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ABSTRACT: In over 20 yr of biological observations, with the exception of primary production data, no
rate process measurements have been made during winter in the NE Pacific. In this paper, the first suite
of detailed biological rate process measurements are presented. Rates of primary production, phyto-
plankton growth, microzooplankton grazing and bacterial production are lower during winter at Ocean
Station Papa (OSP) off northwestern Canada than those observed during summer. Despite the reduced
rates, there is sufficient net primary production to maintain a supply of carbon to the microbial food
web during the overwintering period. As winter stocks of autotrophs and microheterotrophs at OSP
have been observed on occasion to be comparable to those observed in summer, a reduced turnover of
winter stocks is implied from the observed depression of biological rates. In winter, according to our
limited observations, phytoplankton growth rates may be controlled by available irradiance, whereas
heterotrophic bacterial production is likely to be controlled by water temperature and substrate limita-
tion. Microzooplankton grazing rates may be primarily limited by temperature, since observed prey
concentrations are not reduced compared to summer Despite the reduced microzooplankton grazing
rates, limited winter observations suggest that their biomass remains comparable to that observed dur-
ing summer. Mesozooplankton are present in low numbers in the upper water column during winter at
OSP. Thus, the maintenance of high microzooplankton stocks during winter, a requirement in order to
prevent the development of the spring bloom, may result from low mesozooplankton grazing pressure
rather than from low dispersal due to insufficient strong mixing. The life cycle of the mesozooplankton,
in addition to the shallow winter mixed layer depth in the NE subarctic Pacific, may be an important

factor in the prevention of a spring bloom.
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INTRODUCTION

The NE subarctic Pacific provides one of the best re-
solved time series for an open ocean temperate water
region (Banse 1990). However, despite over 20 yr of
biological observations, most of the data collected have
focused on the biomass/abundances of the com-
ponents within the phytoplankton and zooplankton
(Parslow 1981). Until recently, little was known about
the standing stocks of the microheterotrophs over the
important winter period (Boyd et al. 1995, this issue).

The efforts of the SUPER program (see Boyd et al.
1995) in the mid 1980s changed our perception of the
structure and function of this pelagic ecosystem
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through a series of extensive biomass and rate process
measurements (summarized by Miller 1993). However,
that program was conducted between late spring and
late summer (Miller et al. 1991) and thus no rate process
measurements were made during the winter period at
Ocean Station Papa (OSP) off NW Canada. The only
rate process data available during the winter period are
for primary production, which was measured using
short term, on-deck incubations from noon to 18:00 h
(local time) on the weatherships at OSP between 1964
and 1981 (Parslow 1981), and more recently with in situ
short term incubations from dawn to local noon at OSP
by Wong et al. (1995).

Long time series data from OSP have demonstrated
the lack of a well-defined annual spring bloom (Pars-
low 1981, Frost 1991), in contrast to the subarctic
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Atlantic (Parsons & Lalli 1988). These differences
between the pelagic ecology of the subpolar NE
Atlantic and NE Pacific have made the structure and
function of these pelagic ecosystems of interest to
modellers who wish to study the magnitude of the cou-
pling between mesozooplankton and phytoplankton.
Modelling studies (Evans & Parslow 1985, Fasham
1995) and recent hypotheses (Miller et al. 1991) have
suggested that the winter period is important in the
dynamics of these ecosystems. Evans & Parslow (1985)
and Fasham (1995) were able to model the seasonal
cycle of phytoplankton and zooplankton at OSP and to
demonstrate that it was necessary to have a mean
photosynthetic rate in the mixed layer that was high
enough to support sufficient zooplankton growth
during late winter. Thus, at the time of the spring
stratification, the zooplankton grazing rates should
match algal growth rates and prevent the development
of the spring bloom. Evans & Parslow (1985) argued
that this would not happen in the north Atlantic where
the much deeper mixed layer depths would not allow
net phytoplankton growth to occur.

