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ABSTRACT: The impact of microzooplankton community grazing on different size classes of algae was
investigated at 11 stations between Dogger Bank and the Shetlands in early spring (March-April) and
in summer (July-August). This work is part of a larger study designed to test the hypothesis that size-
differential grazing of phytoplankton populations plays a crucial role in regulating food web structure.
Dilution experiments, in which loss rates of the algae due to microzooplankton grazing can be esti-
mated from the relation between growth rate of the prey and dilution, failed in many cases due to high
variance. The present paper analyses the problem and puts forward a solution which involved pooling
data from comparable stations into 1 average grazing estimate per algal size class. In early spring, esti-
mates of grazing from measurements of chlorophyll a (chl a) were obtained only for algae >5 pm, and
average grazing rate was 0.23 d-! at the deeper stations. At the shallower more southern stations where
a phytoplankton bloom was in progress the average grazing rate on algae >5 um was 0.5 d”! Flow
cytometry was more successful in the <5 um algal fraction, yielding grazing rates of 0.25 d-! for the
southern and 0.31 d°! for the northern stations. In summer, microzooplankton grazing incubations
yielded significant results only when flow cytometry was used, and only when results were pooled for
different areas. Grazing rates ranged from 0.07 d™! in the 1-2 pm algal size class to 0.74 4! for algae of

3-4 um and were 0.25 d°! for the <5 pm cluster as a whole.
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INTRODUCTION

Fixation and enumeration of protozooplankton and
the zooplankton size class between 50 and 200 ym are
relatively easy, but measuring their grazing impact is
still very problematic. Consumption rates of specific
Protozoa feeding on known food items have been esti-
mated in a number of ways, including microscopic
determination of the food vacuole content and evacua-
tion time for ciliates and dinoflagellates (Kuosa 1990,
Bockstahler & Coats 1993), the use of fluorescently
labeled bacterioplankton (FLB) for ciliates feeding on
bacteria (Sherr et al. 1987, 1989, Gonzalez et al. 1990,
Epstein & Shiharis 1992), the use of a selective meta-
bolic inhibitor (Xiuren & Vaulot 1992), and measure-
ments of fluorescence in protozoa after being fed on
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algae or fluorescent beads (Gerritsen et al. 1987,
Capriulo & Degnan 1991, Bird & Kalff 1993), and in
various types of grazing experiments based on size
fractionation of natural communities {Rassoulzadegan
& Sheldon 1986, Kuuppo-Leinikki 1990, Moisan et al.
1991) or the use of cultured predators and prey species
(Ohman & Snyder 1991). Landry (1994) discussed the
specific weaknesses and strengths of various ap-
proaches and suggested an appropriate combination of
different methods. Despite its shortcomings (Evans &
Paranjape 1992, Landry et al. 1995), estimation of in
situ microzooplankton grazing rates based on the dilu-
tion principle of Landry & Hassett (1982) best repre-
sents the actual community grazing rates, since the
method leaves grazer and food species composition
unchanged, and handling is minimal. Therefore, many
protozoan grazing studies use the dilution method.
During the last decade, studies based on this method
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have contributed to the development of the concept of
a planktonic microbial food web in which grazing by
heterotrophs of <200 pm has shown that they can
account for 50 to 100 % of the daily primary production,
with the pico- and nano-sized algae being subjected to
especially intensive grazing (Verity 1985, 1986, Burkill
et al. 1987, Gifford 1988, Paranjape 1990, Strom &
Welschmeyer 1991, Kamiyama 1992, McManus &
Ederington-Cantrell 1992, Buskey 1993, Verity et al.
1993, Neuer & Cowles 1994).

In oligotrophic oceans where small phytoplankton
dominate, unicellular grazers appear to be of particular
importance. Primary producers in such systems typi-
cally belong to the picoplankton and nanophytoplank-
ton, which have high affinities for nutrients and light,
high maximum growth rates, and extremely low sedi-
mentation rates. During the last decade, however, evi-
dence has been growing that, in nutrient-rich waters
where net-plankton (e.g. diatoms, dinoflagellates,
colony-forming algae, etc.) generally dominate, micro-
zooplankton are as active as they are in oligotrophic

