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INTRODUCTION

The structure of the microbial food web influences
the efficiency and magnitude of the transfer of carbon
from dissolved pools to metazoan food webs and the
deep sea (Ducklow 1991, Fortier et al. 1994, Legendre
& Rassoulzadegan 1995). Heterotrophic flagellates are
the principle consumers of bacteria (Sherr & Sherr
1991, 1994; however, see Bernard & Rassoulzadegan
1990) and are a major trophic link between pico-
heterotrophs (and autotrophs) and larger protozoan
and metazoan consumers. Flagellates and other protis-

tan grazers significantly influence nutrient fluxes in
the low to middle latitude oceans (reviewed by Azam
et al. 1994, Caron 1994, Sherr & Sherr 1994, Thingstadt
& Rassoulzadegan 1995). The magnitude of this influ-
ence depends on a number of factors, including protis-
tan abundance, the abundance and size of their prey,
the percentage of the total prey biomass grazed by
protists relative to that consumed by other organisms
(Caron et al. 1985, Bernard & Rassoulzadegan 1990,
Sherr & Sherr 1994), seawater temperature (Rassoul-
zadegan 1982, Verity 1985, Andersen et al. 1986, Choi
& Peters 1992), and the efficiency of incorporation of
prey into protistan biomass (Rassoulzadegan 1982,
Caron et al. 1985, Verity 1985, Choi & Peters 1992).
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The role of these heterotrophic microbes in mediating
nutrient fluxes in high latitude or cold oceans is uncer-
tain (Pomeroy & Wiebe 1993, Becquevort 1997, Sherr
et al. 1997). However, microzooplankton assemblages
from polar regions are both diverse and abundant
(Buck & Garrison 1983, Taniguchi 1984, Andersen
1988, Paranjape 1988, Garrison et al. 1991, Nöthig et
al. 1991, Garrison & Gowing 1993). Although informa-
tion on microbial rate processes is relatively scarce for
these regions, based on the distribution of microzoo-
plankton, and extrapolating rate processes from low to
high latitudes, it is clear that microbial grazers poten-
tially consume and recycle most local bacterial produc-
tion (Andersen 1988, Anderson et al. 1990, Moisan et
al. 1991, Putt et al. 1991, Laurion et al. 1995).

High latitude oceans account for about 10 to 20% of
oceanic carbon production (Longhurst et al. 1995,
Behrenfeld & Falkowski 1997) and the patterns of
energy flow through the lower food web in polar
oceans are important to the understanding of global
carbon budgets (Azam et al. 1991, Legendre & Le
Fevre 1995, Rivkin & Anderson 2000). Several recent
studies reported high rates of bacterial growth in polar
waters (Rivkin et al. 1996, Rich et al. 1997, Carlson et
al. 1998, Ducklow 1999, Kelly et al. 1999). Indeed,
Rivkin et al. (1996) reported that the growth rates of
bacterioplankton from high and low latitude oceans
are, on average, not significantly different. In this
paper, we report on the results of a seasonal (late win-
ter through late summer) study of microzooplankton
grazing in Resolute Bay, Northwest Territories,
Canada and McMurdo Sound, Antarctica, and we
summarize the published information on the seasonal
relations between rates of bacterial growth and graz-
ing losses in polar regions. We found that when graz-
ing occurred, microzooplankton consumed ca 90% of
local bacterial production. Grazing losses of bacteria
were insignificant immediately before and after the
phytoplankton bloom. At these times, bacterioplank-
ton appeared to be nutrient-limited and protists were
predominantly herbivorous. We propose that feedback
between phagotrophic protists and their prey is medi-
ated through the control on nutrient availability. This
maintains close homeostatic control of prey biomass,
thereby minimizing seasonal oscillations in bacterio-
plankton abundances, optimizing ingestion of high
nutritional quality prey.

MATERIALS AND METHODS

Field sites. In the Canadian Arctic, samples for
determination of biomass and rates of bacterial growth
and microzooplankton grazing were collected in Res-
olute Passage (74°38.5’ N, 94° 51.5’ W) from a depth of

5 to 10 m. An acid-cleaned, 10 l Niskin bottle (General
Oceanics, Miami, FL)was deployed through a perma-
nent sample hole in the sea ice (March through June
and November through December 1993) or from a
‘Murphy’ boat during the open water period (August
through October 1993). The water depth at this site
was ca 100 m. Water samples were transferred into
acid-cleaned insulated coolers and returned, within 1 h
of collection, to the Resolute Bay Marine Laboratory for
subsequent analysis and processing. In McMurdo
Sound, samples were collected from 15 to 20 m by
deploying a Niskin bottle through a permanent sample
hole in the sea ice at seasonal sea ice camps (Anderson
et al. 1990, Rivkin 1991). Samples either were immedi-
ately processed at our field laboratory (September
through mid-November 1989) or  transferred into insu-
lated coolers and returned, within 1 h of collection, to
the Eckland Biological Laboratory for subsequent
analysis and processing (late November 1989 through
mid-January 1990).