Miller et al. (1991) concurred with this hypothesis,
but linked it with the necessity for high specific growth
rates typical of microzooplanktonic herbivores. From
the synthesis of the SUPER program, Miller et al.
(1991) developed a 'mixing and micrograzer’ hypo-
thesis, which suggested that the grazing capacity of
microzooplankton was comparable to the growth rate
of phytoplankton and that physical mixing is insuffi-
cient to 'sweep away' the phytoplankton and micro-
zooplankton, thereby controlling phytoplankton bio-
mass via grazing all year round. This hypothesis
remains untested and requires data to examine the
relationship between phytoplankton stocks and their
protozoan grazers during the winter season. Although
data are now available on winter autotrophic and het-
erotrophic stocks at OSP (Boyd et al. 1995), information
on the dynamics of the phytoplankton/microzooplank-
ton relationship during winter are required. In addi-
tion, little is known about what processes control the
components of the pelagic microbial food web in the
NE subarctic Pacific in winter.

The present study provides the first detailed biologi-
cal rate process data set from the NE subarctic Pacific
over the winter period and the opportunity to address
the above questions.

MATERIALS AND METHODS

Data were obtained in the NE subarctic Pacific in
March 1993 from OSP (50° N, 145° W) and in February
1994 from Station P23 (49° 48" N, 142° 27' W), around
200 km east of OSP. Underway fluorescence data from

March 1993 (P. W Boyd unpubl.) indicated little spatial
variability along a 300 km transect eastwards from
OSP. Due to adverse weather conditions during the
February 1994 cruise and reduced personnel in March
1993, some data were not available for both years.

Size-fractionated primary production was estimated
using 0.2 to 5.0 pm, 5 to 18 pm and >18 pm size classes
and the "“C technique following Joint et al. (1993).
Based on a prior underwater irradiance profile, sea-
water was collected from depths corresponding to
approximately 100, 55, 30, 10, 3.5 and 1% I, using 301
(1993) and 10 1 (1994) pre-cleaned Go-Flo samplers
(Martin & Gordon 1988) and transferred to acid-
cleaned 60 ml polycarbonate bottles. During the 24 h
incubations, bottles with seawater inoculated with C
were held in a deck incubator at a range of irradiance
conditions corresponding to the depths at which the
samples were taken (100, 55, 30, 10, 3.5 and 1% I,)
using neutral density screens. Constant temperature
was maintained with continuously flowing surface sea-
water Three light bottles and 1 dark bottle were
placed under each screen. Rates in dark bottles were
<20% of light bottle rates and were subtracted from
those obtained from the light bottles. In March 1993,
an in situ incubation of 6 to 7 h duration was also per-
formed, after Wong et al. (1995).

Microzooplankton grazing experiments were per-
formed using the dilution technique of Landry (1993)
at 4 dilutions (22, 44, 66 and 100%) and with 2 repli-
cates at each dilution. Seawater from 10 m depth
obtained with 301 (1993) and 10 1 (1994) pre-cleaned
Go-Flo samplers was gently added to 4.5 1 acid-
cleaned polycarbonate bottles. Filtered seawater
(<0.2 pm) was also obtained from 10 m depth and pre-
treated after Landry et al. (1993). Microzooplankton
grazing and apparent algal growth rates were calcu-
lated after Landry (1993) from 24 h experiments in the
on-deck incubator, maintained at ambient seawater
temperature and at 30% I, using neutral density
screens. The diluent was also incubated for 24 h in
order to assess any growth of algal cells that had
passed through the 0.2 pm porosity filter (Li 1990). Bac-
terial production was estimated using the tritiated
thymidine incorporation method of Fuhrman & Azam
(1982) modified after Bell (1993). Replicate 30 ml sam-
ples of seawater from a subset of sampling depths used
for primary production experiments were dispensed
into aseptic plastic containers. The samples were incu-
bated for 3 h in the water-cooled incubator described
above.

