 1981; Zelinka, 1907); of the 32 described spe-
cies in the genus, approximately 20 may be consid-
ered truly marine, without representation in fresh-
water (Nogrady, 1982). Because of their small size
(100—200 pm), these rotifers have not been captured
in the large mesh samplers commonly used and
therefore may be more abundant’ than published
reports indicate. Despite their wide distribution,
however, virtually nothing is known about the role
Synchaeta spp. play in marine planktonic food
chains. In this paper I report on the algal food re-
quirements and growth rates of one marine Synchae-
ta species and on its susceptibility to predation by the
omnivorous copepod Acartia tonsa. Using this in-
formation, I calculate the expected response of natu-
ral populations of rotifers to the combined influence
of arange of food concentrations and predator den-
sities.

Materials and methods

Synchaeta cecilia was originally isolated from Perch
Pond (Falmouth, Massachusetts) in July 1982. Stock
cultures of clones of S. cecilia were maintained in a
sea water-trace metal medium (75% SW +) prepared
by diluting 100% sea water with deionized water and
by adding 0.1 ml 1-! of the trace metal mixture
from Guillard’s (1975) /2 formulation. A mixture of
three species of algae was used as food: CAroomonas
salina (strain 3C), Isochrysis galbana (strain I1SO)
and Heterocapsa pygmaea (strain GYMNO). These
algae and all other species used in the feeding experi-
ments were cultivated in f/2 enriched sea water
(Guillard, 1975) in batch cultures at 20°C at a light
intensity of ca. 300 uE m~2 s~!. Rotifers were

maintained in the same chamber at light intensities
of ca. 25 uE m~2 s~!, Transfers of rotifers and al-
gae were made weekly in 25 X 150 mm culture tubes
or at intervals of 10-21 days for cultures in
125—-500 ml flasks.

Experiments to determine the relative food value
of algae were performed in 24-well polystyrene tissue
culture plates (Falcon 3047). Rotifers were isolated
singly or in pairs in each well to which 1 ml of the
sea water medium (75% SW+) and the test alga or
algae were added at 6—10 x 10% cells ml~!. The
rotifers were incubated at 20°C in dim light for a to-
tal of four days with a transfer of rotifers to fresh
medium after two days. At the end of three to four
days the number of eggs and rotifers were counted.
Four to six replicate wells were established for each
of four different experiments, which included differ-
ent sets and combinations of algae.

Experiments to determine the population growth
rates at 20 °C were conducted at varying concentra-
tions of Heterocapsa pygmaea. These experiments
were conducted in 200 ml of sea water in triplicated
250 ml Erlenmeyer flasks from which 50 ml sub-
samples were removed on the first, third and fifth
day. On the second and fourth days, one-half of the
medium of all flasks was replaced with fresh medi-
um. At these times the algal densities were adjusted
to return the H. pygmaea to the nominal densities
of 5 x 102, 103, 5 x 10% and 10* cells m1~!. Rotifers
removed in the 50 ml subsamples were anaesthesized
by the addition of 30 mi of carbonated sea water,
preserved in acid Lugol’s solution (Edmondson,
1959), and enumerated by the Utermo6hl method
(Hasle, 1978) after settling three 25 ml aliquots for
each subsample. Population growth constants (r,
day~!) were calculated by the formula r =
In(N¢ 4 x-Nx)/x (Edmondson, 1960) where N is the
number of rotifers at times t and t + x. In the experi-
ments reported here the r-values were calculated for
the period beginning on day one (t) and extending
for four (x) days. Doublings per day (DT) were calcu-
lated from the equation, DT = In 2/r (Edmondson,
1960), where r is the growth constant as defined
above.

Feeding rates for rotifers were determined directly
using the cell count method (Rigler, 1971) in 8 hour
experiments. Rotifers were obtained from stock cul-



tures, rinsed twice on 30 um Nitex mesh, and
resuspended in algae-free sea water medium (100%
SW+) for one hour. Experiments were performed in
25 x 150 mm culture tubes (2 — 6 replicates) to which
50 rotifers and 10 ml of medium were added. Before
the experiment was started, the rotifers were counted
and transferred in Pasteur pipettes to 5 ml of 100%
SW+ medium without algae. At each algal concen-
tration, four control tubes containing medium but
no rotifers were established. At ty, 5 ml of addition-
al medium with algae at 2 x the desired concentra-
tion of 0.5 to 1 x 10* cells ml~! was added to each
test tube. Duplicate tubes were fixed immediately af-
ter the addition of algae for estimating its initial den-
sity. The remaining tubes were incubated in the dark
at 20 °C, usually between 10.00 and 18.00 hours. Be-
cause all or most (94% or higher) rotifers survived
the experiment the initial rotifer density was used to
calculate the grazing and ingestion rates. Algal den-
sities were obtained by visual cell counts of 1 ml ali-
quots in Sedgewick-Rafter cells at a magnification
of 210 x. Over the course of 8 hours, algal concen-
trations were reduced to less than 30% of initial con-
centration.

