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ABSTRACT: Nanoplankton and picoplankton abundance and community grazing on picoplankton
were determined in summer and autumn at several stations in a productive coastal environment
(Georges Bank, NW Atlantic Ocean) and in an oligotrophic oceanic ecosystem (Sargasso Sea). Ranges
of heterotrophic nanoplankton (HNAN) abundance were 1.2 to 3.6 x 10° cells ml™! on Georges Bank,
and 2.2 to 6.8 x 10? cells ml™! in the Sargasso Sea. Ranges of phototrophic nanoplankton (PNAN) abun-
dance in these ecosystems were 1.9 to 6.0 x 10° and 1.3 to 4.7 x 10%, respectively. Mixotrophic
nanoplankton (MNAN), operationally defined here as chloroplast-bearing nanoplankton that ingested
fluorescent tracers, comprised an average of 12 to 17 % of PNAN in surface waters in both environ-
ments during August and October. Mixotrophs at specific stations constituted as much as 38 % of total
PNAN abundance on Georges Bank and 30 % in the Sargasso Sea. Mixotrophs represented up to 39 %
of the total phagotrophic nanoplankton abundance (MNAN/[MNAN + HNAN]). Community grazing
impact was estimated from the disappearance of fluorescent prey surrogates (fluorescently labeled
bacteria, FLB; cyanobacteria, FLC; and <3 pm algae, FLA). Absolute grazing rates (total picoplankton
cells removed d~!) on Georges Bank exceeded those in the Sargasso Sea due to the greater abundances
of predators and prey. However, there was overlap in the specific grazing losses at the 2 sites (ranges =
0.08 to 0.38 d"! in the coastal ocean and 0.05 to 0.24 d™! in the oligotrophic ocean). Rates of bacterivory
were in approximate balance with rates of bacterial production (*H-thymidine uptake), but production
exceeded bacterivory on Georges Bank during the summer cruise. These data are among the first doc-
umenting the impact of grazing on picoplankton in these environments, and they are consistent with
the prediction that nanoplanktonic protists are major predators of picoplankton. While the proportion
of phototrophs that are phagotrophic was highly variable, our study indicates that algal mixotrophy is
widespread in the marine environment, occurring in both coastal and oligotrophic sites, and should be
considered quantitatively in microbial food web investigations.
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INTRODUCTION

Azam et al. (1983) formalized the concept of a micro-
bial loop that recovers energy and carbon shunted
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from a phytoplankton-based food web through the
bacterioplankton. Nanoplanktonic (2 to 20 pm) protists
play a pivotal role in this scheme as conduits for the
reintroduction of bacteria to pelagic food webs by act-
ing as major consumers of bacterial biomass in most
planktonic environments (Weisse 1989, Sanders et al.
1992, Shiah & Ducklow 1995). Phagotrophic nano-
plankton also ingest photosynthetic microorganisms
in the picoplankton size class (0.2 to 2 pm) includ-
ing chroococcoid cyanobacteria and eukaryotic algae
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(Campbell & Carpenter 1986, Caron et al. 1991, Sherr
& Sherr 1991, Reckermann & Veldhuis 1997). Collec-
tively, the phagotrophic nanoplankton are known to
exert considerable predation pressure on bacteria and
picophytoplankton of natural communities in a range
of eutrophic and oligotrophic ecosystems (Sanders et
al. 1992, Sherr & Sherr 1994, Havskum & Hansen 1997,
Caron et al. 1999).

Research characterizing grazing within microbial
food webs has focused on heterotrophic (apochlorotic)
nanoflagellates as the consumers within the nano-
plankton size class. However, the role of mixotrophy
among nanoplanktonic phytoplankton (specifically,
phagotrophic activity by phototrophic protists) re-
cently has begun to be incorporated into the microbial
loop concept (Thingstad et al. 1996). Mixotrophic algae
have been reported from a wide variety of marine and
freshwater environments (Sanders 1991), and a poten-
tially important contribution of these algae to commu-
nity photosynthesis and predation in freshwater envi-
ronments has been noted (see references in Stoecker
1998). Much less is known about the ecological signifi-
cance of mixotrophy in marine ecosystems.

This gap in our knowledge is due in part to the fact
that identifying mixotrophic activity by algae in nat-
ural environments requires experimental evidence of
feeding Taxonomic composition of natural assemblages
of nanoplanktonic algae is difficult to obtain, and thus
this information is usually unavailable for estimating
the contribution of mixotrophs to phytoplankton com-
munities. Furthermore, taxonomic characterization
does not necessarily provide information concerning
the phagotrophic activity of mixotrophic algae at any
one time or place because this activity can be induced
or suppressed by a variety of conditions and/or limita-
tions. Phagotrophy by mixotrophic algae has been iden-
tified as @ mechanism for the acquisition of carbon (or
energy from organic carbon), growth-limiting macro-
or micronutrients, or other specific growth factors such
as vitamins or phospholipids (Kimura & Ishida 1989,

Sanders et al. 1990, Caron et al. 1993, Nygaard & To-
biesen 1993). Given these disparate potential benefits
and the methodological limitations of detecting this
behavior, it has been difficult to formulate and test
hypotheses concerning the distributions of mixotrophs
across a range of aquatic environments.

The objectives of this study were to compare preda-
tion on picoplankton in a eutrophic and an oligotrophic
marine ecosystem, and to examine whether mixo-
trophic (phagotrophic) algae contributed to this preda-
tion impact. We determined the abundances of pico-
and nanoplanktonic organisms and conducted grazing
experiments at several stations in a coastal upwelling
environment (Georges Bank) and an oligotrophic
oceanic environment (Sargasso Sea) during 2 seasons.
On average, predation on picoplankton in these con-
trasting environments removed similar proportions of
the standing stocks of bacteria and picoplanktonic
phototrophs daily. Mixotrophic nanoplankton were
observed in the surface mixed layers at all locations
in both seasons, and they occasionally constituted a
significant portion of the phototrophic nanoplankton
(up to 389%) and total phagotrophic nanoplankton
(l.e. heterotrophs + mixotrophs; up to 39 %). Absolute
abundances of mixotrophs were greater at the coastal
stations, but the abundances of mixotrophs as a per-
centage of phototrophic and/or phagotrophic nano-
plankton showed no clear trend with the trophy of the
2 study sites. Our findings add to the relatively few
data available that estimate grazing impact on pico-
plankton and the importance of mixotrophic algae to
this process in these marine ecosystems.

METHODS

Study sites and abundance determinations. Esti-
mates of picoplankton and nanoplankton abundance
and nanoplankton predation impacts were made in the
coastal ocean off the northeast USA (Georges Bank)
and near Bermuda (Sargasso Sea)
during cruises in October 1990 and
July/August 1991 (Fig. 1). Georges
Bank is located approximately 125 km
east of Cape Cod, Massachusetts. It is
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gasso Sea near Bermuda represents a highly olig-
otrophic, central ocean gyre environment. Plankton
communities of this ecosystem are typically strongly
dominated by picoplanktonic biomass and processes
(Fuhrman et al. 1989, Li et al. 1992, Caron et al. 1995).

