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Spring bloom nutrient dynamics in the Oslofjord
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ABSTRACT: Primary production and uptake rates of ammonium, nitrate and silicic acid were mea-
sured during the 1996 spring bloom in the Oslofjord, southern Norway, using isotope methodology
(*4C, N and *2Si). Chlorophyll a (chl a) standing stock peaked at 38 mg chl a m~>. Diatoms, especially
Thalassiosira nordenskioeldii, dominated the plankton community. The diatom bloom followed a
sigmoid growth pattern until it abruptly declined. Both nitrate and silicic acid were depleted from the
surface layer during the bloom. Nitrate was the major nitrogen-source for phytoplankton growth, the
f-ratio was >0.9 until the bloom declined. Virtually all the silicic acid was converted into diatom frus-
tules (biogenic silica), and silicon controlled the primary production during the bloom.
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INTRODUCTION

The spring bloom is a characteristic feature of many
northern temperate coastal ecosystems (Cebridan &
Valiela 1999). Autotrophic production and heterotrophic
consumption are uncoupled during the spring bloom,
and this uncoupling results in dense phytoplankton
populations which may deplete most of the nutrients in
the euphotic zone (Bienfang & Ziemann 1992, Kudo et
al. 2000). However, the spring bloom may also decline
in nutrient-rich water because of unfavourable meteo-
rological and hydrographical conditions (Levasseur et
al. 1984, Cloern 1996).

Aggregation of cells followed by rapid mass sedi-
mentation of larger aggregates have often been ob-
served during algal blooms, especially during the lat-
ter parts of the blooms (Smetacek 1985, Kigrboe 1996).
Lately, coagulation of cells (stickiness of colliding par-
ticles) into rapidly sinking aggregates has been sug-
gested as an important factor in regulating the spring
bloom in coastal waters which are not yet nutrient-
depleted (Jackson 1990, Kigrboe 1996). It has also been
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shown experimentally in laboratory mesocosms that
aggregation of cells may start prior to nutrient deple-
tion (Alldredge et al. 1995).

Fjords offer ideal locations for studying the spring
bloom. They are sheltered and the diatom spring bloom
is usually an intense and rather short-lived event
(Smayda 1980). In some Scandinavian fjords, phyto-
plankton spring blooms were shown to follow classical
coagulation theory (Jackson 1990), and the nutrients
were not depleted (Kiorboe et al. 1994, Tiselius & Kuy-
lenstierna 1996). In other fjords, the Oslofjord included,
nutrients (nitrate or silicic acid) have been reported to
become greatly reduced or depleted during the spring
bloom (e.g. Lannergren & Skjoldal 1976, Bamstedt
1985, Kristiansen 1987, Paasche & Erga 1988). We
studied the spring bloom in the Oslofjord in detail, and
asked the following questions: Did nutrients limit the
phytoplankton standing stock and production during
the spring bloom? Why did the bloom collapse?

MATERIALS AND METHODS

Water samples were collected at 1 m depth from a
pier in the Drgbaksund, a narrow neck of the Oslo-
fjord, southern Norway (69°40.0'N, 10°37.6'E; maxi-
mum water depth ca 80 m). Heavy ice in the fjord pre-



42 Mar Ecol Prog Ser 219: 41-49, 2001

vented more detailed sampling (Table 1). Nine sam-
ples were collected from 27 February to 26 March 1996
using a non-toxic water sampling bottle (Vattenprov-
tager, 1500 ml, Aqua Produkter HB, Sweden).
Concentration of biogenic silica (BSi) was measured
by soda hydrolysis (Paasche 1980). Particulate carbon
(PC) and nitrogen (PN) were analyzed using a Carlo
Erba Elemental Analyser and chlorophyll a (chl a) was
measured in acetone extracts using a Turner Designs
fluorometer calibrated against sigma chl a. The chl a
samples were filtered onto 0.6 pm polycarbonate fil-
ters and analyzed immediately. The particulate sam-
ples were filtered onto 0.6 pm polycarbonate filters
(BSi) or precombusted GF/F filters (PC and PN), and
the filters were dried at 60°C and analyzed 2 to 3 mo
later. Phosphate and silicic acid concentrations were
measured on frozen samples according to Strickland
& Parsons (1972), and ammonium concentration was
measured less than 2 h after sampling according to
Solérzano (1969). Nitrate and nitrite concentrations
were measured on frozen samples using a ChemLab
autoanalyzer and methods adapted from Strickland
& Parsons (1972). Quantitative plankton samples
were preserved with neutralized formaldehyde and
counted in an inverted microscope using 2 ml (phy-
toplankton) or 50 ml (microzooplankton) chambers.
More than 150 cells were counted of the dominating
phytoplankton species, and usually <50 cells were
counted of the non-dominating species. Average cell
dimensions were used to calculate phytoplankton
carbon from cell volume by the equations given in
Strathmann (1967). Some flagellates (both autotrophic
cells and potentially important grazers) may have
been lost during the fixation. Delicate autotrophic
flagellates have been found to be of minor importance
during the spring bloom (Throndsen 1976, 1979).