Conversion of densities to equivalent carbon con-
centrations was based on the following values: I, gal-
bana and Pyramimonas sp., 5.18 pg C cell-1; C. sa-
lina 45.78 pg C cell™!; H. pygmaea, 115.37 pg C
cell~!; H triquetra, 340 pg C cell~! and S. cecilia,
18.12 ng C rotifer~! (Heinbokel, 1978; Verity &
Stoecker, 1982; Stoecker & Egloff, unpublished
data).

Feeding rates for copepods (Acartia tonsa) on S.
cecilia in the presence and absence of an alternative
food species H. triquetra were determined at 20°C
in 500 ml bottles which were rotated at 2 rpm in the
dark for 12 hours, usually between the hours of 19.00
and 07.00. Two types of experiments were conduct-
ed: one in which the density of the rotifers was varied
in the presence of a single concentration of Heter-
ocapsa, and another in which the rotifer density was
constant and the concentration of Heterocapsa was
varied. Adult copepods were picked from net sam-
ples from Perch Pond 30 hours before the start of the
experiment (t,) and isolated in 6—10 liters of 1 ym
filtered sea water. Six hours before t,, 10 copepods
were transferred in wide mouthed pipettes to each of
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the 500 ml experimental bottles half-filled with sea
water. Replicate control flasks without copepods
were also set up at this time. At t, additional water
with the rotifers and/or algae was added to yield ini-
tial concentrations of rotifers (0.3—2.0 S. cecilia
ml~!) and/or algae (0 to 3000 H. triquetra ml~!).
Duplicate flasks for determining initial values of
rotifers and algae were fixed at t;. After 12 hours,
the contents of the experimental and control bottles
were fixed with Lugol’s solution. Algae and rotifers
were enumerated from 50—100 ml settled aliquots.

For all of the feeding experiments the clearance or
grazing rate, F (volume swept clear, ul animal-!
t~1), the ingestion rate, I (g C animal ! t~!) and
the mean cell concentration, (ug C ml~!) were cal-
culated using Frost’s (1972) equations.

Results

In four-day feeding trials, only thirteen of the 37 al-
gal species presented to S. cecilia in unialgal cultures
were capable of supporting reproduction (Table 1).
Algal concentrations (6—10 x 10% cells ml~!) used
were well within the range in which Stemberger
(1985) found positive population growth rates for
eight species of fresh-water planktonic rotifers. The
thirteen growth-supporting species belong to four
major algal taxa (Cryptophyceae, Dinophyceae,
Haptophyceae and Chlorophyceae) and span a range
in size from Isochyrsis galbana (4 X 5 pm) to
Prorocentrum micans (13 x 47 um). These results
show that size is not a reliable guide to nutritional
value. For example, among the Haptophyceae only
one of the three tested species of nearly identical size
was an adequate food. Furthermore, eleven of the
thirteen acceptable species had a maximum dimen-
sion equal or less than 14 ym, but two of the nutri-
tionally adequate dinoflagellates, H. triquetra and
P. micans, were larger.

The dietary inadequacy of several species was not
the result of failure of these species to be ingested by
S. cecilia. Examination of the gut contents by
epifluorescence microscopy revealed that only two
of the nine nutritionally inadequate species present-
ed to S. cecilia (Table 1), were not ingested: Thalas-
siosira weissflogii and Olisthodiscus luteus.
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Table 1. The relative food value of 37 algal monocultures expressed as the maximum numbers of Synchaeta cecilia and S. cecilia eggs
after four days (N,) relative to the initial number (N). Twelve algae were qualitatively tested in separate feeding trials to see whether
they were ingested (I) or not ingested (NI).