In order to assess what factor(s) control phytoplank-
ton standing stocks during winter in the NE subarctic
Pacific, a 5 d bioassay was performed at Station P23 in
February 1994 to investigate the relationship between
iron supply, available irradiance and phytoplankton
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biomass. Seawater was collected from approximately
15 m depth using 10 1 pre-cleaned Go-Flo samplers
(Martin & Gordon 1988) and transferred to acid-
cleaned 25 1 polycarbonate carboys. Seawater only
(25 1), and seawater with soluble iron (25 1), to give a
final concentration of 4 nM Fe were added to control
carboys and iron addition carboys, respectively. Iron
was added in a 1:1.5 Fe:EDTA solution to ensure initial
iron solubility, while not altering the overall metal spe-
ciation in the seawater sample (Coale 1991). All
manipulations, including subsampling of the carboys,
were carried out in a portable positive-pressure labo-
ratory. Carboys were held in a deck incubator at 30, 20
and 10% I, using neutral density screens and at con-
stant temperature using continuously flowing surface
seawater. The carboys were subsampled for size-frac-
tionated chlorophyll a (chl a) at time zero and every
day for the 5 d duration of the experiment. In order to
estimate size-fractionated chlorophyll, phytoplankton
were collected both under gravity on 18 um porosity
polycarbonate filters and using <100 mm Hg vacuum
on 5 ym and 0.2 pm porosity polycarbonate filters in a
fractionation cascade (Joint & Pomroy 1983).

Chl a was measured by in vitro fluorometry using a
Turner Designs model 10 fluorometer (Parsons et al.
1984) calibrated with standards derived from commer-

1 -
PRIMARY PROD. (ug C| d )

cially prepared chlorophyll (Sigma Chemical Com-
pany, St Louis, MO, USA), the concentration of which
had been checked spectrophotometrically. On-deck
incident photosynthetic active radiance (PAR) was
measured as described by Boyd et al. (1995).

RESULTS

Surface PAR for March 1993 over a period of 4 d at
OSP ranged between <50 and 900 umol photons m™2
s ! over the period of daylight (<12 h). Daily irradiance
totals of 18.3 to 21.2 mol photons m™ were recorded
between March 12 and 15 inclusive at OSP. Thus the
mean irradiance was around 400 umol m~2 s~'. No PAR
data were available for the February 1994 cruise.

Rates of primary production from samples incubated
on deck under 100 % I, conditions were ca 4 pg C1-! d!
in March 1993 and were higher in February 1994 (ca
8 pug I"' d7; Fig. 1). In both studies, the maximum nor-
malized photosynthetic rates ranged from 9.6 to 22.9 pg
C (ug chl a)! d°! (not shown). Water column integrated
production (0 to 80 m) ranged from 195 mg C m2d! in
March 1993 to 281 mg C m~2d~! in February 1994. The
rates of primary production from 1 in situ (7 h) incuba-
tion, after scaling the rates to 24 h (Wong et al. 1995),
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were comparable to the rates derived from concurrent
24 h on-deck incubations (Fig. 1A, C). There was evi-
dence of slight photoinhibition in the samples from
100% I, (Fig. 1). Although no detailed P:I experiments
were conducted to assess the photosynthetic character-
istics of the phytoplankton, a plot of chlorophyll normal-
ized production against %/, derived from an on-deck
24 hincubation performed on 14 March 1993 indicated
that the maximum photosynthetic rate was attained at
30% I, (ca 120 pmol photons m~? s7!; Fig. 2). From the ini-
tial slope of the P:I plot (Fig. 2), «c was 0.012 + 0.003 mg C
(mg chl a)~! umol quanta m=?s71.

In March 1993, in 3 primary production experiments
(Fig. 1) the <5 pm size fraction made the largest contri-
bution to primary production accounting for between
ca 40 and 55% of total production (Table 1). The 5 to
18 pm fraction and the >18 pm fractions contributed
between 25 and 40 %, and <20 %, respectively. In Feb-
ruary 1994, the 0.2 to 5 um and the 5 to 18 pm fractions
made equal contributions to production of around 40 %
(Table 1). The relative partitioning of primary produc-
tion between the size classes concurred with that
observed for chlorophyll at this time (Boyd et al. 1995).
In both winter 1993 and 1994, there was little variation
in the partitioning of primary production between
these size classes with depth (Fig. 1).

