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Abstract Feeding, growth and bioluminescence of the
thecate heterotrophic dinoflagellate Protoperidinium hu-
beri were measured as a function of food concentration for
laboratory cultures grown on the diatom Ditylum bright-
wellii. Ingestion of food increased with food concentra-
tion. Maximum ingestion rates were measured at food con-
centrauons of ~600 pg C 17" and were ~0.7 pg C individ-
ual™ h™! (1.8 D. brightwelli cells individual ' h h™). Clear-
ance rates decreased asymptotically with increasing food
concentration. Maximum clearance rates at low food con-
centration were ca. 23 pl ind™' h™!, which corresponds to
a volume-specific clearance rate of 5.9x10° h™L. Cell size
of P. huberi was highly variable, with a mean diameter of
42 pm, but no clear relationship between cell size and food
concentration was evident. Specific growth rates increased
with food concentration until maximum growth rates of
~0. 7 d™! were reached at a food concentration of 400 ng
crt( 1000 cells mI™!). Food concentratrons as low as
10 pg C 17! of D. brightwellii (~25 cells mI™") were able to
support growth of P. huberi. The bioluminescence of P.
huberivaried with its nutritional condition and growth rate.
Cells held without food lost their bioluminescence capac-
ity in a matter of days. P. huberi raised at different food
concentrations showed increased bioluminescence capac-
ity, up to food concentrations that supported maximum
growthrates. The bioluminescence of P. huberi varied over
a diel cycle, and these rhythmic changes persisted during
48 hof continuous darkness, indicating that the rhythm was
under endogenous control.

Introduction

Heterotrophic dinoflagellates are common protozoans in
many marine ecosystems, but their trophic role is poorly
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understood compared to other groups of zooplankton. Pho-
tosynthetic dinoflagellates have been intensively studied
because of the toxic and nuisance blooms they often form
in coastal regions and because of their role in marine pri-
mary productivity. The quantitative importance of hetero-
trophic dinoflagellates, however, has not been fully appre-
ciated until recently, because their heterotrophic nature is
often not recognized without careful preservation of sam- -
ples and examination with epifluorescent microscopy for
chlorophyll autofluorescence. Gaines and Elbrachter
(1987) estimated that >50% of the species of dinoflagel-
lates are heterotrophic or mixotrophic, and at least 50% of
open-ocean dinoflagellate standing stocks can consist of
heterotrophs (Lessard 1984). These organisms can be ma-
jor contributors to microzooplankton community biomass
(Smetacek 1981; Hansen 1991; Lessard 1991; Verity et al.,
1993); this community, in turn, can be responsible for the
bulk of phytoplankton grazing in both coastal and oceanic
waters (Gifford 1988 and references therein; Miller et al.
1991; Burkill et al. 1993).

A number of different feeding modes are found among
the heterotrophic dinoflagellates (Gaines and Elbrachter
1987; Elbrachter 1991). Protoperidinium huberi, the sub-
ject of this study, is a pallium feeder. Pallium feeding
(Gaines and Taylor 1984; Jacobson and Anderson 1986) is -
employed by thecate species that cannot engulf their food;
prey cells are captured individually using a thin filament, -
and are then surrounded by a membrane (the pallium) and
digested completely outside the theca. These grazers ap-
pear to prefer diatoms and, in some cases, dinoflagellates
as prey (Jacobson and Anderson 1986; Jeong and Latz
1994), sometimes preying on species as large or larger than
themselves (Strom and Buskey 1993).

Recent work has indicated that diatoms may be partic-
ularly fast-growing members of some oceanic commu-
nities (Furnas 1990; Strom and Welshmeyer 1991) and -
large diatoms may be key species in terms of new produc-
tion (Goldman 1993). Pallium-feeding heterotrophic dino-
flagellates may have a significant grazing impact on pop- -
ulations of large diatoms; this in turn has important impli- -
cations for the coupling of primary producer and grazer
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populations, and for the fate (sinking vs suspended) of this
fraction of the primary production.