Fig. 1 Sampling stations of the cruises in spring and mid-
summer 1994

systems, with grazing rates balancing the growth rates
of pico- and nanophytoplankton (Verity 1986, Sherr et
al. 1989, Paranjape 1990, Frost 1991, Landry et al
1992, McManus & Ederington-Cantrell 1992, Riegman
et al. 1993). High growth and grazing rates of micro-
zooplankton (Banse 1982) suggest the potential for
tight control of their prey populations. Since large
phytoplankton lie outside the prey spectrum of micro-
zooplankton (Strom & Welschmeyer 1991), blooms of
larger algae, following nutrient input, seem to be a
logical consequence of size-differential grazing by
microzooplankton (Kumar et al. 1991, Riegman et al.
1993, Riegman & Kuipers 1994). In a model exercise by
Riegman & Kuipers (1994), grazing of small phyto-
plankton by microzooplankton led to channeling of
nutrients towards larger phytoplankton and hence,
indirectly, into sedimentation because larger phyto-
plankton sink more rapidly. It is interesting to note that
this sedimentation ensures the ultimate return to the
oligotrophic clear water conditions and the dominance
of the pico- and nanoplanktonic food web once the
new nutrients have left the euphotic zone in the sink-
ing material. This manuscript describes a study of
microzooplankton grazing which was part of a larger
project designed to see if the model described holds
true under natural conditions in the northern North
Sea.

METHODS

The northern North Sea transect conducted in spring
and mid-summer 1994 (Fig. 1) consisted of a series
of major stations, from H1 on the northern slope of
Dogger Bank (55°30' N} to H7 northeast of the Shet-
lands (61°00' N}, with intermediate stations N1 to N6
halfway between each pair of the main stations and
with other stations 32 km west (W1-W7) and east
(O1-0O7) of the H1-H7 line. The whole grid included
27 sampling sites. On some occasions extra stations
were occupied (e.g. NSN, N5Z, W0, O0; see Fig. 1).

During the spring cruise the thermocline had not yet
deveioped in the northern North Sea, whereas the
phytoplankton spring bloom and the depletion of nutri-
ents were already progressing in the southern North
Sea. We had anticipated that light limitation would
gradually disappear at the southern stations of our
transect, offering the opportunity to study the role of
microzooplankton grazing under such transient condi-
tions. The summer cruise was made when nutrient
depletion was maximal in the mixed layer of the strati-
fied northern North Sea. In summer a local increase of
nutrient levels was expected at the stations in the
vicinity of the Shetlands, due to the inflow of nutrient-
rich Atlantic water from the turbulent Faroe-Shetland
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Channel region. The effect of this nutrient input on the
role of microzooplankton grazing in determining food
web structure was an important topic for the summer
cruise. Microzooplankton were enumerated in 100 ml
seawater samples taken at all stations from Niskin bot-
tles filled at 10, 20 and 40 m depth during casts with a
CTD Rosette frame. The samples were poured care-
fully into 100 ml polyethylene jars containing 1.5 ml
acid Lugol's solution (final concentration 1.5%) and
stored in the dark at 4°C. In the laboratory, the samples
were allowed to settle for 78 h in 100 ml sedimentation
tubes for inverted microscopy. The density of micro-
zooplankton was determined for 4 dominating cate-
gories (tintinnid ciliates, Strombidium-like ciliates
larger than 15 pm, Strombidium-like ciliates smaller
than 15 pm and holotrich ciliates). Other microzoo-
plankton, including copepod nauplii and heterotrophic
dinoflagellates, were rare in the 100 ml samples and
are therefore not considered in the results. Estimates of
the volume of the different types were made by mea-
suring dimensions of the best approximate geometrical
form. The volume was converted to carbon biomass
expressed as pg C 1! according to Putt & Stoecker
(1989).

Incubations to estimate grazing were prepared
according to the dilution method of Landry & Hassett
(1982) at the main stations (HO-H7) and the stations M,
MB and MC, all 3 at the mooring site 10 km west of Mo
(see Fig. 1). Two 20 1 jars were filled from five 121
Niskin bottles taken at 10 m depth and placed on a
plankton wheel in a thermostated room at light and
temperature conditions simulating 10 m depth. Imme-
diately thereafter, 10 I was filtered through a Gelman
Sciences Micro Culture Capsule (0.2 pm) to produce
particle-free water for the dilution series, which was
checked (by flow cytometry) for particles before use.
The incubation series consisted of 100, 70, 40, 20 and
10 % natural water mixtures prepared in 300 ml poly-
carbonate bottles in duplicate (10% always in tripli-
cate) for flow cytometry, and in 1.5 1 polycarbonate bot-
tles in duplicate for chlorophyll a {chl a) measurement
and flow cytometry at tq and t,;. All bottles were
attached for 24 h to a slowly rotating plankton wheel in
the temperature-controlled room, with illumination by
daylight TL tubes (Sylvania) corresponding in level
and day-night cycle to conditions measured at 10 m
depth. Chl a concentrations were determined on board
after fractionation of the samples into size ranges
>5 nm and 0.7-5 pm by filtration of 1 1 through Nucle-
pore 5 pm and Whatman GF/F filters in succession and
24 h extraction of the filters in 90% acetone. Chl a
measurements were made using a Turner 10 AU
fluorometer according to the procedure described in
Strickland & Parsons (1972). Measurements at t,, were
made on 1 sample per bottle while at t, they were