Biomass and bacterial growth rates. The particulate
material from replicate 0.5 to 2 l water samples was
collected onto 25 mm diameter Whatman GF/F filters
and frozen at –20°C until chlorophyll a was extracted
in 90% acetone and determined fluorometrically. Bac-
terioplankton samples preserved with glutaraldehyde
(1.5% final concentration) were kept cold until slides
were prepared, usually within 2 wk of sample collec-
tion. Bacteria were filtered onto black 0.2 µm Poretics
filters (Osmonics, Minnetonka, MN), stained with acri-
dine orange and counted by epifluorescence
microscopy (Hobbie et al. 1977).

Bacterial growth rates were computed from the
incorporation of [methyl-3H] thymidine (3H-TdR; ICN,
60 to 90 Ci mmol–1; final concentration of 5 nmol). Sam-
ples were incubated in replicate 120 ml polycarbonate
incubation bottles at –1.5 ± 0.2°C. Triplicate 15 ml
aliquots were removed immediately after addition of
the isotope (t0) and at the end of a 3 to 4 h incubation.
The uptake of TdR was saturated at 5 nmol and uptake
was linear for 24 to 28 h at ambient temperatures.
Particulate material was collected onto 0.2 µm Poretics
filters, serially rinsed twice with filtered seawater, 3
times with 3 ml of ice-cold 5% trichloracetic acid and
once with filtered seawater. Filters were placed in liq-
uid scintillation vials and counted as described below.
Subsamples to assess the total radioactivity available
for uptake were collected from each bottle at both the
beginning and the end of the incubation.

Conversion factors relating cell production to sub-
strate uptake were empirically determined (Kirchman
et al. 1982) using seawater dilution cultures. Briefly,
<1.0 µm filtrate was diluted 1:5 with 0.2 µm mem-
brane-filtered seawater. 3H-TdR was added to 1 l poly-
carbonate incubation bottles containing 900 ml of the
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dilution culture, and the time course of change of cell
abundances and the incorporation of TdR were deter-
mined at 6 to 12 h intervals for ca 48 h. All incubations
were carried out in the dark at the temperature from
the depth of collection (–1.5 ± 0.2°C). Conversion fac-
tors determined using the integrative (Riemann et al.
1987, Kirchman & Hoch 1988) and cumulative (Bjørn-
sen & Kuparinen 1991) methods were similar.

Radioactivity was counted using a Beckman Model
2800 (Arctic) or Beckman Model 3801 or 6800 (Antarc-
tic) liquid scintillation spectrometer (Beckman Coulter
Inc., Fullerton, CA) with Scintiverse (Arctic) (Fisher
Scientific, Fairlawn, NJ) or Biofluor (Antarctic)
(Packard Bioscience BV, Rigaveg, The Netherlands) as
a scintillant. All counts were corrected for quench by
the external standards method and for background
radiation.

Microzooplankton grazing. In the Arctic, microzoo-
plankton bacterivory was estimated using the dilution
assay (Landry & Hassett 1982, Evans & Paranjape
1992, Landry 1993, Rivkin et al.1999). Briefly, seawater
was gently filtered through a 202 µm Nitex mesh (to
remove larger grazers) and then diluted with ‘particle-
free’ filtrate prepared by gravity filtration through a
0.2 µm Gelman cartridge filter (Pall Gellman Labora-
tory, Anne Arbor, MI) to the following dilutions: 1:0
(i.e., no dilution), 1:1, 1:3 and 1:7. Samples were incu-
bated in duplicate 4 l cubitainers in subdued light (5 to
20% of incident irradiance) and at or near ambient
temperatures (< –1 C° in the winter and spring and –1
to <1°C during the bloom and post bloom period). In
the Antarctic, grazing of bacterioplankton was esti-
mated for the microzooplankton community in 1:0 and
1:8 dilutions only. Bacterial abundances were deter-
mined after a pre-incubation interval of 4 h (i.e., t0) and
after ca 24 and 48 h. This pre-incubation was incorpo-
rated into the experimental design because we occa-
sionally observed large and variable changes in bacte-
rial abundance within the first 2 h after preparing the
dilutions.

Apparent growth rate (AGR) was computed from the
time-dependent change in bacterial abundances at the
different dilutions. The AGR is the difference between
growth (k) and grazing mortality (g). The relation
between AGR and dilution factor (DF) did not deviate
systematically from linearity; hence, we used a linear
rather than an exponential model to estimate k and g
(Evans & Paranjape 1992) and computed k as the ordi-
nal intercept and g as the slope of the regressions of
AGR on the observed DF at t0. The observed DF was
computed from the bacterial abundance at t0 in the dif-
ferent dilutions. The observed DF differed from the
expected DF by as much as 20%. Hence, by using the
observed DF at t0 we eliminated a potentially signifi-
cant source of error in our regression analyses.