Numerous species of heterotrophic dinoflagellates are
also capable of bioluminescence (Buskey et al. 1992), and
in several oceanic regions heterotrophic dinoflagellates
may be responsible for the majority of epipelagic biolumi-
nescence (Lapota et al. 1989; Buskey et al. 1994; Swift et
al. 1994). The bioluminescence capacity of these dinoflag-
ellates appears to depend on their nutritional state; their bi-
oluminescence decreases rapidly in the absence of food
(Buskey et al. 1992). A decrease in bioluminescence ca-
pacity could increase the susceptibility of these organisms
to predation. Bioluminescence in dinoflagellates is thought
to act as a defense mechanism which deters predation by
nocturnal grazers. Copepods ingest dimly bioluminescent
dinoflagellates at a greater rate than highly bioluminescent
dinoflagellates (Esaias and Curl 1972; White 1979) and ex-
hibit photophobic responses to natural and simulated di-
noflagellate bioluminescence (Buskey et al. 1983; Buskey
and Swift 1983). The present study examines the relation-
ships between food concentration, feeding, growth and bi-
oluminescence for the thecate heterotrophic dinoflagellate
Protoperidinium huberi.

Materials and methods

Plankton samples for isolating Protoperidinium huberi were collect-
ed with a 20 um-mesh, 20 cm-diam net in the Aransas Ship Channel
in Port Aransas, Texas (27°50'N; 97°03’W) during December of 1992
(ambient water temperature ~20°C). The net was allowed to stream
with the tide for a few minutes during a flood tide. The sample was
then gently screened through a 100 im-mesh sieve to remove mes-
ozooplankton and debris. Aliquots of the microzooplankton samples
were placed in 1-liter polycarbonate centrifuge bottles, diluted with
ciliate media (Gifford 1985), and enriched with several species of
cultured phytoplankton including Ditylum brightwellii, Thalassiosi-
ra sp. and Prorocentrum micans. These enrichments were then placed
on a bottle roller rotating at ~2 rpm to keep food in suspension in a
temperature-controlled incubator (20°C), witha 12 h hght 12 h dark
cycle under low-light conditions (~2 pM photons m~ 2571, Samples
of the enrichments were examined under a stereomicroscope every
few days for the growth of Protoperidinium species. Various species
of Protoperidinium were isolated from the enrichments and brought
into culture. The species used in this study was identified as P. hu-
beri based on the description of Balech (1988).

Phytoplankton species used as food in these studies were cultured
in f/2 medium (Guillard and Ryther 1962). Phytoplankton were
grown in polycarbonate ﬂasks at 20°Con a 12 h light:12 h dark cy-
cle at ~120 pM photons m™> ! (photosynthetically available radia-
tion measured with Biosphencal Instruments QSL-100 quantum sca-
lar irradiance meter). Only actively growing phytoplankton cultures
were used. Phytoplankton cells for elemental analysis were filiered
onto precombusted GF/F filters, dried at 50 °C, and combusted in a
Carlo-Erba EA1108 elemental analyzer. The volume of Protoperi-
dinium huberi cells was determined from measurements made at
200x magnification and using appropriate geometric formulas; the
carbon content of P. huberi was then estimated using a carbon:cell
volume ratio of 0.14 pg C um™ (measured for Oblea rotunda by Les-
sard, cited in Strom and Buskey 1993).

Protoperidinium huberi cultures were maintained in polycarbo-
nate containers on a bottle roller as described above. Cultures were
fed a mixture of Thalassiosira sp., Nitzschia thermalis, Biddulphia
sp., Ditylum brightwellii and Corethron hystrix, in equal proportions

at 2 to 3 d intervals, and were dituted with fresh mediuvm at 1 wk
intervals.

