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SUMMARY

1. Oligotrich ciliates are an important part of most marine plankton communities.
Mixotrophic (chloroplast-sequestering) oligotrichs, a common component of marine
oligotrich communities, obtain fixed carbon from both photosynthesis as well as the
ingestion of particulate food. Mixotrophy, in general, is often considered an adaptation
permitting exploitation of food-poor environments. We examined the hypothesis that,
among oligotrichs, mixotrophs may be at a disadvantage relative to heterotrophs in
food-rich conditions in a nutrient-enrichment experiment. We compared growth re-
sponses of mixotrophic and heterotrophic oligotrichs in natural communities from the
N.W. Mediterranean Sea in microcosms with daily nutrient additions resulting in in-
creases in nanoflagellates and Synechococcus populations. The results indicated that
both mixotrophic and heterotrophic oligotrichs respond to prey increases with rapid
growth (un=12d 1.

2. To examine the hypothesis that the proportion of mixotrophic to heterotrophic olig-
otrichs changes with the trophic status of a system, increasing with oligotrophy, we
examined data from a variety of marine systems. Across systems ranging in chloro-
phyll concentration from about 0.1 to 40 ug L~ ", oligotrich cell concentrations are
correlated with chlorophyll concentrations, and mixotrophs are a consistent component
of oligotrich communities, averaging about 30% of oligotrich cell numbers.

3. We discuss the costs, benefits and possible uses of mixotrophy in marine oligotrichs
and suggest that mixotrophy in marine oligotrichs is not closely linked to the exploita-
tion of food-poor environments, but probably serves a variety of purposes.
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Introduction tween photosynthesis, used by typical phyto-
plankters, and the herbivory or carnivory that charac-
terizes most zooplankters, is ‘mixotrophy’, the combi-
nation of photosynthesis and the ingestion of
particulate matter, phagotrophy. A wide range of
different types of mixotrophy have been described in
chloroplast-containing flagellates (e.g. Jones, 1997).
Among marine flagellates, however, a common strat-
egy appears to be one of generally relying on photo-
synthesis, but occasionally ingesting particulate
matter to obtain either fixed carbon (under poor light
conditions) or nutrients when these are scarce (e.g.
Correspondence: John R. Dolan Arenovski, Lim & Caron, 1995; Bockstahler & Coats,
E-mail: dolan@eerv-obs-vlfr.fr 1993; Christaki, Van Wambeke & Dolan, 1999a;

Instinctively, we tend to divide organisms into two
groups, plants and animals, separating those that use
sunlight and photosynthesis, from those that con-
sume or feed. However, these two trophic strategies,
autotrophy and heterotrophy (literally, self-feeding
and feeding from another), are two extremes of a
continuum of strategies well illustrated among plank-
tonic protists (e.g. Jones, 1994; Stoecker, 1998). Be-
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Havskum & Riemann, 1996; Smalley, Coats & Adam,
1999; Stoecker, 1999). Mixotrophy can also be found
in organisms generally thought of as phagotrophic.
Among sarcodines, many acantharians, radiolarians
and foraminifera are predators of microzooplankton,
but also harbour algal symbionts (Swanberg & Caron,
1991); photosynthesis by the symbionts can provide a
substantial part of the carbon requirement of the
host—symbiont complexes (Caron et al., 1995).

