
Vol. 20: 95-105.1999 
AQUATIC MICROBIAL ECOLOGY 

Aquat Microb Ecol 
1 Published November 30 

Structure and dynamics of the pelagic microbial 
food web of the Subtropical Convergence region 

east of New Zealand 

'NIWA, PO Box 11115, Hamilton, New Zealand 

'NIWA, PO Box 8602. Riccarton. Christchurch, New Zealand 
3NIWA, PO Box 14 901, Wellington, New Zealand 

ABSTRACT: The Subtropical Convergence (STC) region to the east of New Zealand was sampled in 
both winter and spring to establish the food web structure and dynamics in 3 water masses. Subtropi- 
cal (ST) waters to the north were warm with high salinity, and in spring macronutrient concentrations 
were potentially limiting to phytoplankton growth. Subantarctic (SA) waters to the south in both sea- 
sons were cold, with lower salinity and high macronutrient concentrations with chlorophyll a concen- 
trations of 0.12 to 0.19 pg 1-'. The frontal zone between these water masses (STC) had maximum chloro- 
phyll a concentrations ranging from 0.39 to 3.42 pg I-'. In SA waters in both seasons and ST waters in 
spring the pelagic food web in the mixed layer was dominated by the microbial components with up to 
98% of the phytoplankton biomass in the <20 pm size fraction and the bacterial C/phytoplankton 
C ratio ranging from 0.9 to 1.9. In comparison, in STC waters in both seasons and subtropical waters in 
winter the >20 pm phytoplankton dominated the phytoplankton biomass with ratios of 0.2 to 0.3 bacte- 
rial C/phytoplankton C. Despite significant differences in the food web structure, primary grazers of 
the phytoplankton in all water masses in both seasons were microzooplankton with 78 to 118 % of the 
primary production being grazed on a daily basis. This suggests that the food web was dominated by 
recycling processes, and phytoplankton export fluxes from the upper mixed layer were low in all water 
masses at the time of sampling. 
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INTRODUCTION 

The south-west Pacific Ocean has been identified as 
one of the largest sinks for atmospheric CO2 (Takahasi 
& Azevedo 1982, Murphy et al. 1991). One of the highly 
productive areas in this region is the Subtropical Con- 
vergence (STC) which lies between 40 and 50" S. It has 
been proposed that the CO2 flux in this zone is driven 
not only by physical processes but also by biological 
processes (Currie & Hunter 1998). One important fac- 
tor in determining carbon export fluxes from the upper 
ocean is the structure and size composition of organ- 
isms in the planktonic food web (Eppley & Peterson 

1979, Michaels & Silver 1988). Fortier et al. (1994) 
hypothesise that turnover time of biogenic carbon is a 
direct function of the ratio between the size of organ- 
isms and that of their food particles. In systems where 
the microbial food web is dominant, most of the bio- 
genic material is rapidly recycled within the euphotic 
layer (Fortier et al. 1994). Burkill et al. (1995) estimated 
that up to 271 % of the daily primary production in the 
Bellingshausen Sea was consumed by microzooplank- 
ton. In these systems the microzooplankton play a piv- 
otal role in transferring carbon from the microbial food 
web to the larger grazers. In ecosystems where larger 
phytoplankton dominate the algal biomass the meso- 
zooplankton and macrozooplankton are the primary 
grazers, and export fluxes from the upper water column 
are via direct sinking of large phytoplankton and sink- 
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ing of zooplankton faecal pellets (Small et al. 1979, 
Gonzalez et al. 1994). 

The microbial food web has been widely shown 
to dominate food web structure in low-nutrient, low- 
chlorophyll a (chl a) systems (e.g. Azam et al. 1983, 
Joint 1986, Cushing 1989, Sondergaard et al. 1991, 
Legendre & Rassoulzadegan 1995). However, it has 
also been suggested that the microbial food web 
may be dominant in high-nutrient, low-chl a systems 
where micronutrients such as Fe may be limiting 
phytoplankton growth (Miller et al. 1991, Boyd et al. 
1995a). 

The STC region is well defined to the east of New 
Zealand and offers an ideal study site for evaluating 
the importance of the microbial food web in different 
systems. To the north, warm, low-macronutrient, subtro- 
pical (ST) waters are potentially macronutrient-limited 
(Longhurst 1995) and to the south, cold subantarctic 
(SA) waters, which are a typically high-nutrient, 
low-chl a systems, are potentially micronutrient-lirni- 
ted (Banse 1996, Sedwick et al. 1997) The frontal zone 
between these water masses of the STC is a region of 
maximum chl a. 