Preliminary studies were conducted to survey the species of phy-
toplankton consumed by Protoperidinium huberi. A single species
of cultured phytoplankton was placed in each well of a tissue-cul-
ture plate and several (~50) P. huberi were added individually to
each well. The wells were examined under a stereomicroscope over
a period of a few hours to determine if P. huberi was feeding on that
species of phytoplankton. Observations of feeding behavior were
easy, for these pallium feeders tow their food particles around for up
to an hour.

Specific growth-rate constants were measured by adding ~2 to 3
Protoperidinium huberi per ml to 150 ml of ciliate media with Dit-
ylum brightwellii at a range of food concentrations. For experiments
done at low food concentrations, P. huberi were taken from cultures
which had not been fed for several days, so that their initial division
rates would not reflect their prior culture conditions. Controls con-
taining P. huberi without food were also prepared, to ensure that
there was no division based on energy reserves. Triplicate 10 ml sam-
ples were removed daily, placed in 20 m! scintillation vials and held
in the dark at 20°C for 1 h. These samples were assayed for their bi-
oluminescence during the preservation process by adding 1 ml of
formaldehyde to the sample after it was placed within the integrat-
ing sphere of the photon-counting system. Following the biolumi-
nescence measurement, the sample was stained with three drops of
a10 g1 Calcofluor solution. Calcofluor binds to the cellulose plates
of thecate dinoflagellates, causing them to fluoresce a bright blue-
white under UV illumination (Fritz and Triemer 1985). Samples were
stored in the dark at 4°C until enumeration. In one experiment, sam-
ples were taken at 12 h intervals to more accurately examine the re-
lationship between division rate and bioluminescence over a 24 h pe-
riod. P. huberi abundances from these samples were determined by
filtering the samples onto 0.4 um pore-size polycarbonate filters.
These filters were then mounted on slides and counted under epiflu-
orescent illumination. The diameters of 30 cells were also measured
to examine for size variations under different food regimes. Specif-
ic growth rates (ud™!) were calculated as the linear portion of In (P.
huberi mI™") regressed against time (a specific growth rate of 0.693
d™! corresponds to a division rate of one division per day). Growth-
rate experiments were carried out for a period of 4 d, with samples
collected after 24, 48, 72 and 96 h. During the last day of the experi-
ment, sample volumes were reduced from the original 150 to 60 ml.
This reduction in volume had no effect on growth rates or biolumi-
nescence.

Grazing-rate determinations followed a similar protocol, except
that higher concentrations of Protoperidinium huber; were used at
Igher food concentrations (up to 10 P. huberi mI™* at 1000 ug C
1Y), and conirol containers containing phytoplankton without graz-
ers were also prepared for each food concentration. Grazers were al-
lowed to acclimate to their new food conditions for 24 h before in-
itial sampling. A second sample for determination of grazing rates
was taken 24 h after the initial sample. Grazer and food-cell counts
were determined microscopically using the blue fluorescence of the
Calcofluor-stained dinoflagellates and the red autofluorescence of
their photosynthetic food. Ingestion, clearance and growth rates were
determined using the equations of Heinbokel (1978). Gross growth
efficiencies (grazer biomass produced/phytoplankton biomass con-
sumed) were determined using measured phytoplankton cell carbon
values for Ditylum brightwellii and cell volume:cell carbon relation-
ships for P. huberi.

The time required for Protoperidinium huberi to feed on Ditylum
brightwellii cells was determined by direct observation. A few P. hu-
beri were placed in a petri dish with a suspension of D. brightwellii.
When a cell was observed to attach to a diatom it was gently trans-
ferred to another dish and the time when the capture occurred was
noted. The feeding process was observed until the cell had dropped
the remains of the diatom.

