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ABSTRACT: Heterotrophic dinoflagellates and their herbivory were quantified at a coastal site in East 
Antarctica in the vicinity of the Australian Antarctic station of Davis (68" 35' S, 77" 58' E) The study 
period, 14 January to 11 February 1994, coincided with the growth and decline of a diatom-dominated 
phytoplankton bloom. Nine taxa of heterotrophic dinoflagellates, including 2 naked and 7 armoured 
forms, were identified and selected for the determination of standing stock and grazing rates. All 9 taxa 
selected for grazing rate measurements showed an increase in abundance and biomass during the 
phytoplankton bloom. Total abundance and biomass increased exponentially from 14 January to reach 
a maximum abundance, when the 9 taxa were combined, of 46400 cells 1-' on the 31 January, equiva- 
lent to a standing stock of 114 5 pg C I-' Taxon-specif~c grazing rates were determined at in situ preda- 
tor and prey concentrations by tracing 14C through a 3 compartment (water, phytoplankton, het- 
erotrophic dinoflagellate) model. Mean taxon-specific clearance rates varied more than 10-fold from 
0.028 p1 cell-' h-' in Diplopeltopsis spp. to 0.318 p1 cell-' h-' in a Protoperidinium sp. In contrast, mean 
taxon-specific rates of ingestion varied only 3-fold from 0.72 pg chl a cell-' h-' in Diplopeltopsis spp. to 
2.38 pg chl a cell-' h-' in the same Protopendinium sp The total ingestion rate of the 9 taxa was 29.7 ng 
chl a 1-' h-' on 31 January, of which 92% was consumed by the 3 most abundant taxa, Gyrod~nium sp.1, 
Gyrodinium sp.2 and Diplopeltopsis spp. This activity represented 6.7% of the water column cleared, 
4.8% of autotrophic biomass and 25%) of daily pnmary production ingested per day. The estimated 
rates of spec~fic ingestion and growth of heterotrophic dinoflagellates were lower in the coastal waters 
of East Antarctica than in laboratory studies carried out at higher temperatures. However, when the 
environmental parameters, predator size and prey type and concentration are taken into account, 
values measured in the present study are tenable, comparing well with other in situ measurements 
Furthermore, the estimates of grazing impact on phytoplankton biomass and production illustrate that 
heterotrophic dinoflagellates play an important part in the biotic control of phytoplankton production 
and therefore of carbon flux through the food web of coastal waters of East Antarctica. 
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INTRODUCTION flow to the pelagic food web (Frost 1991). Hetero- 
trophic protists are now viewed as a dominant biotic 

The magnitude and fate of phytoplankton produc- control of phytoplankton production in the sea and 
tion potentially influence both the air-sea flux of car- estimates of their grazing impact indicate that 20 to 
bon dioxide (Watson et al. 1991) and the carbon energy 100% of daily primary production is consumed each 

day (e.g. Gifford 1988, Paranjape 1990, Burkill et al. 
'E-mail: r.leakey@bas.ac.uk 1993a, b. 1995, Neuer & Cowles 1994). The planktonic 
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heterotrophlc protlsts that graze phytoplankton are 
composed of cl l~ates,  sarcodines, act~nopods and fla- 
gellates, includlnq d~noflagellates (Capnulo et a1 
1991) D~noflagelldtes make up a nlajor component of 
the heterotrophic pi otistan population in both coastal 
and  oceanlc waters where they may play a signif~cant 
role In carbon-energy flow (reviewed by Lessard 1991, 
Sherr & S h e r ~  1994) 

Heteiotroph~c nutr~tion patterns In dinoflagellates 
are  dlverse and the strategies employed Include aux- 
otrophy, mlxotrophy and osmotrophy (Games & Elb- 
rachter 1987) In the present study, the term hetero- 
t roph~c  dinoflagellate is used to desc r~be  those species 
that are  obl~gate  heterotrophs and lack chloroplasts 
There is evidence that planktonic d~noflagellates feed 
on a prey s ~ z c  spectrum ranglng from bactena (Lessard 
& Swift 1985) to large dlatoms ( e  g Hansen 1992), 
copepod eggs (Sekiguch~ & Kato 1976) and even early 
naup l~a r  stages of copepods (Jeong 1994) The ablllty 
of d~noflagellates to feed on such a wide size spectrum 
of prey may reflect the variety of f e e d ~ n g  mechanisms 
that they employ Three mechanisms of f e e d ~ n g  on 
phytoplankton have been descrtbed lngest~on of 
entire cells (phagotrophy sensu strjcto), use of a ped- 
uncle to plerce prey cells and suck out the cell contents 
(myzocytosis), and deployment of a cytoplasmic veil to 
enclose prey cells w ~ t h ~ n  which digestion of the prey 
occurs (palhum feed~ng)  (revlewed by Elbrachter 
1991) 

A varlety of direct and lndlrect methods have been 
used to estimate the herblvory of heteiotroph~c protlsts 
(Glfford 1988, Landry 1994) However, few methods 
directly demonstrate the role of the different taxo- 
nomic components of the microbial community Of 
those that do, the most commonly applled techn~que 
lnvolves the use of inert part~cles, in particular fluores- 
cently labelled heat-kllled algae, as tracers of lnges- 
t ~ o n  (Rublee & Gallegos 1989) Thls t echn~que  IS not 
appl~cable  to heterotrophic dlnoflagellates that may 
feed by myzocytosls or deployment of a pal l~um 
because they do not transport particles into the maln 
cell body Instead, Lessard & Slvlft (1985) developed d 
dual-radioisotope method to trace dinoflagellate clear- 
ance rates on 3H-labelled bacter~a  and I4C-labelled 
phytoplankton However In sltu studles remain rare 
and direct measurements of dlnoflagellate grazing 
rates are almost exclusively restricted to monospeclf~c 
laboratory cultures grazlng on a low varlety of prey 
specles 

Explanat~ons for the Antarctic paradox' of low 
phytoplankton growth despite h ~ g h  amblent nutnent 
concentrations In the Southern Ocean ( rev~ewed tn 
Priddle et al 1992, Treguer & Jacques 1992) have 
largely focused on aspects of poss~ble bottom-up con- 
trol of phytoplankton production However, modelling 

s tud~es  of food web dynam~cs  ( e  g Becquevoit et a1 
1992 Murphy et a1 In press) microcosm exper~ments 
(Kupannen & Bjornsen 1992) and quant~flcatlon of her- 
blvory by the d ~ l u t ~ o n  techn~que (Burk~ll et a1 1995) 
have suggested that heterotrophlc protists may play a 
s~gnificant role In the top-down control of phytoplank- 
ton production in the Southern Ocean Desplte the 
obvlous importance of protlst grazlng In temperate and 
tropical waters the number of direct measurements of 
the grazlng rates of Antarctlc prot~sts remains limlted 

The Southern Ocean IS generally regarded as a 
r q o n  of low ppmary product~vity (Jacqucs 1989) 
however, enhanced productlon IS often found assocl- 
ated 1~1th the recedlng marglnal ice zone (Smith 1987 
Arrlgo & McClain 1994) and in coastal waters (Hayes 
et a1 1984) Prydz Bay (approximately 68" S,  75" W) 
comprises a relatively shallow cont~nental  shelf reglon 
and is an  active s ~ t e  of Antarct~c Bottom Water forma- 
tion (Middleton & Humphries 1989) Seasonally the 
waters of Prydz Bay appear to support a h ~ g h  phyto- 
plankton blomass and there is ev~dence  that large 
heterotrophlc dinoflagellates are an active component 
of the plankton throughout the Inner shelf region 
(Kopczynska et a1 1995) In common w ~ t h  other Ant- 
arctic coastal waters (e  g Knox 1990, Satoh et a1 1991 
Clarke & Leakey in press), the seasonal cycle of mlcro- 
b ~ a l  productlon In Prydz Bay IS closely coupled to Inso- 
lation and to sea ice formation and melting Highest 
m~croblal abundance occurs shortly after ice melt in 
spring and continues during a short ~ce-f ree  summer 
period (Perrin et a1 1987, Davidson & Marchant 1992) 