Species (strain) Size (um) Relative food value Qualitative feeding test
Cryptophytes
Chroomonas salina (3C) 6 x12 + + 1
cryptomonad sp. (PARA) 6 x10 + +
cryptomonad sp. (M2) 5.2x10.1 + +
Cryptomonas obovoidea (VW354) 6.0%x 8.5 + +
cryptomonad sp. (WH2) 6.1x11.3 + +
cryptomonad sp. (FSA) 8.2x12.7 ++
Rhodomonas lens (R. lens) 5.5%x 9.9 + +
Dinoflagellates
Amphidinium carteri (AMPHI) 10 x16 -
Cochlodinium helicoides (COCH) 32 X35 -
Gonyaulax tamarensis var. excavata (GT429-Ipswich) 35 %35 —
Gyrodinium uncatenum (GYRO) 62 x78 -
Heterocapsa pygmaea (GYMNO) 7 x14 ++ I
Heterocapsa triquetra (HT 984) 16 x22 + +
Prorocentrum mariae-lebouriae (EXUV) 12.6 x 18.1 - 1
Prorocentrum micans (PRORO) 13 x47 ++ 1
Scrippsiella trochoideum (PERI) 23 x30 —
Thoracosphaera heimii (A1379) 11.5 — 1
Haptophytes
Emiliana huxleyi (A1168) 3.8 - I
Isochrysis galbana (I1SO) 4 x5 + +
Paviova lutheri (MONQ) 45x 4 —
Chlorophytes
Chlamydomonas sp. (§.W. CHLAMY) 5 x 8 -
Chliorella autotrophica (CHL580) 2.6 -
Dunaliella tertiolectra (DUN) 54%x 9 -
Micromonas sp. (DW8) 1.4%x 2 -
Nannochloris sp. (Nanno) 1.9 - 1
Pyramimonas sp. (13~ 10 PYR) 45%x 5.2 +
Tetraselmis suecica (TETRA) 8 x12 +
Chrysophytes
Olisthodiscus luteus (OLISTH) 7 x15 — NI
Olisthodiscus luteus (OLNB) -
Diatoms
Asterionella glacialis (A1011) 7 %20 -
Chaetocerus simplex (A1165) 4.5x 7.3 - I
Phaeodactylum tricornutum (TFX1) 2 x27 -
Skeletonema costatum (A1076) 2.6x 4.2 - 1
Skeletonema costatum (SKEL) 6 x 17 -
Thalassiosira pseudonana (3H) 7 x 17 -
Thalassiosira weissflogii (Actin) 9.5x13 - NI
Cyanophytes
Synechococcus sp. (DC-2) 1.0 - I

— Ny<N, or no eggs produced
+ Ng<N4<2N,
+ + Ny>2N,
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Table 2. The relative food value of six algal species that support the reproduction of Synchaeta cecilia during four day feeding trials
when presented in pairs or as monocultures. The relative food value is expressed as the maximum number of rotifers and eggs after

four days (N,) relative to the initial number (N).

Species (strain) C. salina

Unidentified
cryptophyte

H. triquetra H. pygmaea 1. galbana T. suecica

Chroomonas salina (3C) + + +
Unidentified cryptophyte (PARA) + +
Heterocapsa triquetra (HT984)

Heterocapsa pygmaea (GYMNO)

Isochyris galbana (ISO)

Tetraselmis suecica (TETRA)

+ 4+ + 4+ + 4+ +

++ ++ ++ ++
++ +4++ +
++ +

+
)

= Ny<Ny<2N,
2Ny <N, <10Ng
N4> 10N,

++
+++

n

i

In long-term wunialgal cultures only Cryp-
tophyceae were capable of sustaining growth of S.
cecilia, For example, S. cecilia was maintained on
unialgal cultures of Cryptomonas obovoidea (strain
VW354) or on the unidentified cryptophyte (strain
WH2) for over 12 months. In contrast, unialgal cul-
tures of H. pygmaea ceased to sustain reproduction
after two months; unialgal cultures of the hapto-
phyte Isochrysis galbana or the chlorophyte Pyrami-
monas sp. (strain 13-10 PYR) sustained reproduction
for only two weeks.

When six of the nutritious species identified in Ta-
ble 1 were fed in pairs, reproduction of S. cecilia was
enhanced greatly by some of the combinations (Ta-
ble 2). Especially notableis the enhanced growth ob-
served with the cryptophyte, C. salina when paired
with either of the dinoflagellate Heterocapsa spp. or
with the haptophyte, 1. galbana. The combination of
the 1. galbana with H. pygmaea proved equally
stimulating. On the basis of these observations,
three of these four species were selected for long-
term culture; the fourth alga, H. triquetra, was not
used because it was not as stimulating in combina-
tion with . galbana as was H. pygmaea. The combi-
nation of the three selected species — Chroomonas
salina, Heterocapsa pygmaea and Isochrysis gal-
bana — has proven capable of maintaining stock
cultures of S. cecilia without failure for more than
four years.
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Fig. 1. Ingestion (I) and clearance (F) rates of Synchaeta cecilia
at 20°C. The regression equation for the ingestion of the smaller
algae (<5 um), Isochrysis galbana (open circles, n =3) and
Pyraminmonas sp. (triangles, n=3), is [=0.008 C!0
(r? = 0.97). For Heterocapsa pygmaea (closed circles, n = 9) the
regression equation is I = 0.079 C%36 (12 = 0.84). Other ingestion
and clearance values are given for Chroomonas salina (open
square, n = 1) and Heterocapsa triquetra (closed square, n = 1).
The means + ! SE are indicated by vertical lines.
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Feeding Rates