RESULTS

In the Arctic, chlorophyll a concentrations and bacte-
rial abundances and growth rates were measured at 7 to
10 d intervals during March, May, June, August and
September and less frequently in April, July, November
and December. In the Antarctic, these variables were
measured at approximately 10 d intervals from early
September through mid-January. For clarity of presen-
tation, only monthly means are presented. Detailed tem-
poral and spatial patterns in the distribution of microbial
biomass and rates of production are described elsewhere
(Rivkin 1991, unpubl. data, Rivkin et al. 1994).

Canadian Arctic

Chlorophyll a in the well-mixed upper water column
of the seasonally ice-covered Resolute Passage varied
approximately 500-fold between March and December
(Fig. 1a). Concentrations ranged from <10 ng l–1 under
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Fig. 1. Representative seasonal patterns of (a) chlorophyll a
(ng l–1), (b) bacterial abundance (cells l–1) and (c) specific
growth rates (SGR) of bacteria from [methyl-3H] thymidine
(TdR) incubations (d–1) at Resolute Bay, Northwest Territories,
Canadian Arctic, 1993. Each bar represents 3 to 5 sample 

periods
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the ice in mid-March to a maximum of approximately
4 µg l–1 during early August when the sea ice melted
and dispersed. There was a 10-fold increase between
mid-March and late April, from approximately 10 to
100 ng l–1, followed by a small decline to 50 to 70 ng l–1

during May and early June, an increase through July
and August and a decline thereafter (Fig. 1a). Bacteri-
oplankton abundances varied approximately 5-fold,
from 60 to 330 × 106 cells l–1,
between early March and late December (Fig. 1b).
There was a 2-fold decrease between mid-March and
mid-April, an increase to plateau concentrations of ca
200 to 300 × 106 cells l–1 from
May through September and a decrease thereafter.
The average bacterial growth rate in the upper mixed
layer (Fig. 1c) was low in March through May (<0.2
d–1) and increased during June through September
where rates varied between 0.6 and ~1.0 d–1. Through-
out this period, water temperatures were –1.8 to 0°C.

Grazing mortality of bacteria was high (0.15 to
0.88 d–1) during the winter, spring and phytoplankton
bloom periods. Microzooplankton consumed 90 to
190% of bacterial production (Table 1) at these times.
However, during the pre- and post-bloom periods,
grazing mortality declined to undetectable levels.

McMurdo Sound

During the late austral winter through early austral
summer, chlorophyll a concentrations in the upper
water column increased by approximately a 1000-fold,
from <10 ng l–1 during late August through late Sep-
tember to 4 to 6 µg l–1 during late December through
early January (Fig. 2a and Rivkin 1991). During this
same period, the monthly averaged bacterial abun-
dance in the upper 30 m at our sample site increased
approximately 25-fold, from 60 to 1450
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Season Site Growth Grazing % production Source*
rate (d–1) mortality (d–1) grazeda

Winter non-bloom
Mar/Apr Resolute Bayb 0.08–0.62 0.14–0.55 88–187 1
Sep McMurdo Soundc 0.3–0.4 0.08–0.29 27–48 1

Early spring
Nov/Dec Weddell Seac 0.37 0.15 41 2
Oct/Nov McMurdo Sound 0.33–0.77 0.09–0.73 33–95 1

Spring pre-bloom
May/Jun Resolute Bay 0.22–0.85 NS ND 1
Nov/Dec McMurdo Sound 0.08–0.51 NS ND 1
Nov/Dec McMurdo Sound 0.21–0.26 <0.001–0.006 <0.5–3 3,4
Dec McMurdo Sound 0.14–0.37 0.04–0.11 28–30 1
Dec McMurdo Sound 0.14 <0.001 0.7 3,4
Dec/Jan Prydz Bayc 0.57–0.69 0.08–0.13 11–23 7

Early summer bloom
Aug Resolute Bay 0.62–1.02 0.76–0.88 86–93 1
Apr/Mayd Resolute Bay 0.15–0.18 0.34–0.39 >200 5,6
Mayd Resolute Bay 0.21–0.25 0.08–0.11 45–55 5,6
Nov Gerlache Straitb 0.33 0.15 46 9
Dec/Jan Antarctic Confluence 0.44 0.22–0.44 50–100 2
Dec/Jan McMurdo Sound 0.678 0.58 86 1
Jan McMurdo Sound NS 0.06 ND 3,4
Jan/Feb Prydz Bay 0.22–0.37 0.04–0.12 18–35 7