made in triplicate prior to dilution, whereas the ¢, chl a
concentrations in the diluted bottles were calculated.
Additionally, flow cytometry with a Coulter Counter
type XL flow cytometer was used to determine the con-
centration of autotrophs in the range 0-25 pm. One ml
samples were taken from each incubation bottle at the
beginning and end of the incubations and replaced by
particle-free water to exclude air bubbles after the
sampling at t,. Apparent daily growth rate, k; (= 24/t -
In(n,4/ng), where t = duration of experiment, n = cell
number, total volume of phytoplankton cells of a given
size, or concentration of chl a), was calculated for each
bottle. Linear regressions of k, on dilution provided
estimates of apparent growth rate (k) in undiluted sea-
water and of ungrazed algal growth rate (u) by extrap-
olation to 0% natural water (no grazing). The differ-
ence between p and k, the estimate of in situ grazing
rate (g) for each phytoplankton fraction, was calculated
using the expression p - k = -1 x slope.

RESULTS
Occurrence of microzooplankton

Microzooplankton biomass distributions in the upper
40 m along the transect in early spring and summer are
given in Fig. 2. Total abundances were less than 1 ind.
ml™!, so that there was less than 0.5 ng C 1! of micro-
zooplankton present at the deeper stations H3-H7 at
the end of winter. In the Dogger Bank area the some-
what higher total biomass was due to an increase in
Strombidium-like ciliates >15 pm, which numbered 2
to 3 ind. ml!. Between March and August consider-
able changes had taken place in the small categories:
in August there were 20 to 50 times more small Strom-
bidium-like ciliates, 10 times more tintinnids at the
southern stations and 4 times more holotrich ciliates.
Moreover, the Strombidium-like ciliates >15 pm had
decreased at the Dogger Bank stations and increased
strongly near the Shetlands, especially in the 20 to 40
m depth range where they occurred in numbers of 10
to 20 ind. ml! and contributed up to 20 pg C 1°! of the
total microzooplankton biomass of 24 ug C 1! at sta-
tions where early spring values were ca 1 ug C 1. The
biomasses of the 4 microzooplankton categories at
10 m, the depth at which the grazing measurements
were made, are shown in Fig. 3.

Grazing rate estimates based
on chl a

Dilution experiments were performed at Stns M-H7
for the phytoplankton fractions >5 and <5 pm
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Fig. 2. Distribution of microzooplankton biomass (ug C 17’} in the upper 40 m

along the transect in spring and mid-summer. Categories: {a} holotrich ciliates,
(b) tintinnid ciliates, (c) Strombidium-like ciliates <15 pm, (d) Strombidium-like
ciliates >15 um and (e) total microzooplankton

(Table 1). In only 12 out of 46 experiments was there
a significant correlation between apparent growth
rate and dilution (p < 0.05) although all dilutions

were performed in duplicate at least.
The coefficient of variation of the
chl a concentration in these dupli-
cates at fyy is shown in Fig. 4. The
difference between duplicates was
moderate for concentrations higher
than 0.2 pg 1!, but the variance
increased rapidly below this value.
Since the natural chl a concentra-
tions along the transect were gener-
ally lower than 0.5 pg I'! (Fig. 5),
most 10 and 20% dilution bottles,
containing less than 0.1 pg 1%
showed this high variance between
duplicates. In order to overcome
this problem, the results of dilution
experiments at several stations were
pooled together into 1 Landry &
Hassett plot for a wider sea area
selected on the basis of the chl a
concentrations at 10 m depth (Fig. 6).
In March the transect was divided
into a southern area, M-H2 (the
area where a bloom was occurring),
and a northern area, H3-H7 (where
light-limited winter conditions pre-
vailed). In August the transect was
divided into area M-H5 (oligo-
trophic euphotic zone in summer)
and area H6-H7 (the Shetland
region with increased chl a concen-
trations). In order that this pooling of
data could be done, differences
between the horizontal levels of the
individual regressions (due to differ-
ences in algal growth rate per sam-
pling site} were removed. This was
done for each dilution experiment by
subtracting the kso., (derived from
the linear regression) from all the ex-
periments’ measured k-values (and
thus standardizing the k;,.. in each
series to 0). Although the number of
replicates was increased by pooling
the data, the Landry & Hassett
plots (Fig. 6) did not show a signifi-
cant correlation between apparent
growth rate and dilution for all
areas. The regression parameters
and grazing rates given in Table 2
show that only for the algae >5 um
in both areas in March-April and