The information for this paper was collected on 
2 cruises in 1993 to the STC region east of South Island, 
New Zealand, as part of the New Zealand contribution 
to the JGOFS (Joint Global Ocean Flux Study) pro- 
gramme. 

The aim of this paper is to evaluate 
the structure and dynamics of the 
microbial food web in the mixed layer 
and the importance of the microbial 
food web in water masses of the STC 
region east of New Zealand. 

METHODS 

Samples were collected from 2 re- 
plicate stations in the SA, ST and 
STC waters in winter (June) and 
spring (October) 1993 (Fig. 1). Each 
station was sampled 3 times in a 24 h 
period with a full suite of process 
experiments conducted once at each 
station. Samples were collected at 
10 m using Niskin water bottles and 
a rosette sampler. A Sea Bird 9/11 
plus CTD profiler was deployed at 
each station to record conductivity, 
temperature and depth. Conductiv- 
ity was calibrated using a Guildline 
Autosal Salinometer MODEL 8400A. 

Chl a was measured by filtering 
500 m1 of sample through a What- 

man GF/F filter. The filters were stored frozen until 
analysed spectrofluorometerically on a Perkin-Elmer 
LS 50B (Strickland & Parsons 1972). Primary produc- 
tion was assessed from d d y  incubations with 14C bicar- 
bonate as described in Bradford-Grieve et al. (1997). 

Ammonia-nitrogen (NH,-N), and nitrate-nitrogen 
(NO3-N) analyses were carried out on the samples that 
had been passed through acid-washed Whatman GF/F 
filters; the filters were retained and stored frozen until 
analysed for particulate nitrogen and particulate phos- 
phorus using Kjeldahl digestion (Vincent et al. 1991). 
NH4-N determination used the calorimetric method of 
Crooke & Sirnpson (1971), modified for use on the 
Technicon autoanalyser (M. T. Downes unpubl. data). 
NO3-N concentrations were determined using a mo- 
dification of the method described in Nydahl (1976). 
Dissolved reactive silica (DRSi) was analysed by the 
method of Smith & Milne (1981). 

Samples for heterotrophic bacterial enumeration were 
passed through a 2 p polycarbonate Nuclepore filter, 
fixed with formalin to a final concentration of 4 % and 
stored in the dark at 4°C for a maximum of 24 h. The 
prefiltration was shown not to lead to an underestuna- 
tion of bacterial numbers. A 5 m1 subsample of this was 
stained for 5 rnin with Acridine Orange (0.01 % final 
concentration) and filtered onto 0.2 pm Nuclepore fil- 
ters (Hobbie et al. 1977) using a Whatman GF/C as a 
backing filter. Filters were mounted in immersion oil 

Fig. 1. Location of sampling stations in the Subtropical Convergence to the east of 
New Zealand 
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and stored frozen. Bacterial cells were enumerated 
with blue light excitation (Leica filter block 13) at 
lOOOx magnification with a minimum of 20 fields or 
200 cells being counted. 

Heterotrophic bacterial productivity was measured 
using (methyl-3H) thymidine as detailed in Smith & 
Hall (1997). The extraction procedure followed Wicks 
& Robarts (1987) modified TCA precipitate method, 
which involved rinsing the TCA precipitate with phe- 
nol-chloroform followed by ethanol. Following filtra- 
tion the non-filtering area of the filter was removed 
(Robarts et al. 1986) with a wadding punch and the 
filters stored frozen in glass scintillation vials until 
counted. Tritium incorporation was determined with a 
liquid scintillation counter (LKB, 1217 Rackbeta) using 
OptiPhase HiSafe 3 (Wallac) as the scintillation fluor. 
Counts were corrected for quench by external stan- 
dards. In order to convert m01 thymidine to g C we 
used Fuhrman & Azam's (1982) conversion factor of 
2.4 X 10'' cells per m01 thymidine incorporated, and Lee 
& Fuhrman's (1987) estimate of 20 X 10-l5 g C cell-'. 
Doubling time was determined as the natural log of 
2 divided by the specific growth rate. 