During the October cruise, 2 stations were occupied
on Georges Bank, and 2 in the Sargasso Sea north
of Bermuda (Fig. 1). Observational and experimental
studies were carried out on 2 dates (2 to 5 d apart) at all
4 locations. During the July/August cruise a single site
on Georges Bank and one in the Sargasso Sea south of
Bermuda were occupied (Fig. 1). Four experiments (2
to 3 d apart) were performed at each of these stations.
At all stations, water was collected at 5 or 6 depths in
acid-cleaned 30 1 Niskin bottles fitted with Teflon-
coated springs and o-rings in conjunction with CTD
casts for profiles of water column temperature and in
situ fluorescence. Samples for estimates of microbial
abundance were preserved with glutaraldehyde (1%
final concentration) immediately after collection and
prepared within 24 h for enumeration by epifluores-
cence microscopy.

For enumerating nanoplanktonic protists, duplicate
subsamples (25 to 50 ml} were collected on black
0.22 um polycarbonate filters and stained with DAPI
(modified from Porter & Feig [1980] by increasing final
DAPI concentration to 25 pug ml™'). Bacterial abun-
dance was determined from similar, but separate DAPI
preparations of <1 to 2 ml of seawater. Cyanobacteria
were enumerated from unstained preparations using
their phycoerythrin autofluorescence to identify cells
(Waterbury et al. 1979). Filters for all epifluorescence
preparations were sealed between a slide and cover-
slip with paraffin wax and frozen until counted at
1000 x magnification. At least 60 and usually >200 cells
were counted per slide. Phototrophic nanoplankton
(PNAN) and heterotrophic nanoplankton (HINAN)
were differentiated by the presence/absence of chloro-
phyll autofluorescence using separate filter sets opti-
mized for chlorophyll or DAPI fluorescence.

Mixotrophic nanoplankton (MNAN) were enumer-
ated in samples incubated to measure community in-
gestion rates using fluorescently labeled prey (see
below). Subsamples were removed and 0.5% NiCl,
was added to immobilize protists and eliminate par-
ticle egestion during fixation (J. Waterbury pers.
comm.). Cells were then preserved with glutaralde-
hyde (1% final concentration) and prepared for epiflu-
orescence microscopy following our procedure for pro-
tists. MNAN were operationally defined as cells that
contained autofluorescent chloroplasts and 1 or more
fluorescently labeled prey. Samples preserved imme-
diately after the addition of fluorescent prey were also
counted as controls for fluorescent tracers filtered on
top of cells during slide preparations. The relative

abundances of mixotrophs were calculated from the
proportion of MNAN to total PNAN (MNAN/PNAN).
The proportion of total phagotrophic nanoplankton
that were mixotrophic (MNAN/[MNAN + HNAN]) was
also calculated for each station.

Bacterial production. Bacterial production was esti-
mated based on *H-thymidine (TdR) incorporation into
DNA modified from protocols of Fuhrman & Azam
(1982) and corrected for the recovery of pre-labeled
DNA from parallel samples. Factors for conversion of
thymidine incorporation to cell production were esti-
mated in each environment during both cruises
by inoculating 0.2 pm filter-sterilized seawater with
0.8 ym filtered seawater from the same source. Bacter-
ial abundance was determined simultaneously with
short-term TdR incorporation at 6 h intervals for 36 h,
and used to calculate the number of cells produced
mol~! TdR incorporated. Conversion factors were 4.7 x
10'® and 3.0 x 10'® cells mol™' TdR for Georges Bank
and the Sargasso Sea, respectively. Rates were cor-
rected based on an extraction efficiency of 70 % recov-
ery of added pre-labeled DNA to sample material.

Community grazing estimates. Community-level
consumption of picoplankton within the microbial food
web was measured by determining the disappearance
of fluorescent prey items (Pace et al. 1990). At each sta-
tion, water for grazing experiments was collected at 1
depth within the surface mixed layer (Tables 1 & 2);
water for experiments was withdrawn from the same
Niskin bottle used for abundance estimates at that
depth.

Three types of fluorescently labeled cultured prey
were prepared using 5-(4, 6-dichlorotriazin-2-yl) amino-
fluorescein (DTAF) by the methods outlined in Sherr &
Sherr (1993) and Rublee & Gallegos (1989). Disappear-
ance of fluorescent prey was used to estimate the com-
munity grazing impact on different components of
the microbial food web. Bacterivory was determined
using fluorescently labeled bacteria (FLB) prepared
from starved Halomonas halodurans (0.8 ym). Herbi-
vory was estimated with fluorescently labeled cyano-
bacteria (FLC) prepared from Synechococcus strain
WH8012 (0.8 to 0.9 pm) and/or fluorescently labeled
algae (FLA) from a spherical 1 to 2 pm Nannochloris-
like alga isolated from Great South Bay, New York,
USA. Disappearance of fluorescent minicells (FLM, 0.6
to 0.7 nm) derived from a mutant strain of Escherichia
coli (Pace et al. 1990) was used instead of FLB disap-
pearance during the October 1990 Sargasso Sea exper-
iments. Clumping and fading of the minicells resulted
in inconclusive grazing determinations, but these prey
surrogates were adequate for estimating abundances
of mixotrophs. Fluorescently labeled prey were added
to samples at approximately 25 to 35% of the abun-
dances of natural prey (based on counts of the prey by
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Table 1. Specific grazing and bacterial production rates on Georges Bank and in the Sargasso Sea during the autumn cruise. Graz-
ing rates on picoplankton were calculated from disappearance of several types of fluorescently labeled tracer: FLA = fluorescently
labeled algae; FLC = fluorescently labeled cyanobacteria; FLB = fluorescently labeled bacteria: nd = not determined. Mean + SD

Date Depth FLA removal FLC removal FLB removal Bacterial production
(1990) {m) (d™) (d™) (d) (@n
Georges Bank 4 Oct 10 0.10+ 0.02 0.07 0.22 £ 0.01 0.23
6 Oct 10 0.20+0.01 0.20+0.04 0.38 £ 0.02 0.19
8 Oct 5 0.08 + 0.04 0.15+0.09 0.34+£0.02 0.24
10 Oct 5 0.18 +0.08 0.26 £ 0.07 0.18+0.15 0.17
Average 0.14 0.17 0.28 0.21
Sargasso Sea 13 Oct 20 0.10 £ 0.09 0.07 £ 0.02 nd 0.032
18 Oct 10 0.12+0.04 0.10 £ 0.09 nd 0.052
20 Oct 10 0.13+0.01 0.05 £ 0.01 nd 0.026
22 Oct 10 0.18+0.02 0.22 +0.01 nd 0.028
Average 0.13 0.11 0.035