Bioluminescence was quantified using a low-light level detec-
tion system consisting of an integrating sphere collector (Labsphere,
Polane-coated) and a photon-counting photometer (Hammamatsu
C1230 photon-counting system and a R 464 photomultiplier tube).
The photometer system was calibrated using cultures of biolumines-



cent bacteria {Photobacterium sp.) and a Quantalum 2000 lumines-
cence photometer with a highly stable silicon photodiode sensor.
Chemical stimulation using formalin was used in this study to avoid
damaging Protoperidinium huberi cells through mechanical stimu-
lation, since all cells must be counted to obtain growth rates. Biolu-
minescence in dinoflagellates can be chemically stimulated with
the addition of a small amount of acid (e.g. Sweeney 1969), or by
the addition of a variety of other chemicals (Hamman and Seliger
1972). Formalin was found to stimulate the same amount of biolu-
minescence in P. huberi as addition of acid or mechanical stimula-
tion.

Experiments were performed to determine if there was a diel
rhythm of feeding, growth or bioluminescence in Protoperidinium
huberi. In these experiments, P. huben grown at a Ditylum bright-
wellii concentration of 350 ug C 1™! were sampled at 4 h intervals
over a 48 h period. In the first experiment, they were grown under a
12 h light:12 h dark cycle to determine if there were diel patterns of
feeding, growth or bioluminescence; in the second experiment they
were grown in continuous darkness to determine if the diel rhythms
were circadian,

Results

Protoperidinium huberi was observed to feed on 15 of the
18 diatom species offered in preliminary feeding experi-
ments [Nitzschia frustulum, Skeletonema sp., Leptocylin-
drus danicus, Amphora coffeaeformis, Amphiprora palu-
dosa var. duplex, Thalassiosira sp., Nitzschia thermalis,
Cylindrotheca fusiformis, Biddulphia sp., Navicula salin-
arum, Coscinodiscus radiatus, Nitzschia curvilineata, Dit-
ylum brightwellii, Corethron hystrix and Coscinodiscus sp.
(CCMP 312}]. P. huberi did not feed on the diatoms Mi-
nutocellis sp., Navicula incerta or Coscinodiscus sp.
(CCMP1585); it fed on only 2 of the 5 dinoflagellate spe-
cies offered as food, Heterocapsa niei, and Prorocentrum
micans; it did not feed on a variety of other small flagel-
lates offered as food (Table 1). In preliminary experiments,
a number of phytoplankton species were found to support
growth of Protoperidinium huberi; D. brightwellii ap-
peared to support the highest growth rates and was chosen
as the food for more detailed studies.

Clearance rates of Protoperidinium huberi feeding on
Ditylum brightwellii ranged from 0.6 to 23.0 ul h™!, with
highest clearance rates measured at the lowest food con-
centrations (Fig. 1A) Ingestlon rates ranged from 63 to
741 pg Cindividual ™ h™! (0.2 to 1.8 cells individual ' h™?),
with maximum 1ngest10n rates occurnng at a food concen-
tration of ~600 g C 17! (1500 cells ml™" ; Fig. 1B). The av-
erage time required for P. huberi to consume one D. bright-
wellii cell was 24.1+6.4 min (mean =1 SD based on 24
measurements). This suggests that at maximum ingestion
rates, P. huberi spent ~70% of its time with a food parti-
cle attached. The amount of carbon per cell of D. brighi-
wellii ranged from 372 to 427 pg C cell™, with a mean
value of 395 pg C cell™! (n=8). The carbon content of P.
huberi was estimated based on the calculated volume of
the cell and the volume:biomass conversion for Oblea ro-
tunda, another thecate heterotrophic dinoflagellate. Deter-
minations of gross growth efficiency of P. huberi were
highly variable in our study, ranging from 0.17 to 0.59,
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Table 1 Taxa and sizes of phytoplankton species offered as food to
Protoperidinium huberi (Ph) in preliminary feeding experiments.
Ratio of cell volumes of phytoplankton food to volume of P.
huberi is presented. Experiments were scored as Y if P. huberi
were observed with captured food cells, and as N if no captured cells
were observed