Table 1. Surface ice cover (in quarters), salinity, and maximum
surface irradiance (PAR) in the Dregbaksund, southern Norway.

—:no data
Date Ice Salinity Max. surface PAR
(1996) conditions (mol m2h?)
Feb
27 3/4 - 1.9
29 3/4 25.78 2.4
Mar
5 1/2 26.12 2.7
8 1/2 27.89 1.6
12 1/2 28.25 2.3
15 3/4 27.80 2.8
19 3/4 28.40 2.3
22 1/4 28.23 3.2
26 «<1/4 25.71 3.2

The heterotrophic dinoflagellate Gyrodinium spirale
may graze on Thalassiosira nordenskioeldii (authors’
own obs.). Abundances of this and similar delicate
flagellates were probably underestimated in our
samples. However, microscopic examination of live
samples did not reveal large numbers of flagellates.
Our estimates of dominating species should thus be
reasonable.

Several methods are available for studying nutrient
limitation of phytoplankton growth. However, most
methods have shortcomings, and it is often difficult
to identify nutrient limited phytoplankton growth in
the sea (Harris 1986, Valiela 1995). We chose to com-
bine nutrient concentrations and phytoplankton abun-
dance with short-term physiological measurements
(primary production and uptake rates of N and Si).
Primary production and uptake rates of ammonium,
nitrate and silicic acid were measured using the iso-
topes *C (Strickland & Parsons 1972), °N (Kristiansen
& Paasche 1989) and 32Si. The silicon uptake rates
(®2Si) are from Kristiansen et al. (2000). The isotopes
were added to separate polycarbonate incubation
bottles, incubated for 5 h (10:00 to 15:00 h local time)
at in situ temperature (between -1 and 0°C) and
exposed to 50% of surface irradiance. The incuba-
tions were terminated by filtering the samples onto
GF/F glass microfibre filters (\°N) or onto 0.6 um poly-
carbonate filters ("*C and 32Si). The funnels and filters
were finally rinsed with 5 to 10 ml filtered seawater
(0.6 pm polycarbonate), and all the filters were dried
at 60°C. Activities of the isotopes were 220 kBq C
and 0.7 kBq 32Si added to 250 ml samples, and
0.05 pmol ammonium, 0.05 pmol and 0.5 pmol nitrate
(all 99 at. % *N) added to 1000 ml samples. Ambient
nitrate concentrations on 22 and 26 March were
<0.2 mmol m™3. The corresponding nitrate uptake
rates are from the low ®N (0.05 pmol)-addition bot-
tles, the other nitrate uptake rates (ambient nitrate
concentrations >4 mmol m~3) are from the high ®N
(0.5 pmol)-addition bottles.

Coagulation theory (Jackson 1990) was used to
calculate critical cell concentrations (net algal growth
balanced by coagulation and grazing) of the dominat-
ing species. The stickiness coefficient was an aver-
aged literature value (0.15), the fluid shear rate was
calculated from the wind speed, and the cell size was
single-cell equivalent spherical diameter calculated
from size measurements of the individual species (see
Tiselius & Kuylenstierna 1996). Net algal growth
rates (d!) were calculated by regression of the nat-
ural logarithm of the cell concentrations from the
3 first samplings versus time. Salinity was measured
using a salinometer (YEO-KAL model 601Mk1V).
Irradiance (PAR) was measured using LI-COR quan-
tum sensors.
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RESULTS

A variable breeze prevailed in the fjord during
the spring bloom, with a daily average wind speed
of <5 m s™! (Fig. 1). Two periods of very weak winds
(<2 m s'on 2to 11 and 17 to 24 March) were in-
terrupted by days with slightly stronger winds (3 to
5 m s7!). Surface irradiance (PAR) also varied (Fig. 1).
Generally it increased (almost doubled) during the
sampling period, and the daily maximum surface irra-
diance was in the range 1.6 to 3.2 mol m™2 h! on the
sampling dates (Table 1). The fjord was partly filled by
broken ice until our last sampling date (Table 1), and
our sampling regime had to be restricted to 1 m depth
at 1 station only. The surface layer (upper 5 m) was
well mixed and the main pycnocline was situated at
20 to 25 m depth (Fig. 2). Our sampling started during
the early phase of the spring bloom (4.9 mg chl a m™:
Table 2). Concentrations of nitrate, phosphate and
silicic acid gradually decreased during the bloom.
The surface water became silicic acid-depleted first
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Fig. 1. (a) Average daily wind speed; (b) hourly surface irradi-
ance in Drgbaksund, February and March 1996. The fjord is
oriented north-south, and dominating northerly or southerly
winds are shown. Sampling dates are indicated by arrows.
(Data from Department of Agricultural Engineering, As)
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Fig. 2. Seawater density (sigma-t) at a station 2 km south of
sampling site on 22 March 1996. (Data from J. Magnusson
[NIVA])

(19 March). Three days later the surface water was
also nitrate-depleted, and the bloom collapsed. All
available silicic acid was converted into BSi during
the bloom. BSi accounted for 17 and 99 % of the silicon
(BSi + Si[OH],) in our first sample and when the bloom
declined, respectively. One sample was collected after
the bloom collapsed (26 March). The nitrate and silicic
acid concentrations increased slightly in this last
sample, while the phosphate concentration decreased
further. The concentration of chl a was 223 mg m™
for almost 3 wk (5 to 22 March), and the bloom peaked
on 19 March (38 mg chl a m3).