Still another form of mixotrophy, involving a form
of ‘pseudo-symbiosis’ chloroplast retention (see
Laval-Peuto, 1992; Stoecker, 1991), is found among
oligotrich ciliates common in the marine plankton.
Many species of oligotrichs in the genera Tontonia,
Laboea, and Strombidium sequester or enslave chloro-
plasts from ingested flagellates. The chloroplasts re-
main functional for periods ranging from hours to
days, fixing carbon which is metabolized by the cili-
ate (Stoecker et al., 1988a&b). The oligotrichs are
mixotrophic because they also ingest and digest algal
and non-algal prey as well as employ photosynthesis
using captured chloroplasts. Chloroplasts, which do
not reproduce inside the ciliate and therefore must be
constantly replenished (Stoecker & Silver, 1990), are
retained from different types of algal prey and gener-
ally arranged around the cell perimeter (Laval-Peuto
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Fig. 1 Volume-specific chlorophyll content of marine
mixotrophic oligotrichs (data from Petz, 1994; Putt, 1990a;
Stoecker et al., 1987, 1989), the autotrophic ciliate Mesodinium
rubrum Lohman (data from Stoecker et al., 1991) and various
species of diatoms and dinoflagellates (data from Montagnes
et al., 1994). Note that the volume-specific chlorophyll content
of marine mixotrophic oligotrichs is similar to that of marine
diatoms and dinoflagellates of similar size.

& Febvre, 1986; Stoecker, 1992). The amount of
chlorophyll contained in mixotrophic oligotrichs is
comparable, on a per unit volume basis, to that found
in diatoms and dinoflagellates of similar size (Fig. 1).
The carbon fixed by the chloroplasts in mixotrophs
has been found in the polysaccharide pool of the
oligotrich (Putt, 1990a) and hourly photosynthetic
rates may satisfy requirements for basal metabolism
(Stoecker & Michaels, 1991).

The type of mixotrophy found in marine olig-
otrichs, in which photosynthesis is apparently ex-
ploited primarily to cover respiratory demands, is
thought to increase gross growth efficiency and resis-
tance to starvation when food is scarce (Stoecker,
1998). Thus, it is an appealing notion that mixotrophy
in marine oligotrichs evolved as a nutritional strategy
that allows exploitation of oligotrophic or food-poor
environments, as has been postulated with regard to
sarcodines with symbiotic algae (e.g. Anderson, 1996;
Norris, 1996). However, chloroplast-retaining (here-
after mixotrophic) oligotrichs are found in estuarine
and marine systems ranging from eutrophic to very
oligotrophic and even in oligotrophic systems,
mixotrophs rarely dominate the ciliate community
(Dolan, 1992). Beyond observations that they are rare
below the euphotic zone and commoner in the spring
and summer, little is known of factors regulating
their abundance (Stoecker, 1991). The occurrence of
mixotrophs in food-rich environments, as well as
their incomplete dominance of oligotrophic commu-
nities, suggests that mixotrophy may involve benefits
beyond allowing exploitation of oligotrophic waters
and probably involves some costs.

From both theoretical and experimental ap-
proaches, cost-benefit analysis has been applied to
phagotrophy in photoautotrophs, (e.g. Raven, 1997;
Rothhaupt, 1996a&b; Thingstad, 1996). However,
such an analysis has not been attempted with regard
to marine oligotrichs, excepting a preliminary effort
by Pérez, Dolan & Fukai (1997), who investigated
copepod predation in field experiments and also com-
pared maximum growth rates of mixotrophs and
heterotrophs based on the reports in the literature.
An unexpected potential benefit of mixotrophy was
suggested because a mixotrophic oligotrich was con-
sumed by copepods at a lower rate than a similar-
sized heterotrophic oligotrich. A cost associated with
mixotrophy was estimated; following what one
would predict after comparing growth rates of strict
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autotrophs and mixotrophic autotrophs (e.g. Raven,
1997), mixotrophic oligotrichs have lower maximum
growth rates (approximately one-third of a genera-
tion per day) compared to similar-sized hetero-
trophic oligotrichs at a given temperature (Pérez et
al., 1997).

Here we attempt to provide a more complete
analysis of mixotrophy in marine oligotrichs. First,
the growth responses of mixotrophic and hetero-
trophic oligotrichs to increases in food abundance,
examined using an ‘enrichment experiment’ with a
natural community is presented. Second, field distri-
butions are examined with an eye towards estab-
lishing a general pattern of the abundance of
mixotrophs relative to strictly heterotrophic olig-
otrichs and food abundance, roughly estimated as
chlorophyll. Lastly, using our results and those
from previous studies, we review the costs, benefits
and characteristics of mixotrophic oligotrichs.