Species Size Ratio Feeding
(um) (prey: B, vol)
Prymnesiophyceae
Emiliania huxleyi 4x4 0.001 N
Isochrysis galbana 5x%5 0.002 N
Cryptophyceae
Pyrenomonas salina 6x10 0.007 N
Cryptomonas sp. 7x11 0.010 N
Chlorophyceae
Dunaliella tertiolecta 6x7 0.004 N
Dinophyceae
Heterocapsa pygmaea 9% 14 0.020 N
Heterocapsa niei 12x18 0.045 Y
Gonyaulax polyedra 32 x33 0.463 N
Prorocentrum micans 30 %39 0.554 Y
Gyrodinium dorsum 35 x 47 0.930 Y
Bacillariophyceae
Minutocellis 3x4 0.001 N
Nitzschia frustulum 5x6 0.003 Y
Skeletonema sp. 5x<145%0.073 Y
Leptocylindrus danicus 5x18°>  0.009 Y
Amphora coffeaeformis 8x16 0.021 Y
Amphiprora paludosa 9x16 0.026 Y
Navicula incerta 6 %20 0.014 N
Thalassiosira sp. 12x16 0.047 Y
Nitzschia thermalis 13.x24 0.082 Y
Cylindrotheca fusiformis 6 x 35 0.025 Y
Biddulphia sp. 17 %27 0.158 Y
Navicula salinarum 5x49 0.025 Y
Coscinodiscus radiatus 24 %32 0.373 Y
Nitzschia curvilineata 15 x 48 0.218 Y
Ditylum brightwellii 14x62 0.246 Y
Corethron hystrix 15 x 68 0.310 Y
Coscinodiscus sp. 61 x 68 5.12 Y
(CCMP312)
Coscinodiscus sp. 67 x 83 7.54 N
(CCMP1585)

2 Forms chains of variable length
Forms chains of variable length; this measure is for a single cell

with a mean value of 0.37+0.11 (1 SD). Gross growth ef-
ficiencies tended to be higher for cells grown at low food
concentratlons (mean values ranging from ~0.3 to 0.6 at
<300 ug C 1Y), and somewhat lower (mean values rang-
ing from ~0.2-0.4 at >300 ug C I"!) for cells grown at
higher food concentrations (Fig. 2). P. huberi may have
spent less time feeding on food particles at higher food
concentrations and may have less completely digested their
prey.

Specific growth rates of Protoperidinium huberi meas-
ured as a function of food concentration (Dirylum bright-
wellii) ranged from 0.04 to 0.72 d! (Fig. 3). Maximum
growth rates were reached at food concentrations of
~400 ug C I"! (1000 cells mI™Y). Positive growth was ob-
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Fig.1 Protoperidinium huberi fed Ditylum brightwélli. Clearance
(A) and ingestion (B) as a function of mean food concentration over
24 h experiment

tained with D. brightwellii concentrations as low as 10 ug
C I"" (25 cells mI™). Cultures of P. huberi held without
food always decreased in numbers over the 4 d experimen-
tal period. Cannibalism may have be partly responsible for
the decrease in numbers; cells held individually showed
little mortality over similar time intervals. However, can-
nibalism was only directly observed once in cultures where
even a small amount of food was present. Cell size of P.
huberi was highly variable, ranging from 30 t6. 67 um in
diameter. The mean diameter of cells measured in all ex-
periments was 41.7+2.5 um (£1 SD). There was no clear
relationship between food concentration and cell diameter
(Fig. 4). [ :
Bioluminescence per cell decreased rapidly for cells
held individually without food (Fig. SA). For cells held in
groups in larger volumes, the decrease in bioluminescence
was somewhat less rapid (Fig. 5B). Cannibalism may have
occurred in cultures held without food, providing the sur-
viving Protoperdinium huberi with some nutrition. In
growth experiments where samples were taken at 12 h
intervals over a 4 d period, the relationship between bio-
luminescence and growth rate was examined for P. huberi
grown at different food concentrations. During the first
24 h period, there was little difference between the biolu-
minescence of cells grown at different food concentrations,
and only small differences in growth rate. By Day 3, the
differences in bioluminescence and growth rate were great-
est, and bioluminescence per cell was highly correlated to
specific growth rate (Fig. 6). At higher food concentra-
tions, cells grew faster and bioluminescence capacity per
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Fig. 2 Protoperidinium huberi. Gross growth efficiency as a func-
tion of mean concentration of Ditylum brightwellii over 24 h period
during which growth and grazing rates were calculated
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cell was higher in the more rapidly growing cells. For all
experiments, the bioluminescence per cell at the end of the
experiment generally increased with food concentration
(Fig. 7) with a maximum bioluminescence per cell found
at similar food concentrations to those that support maxi-
mum growth rates (400 pg C 17%).