With a number of modif~cat~ons we have employed a 
s ~ m ~ l a r  technique to that used by Lessard & Stv~ft 
(1985) to estimate the in sltu grazing rates of het- 
erotrophic d~noflagellates on phytoplankton in the 
coastal waters of Prydz Bay In particular, we almed to 
determine the impact of dinoflagellate herbivory on 
prlmary productlon d u r ~ n g  the growth and dec l~ne  of a 
summer phytoplankton bloom The present study 
formed part of a coordinated programme to measure 
microbial productivity and estimate the Importance of 
heterotrophic protlsts to carbon-energy flow In the 
coastal waters of Antarct~ca Concurrent s tud~es  were 
undertaken on the net m ~ c r o b ~ a l  commun~ty produc- 
tlon (Robinson et a1 unpubl ) ,  clliate herblvory (Grey & 
Leakey unpubl ) and bacterivory bv heterotrophlc 
nanoflagellates (Leakey et a1 in press) 

MATERIALS AND METHODS 

Sampling. Sampling was undertaken d u r ~ n g  the 
austral summer from 14 January to 11 February 1994 at 
a coastal location In the vicinity of t.he Austral~an 
Antarctlc station of Davis (68" 35' S, 77" 58' E)  (Fig. I )  
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Fig. 1 Map of study area 
showing location of sampling 
site (a) at O'Gorman Rocks in 
the vic~nity of the Australian 

Antarctic station of Davis 

During the study period open water conditions pre- 
vailed and sampling was carried out at a fixed site 
approximately twice weekly from a hard boat. The 
water depth at the sampling site was approximately 
22 m. On each sampling occasion 10 1 of water was 
collected in an acid-washed opaque polypropylene 
aspirator from a depth of 5 m using an acid-washed 5 1 
Go-Flo bottle, and used for the determination of 
autotrophic biomass, dinoflagellate taxonomy, stand- 
ing stock and herbivory as outlined below. Water tem- 
perature was measured at regular intervals throughout 
the study period using a Platypus CTD (Platypus Engi- 
neering, Tasmania). 

Autotrophic biomass. In order to estimate autotrophic 
biomass, triplicate 500 m1 subsamples were filtered onto 
GF/F filters for the determination of chlorophyll a con- 
centration. Pigments were extracted in 90% acetone for 
24 h in the dark and absorbance measured with a 
spectrophotometer according to Strickland & Parsons 
(1972). Autotrophic biomass was calculated using a 
carbon:chlorophyll ratio of 46, the mean value deter- 
mined by Hewes et al. (1990) for water samples collected 
from various sites throughout the Southern Ocean. 

Heterotrophic dinoflagellate taxonomy, abundance 
and biomass. Dinoflagellate taxa were initially identi- 
fied as heterotrophic forms by examination of live sam- 
ples using epifluorescence microscopy. Heterotrophic 
dinoflagellates lacked the bright red to yellow-orange 
fluorescence of autotrophic forms and generally fluo- 
resced green or yellow under blue light (Lessard & 

Swift 1986, Shapiro et al. 1989, Bralewska & Witek 
1995). Dinoflagellate identification was based on the 
classifications by Balech (1975) and Dodge (1982). 
Taxa were enumerated from settled samples examined 
by inverted microscopy (Utermohl 1958). On each 
sampling occasion duplicate 250 m1 subsamples were 
fixed with Lugol's iodine to a final concentration of 1 %. 
The 2 subsamples were pooled and duplicate 50 m1 
aliquots were concentrated by settling for 48 h and 
enumerated at x200 magnification. 

Cell volumes were determined from 1 % Lugol's 
fixed samples by image analysis using a Seescan Soli- 
taire Plus system (Seescan plc, Cambridge, UK) (see 
Archer et al. 1996 for details). Both naked and ar- 
moured dinoflagellate carbon biomass was calculated 
from cell volume using a conversion factor of 140 fg 
C ~-lm-"as quoted in Lessard 1991). 

Heterotrophic dinoflagellate herbivory. A modifica- 
tion of the technique used by Lessard & Swift (1985) 
based upon the exchange of radioisotope in a 3-com- 
partment model (Daro 1978) was used to measure the 
taxon-specific uptake rates of photosynthetically fixed 
I4C by heterotrophic dinoflagellates at in situ predator 
and prey concentrations. Daro's (1978) simplified 
model of radioisotope exchange is described by: 

water phytoplankton heterotrophic 
dinoflagellate 
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where q 1s the concentration of radioisotope in each 
compartment and h the rate of isotope exchange 
between compartments. Grazing rates (L2) can then be 
approximated by: 

where f is the incubation time. 
Daro's (1978) model assumes that the uptake of 

radioisotope by the phytoplankton is linear over time, 
that the concentration of I4C remains high in the water 
compared to the phytoplankton and dinoflagellate 
compartments and that no recycling of I4C occurs 
within the system. 

For each experiment, water siphoned from the 10 1 
aspirator using darkened silicon tubing was used to 
rinse and then fill an  acid-washed 125 m1 polycar- 
bonate bottle. 500 p1 of stock NaHI4CO3 (Amersham 
International plc) was added to give an estimated 
final radioisotope activity of 1 pCi ml-' (37 kBq ml-l). 
To determine the 14C activity added to each incuba- 
tion (g,) the sample was mixed and a 250 p1 subsam- 
ple removed to a scintillation vial containing 500 p1 
of phenethylamine. Incubations were carried out in 
situ, commencing at mid-morning and 1a.sted from 6 
to 9 h. At the end of an incubation, samples were 
transported quickly ( < l 5  min) in the dark and at in 
situ temperatures to the laboratory for processing. 
The incubation time up to the commencement of fil- 
tration procedures was used to calculate grazing 
rates. 

To determine the extent of particulate photosyn- 
thetic incorporation of I4C (g2), two 10 m1 subsamples 
were filtered through polycarbonate filters of 2.0 pm 
pore size at less than 2.5 mm Hg vacuum. Filters were 
placed in scintillation vials with 1 m1 of acidified 
methanol (5 % glacial acetic acid) to remove the resid- 
ual inorganic I4C and evaporated to dryness. Prior to 
liquid scintillation counting, the vial contents were 
resuspended in 1.5 m1 distilled water followed by 15 m1 
scintillation fluid (Optiphase Hi-Safe 11, Wallac UK 
Ltd). 

The rate of carbon uptake by single or small num- 
bers of heterotrophic dinoflagellate cells (g3) was 
determined by liquid scintillation counting using a 
technique described by Rivkin & Seliger (1981). 
Aliquots of the incubated sample were gently concen- 
trated by reverse filtration onto a 10 pm aperture mesh, 
r~nsed with GF/F filtered sea water from the 10 1 aspi- 
rator and transferred in a drop of water to a cooled 
microscope slide. Dinoflagellate cells were isolated 
from each sample within 1 h following reverse filtra- 
tion. A micro-manipulation system attached to a Wild 
M40 inverted microscope was used to isolate specific 
dinoflagellate cells and to transfer them through 2 

washes of filtered sea water. From the final wash 
between 1 and 35 cells were transferred in a volume of 
less than 5 p1 to a 5 m1 plastic insert vial. To avoid cell 
damage, precautions were taken to minimise tempera- 
ture and osmotic change during sample manipulation. 
To control for the inadvertent transfer of organic 14C 
not incorporated by heterotrophic dinoflagellates, a 
control vial was prepared incorporating an equal vol- 
ume of the final wash used to prepare each experi- 
mental vial. 250 p1 of acidified methanol (5% glacial 
acetic acid) was then added to each vial and evapo- 
rated to dryness to remove inorganic 14C. Prior to liquid 
scintillation counting 0.5 m1 of distilled water was 
added to each vial followed by 4.0 m1 of scintillation 
fluid. 