Ingestion rates for Synchaeta cecilia feeding on algal
cells (Fig. 1A) ranged over three orders of magnitude
from 0.03 to 13.51 ng C rotifer—1 h~! as a function
of algal concentration (4 to 5440 pg C 171). This
rateis equivalent to the ingestion of 6 to 86 1. galbana
cells rotifer—! h—1 or of 5 to 117 H. pygmaea cells
rotifer—! h-1, Ingestion rates increase with algal
concentration but at a different rate for the small
(<5 pm) and large (> 6 um) species. For this reason
two regression equations were calculated; one for the
small species (I. galbana and Pyramimonas sp.) and
another for H, pygmaea, the only large species for
which sufficient data was obtained. Single data
points for H. triquetra and C. salina are also given
in Fig. 1 but are not included in the regression calcu-
lations.

Clearance rates (Fig. 1B) range from a maximum
of 18 ul rotifer~! hr~! to a minimum of 2 ul
rotifer ! hr~!. These rates were constant at the low-
er food concentrations and associated largely with
the small algae. As algal size increased and the con-
centration exceeded 50 to 100 ug C 171, the clear-
ance rates decreased.

Growth Rates

Growth rates (Table 3) of S. cecilia increase as a
function of H. pygmaea cell density. A maximum
population growth constant (r) of 0.604 day~! was
obtained at the highest food density of 10* H. pyg-
maea ml~!; this rate corresponds to a population
doubling time of 1.1 days. As food density

Table 3. Growth rates (r £95% C.L.) and doubling times (DT)
for Synchaeta cecilia during four days of exponential growth at
20°C at four concentrations of Heterocapsa pygmaea.

H. pygmaea r+95% C.L. DT
day~—! days
cells ml—! ng C ml-!
A 500 57.5 0.172+0.157 4.0
B 1000 115.0 0.245+0.091 2.8
C 5000 575.0 0.507+0.125 1.4
D 10000 1150.0 0.604+0.158 1.1

decreased, the growth rate was diminished to a point
where population doubling times were more than
3.6 x longer (4.0 days at 500 cells ml—1).

Synchaeta as Prey

The vulnerability of S. cecilia to a coexisting poten-
tial predator, the copepod A. tonsa, is presented in
Fig. 2. Over the tested range of prey densities (5 to
35 ug C 17! which is equivalent to 0.3 to 1.9 rotifers
ml~1) A. tonsa captured an increasing proportion
of the rotifers (Fig. 2A), with no indication of a
plateau at the higher concentrations. On the other
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Fig. 2. Ingestion (I) and clearance (F) rates of Acartia tonsa
adults grazing on Synchaeta cecilia at 20 °C. Regression for inges-
tion rate (ug C copepod ! day—1) vs prey concentration (ug C
liter—1) is I = —0.383 + 0.099 C (12 = 0.98). Vertical bars indi-
cate the mean + SE.



Table 4. Ingestion and grazing rates per copepod = SD for
Acartia tonsa adults feeding at 20 °C on Synchaeta cecilia in the
presence of increasing concentrations of Heferocapsa triquetra.
Density of prey S. cecilia was constant in all treatments at
50 ng C ml—! (2.8 rotifers ml—1). Three replications at each
concentration.

H. triquetra Grazing rate Ingestion rate
ml copepod—!  pug C copepod~!
cellsml-!  pgCl-1 day-! day—!
0 0 91.5+37.5 3.05+0.86
120 41 70.6+21.5 2.02+0.43
670 230 52.0+10.5 1.97+0.29
1580 537 57.5+24.5 2.14+0.65
2665 906 45.5+13.0 1.90+0.43

hand, the clearance rate (Fig. 2B) increased up to a
prey density of one rotifer (= 18.12 ug C171), above
which it was constant, indicating a threshold for
maximal feeding effort.