Methods
Growth responses of oligotrichs to prey enrichment

A microcosm experiment employing natural plank-
ton communities from surface waters was per-
formed in September 1997 using water collected
from the entrance of Villefranche Bay (N.W. Med-
iterranean). Details of the experimental set-up and
treatments, which were designed primarily to inves-
tigate the growth responses of bacteria, are given in
Pérez (1998) and Thingstad et al. (1999). Briefly, du-
plicate 20-L translucent polyethylene carboys were
filled with unfiltered surface water and assigned
one of the following treatments of daily nutrient
additions (to yield final concentrations) —NO; only
(2 uM), NO; + PO, (0.5 uM), NO; + glucose (10 pM),
NO; + PO, + glucose. The carboys were incubated
on the pier of the Station Zoologique in a large,
open, flow-through tank flushed with seawater
pumped from a depth of 1 m. Water temperature
was approximately 26 °C.

Samples for determining the abundance of hetero-
trophic bacteria, Synechococcus, nanoflagellates and
ciliates were removed daily over 6 days. We
analysed the results here to examine the responses
of different oligotrich types to increases in ciliate
prey concentrations. Thus, we considered data only
from those treatments that yielded a significant in-
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crease in the concentration of potential food for cili-
ates: microcosms with daily additions of NO, + PO,
and those that received NO;, PO, and glucose.

Samples for counts of presumptive ciliate prey
(Synechococcus,  autotrophic and  heterotrophic
nanoflagellates) were fixed with 2% CaCO;-buffered
formalin (2% final conc.). For counts of Synechococ-
cus, 10-mL aliquots were DAPI-stained (Porter &
Feig, 1980), drawn down onto 0.2-um pore-size
black carbonate filters and mounted on slides. For
flagellate counts, 0.8-um pore-size filters were em-
ployed. Slides were stored frozen at—20°C until
examination using a Zeiss Axiophot epifluorescence
microscope. Organismal abundances were trans-
formed into carbon units using a conversion factor
for Synechococcus of 0.25 pg C pm? cell volume (Kana
& Glibert, 1987) for an average Synechococcus cell
volume of about 0.5 um?® and for both autotrophic
and heterotrophic nanoflagellates by applying the
factor of 0.22 pg carbon pm® (Bersheim & Bratbak,
1987) to an average flagellate cell volume of 65 um?.

For counting ciliates, aldehyde fixatives (which
preserve chlorophyll fluorescence) are needed to es-
tablish trophic types, although such fixatives typi-
cally yield lower total cell counts compared to
Lugol’s (e.g. Stoecker et al., 1994). To circumvent
this problem, parallel samples were fixed, one with
CaCOj-buffered formalin (2% final concentration)
and another with acid Lugol’s (2% final conc.).
Fifty-millilitre aliquots of the formalin-fixed samples
were settled and examined using an inverted Zeiss
Axiophot epifluorescence microscope to determine
the trophic category (mixotroph or heterotroph) of
oligotrich ciliate morphotypes. Aliquots (50 mL) of
the Lugol’s fixed sample were settled and examined
using transmitted light to determine the abundance
of oligotrich ciliate morphotypes.

The growth rates of populations of mixotrophic
and heterotrophic ciliates (pooled communities)
were calculated assuming exponential growth over
5 periods: day,—-day,, day,-day,, day,—day,, day,;—
day,, day,—-days. Growth rates were then plotted
against prey concentration (the aggregate concentra-
tion in terms of carbon of Synechococcus, autotrophic
and heterotrophic nanoflagellates), estimated as the
average of prey concentration at the beginning and
end of the 24-h period over which growth rate was
determined.
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Fig. 2 Temporal changes in organismal concentrations in the
four microcosms of the enrichment experiment. Two
microcosms received daily additions of NO; and PO, (N + P
repl 1, N+ P repl 2) and two microcosms received daily
additions of NO; and PO, and glucose (N +P + G repl 1,

N + P + G repl 2). Changes in presumptive ciliate prey
concentration (a) in carbon units. Changes in concentration of
mixotrophic oligotrichs (b) and heterotrophic oligotrichs (c).