The experiments that were designed to examine if there
was a diel pattern of feeding, growth or bioluminescence,
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revealed a clear pattern of diel changes in bioluminescence
capacity per cell (Fig. 8A). Rhythmic changes in biolumi-
nescence intensity were also found to persist over a 48 h
experiment when cells were moved from a 12 hlight:12 h
dark cycle to continuous darkness, suggesting that the
rhythm was under endogenous control (Fig. 8B). No diel
variations or endogenous rhythms in feeding or growth
were detected.
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Discussion

Protoperidinium huberi preyed on most species of diatoms
tested, and on a smaller proportion of the dinoflagellates
species tested (Table 1). This is in agreement with a pre-
vious study by Jacobson and Anderson (1986), who stud-
ied feeding of a number of species of Protoperidinium.
Oblea rotunda, another species of thecate heterotrophic di-
noflagellate, is more of a feeding generalist, feeding on
prymnesiophytes, cryptophytes, chlorophytes and prasi-
nophytes, as well as a variety of dinoflagellates and dia-
toms (Strom and Buskey 1993). O. rotunda (~23 pm diam)
is considerably smaller that P. huberi (~42 umdiam), how-
ever, and both species feed on cells ranging from < 1% to
>100% of their volume (see Table 1; and Strom and Bus-
key 1993). Food selection by P. huberi may have been
somewhat limited by food size in this study. P. huberi did
not feed on any of the small prymnesiophytes, cryptophy-
tes or chlorophytes tested, nor did it feed on the smallest
diatom (Minutocellis) tested, all of which had cell volumes
< 1% of that of P. huberi. P. huberi was able to feed on one
species of diatom with a volume larger than itself, Coscin-
odiscus sp. (CCMP312}, but did not feed on the largest spe-
cies of Coscinodiscus sp. tested (CCMP1585). Only three
species within the size range of preferred food items were
not fed on by P. huberi, the dinoflagellates Heterocapsa
pygmaea and Gonyaulax polyedra, and the diatom Navi-
cula incerta. It is unclear why P. huberi would not feed on
these phytoplankton species. In these feeding tests, P. hu-
beri were not starved or conditioned to different foods for
a long period of time; under other conditions its feeding
preferences might broaden.

The maximum specific-growth rate of Protoperidinium
huberi grazing on the diatom Ditylum brightwellii was 0.72
d™!, slightly more than one division per day. This is simi-
lar to the maximum growth rate for Oblea rotunda feeding
on D. brightwellii, nearly a doubling per day (Strom and
Buskey 1993), but less than the maximum growth rates of
Oxyrrhis marina (1.3 d , Goldman et al. 1989) and of Gy-
rodinium sp. (1.15 d7*, Hansen 1992). The growth rates of
heterotrophic dlnoﬂagellates are generally lower than
those reported for similarly sized ciliates (Banse 1982;
Hansen 1992). Jacobson and Anderson (1993) measured
considerably higher growth rates for P. hirobis grazing on
Leptocylmdrus danicus, with a maximum growth rate of
1.2 d°%, which corresponds to 1.7 divisions d™!. The max-
imum growth rate of P. huberi was also lower than the max-
imum growth rate of the food used in this experiment.
Growth rates of D. br;ghrwellu of 1.5 (Baars 1981) and 2.1
(Paasche 1968) doublings d™! have been reported. Under
conditions favorable to their growth, D. brightwellii can
easily outgrow a population of P. huberi.