for the <5 pm fraction in summer near the Shetlands
did the chl a method yield significant estimates of
grazing rate (p < 0.01).
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Fig. 3. Biomass of microzooplankton in spring and mid-sum-
mer at the depth (10 m) at which grazing experiments were
done

Grazing rate estimates based on flow cytometry

The assessment of microzooplankton grazing by flow
cytometry was concentrated on recognizable clusters
of fluorescent particles of which the density and cell
size were determined for each dilution bottle at ¢ty and
tr4. Using this approach we were able to examine graz-
ing on 2 dominant clusters of phytoplankton during the
early spring cruise: one between 2 and 3 pm and one
slightly larger than 5 pm. In summer there were more
clusters, ranging in size from <1 to >5 pm, represent-
ing the prochlorophytes and picoeukaryotes, cyano-
bacteria, various autotrophic nanoflagellates and small
algae just larger than 5 pm. Net-phytoplankton (e.g.
diatoms and dinoflagellates) were present in much
lower numbers and appeared in the flow cytometer
diagrams as single scattered dots because only 0.5 to
1.0 ml volumes were scanned during the 15 min flow
cytometer time per sample. The results of the grazing
incubations of the main stations are listed in Table 3a
for the 2 size categories present in early spring and in
Table 3b for the 6 size categories distinguished in sum-
mer. Although the correlations between k; and dilution
determined by flow cytometry were considerably bet-
ter than in those for the chl a data, many plots still
showed too much scatter for clear determinations of
grazing. The coefficient of variation of the cell densi-
ties in the duplicate bottles at t,, plotted against their
average (Fig. 7) revealed that when cell counts were

Table 1. Regression parameters for chl a grazing experiments carried out by the dilution method for small and large phytoplank-
ton (separated by 5 um pore size) in spring and mid-summer. Grazing rate, g (d7'), equals -1 x slope

March-April
Stn: MB M MC HO H1

Depth (m): 35 40 10 10 10
Intercept for <5pm 0581 -1.47 -0.322 0.164 -0.249
Slope for <5 pm -0.894 -05 0.048 -0.366  1.337
r? 0493 016  0.001 0345 0.309
n 8 7 8 8 7
Intercept for >5um  0.297 -0.514 0.847 0.089 0.263
Slope for >5 pm -0.089 0.654 -0.78 -0.113 -0.141
2 0.012 027 0447 0.048 0.084
n 8 7 8 8 7
July-August

Stn: M M H1 H1

Depth (m}: 12 25 12 10
Intercept for <5Sum  0.934  0.513 0.354 1.096
Slope for <5 pm 0.411  0.229 -0.101 0475
r? 0.614  0.566 0.122  0.776
n 7 9 9 9
Intercept for >5pm  0.917 035 0516 0.945
Slope for >5 pm -0.561 -0.023 -0.092 -0.17
r? 0.614  0.566 0.122  0.776
n 7 9 9 9

H2 H3 H4 H4 HS H6 H7
10 10 6 21 15 13 7
-0.451 -0.684 0.034 -0.447 0.048 -0.257 0.518
0.7 1.283 0.21 0.295 0.322 0.88 -0.331
0.58 0.262 0.364 0.597 0.268 0313 0.107
8 7 8 8 8 8 8
0915 0326 0.192 0828 0263 0351 0173
-0.887 -0.14 -0.009 -0.923 0.03 -0.212 0.015
0.889 0.179 0.003 0683 0.036 046 0.001
8 7 8 8 8 8 8

H2 H3 H4 H5 H5 H6 H7

10 10 10 10 35 10 10
0.84 0422 0357 0824 -0.147 0619 0.257
-0.208 0.006 -0.037 037 -0426 0556 0.182
0.375 0.001 0.026 0347 0.369 0836 0.173

8 9 8 8 4 9 9
0.543 0.063 0.103 0.232 1.242 0474 -0.217
0.126 0.081 -0.415 0.129 -0.658 -0.309 0.432
0.375 0.001 0.026  0.347 0369 0836 0.173