The effect of an increasing concentration of an al-
ternative algal food on the copepod’s predation on
the rotifer is given in Table 4. At a constant rotifer
density of 50 ng C ml~! (2.8 individuals mi~1)
neither ingestion nor clearance rate change signifi-
cantly over the range of H. triquetra concentrations
tested, namely from 0 to 906 ug C 17!, which .is
equivalent to 0 to 2700 H. triquetra cells ml~!,

Discussion

Synchaeta ceciliais the smallest of the described spe-
cies in the genus; its maximum length of
100—130 pm puts it in a size class with many coexist-
ing protozoans and crustacean larvae. As a result,
this species should fit into the same food chains in
which copepod nauplii (Conover, 1982) and tintin-
nid ciliates (Stoecker & Govoni, 1984; Stoecker &
Sanders, 1985) play a dominant role. My observa-
tions confirm that S. cecilia is capable of ingesting
many commonly occurring size classes and taxa of
marine phytoplankton and is vulnerable to preda-
tion by copepods. For these reasons S. cecilia must
play a trophic role in marine food chains similar to
other microzooplankton such as nauplii and tintin-
nids.

This rotifer species is not, however, an in-
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discriminant grazer of phytoplankton. Many algae
which are within the acceptable size range for S.
cecilia were either not ingested or failed to support
reproduction (Table 1). Among the dinoflagellates,
Amphidinium carteri (10 X 16 p) was an inadequate
diet, while the smaller (Heterocapsa pygmaea) and
the larger (Heterocapsa triquetra) species proved to
be excellent food. Among the chlorophytes,
Dunaliella tertiolecta (5 X 9 ym) was inadequate,
while a smaller (Pyramimonas sp) and a larger
(Tetraselmis suecica) species proved nutritionally
adequate as food for S. cecilia.

Based on present laboratory findings, only a few
taxa can support extended reproduction of Synchae-
ta spp. In both freshwater (Pourriot, 1965; Stem-
berger, 1981) and in marine environments crypto-
phytes are an especially good food for Synchaeta
spp. In this study some dinoflagellates also proved
nutritious; comparable studies have not been report-
ed for freshwater Synchaeta, but dinoflagellates are
consumed by Ascomorpha ovalis (Ruttner-Kolisko,
1938; Pourriot, 1965) and by A. saltans, whose vir-
gate mastax is characteristic also of the Synchaeti-
dae (Hutchinson, 1967, p. 529). Diatoms and
chrysophytes, on the other hand, although they may
be ingested, cannot support reproduction of either
freshwater Synchaeta spp. (Pourriot, 1965) or the
marine S. cecilia. To the algal taxa previously report-
ed to support reproduction in Synchaeta can be ad-
ded two chlorophyte species (7etraselmis suecica and
Pyramimonas sp.) and a haptophyte species
(Isochrysis galbana), based on the results reported
here.

The failure of 24 of the 37 tested algal species to
support growth may result from nutritional deficien-
cies. Qualitative deficiencies have been demonstrat-
ed for many phytoplankton species fed to crusta-
ceans (Provasoli ef al, 1970; Lee et al,, 1976) and
bivalves (Davis & Guillard, 1958). In fact, of the nine
nutritionally inadequate species fed to Synchaeta
cecilia in this study and observed for ingestibility,
seven of the species were ingested. These species may
lack essential nutrients or, as is the case for some
freshwater cyanophytes, they may not be assimilated
(Porter, 1977). Of the two species not ingested
(Thalassiosira weissflogii and Olisthodiscus luteus),
the former may be protected from ingestion by its
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elongated shape, whereas the latter is apparently
protected by its ability to produce a mucus coat
which entangles the cells on the rotifer’s cilia and se-
tae (Egloff, 1986).

Quantitative deficiencies may also account for
some of the failures of the tested species to support
rotifer reproduction. Nutritional trials were limited
to concentrations of no more than 104 cells ml~!.
Higher concentrations of algae were not used be-
cause higher concentrations are unlikely to be of
ecological significance in the marine ecosystems
where Synchaeta occurs.

If these differences in nutritional adequacy exist
in natural populations of phytoplankton, the rela-
tive abundance of specific algal taxa will be more im-
portant for the population growth of rotifers than
total algal biomass, even if the appropriate size class-
es are abundant. Moreover, if the greatly enhanced
or depressed population growth rates of S. cecilia
which result from combining food species is a gener-
al characteristic of other microzooplankton, any at-
tempt to predict growth responses from natural as-
semblages of food species will be most difficult. On
the one hand, certain combinations of algae will en-
hance reproduction (see Table 2), while other combi-
nations will diminish reproduction because some of
the species may be nutritionally inadequate or inter-
fere with ingestion of other, nutritionally adequate
species, as is the case for Olisthodiscus luteus
(Egloff, 1986).