Radiocarbon activity in the dinoflagellate cells was 
relatively low and therefore a number of measures 
were taken to increase the sensitivity of standard 
liquid scintillation counting techniques. The 'critical' 
counting rate below which no radioisotope activity can 
be quantified by liquid scintillation counting is related 
to counting time and the levels of background count 
(Simonnet 1990). Precautions to minimise the back- 
ground count included the use of both plastic insert 
and outer vials, low volumes of scintillation fluid and 
efforts to minimise static electricity. Respective control 
vials were counted between each sample and to the 
same accuracy of less than or equal to 5 O/o error, result- 
ing in counting times of between 45 and 300 min. 
Counting efficiency was calculated by external stan- 
dard spectrum analysis calibrated with similar plastic 
vials and content volumes to the experimental 
samples. 

Preliminary experiments in which control incuba- 
tions were conducted using formalin poisoned samples 
or darkened incubation bottles (Montagna 1984) pro- 
duced levels of radioisotope activity in the hetero- 
trophic dinoflagellates that were below the critical 
level of detection. Therefore, poisoned or dark incuba- 
tions were not carried out in parallel with experimental 
incubations. Instead, any inorganic I4C transferred into 
the scintillation vials along with the heterotrophic 
dinoflagellates or final wash was assumed to have 
been removed prior to liquid scintillation counting by 
the addition of the acid. In addition, any errors related 
to the transfer of organic I4C not incorporated in 
heterotrophic dinoflagellate cells were accounted for 
by the use of control vials containing equal quantities 
of the final wash in each case. 

In order to venfy the linear incorporation of radio- 
isotope by the phytoplankton, as assumed by Daro's 
(1978) model, a time series control experiment was 
conducted in which the uptake of 14C was measured 
over a 9 h penod In 3 replicate water samples incu- 
bated simultaneously. 
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Data analyses. For each experiment, clearance and 
ingestion rate for each dinoflagellate taxon was calcu- 
lated from the measured activity (dpm) of I4C in partic- 
ulate matter (q2) and heterotrophic dinoflagellates (g3). 
Clearance rates (p1 cell-' h-') were calculated from q2 
values normalised to water volume (dpm p1-l) and 
ingestion rates (yg chl a cell-' h- ' )  from q2 values nor- 
malised to chl a concentration [dpm (pg chl a)-']. On 
each occasion the 14C concentration in the grazers, q3 
(dpm), was calculated from the activity measured in 
the sample vial minus the activity of the respective 
control vial. The critical level of detection (DL) is given 
by the relation: 

where n is the background in dpm, and t is the count- 
ing time in minutes (Simonnet 1990). Only values of q, 
exceeding the detection limit after a counting time of 
5300 min were used to calculate clearance and inges- 
tion rates. 

Mean taxon-specific cellular clearance and ingestion 
rates were calculated from pooled experimental results 
and were used to calculate population grazing rates on 
the 8 occasions when dinoflagellate abundance was 
determined. These values are used to compute the pro- 
portion of the water column cleared, phytoplankton bio- 
mass ingested and primary production consumed by the 
heterotrophic dinoflagellates on each sampling date. 

RESULTS 

Environment 

Break out of fast ice on 23 December 1993 in the 
vicinity of Davis station coincided with increased 
water temperatures and preceded a change in the 
composition and biomass of the autotrophic commu- 

nity in the water column. The present study covered a 
period of almost a month, from 14 January to 11 Feb- 
ruary 1994, and coincided with the development and 
subsequent decline of a diatom-dominated bloom in 
coastal waters. The major component of the phyto- 
plankton was the centric diatom Actinocyclus sp.  
whilst the diatoms Asteromphalus sp. ,  Chaetoceros 
spp., Coscinodiscus spp. and Thalassiosira spp., and a 
small Cryptornonas sp. ,  were also prominent. Chl a 
concentrations in the experimental samples peaked 
between 25 January and 2 February reaching a maxi- 
mum of 20.7 pg 1-' and values declined rapidly there- 
after to 1.9 pg 1-' on 11 February (Fig. 2, Table 1). 
Although near-shore water temperatures increased 
during the summer months, temperature remained 
below -0.4"C during the study and declined to -1.4"C 
by 11 February (Fig. 2). 

L1 C C 
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7 - - - 
iA - P m m C- h h Z 

date 

Fig. 2. Chlorophyll a concentration (bars) and water tempera- 
ture (a) measured at 5 m depth at the fixed sampling site at 
O'Gorman Rocks dunng the study period in summer 1993-94 

Table 1. Sampling dates, total abundance and biomass of the ~solated heterotrophic dinoflagellate population and chlorophyll a 
(chl a) concentration (kSD, n = 3) at 5 m depth at O'Gorman Rocks during the austral summer 1993-94. To estimate the relative 
proportion of the biomass of heterotrophic dinoflagellates to autotrophs, autotrophic biomass was calculated using a carbon:chl a 
ratlo of 4 6  (Hewes et a1 1990) and heterotrophic dinoflagellate biomass from 140 fg C pm- ' cell volume (as quoted in Lessard 1991) 

Date of sampling 

14 Jan 
18 Jan 
25 Jan 
31 Jan 
2 Feb 
7 Feb 
9 Feb 
11 Feb 

Heterotrophic dinoflagellate 
Abundance (cells x 103 lF1) Biomass (pg C I-') 

Chl a 
(pg I-') 

Proportion of dinoflagellate: 
autotrophic biomass (%) 
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Species descriptions 

A diverse and abundant dinoflagellate population 
occurred during the summer phytoplankton bloom and 
the high abundance of large heterotrophic forms was a 
prominent feature in the plankton. Nine dinoflagellate 
taxa were identified and selected for grazing rate mea- 
surements, including 2 naked and 7 armoured taxa 
(Table 2). 

Cell volumes and linear dimensions of material fixed 
in 1 % Lugol's iodine are given for each taxon in Table 2. 
Gyrodinium sp.1 was the smaller of the 2 naked taxa. 

When live, this species was flexible and able to change 
cell shape rapidly. Under blue light illumination Gyro- 
dinium sp.1 fluoresced green and some fixed speci- 
mens were observed in the process of ingesting (Fig. 3) 
or contained previously ingested centric diatom cells. In 
contrast, the larger Gyrodinium sp.2 fluoresced 
yellow/green under blue light and no specimens were 
observed to have ingested diatom cells. Scanning elec- 
tron microscopy illustrated the striations on the cell sur- 
face of both species of Gyrodinium. In each case the 
striations on the hypocone were narrower and more 
abundant than on the epicone (Fig. 3). 