Maximum clearance rates for Protoperidinium huberi
were 23 ul h™!. This corresponds to a maximum volume-
specific Clearance rate of 5.93x10° h™}, which is similar to
values reported for P. hirobis (J acobson and Anderson
1993) and for other heterotrophic dinoflagellates and cili-
ates (Strom 1991). Clearance rates were within the range

of values reported for species of Protoperidinium by Les-
sard and Swift (1985) of 1 to 28 ul individual™ h™'. P. hu-
beri has a mean swimming speed of 0.33 mm s™* (Buskey
unpublished data), which corresponds to 8 body lengths
per second (2.8x10* body lengths h™ 1). This is similar to
the swimming speeds of other heteronophlc dinoflagel-
lates (Buskey et al. 1993). This swimming speed (2. 8x10*
body lengths h™!) makes it d1fflcu1t to explain the maxi-
mum clearance rate (5.93x10° h™!), if it is assumed that P.
huberi locates its food only by direct interception of food
particles.

In order to search the larger volume of water as sug-
gested by the maximum clearance rates, either prey must
be unevenly distributed and Protoperidinium huberi must
be capable of remaining in high-density food patches once
they are encountered, or P. huberi must be capable of re-
mote detection of prey. Oblea rotunda has been shown to
have a behavioral response to phytoplankton exudates,
supporting the possibility of remote chemosensory detec-
tion of prey (Strom and Buskey 1993). Protoperidinium
spp. cells have been observed swimming around a prey cell
for several seconds before attaching to the cell and begin-
ning pallium feeding (Jacobson and Anderson 1986; and
observations during present study); some form of sensory
perception must be used to remain in the vicinity of the cell
until feeding begins. Chemoreception seems to be the most
likely explanation.

Gross growth efficiencies (GGE) for Protoperidinium
huberi feeding on Ditylum brightwellii averaged 0.37,
which is lower than that reported for Oblea rotunda feed-
ing on D. brightwellii (0.60, Strom and Buskey 1993), but
within the range of values reported for heterotrophic pro-
tozoans (Caron and Goldman 1990). The cell carbon:cell-
volume conversion factor used in determining GGE of P.
huberi was measured for the thecate heterotrophic dino-
flagellate O. rotunda. Since we did not determine the car-
bon:volume ratio directly for P. huberi, our calculated
GGEs must be interpreted with caution.

Heterotrophic dinoflagellates of the genus Protoperi-
dinium are often common members of the oceanic micro-
zooplankton cornmunlty, and their abundances can exceed
200 individuals 1"} in oceanic regions (Buskey 1994; Swift
et al. 1994) and 60 000 individuals 17! in coastal bays (Ja-
cobson 1987). Given their high grazing rates, their ability
to consume a wide range of particle sizes and their poten-
tial growth rates of about a doubling per day, Protoperi-
dinium spp. have the potential to be important grazers in
the marine environment and, in some cases, may have more
grazing impact on diatom populations than do copepods
(Jacobson 1987). These small grazers and other protists are
themselves subject to being preyed on by planktonic pred-
ators such as copepods (Sherr et al. 1986; Stoecker and Ca-
puzzo 1990). Bioluminescent dinoflagellates such as P. hu-
beri may have a competitive advantage over other proto-
zoan grazers in environments where predation by meso-
zooplankton is important in controlling microzooplankton
populations, since bioluminescence is thought to function
as a defense against nocturnal predators {(Esaias and Curl
1972; Buskey et al. 1983).