Samples for picophytoplankton enumeration were 
passed through a 2 pm Nuclepore filter before being 
fixed with 1 m1 of paraformaldehyde (0.2% final con- 
centration) for at least l h. Duplicate 50 m1 subsamples 
were then filtered onto pre-dyed 0.2 pm filters and the 
duplicate filters mounted in a gelatin/glycerol mix, 
sealed onto glass slides and frozen (Hall 1991). Enu- 
meration of eukaryotic picophytoplankton was con- 
ducted under blue light excitation (Bandpassfilter [BP] 
450-490 excitation, LP 515 barrier filter, RPK 510 dichro- 
matic beam splitter), resulting in a red fluorescence for 
eukaryotic cells. Enumeration of prokaryotic picophy- 
toplankton was conducted under green light excitation 
(BP 530-560 excitation, LP 580 barrier filter, RPK 580 
dichromatic beam splitter), resulting in an orange fluo- 
rescence. Prochlorophyte numbers were not evaluated 
as appropriate methods were not available. 

Samples collected for nanoflagellate enumeration 
were size-fractionated through a 20 pm nylon mesh. 
The filtrate was then fixed with an identical volume of 
ice-cold glutaraldehyde (2 % final concentration) for 1 h 
(Sanders et al. 1989). Fixed samples were filtered onto 
prestained 0.8 pm black polycarbonate Nuclepore fil- 
ters, stained for 5 min with 2 m1 primulin, rinsed twice 
with 2 m1 of tris HC1, mounted on slides and stored 
frozen (Caron 1983, Bloem et al. 1986). Nanoflagellates 
were counted under UV excitation using a Leica com- 
pound microscope (BP 450-490 nm excitation, LP 520 
barrier filter, FT 510 dichromatic beam splitter). Auto- 
trophic nanoflagellates were differentiated from het- 
erotrophic nanoflagellates by chl a fluorescing red 
under blue light excitation (BP 450-490 excitation, 

LP 515 barrier filter, RPK 510 dichromatic beam split- 
ter). Forty randomly selected fields were counted per 
filter. Nanoflagellate biovolumes were calculated from 
measurements on a minimum of 200 cells, from each of 
the 3 samples collected at 10 m for each station. Bio- 
volumes were then averaged for each station. Biovol- 
umes were calculated from direct measurements taken 
during analysis. Cells were regarded as spheres or the 
closest geometrical shapes and the volumes calculated 
accordingly (Chang 1988). 

Water samples for enumeration of microzooplankton 
were preserved in 1 % Lugol's iodine. Samples were 
left to settle for 48 h and the supernatant removed. The 
remaining sample was transferred to a 25 m1 Utermohl 
chamber. The microzooplankton were identified to 
genus where possible and enumerated using a Wild 
inverted microscope (James et al. 1996). There was no 
differentiation of plastidic cihates. 

Carbon estimates were based on those used by Lee & 
Fuhrman (1987) for bacteria 20 fg C cell-', and for pico- 
phytoplankton 250 fg C cell-' (Li et al. 1992). The phyto- 
plankton carbon biomass was estimated from cell counts 
and calculated cell volumes as described in Chang & 
Gall (1998). Ciliate biomass was estimated from dirnen- 
sions of 10 to 20 randomly chosen individuals of each , 
taxa measured from 1 station in each water mass. The ; 
volumes were estimated from approximate geometric 
shapes and were converted to carbon biomass using a 
factor of 0.19 pg C pm-3 (Putt & Stoecker 1989). 

Grazing was measured using the dilution technique 
of Landry & Hassett (1982). This method is based on 
changes in prey concentrations and using different 
proportions of filtered sea water to manipulate micro- 
zooplankton abundance. Four dilutions were used in 
each experiment and samples were taken from each 
bottle for chl a analysis at the beginning of the experi- 
ment. Samples for enumeration of heterotrophic bac- 
teria, picophytoplankton, nanoflagellates, ciliates and 
macronutrient concentrations were taken from the 
bulk water collected for the experiments. The experi- 
mental bottles were incubated at ambient temperature 
and 50 % surface irradiance using a flow-through incu- 
bation chamber. At the end of the incubation duplicate 
subsamples were taken from each bottle for chl a ana- 
lysis and picophytoplankton enumeration. In spring 
heterotrophic bacterial numbers were also enumer- 
ated at the end of the incubations. Macronutrient and 
ciliate samples were collected from the 100% natural 
water incubations (James & Hall 1998). 

RESULTS 

The STC to the east of South Island. New Zealand, is 
a region of significant gradients. ST waters to the north 
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were warmer, more saline and had lower macronutri- 
ent concentrations than either the STC or the SA 
waters. Temperature and salinity decreased rapidly 
with dlstance from north to south across the front, 
and ranged from 14.1 to 8.7OC and 35.2 to 34.2 in 
winter and from 13.6 to 8.0°C and 35.3 to 34.3 in spring 
(Table 1). The depth of the mixed layer also varied 
between water types; in winter it was greatest in ST 
waters and decreased in depth towards the south in 
STC and SA waters, ranging from 140 m in ST waters 
to 90 m in the SA waters. In spring the pattern was not 
so clear, with both the deepest and shallowest mixed 
layer depth being recorded at ST stations. STC and SA 
waters had similar mixed layer depths. 