Rates of bacterial production showed some interan-
nual variability, with rates in winter 1993 being around
2-fold lower than in winter 1994 when rates of >0.8 pM
thymidine incorporated h™! were recorded (Fig. 3). In
both years, there was little variation in bacterial pro-
duction with depth over the upper water column. Con-
version of these rates of thymidine incorporation into
units of carbon after Kirchman et al. (1993) yielded val-
ues of bacterial carbon production of between 0.3 and
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Fig. 2. Data from 14 March 1993 on deck normalized pn-
mary production experiment plotted against %I,. Average I,
for 14 March was >400 umol photons m? 57!
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Fig. 3. Vertical profiles of bacterial production at OSP on 15
March 1993 and at P23 on 13 February 1994

Table 1 Estimates of partitioning of primary production
between size fractions expressed as a percentage of total
production. A, B and C refer to profiles in Fig. 1

Date Size class

>18 um 5to 18 pm 0.2t0 5.0 pm
March 1993 (A) 20.3 24.6 55.1
March 1993 (B) 19.1 314 49.5
March 1993 (C) 21.5 36.4 42.1
February 1994 21.4 41.3 37.3

0.8 ug C I"' d7!, which were <10 and 25% of the rate of
primary production in the upper water column in win-
ter 1993 and 1994, respectively.

Apparent algal growth rate (u) and microzooplank-
ton grazing mortality (g) were calculated from the
intercept with the x-axis and slope of regression lines
obtained from dilution experiments {Fig. 4). No chloro-
phyll was detected in the <0.2 pm diluent at time zero,

Table 2. Apparent algal growth rates (u), grazer mortality
(g} and net algal growth rates (u — g) from dilution experi-
ments at OSP (March 1993) and P23 (February 1994).
u¢ denotes phytoplankton growth rates calculated from
column integrated primary production/column integrated
biomass (converted from chlorophyll to carbon using a

ratio of 50)
Rate process 1993 1994
3] 0.21 0.23
g 0.21 0.17
H-qg 0 0.06
r? (regression) 0.77 0.71
ue 0.16 0.23
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Fig. 4. Results of on-deck dilution experiments carried out on:

(A) 14 March 1993 at OSP (B) 14 February 1994 at Station P23.

Lines represent best linear fit to the data, dashed lines = 95%
confidence interval

or after a 24 h incubation. The magnitudes of pz and g
were comparable between years, with p of around
0.2 d*! and g of around 0.2 d°} (Table 2). Thus, u - g
was close to zero in both years (Table 2).

The results of a 5 d iron enrichment experiment at a
range of irradiances (10, 20, 30% I,) suggested little

Table 3. Chlorophyll concentrations (ng 17') for 3 size classes

over the duration of an iron enrichment experiment. Carboy:

A = control, no Fe addition, 30% I,; B = control, no Fe addi-

tion, 10% I,; C=4 nM Fe, 30% I,; D = 4 nM Fe, 20% I,; and
E=4nMFe, 10% I,

Time (d) Carboy
A B C D E
0 0.27 0.27 0.25 0.25 0.24
1 0.29 0.25 0.23 0.25 0.27
2 0.27 0.28 0.23 0.30 0.28
3 0.31 0.29 0.20 0.27 0.25
4 0.27 0.28 0.25 0.31 0.26
5 0.29 0.31 0.24 0.27 0.32

a.4 T T T —

O >18 um

e 5-18 m

v 0.2-5.0 ym
v total

CHLOROPHYLL (ug L l)

DAYS

Fig. 5. Time series of changes in chlorophyll at 30 %/, during

February 1994 at Station P23 in 3 size fractions of phyto-

plankton in response to the addition of 4 nM dissolved iron at
t=0

change in total chlorophyll concentrations in both the
control and iron-enriched carboys for the duration of
the 5 d incubations (Table 3). In addition, there was no
change in the partitioning of chlorophyll between 3
size fractions of phytoplankton during the experiment
(Fig. 5).

