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ABSTRACT. The growth of 2 different algal size classes was studied in March/April 1994 during the
establishment of the spring bloom along a transect from the Dogger Bank to the Shetland Islands in the
North Sea. Size-differential growth rates were estimated on the basis of independent measurements of
carbon and nitrogen uptake. At the shallower stations near the Dogger Bank (DB) area, chlorophyll a
(chl a) levels were up to 5.8 pg 1.' In the bloom 89%1of the chl a was in the > 5 pm fraction. In the central North Sea (cNS) and near the Shetland Islands (SI) total chl a was 0.52 and 0 38 pg I-', respectively;
60% was in the >5
fraction. Depth-integrated primary production at the DB, cNS and S1 was 46, 145
and 149 m g C m-' d-l. respectively, for the c 5 pm fraction, and 392, 254. and 282 mg C m-2 d-' for the
total phytoplankton communities (n = 6, 24 and 8, respectively). The major nitrogen source was nitrate
according to "N uptake. The average f-ratios calculated from nitrate uptake at, respectively, the DB,
cNS and S1 were 83 (n = 4), 7 1 (n = 12),and 61 % (n = 5) of the total nitrogen uptake by the total phytoplankton community. The < 5 pm fraction had a lower preference for nitrate except for the populations
near the Shetland lslands with values of 71 (n = 4), 63 (n = 12). and 6 2 % (n = 5). respectively, of the total
nitrogen uptake. Ammonium was taken up about twice a s fast a s urea by both the < 5 pm and the total
fraction. The average specific growth rate of phytoplankton, calculated on the basis of nitrogen uptake,
along the transect was 0.27 t 0.11 d.' (n = 36) for the < 5 pm fractlon with a maximum value of 0.73 d-'.
The larger size fraction had a significantly (p<O 0005) lower average specif~cgrowth rate (0.17
0.11 d-l) with a maxlmum value of 0.70 d-' The chl a specif~ccarbon uptake rates yielded similar estimates of the specific growth rate: 0.29 ? 0.10 d-' (n = 28) for the smaller size fraction a n d 0.15 + 0.05 d-'
(n 28) for the > 5 pm slze fraction. Since the calculated specific growth rates, based on either nitrogen
uptake or inorganic carbon uptake, were in good agreement with each other for both size fractions,
it was concluded that smaller algae apparently grow faster than larger ones in this typically lightcontrolled environment. The > 5 pm fraction, however, dominated the bloom at the Dogger Bank. Our
findings consolidate the concept of size differential control of phytoplankton communities under typical
spring bloom conditions which originally was demonstrated in a coastal area (Riegman et al. 1993; Neth
J Sea Res 31:255-265).
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INTRODUCTION
An increase in incident daily irradiance triggers the
spring bloom of phytoplankton. The increase of biomass is mainly attributed to diatoms having larger cell
size than the predominant pico- and micro- algae of
winter populations (Raimbault et al. 1988, Chisholm
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1992, Kiegman et al. 1993). Classical explanations for
the shift in dominance towards larger cell size classes
are related to the competitive ability of diatoms and
their reduced sedimentation losses in turbulent waters
(Margalef 1978). It is obvious that the disadvantage of
higher intrinsic sedimentation rates of larger diatoms
diminishes in turbulent waters. There are even larger
diatoms which are capable of becoming positively
buoyant (Fisher & Harrison 1996, Moore & Villareal
1996). However, low sedimentation losses of larger
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diatoms still do not explain their dominance under turbulent conditions, since the sedimentation losses of
pico-, and usually motile micro-algae, are also low in
turbulent waters. Therefore size differential biomass
accumulation in turbulent waters might be explainable
by other species specific fitness factors such as competitive ability and sensitivity to grazing pressure.
For both freshwater (Sommer 1989) and marine species (Riegman et al. 1996), it has been demonstrated
that, amongst various taxonomic groups, diatoms are
superior competitors for light and nutrients if silicate is
available. Characteristic for spring blooms is that they
are established under light-limiting growth conditions
(Riegman et al. 1993, Rees et al. 1995).Measurements
on the specific growth rate are surprisingly rare, but
those reported indicate a specific growth rate which is
about 30 to 50% of the maximum growth rate which
cou.ld be achieved at the ambient temperature and
nutrient concentrations (Epply 1972). Theoretically,
smaller cells are better competitors for light than larger
ones. This is because the energy requirement for cell
synthesis increases to a larger extent with cell size than
the cellular photon absorption (Raven 1984). Thus, on
the basis of competition alone, it would be expected
that spring blooms would be dominated by diatom
species which have a small cell size.
In contrast to copepods, microzooplankton is usually
present in significant amounts during the establishment of the spring bloom (Verity 1986, Riegman et al.
1993). In a previous study, we measured a herbivoric
grazing pressure up to 0.38 d-' during the establishment of a spring bloom in the Dutch coastal area (Riegman et al. 1993). Elimination of microzooplankton by
serial dilution resulted in a dominance of algae < 8 pm,
whereas the untreated controls were dominated by
larger algae similar to natural conditions when microzooplankton was present (Riegman et al. 1993).
The concept of size differential control of phytoplankton (Riegman et al. 1993)implies that in the same
watermass the biomass of algae in different size
classes can be regulated by different controlling
factors. That is, the biomass of small algae can be
controlled by grazing, whereas the biomass of larger
phytoplankton is mainly regulated by the balance
between growth and sedimentation rates. This concept
has been a successful theoretical framework for the
analysis of foodweb dynamics (Thingstad & Sakshaug
1990) and the interpretation of seasonal succession of
algal species in the North Atlantic (Taylor et al. 1993).
Although the arguments for size differential control
have been described extensively by various authors
(e.g.Thingstad & Sakshaug 1990, EO.0rboe 1993, Riegman et al. 1993), the actual evidence, based on real
measurements on size differential growth rates of
natural populations, is still very restricted.