I Fig. 3. SEM micrographs of 
the 2 naked heterotrophic 
dlnoflagellate taxa selected 
or rate measure- 
nents: (A) Gyrodinium sp.1 
n the process of ingesting a 
.entric diatom through the 
ulcus (scale bar = 20 pm), 
B] the larger but less abun- 
lant Gyrodinium sp.2 (scale 

bar = 50 pm) 
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Table 2. Details of the heterotrophic dinoflagellate species for which measurements of grazlng rates were obtained. Mean cell breadth 
(with range) and mean cell volun~e (with upper and lower standard deviation) were calculated from log,,-transformed values. 
The range of abundance and biomass of each taxon was measured during the sampling period from 14 January to 11 February 

Taxon Cell breadth" 
(Iln11 

Gyrodinium sp.1 64 (36-90)a 
Gyrod~niurn sp.2 119 (74-163)d 
Djplopeltops~s spp. 24 (20-28) 
Protoper id in i~~n~ cf. applanat~~rn (Mangum) Balech 36 (22-50) 
Pro toper~d l r~~um sp. l 48 (34-61) 
Protoper~din~um sp.2 50 (33-77) 
Protoperidlnium sp.3 56 (45-69) 
P. cf. pse~~doantarc t icum (Balech) Balech 58 (39-85) 
P antarctlc~lrn (Schirnper) Balech 123 (110-139) 

Cell volume Range of abundance 
(X  l 0.' pm3) (cells I l )  

12.5 (5.8/10.7) 2000-19500 
59.5 (22.2/35.5) 200-6200 

5 4 (1.4/1.9) 1500-16100 
13 4 (5.4/9.0) 400-1100 
31.8 (7.2/9.3) 100-1100 
30.4 (10.5/16.1) 80-680 
62.9 (12.7/15.9) 20-220 
61.3 (24.4/40.6) 40-260 

332.4 (58.2/70.5) 20-90 

Range of b~omass 
(Ilg C I - ' )  

I dFor naked taxa mean cell length rather than breadth 1s gwen I 

The armoured dinoflagellates ranged in size from 
the small Diplopeltopsis spp. to the largest of Antarctic 
dinoflagellates, Protoperidiniun~ antarct~cum (Schim- 
per) Balech (Table 2). Diplopeltopsis spp. had a lentic- 
ular shape with a shallow cingulum and reduced or 
absent antapical and apical spines. P. cf. applanatum 
(Mangin) Balech was characterised by widely spaced 
long antap~cal  spines, a relatively small and wide body 
and a steep apical horn. Protoperidinium sp.1 had a 
generally larger more robust body, with double or false 
antapical spines. Protopel-idinium sp.2 was recognised 
by the flattened 'ovatum' form and possessed antaplcal 
spines and a n  apical horn. Protoperidln~urn sp.3 was a 
relatively large robust form with no spines or horns 
present, narrow cingular lists and darkly staining pro- 
toplasm. P. antarcticum was easily distinguished by its 
size and large antapical horns, one of which is shorter 
and curled towards the other. P. cf. pseudoantarcticurn 
(Balech) Balech was smaller but similar in appearance 
to P. antarcticurn with relatively long antapical horns. 
All the armoured dinoflagellates fluoresced green 
under blue light except P. cf, applanatum which fluo- 
resced yellow/green. 

Abundance and biomass of the heterotrophic 
dinoflagellates 

All 9 taxa of heterotrophic dinoflagellate selected for 
grazing rate measurements showed an increase in 
abundance during the phytoplankton bloom (Fig. 4).  
The 2 most abundant taxa were the armoured Diplo- 
peltopsis spp. and the naked Gyrodiniurn sp.1, reach- 
ing maximum values of 16 100 and 19500 cells 1-' and 
12.1 and 34.3 pg C 1-' respectively (Table 2, Fig. 4 ) .  
Gyrodinlunl sp.2 also reached high abundance with 
6200 cells 1-' making up a maximum taxon-specific 
biomass of 53.8 1-19 C 1-' (Table 2, Fig. 4). The abun- 

dances of the remainder of the armoured taxa were 
considerably lower with individual taxa rarely exceed- 
ing 1000 cells 1-' or 5 pg C 1-' (Table 2 ,  Fig. 4 ) .  

The 9 taxa used for experiments comprised up to 
85 % of the heterotrophic dinoflagellate cells of greater 
than 10 pm in size. It proved impossible to isolate all 
the heterotrophic taxa because of their low abundance, 
fragility or small size. Therefore, the values of total 
abundance and biomass of the heterotrophic dinofla- 
gellate population given in this study are  minimum 
values and include only those taxa selected for grazing 
rate n~easurenlents. 

The total abundance and biomass of the hetero- 
trophic dinoflagellate population increased exponen- 
tially from 14 January to reach a maximum abundance, 
when the 9 taxa were combined, of 44 600 cells I-' on 
31 January, equivalent to a standing stock of 114.5 pg 
C 1-' (Table 1, Flg 4). The relative proportion of 
heterotrophic dinoflagellate to autotrophic biomass 
increased during the study period, and when a C:chl a 
ratio of 46 is used (Hewes et al. 1990), equalled a max- 
imum of 46% of autotrophic biomass by 11 February 
(Table 1). 

Grazing rate measurements 

Daro's (1978) model assumes that the concentration 
of I4C in the water (q,)  remains high relative to the 
autotrophic and heterotrophic compartments and that 
the uptake of 14C by phytoplankton (Q) is linear over 
the duration of the experimental incubations. I4C activ- 
ity measured in the experimental samples at  the begin- 
ning of incubations and in 2.0 pm filtered water at  the 
end indicated a negligible reduction in the level of q,. 
In addition, the incol-poration of '" in particulate mat- 
ter in 3 replicate incubations over a 9 h period was 
essentially linear [dpm = 108.4(h) - 32.1, r2 = 0.971, and 
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50 cient numbers during the post-incubation 
A processing period. One consequence of the - - methodological approach, which arises 

'- 40 C? 
0 from the low number of cells that can be - 
X isolated during each experiment, appears to 
m - - be high variability in the measurement of 
W 30 
0 
V 

taxon-specific grazing rate between exper- 
W 
o imental samples (Table 3). This high vari- 
c 
4 20 ability should be taken into account when 
c considering the following estimates of 
3 
D 
CJ 

mean grazing and growth rates. 

10 Mean taxon-specific clearance rates 
varied by more than 10-fold from 
0.028 p1 cell-' h-' in Diplopeltopsis spp. to 

0 0.318 p1 cell-' h-' in Protoperidinium 

Gyrodlnium sp .  I 

-1 Gyrodlnium sp .2  

-1 Diplopelrop.si.s spp .  

Proroprridi~tium spp.  I 

Protoperidinium sp.2 

Proroperidinium sp.3 

P. pseudoanrarcricum 

P. onrarcricum 

date 

Fig. 4.  Total (A) abundance and (B) biomass of the heterotrophic dinoflagel- 
late population measured in water samples collected at 5 m depth at O'Gor- 
man Rocks during the study period in summer 1993-94. Values represent 
the combined abundance and biomass of the 9 taxa of heterotrophic dino- 

sp.3 (Table 3). In contrast, mean taxon- 
specific rates of ingestion varied only 
3-fold from 0.72 pg chl a cell-' h-' in 
Diplopeltopsis spp. to 2.38 pg chl a cell-' 
h-' in Protopendinium sp.3 (Table 3). 
Mean volume-specific clearance rates 
were inversely related to cell volume with 
the highest value of 5210 h-' measured 
in Diplopeltopsis spp. and the lowest 
of 810 h-' measured in P. antarcticum 
(Table 4 ) .  Clearance and ingestion 
rates were similar between naked and 
armoured taxa of similar size. The rate of 
ingestion of carbon biomass (pg C cell-' 
h-') and carbon-specific ingestion rates 
(h-') can be calculated from the mean 
ingestion rates (pg chl a cell-' h-') for each 
taxon of heterotrophic dinoflagellates 
(Table 4). Estimated carbon-specific in- 
gestion rates were inversely related to cell 
volume, ranging from 0.002 h-' in P. 
antarcticum to 0.023 h-' in Diplopeltopsis 
spp. (Table 4 ,  Fig. 5). 