Table 2. Specific grazing rates on picoplankton calculated from disappearance of fluorescently labeled tracers during the sum-
mer cruise. Mean + SD. Abbreviations as in Table 1

Date Depth FLA removal FLB removal Bacterial production
(1991} (m) {d™) (d™ {dh)
Georges Bank 31 Jul - nd nd 0.6
2 Aug 2 0.18 + 0.01 0.12 £ 0.00 1.2
4 Aug 2 0.20 = 0.02 0.21 £0.09 1.4
6 Aug 2 0.24 +0.01 0.13 £ 0.02 1.1
Average 0.21 0.15 1.28
Sargasso Sea 10 Aug 15 0.20 £ 0.01 0.11 +0.01 0.25
14 Aug 15 0.20 + 0.07 0.13 +0.01 0.24
16 Aug 15 0.21 £ 0.06 0.11+0.04 0.22
19 Aug 15 0.10 £ 0.08 0.16 £ 0.03 0.22
Average 0.18 0.13 0.23
“Average exciudes data from 31 July

and specific grazing rates were calculated from the
rates of change in FLP abundance during the incuba-
tions after correction for non-grazing losses.

epifluorescence microscopy prior to the addition of flu-
orescently labeled particles [FLP]).

For each prey type, duplicate 11samples were placed
in 1.2 1 clear polycarbonate bottles, inoculated with a
single type of fluorescent prey and gently mixed.
Capped bottles were incubated in an on-deck Plexiglas
incubator covered with neutral-density screening to ap-
proximate light levels at the collection depths. Controls
for fading of the fluorescently labeled prey, and for
other non-grazing losses, consisted of sample water
that was prefiltered through 0.2 um filters prior to the

RESULTS

Hydrography and abundance of pico- and
nanoplankton

The water column structure during the 2 cruises dif-

addition of fluorescent prey. Average decreases of fluo-
rescent particles in the controls were 2% for FLB, 4 %

for FLC Incubations lasted 24 or 3¢ h

for FELA 2nd 179 t1o3 b
al the Georges Bank and Sargasso Sea sites, respec-

tively, Subsamples for determining FLP concentration

were preserved with glutaraldehyde at the beginning
and end of the incubations, fillered onto black polycar-
bonate filters and sealed with wax as described above.
FLP were counted using epifluorescence microscopy

fered considerably with both site and season. The sam-
pling site with a water depth >100 m on Georges Bank
during theOotohar cruics showad strongwertical strat

ification due to a thermocline starting at approximately
20 or 30 m (4 and 6 October, respectively). Fluores-
cence values decreased markedly below the thermo-
cline at that site (Fig. 2). Temperature and fluorescence
profiles indicated a well-mixed and slightly warmer
water column at the shallower site sampled on 8 and
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Fig. 2. Depth profiles of microorganism abundance (no. ml™!), temperature (°C) and chlorophyll fluorescence (ng 1!} at stations
on Georges Bank during October 1990

10 October. Abundances of cyanobacteria and PNAN
from discrete samples were greater in the mixed layer
at the station exhibiting stratification, but their abun-
dances were vertically uniform at the sites without
stratification (Fig. 2). Maximal abundances of cyano-
bacteria were approximately 1 x 10° ml~! at the former
site and 4 to 6 x 10° ml™! at the latter one. Maximal
abundances of PNAN were similar (4 to 6 x 10° ml™}) at
both sites on Georges Bank in October. The largest flu-
orescence values recorded in this study were observed
on 10 October, but these high values were not re-
flected in greater abundances of pico- and nanophyto-
plankton on this date. Peak abundances of bacteria
and HNAN were approximately 2 x 10° ml™' and 1 to
3 x 10° mi™}, respectively, at both sites on Georges
Bank (Fig. 2).

A well-developed seasonal thermocline was present
below 55 to 65 m at the 2 stations in the Sargasso Sea
during the October cruise (Fig. 3). Waters at these sites
were isothermal above the thermocline, and a pro-
nounced deep chlorophyll maximum (DCM) occurred
at both locations at depths of 75 to 100 m. Although
small subsurface peaks of phototrophic pico- and
nanoplankton occurred at each station, they were not
usually concomitant with the DCM (Fig. 3). Cyanobac-
terial abundance varied little with depth except for a
decline in the samples taken within or below the ther-
mocline. The range of abundances of cyanobactena at
the Sargasso Sea sites in October was approximately 4
to 6 x 10° ml™!, except on 22 October, when up to 8.5 x
10° cyanobacteria ml~! were observed (Fig. 3).

Vertical profiles of PNAN in the Sargasso Sea during
October were also fairly uniform, usually €5 x 10> ml™!,
and not strongly correlated with the presence of the
DCM (Fig. 3). However, the largest PNAN abundance
that we recorded at the Sargasso Sea stations during
this cruise was 1.4 x 10° ml~! at the depth of the DCM
on 18 October. HNAN abundances had similar trends
with depth to those of PNAN at both stations, but het-
erotrophic forms were less abundant (Fig. 3). HNAN
did not exceed 4.0 x 10% cells ml™’. Bacterial abun-
dances were similar at all depths and both locales in
the Sargasso Sea. Typical abundances for bacteria
were 5 to 6 x 10° cells ml™%.

Surface water temperatures on Georges Bank during
the summer cruise (late July to early August) were sim-
ilar to those recorded during autumn (£16°C). During
this cruise, a single station (water column depth 60 m)
was occupied on the northern edge of the bank and
adjacent to the shallow station occupied during the
October cruise (Fig. 1). Temperature and fluorescence
profiles indicated some stratification of the water col-
umn on all sampling dates, although there was no dis-
tinct thermocline on 2 August (Fig. 4). Vertical changes
in temperature and fluorescence showed similar
trends, although slight, subsurface peaks of fluores-
cence were often present at a depth of 5 to 10 m
(Fig. 4). Cyanobacterial and PNAN abundances had
similar ranges to those observed for the assemblages
during the previous October (Figs. 2 & 4). HNAN were
generally more abundant during the summer, although
the maximal abundances of HNAN (3.9 x 10° cells ml™ 1)
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Fig. 3. Depth profiles of microorganism abundance (no. ml™"), temperature (°C) and chlorophyll fluorescence (pg 1!} at stations in
the Sargasso Sea during October 1990. Chlorophyll maximum (0.34 pg 17') on 13 October was at a depth of 98 m

were similar for the summer and autumn cruises. Bac-
terial abundances were not determined at each depth
during the summer cruise. However, several samples
taken between the surface and 15 m at each Georges
Bank site contained 1.0 to 1.9 x 10° bacteria ml™}; bac-
terial abundance was lower (0.7 to 1.2 x 10° cells mI™)
at depths of 35 to 40 m than near the surface.