Here we present the results of a study on the growth
rates of 2 different algal size classes during the establishment of the spring bloom along a transect from the
Dogger Bank to the Shetland Islands in the North Sea.
Size differential growth rates were measured on the
basis of independent measurements of carbon and
nitrogen uptake. Nitrogen uptake was monitored for
ammonium, nitrate and urea since size differential
preference has been reported (Koike et al. 1981,
Probyn 1985). The relative preference index (RPI; McCarthy et al. 1.977),indicating the preferential uptake
of ammonium (above other nitrogen sources),has been
found to be higher in smaller size fracti0n.s (Probyn
1985).However, this might be due to the contribution
of bacterial ammonium uptake in the smallest size
fraction. Since the specific algal growth rate cannot be
concluded from the RPI, and the RP1 is only weakly
related to a physiological preference (Stolte & Riegman 1996),we preferred to use the sum of ammonium,
nitrate and urea uptake, relative to particulate nitrogen, as an indicator for the specific growth rate of
algae in the different size classes. The 2 independent
estimations of algal growth rate (based on carbon and
nitrogen uptake) were used to explore the hypothesis
that smaller algae grow faster than larger ones as previously predicted (Raven 1984) and demonstrated for
laboratory cultures (Chan 1978, Blasco et al. 1982),and
in a coastal ecosystem (Riegman et al. 1993).

MATERIAL AND METHODS

The cruise track between the Dogger Bank (North
Sea) and the Shetland Islands is shown in Fig. 1. Along
the transect there were 7 main stations (H0 to H7).
Additionally, there were 6 sub-stations (NI to N6)
located in between these main stations, and 16 substations located 32 km eastwards (E0 to E?')and westwards (WO to W?) of the main stations. At all stations
CTD profiles were obtained to provide information on
temperature, light attenuation, turbidity and fluorescence between 28 March and 12 April 1994. At various
depths, samples were taken with NOEX bottles for
carbon fixation (2 depths), chl a and nutrients (5, 10,
20, and 40 m).
Incident solar irradiance was measured for 2 wk on
board ship, using a &pp Solarimeter. The photosynthetically available radiation (PAR)was calculated from the
average dady irradiance assuming PAR to be 45 % of the
total irradiance and expressed as J m-' S-' (Liining 1981).
Light reflection at the sea surface was assumed to be 3 76
of the total irradiance (Vermij 1987). The underwater
scalar attenuation coefficient (Kd(m-') was calculated
from underwater PAR quantum measurements and
fitted according to the Lambert-Beer law.
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Fig.