Late summer post-bloom
Sep Resolute Bay 0.38–1.0 NS ND 1
Jul–Aug Central Arctic Ocean 0.03–0.09 0.002–0.009 4–22 8
Jan McMurdo Sound 0.12 0.005 5 3,4
Feb Prydz Bay 0.29 0.03 10 7
aGrazing mortality × (growth rate)–1 × 100; bArctic; cAntarctic; dsea ice microbial community
*1: This study; 2: Kuparinen & Bjornsen (1992); 3: Moisan et al. (1991); 4: Putt et al. (1991); 5: Maranger et al. (1994); 
6: Laurion et al. (1995); 7: Leakey et al. (1996); 8: Sherr et al. (1997); 9: Bird & Karl (1999)

Table 1. Rates of growth and grazing mortality for bacterioplankton from polar regions during different seasons. In all cases, incu-
bation and ambient temperatures were < –1°C in the winter and spring and –1 to <1°C during the bloom and post-bloom period.
Unless otherwise indicated, growth and grazing rates are for planktonic microheterotrophs. When more than 1 observation was

available for a time period, they are listed as a range. NS: not significantly different from zero; ND: not determined
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× 106 l–1 (Fig. 2b and Rivkin
1991), and bacterial growth rates (Fig. 2c) were higher
in September, October and late December (0.4 to 0.65
d–1) than in November, early December and January
(0.15 to 0.3 d–1).

Grazing mortality of bacteria varied from ca 0.05 to
0.73 d–1 over the season (Table 1). Rates were highest
during the late winter through mid-spring (early Sep-
tember through early November; 0.3 to 0.73 d–1), and
again when chlorophyll a concentrations in the water
column under the sea ice were high (i.e., late Decem-
ber through early January; 0.58 d–1). Grazing mortality
was lowest (<0.1 d–1) before and after the periods
when phytoplankton abundances were high (early to
mid-December and mid- to late January). Microzoo-
plankton generally consumed 20 to 90% of the bacter-
ial production during the late-winter through early
spring as well as during the phytoplankton bloom. In
contrast, grazing rates were low (0 to 30% of local bac-
terial production) immediately before (Table 1) and
after the phytoplankton bloom (Moisan et al. 1991, Putt
et al. 1991).

DISCUSSION

Our understanding of the structure and function of
the lower food web in marine pelagic ecosystems has
evolved over the past 2 decades. We now know that
heterotrophic microbial metabolism is an important,
and at times dominant, pathway for organic matter
transformation in the sea (Azam et al. 1983, Legendre
& Le Fevre 1995, Azam 1998). Although some flagel-
lates can take up dissolved or colloidal organic mater-
ial (Marchant & Scott 1993, Tranvik 1994), bacteria are
normally the first link in the microbial trophic pathway
from DOC to protistan and metazoan grazers. Bacteria
and bacterial-based food webs influence sinking
fluxes by altering both the size of sinking particles and
the equilibrium between the particulate and dissolved
phases (Cho & Azam 1990); thus, they are important in
material processing, respiration and carbon remineral-
ization within, and export from, the surface layer of the
ocean (Rivkin & Legendre 2001). It is this export of bio-
genic carbon that contributes to the net flux of atmos-
pheric CO2 into the ocean’s interior. While it is recog-
nized that heterotrophic microbial pathways recycle 20
to 60% of pelagic primary production in temperate and
tropical marine ecosystems (Cole et al. 1988, White et
al. 1991, Ducklow 1999, 2000), bacterial-mediated ele-
mental fluxes can be highly variable in both rate and
composition (Findlay et al. 1991, Hoch & Kirchman
1993, Azam et al. 1994, Azam 1998).

Bacteria transform the DOC that is released from
phytoplankton either directly (as excretion, viral lysis)

or indirectly (as sloppy feeding, metabolic by-products
of micro- and meso-heterotrophs, etc.) into small par-
ticles. Bacterivorous and herbivorous flagellates and
ciliates then transfer biomass from bacteria (and auto-
trophic picoplankton) to metazoan food webs. The
dynamics and energetics of grazing and growth of
these protists have been quantitatively studied in tem-
perate and tropical oceans (Fenchel 1982, McManus &
Fuhrman 1988, Capriulo et al. 1991, Burkill et al. 1993,
Peters 1994, Sherr & Sherr 1994). However, the relative
paucity of direct estimates of microzooplankton graz-
ing in high latitude or cold oceans (Paranjape 1987,
Moisan et al. 1991, Putt et al. 1991, Laurion et al. 1995)
or for cultures of psychrophylic and psychrotrophic
nanoflagellates (Choi & Peters 1992) makes it difficult
to directly assess the importance of microbial-medi-
ated carbon fluxes in these regions. This results of the
present study show that polar microzooplankton can
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Fig. 2. Representative seasonal patterns of (a) chlorophyll a
(ng l–1), (b) bacterial abundance (cells l–1), and (c) SGR of bac-
teria from TdR incubations (d–1) in McMurdo Sound, Antarc-
tica. The month of December is divided into early and late
periods since large and rapid changes in biomass and growth
rates occurred during the second and third weeks. Data are
available for only the first half of January. Each bar represents 

3 to 5 sample periods



Aquat Microb Ecol 25: 195–206, 2001

consume nearly all the local bacterial production.
There are, however, times of year when grazing mor-
tality of bacteria is low to nil. During these periods,
herbivory is the dominant trophic mode of the micro-
zooplankton community.