There were also gradients in macronutrients and chl 
a concentrations across the region. In both winter and 
spring, ST waters had the lowest NO3-N concentra- 
tions. In the STC, NO3-N concentrations were halved 
between winter and spring from a mean of 10. i pmoi in 
winter to 5.2 pm01 in spring. In SA waters, NO3-N con- 
centrations did not vary between seasons (Table 1). 
DRSi concentrations were similar in all water types in 
winter. In spring the lowest concentrations of DRSi 
were observed in the STC with the highest occurring 
in SA waters (Table 1). Chl a concentrations were 
highest in STC waters in both seasons, with a 6-fold 
increase in concentrations between winter and spring. 
Chl a concentrations were substantially lower in both 
SA and ST waters than in STC waters in both seasons 
(Table 1). 

In winter, phytoplankton biomass ranged from 
5.7 mg C m-3 in SA waters to 26.6 mg C m-3 in STC 
waters. In spring, SA waters also had the lowest 
biomass with a mean of 16.3 mg C m-3 compared to 
99 mg C m-3 in the STC. In ST waters in both seasons, 
carbon biomass varied between the paired stations. 
The size structure of the phytoplankton biomass dif- 

fered between water masses. In winter, the picophyto- 
plankton (<2 pm) contributed a much higher propor- 
tion of the phytoplankton carbon biomass in SA waters 
than observed in STC or ST waters (Fig. 2). In spring, 
the contribution of the picophytoplankton to carbon 
biomass decreased in both SA and STC waters, where- 
as in ST waters their proportion increased (Fig. 2). The 
composition of the picophytoplankton also changed 
between seasons, with eukaryotic forms being unde- 
tectable in winter, whereas in spring they contributed 
95, 33 and 73 % of the total picophytoplankton biomass 
in SA, STC and ST waters, respectively. There was also 
a difference between the contribution of the <20 pm 
size fraction between water types and seasons. In the 
SA waters the greatest contribution to phytoplankton 
carbon biomass w7as by the <20 pm fraction (Fig. 2). In 
STC and ST waters the contribution of the <20 pm size 
fraction increased between winter and spring (Fig. 2). -. l ne  conirib.ution of Lhe picophyiopiankion (<2 pnlj 
to primary production was greatest in SA waters in 
winter and least in STC waters. In spring there was 
high variability in the contribution of the picophyto- 
plankton between stations within water types. The 
contribution of the <20 pm phytoplankton to primary 
production was substantial in all water masses in win- 
ter ranging from 60 to 100 %. In spring, however, their 
contribution in the STC was much lower and variable 
(Fig. 2). In ST and SA waters in spring 88 to 100% of 
the primary production was contributed by the c20 pm 
phytoplankton (Fig. 2). 

Heterotrophic bacterial numbers increased between 
winter and spring with a 5-fold increase observed in 
ST waters. In winter, bacterial numbers were lowest 
in the ST waters and highest in SA waters ranging 
from 2.4 to 4.8 X 105 cells ml-l. In spring the gradient 
between water masses was reversed, with highest 
numbers in ST waters and lowest in SA waters, with 

Table 1. Physical, chemical and biological characteristics of samples from 10 m for each station sampled in each water mass. 
ST: subtropical, STC: Subtropical Convergence, SA: subantarctic 

Season Water Stn Date sampled Temperature Salinity Mixed layer NO, Si Chl a 
type (d/mo) ("c) ("h.) depth (m) (PM) (PM) (PS I-') 

Winter ST X468A 01/7 14.11 35.24 130 4.1 2.6 0.13 
X469A 02/7 12.81 34.95 140 2.2 2.1 0.25 

STC X4661 26/6 10.93 34.62 120 9.4 1.7 0.39 
X467F 27/6 10.79 34.61 120 10.8 2.0 0.58 

SA X464C 24/6 8.71 34.24 90 16.1 2.0 0.13 
X465E 23/6 8.66 34.24 100 16.0 1.7 0.12 

Spring ST X479H 19/10 13.61 35.26 80 2.8 2.5 0.87 
X480H 17/10 13.22 35.18 30 3.2 1.6 0.86 