Field distributions

To investigate the relationship between mixotrophic
and heterotrophic oligotrich abundance across differ-
ent marine systems, published reports providing data
on mixotrophic and heterotrophic oligotrichs were
assembled. Data on abundance in terms of cells per
unit volume, rather than biomass, were collected. In
contrast to cell concentration, which is directly esti-
mated, biomass is a calculated variable, generally
based on biovolumes which are subject to fixation
artefacts and with mass units derived using diverse
conversion factors. Furthermore, cell concentrations
were reported more commonly. Where available, data
on chlorophyll concentrations were also noted.

Results
Growth response of oligotrichs to prey enrichment

The mesocosms, which received daily nutrient addi-
tions, showed a marked increase in the abundance of
presumptive oligotrich prey. In terms of carbon, po-
tential prey for ciliates increased from 32 pg carbon
L~! to peak values of 144-338 ug carbon L~ (Fig.
2a). Cyanobacterial concentration increased from
2.7 x 10* cells mL " at time 0 to a final concentration
of 7x10*-19x10° cells mL~' Autotrophic
nanoflagellate populations grew from 6.8 x 10> mL !
to 2.1-4.1 x 10® cells mL~*. Heterotrophic nanoflag-
ellates increased from 1.4 x 10° cells mL ! to peak
values of 5.1 x 10°-1.1 x 10* cells mL ~'. Throughout
the experiment, Synechococcus represented a relatively
minor component of potential prey for ciliates ( <
15%) in terms of carbon; autotrophic and hetero-
trophic nanoflagellates contributed approximately
equal proportions of presumed prey.

The concentration of oligotrichs increased concomi-
tantly with nanoflagellate and Synechococcus popula-
tions. The community of mixotrophic oligotrichs,
almost entirely composed of a single 30-um diameter
Strombidium sp., increased from 1.4 cells mL~' at
time 0 to a concentration of 22-34.7 cells mL ~ "' at day
5 (Fig. 2b). Heterotrophic oligotrichs, dominated by
small 25-30-um Strombidium spp., increased from
0.38 cells mL~! to final concentrations of 11.3-22
cells mL ! (Fig. 2c).

Community growth rate varied widely, of both
mixotrophic oligotrichs (0.16-1.14 d ') and hetero-
trophic oligotrichs (0-1.46 d~'). However, growth
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rate generally increased with prey concentration (Fig.
3a). The pattern of increasing growth rate with prey
concentration was clear, with no difference between
mixotrophs and heterotrophs, when growth rate was
divided into four groups corresponding to a prey
concentration of approximately 50, 100, 200 and
300 pg carbon L~' and mean rate plotted against
prey concentration (Fig. 3b).

Field distributions

Comparing oligotrich abundance across systems re-
vealed a very large range of reported concentrations
(Table 1). However, total (mixotrophic + hetero-
trophic) oligotrich abundance was well correlated
with chlorophyll concentration (Fig. 4a). Mixotrophic
oligotrich concentration appeared strongly related to
heterotrophic oligotrich abundance (Fig. 4b). Consid-
ering the two groups separately, there was little evi-
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Fig. 3 Calculated growth rate of mixotrophic and
heterotrophic oligotrichs in the enrichment experiment
microcosms. Mixotrophic and heterotrophic oligotrich growth
rate plotted as a function of the average quantity of ciliate
prey available in the 24 h period over which growth was
calculated. The top panel (a) shows individual data points.
The bottom panel (b) presents growth rates pooled into four
sets; the lines indicate the range through which rates were
pooled; the number indicates the number of rates pooled
within the set, error bars represent SD.
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dence that mixotrophic
abundant, relative to heterotrophic oligotrichs, in sys-
tems with low chlorophyll concentration, nor did the
two oligotrich types appear to display different rela-
tionships of abundance as a function of chlorophyll
(Fig. 4c).