Water column structure at the Sargasso Sea station
during the August cruise did not vary appreciably. The

mixed layer was warm (28 to 29°C) and shallow
(€20 m), and a DCM was apparent at 115 to 140 m
(Fig. 5). Cyanobacterial abundances ranged from 2 to
7 x 10° cells ml™! and were lowest in our samples from
the DCM. Conversely, PNAN abundances were usu-
ally highest (up to 2 x 10° cells ml'!) at the DCM
(Fig. 5). HNAN abundances were often similar to the
PNAN, but the Sargasso Sea station occupied in
August was the only one at which HNAN abundance
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on Georges Bank during July/August 1991
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tions in the Sargasso Sea during August 1991

frequently exceeded PNAN abundance. Bacterial
abundances were determined at several depths be-
tween 15 and 120 m over the period of occupation and
ranged from 3 to 6 x 10° cells ml™*.

Picoplankton grazing losses and
bacterial production

The disappearance of prey surrogates indicated that
predation was a significant loss factor for picoplankton
in surface waters of Georges Bank and in the Sargasso
Sea during this study. The absolute number of pico-
plankton cells removed per day was dgreater on
Georges Bank than in the Sargasso Sea due to the
greater abundances of predators and prey at the
coastal site. However, specific grazing losses for pico-
plankton were similar across environments (Tables 1 &
2). For example, FLA were used in 15 of 16 grazing
experiments and specific grazing losses for picoplank-
tonic algae based on these prey surrogates averaged
>0.16 d°' for the whole data set. Averages of the 4 ex-
periments for each oceanic regime were very similar
in both environments during each cruise; 0.14 versus
0.13 d7! for October; 0.21 versus 0.18 d! for July/
August. Overall, grazing losses estimated for picophy-
toplankton were somewhat lower in October than in
August, but there was an overlap among the results of
the FLA grazing experiments conducted during each
of the 4 major cruise segments (i.e. summer vs autumn,
Georges Bank vs Sargasso Sea).

Predation on cyanobacteria was estimated in both
environments, but only during the October cruise. For
the most part, rates of disappearance of FLC were sim-
ilar to the rates of disappearance of FLA. The average
specific grazing loss was somewhat higher at the
coastal site (0.17 vs 0.11 d°}; Table 1), but the ranges
were similar for Georges Bank (0.07 to 0.26 d™') and
the Sargasso Sea (0.05 to 0.22 d71).

The specific rates of bacterivory estimated using FLB
were greatest at the Georges Bank stations during
October where a rate of 0.38 d~! was measured at 1 sta-
tion (Table 1; average for this locale was 0.28 d}).
Rates of bacterial production on Georges Bank in Octo-
ber (range: 0.17 to 0.23 d°, average: 0.21 d7!) were
similar to estimates of bacterivory indicating a general
balance of production and grazing (Table 1). Specific
bacterial production in the Sargasso Sea during Octo-
ber was <20% of that determined for Georges Bank
(Table 1), but we did not determine bacterivory with
FLB. We attempted to use fluorescently labeled
Escherichia coli minicells (FLM) as bacterial tracers in
the 4 experiments in the Sargasso Sea during October
because their average size was smaller than our stan-
dard FLB. However, problems with the FLM method
precluded the calculation of bacterial predation rates
for the experiments in the Sargasso Sea during that
cruise. High losses of FLM in the control bottles (up to
51%) suggested that FLM fluorescence faded during
the incubations or that the particles adhered to the
walls of the incubation bottles. Also, clumping of FLM
in the fixed samples was not dispersed by shaking or
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sonication, and this resulted in a patchy distribution on
filters and high counting error. If bacterivory was
equivalent to removal of FLA in the Sargasso Sea (e.g.
Caron et al. 1999) then grazing equaled or exceeded
bacterial production there in our October experiments.

FLB were used as tracers for bacterivory in both the
coastal and oceanic environments in August (Table 2).
Average grazing rates were similar on Georges Bank
(0.15 d"') and in the Sargasso Sea (0.13 d~!}. In contrast
to the October experiments, bacterial production on
Georges Bank in summer exceeded estimates of graz-
ing by up to a factor of 10x (Table 2). Production was
more closely balanced by bacterivory in the Sargasso
Sea experiments during the August cruise, but produc-
tion still exceeded average grazing by a factor of 1.8x.

Mixotrophic nanoplankton

Our experiments were designed in part to determine
if phagotrophy by PNAN was a common occurrence in
oceanic ecosystems, and if it differed markedly in mag-
nitude between a productive coastal environment and
an oligotrophic environment. Mixotrophs, defined
experimentally as chloroplast-bearing nanoplankton
with FLP within food vacuoles, were present during
each experiment (Table 3). Nearly all of the MNAN
and PNAN that we enumerated were <6 pm in diame-
ter. The absolute abundances of MNAN were greater
at the Georges Bank sites than for any of the Sargasso

Sea experiments. The abundance of MNAN on
Georges Bank was typically several hundreds ml™!,
with @ maximum abundance of 2.2 x 10° ml™! on 4
October. In the Sargasso Sea MNAN did not exceed
10?2 ml"!. There was considerable spatial variation in
MNAN abundance and in MNAN as a proportion of
either total PNAN or total phagotrophic nanoplankton.
This variability was most obvious for the Georges Bank
stations in October where there appeared to be a small
'bloom’ of mixotrophic algae. Even if this ‘bloom’ sam-
ple is excluded, variation in the number of MNAN
within any of the 4 general sampling areas/times was
as great as the differences between seasons or be-
tween regions (ANOVA, p > 0.05).

In contrast to MNAN abundances which were al-
ways greater during Georges Bank experiments, the
proportion of MNAN was greater for some experi-
ments in the Sargasso Sea than at some sites near
Georges Bank (Table 3). The largest percentages of
PNAN that were mixotrophic at the coastal ocean site
and Sargasso Sea sites were 38 and 18 %, respectively.
On average, MNAN comprised 10 to 20 % of the PNAN
at all sites. MNAN also were a substantial proportion
of total phagotrophic nanoplankton. MNAN consti-
tuted the largest percentage of phagotrophic nano-
plankton during the mixotroph ‘bloom’ at Georges
Bank in October (39%). MNAN as a percentage of
both the PNAN and total phagotrophic nanoflagellate
populations tended to be lower in the summer than in
autumn.