Ingestion of algae by S. cecilia increased with in-
creasing algal density with no indication of a plateau
at the higher concentrations. A plateau indicating a
decrease in feeding efficiency has been observed for
many other rotifer species (Starkweather, 1980) but
always at a higher food concentration than used in
this study. Because higher food concentrations are
not ecologically realistic for the marine habitats in
which 8. cecilia occurs (Stoecker, unpublished data;
Anderson et al., 1983), they were not tested. The ab-
sence of a ingestion plateau indicates that S. cecilia
is capable of efficiently utilizing food resources at all
food concentrations likely to be encountered in the
marine ecosystems where it occurs.

Over the range of algal concentrations used
(4—5440 ug C 1-1) the observed ingestion and
clearance rates for S. cecilia fall within the range

reported for other rotifer species. Exact compari-
sons are not possible. If, however, carbon is assumed
equal to approximately 32% of the dry weight
(Peters & Downing, 1984) the published clearance
and ingestion rates at 20°C for Brachionus
calyciflorus (Starkweather & Gilbert, 1977, Fig. 1)
coincide closely to the rates for S. cecilia (Fig. 1).
Given the great differences in size, morphology, and
habitats of the two species, great significance can not
be placed on this similarity. The similarity may be
only a coincidence resulting from the dissimilarity in
the size of food particles used in the two experi-
ments. In the experiments reported here the algae
ranged in size from 80 um? for Isochrysic galbana
to 1595 um® for Heterocapsa triguetra, whereas
Starkweather and Gilbert (1977) fed a yeast,
Rhodotorula glutinis (35 pm?) to B. calyciflorus. If
clearance rates are a positive function of food size
as suggested by Gilbert and Bogdan (1984) for Syn-
chaeta pectinata, S. cecilia would be expected to
show a relatively higher feeding rate when feeding on
larger algal particles.

Growth Rates

The observed increase of population growth rate (Ta-
ble 3) with increasing food concentration is expected
given the demonstrated ability of S. cecilia to ingest
food in proportion to its availability (Fig. 1 and King
1967). With this ability to capitalize on abundant
food resources, S. cecilia and congeneric species
should be important components of eutrophic ma-
rine communities. In fact, maximum densities ex-
ceeding 3000 Synchaeta spp. 1-! have been ob-
served in a shallow, nutrient enriched salt pond
(Perch Pond, Cape Cod, Massachusetts) by Egloff
and Stoecker (unpublished data). Deevey (1948)
reported that Synchaeta spp. reached maximum
densities of 3151-! in a similar environment, Tisbu-
ry Great Pond on Martha’s Vineyard, Mas-
sachusetts. In Denmark, Blanner (1982) found
populations of Synchaeta spp. peaking at a density
of 105 rotifers 1! in the Limfjord. In both Tisbury
Great Pond and in the Limfjord, where exchange
with coastal waters is restricted, the Synchaeta peaks
were associated with periods of high primary



productivity and salinities of 22 —29%s.

Hernroth (1983) has presented additional evi-
dence of Synchaeta’s ability to use spring
phytoplankton blooms efficiently. He found that in
the upper 20 m of the Gullmar Fjord (Sweden) S. vo-
rax reached daily production levels of 30 mg C
m~2, This rate was equivalent to 2% of the net
primary production in the Fjord during a 6 week
spring bloom. During this period S. vorax had a
growth constant (r) of 0.1 d~! and reached a density
of 851-1 (1.7 x 105 m~2). Mean salinity in the
Gullmar Fjord is 22.3%o.

In less saline, planktonic communities, other Syn-
chaeta spp. have been reported to show similar pat-
terns of abundance, followed by long periods of
scarcity, e.g. in the Firth of Forth (Roddie et al.,, 1984)
southern San Francisco Bay (Ambler et al, 1985)
and in the Baltic Sea (Ackefors, 1969; Hernroth &
Ackefors, 1979; Eriksson et al, 1977). Synchaeta
spp. can constitute 80% of the total zooplankton bi-
omass during the autumn phytoplankton bloom in
the Himmerfjarden (Sweden) where, on an annual
basis, Synchaeta spp. account for 15—36% of the to-
tal zooplankton production (Johansson, 1983).
These impressive population sizes and production
rates attest to the ability of Synchaeta spp. to com-
pete successfully with ciliates, crustacean larvae and
other microzooplankton for food resources.