8 9 8 8 4 9 9
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Fig. 4. Coefficient of variation, CV (= SD/average x 100 %}, of

chl a concentration (ug I"') in duplicate incubation bottles at

t,4 versus average chl a concentration at ¢,, for the <5 and
>5 pm phytoplankton fractions in spring and mid-summer

below 300 to 500, the measuring error increased
rapidly. This means that often in March the 20 and
10 % dilutions did not contain enough material for an
accurate estimation of the differences between the
numbers at ty and ¢. In August grazing could be
assessed more accurately due to densities of the
nanophytoplankton being 10 times higher. In order to
lower the variance, the flow cytometer data were
grouped in the same way as the chl a data: for March
the transect was divided into the areas M-H2 and
H3-H7, and for August into areas M-H5 and H6-H7
(for stations and chl a see Figs. 1 & 5). After subtracting
koo, from all k, per dilution series, Landry & Hassett
plots were made for March (Fig. 8) and August (Fig. 9).
Microzooplankton grazing rates (g) per size class per
area for the 2 seasons (Table 4) are based on cell num-
bers per cluster at t; and t,,, except for the overall cat-

egory <5 pum in August, where grazing was based on
biomass instead of numbers in the clusters, because
the latter were strongly dominated by the size category
1-2 pm whereas the algae of 4-5 pm dominated the
biomass (Fig. 10).

Food preference

During the summer cruise the nanophytoplankton in
the oligotrophic surface layer (August, M-H5) and the
Shetland region (H6-H7) consisted of 6 size categories
determined by flow cytometry. The average densities
and relative biovolume (= number x forward scatter
position, FS) of these are given in Fig. 10, together with
the overall microzooplankton grazing rates for each
prey size (from Table 4). The estimated grazing rates
did not reflect the prey density, but followed more or
less the available biomass in the different size classes.
However, grazing on the 3-4 um algae in the oligo-
trophic area (M-HS5) was exceptionally strong, which
may point to a preference of the microzooplankton for
nanophytoplankton of this size.

DISCUSSION
Grazing in the light-limited winter situation

In the northern area (H3-H?7), where winter condi-
tions prevailed, chl a concentrations were low and
evenly distributed with roughly equal proportions of
<5 pm and >5 pm algae. Algal growth in the area at
this time (March-April) was assumed to have been
strongly limited by light availability, and loss rates
were probably due mainly to grazing and to a lesser
extent to sedimentation because vertical mixing was
extensive. Algal growth rates in the H3-H7 area in

Fig. 5. Chl a concentra-
tions of size fractions
>5 pm (open bars) and
<5 pm (solid bars) at
10 m depth along the
transect in spring and
mid-summer
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Fig. 6. Linear regressions of apparent daily chl a growth rate, k;, versus dilution
for different areas and times of year (regression parameters and grazing esti-

mates are shown in Table 2)

March-April were 0.17 d™! for the >5 um frac-
tion and 0.27 d™! for the <5 um fraction, mea-
sured on the basis of nitrogen uptake (Rieg-
man et al. 1998). Our estimates of grazing for
the same area were g = 0.23 d”! by chl a mea-
surement for algae >5 pm (Table 2) and g =
0.31 d"! for the nanoplankton as measured by
flow cytometry (Table 4), which closely
match the above growth estimates and sup-
port the idea that microzooplankton grazing
was controlling the biomass of the small
phytoplankton. Only the significant grazing
estimates were used in this comparison; flow
cytometry gave nonsignificant results for the
algae >5 pm due to the very low numbers,
whereas the chl a measurements gave non-

March: all data M-H2 <Spm

R

a4 us

August: all data H6-H7 <5pm

0.4 06 0B

dilution

Table 2. Regression

99

significant results for the algae <5 pm.

This was possibly due to a shortcom-
. ing in our method, where chl a con-
centrations at t, were not measured
(for which we would have had to
prepare twice the amount of dilution
bottles) but instead calculated from
the 100 % concentrations. The grazing
results were possibly biased by the
effect of dilution on the accuracy of the
° chl a measurement this way, espe-
cially for the <5 pm fraction.