oligotrichs were more

Discussion

In our experiment with a natural planktonic commu-
nity, in which nutrient additions yielded increases in
food concentration, mixotrophic and heterotrophic
oligotrichs reacted in a very similar manner in terms
of net community growth rate (Fig. 3a,b). Such results
suggest that mixotrophic oligotrichs can grow at a
rate similar to their heterotrophic counterparts at a
given food concentration. However, two major caveats
should be considered. Firstly, mortality rates were
not measured and could have differed between
mixotrophs and heterotrophs. For example, data from
a previous study led to the suggestion that hetero-
trophic oligotrichs may be ingested by copepods at a
higher rate than are mixotrophic oligotrichs (Pérez et
al., 1997) and copepods were present in the meso-
cosms, at a concentration of about 10 L~ (all post-
naupliar stages combined), based on their abundance
in settled samples. Thus, heterotrophic oligotrich
growth rates may have been relatively underesti-
mated. Secondly, the growth rates estimated were
transient responses to transient increases in prey con-
centration. Had prey concentrations been maintained
over several ciliate generations, differences may have
appeared. The caveats notwithstanding, our data
show that mixotrophic oligotrichs, while displaying a
lower maximum growth rate (Pérez et al., 1997), are
capable of responding to rapid increases in food
availability much like their heterotrophic congeners.

The analysis of reports giving the field abundance
of different types of oligotrichs in a large variety of
marine and estuarine systems yielded some expected
as well as unexpected relationships. The correlation
between the concentration of total oligotrichs and
chlorophyll a (Fig. 4a) echoed earlier findings of a
correlation between the biomass of ciliates and phyto-
plankton in marine systems (Lynn & Montagnes,
1991), as well as the correlation of ciliate biomass and
chlorophyll a concentration in open water marine
systems (Dolan, Vidussi & Claustre, 1999). Unexpect-
edly, there was little evidence of an increase in con-
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Table 1 Abundance of oligotrichs from reports that distinguished mixotrophic and heterotrophic oligotrichs. Mixotroph

abundances denoted with *’

are probably underestimates as the figures consist only of the abundances of mixotrophs

recognized via distinctive characteristics of gross morphology (e.g. Laboea strobila, Tontonia spp.) rather than direct observation

of all oligotrichs with chloroplasts

Oligotrich abundance (cells L)

Period Depth interval

Study site Reference sampled sampled (m) Mixotroph Heterotrophic ~ Chla (ug L")

Atlantic

Iceland Sea Putt, 1990a July 0 428 255 0.8

Barents Sea Putt, 1990a August 0 318 230 0.2

North Atlantic Stoecker et al., 1994 May 1989 0-20 3006 1112 3

North Atlantic Stoecker ef al., 1994 May/June 1990 0-20 1364 909 2.4

Georges Bank Stoecker et al., 1989 July 0-36 1014 1499 0.9

US.A. (MA) Stoecker et al., 1987 July 0-9 2380 723 Nd
coastal

US.A. MD)  Dolan, 1988 Apr-Dec 0-5 19* 4657 123
coastal

US.A. (MD) Dolan & Gallegos, Mar-Sept 0 3358 14220 40.7
coastal 1992; unpub. obs.