The apparent scarcity of Synchaeta in open ocean
communities is evidently not the result of an inabili-
ty of members of this genus to adjust to high salt
concentrations. In culture, S. cecilia thrives in salini-
ties up to 33.5%0 (Egloff, unpublished data). Howev-
er, the opportunistic life history pattern of rotifers
(Allan, 1976), which allows them to grow very rapid-
ly in the presence of abundant food, makes these or-
ganisms less well adapted to the nutritionally dilute
open ocean environments. Nonetheless, Synchaeta
atlanticus has been collected from the mid-Atlantic
Ocean (Zelinka, 1907). Further documentation of
Synchaeta populations in off-shore communities
must await a more thorough sampling of
microzooplankton populations at short time inter-
vals, especially in productive frontal zones (Pingree
et al., 1975).

The role of rotifers in planktonic food webs has
been assumed until recently (Makarewicz & Likens,
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1979) to be minor (Brooks, 1969; Dumont, 1977),
presumably because rotifers are small and appear to
occupy a size refuge from visual predators (Banse,
1982). Indeed, predation by many visual predators,
e.g. adult fish, on microzooplankton is minuscule or
incidental to other feeding behavior (O’Brien, 1979).
Fish larvae, on the other hand, are not only adept
at the capture of microzooplankton, including
rotifers, but depend on them, at least in culture, for
normal development (Stoecker & Govoni, 1984;
Hirata, 1979; Houde & Schekter, 1980). Among the
potential other invertebrate predators of marine
rotifers are representatives of a wide variety of taxa,
including ciliates, cnidarians, insect larvae and
crustaceans. In fresh-water, Anderson (1970) was
one of the first to demonstrate that the calanoid Di-
aptomus arcticus (2.2—3.5 mm) not only ingests
Synchaeta pectinata but prefers them to the spiny
Kellicottia longispina. With the exception of the re-
cent work by Stemberger (1982, 1985) and William-
son (1980, 1981, 1983, 1984; Williamson and Butler,
1986) on fresh-water copepods, few other studies of
copepod predation on rotifers have been published.

In this paper I have demonstrated that S. cecilia
(100—130 um)is captured efficiently by the calanoid
copepod Acartia tonsa. At Synchaeta prey concen-
trations of 1 or 2 rotifers ml~!, ingestion rates by A.
tonsa ranged from 1.5 and 3.0 ug C copepod!
day~!. This performance, especially the absence of
a plateau in the ingestion rate (Fig. 2A), may have
been enhanced, however, by using unfed copepods;
Frost (1972) found that the ingestion rates by Cala-
nus pacificus reached a constant level only if the
copepods were fed prior to the experiment. Because
the feeding experiments reported here lasted 12
hours, it is unlikely that the initial starved condition
of the Acartia influenced the observed results be-
yond the first few hours.

Given a mean body weight of 5.6 ug C
copepod ! (Durbin ef al, 1983), A. tonsa females
are clearly capable of attaining a substantial portion
of their nutritional needs by predation on Synchae-
ta. Inthe presence of alternative algal food (Table 4),
A. fonsa maintains daily ingestion rates of 2 ug C of
Synchaeta copepod~!; this is equal to 36% of the
mean body carbon weight. Even in the presence of
an alternative microzooplanktonic prey, the tintin-
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nid Favella spp. which is similar in size to S. cecilia,
A. tonsa continues to feed on both (Stoecker &
Egloff, submitted). Although the relative prefer-
ences for other microzooplankton have not been de-
termined for A. tfonsa, copepod nauplii are signifi-
cantly faster and more erratic in their movements
and should prove more elusive than either Favella or
Synchaeta. These observations lead to the conclu-
sion that when rotifers are abundant, they can make
a significant contribution to higher trophic levels.

The degree of population control exercised by
copepods on rotifers will be a function of many fac-
tors (Williamson, 1983) including the differential
susceptibility of rotifer species to capture and inges-
tion by predators. Using data from an in situ field
study, Neill (1984) concluded that rotifer popula-
tions were controlled by competitive food limita-
tions rather by predation. However, each of the four
species of rotifers which dominated the community
studied by Neill had either morphological or be-
havioral characteristics which make them less vul-
nerable to predation than Synchaeta or other soft
bodied rotifers. Two species in Neill’s study were Kel-
licottia longispina and Keratella cochelearis whose
spiny loricas discourage or deter copepod predators
(Anderson, 1970; Stemberger, 1982, 1985); a third
species, Conochilus hippocrepis possesses a soft ge-
latinous sheath which reduces predation on intact
colonies by cyclopoid copepods (Williamson, 1983).
Finally the Polyarthra vulgaris in Neill’s study is
adept at avoiding predation by rapid skips or jumps
produced by the movement of lateral paddles (Stem-
berger, 1982; Gilbert & Williamson, 1978; Gilbert,
1985). Synchaeta spp., on the other hand, are highly
susceptible to predation by calanoid copepods as
demonstrated by Williamson and Butler (1986) and
by this study.