Importance of microbial foodweb in polar regions

Two approaches can be taken to evaluate the impor-
tance of bacterial-based food webs in polar regions.
One approach is to characterize the local distribution
and growth rates of bacterioplankton, and this has
been reviewed (Karl 1993, Rivkin et al. 1996). The
result of a comprehensive statistical analysis of the
relation between bacterial growth and seawater tem-
peratures shows that growth rates of bacterioplankton
from cold (<4°C) and temperate (>4°C) oceans were
not significantly different (Rivkin et al. 1996). Yet in
polar seas, bacterial abundances are relatively low and
constant (Billen & Becquevort 1991, Rivkin 1991,
Thingstadt & Martinussen 1991, Rivkin et al. 1996,
Rivkin & Anderson 2000), despite relatively high rates
of growth. Steady-state abundance is the balance
between growth and mortality; hence, the loss rates
due to bacterivory (Anderson et al. 1990, Rivkin 1991)
and viral lysis (Fuhrman & Noble 1995, Maranger &
Bird 1995) must be similar to cell growth. Even a small
imbalance may result in large oscillations in bacterial
populations. For example, assuming an average spe-
cific growth rate of 0.4 d–1 (Rivkin et al. 1996), in the
absence of grazing losses and viral lysis bacteria would
increase from 1 to 55 × 108 l–1

in 10 d. This is 5- to 6-fold higher than the maximum
bacterioplankton abundance typically observed in
polar systems. On the basis of this approach, we have
calculated (Rivkin & Anderson 2000) that 95 to 98% of
bacterial production is removed by bacterivores or
viruses.

A second approach is to estimate the potential for
transfer of bacterial biomass to higher trophic levels.
This can be done by characterizing the distribution and
rates of grazing by heterotrophic microplankton.
Although the distribution of microzooplankton in polar
regions is reasonably well known (reviewed by Garri-
son et al. 1991, 1993), there are only a few direct mea-
surements of bacterivory (Table 1). Based on the
results of this study and a synthesis of published infor-
mation on grazing (Table 1), it appears that, except
immediately before and after the phytoplankton bloom
periods, grazing mortality of bacteria was high and
nearly all of the local bacterial production was
ingested by microzooplankton.

Two general patterns in polar microbial dynamics
emerge from this study: (1) During comparable sea-

sons, in the Antarctic, bacterial abundance was 2- to
3-fold higher whereas growth rates were 2- to 3-fold
lower than in the Arctic. In contrast, the grazing mor-
tality of bacterioplankton was similar in both systems.
(2) In both the Arctic and Antarctic, seasonal variation
in the abundance of bacteria was much less than that
of phytoplankton. Bacterial abundances varied by
approximately 5- to 25-fold over the season. This com-
pares with a nearly 500- to 1000-fold variation in
chlorophyll a concentrations. What controls bacter-
ioplankton abundances within this relatively narrow
range? The principal factors regulating bacterial
growth and abundances are temperature and nutrient
supply (i.e., bottom-up control), and predation and
viral mortality (i.e., top-down control), respectively.
During late winter, early spring and the phytoplankton
bloom, grazing mortality was a large (30 to >100%)
fraction of bacterial production (Table 1). During the
periods immediately before and after the phytoplank-
ton bloom, grazing rates were low to zero. When graz-
ing was detectable, the rates of k and g were corre-
lated (p < 0.001, Fig. 3) and described by the following
functional (i.e., model 2) regression (Ricker 1973):

g = 0.955 (±0.1195)k – 0.128 (±0.0508), r2 = 0.70, n = 21

(values in parentheses are the standard errors of the
estimates). The slope (0.955) of the above regression is
not significantly different from 1 (t = –0.5614, p > 0.50)
while the intercept (–0.128) is not significantly differ-
ent from 0 (t = –0.0863, p > 0.90). Since temperature
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Fig. 3. Rate of grazing mortality (g) as a function of bacterial
growth (k) for bacterioplankton from the Arctic and the
Antarctic for all seasons, excluding the periods immediately
before and after the phytoplankton bloom when grazing rates
were low to nil. Data are from this study and from the litera-
ture (sources indicated in Table 1). The functional regression
between k and g (g = 0.955(±0.1195)k – 0.128(±0.0508), val-
ues in parentheses are the standard errors of the estimates) is
represented by the solid line. The dashed line represents the 

1:1 relation
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does not vary in this environment, both growth rates
and consequently grazing losses are likely controlled
by nutrient (i.e., organic carbon and nitrogen) supply
(Wiebe et al. 1992, Peters 1994, Rivkin et al. 1994,
Rivkin & Anderson 2000). During the winter, spring
and phytoplankton bloom periods, grazing losses
equaled bacterial growth and essentially all of the bac-
terial production was consumed by bacterivorous
microzooplankton. Since grazing losses co-vary with
growth rates, bacterivory appears to be the dominant
factor controlling bacterial abundance in polar waters
during most of the year.