STC X477F 16/10 10.81 34.69 55 5.2 0.6 3.42 
X478F 15/10 10.94 34.69 55 5.2 1.0 2.49 

SA X475J 12/10 8 00 34.33 55 16.6 3.2 0.19 
X476J 11/10 8.30 34.32 50 16.8 3.2 0.19 
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Fig. 2. Contribut~on to total phytoplankton biomass and 
primary production of the <2 pm, 2 to 20 pm and >20 pm size 
fractions at 10 m. Data are averaged for each of the paired 

stations 

numbers ranging from 7.5 to 12.0 X 105 cells ml-'. 
Heterotrophic bacterial production was also greatest in 
spring. In winter, bacterial production ranged from 
0.02 to 0.10 pg C 1-' h-' with greatest production occur- 
ring in SA waters and least production in STC waters. 
In spring, however, the lowest production was 
recorded in SA waters at 0.05 pg C 1-' h-' compared to 
a maximum of 0.7 pg C 1-' h-' in STC waters. 

Table 2. Bacterial parameters for paired stations in each water 
Table l - 

bon was variable between water masses and seasons. 
In SA waters in winter bacteria dominated; however, 
in spring bacteria and phytoplankton had a similar 
biomass (Table 2). In the STC phytoplankton domi- 
nated in both seasons, whereas in ST waters phyto- 
plankton dominated biomass in winter but not in 
spring (Table 2). 

The relationshir, between bacterial ~roduct ion and 
primary production was highly variable both between 
water masses and between seasons. In winter in the SA 
waters bacterial production was greater than primary 
production, but in STC waters bacterial production 
represented only a small proportion of primary produc- 
tion (Table 2). In spring in STC waters the proportion 
increased, in contrast to the ST waters where the pro- 
portion decreased. 

The biomass (as carbon) of microzooplankton (het- 
erotrophic flagellates and ciliates) increased between 
the winter and spring (Table 3). Little difference was 
observed between water types. The composition of 
microzooplankton also changed between seasons with 
the proportion of the total carbon contributed by 
heterotrophic flagellates increasing in each water type 
in spring. The proportion of heterotrophic flagellates 
increased in spring (Table 3).  Overall the larger 
720 pm heterophic dinoflagellates contributed very 
little biomass to the total microzooplankton biomass 
(Chang & Gall 1998). 

The grazing pressure exerted by the microzooplank- 
ton on different size fractions of phytoplankton also 
varied between seasons and water masses. In both sea- 
sons in STC waters the contribution of picophytoplank- 
ton to the microzooplankton algal diet was 13 % or less 
(Table 3). In contrast, in SA and ST waters, the propor- 
tion of picophytoplankton in the microzooplankton 
algal diet ranged from 26 to 70 %.  A reduction in the 

mass at 10 m. Order of the station numbers is the same as in 
.: no data 

Season Water type Bacterial biomass Bacteria C/phytoplankton C Bactelial production as % 
(mg C m-J) primary production 

P - 
Winter ST 6.7 0.3 4 7 

4.9 0.5 - 

STC 7.4 0 3 5 
6.8 0 3 6 

SA 8.9 1.6 178 
9.7 1.6 101 

Spring ST 24.7 0.8 15 
24.5 1.9 14 

STC 19.3 0.3 36 
23.1 0 2 47 

SA 14.7 0.9 14 
14.7 0.9 4 3 
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Table 3. Microzooplankton parameters for each station in each water mass at 10 m. Order of the station numbers is the same as 
in Table 1. -: no data 

Season Water Microzooplankton Heterotrophic flagellate <2 p size fraction % daily primary Bacteria as % 

type biomass carbon as % of phytoplankton as % of production of total 
(mg C m-3) microzooplankton carbon phytoplankton grazed grazed carbon grazed 

Winter ST 1.6 50 56 - 
1.9 7 7 3 8 117 

STC 1.1 52 6 119 
1.0 4 4 13 - 

SA 1.0 14 7 0 7 1 
1.1 4 6 45 121 - 

Spring ST 2.1 - 49 74 62 
9.1 88 47 82 7 1  

STC 5.4 63 10 100 2 1 
6.4 - 10 126 26 

SA 1 .7 66 36 41 47 
7.9 89 26 126 

proportion of picophytoplankton consumed in the 
SA waters was observed between winter and spring 
(Table 3). 