During the period from 14 January to l 1  
February the mean populat~on grazing 
rates of the 2 Gyrodinium species and 
Diplopeltopsis spp. were an order of mag- 
nitude higher than those calculated for the 
other heterotrophic dinoflagellates (Table 

flagellate selected for grazing rate measurements 3). The combined grazing rates of the 9 
heterotrophic dinoflagellate taxa 
increased exponentially to a maximum 

therefore verified the assumption of linear uptake by value on 31 January (Fig. 6) which coincided with the 
phytoplankton (q2). highest observed heterotrophic dinofl.agellate abun- 

The number of experiments in which a grazing rate dance and biomass (Fig. 4 )  and followed approxi- 
was successfully measured for each taxon ranged from mately 6 d after the maximum recorded chl. a values 
14 out of 16 experiments for Diplopeltopsis spp. to 4 out (Fig. 2). Total ingestion rate of the 9 taxa was 29.7 ng 
of 6 for Protopendinium sp.3. Taxon abundance was the chl a 1-' h-' on 31 January, of which 92% was con- 
major factor that contributed to this variability as the sumed by the 3 most abundant species, Gyrodinium 
most abundant taxa were the easiest to isolate in suffi- sp.1, Gyrodinium sp.2 and Diplopeltopsis spp. (Fig. 6). 
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Table 3. Taxon-specific grazing rates of heterotrophic dinoflagellates on autotrophic production in Antarctic coastal waters. 
Clearance and ingestion rates were calculated from counts of I4C activity in heterotrophic dinoflagellates (g3) above the 'critical' 
detection level (>DL, see text for details). To calculate clearance and ingestion rates, ''C incorporation in particulate matter (q,) 
was normalised to water volume (dpm ].I]-') and chl a concentration [dpm (pg chl a).'] respectively For each taxon. values are the 
mean k S D  of the experiments in which a grazing rate was measured The mean taxon-specif~c population clearance and 

ingestion rates were calculated from 8 sampling dates over the period 14 January to 11 February 

I I 
Taxon Proportion No. of cells Clearance rate Ingestion rate Mean population Mean population 

of counts per vial (p1 cell-' h-') (pg chl a cell h-') clearance rate ingestion rate 
>DL ( l  l h )  (ng chl a I-' h-') 

Gyrodinium sp. l 
Gyrodinium sp 2 
D~plopeltopsis spp. 
Protoperidinium cf. applanatum 
Protoperidinium sp. l 
Protoperidinium sp.2 
Protoperidinium sp.3 
P cf pseudoantarcticurn 
P antarcticum 

Table 4. Estimat~on of the taxon-speclfic rates of volume-specific clearance, carbon ingestion, carbon-specific ingestion and spe- 
cific growth. Volume-specific clearance rates were calculated from measured cell volume (Table 1) and cell clearance rates 
(Table 3). Carbon-specific ingestion rates were calculated from carbon per heterotrophlc dinoflagellate cell (140 fg C as 
quoted in Lessard 1991) and carbon ingestion rates (Table 3) assuming an  autotrophic carbon:chl a ratio of 46 (Hewes e t  al. 1990). 
Specific growth rates were calculated assuming a 0.40 gross growth efficiency for heterotrophic dinoflagellate cells feeding on 

phytoplankton (see text for details) 

Taxon Volume-specific Ingest~on rate Specific ingestion Specific growth 
clearance (h-') (pg C cell-' h-') (h-') (p, d-'1 

Gyrodjniurn sp.1 
Gyrodiniuln sp.2 
Diplopeltopsis spp. 
Protoperidinium cf. applanatum 
Protoperidinium sp. l 
Protoperidinium sp 2 
Protoperidinium sp.3 
P. cf. pseudoantarcticum 
P. antarcticum 

Daily population clearance and ingestion rates were 
calculated from the experimentally derived hourly 
rates, assuming constant grazing throughout the day. 
The total clearance rate of the 9 dinoflagellate taxa 
represented between 0.6 and 6.7% of the water col- 
umn per day during the study period (Table 5) .  A value 
of 46 for the ratio of autotrophic carbon.ch1 a (Hewes et 
al. 1990) can be used to estimate the amount of carbon 
consumed (pg C 1-' d-l) from measured ingestion rates 
(pg chl a 1-' h-'). Estimates of total ingestion by the 
9 taxa reached maximum values of over 10% of the 
total autotrophic biomass consun~ed per day during the 
decline of the phytoplankton bloom (Table 5). Further- 
more, the impact of grazing by heterotrophic dinofla- 
gellates on primary production can be estimated from 
ingestion rates measured in the present study and 

daily rates of phytoplankton ' 'C incorporation mea- 
sured concurrently by Robinson et  al. (unpubl.). The 
proportion of daily primary production ingested per 
day by the 9 dinoflagellate taxa increased during the 
study period from 1.5% on 1 4  January to over 20% 
during the later stages of the phytoplankton bloom 
(Table 5). 

DISCUSSION 

The present study provides invaluable information 
on taxon-specific cellular and population grazing rates 
of heterotrophic dinoflagellates and the potential graz- 
ing impact of the combined dinoflagellate population, 
during a summer phytoplankton bloom in the Antarc- 
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Fig. 5. Carbon-specific ingestion rates as a funct~on of cell vol- 
ume for the 9 heterotrophic dinoflagellate taxa selected for 

grazing rate measurements 

tic. However, before discussing the significance of the 
results it is pertinent to consider the methods that were 
used. 

Methodology 

Daro's (1978) model assumes that the uptake of 
radioisotope by the phytoplankton is linear over time, 
that the concentration of I4C remains high in the 
water compared to that In the phytoplankton and 
dinoflagellates and that no recycling of 14C occurs 
within the system. As stated in the 'Results', both the 

assumptions of linear uptake in q2 and high and sta- 
ble concentrations of isotope in the water (q , )  were 
verified in the present study. However, to limit the 
extent of recycling of the radioisotope tracer the dura- 
tion of experiments should ideally be kept to a mini- 
mum. In the present study it was necessary to run 
incubations for between 6 and 9 h because the incor- 
poration rate of I4C by heterotrophic dinoflagellates 
was relatively slow and only a small number of cells 
of individual taxa could be isolated from the experi- 
mental samples during the processing time. There- 
fore, there is a possibility that the experimental proce- 
dures used resulted in some recycling of 14C within 
the system and the likelihood and implications of this 
are now discussed. 

The degree of recycling of 14C that took place during 
the incubations would be a product of respiratory and 
excretory losses from both autotrophic and hetero- 
trophic compartments. The respiratory 1.oss of I4C from 
autotrophs would depend on the extent to which 
recently incorporated I4C enters the respiratory sub- 
strate pool(s) during incubation. However, the inter- 
pretation of 14C measurements of phytoplankton pro- 
duction is limited by a lack of understanding of algal 
respiration (Williams 1993). In the context of the pre- 
sent stu.dy the incorporation of I4C in the phytoplank- 
ton greater than 2.0 vm was essentially linear (Fig 5) 
and therefore any respiratory loss of I4C was either 
constant or very low and is not expected to prejudice 
the calculations of grazing rate. 

It is possible that grazing rates could have been 
underestimated due to losses during egestion, respira- 
tion and excretion of I4C by the heterotrophs. As for 
a.utotrophs, the loss of incorporated " C  in hetero- 
trophs would depend on the rate at which recently 
incorporated I4C entered the respiratory substrate 
pool(s). The loss of I4C from the cells of grazers would 
be dependent in part on food processing times. Het- 

Table 5. Grazing impact by the isolated heterotrophic dinoflagellate population on daily primary production during a summer 
phytoplankton bloom at a coastal Antarctic site. Calculation of the percentage of total primary production consumed is based 
upon "C production data measured In water samples from 5 m depth at O'Gorman Rocks at biweekly intervals during the sum- 

mer (Robinson et al. unpubl.) 