Table 3. Abundance of total phototrophic nanoplankton (PNAN) including mixotrophs, total heterotrophic nanoplankton

(HNAN), mixotrophic nanoplankton (MNAN) and MNAN as a percentage of PNAN and total phagotrophs {Phago = HNAN +

MNAN) in samples from the mixed surface layer. MNAN were defined as chloroplast-bearing cells that also contained fluores-

cent prey following incubations with fluorescent tracers for 24 h (Georges Bank) or 36 h {Sargasso Sea). FLB = fluorescently
labeled bacteria; FLM = fluorescently labeled minicells [see ‘Methods' section)

Date Tracer Depth
type (m)
Georges Bank 4 Oct 1990 FLB 10
6 Oct 1990 FLB 10
8 Oct 1990 FLB 5
10 Oct 1990 FLB 5
Sargasso Sea 13 Oct 1890 FLM 20
18 Oct 1990 FLM 10
20 Oct 1990 FLM 10
22 Oct 1990 FLM 10
Georges Bank 31 Jul 1991 FLB 2
2 Aug 1991 FLB 2
4 Aug 1991 FLB 2
6 Aug 1991 FLB 2
Sargasso Se 10 Aug 1991 FLB 15
14 Aug 1991 FLB 15
16 Aug 1991 FLB 15
19 Aug 1991 FLE 15

PNAN HNAN MNAN mixotrophic
(ml!) (ml'") (ml'") PNAN Phago
5760 3530 2210 38 39
1670 1690 420 25 20
5150 1240 100 <2 7
4140 1370 170 4 11
520 245 95 18 28
410 220 60 15 21
225 230 30 13 12
470 330 55 12 14
5280 3230 370 7 10
5320 2840 380 7 12
5950 3650 540 9 13
940 1940 580 30 23
470 390 70 15 15
460 680 25 5 4
285 450 20 7 4
170 330 30 18 8
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DISCUSSION

Microbial abundance on Georges Bank
and in the Sargasso Sea

Overall, the abundances of pico- and nanoplankton
that we observed for Georges Bank and the Sargasso
Sea were typical of those reported for coastal and olig-
otrophic systems, respectively {Table 4). On Georges
Bank, average densities of nanoplankton for October
and July/August, respectively, were 4.1 x 10% and 4.7 x
10° ml™! for PNAN, and 1.6 x 10° and 2.7 x 10° ml™' for
HNAN. Average cyanobacterial abundances varied by
a factor >4 across seasons (1.59 x 10 and 6.8 x
10* ml!), with higher abundances observed during
October. If the data from 31 July are excluded, the
average cyanobacterial abundance for the summer
sampling period was further reduced to 4.29 x 10° ml ',
only 6% of the October average. The differences in

Synechococcus densities that we observed probably
were not a consequence of temperature. Although a
positive correlation between Synechococcus abun-
dance and temperature has been noted (Murphy &
Haugen 1985), surface water temperatures at this site
were comparable during both seasons (15 to 16°C;
Figs. 2 & 4). Similarly, predation rates were not dra-
matically different during the 2 study periods (Tables 1
& 2). Presumably, differences in cyanobacterial growth
rate as a consequence of light regime, water column
structure, nutrient limitation, or some combination of
these were the cause for differences in the standing
crop of cyanobacteria on Georges Bank during the 2
seasons.

In the surface waters of the Sargasso Sea, pho-
totrophic pico- and nanoplankton abundances were
similar during the autumn and summer cruises. The
average abundances of cyanobacteria in surface
waters were 4.8 x 10 and 5.6 x 10° ml™! in the autumn

Table 4. Minimal and maximal abundances of picoplankton and nanoplankton in surface waters (usually <20 m) of coastal and
open ocean systems. Maximal and minimal abundances that sometimes occurred in deep water on a given date (e.g. Figs. 2 to 5)
are not reported here. In our samples, only cyanobacteria at depths 280 m tended to differ substantially from the given ranges

Environment Bacteria Cyanobacteria PNAN HNAN n Source

(x10% mI™Y) x10*ml™)  (x10°mlb!)  (x10°mlY)

Min. Max. Min. Max. Min. Max. Min. Max.
Coastal
Chesapeake Bay plume 1.1 9.1 - - - - 0.8 4.4 16 McManus & Fuhrman (1988)
Georgia Coast 20 110 - - 0.3 22 03 32 28 Sherr et al. (1984)
Vinyard Sound 2.2 2.4 0.6 4.4 - - 1.3 1.9 4 Caron et al. (1991)
Bering/Chukchi Seas <0.1 1.7 <01 1.0 - - 0.1 2.6 145 Andersen (1988)
Continental Shelf, Atlantic - 1.3 - - - 2.9 - 3.1 @ Davis et al. (1985)
Continental Shelf, Atlantic 1.0 2.0 1.9 3.0 1.3 3.0 0.4 2.6 7 Caron et al. (1986)
Georges Bank 0.2 1.5 - - - - 0.2 3.1 - Hobbie et al. (1987)
Georges Bank 1.1 2.4 0.3 13 1.7 6.0 08 39 25 This study
Open Ocean
West Pacific, subarctic - - - - 0.1 2.5 0.1 0.6 22 Suzuki et al. (1998)
West Pacific, subtropic - - - - 0.6 2.8 02 05 12 Suzuki et al. (1998)
North Pacific, subtropic 0.2 0.6 002 0.1 0.4 1.4 - - Campbell & Vaulot (1993)
South Pacific, tropical - - <01 0.8 - - - - - Charpy & Blanchot (1998)
Mediterranean Sea <0.1 2.4 - - - - <0.1 0.8 - Zohary & Robarts (1992)
Mediterranean Sea 02 0.7 02 13.0 03" 52° 02 08 41 Ferrier-Pageés &

Rassoulzadegan (1994)

Gulf Stream 0.1 1.3 <01 55 <01 1.6 0.2 1.8 18 Caron et al. (1986)
Continental Slope, Atlantic - 0.8 - 0.3 - 0.7 - 0.7 @ Davis et al. (1985)
Continental Slope, Atlantic 0.5 1.1 0.8 1.0 1.0 3.0 08 3.2 5 Caron et al (1986)
North Atlantic Ocean - 0.4 - 0.1 - 0.8 - 0.7 a Davis et al. (1985)
North Atlantic Ocean - - 2.2 4.6 7.0 103 3.6 6.6 ¢ Stoecker et al. (1994)
North Atlantic Ocean 03 06 0.4° 4.4° - - 06 1.2 6 Weisse & Scheffel-Méser (1991)
North Atlantic Ocean 0.3 2.2 <1.0 8.0 - - - - - Buck et al. (1996)
Sargasso Sea - - 0.6 8.0 1.0 120 - - d Olson et al. (1990)
Sargasso Sea 02 03 0.8 1.7 - - - - 8 Glover et al. (1988)
Sargasso Sea 1.1 1.2 1.0 6.5 0.2 1.1 04 08 7 Fuhrman et al. (1989)
Sargasso Sea 0.3 0.9 0.3 2.6 0.1 1.6 0.3 0.6 14 Caron et al. (1995)
Sargasso Sea 02 06 0.3 0.8 0.2 0.5 02 07 14 This study
3Averages; Yincludes ‘autotrophic picoeukaryotes'; ‘each min./max. is an average of 4 to 10 samples; %estimated from plotted
data
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and summer, respectively, while PNAN averaged 3.7 x
10° ml~' for both cruises (Table 3) These values are
typical of highly oligotrophic oceanic waters, although
much higher abundances have been reported from
more productive oceanic ecosystems including the
tropical Pacific Ocean {Li et al. 1983, and more produc-
tive areas of the Atlantic Ocean (Table 4).