The proportion of the primary production grazed by 
the microzooplankton population was high in all water 
masses and both seasons. In winter, results for all but 
one SA station showed grazing to be greater than 
primary production (Table 3). A similar result was 
observed in spring in STC and SA waters; however, in 
ST waters, growth of phytoplankton was greater than 
grazing (Table 3). The grazing impact on picophyto- 
plankton ranged from 13 to 75 % of standing stock and 
27 to 297 % of picophytoplankton production. 

DISCUSSION 

In the STC region to the east of New Zealand the 
microbial food web plays an important role in food web 
structure and energy transfer. In SA waters in both 
seasons and in ST waters in spring the microbial food 
web was the dominant pathway for carbon and energy 
flow. In comparison, in STC waters in both seasons and 
in ST waters in winter the phytoplankton population 
was dominated by the large >20 gm phytoplankton, 
suggesting that the microbial food web was less impor- 
tant. The composition of the phytoplankton population 
is important in determining food web structure and 
energy flows. 

Phytoplankton 

In conjunction with differences in total phytoplank- 
ton biomass there were distinct differences in the com- 
position of the phytoplankton popula.tions between 

water types and seasons (Fig 2). The domination of 
larger phytoplankton in STC waters is probably the 
result of the potential for an  intermittent supply of 
macronutrients from SA waters and micronutrients 
from ST waters and/or the New Zealand land mass 
(Bradford-Grieve et al. 1997). The observations of 
Froneman & Perissinotto (1996a) south of South Africa 
in winter (June) showed that picophytoplankton con- 
tributed 38 to 54 % of phytoplankton biomass in STC 
waters, in contrast with the 1 to 8% in early winter and 
spring east of New Zealand. In ST waters there was a 
substantial change in the composition of the phyto- 
plankton population at 10 m between winter and 
spring, with larger cells dominating during winter. In 
spring, however, the picophytoplankton and <20 pm 
fraction increased in importance, with the <20 p m  frac- 
tion dominating both biomass and primary production. 
In contrast, in macronutrient-rich SA waters, the pico- 
phytoplankton population consistently dominated both 
biomass and production. The dominance of picophyto- 
plankton in SA waters may be a result of their capacity 
for growth under micronutrient limitation compared to 
larger phytoplankton as suggested by Banse (1996) 
for SA waters and Miller et al. (1991) for the subarctic 
Pacific. This hypothesis is also consistent with the 
observation of Hawes et al. (1997), who noted the low 
quantum efficiency of photosynthesis in late summer 
in SA waters in this region and suggested it was linked 
to micronutrient stress. Frost (1991) suggested that the 
factors resulting in phytoplankton populations being 
dominated by small cells in high nutrient, low chl a 
systems may be more complex, with an interaction 
occurring between grazer control of the phytoplankton 
population and the role of Fe in controlling a phyto- 
plankton assemblage in which small-celled phyto- 
plankton are favoured. 
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The composition of the phytoplankton population 
within the different size fractions may also be nutri- 
tionally important. The picophytoplankton contributed 
a different proportion of the total biomass in each 
water type, and the composition of the picophytoplank- 
ton population changed substantially and in a similar 
way in all water types. Prokaryotic forms contributed 
100% of the picophytoplankton biomass in winter; 
however, in spring they contributed between 5 and 
66% of the picophytoplankton biomass, with the 
eukaryotic population usually contributing the major- 
ity of the picophytoplankton biomass in ST and SA 
waters. This change in the composition does not 
appear to be attributable to changes in macronutrient 
concentrations, particularly NO,, as suggested by Hall 
& Vincent (1990), as NO3-N concentrations were above 
potentially limiting concentrations in all water masses 
in both winter and spring (Table 1). Changes in the 
composition of the picophytoplankton population may 
be important to the energy transfer from the microbial 
food web if ,  as Azam et al. (1991) suggested, the 
prokaryotic picophytoplankton are not digestable by 
metazoan herbivores. 

Heterotrophic bacteria 

Bacterial numbers and biomass observed in the 
region were similar to those in other low chl a waters 
(Cho & Azam 1990, Boehme et al. 1993, Robarts et al. 
1996). In winter, bacterial biomass dominated phyto- 
plankton biomass in SA waters with a mean ratio of 
bacterial C/phytoplankton C of 1.6. Bacteria also dom- 
inated at 1 station in the ST waters in spring with a 
ratio of 1.9. These ratios are consistent with ratios 
recorded in other low chl a waters (Fuhrman et al. 
1989, Cho & Azam 1990). In the STC in both seasons 
and in ST waters in winter the biomass was dominated 
by phytoplankton at ratios of 0.2 to 0.5, similar to those 
recorded by Lochte et al. (1996) in the Atlantic sector of 
the Southern Ocean. 