Bermuda Lynn, Roff & 1 year 5 36* 206 Nd
coastal Hopcroft, 1991

Southern Froneman & June/July 5 5.8 86.4 0.5
Ocean Perissinotto, 1996

Pacific

Subarctic Suzuki, Yamada & June 0-50 233 985 0.6
Pacific Taniguchi, 1998

Subarctic Suzuki et al., 1998 Oct/Nov 0-50 60 445 0.8
Pacific

Subtrop. Suzuki et al., 1998 October 0-50 103.5 115 0.2
Pacific

CAN (BC) Martin & Montagnes,  Feb 2 58* 2372 2.2
coastal 1993

Eq. Pacific Stoecker, Gustafson &  April 0-120 4.5 39.5 Nd

Verity, 1996

Eq. Pacific Stoecker et al., 1996 October 0-120 1.8 67.7 Nd

Mediterranean

Ligurian Sea  Pérez et al., 2000 May 5-50 1120 1314 0.5

Blanes Bay Vaqué et al., 1997 3 years 0.5 417 1884 1

Catalan Sea Dolan & Marrasé, 1995 June 0-80 24* 376 04

Western Med. Dolan ef al., 1999 May 5-90 47* 677 0.1

Central Med.  Dolan et al., 1999 May 5-105 64* 544 0.2

Eastern Med. Dolan et al., 1999 May 5-130 39* 330 0.1

centration of mixotrophs relative to heterotrophs in
low chlorophyll waters (Fig. 4b). However, it should
be noted that chlorophyll a concentration is probably
only a rough estimate of oligotrich food stocks.
Mixotrophic and heterotrophic oligotrichs appear
well-correlated across a very wide range of abun-
dance, with mixotrophs representing on average
about 30% of oligotrich numbers (Fig. 4c). A similar
value of about 30% of total oligotrichs as mixotrophs
was reported in a comparison of oligotrich communi-

ties in transects across shelf and slope waters of the
N.E. coastal USA (Stoecker, Taniguchi & Michaels,
1989).

Within individual systems, mixotrophic oligotrichs
have often been reported to represent highly variable
proportions of the oligotrich community, both tempo-
rally (e.g. Bernard & Rassoulzadegan, 1994; Stoecker,
Michaels & Davis, 1987; Laval-Peuto & Rassoulzade-
gan, 1988; Vaqué, Blough & Duarte, 1997) and spa-
tially (e.g. Dolan & Marrasé, 1995; Dolan et al., 1999).
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The relationships we describe result from a cross-sys-
tem analysis of data averaged over different temporal
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and spatial scales. While such a treatment involves a
good deal of data averaging, it nonetheless appears
that mixotrophic oligotrichs are a consistent and gen-
erally minor component of oligotrich communities
across systems. Below, we review the costs and
benefits and possible phenomena associated with
mixotrophy in an attempt to provide an explanation
for their apparently consistent occurrence in diverse
marine systems.

Costs and benefits of mixotrophy

Costs. Few of the costs involved with mixotrophy in
marine oligotrichs have been identified with certainty
hitherto. Mixotrophs are generally restricted to the
euphotic zone (Stoecker, 1998), where most of the
biomass of planktonic ciliates is usually found (e.g.
Dolan & Marrasé, 1995). Maximum potential growth
rate may be lower in mixotrophic relative to hetero-
trophic oligotrichs, but only by about a third of a
generation per day (Pérez et al.,, 1997), and ciliates
rarely achieve their maximum potential growth rate
under in situ conditions. Our data from the enrich-
ment experiment suggest that mixotrophic oligotrichs
are capable of responding to increased food availabil-
ity with rapid growth, as are heterotrophic oligo-
trichs.

A possible cost involved with mixotrophy, an in-
creased vulnerability to starvation during prolonged
darkness (> 12 h), was revealed in a study of dark

Fig. 4 Results of a cross-system analysis of oligotrich
abundance patterns based on data given in Table 1. Using
log-transformed data, the abundance of total oligotrichs
(mixotrophs and heterotrophs) was correlated with
chlorophyll concentration (a) r*=0.656, P =0.0001, n =18,
log Y =3.084 + 0.675 x log X. Mixotrophic oligotrich
concentration was related to the abundance of heterotrophic
oligotrichs (b) r?=0.705, P = 0.0001, n =15, log