PNAN often occurred at greater abundances within
the DCM than at the surface in the Sargasso Sea
(Figs. 3 & 5). Cyanobacteria exhibited slight subsur-
face maxima, but unlike PNAN, their abundances
tended to be lower within and below the DCM relative
to the mid-euphotic zone. This trend was true for both
the October cruise, when the DCM was found at
approximately 85 m, and the August cruise, when the
DCM was located at a depth of approximately 115 m.
Our observations of increased PNAN abundances and
decreased cyanobacterial abundances in the lower
euphotic zone are consistent with other studies in the
Sargasso Sea, central North Pacific Ocean, and in the
richer waters of the Arabian Sea and coastal Peru
(Waterbury et al. 1979, Glover et al. 1988, Olson et al.
1990, Campbell & Vaulet 1993, Arenovski et al. 1995).
These differences in depth distribution of the PNAN
and Synechococcus have been attributed to differ-
ences in photosynthetic pigment composition of the
groups that result in changes in their relative light
absorption efficiencies and consequently growth at
various depths (e.g. Olson et al. 1990).

Well-developed deep maxima of chlorophyll fluores-
cence that occurred in the absence of concomitant in-
creases in the abundance of PNAN and cyanobacteria
(Figs. 3 & 5) were likely due to increases in the concen-
tration of photosynthetic pigment per cell, as well as the
exclusion of some phototrophic microorganisms from
our analyses. The former phenomenon (photoadapta-
tion at low light) has been noted for photosynthetic eu-
karyotes, prochlorophytes and Synechococcus (Olson
etal, 1990, Lietal. 1992). In addition, our microscopical
analyses did not include microplanktonic and larger
algae (i.e. >20 pm), or account for the presence of
prochlorophytes. The prochlorophyte Prochlorococcus
has been shown to contribute >35 % of chlorophyll fluo-
rescence in the deep euphotic zones of some oceanic
ecosystems (Olson et al. 1990, Chavez et al. 1991,
Campbell et al. 1994, and presumably constituted a
significant fraction of the DCM in the present study.

Abundances of heterotrophic bacteria and HNAN in
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those on Georges Bank. The heterotrophs, like the
phototrophic plankton, fit with abundance patierns

reported  previously  for oligotrophic  ecosystems
{(Table 4). HNAN densities in surface waters were typ-
ically 3.0 10 5.0 x 10° ml"" and bacteria were 2.0 to 5.0 x

10" ml ' during both cruises, Bacterial abundances in

samples collected near or at the DCM in the Sargasso
Sea were probably overestimated in the present study
because Prochlorococcus were only weakly fluores-
cent and could not be distinguished from bacteria in
our epifluorescence microscopical procedure (Camp-
bell et al. 1994). Based on previous reports of Pro-
chiorococcus in the Sargasso Sea (Olson et al. 1990,
Goericke & Welschmeyer 1993), we estimate that bac-
terial abundances at these sites and depths were over-
estimated by <10 %.

Community grazing impact

The mortality of auto- and heterotrophic picoplank-
ton is frequently linked to predation by protozoa
(reviewed in Sanders et al. 1992, Sherr & Sherr 1994)
and we attribute a major portion of the picoplankton
mortality in our experiments to protists. Every type of
FLP used in our experiments was ingested by both
HNAN and MNAN, and grazing was detected in every
experiment. Rates of removal of FLB on Georges Bank
during the October cruise were greater than rates of
removal of FLC or FLA, but differences at other times
and places were not dramatic (Tables 1 & 2).

Although other organisms can ingest cells <2 pm in
size, numerous studies have identified nanoflagellates
as the major predators of picoplankton (e.q. Weisse
1989, Sherr & Sherr 1991, 1994, Sanders et al. 1992,
Caron et al. 1999). As a check on the assumption that
nanoplankton were responsible for most of the grazing
In our experiments, we calculated bacterivory using
clearance rates from the literature and our abundance
determinations. Grazing impacts were determined
using clearance rates of 4.2 and 1.4 nl flagellate™' h™!
for coastal heterotrophs and mixotrophs, respectively
(Havskum & Riemann 1996). Rates of 15 nl HNAN ! h™!
(average from Weisse & Scheffel-Moser 1991) and
2.6 nl mixotroph™" h'' (Safi & Hall 1999) were con-
sidered representative for oceanic species. Calcula-
tions for 16 of 19 incubations where grazing on
picoplankton was determined using FLB or FLC indi-
cated that nanoflagellates grazing at these moderate
rates could account for all of the picoplankton removal.
In the remaining incubations, the calculations indi-
cated that approximately 50", of the measured preda-
tion was accounted for by nanoflagellates if they
grazed at the above rates. Nanoflagellates grazing al
hirsh v ratorn ~AmaalAd o Al
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higher c¢learance rates have been noted for flagellate
grazers in coastal (4.6 to 17 nl flagellate ' h |, Caron et
al. 1991) and oceanic environments (up to 94 nl flagel-
late ' h™', Weisse 1989). Additionally, the number of
MNAN that we identified is probably a minimum (see

below). Conversely, other predators such as ciliates
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may have been responsible for the removal of some
FLP (Sherr et al. 1989). It is most likely, however, that
nanoplankton were major grazers in all of our experi-
ments.

Our estimates for community predation on bacteria
and cyanobacteria are also within the ranges reported
from coastal and oceanic ecosystems. However, the
maximum specific grazing rates that we determined
are in the lower half of the ranges (Table 5), and some
rates measured by other researchers in oligotrophic
sites exceeded our estimates on the Georges Bank. Our
results from the Sargasso Sea concur with the few esti-
mates of picoplankton grazing made there. For exam-
ple, the maximum specific rate of bacterivory calcu-
lated by Fuhrman et al. (1989) was identical to that
which we determined experimentally for the Sargasso
Sea. Caron et al. (1999) determined grazing rates on
picoplankton as high as 0.61 d7' in the Sargasso Sea
south of Bermuda (Table 5); averages for surface
waters were 0.22 and 0.32 d™! during their experiments

in March/April and August, respectively. These aver-
age grazing rates were greater than what we deter-
mined, but bacterial production was also higher at
those sites (Caron et al. 1999). Notably, the grazing
rates that we determined using FLA in the Sargasso
Sea in August (Table 2) were within the 95% confi-
dence intervals of grazing on cyanobacteria deter-
mined by the dilution method in 3 experiments at the
same site (Lessard & Murrell 1998, Table 5).