Grazing in the bloom area in
March-April

At stations where the water column
depth was restricted, in the vicinity
of Dogger Bank (M-H2), the increase
in solar irradiance in March-April
resulted in an algal spring bloom
preceding the establishment of tem-
perature stratification. As predicted
by the model (see 'Introduction’), the
biomass was dominated by large
algae. The observation of depletion
of nutrients (Riegman et al. 1998) and
the low growth rates in the algae
>5 pm suggested that the exponen-
tial growth phase had ended already.
Growth rates for the algae >5 pm
were 0.1 d°' at the Dogger Bank
slope stations (H2-H1) but 0.4 d! on
top of the bank (HO). The growth
rate for the <5 pm fraction was ca
0.3 d°! (Riegman et al. 1998). When
Stns M-H2 were pooled, the micro-

oe'e

parameters and estimated chl a grazing rates (g, d™')

for small and large phytoplankton in 2 areas in spring and mid-summer

after pooling the dilution results

2

Time and area

March, Stns M-H2
{spring bloom)

March, Stns H3-H7
{winter conditions)
August, Stns M-H5
(oligotrophic conditions)
August, Stns H6-H7
(Shetland region)

Size  Slope T n p g
<5um  1.02 026 16 004 -1.02
>5um -051 038 15 001 0.51
<5pm 030 0.06 46 009 -0.30
>5um -0.23 0.17 46 0.00 0.23
<5pum -0.15 0.07 46 0.09 0.15
>5um  0.09 0.02 46 032 -0.09
<5pm -037 039 18 0.01 0.37
>5um -~0.09 003 17 048 0.09
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Table 3. (a) Estimates of daily grazing rates, g (d™'), 95 % confidence interval (CI)

and regression coefficient (r?) by flow cytometry for algae <5 and >5 um at all of the

main stations in March-April. (b} Estimates of daily grazing rates, g (d™'} by flow

cytometry for the different (distinguished and enumerated by flow cytometry) algal

size classes (2 replicate series [a and b] per station) in July-August (significance:
‘p<0.05 **p<0.01)

(a) March-April

Stn n g(dlfor 95%CI r? g(d'yfor 95%CI r?
<5 um fraction >5 pum fraction

M 12 0.50 0.23 0.69 -0.01 1.00 0.00
M 12 0.06 0.15 0.07 0.03 0.49 0.14
T2 12 0.44 0.15 0.79 -0.24 0.34 0.18
HO 12 0.44 0.44 0.31 0.61 0.72 0.24
H1 12 0.10 0.18 0.12 0.09 0.27 0.05
H2 12 -0.02 0.16 0.01 -1.00 0.74 0.42
H3 12 0.90 0.52 0.54 -0.33 0.60 0.11
H4 12 0.01 0.16 0.00 0.97 1.47 0.15
HS 12 0.01 0.18 0.00 0.00 0.65 0.00
H6 12 -0.22 0.15 0.44 -0.59 1.23 0.08
H7? 10 0.89 0.26 0.84 0.10 0.91 0.01

(b) July-August
— g (d’!) in each algal size class

Grazing within the mixed layer
in summer

In the mixed layer of the stratified
North Sea, the nutrient uptake during
the phytoplankton spring bloom and
the first part of the summer ends when
the nutrient concentrations above the
thermocline have reached the thresh-
old levels for uptake by the smallest
phytoplankton and bacteria. We may
assume, therefore, that in July-August
the algal growth rates in the nutrient-
depleted surface layer depended
mainly on the additional nutrients
produced by the recycling processes
in the water. At 10 m, the depth where
grazing was measured, carbon growth
rates were on average 0.39 d°! for the
<5 pm fraction and 0.43 d°' for the

Stn n <1m12 2-3pm 3-4 4-5um <5 >51m
S 11 E ! e . - ' >5 nm fraction (Riegman & Noorde-
M 9 0.17 043" 0.24 loos 1998). Grazing rates determined
Hia 9 018 012 0.22 0.57 0.18"" by flow cytometry were, however,
Hib 8 022" 0.27 0.52*° 0.19 0.25° 1
H2a 9 0.42° 077 041" 045" only 0.25 and 0.19 d™' for the <5 and
H2b 6 -0.05 066" 0.24° 0.06 >5 pm fractions respectively (Table 4).
H3a 9 0.50° 0.03* 0.6 The remaining average net growth
H3b 8 0.22 0.33 0.29* te of 0.2 d-! for the al 5
H4a 9 0.54  0.14° 029 039 rate ol ca U. or the algae >5 pm
H4b 7 -0.05 0.06 030" 0.07 seems high for nutrient-depleted con-
Hb5a 9 0.00 0.18 0.31* 033 0.03 0.39 ditions, although the numbers of
H5b 8 0.09 0.20° 038" 0.29 0.11 0.40°"
Héa 9 024 025 029° 026 070" la.rger algfie werej very low and only
H6b 8 0.20** 0.25° 0.51"* 0.20°" 0.34 slight sedimentation would compen-
H7a 9 0.07" 0.07* 0.23'* 0.23° 0.08° 0.19 sate for this net production. On the
H7b 8 009 009 o011 0.08  0.17 other hand, grazing on the larger
algae may have been underestimated
since there was a considerable scatter
zooplankton grazing rate on the fraction >5 num was in the flow cytometer measurements (Fig. 9, bottom left
0.51 d7!' (Fig. 6). Individual stations (Table 1) yielded plot) due to the low numbers of cells >5 um in the
a wide range of grazing rates, from -0.65 d7' at 0.5 ml scanned per sample. Grazing estimates for the