Regulation of grazing mortality

An exception to the general model described above
seems to occur during the pre- and post-bloom periods,
when grazing mortality of bacteria is low to zero,
despite measurable bacterial growth rates (Table 1).
What accounts for this transient decrease in grazing
mortality? Studies on protistan grazing show that
grazer biomass, temperature, prey abundance and
prey size are the primary variables controlling bac-
terivory (Peters 1994, Sherr & Sherr 1994). In both the
Arctic and Antarctic, temperature was constant
throughout the season and bacterial abundances were
near their seasonal maximum at the times when graz-
ing was not detected. Furthermore, heterotrophic fla-
gellate biomass is typically higher during and immedi-
ately after the phytoplankton bloom than earlier in the
season (Bursa 1961, Garrison & Buck 1989, Garrison &
Gowing 1993). We did not systematically measure bac-
terial cell size throughout the seasons; however, con-
current investigations carried out in McMurdo Sound
showed a progressive 3-fold change in bacterial cell
volume (0.4 to 1.1 µm–3) between late November and
mid-January. Maximum cell size coincided with the
phytoplankton bloom (Putt et al. 1991, 1994). A similar
pattern of change in cell size was observed over the
season in Resolute Passage (Anderson unpubl. data).
Heterotrophic flagellates preferentially ingest large
and actively dividing bacteria and at higher rates than
small, non-dividing cells (Andersson et al. 1986,
Chrzanowski & Simek 1990, Sherr et al. 1992, Peters
1994, Sherr & Sherr 1994). This selection can signifi-
cantly alter the size distribution of bacterioplankton
populations (Ammerman et al. 1984, Andersson et al.
1986). However, it is unlikely that volume change
alone would have resulted in the extreme change in
grazing activity. The clearance and ingestion rates of
Ochromonas danica and Bodo-like flagellates were
1.8- to 18.3-fold (median = 2.8, n = 8) higher when bac-
terial prey size increased 3.3-fold from 0.36 to 1.19 µm3

(Chrzanowski & Simek 1990). Similar results were

reported for natural microbial populations (Gonzalez
et al. 1990). To assess the potential influence of
changes in bacterial cell volume on grazing mortality
requires making the 2 following assumptions: (1) bac-
terial cell volume during the pre- and post-bloom peri-
ods was at most 3.5-fold smaller than during the bloom;
and (2) there was a 1:1 relation between changes in
bacterial cell volume and grazing rate (e.g., Fig. 3A in
Gonzalez et al. 1990). If the alteration in cell volume
were the dominant factor controlling changes in graz-
ing characteristics of the microzooplankton at these
times, grazing mortality should have been 0.22 to 0.25
d–1 (i.e., 0.76 – 0.88 d–1 ÷ 3.5) in the Arctic and 0.17 d–1

(i.e., 0.58 d–1 ÷ 3.5) in the Antarctic. These estimated
rates are much higher than those observed during the
periods in question for both polar regions (Table 1).
While changes in cell size may have contributed to the
observed decrease in bacterivory, they were not the
only factor responsible. We propose that the observed
patterns of grazing mortality of bacterioplankton were
due to the combined interactions of changes in the
chemical composition and nutritional characteristics of
the bacterioplankton, as a result of nutrient limitation,
with a concomitant reduction in cell size.

Influence of growth and chemical composition

Both the rates of growth and cell volume are signifi-
cantly lower for nutrient-stressed than nutrient-replete
bacterioplankton (Jaan et al. 1986, Gonzalez et al.
1993, Moyer & Morita 1989, Nystrom et al. 1990). In
environments where temperature is low and constant,
such as in polar regions, nutrient availability regulates
the patterns and rates of bacterial growth. Hence,
when concentrations of DOC or DON are low, polar
bacterioplankton would exhibit a hierarchical seq-
uence of responses and progressively decrease size,
alter chemical composition and, lastly, reduce cell divi-
sion rate (Cooper 1991). Thus, bacterioplankton may
show characteristics of nutrient limitation (e.g., altered
cell size and chemical composition) before a significant
reduction in growth rate. We assessed the nutritional
status of bacterioplankton during the spring to summer
transition in both McMurdo Sound (Rivkin et al. 1991,
Rivkin & Anderson 2000) and Resolute Bay (Rivkin
et al. 1994, Rivkin & Anderson 2000). These nutrient
amendment studies showed that bacterial growth was
enhanced by the amino acids during the pre-bloom
and post-bloom periods, whereas at other times, nutri-
ent additions did not significantly affect bacterial
growth (Rivkin & Anderson 2000). Data on ambient
concentrations and seasonal patterns of DOC and
DON in polar regions are scarce (Gordon & Cranford
1985, Hubberten et al. 1995). However, during a study
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carried out concomitantly with ours, Welborn & Mana-
han (1991) measured DOM in the sub-ice water col-
umn of McMurdo Sound. Dissolved amino acids and
sugars increase from 50 and 200 nmol l–1, respectively,
during the late winter and early spring to a maximum
of 0.5 to 1.4 and 3.2 µmol l–1, respectively, during the
phytoplankton bloom in late December followed by a
decrease in early January (Welborn & Manahan 1991).
Thus, the times when grazing mortality was low to zero
coincided with times of year when bacteria were both
small and appeared to be nutrient-stressed.