The importance of the bacterial populations can also 
be evaluated by considering bacterial production rela- 
tive to primary production. In this study these propor- 
tions were highly variable. In winter in SA waters bac- 
terial production was greater than primary production 
(Table 2),  highlighting the importance of the bacterial 
population in the SA waters. The low proportion of 
bacterial production to primary production in the STC 
in winter was consistent with observations by Lochte et 
al. (1996), who found much lower ratios of bacterial 
production to primary production in frontal zones than 
in other waters. In spring, however, the ST waters had 
the lowest bacterial production/primary production 
ratios (Table 2). 

The factors controlling bacterial numbers and pro- 
duction are often difficult to identify. Correlation ana- 
lysis (of bacterial numbers and production against chl a 
and primary production) showed that the only signifi- 
cant (p < 0.05) correlation was between bacterial num- 
bers and chl a concentrations in ST waters in spring. 
This suggests substrate limitation of bacterial growth 
did not occur widely during this study. Another ap- 
proach used to evaluate factors controlling bacterial 
numbers and production has been suggested by Billen 
et al. (1990) and uses the slope of a logAog plot of bac- 
terial biomass against bacterial production. In the pre- 
sent study analyses of data from each water mass in 
each season showed all slopes to be ~ 0 . 2 7 ,  well below 
the 0.4 to 0.55 suggested by Dufour & Torreton (1996) 
to indicate moderate 'bottom-up' control. This suggests 
that the bacterial populations in this study were poten- 
tially 'top-down' controlled by grazing pressure (Duck- 
low 1992). These results are consistent with those of 
Smith & Hall (1997) and Safi & Hall (1997), who sug- 
gested that in both seasons during this study the het- 
erotrophic nanoflagellates were potentially food-lim- 
ited, indicating that top-down grazing pressures may 
be limiting bacterial populations in the region. In this 
study the bacterial biomass was almost as great or 
greater than phytoplankton biomass in SA waters in 
both seasons and in the ST waters in spring, suggest- 
ing that the microbial food web was playing a signifi- 
cant role in the overall food web structure in these 
water masses and seasons. 

Microzooplankton 

Microzooplankton are considered to play a pivotal 
role in the transfer of microbial biomass to higher 
trophic levels as they are the primary grazers of bac- 
teria and picophytoplankton (Sherr & Sherr 1983, 
Sanders et al. 1992, James et al. 1996) and have been 
estimated to consume up to 71 % of daily primary pro- 
duction (Burkill et al. 1995). In the STC region, in 
contrast to the bacterial and phytoplankton biomass, 
the microzooplankton biomass was relatively constant 
across the water masses in each season. However, 
biomass increased from 1.0 mg C m-3 in winter to 
6.4 mg C m-3 in spring. These observations contrast 
with those made by Boyd et al. (1995a) from the North 
Pacific, where microzooplankton biomass changed lit- 
tle between seasons and ranged from 7 to 13 mg C m-3. 
Microzooplankton biomass in winter in the STC region 
was considerably lower than in the subarctic North 
Pacific. This may be a result of higher winter primary 
production due to the shallower mixed layer of 100 to 
120 m maintained in winter, and in the North Pacific 
due to permanent halocline (Boyd et al. 1995b). 
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The composition of the microzooplankton population 
also changed between seasons. The proportion of the 
biomass contributed by heterotrophic nanoflagellates 
increased between winter and spring in all water types. 
The lower proportion of heterotrophic nanoflagellates 
in winter may be due to increased grazing pressure by 
ciliates, which may have also resulted in the decrease 
in size of the heterotrophic nanoflagellates observed 
(Safi & Hall 1997). These results are consistent with 
Boyd et al. (1995a), who also showed that the ciliate 
population was a larger proportion of the microzoo- 
plankton population in winter in the subarctic North 
Pacific. In spring the heterotrophic nanoflagellate pop- 
ulation contributed a larger proportion of the micro- 
zooplankton population, had a larger cell size, and had 
higher ratios of potential prey, suggesting potential 
bottom-up control of this population (Safi & Hall 1997). 
The lower ciliate to heterotrophic nanoflagellate ratios 
may be a result of increased predation pressure on cil- 
iates by the larger mesozooplankton populations in all 
water masses in spring (Bradford-Grieve et al. 1997). 