DISCUSSION

Comparison with previous OSP winter primary
production data

The rates of water column integrated primary pro-
duction observed in winter 1993 and 1994 ranged from
195 to 281 mg C m 2 47! and were comparable to the
winter rates reported by other investigators. Parsons &
Anderson (1970) measured production of 245 mg C m™2
d-! in March, and McAllister {(1961) reported rates of
primary production of <100 mg C m 2 d™} in March.
Wong et al. (1995) measured rates of in situ production
of 226 and 340 mg C m™? d™! on consecutive days in
February 1989 and of 230 mg C m~? d°! in November
1984. The general agreement between the magnitude
of the water column integrated primary production is
encouraging since the majority of these previous esti-
mates were obtained during short-term (<8 h) incuba-
tions and then scaled to obtain a daily rate. The present
study also provided a comparison between production
rates derived from short-term in situincubations scaled
to daily production after Wong et al. (1995) and a con-
current 24 h on-deck incubation. The results suggest
that the techniques were comparable, yielding column
integrated production of 217 and 195 mg C m~* d~! for
the in situ and on-deck techniques, respectively.
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As rates of primary production measured using the
1C technique are thought to measure net primary pro-
duction over longer time periods, such as 24 h (e.q.
Laws 1990), the data obtained suggest that consider-
able net primary production does take place during the
winter at OSP. In contrast, the primary production
mandala presented by Parsons & Lalli {1988) indicated
that the average water column PAR is below the com-
pensation light intensity (0.13 ly h™! = 0.01 mol quanta
h™!) calculated by Parsons & LeBrasseur (1968) for
December and January, but that there is some net pri-
mary production in February and November. The data
from the present study and from Wong et al. (1995)
suggest that net primary production is significant in
February and November and would be required to
decrease considerably in January and December to
result in no net primary production.

Comparison with NE subarctic Pacific
modelling simulations

Although based on a limited data set, observed rates
of winter primary production (195 to 281 mg C m™2d!)
were up to 2 times lower than predicted for winter from
Fasham's (1995) simulations of the annual cycle at OSP
(280 to >400 mg C m~? d"!) but were more comparable
to those estimates from Frost's (1993) simulation (200 to
>300 mg C m™? d™!). Frost's (1987) parameterization of
the maximum photosynthetic rate (Pg 5x) and photo-
synthetic efficiency (o) yielded winter values of 17 mg
C (mg chl a)* d°! and 0.075 mg C (mg chl a)"* umol
quanta m™% s7! for Py, and ¢, respectively, which

were similar to, and 6-fold higher than, respectively,
those observed in the present study. In Fasham's model
(1995), a value of ¢ [0.052 mg C (mg chl a)”! umol
quanta m%s7!'| was 4-fold higher than that observed in
the present study. From these different model parame-
terizations for photosynthetic characteristics it is not at
present clear why the predicted winter areal primary
production estimates from Frost (1993) are closer to
those of the present study than to those of Fasham
(1995).

Comparison with previous OSP summer rate
process data

No other winter data from OSP are available for
phytoplankton growth, microzooplankton grazing,
size-fractionated production, photosynthetic charac-
teristics or bacterial production. However, a com-
parison with data obtained in the late spring and
early summer during the SUPER program suggests
that the winter rates of all of these measurements
are depressed relative to summer (Table 4). Apparent
phytoplankton growth and microzooplankton gra-
zing rates from the present study (Table 4) were at the
lower end of the range of estimates measured by
Landry et al. (1993) and are almost 2-fold less than
mean summer values for both growth and grazing
measurements (Landry et al. 1993). Net algal growth
(1 — g) is close to zero in the present study as compared
to a mean of 0.16 during summer (Landry et al. 1993).
Rates of maximum chlorophyll-specific assimilation
ratio were 3 to 4 times lower for winter than those

Table 4. A comparison of winter and summer rate processes and environmental factors at OSP

Parameter

Primary production (mg C m~2d™)

Mixed layer depth (m)

Chlorophyll (mg chl a m™?)

PAR (mol photons d™}

Water temperature (°C)

Normalized primary production [mg C {mg chl a)"! d°!]
Bacterial production (pg C 1'' d7')

Microzooplankton grazing mortality (d™!)