Stn M to 0.89 d°!' at Stn H2, but only 2
out of 6 of these rates were significant.
At HO, where algae >S5 pm were still
growing rapidly, the estimated grazing
rate on this fraction in spring was only
0.11 d°' (not significant). Grazing rates
on the <5 pm fraction were estimated
with higher significance by flow cyto-
metry and amounted to 0.25 d°' for the
bloom area (Table 4), which matches the
estimated growth rate (0.3 d~!, Riegman
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Fig. 7. Coefficients of variation, CV (SD/average x 100 %), of flow cytometer

with a biomass increase when light avail- counts for clusters of cells at t,, in duplicate incubations versus average cell
ability increases in spring. counts for spring and mid-summer
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Fig. 8. Apparent daily growth rate k, [= In{n,4/n,)] versus dilution for algae

<5 and >5 pm counted by flow cytometry in the M-H2 and H3-H7 areas in
March 1994 with linear regression (dashed lines nonsignificant) (parameters
shown in Table 3a)

40 % (natural water), but did not change
below 40%. In our opinion the reduction
of the prey density to 40 % of the natural
levels may have reduced the grazing
activity to such an extent that the ob-
served net growth rate already repre-
sented ungrazed growth. Further dilu-
tion, from 40 to 10 %, may therefore have
had no effect, with the result that Landry
& Hassett plots including all dilutions
given in Fig. 9 underestimate the graz-
ing rates for the smallest 3 algal sizes.

The Shetland region

Summer chl a concentrations (Fig. 5)
were between 0.0 and 0.5 ug I"! from
Dogger Bank north to Stn HS5 and in-
creased in the vicinity of the Shetlands
(H6-H7) to 1.6 pg I"*. In contrast to the
expected dominance of large algae due to
the local input of nutrients in this region

5 algal size classes <5 pm varied between gi_oum = (see 'Introduction’), nanophytoplankton appeared to
0.07 d”" and g3_4um = 0.74 d°; the grazing rate for the dominate at Stns H6 and H7 (Fig. 10). Carbon growth
<5 um algal fraction as a whole was 0.25 d~! (Table 4). rates were 0.7 d~! for the >5 nm fraction and 0.3 to 0.5 d™!
Compared with the mentioned average carbon growth for the <5 pm fraction in area N5Z-H7 (Riegman &
rate of 0.39 d™! for the <5 pm phytoplankton commu- Noordeloos 1998). Grazing estimates (Table 4) based on
nity, the grazing estimates for the 3 algal size classes cell counts were 0.35 d”! for the >5 pm algae and there
under 3 pm were very low, whereas the algae between was considerable scatter in the individual &, estimates.

3 and 4 ym were grazed much faster
than they grew. Different explanations
are possible for the discrepancy be-

Table 4. Regression parameters and grazing rate, g (d7!) (determined by flow

tween these results and the view that cytometry), for the different algal size classes in 2 areas in spring and mid-
growth and grazing rates in the oligo- summer after pooling the dilution resuits
trophic recycling system should be
on the same order. Because the algal Time and area Size Slope SD 2 n p g
growth rates were considerably lower (pm)  (d7') (@) (@
than 1 division d"!, it is not likely that a — ‘ =
severe overestimation of carbon fixa- March-April, Stns M-H2 <5 -0.25 0.05 0.26 69 0.00 0.25
: N . i (spring bloom) >5 -001 013 000 69 093 001
tion was the reason. Since a continu- March-April, Stns H3-H? <5  -0.31 009 0.17 58 0.00 0.31
ous biomass increase of non-settling (winter conditions) >5  -0.03 023 000 58 091 0.03
pico- and small nanophytoplankton in July-August, Stns M-H5 <1 -0.12 0.03 033 34 000 0.12
the large research area in the course (oligotrophic conditions) 1-2  -0.07 0.04 0.05 75 006 0.07
of the summer cannot have occurred 2-3  -0.20 003 022 134 0.00 0.20
because chl a concentrations were 3-4  -074 013 0.40 49 000 0.74
1 it must be the arazing on 4-5 -0.35 0.04 042 100 0.00 0.35
very low, 1 g 9 <5 -025 003 029 134 000 025
algae <3 pm that was probably under- >5 -0.19 011 011 26 010 0.19
estimated. One of the problems we July-August, Stns H6-H7 <1 - - _ - - _
had with the Landry & Hassett dilution (Shetland region) 1-2 -0.15 0.03 045 34 000 0.15
method is that in the oligotrophic area 2-3 -016 0.04 036 34 000 016
3-4 - - - - - -
M-HJ5 the apparent growth rate of the
pparent growth rate o 1 4-5 028 005 051 34 000 028
smallest algae, with the lowest bio- <5  _023 0.04 049 34 000 023
mass (see Fig. 10), increased with >5 -0.35 0.08 0.37 34  0.00 0.35