Y= —1.298+1.354 x log X; for this analysis, reports were
omitted which only gave abundances of morphologically
distinct mixotrophs (open circles) rather than all
chloroplast-containing oligotrichs (filled circles). Pooling data
from the small number of reports (n = 12) giving abundances
of all chloroplast-containing oligotrichs, heterotrophic
oligotrichs and chlorophyll concentration (c) yielded
significant relationships between mixotrophic abundance and
chlorophyll (r?=0.345, P = 0.0448, log Y =2.572+0.744 x log
X), as well as heterotrophic oligotrichs and chlorophyll
(r*=0.627, P =0.0021, log Y =2.834 + 0.751 x log X). Note
the similar slopes of the abundance as a function of
chlorophyll relationships for the two oligotrich types.
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respiration in the mixotroph Strombidium capitatum
Leegard (Crawford & Stoecker, 1996). Compared to a
similar-sized heterotrophic oligotrich, the mixotroph
displayed a higher cell-carbon specific rate of respira-
tion (Crawford & Stoecker, 1996). The physiological
explanation for such a phenomenon is unclear, but
may partly explain the restriction of mixotrophs to
the euphotic zone.

Another potential cost involved with mixotrophy
may be that of selective feeding. Selective feeding is
well known among heterotrophic ciliates (e.g. Chris-
taki et al., 1998, 1999b; Stoecker, 1988; Verity, 1991a).
Mixotrophs apparently require, and may selectively
ingest, prey items with chloroplasts. Selective feeders
can be at a disadvantage relative to non-selective
feeders under a variety of conditions; for example,
when preferred prey are low in concentration (see
Sierszen & Frost, 1992).

There are limited data on feeding behaviour in
mixotrophic, compared to heterotrophic, oligotrichs.
The general feeding parameters of clearance rate and
the size-spectrum of particles retained appear similar
in mixotrophic and heterotrophic oligotrichs (Jon-
sson, 1987). However, some indications of selective
feeding were found in a study of the mixotrophic
Strombidium reticulatum Leegard and the hetero-
trophic Lohmanniella spiralis Leegard offered micro-

W  Strombidium sp. B &  S. chiorophilum /\ S reticulatum
@  Strombidium sp. 1 O S conicum O L. strobila
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Fig. 5 Maximum reported photosynthetic rates of
mixotrophic oligotrichs: volume-specific rates as a function of
cell volume. Data from Jonsson, (1987), Putt, (1990b), Stoecker
& Michaels, (1991), Stoecker et al., (1988a & 1989). With the
exception of Laboea strobila Lohman, volume-specific rates
appear relatively constant and independent of cell size across
a large range of cell volumes. Note, however, that while
these rates are the maximum reported, they may be less than
the rate of photosynthesis under light saturating conditions
(Pmax).

spheres and similar-sized algal prey; unlike the
heterotroph, the mixotroph displayed a higher clear-
ance rate on algal prey (Jonsson, 1986). While such
selection may appear advantageous for oligotrichs
offered algal and inert prey items, if algal prey is
scarce and preferred over equally abundant non-algal
prey (i.e. heterotrophic nanoflagellates), selective
feeding could be costly.

The evidence that exists from the field suggests that
mixotrophic oligotrichs may feed selectively on algal
prey. Working with natural populations of the
mixotroph,  Tontonia  appendiculariformis
Fremiet, Laval-Peuto et al. (1986) analysed food vac-
uole contents using transmission electron micro-

Fauré-

scopy. Their study of oligotrichs collected from Ville-
franche Bay revealed that a variety of autotrophic
flagellates (with chloroplasts similar to those se-
questered) were found in found in food vacuoles, but
heterotrophic nanoflagellates were rare (Laval-Peuto
et al, 1986), despite the fact that heterotrophic
nanoflagellates are generally as abundant as au-
totrophic flagellates in the bay (e.g. Ferrier-Pages &
Rassoulzadegan, 1994). Aggregation behaviour, in the
presence of different algal prey items, has also been
compared for mixotrophs and heterotrophs from nat-
ural populations; mixotrophic oligotrichs appeared to
be more consistently attracted to dinoflagellate prey
than heterotrophic oligotrichs (Verity, 1991b).