It is well known from studies on crustacean zoo-
plankton that rapidly growing, nutrient-replete phyto-
plankton are ingested preferentially and at higher
rates than nutrient-depleted phytoplankton (Cowles et
al. 1988, Hessen 1992, Sterner & Hessen 1994, and ref-
erences cited therein). Few systematic studies on the
influence of the nutritional quality of algal or bacterial
prey on the ingestion characteristics of heterotrophic
protists have been carried out. However, several lines
of evidence suggest that both flagellates and ciliates
have the ability to select prey based on chemical com-
position or nutritional status. For example, the rates of
growth and ingestion, and the growth efficiency of
Monas sp. at both limiting and saturating food concen-
trations were significantly influenced by the bacterial
strain (Sherr et al. 1983): Goldman et al. (1985) showed
that Paraphysomonas imperforata ingested fast-grow-
ing or phosphorus-replete bacteria more rapidly than
slow-growing or phosphorus-depleted bacteria: during
enclosure studies, the clearance rate of the microzoo-
plankton community was positively correlated with
bacterial production and production per cell (Hobbie &
Helfrich 1988): both flagellates and ciliates show a
strong chemosensory response toward bacterial and
algal prey. For example, ciliates both migrate toward
specific algal taxa, even when the alga’s C:N ratios are
similar, and preferentially accumulate in chambers
with exponentially growing algae and avoid chambers
with slowly growing or stationary phase algae (Verity
1988). The heterotrophic flagellate Pseudobodo tremu-
lans shows intense chemosensory attraction to nutri-
ent-replete bacteria (Sibbald et al. 1987), with the
highest index of chemotaxis observed for nutrient-
replete bacteria, bacteria-free growth medium and
NH4Cl. Bacteria regenerate NH4 when concentrations
of labile DON are high and sufficient to support rapid
growth. This generally occurs when the C:N ratio of
the bacteria (C:NB) is greater than the C:N ratio of the
substrate (C:NS). In contrast, NH4 is assimilated from
seawater when DON concentrations are low and C:NB

< C:NS (Wheeler & Kirchman 1986, Kirchman et al.
1989, 1990, Kirchman 1994). The above described
observations strongly suggest that bacterivorous fla-
gellates are able to locate nutrient-replete bacteria

by using chemosensory cues to metabolic byproducts
(e.g., NH4) of nutrient-sufficient growth.

Seasonal patterns of nutrient dynamics in
bacterivorous food webs

Heterotrophic protozoa are responsible for a large
proportion of nutrient regeneration in the sea (Azam et
al. 1983). The rates, patterns and efficiency of nutrient
regeneration are temporally and spatially variable and
are strongly influenced by the difference between the
nutrients required for the synthesis of protozoan bio-
mass and the nutrient content of the prey (Goldman et
al. 1987, Caron 1991, Anderson 1992). For example,
when the C:N ratio of the protozoa (C:Npro) is greater
than the C:N of its prey (C:Npre), the rate of nitrogen
excretion by the protist is high. In contrast, when
C:Npro < C:Npre, the prey are depleted in nitrogen rela-
tive to carbon and the rate of nitrogen excretion by the
predator is low. The range in C:Npro is relatively small
(e.g., 5.1 to 8.9, mean = 6.8, coefficient of variation
[CV] = 12%; Anderson 1992, Goldman et al. 1987). In
contrast, the range in C:Npre is taxon dependent; for
bacteria, the C:N ratio is considerably lower and less
variable (i.e., 2.9 to 8.7, mean = 5.2, CV = 30%; Caron
1991, Anderson 1992) than that of phytoplankton (i.e.,
5 to 25, mean = 12.4, CV = 53%; Caron 1991). On the
basis of the above theoretical consideration, more
nitrogen would be remineralized by bacterivorous
than herbivorous protists. Within a trophic mode (bac-
terivory or herbivory), the rates of regeneration would
be greater for nutrient-replete than nutrient-depleted
prey. Since the stoichiometric requirement for nutri-
ents by protozoa is narrow relative to that of their prey,
the nutrient in shortest supply would be conserved
(Goldman et al. 1987). Hence, when the growth of the
prey is limited by the availability of a nutrient, pro-
gressively smaller quantities of the limiting nutrient
would be regenerated.