More studies are required to determine the roles
of predation and competition in controlling commu-
nity structure of rotifers. To estimate the relative im-
pact that each of these factors may have on Synchae-
ta populations, I have combined the experimentally
determined growth and predation rates to predict the
resulting net rate of increase. The combined in-
fluence of these factors is calculated as f=r—g
where f is the net rate of change of rotifers in the
presence of predators, r is the instantaneous rate of

change in the absence of predators (Table 3) and g
is the grazing rate of Acartia on Synchaeta (Table 4).
These values are derived from laboratory data ob-
tained in both instances at 20 °C. Because tempera-
tures in Perch Pond may exceed 19 °C from late June
through August or later (Stoecker, unpublished
data) the values presented here are representative of
the rates that would prevail during the summer
months.

The net rate of change for positive values of t is
presented in Fig. 3 as a function of Acartia and Het-
erocapsa densities. The expected increase in T values
of Synchaeta with increasing algal density and
decreasing predator density is indicated. Net rates of
increase are maximal in the absence of Acartia at any
given concentration of algae, and these maximal
values decline to zero as predator density increases.
The impact of predation at any given predator densi-
ty is diminished as the concentration of an alterna-
tive algal food is increased. Because Acartia
responds to increases in prey density with more egg
production (Stoecker & Egloff, submitted) and more
prey consumption (Fig. 2), interactions between
copepod, rotifer, and alga will be complex. Figure 3
simply illustrates the approximate boundaries with-

1030 ug C liter™!

NET RATE OF INCREASE (DAY ")

4 8 12
ADULT ACARTIA (NO. LITER™")

Fig. 3. Calculated net rates of increase for the rotifer Synchaeta
cecilia as a function of density of the predator Acartia and of algal
food. Net rates of increase were calculated as the difference be-
tween the intrinsic growth rates at 20 °C in the absence of cope-
pods (Table 3) and rate of loss (g) of rotifers to Acartia adults at
20°C at equivalent levels of alternative algal food (Table 4).



in which two members of a trophic triangle affect the
growth of the third, Synchaeta cecilia, during the
summer months.

The important question to ask at this point is
whether the predicted rates lie within a realistic com-
bination of food and predators likely to be encoun-
tered in natural communities. For Perch Pond, the
ecosystem from which S. cecilia was originally iso-
lated and from which Acartia was collected for these
experiments, both dinoflagellate and Acartia densi-
ties fall well within the predicted ranges.

For example, dinoflagellates are present in Perch
Pond throughout the year, with blooms occurring in
both the autumn (Stoecker et al., 1986) and spring
(Anderson et al, 1983). In the latter study, total
dinoflagellate concentrations of 500—800 ug C 1!
during spring blooms were recorded. Because not all
dinoflagellates are utilized by S. cecilia as food (Ta-
ble 1), usable concentrations of dinoflagellates for
S. cecilia in Perch Pond must fall below the 550 ug
C ml~! food level indicated in Fig. 3. At these food
levels, S. cecilia would be able to maintain a positive
rate of population growth at Acartia densities of
8 17! or less.

Year-round studies of copepod populations in
Perch Pond have not been undertaken, but Acartia
hudsonica and A. tonsa are abundant in the region,
especially during the spring and summer months.
For example, Deevey (1948) found Acartia spp. rang-
ing from 0.5 to more than 10 individuals 1-! from
late-March through mid-August in Tisbury Great
Pond. Short term studies by Anderson et al. (1983)
and Turner and Anderson (1983) have demonstrated
bloom densities of Acartia spp. of 520 individuals
1-! during the summer months,

Quantitative, long term samples of rotifer popula-
tions in Perch Pond are also unavailable, but Stoeck-
er (unpublished data) has recorded the presence of
rotifers, largely Synchaeta spp. in all but 4 of 50
weekly samples taken between September 1981 to
September 1982. Periods of especially high abun-
dance were recorded in February, March, May and
June.

These data, albeit fragmentary, support the validi-
ty of the predicted relationships depicted in Fig. 3,
at least for the summer months. As indicated in
Fig. 3, copepods at densities of 5 or fewer per ml
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could cause a net decrease in Synchaeta cecilia popu-
lations at food concentrations of 175 ug C ml~! or
less. Because of the diversity of food species and
potential predators in natural ecosystems, these
predicted relationships can only roughly approxi-
mate the actual situation. To improve our under-
standing of the dynamics of these planktonic com-
munities and to delineate more completely the niche
realized by Synchaeta cecilia, intensive field work
must be undertaken to test the relationships predict-
ed here.
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