Date of sampling Water column Autotrophic biomass ~ngested Primary productiond Production ingested 
cleared (% d.') ( g  C l ) (% d-l) (pg C 1.' d-') (Oh d") 

14 Jan 
18 Jan 
25 Jan 
31. Jan 
2 Feb 
7 Feb 
9 Feb 
11 Feb 

I *'Data extrapolated from Rob~nson et al. (unpubl.) 
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erotrophic dinoflagellate species exhibit a vari- 
ety of feeding methods involving intracellular or 
'extrasomal' digestion of prey and there is evi- 

Gyrodr~lr~ini hp. I 

I G y r o d r ~ ~ r u ~ n  \p 2 

L l Diploprlrop~r r rpp 

dence to suggest that the food processing time 
differs with feeding method (Elbrachter 1991). 

Proropc,ridiniu~i~ spp. I 
Reported food processing times for phagotrophic 
species span many hours. For instance, the - - 
mixotrophic Gymnodinium sanguineurn digested Prorupe~-rdr~iru~?i sp.3 

ciliates at  a rate of 23% h- '  (Bockstahler & Coats 7- 
1993) and digestion of Dunaliella primolecta by 
Oxyrrhis marjna takes 12 to 24 h (Opik & Flynn 5 
1989). In contrast, observations of the duration of 2 
pallium feeding by dinoflagellates suggest that 
they are attached to their prey for relatively ,Q 
short periods of time of generally less than an  
hour (Jacobson & Anderson 1993, Strom & ,- 

Buskey 1993, Jeong & Latz 1994). Therefore, the 
rate of loss or recycling of I4C from the grazers 
may vary between taxa that employ different 
feeding modes. However, the phytoplankton that 
were consumed a t  an  early stage of the incuba- 
tions, and were therefore digested and/or . . . . 

C C 
m m C CJ c D 

m 0 
D D D  

egested first, would have a lower I4C content ? v - - U 
m - 2 2 2  

than prey consumed at a later stage. This b, "0 N m - m =  

reduces the potential bias in the measurements date 
of grazing rate due  to recycling or loss of I4C 
from the heterotrophic compartment (Dare & Fig. 6. Estimates of the total comb~ned  ingestion rates of the 9 taxa 

Baars 1986). Continuing this theme, the method of heterotrophic dinoflagellate measured In watel- samples col 
lected at  5 m depth at O'Gorman Rocks during the study penod 

used to obtain grazing rates in the present study 
is potentially biased towards measuring higher 
rates in species that feed phagotrophically or by Another discrepancy in grazing rate measurements 
myzocytosis and therefore possibly contained undi- may have arisen if the grazers were size-selective 
gested "'C-labelled phytoplankton material, com- feeders, due  to any displ-oportionate uptake of I4C by 
pared to taxa that use a pallium and transport only different-sized phytoplankton (Tackx & Daro 1993). 
digested material into the cell body. This discrepancy was shown to be of least significance 

Several other experimental procedures may also if the bulk of the phytoplankton biomass is concen- 
have influenced the grazing rate measurements of the trated In a narrow size range (Tackx & Daro 1993). 
present study. The val.ues used for the amount of 14C During the present study the > l 8  m size fraction 
incorporated in the autotrophic compartment (q2) were contributed approximately 80 % of 14C incorporation 
measurements of I4C content in particulate matter fil- (Robinson et  al. unpubl.). Cyrodinium sp.1 was able to 
tered onto 2.0 pm filters. Therefore q2 values did not ingest Actinocyclus sp. cells (Fig 3) and Protoperi- 
include the photosynthetic incorporation of I4C in par- dinium applanatum was observed with captured 
ticulate matter of less than 2 0 pm or in ''C excreted as Actinocyclus sp, cells, suggesting that these 2 species 
dissolved organic matter, which made up approxi- at least were feeding on the dominant phytoplankton 
mately 5 and 10%, respectively, of the photosyntheti- size class. 
cally incorporated I4C in size fractionated samples Heterotrophic dinoflagellates are known to feed on a 
from 24 h incubations (Robinson et  al. unpubl.). As a wide range of food items including bacteria, flagel- 
result, the clearance and ingestion rates given in the lates, diatoms, ciliates, other dinoflagellates and small 
present study may lead to a sllght overestimate of the metazoans (Lessard 1991). Therefore, there is a possi- 
grazing impact on total photosynthetic production bility that the 14C accumulated by certain taxa exam- 
(Table 5). Further, the dissolved organic matter ined in the present study was not derived directly from 
excreted by phytoplankton may be incorporated by phytoplankton. Indeed, experiments in which inges- 
bacteria and bacterial incorporation of I4C-labelled tion of bacteria was estimated from the incorporation of 
organic matter may have affected the estimates of 3H-thymidine derived from labelled bacteria suggest 
grazing rate by recycling of the tracer. that bacteria may form a substantial part of the diet of 
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pelagic dinoflagellates (Lessard & Swift 1985, Lessard 
& Rivkin 1986, Neuer & Cowles 1995). However, recent 
evidence questions these findings as it has been shown 
that 3H-thymidine-labelled macromolecules derived 
from Q-thymidine-labelled bacteria may be rapidly 
broken down by protists during digestion and do not 
accumulate within the predator (Zubkov & Sleigh 
1995). Furthermore, some dinoflagellates are mixo- 
trophic and could directly incorporate inorganic 14C 
which would result in an overestimate of grazing rates. 
However, the taxa for which grazing rates were 
obtained in the present study did not exhibit the bright 
red fluorescence associated with chloroplasts or the 
yellow-orange fluorescence that may be associated 
with autotrophic symbionts (Lessard & Swift 1986, Bra- 
lewska & Witek 1995). 

Finally, when microscopy is used to determine the 
carbon biomass of microbial communities the accu- 
racy of the final biomass estimate depends upon the 
determination of abundance, cell volumes and cell 
carbon:volume ratios. In this study, as with many 
others, the use of literature values to convert cell vol- 
ume to carbon estimates is likely to introduce the 
largest error. The conversion factor of 140 fg C pm-3, 
as quoted in Lessard (1991), is based on the carbon to 
cell volume of the small (-20 pm diameter) het- 
erotrophic armoured dinoflagellate Oblea rotunda 
(Strom & Buskey 1993) and may not be ideal to use 
for larger armoured cells or naked dinoflagellates. 
There is obviously a need for further experimentally 
determined values of the carbon content of het- 
erotrophic dinoflagellate cells. In addition, in the pre- 
sent study a fixed value for the autotrophic carbon to 
chl a ratio of 46 was used to estimate the autotrophic 
carbon content of sampled water from measured chl a 
concentrations. This value is the mean value of auto- 
trophic carbon to chl a measured in water samples 
collected around the Southern Ocean and containing 
greater than 2.0 pg chl a 1-l (Hewes et al. 1990) 
and ignores the possibility of a non-linear relation- 
ship between autotrophlc carbon and chl a concen- 
trations. 

Grazing and growth rates 

Mean cell-specific clearance rates of heterotrophic 
dinoflagellates recorded in the present study were 
approsimately an order of magnitude lower than val- 
ues from the North Atlantic (Lessard & Swift 1985) and 
off Oregon, USA (Neuer & Cowles 1995) measured 
using similar radioisotope techniques. Clearance rates, 
which vary according to ambient food concentration, 
are likely to differ considerably between studies 
undertaken in different environments. In this respect. 

ingestion rates are a more useful means of comparing 
species in different environments. Unfortunately, 
ingestion rates cannot be calculated from the study by 
Lessard & Swift (1985) or Neuer & Cowles (1995). In 
addition, many heterotrophic dinoflagellates are now 
known to feed optimally on food of a similar size to 
themselves (Hansen 1992) and use of the less than 
20 pm size fraction of prey to calculate clearance rates 
in dinoflagellates of greater than 20 pm, as used by 
Lessard & Swift (1985), may overestimate grazing rates 
on the phytoplankton community. 