On the basis of the above described interactions
between protistan grazers and their prey, and the asso-
ciated rates and efficiencies of nutrient regeneration,
we propose the following model (Table 2) to explain
the temporal pattern of protozoan grazing in high lati-
tude, ice-covered oceans:

(1) During the winter and early spring, bacterial bio-
mass and growth rates are low. The microbial loop
(sensu strictum, bacteria and bacterivorous microfla-
gelates in a quasi-closed loop, Legendre & Ras-
soulzadegan 1995) dominates, protozooplankton are
bacterivorous and grazing mortality is high. For the
reasons given above (i.e., C:Npro > C:Npre), regenera-
tion rates are relatively high.

(2) During the transition from early spring to late
spring and early summer (e.g., pre-phytoplankton
bloom period), bacterial biomass and growth rates are
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low. The increase in submarine irradiance promotes
the growth of phytoplankton. With the increased avail-
ability of phytoplankton prey, the microbial food web
(a more open system including autotophic pico- and
nanoplankton; Legendre & Rassoulzadagan 1995)
dominates and protozooplankton ingest variable pro-
portions of bacteria and phytoplankton. Since prey car-
bon is now enriched relative to nitrogen, the rate of
nitrogen regeneration declines (e.g., C:Npro ≤ C:Npre).
The combined effects of the reduced rate of nitrogen
remineralization by protozoan grazers and increased
concentrations of DOC released by the more abundant
phytoplankton (Williams 1990, Wood & Van Valen
1990) lead to C:NS > C:NB. Consequently, we propose
that the bacterioplankton may become nitrogen
stressed as the bloom approaches, and the rate of
grazing mortality on the nutrient-limited bacteria
decreases.

(3) During the bloom, phytoplankton are nutrient
replete. Although the regeneration efficiency of nitro-
gen is relatively low (e.g., C:Npro < C:Npre), the com-
bined effects of high grazing rates by herbivorous
protozooplankton and mesozooplankton, and the rela-
tively low C:Npre of the nutrient replete phytoplankton
(e.g., C:N = 6 to 7, compared with C:N ≥ 15 for nitro-
gen-limited phytoplankton) result in sufficient nitro-
gen regeneration to support rapid growth of nutrient-
replete bacterioplankton. Consequently, the grazing
mortality of the bacterioplankton increases during the
bloom.

(4) The depletion of inorganic nutrients leads to the
termination of the phytoplankton bloom and an in-
crease in the C:N ratio of the phytoplankton. Because

C:Npro < C:Npre, the rate of nitrogen regeneration by
herbivorous protozoa is low. This leads to an increase
in the C:N ratio of DOM and potential nutrient limita-
tion for the bacteria. Thus, during the post-bloom
period, bacteria are nutrient stressed and the rates of
growth and grazing mortality are again low.

Conclusion

It is clear that the microzooplankton community in
polar regions is highly active and can potentially con-
sume most of the local bacterial production. By selec-
tively ingesting the larger and actively dividing bacte-
ria, protozoan grazers preferentially consume bacterial
production rather than randomly ingesting the stand-
ing stock (Krambeck & Krambeck 1984, Gonzalez et al.
1990). Protozoan communities appear to alternate
between bacterivorous and herbivorous nutritional
modes as prey fields change in response the seasonal
progression in submarine irradiance and dissolved
nutrients. Moreover, there appears to be a feedback
mechanism between phagotrophic protists and their
prey that is mediated through the control on substrate
availability. The timing and magnitude of the phyto-
plankton bloom and the duration of the post-bloom
period exert a significant influence on the flux of bac-
terioplankton carbon through protozooplankton and
ultimately the coupling of the microbial and metazoan
food webs.
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Late winter Spring Summer Late summer
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Algal biomass Very low Low High Intermediate
Bacterial biomass Low Low Intermediate High
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Bacterial grazing mortality High Low High Low
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C:Npro C:Npre C:Npro > C:Npre C:Npro ≤ C:Npre C:Npro < C:Npre C:Npro << C:Npre

C:NB C:NS C:NB > C:NS C:NB < C:NS C:NB ≤ C:NS C:NB << C:NS

Nitrogen regeneration High Low Intermediate Low
DOC release by phytoplankton Low Low High High
Dominant trophic mode Bacterivory Herbivory Bacterivory/herbivory Herbivory
Microbial trophic pathwaya Microbial loop Microbial food web Multivorous food web Multivorous food web

*Sensu Legendre & Rassoulzadegan (1995)
C:Nphy = carbon to nitrogen ratio of phytoplankton; C:Npro C:Npre = carbon to nitrogen ratios of protozoa versus prey; 
C:NB C:NS = carbon to nitrogen ratios of bacteria to substrate

Table 2. Matrix of interactions showing changes that occur within the microbial community over the season in polar waters. See
text for a complete description of the interactions.
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