1. Transect wlth the sampling stations along the transect
from the Dogger Bank to the Shetland Islands (North Sea)
visited in April/May 1994

NH,, NO3, and urea were measured with a TRAA
autoanalyser system. NH, was detected immediately
after sampling as indo-phenolblue-complex (pH 10.5)
at 630 nm (Helder & d e Vries 1979); NO3 was reduced
in a copper cadmium coil to nitrite (using imidazole as
a buffer) and then measured as nitrite. NO2 was
detected after diazotation with sulphanilamide and N(1-naphty1)-ethylene diammonium dichloride as the
reddish purple dye complex at 540 nm (Grasshoff
1967). Urea was determined within 1 mo after storage
at -30°C and measured at 520 nm after condensation
with diacetylmonoxime to form a pink coloured complex using thiosemicarbazide to intensify and ferrichloride to stabilize the colour.
Samples for chl a analysis were collected by filtration
(Whatman GF/F for unfractionated phytoplankton and
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by polycarbonate filters (5 pm, Poretics) for the > 5 pm
fraction) and analyzed on board fluorometrically according to the method of Holm-Hansen e t al. (1965).
Carbon fixation was estimated using the I4C technique (Riegman & Colijn 1991).
Water samples were taken from 2 different depths
( a t 10 m, and at 40 m or at the fluorescence maximum
if present) and subdivided in 50 m1 subsamples. Prior
to incubation 5 pCi NaH14C03(Amersham) was added
to subsamples in an irradiance gradient incubator at
in s ~ t utemperatures. The incubator was illuminated
with a n Osranl metallogen HMI 1200 W lamp, the
spectrum of which closely resembles that of natural
sunlight (Colijn 1983). Different irradiances were
achieved using neutral density filters (Lee, Andover,
UK). The side walls of the incubation vessels (tissue
culture bottles; Greiner, Solingen, Germany) were covered with black tape to ensure illumination exclusively
from the front. It was concluded from previous tests
that this precaution improved the reproducibility of
P/1 (photosynthesis/irradiance) measurements. Irradiances were measured prior to every incubation using a
Licor LI-192 SA underwater Quantum sensor. Calculation of the average irradiance of each vessel was based
on in- and outcoming irradiance which was measured
for each incubation series. For the establishment of one
P/I relationship at least 7 irradlances (ranging from 10
to 3000 pE m-2 S-') were used. After incubation for 2 h,
samples were filtered through 5 pm pore size Poretics
polycarbonate membrane filters and the filtrate across
Whatman GF/F filters with a gentle filtration pressure
(-12 kPa relative to atmospheric pressure) to obtain
size-fractionated carbon fixation rates. Filters were
fumed over conc. HCI for at least 10 min a n d counted
in a liquid scintillation counter after addition of 10 m1
Instagel I1 (Packard Canberra). Total inorganic carbon
was determined with a TOC analyzer (model 700;
I 0 Corporation, College Station, TX, USA).
Filter absorption was found to b e negligible. Dark
values, never exceeding 5 % of the maximum photosynthesis rate, were not subtracted from light values
(Mortain-Bertrand et al. 1988).
P/I curves were fitted according to Platt e t al. (1980).
Daily carbon fixation profiles were calculated from the
average PAR, K,, the measured P/I relationship from
the 10 m sample for the upper 30 m of the water column and the measured P/I relationship from the 40 m
sample for the remaining part of the water column, a n d
corrected for the vertical distribution of phytoplankton
as indicated by the fluorescence measurements. This
incu.bator method has been found to deviate by less
than 1 0 % from in situ measurements (Riegman &
Colijn 1991).
Nitrate, ammonium and urea incorporation rates were
estimated using IsN. From 10 m and 40 m depth, 1 1
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samples were spiked with either lSNH4+,I5NO3- or
I5N-urea added in trace amounts and incubated in
polycarbonate bottles. We enriched the samples with
10% of the ambient concentration, subjected to a minimum of 0.1 pM. We corrected for this enrichment assuming that the nutrient uptake rate is linearly related
to its concentration. The bottles were incubated at in situ
temperature (9 to 12OC) and a photon flux density of
60 pE m-2 S-', corresponding to 10 m depth, or 10 pE
m-' S - ' , corresponding to 40 m depth. After 2 h, the
incubation was terminated by filtration of 300 m1
samples using maximally -12 kPa. Filtration through a
precombusted Whatman GF/F filter was performed to
obtain the uptake by total particulate material. The
< 5 pm fraction was collected on a precombusted Whatman GF/F filter after filtration through a 5 pm pore size
polycarbonate filter (Poretics).The filters were stored
at -50°C for no longer than 3 mo before analysis. Filters were then dried and acidified twice with H2SO3to
remove inorganic carbon. Particulate carbon, nitrogen
and 615N were determined using a Carlo Erba Instruments NA 1500 Series 2 CNS Analyzer on line with a
VG Isotech Optima Stable Isotope Mass Spectrometer.
15N incorporation rates were calculated after Dugdale
& Goering (1967).
The specific growth rate of phytoplankton (pN).
based on hourly nitrogen uptake in the light, was calculated by division of the total inorganic nitrogen
uptake rate by chl a and a cellular N/chl a ratio of 6.05
(pg pg-l). This ratio was calculated from the average
total particulate N/total chl a ratio measured at all
stations. This hourly based specific growth rate was
converted to a daily rate by multiplying by 24. Additionally, the daily specific growth rate was multiplied
by 5/8, assuming that the algae experienced light only
during 12 h of the day at which they would take up
nitrogen at the same rate as under the experimental
conditions. During the 12 h dark period, it was assumed that the nitrogen uptake rate would be 25 % of
the measured uptake rate in the light.
The specific growth rate of algae, based on the measured inorganic carbon fixation rates ( p c ) , was calculated by division of the carbon fixation of the watercolumn by the product of mixing depth and chl a
concentration, and a C/chl a ratio of 25 (Gieskes &
Kraay 1984, Riegman et al. 1993). Additionally, this
apparent growth rate was multiplied by 0.5 to yield
the estimated specific growth rate. This factor 0.5 was
based on the assumptions that during the 12 h dark
period no carbon was fixed, that storage products are
converted into new cell material with an efficiency in
cell synthesis of 33% in order to maintain the same
growth rate in the dark period. (Riegman 1985)' and
that the specific growth rate in the dark period (supported by conversion of storage products) was equal to