Although microzooplankton biomass was similar be- 
tween water masses, the composition of the phyto- 
plankton in the diet varied between water masses. In 
ST and SA waters picophytoplankton contributed 38 to 
49% and 26 to 70% of the diet, respectively, over both 
seasons. In STC waters, however, the picophytoplank- 
ton contributed only 1 to 13 % of the total phytoplank- 
ton consumed. In the STC in both seasons over 100% 
of the primary production was grazed even though 37 
and 65 % for winter and spring, respectively, of the pri- 
mary production was in the > 20 pm size fraction. This 
suggests that contrary to the findings that microzoo- 
plankton prefer particles <20 pm (Verity et al. 1993, 
Froneman & Perissinotto 1996a), the microzooplankton 
in the convergence zone grazed a reasonable propor- 
tion of the >20 pm phytoplankton. The phytoplankton 
population in STC waters were dominated numerically 
by the diatoms Laudena annulata and Hemiaulus sp. 
(Chang & Gall 1998), which have small cells that form 
chains. I t  is possible that these small-celled forms are 
prey items for microzooplankton (Strom & Strom 1996). 

The proportion of the primary production grazed 
by the microzooplankton ranged from 41 to 126% of 
the primary production, which is bigger than the 56 to 
69% for STC waters and the 76 to 81 % for subantarc- 
tic waters reported by Froneman & Perissinotto (1996b) 
but similar to the 80 to 100% reported by Verity et al. 
(1993) in subarctic waters. It was only in STC waters 
that grazing was consistently below 100% (74 and 
82 X). Grazing on bacterial populations was also very 
high, ranging from 79 to 250% of the bacterial produc- 
tion with bacteria contributing between 21 and 62 % of 
the total biomass grazed, with the proportion being 
consistently lower in STC waters. 

When these grazing rates are considered, it must be 
remembered that the dilution method for assessing 
grazing rates of the microzooplankton is likely to over- 
estimate grazing rates due to the exclusion of zoo- 
plankton >200 pm which are predators on micro- 
zooplankton populations. This overestimate could be 
considerable as copepod predation has been shown to 
account for over 50 % of daily ciliate production (Atkin- 
son 1996). In this study grazing pressure on the micro- 
zooplankton is likely to be high as there was an 
unusually small fraction of zooplankton in the 200 to 
500 pm fraction and the phytoplankton met only a 
small fraction of the basic metabolic requirements of 
the >200 pm zooplankton (Bradford-Grieve et al. 1998). 
This suggests that microzooplankton were potentially 
the most important food source for the >200 pm zoo- 
plankton in early winter and spring in these water 
types and hence form the key link between the micro- 
bial food web and higher trophic levels. 

The food web structure and phytoplankton composi- 
tion of the 3 water masses in the STC region east of 
New Zealand can be summarised as follows: In SA 
waters in both seasons picophytoplankton dominated 
both phytoplankton biomass and primary production 
with bacterial biomass dominating planktonic biomass 
in winter with similar biomass of bacteria and phyto- 
plankton in spring. In ST waters in winter both biomass 
and primary production were dominated by phyto- 
plankton >20 pm but in spring were dominated by the 
<20 pm fraction. The bacterial/phytoplankton carbon 
ratio was low in winter and variable between stations 
in spring with bacteria clearly dominating at one sta- 
tion. In the STC in both winter and spring phytoplank- 
ton biomass was dominated by the >20 pm fraction, 
with the <20 pm fraction dominating primary produc- 
tion in winter but not in spring. The bacteriallphyto- 
plankton carbon ratios were consistently low. 

Therefore in ST waters in spring and SA waters in 
both seasons, the microbial food web dominated the 
food web structure. The major carbon flow was through 
the microbial food web to the microzooplankton with a 
very high proportion of the primary production being 
consumed by the microzooplankton. These results are 
to be expected for a potentially macronutrient-limited 
system in ST waters in spring and a potentially micro- 
nutrient-limited system in the SA waters (Bradford- 
Grieve et al. 1997). The structure of the food web in ST 
waters in winter and the STC in both seasons suggests 
that the microbial food web was not a dominant fea- 
ture of these systems and it would be expected that 
larger zooplankton grazers would be the dominant 
consumers of phytoplankton biomass. Yet mesozoo- 
plankton were apparently consuming a very small pro- 
portion of the phytoplankton (Bradford-Grieve et al. 
1998). In contrast microzooplankton were shown to be 
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consistently consuming over 100 % of the primary pro- Trevor Atkins for reviewing the manuscript. This work was 
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pivotal role in food web structure not only in systems 
where the microbial food web dominates but also in 
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