Mean taxon-specific gross growth efficiencies 
reported for marine heterotrophic dinoflagellates 
feeding on microalgae range from 0.60 in Oblea 
rotunda (Strom & Buskey 1993) to 0.21 in Gymno-  
dinium sp. (Strom 1991). Gross growth efficiencies are 
extremely sensitive to the conversion factors used in 
their calculation (Strom & Buskey 1993). A mid-range 
value of 0.40 for the gross growth efficiency was used 
for all 9 taxa to calculate the specific growth rates 
from carbon-specific ingestion rates in the present 
study. The estimated specific growth rates ranged 
from 0.150 d-' in Diplopeltopsis spp. to 0.014 d-' in P. 
antarcticurn (Table 4), corresponding to a doubling 
time of 4.6 d and 50 d respectively. When compared to 
studies carried out in the laboratory (Table 6 )  the esti- 
mated specific ingestion and growth rates of Antarctic 
coastal dinoflagellates are low. Interestingly, the only 
study to give similar values for the growth and inges- 
tion rates of heterotrophic dinoflagellates was under- 
taken in the Weddell Sea and Scotia-Weddell Conflu- 
ence (Bjornsen & Kuparinen 1991). In microcosm 
experiments at l°C the small heterotrophic dinofla- 
gellate Gymnodinium sp. exhibited a maximal growth 
rate of 0.3 d-l, equivalent to a doubling time of 2.3 d 
(Bjarnsen & Kuparinen 1991). Predator size and tem- 
perature are both important variables in the determi- 
nation of protist ingestion rates (Peters 1994) and 
when these are taken into account the estimated 
ingestion and growth rates of the heterotrophic 
dinoflagellates in the present study are comparab1.e to 
those measured by Bjornsen & Kuparlnen (1991) for 
Gymnodinium sp. 

The relatively low rates of ingestion and growth of 
heterotrophic dinoflagellates estimated from the pre- 
sent study and by Bj~rnsen & Kuparinen (1991) may be 
attributed to a number of factors. Single species of 
phytoplankton prey cultured in the laboratory may 
provide highly favourable growth conditions for the 
heterotrophic dinoflagellate concerned ~f the prey are 
of an optimum slze and high nutritional value. Prey 
type has been shown to affect grazing and growth 
rates of heterotrophic dinoflagellates in a number of 
laboratory studies (Barlow et al. 1988, Goldman et al. 
1989, Strom 1991, Hansen 1992, Strom & Buskey 1993, 
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Table 6. Comparative information on the maximum rates of ingestion and growth in marine, planktonic, heterotrophic dino- 
flagellates 

Predator Cell volume Prey species Ingestion 
(pm3) IPg c 

lnd.-' h-') 

Specific 
ingestion 

(h- ' )  

Specific 
growth 

Id-') 

Temperature Source 
1°C) 

Measurements from laboratory cultures 
Oxyrrhis marina 6300 Phaeodactylum tricornutum 106 to 

Isochrysis galbana 67 
Gymnodinium sp. 600 to Isochrysis galbana 1 to 

1200 Synechococcus sp. 51 
Gyrodiniurn spirale 11500 Heterocapsa triquc~trd 142 
Gyrodjnium dominans 20000 to Chattonella ant~qua 158 

30000 
Protoperidinium hirobls 5575 Leptocyllndrus danicus 
Oblea rotunda 6125 D~tylum brightwellii 53 
Protoperidinium 38000 Ditylum brightwellii 74 1 

huberi 
Protoperidinium cf. 119000 Gonyaulax polyedra 720 

divergens 
P, crassipes 204000 Gonyaulax polyedra 315 

Estimated in situ rates 
Gymnodinium 6100 pg C Nanoc~liates Max 30 

sanguineunl (43600 pm.') Mean 6.4 
Gymnodinjum sp. l000 to Phytoplankton 6 

1500 

(a) Goldman et al. (1989). Carbon and specific ingestion rates were calculated from reported values of cell volume, nitrogen 
ingestion rates and carbon:nitrogen ratio of prey species. Carbon per cell of 0. marina was calculated from growth and 
ingestion values assuming an assimilation efficiency of 55 %, the minimum value reported for the conservation of ingested 
nitrogen 

(b)  Strom (1991) 
( C )  Hansen (1992). Carbon and specific Ingestion rates were extrapolated from reported values of growth rate and gross 

growth efficiency (based on volume). Carbon per cell of G. spirale was calculated from cell volume as 0.14 pg C pm-3 
(d)  Nakamura et al. (1992). Ingestion and growth rates are the average values. The reported cellular carbon content corre- 

sponds to 56 fg C pm-3 
(e) Jacobson & Anderson (1993). Specific ingestion was extrapolated from reported values of prey plasma volume ingested per 

predator per cell division. P. hirobis cell volume was calculated from reported values of cell diameter and assumes a sphere 
(f) Strom & Buskey (1993). 0 .  rotunda volume was calculated from the reported values of cell diameter and assumes a sphere 
(g) Buskey et al. (1994). Cell volume was extrapolated from the reported value for mean cell diameter 
(h)  Jeong & Latz (1994) Carbon ingestion and specific ingestion were extrapolated from the reported values of ingestion rate 

of prey cells, and assumed a volume to carbon conversion factor of 0.14 pg C pm-"or both prey and predator 
(i) Bockstahler & Coats (1993). Note that Gyrnnodinium sangujneurn is mixotrophic 
U) Bjsrnsen & Kuparinen (1991) 

Jeong & Latz 1994). In addition, prey concentration has 
been shown to affect grazing and growth rates in hel- 
erotrophic dinoflagellates in laboratory cultures (Gold- 
man et al. 1989, Strom 1991, Hansen 1992, Strom & 
Buskey 1993, Buskey et al. 1994, Jeong & Latz 1994). 
Sub-optimal prey types and prey concentrations for 
some of the 9 taxa of heterotrophic dinoflagellates may 
have occurred during the diatom bloom of the present 
study and this in part may explain the low estimates of 
grazing rates and the variation in growth rates among 
taxa. 

The low water temperatures that occurred during 
the present study (Table 1) may also have contributed 
to the low estimated clearance, ingestion and growth 

rates. For example, Peters (1994) calculated a Q,,, of 
2.14 for protist ingestion rates (prey predator-.' h- ' )  
from literature values that spanned a temperature 
range of -1.5 to 26OC. Using the same Qlo,  ingestion 
rates of heterotrophic dinoflagellates measured at  
Davis would increase 4-fold when extrapolated to 
temperatures commonly used for laboratory studies 
(Table 6). Such variation may result from the effect of 
temperature on enzyme reactions that govern rates of 
membrane synthesis and recycling involved in prey 
capture and/or ingestion (Capriulo & Degan 1991) and  
digestion (Sherr et al. 1988). Interestingly, a study of 
different ecotypes of the heterotrophic nanoflagellate 
Paraphysomonas imperforata isolated from different 
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latitudes illustrates that protists from polar waters may 
have partially adapted to compensate for low tempera- 
tures (Choi & Peters 1992). There is also some indica- 
tion that gross growth efficiencies may be higher in 
heterotrophic protists living at temperatures below 
their optimum temperature for growth (Choi & Peters 
1992). 

Heterotrophic dinoflagellate abundance and 
trophic role 

In the present study, the estxnated biomass of the mea- 
sured heterotrophic dinoflagellates reached a peak of 
114.5 pg C 1-' This was equivalent to 17 % of the peak 
phytoplankton biomass and this proportion increased to 
46% during the decline of the diatom bloom (Table 1). 
Estimates of the biomass of ciliates from water samples 
collected from the same place and time were in the re- 
gion of 8 to 14 pg C 1-' (Grey & Leakey unpubl.). Hetero- 
trophic dinoflagellates represented approximately 56 to 
91 % of the combin.ed ciliate and heterotrophic dino- 
flagellate biomass during the present study. 