In this study, we have shown that Protoperidinium hu-
beri grown under growth-limiting food conditions have
lower levels of bioluminescence than those grown at higher
food concentrations, and that cells that do not feed lose the
majority of their bioluminescence capacity in a matter of
days. Previous studies with autotrophic bioluminescent di-
noflagellates have demonstrated that nocturnal grazers
such as copepods feed more on dinoflagellates with re-
duced bioluminescence capacity than on brightly biolumi-
nescent cells (Esaias and Curl 1972; White 1979). In the
study of Esaias and Curl (1972), bioluminescence of
Gonyaulax acatenella was reduced by two orders of mag-
nitude through photoinhibition. Complete starvation for
48 h only reduced bioluminescence of P. huberi by one
order of magnitude (Fig. 5A), and differences in biolumi-
nescence were only a factor of 2 to 3 for cells grown at dif-
ferent food concentrations (Fig. 7). It is uncertain if
changes in bioluminescence of the magnitude observed in
the present study would have affected predation on P. hu-
beri by nocturnal grazers, but changes in light intensity of
this magnitude were insufficient to cause a change in be-
havioral response of the copepod Acartia hudsonica to sim-
ulated dinoflagellate bioluminescence (Buskey and Swift
1983).

It is not clear whether the normal range of variations in
food availability observed in nature will cause changes in
intensity of bioluminescence similar to those observed in
our laboratory studies. Swift et al. (1994) reported not to
have found any relationship between bioluminescence per
cell and chlorophyll concentrations in the north Atlantic
over a range of chlorophyll from 4.5 to 75 ng I"!. As these
authors point out, this could be because the Protoperidin-
ium spp. were not exposed to low food concentrations for
sufficient time to affect their bioluminescence, or that food
concentrations were still above the saturation values for
maximum bioluminescence, and that chlorophyll is a poor
measure of food availability for Protoperidinium spp. The
change in bioluminescence with food availability shown
for P. huberi in the present study is analogous to the pho-
toenhancement of bioluminescence of autotrophic dino-
flagellates, where bioluminescence intensity is dependent
on the amount of light the cells received during the previ-
ous day (Sweeney et al. 1959; Swift and Meunier 1976).

Protoperidinium huberi exhibited a diel variation in the
amount of bioluminescence per cell; more biolumines-
cence was produced in response to chemical stimulation
during the dark period than during the light period (Fig.
8). This pattern was also found for P. huberi exposed to
constant darkness, indicating the ability of the cells to keep
track of time over an interval of ~24 h without an external
light stimulus; such rhythms are known as circadian, be-
cause the period is about a day. Circadian rhythms in the
bioluminescence of autotrophic dinoflagellates have been
known for a long time (Haxo and Sweeney 1955; Swee-
ney and Hastings 1957; Hastings and Sweeney 1958). Cir-
cadian rhythms of bioluminescence intensity should be of
adaptive value, since maximum bioluminescence intensity
can be produced during the dark period when it would be
of most value as a deterrent against grazers.
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Spatial and temporal distribution patterns of biolumi-
nescence in the sea are sometimes estimated from direct
measurements of bioluminescence of identified species
and estimates of their abundance based on plankton sam-
ples (e.g. Swift et al. 1985; Batchelder and Swift 1989;
Buskey 1992). This bioluminescence budget approach
assumes that the amount of bioluminescence that can po-
tentially be produced per organism is constant over a range
of environmental conditions. The present study provides
further evidence that the bioluminescence of Protoperidin-
ium spp. may vary with food availability, although these
relationships have not yet been demonstrated to exist in
nature. If the relationship between growth rate and biolu-
minescence proves to be robust, measurements of biolu-
minescence per cell of known Protoperidinium species
may provide insight into their in situ growth rates and re-
cent feeding history. Cells in a population that exhibit less
bioluminescence per dinoflagellate could indicate a recent
history of poor nutritional conditions with resulting lower
growth rates. Conversely, observations of greater biolumi-
nescence per dinoflagellate could indicate a recent history
of better nutritional conditions and more rapid growth rates
for cells in that population. More study is needed of growth
rates and bioluminescence of Protoperidinium species in
natural food assemblages.
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