the specific growth rate in the light period. Primary
production was calculated as the product of the specific growth rate (calculated as average from pc and
pN),the mixing depth, chl a and a C/chl a ratio of 25
(Gieskes & Kraay 1984).

RESULTS

The CTD profiles indicated a homogenous vertical
distribution of conductivity and temperature (data not
shown) at all stations down to 5 m above the bottom. At
the northern part of the transect, where the i.nflow of
nutrient-rich ocean water occurs, the highest nutrient
concentrations were observed (Table 1 ) .From north to
south, nitrate declined from 11 pM to 0.3 yM on top of
the Dogger Bank. Ammonium and urea were generally
low (below 0.15 PM) with the majority of the area
being characterized by average values of 0.06 + 0.04 yM
( n = 24) for ammonium and 0.04 + 0.03 pM (n = 24) for
urea. The observed lower values of nitrate between the
southern stations H0 and N2 coincided with enhanced
chl a values (Table 1).At the deeper stations (H3 to W7,
average depth = 119 * 20 m) total chl a was vertically
distributed homogeneously at values of 0.4 pg 1-' with
mixing depths greater than 80 m. Higher values were
observed at shallower stations, with a maximum of
5.9 pg 1-' at Stn H1 at the northern slope of the Dogger
Bank. This phytoplankton spring bloom consisted
mainly of algae larger than 5 pm. The < 5 pm size fraction varied between 0.1 and 0.7 yg 1-l, whereas the
> 5 pm size fraction varied between 0.1 and 9.1 pg 1-I
The total nitrogen uptake rate (Fig. 2) showed a comparable distribution to chl a. Low values were found at
the Stns H3 to W? (0.09+0.09 pg N 1-' h-'; n = 24). In
the bloom over the Dogger Bank, higher values up to
0.69 pg N 1-' h-' were measured for the total plankton
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Table 1. Dissolved nitrogen concentrations, total nitrogen uptake rates ( V ) and chlorophyll a (chl a) at 10 m depth; and gross carbon
fixation rates (CFR) at the vanous stations along the transect from the Dogger Bank to the Shetland Islands in March/April 1994
Station
no.