Grazing rate determinations

The comparison of grazing and production rates that
follows assumes that our measurements accurately
reflected the consumption and growth that occurred
during the study. The potential sources of error are dis-
cussed in detail in Caron et al. (1999), but we will
briefly address the important ones here. When using
substitute prey in plankton studies there is always a

Table 5. Specific grazing impact on picoplankton determined by various methods. Rates were sometimes calculated from hourly
rates with the assumption that there were no diel changes. PPE = photosynthetic picoeukaryotes

*Prochlorococcus only, not heterotrophic bacteria; "phytoplankton dominated by <12 pm cells; “average; “grazing undetected

Environment Specific Grazing Rates (d7!)
Bacteria Cyanobacteria PPE
Min. Max. Min. Max. Min. Max.
Coastal
Estuary/coastal, 0.10 1.2 - - - -
NE Atlantic
Long Island, NY 0.18 26 - - - -
Chesapeake Bay plume 0.01 0.19 - - - -
Bothnian/North Seas 0.22 0.71 - - - -
Finnish Bay - 1.19 - - - -
Long Island Sound - - - 0.22 - -
Gulf of Maine - - 0.61 0.83 - -
Vineyard Sound, MA  0.01 0.75 0.30 047 - -
Halifax, NS - - - - - 022°
Georges Bank 0.12 038 007 0.26 0.08 0.24
Open Ocean
Equatorial Pacific 0.51* 1.0° 052 1.1 0.39 0.77
Equatonial Pacific 0.52° 0.80° 0.55 0.88 0.54 0.75
Equatorial Pacific - 0.78°¢ - 0.82°¢ - -
Arabian Sea - 059 026 073 0.18 067
Red Sea/Gulf of Aden - 080* 006 038 060 1.8
Red Sea/Gulf of Aden 0.29 1.9 - - - -
Indian Ocean - - 0.7 1.0 - -
Mediterranean Sea - 0.56 - - - -
Mediterranean Sea 0.57 0.66 - 0.48 - -
Warm Core Ring, - - -4 035 - -
Atlantic
Sargasso Sea - - -4 033 - -
Sargasso Sea 0.03 0.16 - - - -
Sargasso Sea <4 o061 - - - -
Sargasso Sea 0.11 0.16 0.05 0.22 0.10 0.20
in at least 1 experiment; °cell specific clearance rates for flageliates; total picoplankton

Method n  Source

Size fractionation 20 Wright & Coffin (1984)
Inhibitors 12 Fuhrman & McManus {1984)
Tracer uptake 17 McManus & Fuhrman (1988)
Minicell recapture - Wikner et al. (1990)

Minicell recapture —  Wikner et al. (1990)
Dilution/inhibitors 1 Campbell & Carpenter (1986)
Dilution/inhibitors 3 Campbell & Carpenter (1986)
Inhibitors 4-5 Caron et al. {1991)

Dilution Gifford (1988)

Loss of tracers 4-8 This study

Dilution 20 Landry et al. (1995}

Relative grazing 20 Landry et al. (1995)

Dilution 4 Latasa et al (1997)

Reckermann & Veldhuis (1997)
Reckermann & Veldhuis (1997)

Dilution <200 pm only
Dilution <200 pm only -

Inhibitors 16 Weisse (1989)

—  Burkhill et al. (1993)
Minicell recapture 1 Wikner et al. (1990)
Minicell recapture/ 1-6 Hagstrom et al. (1988)
Population decrease
Dilution/inhibitor 1 Campbell & Carpenter (1986)
Dilution 4  Lessard & Murrell (1998)
Biomass x cscr® - Fuhrman et al. (1989)
Loss of tracers — Caron et al. (1999)
Loss of tracers 4-8 This study
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possibility of feeding selectivity for or against the sur-
rogates (relative to natural prey) based on size, motility
or taste discrimination. Size discrimination can be
either positive or negative (i.e. large cells may be con-
sumed more or less readily than smaller ones); how-
ever, larger cells (1 to 2 um) are usually grazed at
higher rates than smaller (0.5 pm) prey (e.g. Safi &
Hall 1999}. In practice, motility and taste discrimina-
tion probably result in selection of natural bacteria
more often than FLB (Monger & Landry 1992), and this
may balance the size selectivity for larger FLB. In con-
trast, the FLC were the same size as natural cyanobac-
teria and Synechococcus is not mobile like many
marine bacteria, so these factors probably had little
impact on our estimates of grazing on cyanobacteria.
However, the effects of 'taste’ or cell surface properties
of FLC on our grazing rate determinations are un-
known. Given these considerations and the overall
moderate specific grazing rates relative to other stud-
ies (Table 5), predation rates obtained in this study
using FLP are minimal estimates.

Comparing bacterial production and predation

Bacterial production is often offset by grazing losses
in coastal ecosystems and in the oligotrophic ocean
{Wright & Coffin 1984, Hagstrom et al. 1988, McManus
& Fuhrman 1988, Sherr et al. 1989, Weisse 1989,
Wikner et al. 1990, Marrase et al. 1992, Kuuppo-
Leinikki et al. 1994, del Giorgio et al. 1996, Caron et al.
1999). A balance between productivity and grazing
losses also has been noted in studies of photosynthetic
picoplankton (Campbell & Carpenter 1986, Ferrier-
Pages & Rassoulzadegan 1994, Latasa et al. 1997,
Reckermann & Veldhuis 1997).

In the present study, bacterivory equaled or ex-
ceeded bacterial production at Georges Bank during
the October cruise (Table 1). The grazing rate on FLC
and the calculated grazing from abundance and litera-
ture rates {see above) indicate that grazing also bal-
anced the low productivity of bacteria in the Sargasso
Sea during October (Table 1). Bacterial production was
approximately balanced by grazing in the Sargasso
Sea during the August cruise (Table 2), but the ratio of
production:grazing ranged from 1.3 to 2.2 for the 4 ex-
periments. At another site in the Sargasso Sea, bacter-
ial production was noted to be balanced by grazing in
spring, but to exceed it by nearly 2 in August [Caren
el al. 1999). Further research is required to determine
[ this apparent increase in bacterial production rela-
tive to grazing during August is a consistent feature of
the system. In contrast to most of our experiments, bac-
terial production greatly exceeded bacterivory on
Georges Bank during the July/August cruise (Table 2);

production was nearly 8 greater than grazing mortal-
ity at that time. The average bacterial production on
Georges Bank was greater in August than in October
(Tables 1 & 2), but the abundance of flagellates was
similar during the 2 cruises (Table 3). Predation on
nanoflagellates may have affected the balance be-
tween grazing and bacterial production by uncoupling
the flagellate-bacteria trophic link. This scenario has
been observed in coastal systems and modeling sug-
gests it may be most common in more eutrophic sys-
tems (Dolan & Gallegos 1991, Sanders et al. 1992).