Algal growth rate (d7})

Net algal growth (u - g) (d™')

“Mean production, 1971 mixed layer depth data; Frost (1993)
®Booth et al. (1993)

fRange of 3 cruises (May, June, August); Landry et al. (1993)

Winter Summer
195 to 281 (n = 4) 7274
358 to 1420° (= 25)
100 >50to <20¢
2010 28 (0 to 80 m) 19.7 to 31.7° (0 to 80 m)
<20 20 to 567
55 >82
<10to 23 35 to >1009
031t00.9 0.5t02.0°
0.17 to 0.21 0.311(0.12t0 0.71) (n = 23)
0.21t0 0.23 0.42' (-0.05 to 0.72) (n = 23)
010 0.06 0.16" (-0.39 to 0.66) (n = 27)

‘Range of areal primary production, range of incident irradiance; Welschmevyer et al. (1993)
JRange of maximum chlorophyll-specific assimilation rates in the vicinity of the surface from Welschmeyer et al. (1993)
*Range of 3 cruises (May, August, September); Kirchman et al. (1993)
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observed for summer (Table 4). Bacterial production
rates were around 2-fold less for the present study than
observed by Kirchman et al. (1993), but display a simi-
lar 2-fold range of values during winter and summer
(Table 4).

Miller et al. (1991), in discussing the SUPER synthe-
sis, questioned the nature of the relationship between
phytoplankton and micrograzer standing stocks at
lower irradiances and temperatures associated with
winter. They also suggested that rates of primary pro-
duction would be lower, but that the phytoplankton
should keep on growing and that the micrograzers
should keep the phytoplankton stocks in check. The
findings of Boyd et al. (1995), although based on a lim-
ited number of observations, suggested that the winter
standing stocks of the autotrophic phytoplankton and
microheterotrophs were similar to those observed in
spring and summer at OSP, but that the standing
stocks of mesozooplankton were lower during winter
than in summer. Despite the relatively high winter
standing stocks of autotrophs and heterotrophs, the
magnitude of rate measurements in winter are
depressed (Table 4), indicating that the turnover of
autotrophic biomass is lower in winter than in summer.
From the physical, chemical and biological data avail-
able, it is possible, however, to assess what factors may
be responsible for the reduced turnover of standing
stocks during this period.

Factors controlling rate processes

In late spring and early summer phytoplankton
growth rates were reported to be as high as available
light and temperature permit (Miller et al. 1991 and
references therein). In addition, at OSP the growth
rates of large diatoms have been shown to be en-
hanced by the addition of trace amounts of dissolved
iron in August (Martin et al. 1989, Coale 1991) and late
May (P. W. Boyd, D. L. Muggli, D. V. Varela, R. Chre-
tien, K. J. Orians & P. J. Harrison unpubl.). Thus,
factors which could limit phytoplankton production
during the winter period include micronutrients, irra-
diance, temperature and grazing. The results of the
iron/irradiance extended bioassay (Table 3) suggest
that, unlike late spring when iron limitation of the
growth rates of large diatoms was observed (Boyd et
al., unpubl.), iron does not appear to limit phytoplank-
ton growth during winter. From Banse (1991), the max-
imum phytoplankton growth rate at winter tempera-
tures at OSP (6°C) is around 0.5 d°' (using the 1/2
maximum curve and with the caveat that it is appropri-
ate to use this curve for oceanic species) and this may
be contrasted with the maximum phytoplankton
growth rate at summer temperatures at OSP (11°C) of

around 0.7 d-!. Apparent algal growth rates from dilu-
tion experiments (Table 2) and calculated from column
integrated biomass production (Table 2) indicate that
phytoplankton growth rates are ca 50% of maximum
microalgal growth rate at 6°C and therefore phyto-
plankton growth rates were unlikely to have been tem-
perature limited.