increasing dilution only from 100 to




102
0.50 Aug all data M-H5 <1pym
© 0.25 |
) |
b
) 9 " 02 o4 o5 8ocs
o [ ]
S-0.25 +
©
050 L
050 Aug all data M-H5 1-2um
—'u [ ] Y
2
©
£
3
e
o
a
o
o
-0.50 -
0.50 Augeall data M-H5 2-3pm
—"U
2
e
£
kS
e
o
S .025+ '
«
® ] l
0501
0.50 Aug all data M-H5 3-4um

app growth rate @'

app growth rate a’!

app growth rate d”'

025 +
0.00 +

9

[
-0.25 +
0,50 - ® s
050 - @ Aug all data M-H5 >5pum
025+ 8 b °

[ ]
0.00 — o
® o2 0.6

9 ‘!‘ $

025+ ® !

-0.50 dilution

Mar Ecol Prog Ser 180: 93-104, 1999

0.50 4 Aug all data H6-H7 <1pm
0.25
0.00 + ; ; oy )
0 02 04 06 08 1
025 +
-0.50 -
0.50 Aug all data H6-H7 1-2pm

0.25 +

0.00 -

-0.25 +

-0.50

0.50 ¢ Aug all data H6-H7 2-3um

9 0.2 0‘4 0.6 ° 08

-0.25 -

-0.50 4

0.50 - Aug all data H6-H7 3-4um

0.25 -

0.00 - i + ;
02 04 08 08

=3

-0.25 +

-0.50 -

0.50 4 Aug all data H6-H7 4-5um

—

025+ '

-0.50
050 - §  Aug all data H6-H7 >5um
0.25

\
0.00

i
-0.25 +

° s

050 ~ dilution

Significant linear fits of k; versus dilu-
tion were obtained for the smaller frac-
tions (Fig. 9). Grazing estimates were
0.15, 0.16 and 0.28 d! for the 1-2, 2-3
and 4-5 pm size fractions, respectively.
Pooling Stns H6 and H7, overall grazing
on nanophytoplankton was 0.26 d-!. As
at the more southern stations, grazing
rates were low compared with algal
growth rates, and, although the estimates
were closer for the small fraction, the
data do not convincingly demonstrate the
expected microzooplankton grazing con-
trol of nano- and picophytoplankton near
the Shetlands in summer. This conclusion
was supported by the high chl a concen-
trations in the <5 pm fraction. One possi-
ble explanation might be that mesozoo-
plankton, which were more abundant at
these stations than in the south, may
have grazed not only on the larger algae
but also on the small herbivores. Another
reason for the pico- and nanophyto-
plankton dominance in the mixed layer
near the Shetlands in summer may be the
process of mixing with the Atlantic water
itself. If we assume that the oceanic
microzooplankton are not adapted to
North Sea conditions and vice versa, the
continuous mixing of shelf and ocean
water at Stns H6 and H7 may have had a
negative effect on microzooplankton
grazing.

Conclusions

Landry & Hassett dilution experiments
with samples from the North Sea gave
apparent growth rates which were highly
variable, especially when algal concen-
trations were low. When the apparent
growth rate values from successive
dilution experiments done at different,
but comparable, stations were taken to-
gether, the significance of the grazing
estimates increased considerably. These
average estimates for microzooplankton

Fig. 9. Apparent daily growth rate k, versus

dilution for all different sized clusters in the

M-HS5 and H6-H7 areas in August 1994 with

linear regressions (parameters shown in
Table 3b)
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(a)
1.2 M-H5 12 HB-H7 predation by mesozooplankton, which
5 10 - 10 ¢ were abundant in the Shetland region,
%08 0.8 caused this local change in the food web
N 06 - 0.6 structure.
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