Mixotrophy

Mixotrophy is the combination of autotrophic and
heterotrophic nutrition in a single organism. Among
the protists, it includes interactions ranging from
phototrophs acquiring dissolved and/or particulate or-
ganic matter, to chloroplast-enslavement, to the func-
tional mixotrophy of symbiont-bearing foraminifera
(Sanders 1991, Stoecker 1998). We limited our obser-
vations to the occurrence of phagotrophic phytoflagel-
lates in the mixed surface layer. Our results indicate
that phagotrophy by photosynthetic flagellates is a
widespread, albeit highly variable, phenomenon.

MNAN were identified at all of the stations that we
sampled in the Sargasso Sea and on Georges Bank.
The abundances reported here must be considered
minimal estimates for several reasons. For example, we
observed only nanoplankton-sized mixotrophs (2 to
20 um), but may have missed larger mixotrophic flagel-
lates due to the small size of the tracer particles that we
employed. Larger mixotrophic flagellates, especially
dinoflagellates, tend to ingest larger food items.
Mixotrophic dinoflagellates in a Norwegian fjord
ingested 2 to 5 pm FLA, but not 1 pm FLB, while other
mixotrophic dinoflagellates ingested ciliates (Bock-
stahler & Coats 1993, Jacobson & Anderson 1996,
Havskum & Hansen 1997). In addition, individual
physiological condition could have affected our abun-
dance estimates of phagotrophic algae. Any factor that
inhibits ingestion rate will cause an underestimate of
potential mixotrophs, but even in laboratory experi-
ments not all individuals (either MNAN or HNAN) will
contain ingested particles. Unlike HNAN which are
usually identified directly using epifluorescence micro-
scopy, the only method available for establishing mixo-
trephic behavior in notural samples is (o demonstrate
the ingestion of food particles or fluorescent tracers.
Mixotrophs thus could be underestimated if phago-
trophic behavior ceased during cell division {Boraas et
al. 1992), if there were selectivity against the tracer
particles, or if nutrient concentiration or light intensity

reduces feeding.
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The acquisition of nitrogen and phosphorus from
particulate food when concentrations of dissolved
nutrients are low is one potential advantage of mixo-
trophy (Sanders 1991, Nygaard & Tobiesen 1993).
When dissolved nutrients are replete, phagotrophy
may be reduced or cease (Nygaard & Tobiesen 1993,
Arenovski et al. 1995, Havskum & Riemann 1996).
Havskum & Riemann (1996) noted high mixotroph
abundance in the surface waters at a coastal site. How-
ever, the density of mixotrophs decreased below the
pycnocline. The diminished role of mixotrophy in the
bottom waters was attributed to high nutrient concen-
trations there relative to surface waters (Havskum &
Riemann 1996). Decreasing phagotrophic activity or
abundance of mixotrophic algae with increasing depth
was also attributed to greater availability of dissolved
nutrients at depth by Nygaard & Tobiesen (1993} in
coastal waters and by Arenovski et al. (1995) in the
Sargasso Sea. At oceanic sites where >50% of the
PNAN were mixotrophs in the near-surface waters,
they were barely detectable in the DCM (Arenovski et
al. 1995).

We anticipated that the proportion of mixotrophic
algae would be low on Georges Bank where tidal mix-
ing maintains much higher concentrations of dissolved
inorganic nutrients compared to the oligotrophic Sar-
gasso Sea. However, the absolute abundance of mixo-
trophs was always greater at our coastal site, and the
proportions of photosynthetic nanoplankton that were
mixotrophic in coastal and oligotrophic waters had
similar ranges. In coastal waters 2 to 38 % were mixo-
trophic, while in the Sargasso Sea 5 to 29% of the
phototrophs were mixotrophs (Table 3). It is note-
worthy that acquisition of major nutrients is only one
of several possible inducements of phagotrophic be-
havior among algal species (Boraas et al. 1988, Caron
et al. 1990, Sanders et al. 1990, Sanders 1991, Caron et
al. 1993, Rothaupt 1996). Hall et al. (1993) also mea-
sured high rates of bacterivory by phytoflagellates in
coastal waters during an upwelling event when nitro-
gen and phosphorus concentrations were high. The
high proportions of mixotrophs found in areas of up-
welling and high tidal mixing where nutrient limitation
of phytoplankton growth is not expected support the
idea that factors besides nutrient concentration may
alter mixotroph abundance.

The highly variable abundances that we observed
seemed typical of mixotrophy in marine ecosystems.
MNAN were reported to comprise <5 to 53 % of the pho-
totrophic nanoplankton in surface waters of the Sargasso
Sea (Arenovski et al. 1995). Safi & Hall (1999) found
that almost all identifiable species of phototrophic
nanophytoflagellates in the Pacific Ocean east of New
Zealand's South Island were capable of ingesting FLP. In
the Bay of Aarhus, mixotrophs accounted for 9 to 49 % of

the phototrophic biomass (Havskum & Riemann 1996).
The few available data on the grazing impact of
phagotrophic phytoflagellates indicate mixotroph as-
semblages can constitute a significant fraction of
picoplankton mortality. Experimental studies have de-
monstrated that mixotrophs contributed up to 60 % of the
bacterivory and 57 % of the herbivory on picophyto-
plankton and small (<5 um) nanophytoplankton (Hall et
al. 1993, Nygaard & Tobiesen 1993, Havskum & Rie-
mann 1996, Havskum & Hansen 1997, Safi & Hall 1999).
However, mixotroph grazing impact, linked to their
abundance, also tended to be highly variable in space
and time. Uncertainty in the factors inducing phago-
trophy in different algal species leads to difficulty in
predicting where and when mixotrophy will be an
important ecosystem process.

The sometimes large proportions of MNAN noted in
recent studies have important implications for algal
nutrition, nutrient dynamics and food web interactions
in planktonic ecosystems. The potential predation
impact of mixotrophs in these environments may be
substantial. Laboratory and in situ feeding rates deter-
mined for several photosynthetic marine taxa are of the
same magnitude as heterotrophic flagellates (Anders-
son et al. 1989, Nygaard & Hessen 1990, Jones et al.
1993, Nygaard & Tobiesen 1993, Keller et al. 1994).
Abundance data, however, cannot be extrapolated
easily to predation impact on natural picoplankton
assemblages because the rates of ingestion by these
species are often affected by factors other than prey
abundance. It is also difficult to estimate the ecological
benefit of phagotrophy to the algae because the
behavior appears to serve different (and perhaps mul-
tiple) purposes for each species. Mixotrophy does not
fit neatly into classical descriptions of ‘primary produc-
ers’ and 'consumers’ that characterize most depictions
of marine food webs, but instead imparts additional
complexity to energy production, elemental flow and
trophic relationships among pelagic microorganisms.
A considerable effort will be required to properly un-
derstand the role of mixotrophy within natural micro-
bial communities.
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