Location
Lat. (N)/Long. (E)

NH,'

NO3-

Urea

-(PM) -

fraction. The difference to the uptake rate of the < 5 pm
fraction (Fig. 2) indicated that the majority of nitrogen
uptake was mediated by the >5 1-lm fraction in this
spring bloom.
The main inorganic nitrogen conlponent taken up by
the plankton was nitrate. Remarkably, although nitrate
was much lower at Stns H0 to W1 than at other stations, nitrogen uptake was mainly in the form of nitrate
(Fig. 3). This could be explained by the size distribution of the community. At the stations with a low dominance of larger algae (Stns 7 to 3), the contribution of
nitrate, urea, and ammonium was 68 + 9, 10 8 and
22 + 9% (n = 18) of the total nitrogen uptake, respectively, for the total communities. Uptake by the <5 pm
fraction (contributions of nitrate, urea, and ammonium
were 65 + 11, 10 + 7 and 25 + 13% [n = 181 of the total
nitrogen uptake, respectively) showed a comparable
speciation (Fig. 4) with a slightly higher preference for
ammonium compared to the total community.
Larger phytoplankton dominated at Stns H l , E l , W l
and N I near the Dogger Bank. At these stations, the
preference for nitrate by the total community was more
pronounced. For the total plankton community, the

VNH~* V N O ~ VtIrPO

-(m9 N m-3 h-') -

Chla Chla
<5 pm total
(
p1 -

CFR
CFR
<5 pm total
(g C m-' d-l)

contribution of nitrate, urea, and ammonium was 82 +
7, 5 r 3, and 13 i 6% of the total nitrogen uptake,
respectively. For the < 5 pm fraction, these values were
68 + 10, 17 t 11, and 15 r 4 %, respectively.
The average particulate molar C:N ratio was 6.3
along the transect.

. . .
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Fig. 3. Relative uptake rates of nitrate, urea, and ammonium,
calculated as a fraction of the total nitrogen uptake rate, by
the total communities at the different stations
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Fig. 4. Relative uptake rates of nitrate, urea, and ammonium,
calculated as a fraction of the total nitrogen uptake rate, by
the < 5 pm fraction at the different stations

Primary production, actually reflecting gross carbon
fixation rates due to the relatively short incubation
time (i.e. 2 h), showed a somewhat scattered pattern
(Fig. 5). Unfortunately, due to technical problen~sat
the begin.ning of the cruise, no measurements were
performed at the peak of the bloom. Along the entire
transect, the average carbon fixation rate for the total
community was 0.42 + 0.11 g C m-' d-l (n = 20). The
carbon fixation rates were more or less evenly distributed over the 2 size fractions > 5 pm and < 5 pm at Stns
H4 to W7 (Table 1).Closer to the Dogger Bank in some
cases the >S pm fraction was more productive,
whereas at other stations the <5 pm fraction exhibited
higher carbon fixation rates. Along the entire transect,
average carbon fixation rates were 0.23 + 0.06 g C m-'
d-l (n = 20) for the <5 pm fraction (Fig. 6) and 0.20 +
0.09 g C m-' d-' ( n = 20) for the > 5 pm size fraction.
Relating nitrogen uptake rates and carbon fixation
rates to algal biomass yielded estimates of specific algal
growth rates along the transect. The average algal
growth rate along the transect (based on nitrogen up-

take and presented as p~ in Fig. 7) was 0.27 + 0.11 d-'
(n = 36) for the smaller size fraction with a maximum
value of 0.73 d' l . The larger size fraction had a significantly (p< 0.0005) lower average specific growth rate
( 0.17 + 0.11 d-l) with a maximum value of 0.70 d-l.
The chl a specific carbon uptake rates ( p c ) yielded
estimates of the specific growth rate which were comparable to the p~ values (Fig. 8). Except for 2 stations
(H6 & E4), again a higher specific growth rate (pc) for
the smaller size fraction was found (0.29 + 0.10 d-'
[n = 281 versus 0.15 i 0.05 d-' [n = 281 for the > 5 pm
size fraction).
Since the calculated speclfic growth rates, based on.
either nitrogen uptake or inorganic carbon uptake,
were in good agreement with each other for both size
fractions, it was concluded that smaller algae apparently grew faster than larger ones in this typically
light-controlled environment. However, the larger species dominated the bloom at the Dogger Bank.
The primary production, defined as the daily biomass
production by phytoplankton, was calculated from the
specific phytoplankton growth rate (averaged values for
estimates from carbon and nitrogen uptake) and the actual biornass of the populations. Along the entire transect, the primary production did not vary to a large extent. Average values for the < 5 pm fraction and the total
populations were 140 and 265 mg C m-* d-l, respectively. At one station (WO),located over the Dogger Bank
and having a water column of only 30 m, primary production was 140 and 1440 mg C m-' d-', respectively,
for the < 5 pm fraction and the total community.