The importance of heterotrophic dinoflagellates has 
also been demonstrated in blooms of large phytoplank- 
ton in a number of temperate eutrophic coastal regions 
(Smetacek 1981, Jacobson 1987, Lessard et al. 1988, 
Hansen 1991, Bralewska & Witek 1995, Nakamura et 
a1 1995). For instance, the annual range of the per- 
centage of heterotrophic dinoflagellate to combined 
ciliate and dinoflagellate biomass was between 5 and 
62% in the Kiel Bight (Smetacek 1981), 2 and 85% in 
Perch Pond, Massachusetts (Jacobson 1987), 8 to 80% 
in Chesapeake Bay (Lessard 1991), 7 to 99% in the 
Kattegat (Hansen 1991) and approximately 80% in the 
Gulf of Gdansk (Bralewska & Witek 1995). In the 
upwelling regions on the western edge of the Gulf 
Stream (Lessard 1991) and off the Oregon coast (Neuer 
& Cowles 1994) large heterotrophic dinoflagellates 
have also been found to be the dominant protist graz- 
ers during periods when large phytoplankton were 
abundant. In addition, in the Seto Inland Sea hetero- 
trophic dlnoflayellate populations rapidly increased in 
response to the outbreak of a red tide and probably 
contributed to its disappearance (Nakamura et al. 
1995). 

Several studies of oligotrophic oceanic waters have 
found that dinoflagellates dominate the microzoo- 
plankton. In the surface waters of the northeastern 
Atlantic Ocean during mid-summer 1989, dinoflagel- 
lates contributed between 40 and 71 % of the micro- 
zooplankton standing stocks with gymnodinioid forms 
accounting for the major part of the dinoflagellate bio- 
mass (Burkill et al. 1993a). Similarly, in surface waters 
of the Southern Ocean, 24 to 58% of the microzoo- 

plankton standing stock in the Bellingshausen Sea 
between 70" 15' and 67" 30' S was composed of dino- 
flagellates (Burkill et al. 1995) and small (10 to 20 m) 
gymnodinioid forms dominated the microzooplankton 
in surface waters of the Scotia-Weddell Confluence 
(59' 3 0 ' s )  and Weddell Sea (60" 5 9 ' s )  (Bjerrnsen & 
Kuparinen 1991). 

Although there are few directly comparable mea- 
surements, there is evidence that ciliates can grow 
faster than heterotrophic dinoflagellates of similar size 
(see review by Sherr & Sherr 1994). Large hetero- 
trophic dinoflagellates rather than ciliates dominate 
the microzooplankton during the blooms of large 
phytoplankton, perhaps due to their ability to feed on 
relatively large prey. The average linear size ratio 
between predator and optimum prey is approximately 
1:l for heterotrophic dinoflagellates, 8 : l  for ciliates 
and 18:l for copepods (Hansen et al. 1994), suggesting 
that small (<20 pm) heterotrophic dinoflagellates may 
compete for prey with larger ciliates capable of similar 
growth rates. Larger (>20 pm) heterotrophic dinofla- 
gellates may compete with copepods for larger prey. 
The faster growth of heterotrophic dinoflagellates 
compared to metazoan zooplankton may allow them to 
respond more rapidly to phytoplankton blooms. 

The pattern of heterotrophic dinoflagellate abun- 
dance and grazing activity observed in the present 
study illustrates that heterotrophic dinoflagellates can 
respond rapidly to phytoplankton growth in Antarctic 
coastal waters (Figs. 4 & 6, Table 4). The maximum 
estimated ingestion rate of the heterotrophic dinofla- 
gellate population of 32.8 1-19 C 1-l d-l on 31 January 
(Table 4) coincided with the peak of the diatom bloom 
during the end of January and beginning of February 
(Fig. 2). This maximum daily ingestion rate repre- 
sented an estimated 4.8 % of the autotrophic standing 
stock and as the phytoplankton biomass declined 
the proportion consumed increased to almost 14 % 

(Table 4). That heterotrophic dinoflagellates are major 
consumers of phytoplankton carbon and have a signif- 
icant impact on phytoplankton production has been 
illustrated in a number of previous studies. Microcosm 
experiments conducted in the Weddell Sea and Wed- 
dell-Scotia Confluence suggested that heterotrophic 
dinoflagellates may contribute significantly to keeplng 
phytoplankton biomass low in the Southern Ocean 
(Bjerrnsen & Kuparinen 1991). In the Bellingshausen 
Sea and northeast Atlantic Ocean, respective daily 
phytoplankton turnovers of 3 to 40% (Burkill et al. 
1995) and 2 to 45% (Burkill et al. 1993a) were 
recorded. As mentioned previously, in both cases 
heterotrophic dinoflagellates were a major component 
of the microzooplankton population. 

Grazing impact on phytoplankton may also be 
expressed in terms that compare the rate of consump- 



Archer et a1 Herbivory by heterotrophlc dlnoflagellates 253 

tion with the rate of production, i.e. as the proportion of 
daily primary production consumed per day. In the 
present study the equivalent of an  estimated 25' ; : )  of 
the primary production, measured as the rate of I4C 
incorporation (Robinson et al, unpubl.), was consumed 
daily during the peak of phytoplankton standing stock 
(Table 4) .  During periods of upwelling along the coast 
of Oregon, rates of herbivory measured by a dilution 
technique were closely coupled to the abundance of 
gymnodinioid dinoflagellates and varied between 18 
and 52% of the estimated primary production at a 
depth of between 7 and 9 m [Neuer & Cowles 1994). 
Similarly, Oblea rotunda was estimated to clear up to 
53% of primary production in Chesapeake Bay (Les- 
sard et  al. 1988). Even more valuable information may 
be  gained if ingestion and primary production rates 
can be integrated throughout the mixed layer depth. 
For instance, over the mixed layer in the Belling- 
shausen Sea (Burkill et al. 1995) and northeast Atlantic 
Ocean [Burkill et al. 1993a) microzooplankton, includ- 
ing a large proportion of dinoflagellates, consumed an 
estimated 21 to 271 % and 39 to 115% of the phyto- 
plankton production per day respectively Measure- 
ments carried out in the present study and by Robinson 
e t  al. (unpubl.) were limited to the 5 m depth at O'Gor- 
man Rocks. However, year-round sampling carried out 
throughout the 20 m deep water column illustrated 
some variation in the abundance and composition of 
the microzooplankton population through the water 
col.umn at O'Gorman Rocks (Grey et al. unpubl.), 
suggesting that total ingestion rates and the con- 
tribution of the various components of the microzoo- 
plankton to the grazing impact may vary with depth. 

In conclusion, despite the potential biases mentioned 
above, the radioisotope tracer technique employed in 
the present study produced some of the first estimates 
of in situ grazing rates of heterotrophic dinoflagellates 
at in situ predator and prey concentration and at the 
taxon-specific level. The estimated rates of specific 
ingestion and growth of heterotrophic dinoflagellates 
were low in the coastal waters of East Antarctica, com- 
pared to laboratory studies carried out at higher tem- 
peratures. However, when the environmental parame- 
ters, predator size and prey type and concentration are 
taken into account, values measured in the present 
study are tenable and comparable to other in s i t u  mea- 
surements. Abundance, biomass and heterotrophic 
dinoflagellate population grazing pressure was domi- 
nated by 3 taxa, Gyrodinium sp.1 and sp.2 and the 
armoured Diplopeltopsis spp. The heterotrophic 
dinoflagellate population increased in response to the 
phytoplankton bloom that occurred during the study 
period and exerted a maximum grazing pressure that 
coincided with the peak of autotrophic biomass. 
Approximately 25% of primary production was esti- 

mated to have been consumed each day by het- 
erotrophic dinoflagellates during maximum phyto- 
plankton biomass. This shows that heterotrophic 
dinoflagellates play an  important part in the biotic con- 
trol of phytoplankton production and phytogenic car- 
bon flux in the coastal waters of East Antarctica. 
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