While relatively high incident irradiances were
noted in March 1993, in general irradiances in winter
at OSP are lower than in summer (Frost 1993). [n addi-
tion, the depth of the mixed layer is greater in winter
than in summer (Tabata 1989); thus, daily mean irradi-
ance for cells in the water column is considerably lower
in winter. A comparison of chlorophyll normalized
rates of column integrated primary production indi-
cates that the values were almost 2/3 lower than those
observed during summer by the SUPER group
(Table 4); winter values of 10 to 20 mg C mg chl a m™!
d~! were obtained at daily irradiance totals of <20 mol
photons d-!. Thus, the observed low rates of column
integrated primary production (Fig. 1) were consistent
with the reduced apparent growth rates for phyto-
plankton in winter (Table 2). However, the nature of
the relationship between normalized production and
daily irradiance is not clear; Welschmeyer et al. (1993;
see Fig. 6) observed no significant relationship
between maximum carbon uptake per unit chlorophyll
and daily irradiance or between depth integrated
primary production and daily surface irradiance
(Welschmeyer et al. 1993; see Fig. 11). They reported a
range of column integrated production values from
<0.4to>1g Cm?d!at<20 mol photons m™2d’}, a
daily total irradiance similar to that noted in the pre-
sent study. In addition, Wong et al. (1995) reported a
50% increase in integrated production between con-
secutive days in November 1989. Despite these uncer-
tainties, winter chlorophyll normalized rates, which
are intrinsic measurements of growth independent of
grazing activity, are depressed, and it is most likely
that phytoplankton growth during winter is limited by
available irradiance and thus algal iron demand in
winter is reduced relative to other seasons.

Although algal growth rates were considerably less
than pn.x (based on Banse's 1/2 maximum curve) at
this time of year, grazing mortality was closely coupled
to algal growth rates (Table 2) suggesting that the 2
processes remain closely coupled during winter. The
grazing rates of protists such as ciliates are known to
be dependent on food concentrations (Jonnson 1986,
Pierce & Turner 1992). However, winter phytoplankton
standing stocks, and hence food concentrations, are
similar to those noted in summer (Table 4), yet micro-
heterotroph grazing rates are reduced in winter as
compared to summer (Table 4). It is possible that either
the reduced winter microzooplankton grazing rates
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are not due to food concentrations but to some other
factor such as temperature, or there may be a food
threshold effect such that any increase in phytoplank-
ton biomass due to increases in the magnitude of pri-
mary production are consumed by the micro-
heterotrophs. The reduced turnover of phytoplankton
carbon in winter is consistent with the latter notion.
Although both Frost (1993) and Fasham (1995) used
herbivore grazing thresholds of ca 10 mg C m~* in their
models, little is known about the changes in the
growth response of open ocean microzooplankton with
respect to changes in food concentration.

Reduced microzooplankton grazing rates may also
be due in part to temperature effects. Muller & Geller
(1993) reported that for several species of freshwater
ciliates not under food limitation the growth rates {and
therefore presumably the grazing rates) for certain
species doubled in response to a temperature increase
from 6 to 12°C (comparable to the range noted at OSP
over the annual cycle). A similar temperature response
by open ocean microzooplankton (in the absence of
food limitation) would explain the differences between
winter and summer grazer mortality rates without hav-
ing to invoke grazing thresholds.

While grazing mortality and algal growth are closely
coupled, resulting in algal stocks remaining constant
and similar to those observed in summer (Boyd et al.
1995), how do micrograzers maintain their relatively
high standing stocks in winter if their grazing and
hence growth rates are depressed? Miller et al. (1991)
invoked low physical mixing to prevent dispersal of
cells as a mechanism to permit the maintenance of
high winter microzooplankton stocks, but did not con-
sider predator control. The main predators of the
microzooplankton are thought to be the mesozoo-
plankton (Gifford 1993) which are present in low num-
bers at this time (McAllister 1961, Fulton 1978, Miller
et al. 1984). Thus, it might be expected that the grazing
pressure on the microzooplankton would also be
reduced. Indeed, using summer microzooplankton
grazing rates by mesozooplankton from OSP (Gifford
1993), scaled to winter mesozooplankton standing
stocks, it is possible to estimate winter grazing on
microzooplankton by mesozooplankton. Calculated
winter clearance rates of 0.04 to 0.13 and 0.05 to 0.28 of
the upper water column d-! by the mesozooplankton
population for 1993 and 1994, respectively, constitute
the daily removal of <13 and <28 % of microzooplank-
ton stocks (Table 5). This calculation does not consider
any temperature related change in grazing rate due to
winter conditions. An estimate of the feeding rate of
the mesozooplankton in winter using Frost's tempera-
ture dependent equation (1993; Eq. 10) in conjunction
with data from the present study results in estimated
feeding rates at 5°C of 0.029 to 0.035 mg C (mg

C m~3)~! d-!, which are considerably lower than those
estimates based on Gifford {1993). Both methods of
estimation suggest that mesozooplankton grazing
pressure in winter is low. In contrast to the low winter
mesozooplankton grazing rates, Gifford (1993)
reported that copepod grazing activities appeared to
be sufficient to control microzooplankton stocks during
late spring and early summer at OSP.