DISCUSSION

Prior to the spring bloom period, the plankton community in the northern part of the North Sea experienced high nutrient concentrations, a low temperature (5.7 to 7.7"C), and a mixed water
column where a part of the community was
frequently exchanged between the upper
photic zone (ca 50 m) and the deeper, dark
part of the water masses. Typical winter valu.es for primary production in the area are in
the
order of 0.2 g C m-' d-' (Richardson &
5 Heath
1990). According to our measure60a ments, primary production had increased
slightly (to 0.26 g C m-2 d-l) in Apnl. At the
80 prevailing temperature, the length of the
light period (12 h d-l), and saturating irradiH7
H6
H5
H4
H3
H2
HlHO
ance and nutrients levels, algae can achieve
Shetlands
Dower Bank
a growth rate of ca 0.7 d-' (van Boekel 1992).
Station
The observed specific growth rates (0.17 to
0.32 d-'1 of the natural ~ o ~ u l a t i o nwere
s
Fig 5. Gross carbon fixation rates (rng C m-3 d-l) by the total algal
communities along the transect
much lower Most likely, the low incident
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The specific growth rates, estimated from
carbon uptake, were in good agreement with
the estimations from independent nitrogen uptake measurements. However, it should b e
mentioned that both types of estimations of the
specific algal growth rate depend strongly on
the conversion factors used in the calculation.
So the real p~ and pc may have been different
80 from the estimates presented here. Independent of the conversion factors are the trends
along the transect and the differences in p~ and
H7
H6
H5
H4
H3
H2
HlHO
pc between the 2 size fractions. Both methods
Doqqer Bank
Shetlands
showed similar trends, which allows the stateStation
ments on size differential growth rates.
Fig. 6 . Gross carbon fixation rates (mg C m-3 d-') by the c 5 pm fraction
~ ~ ~ l microscop~ca~
i t ~ t i ~observations
~
inof the communities along the transect
dicated the dominance of diatoms. This was
also indicated by the nutrient profiles along
irradiance, in combination with deep mixing, prothe transect. Assuming that, prior to the spring bloom,
vided light-limitation of phytoplankton growth. Consilicate and nitrate concentrations near the Dogger
sequently, growth was still light-limited. The critical
Bank were identical to the concentrations at Stns 3 and
depth at which photosynthesis equals respiration is
4 (where the spring bloom had not yet started), it can
determined by the depth-averaged, vertically intebe calculated from the consumed nitrate how much
grated irradiance (Townsend et al. 1992). Increasing
silicate would have been consumed if all algae had
solar elevation in spring enhances the critical depth,
been diatoms. In another study, Mills et al. (1994)
Intersection with the bottom (or a newly developed
observed molar nitratesilicate consumption ratios durthermocline) prevents mixing into deeper dark layers,
ing the establishment of the diatom spring bloom of 1.9
thereby reducing respiratory losses. This is why at
in the central North Sea and 2.1 in the southern North
shallower stations (such as over the Dogger Bank) an
Sea. These values are close to the average chemical
earlier onset of the spring bloom and higher algal biocomposition (ratio is 2.06) of marine diatoms (Healy
masses were observed. Assuming comparable inci1971).The difference in silicate concentration between
dent PAR values at all stations, it must be concluded
Stns 3 & 4 and 0 & 1 was 3.5 p M .This corresponds with
that this energy input was converted into algal bioa consumption of 7.2 pm01 nitrate 1-l. The difference in
mass production (Fig. 9) with a rather constant effinitrate concentration between Stns 3 & 4 and 0 & 1 was
ciency, regardless of the thickness of the water
8.7 FM. This indicates that 83 % of the new production
column. In the absence of a deep dark lower layer at
was in the form of diatom biomass. The dominance of
Stns 1 and 2, a higher algal biomass could be maindiatoms in spring blooms is a well known phenomenon. Usually, their dominance is explained by their
tained compared to Stns H3 to W?.
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Fig. 7. Specific growth rate of phytoplankton, calculated on
the basis of nitrogen uptake (pN),for algae < 5 pm (0) and the
total phytoplankton communities ( 0 )