Benefits. The benefit of photosynthesis in mixotrophic
oligotrichs (the fixation of inorganic carbon) has been
quantified in several species. All oligotrichs examined
with sequestered chloroplasts fix inorganic carbon.
Mixotrophs then profit from photosynthesis, allowing
exploitation of habitats with absolute low particulate
prey concentrations and/or habitats in which prey are
not necessarily scarce overall but patchy in time and
space.

The quantity of carbon fixed has been estimated to
be about sufficient to satisfy basal metabolism (Jon-
sson, 1987; Stoecker et al., 1987, 1988a; Stoecker &
Michaels, 1991). However, a wide range of photosyn-
thetic rates has been reported. Considering experi-
ments conducted under light conditions of
near-saturating intensity for most autotrophic flagel-
lates (=200 pE m? sec 1), the rate of carbon fixation
appears more or less independent of oligotrich size
and averages about 5 fg carbon pm?® oligotrich cell
volume h~' (Fig. 5). If the volume-specific rate of
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photosynthesis is about the same in oligotrichs of
different sizes, there is probably a large gradient
among mixotrophic oligotrichs in the benefit derived
or relative importance of photosynthesis compared to
heterotrophic nutrition. As the volume-specific respi-
ration rate decreases with increasing cell size (e.g.
Fenchel & Finlay, 1983), larger mixotrophic olig-
otrichs may be more autotrophic than small
mixotrophic oligotrichs. That is, carbon fixed via pho-
tosynthesis may be a larger proportion of the carbon
respired in large compared to small mixotrophic olig-
otrichs. One might predict that the assemblage of
mixotrophic oligotrichs found in eutrophic systems
could differ from that found in oligotrophic systems
with the larger, ‘more autotrophic’ mixotrophs being
commoner in oligotrophic systems.

The products of photosynthesis may also be put to
a variety of uses in mixotrophic oligotrichs. Although
not all mixotrophs display unusual behaviour,
mixotrophy in some species may permit (or subsi-
dize) energetically expensive, but predation-resistant,
swimming patterns or escape responses, as is thought
to be the case for the autotrophic ciliate Mesodinium
rubrum Lohman (Crawford, 1992). This hypothesis
was invoked to explain the low rate of copepod
predation on a mixotrophic oligotrich compared to
that on a similar-sized heterotrophic oligotrich (Pérez
et al., 1997). It should be noted that we are not
attempting to correlate mixotrophy with predation
resistance, since anti-predator behaviour and mor-
phology are found among heterotrophic ciliates.

Mixotrophy may also subsidize energetically costly
life-history stages such as cysts. Clearly mixotrophy
is not a prerequisite for cyst formation, as it is rela-
tively common among tintinnid ciliates, all of which
are heterotrophic. Neither is cyst formation an obliga-
tory life-history stage of mixotrophic oligotrichs, as
several species have been cultured with no mention
of encystment. However, all marine oligotrichs
known to form cysts have hitherto been reported to
be mixotrophic: Strombidium conicum Lohman (Kim &
Taniguchi, 1995, 1997), Strombidium oculatum Gruber
(Jonsson, 1994) and, perhaps, Strombidium crassulum
Leegard [provisionally identified as such by Reid,
(1987), but see Miiller, (1996)].

Marine mixotrophic oligotrichs can be character-
ized as a very common and consistent, if rarely dom-
inant, component of planktonic ciliate communities,
much like tintinnid ciliates. The benefits of mixotro-
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phy probably vary among mixotrophic species, per-
haps as a function of cell size, and rather than simply
allowing exploitation of food-poor environments, the
benefits probably serve a variety of purposes. The
costs of mixotrophy identified hitherto do not appear
severe and prompt the question as to why
mixotrophic oligotrichs rarely dominate marine cili-
ate communities.
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