Estimation of carbon turnover

An assessment of the partitioning of autotrophic and
heterotrophic carbon for winter standing stocks con-
structed by Boyd et al. (1995) indicates that the carbon
demands of heterotrophic bacteria cannot be balanced
unless the standing stocks of these heterotrophic
groups are turning over more slowly than that of the
carbon supply. In the case of bacteria, the low rates of
bacterial production when compared to the bacterial
biomass standing stocks from the present study (Boyd
et al. 1995) indicate a pool with slow turnover. This
agrees with Kirchman et al.'s (1993) observations of
slow bacterial growth rates of <0.1 d™' during summer
at OSP. Kirchman et al. (1993) proposed that bacterial
growth rates were limited by substrate supply and
water temperature. It is likely that the reduced water
temperatures and potentially lower substrate supply
from phytoplankton associated with winter conditions
results in turnover times which are even slower than
those observed by Kirchman et al. (1993), and are

Table 5. Calculation of potential mesozooplankton clearance
rates on microzooplankton based on winter abundance data
{ind. m™2 for 0 to 100 m) and summer mesozooplankton
clearance rates (ind. 1! copepods d-!'). N.. Neocalanus. No
attempt was made to scale the summer grazing rates to
winter temperatures at OSP (or prey concentrations). Values
in parentheses indicate ind. m™® Zooplankton: winter meso-
zooplankton clearance rates [mg C (mg C m %! d7!] calcu-
lated using Eq. (10) in Frost (1993) in conjunction with data
on mesozooplankton and herbivore standing stock data

Species 1993 1994
Winter (Boyd et al. 1995)
N. plumchrus CV 1.3 (0.013) CIV 29.4 (0.294)
N. cristatus CV 13.3(0.133)
Summer (Gifford 1993)
N. plumchrus CV 0.17-0.94
N. cristatus CV 0.37-0.80
Winter
% of upper water 4.2-13 5-27.6
column cleared d!
Zooplankton 0.029-0.035
]
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therefore the probable modes of control of bacterial
production during the winter period. The bacterial car-
bon turnover times (<0.05 d™!) are considerably lower
than those for picophytoplankton (0.15 to 0.25 d°') in
winter If the main grazers of picoplankton, het-
erotrophic flagellates, do not discriminate between
heterotrophic and autotrophic prey, then it appears dif-
ficult to reconcile these differences in picoplankton
turnover times. This imbalance may be resolved if the
microzooplankton at OSP graze on picophytoplankton
but not on heterotrophic bacteria.

CONCLUSIONS

(1) The findings of this study and Boyd et al. (1995)
confirm the model of Evans & Parslow (1985) and the
hypothesis of Miller et al. (1991) who emphasized the
importance of mid-winter phytoplankton growth rates
in maintaining sufficient winter microzooplanktonic
herbivores to graze down any increase in the standing
stock of phytoplankton.

(2) In winter at OSP, there is a low turnover of stand-
ing stocks relative to summer. Autotrophic standing
stocks remain constant as phytoplankton growth and
grazing mortality appear to be balanced. Low grazing
pressure by mesozooplankton on microzooplankton
permits relatively high microzooplankton standing
stocks in spite of reduced microzooplankton grazing
rates. It is therefore likely that reduced mesozooplank-
ton stocks in the upper water column during winter
due to the ontogenetic life cycle of the dominant meso-
zooplankton are important in preventing a spring
phytoplankton bloom.

(3) Both phytoplankton and, by implication, micro-
zooplankton appear to be growing at ca 50% of .,
during winter. The factors controlling winter rate
processes appear to be available irradiance for primary
production, water temperature and/or available prey
for microzooplankton grazing, and substrate supply
and/or water temperature for bacterial production.
More information is required on the role of these
processes on controlling rate processes within the
pelagic microbial food web at OSP.
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