Shetlands

Station

Dogoer Bank

Fig. 8. Specific growth rate of phytoplankton, calculated on
the basis of inorganic carbon uptake ( p C ) ,for algae < 5 pm (a)
and the total phytoplankton communities (0)
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Station
Fig. 9. Primary production of the total phytoplankton commun ~ t l e s(0) and the c 5 pm slze fraction (m), calculated as the
product of algal biomass and their specific growth rates estimated from nitrogen and carbon uptake, along the transect

high maximum growth rate (p,,,, compared to other
taxonomical groups (Chisholm 1992). Here, we show
that the spring bloom is established under nonsaturating, light-limiting conditions. In such an environment, species are not selected for their LI,,,, but
for their affinity to light (Huisman 1997). Since marine
diatoms are good competitors compared to nondiatoms under light-limiting conditions in the presence
of nitrate and silicate (Riegman et al. 1996), they
become dominant during the establishment of the
spring bloom.
There are large and small diatom species. Size-fractionated chl a measurements indicated the dominance
of larger species in the bloom despite the fact that they
were growing slower than the smaller ones. Biomass
dynamics in natural populations are determined by
gain and loss factors. In an earlier study (Riegman et al.
1993) we showed how a spring bloom in a coastal area
of the North Sea was established in the presence of
substantial grazing by microzooplankton on smaller
algae resulting in biomass accumulation of the larger
algal species. Indeed, a higher microzooplankton grazing activity was observed at the stations in the bloom
(Kuipers & Witte 1998). Apparently, size-differential
control of phytoplankton plays an important role in
light-controlled systems.
Although considerable inter- and intra-species specific variations in the C:N ratio have been observed in
mono-algal cultures (Biddanda & Benner 1997), the
C:N ratio along the transect was fairly constant and
was only slightly lower (6.3) than the Redfield ratio
(6.6). This ratio appears to be remarkably conservative
in the sea (Takahashi et al. 1985, Karl et al. 1993).
The speciation of nitrogen uptake indicated the importance of nitrate as main nitrogen source for phytoplankton. Bacterial production varied from 15 mg C

m-2 d-' at the northern stations to 60 mg C m-' d-'
at Stns 0 & 1 (Kop pers. comm.). These values at the
northern and southern locations were equivalent to
6 % and 23%, respectively, of the local primary production by the < 5 pm fraction. Expressed as Oh of the
total primary production these figures were 3% and
9 % . This indicates that the majority of the measured
nitrogen uptake rates could be attributed to phytoplankton. This is clearly different from nutrient controlled systems where ammonium uptake by bacteria
can have a significant effect on size-differential
f -ratios for nitrogen uptake (Probyn 1985). In agreement with other field studies (Probyn 1985, Owens et
al. 1990) we also observed nitrogen resource partitioning between the algae of different size classes,
indicating that the larger algae exhibited a lower
preference for regenerative nitrogen than the smaller
species. This was observed at the stations (H0 to N2)
where the phytoplankton was dominated by larger
species and the phytoplankton was growing towards
nitrogen limitation or silicon limitation. So far, a
sound positive correlation between nitrate uptake
rates and algal size has been demonstrated in
nitrogen-limited discontinuously diluted batch cultures (Stolte et al. 1994. Stolte & Riegman 1995). It
might very well be that the size differential uptake of
nitrate is not very significant in light-controlled population~,according to the observations at Stns H3 to
W f . In irradiance-controlled Antarctic surface waters,
Probyn & Painting (1985) observed some size differential nitrogen resource partitioning at 3 out of the 5
stations, where the phenomenon was mainly present
in the < l pm fraction, which is dominated by bacteria.
In spring 1992 and 1993, new production was 25%
and occasionally up to 50 % in the western Skagerrak
area of the North Sea (Karlson et al. 1996). These
authors reported that ammonium was taken up twlce
as fast as urea, which is in close agreement with our
findings. This might indicate that nitrogen is regenerated at least twice as fast by micro- and mesozooplankton than by bacterial degradation and animal
secretion (McCarthy 1982) during spring. We observed
new production values up to 80 % in the central North
Sea, which is higher than the typical summer values
(less than 25%; Owens et al. 1990), and this is most
likely related to nitrate availability.
Our findings consolidate the concept of size differential control of phytoplankton communities under typlcal spring bloom conditions which originally was
demonstrated in a coastal area (Riegman et al. 1993).
The spring bloom is established under light-limiting
conditions. The specific growth rate of algae is nonsaturated, and the smaller algae grow faster than the
larger ones.
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