Diatoms dominated the plankton community (Fig. 3),
and a total of 25 diatoms and 16 autotrophic flagellates
(dinoflagellates, euglenophytes and prymnesiophytes)
were identified in the samples. The most abundant
species were the diatoms Thalassiosira nordenskioeldii
Cleve and Chaetoceros socialis Lauder, with similar
maximum cell concentrations (1.4 and 1.2 x 10° cells m™3,

Table 2. Nitrate, phosphate, silicic acid and biogenic silica
(BSi) (all mmol m~%), and chlorophyll a (mg m~%) concentrations
in Drebaksund

Date (1996) Nitrate Phosphate Silicic acid BSi Chl a
Feb
27 8.1 0.43 7.6 1.5 49
29 5.4 0.23 6.3 3.2 122
Mar
5 3.8 0.11 4.6 6.0 227
8 5.7 0.22 3.6 7.9 273
12 6.0 0.20 3.5 8.6 27.2
15 6.7 0.18 2.6 9.7 323
19 5.5 0.15 0.5 9.8 37.5
22 <0.2 0.13 0.05 9.4 239
26 0.2 0.06 0.4 44 41
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Fig. 3. Cell concentrations of 6 dominating phytoplankton
species during study period. Only species with abundances
of 250 cells mI™! in 1 or more of the samples are included.
C. diad: Chaetoceros diadema (Ehrenberg) Gran; C. deb: C.
debilis Cleve; C. soc: C. socialis Lauder; Chaet: Chaetoceros
sp.; D. conf: Detonula confervacea (Cleve) Gran; T. nord:
Thalassiosira nordenskioeldii Cleve

respectively). Converted to phytoplankton C biomass
(Cphyto): the diatoms accounted for 94 to 99 % of Cppyior
with T. nordenskioeldii alone accounting for 66 to 74 %
until 22 March (Fig. 4). The other abundant diatom,
C. socialis, is small and accounted for <7 % of Cppyo.
Only a few heterotrophs were observed in our samples
(dinoflagellates, ciliates, tintinnids and copepods). How-
ever, microzooplankton abundance was twice as high
when the bloom collapsed (Fig. 5).

During the most intense part of the bloom (23 to
38 mg chl a m™%: 5 to 19 March) the particulate ratios
were stable (Table 3). The ratios between chl a and
particulate C (chl a:C), between phytoplankton C bio-
mass and particulate C (Cppy0:C), between particulate

Fig. 5. Dominating groups of microzooplankton during study

period. Ciliat: oligotrich ciliates; Diplo: Diplopsalis-group;

Dino: unarmoured dinoflagellates; Tintin: tintinnids; Protop:
Protoperidinium spp.

N and C (N:C) and between particulate N and Si (N:Si)
all decreased when the bloom collapsed (about 70, 50,
30 and 30% decrease, respectively). The decreasing
ratios indicate an increasing detritus fraction when the
bloom collapsed, and the microscopic examination of
the samples revealed increasing numbers of empty
diatom frustules on the last sampling dates.

Primary production and the absolute uptake rates of
ammonium plus nitrate (AN) and of Si all increased
gradually during the first part of the bloom (Fig. 6).
After 15 March the rates decreased abruptly, before
maxima in chl a and total cell abundance were reached
(Fig. 3, Table 2). The chl a-specific rates were high
until 15 March (primary production and Si) or 19
March (AN) and then decreased (Table 4). The f-ratio
(nitrate uptake rate divided by summed ammonium
plus nitrate uptake rates) was 20.88 until 19 March
and then decreased to 0.48 on 22 March. The weak

100
D. conf Table 3. Ratios between chlorophyll a and particulate C
L 30 ] g fl;)cd (Chl a:C in g mol™'), between phytoplankton C and particulate
:’ - dia C (Cphyio:C), between particulate N and C, and between partic-
2 C. deb ulate N and biogenic Si (N:Si) (all atomic ratios) in Drebaksund
g 60 Chaet
S T. nord
o ¥4 E.braa Date (1996) Chl a:C Cohyto:C N:C N:Si
§ 40
g Feb
© 20 29 0.46 0.7 0.11 0.88
Mar
2729 5 8 12 15 19 22 26 5 0.62 1.0 0.12 071
February - March 8 0.70 1.3 0.11 0.56
12 0.60 1.2 0.11 0.59
Fig. 4. Dominating species during study period (as percentage 15 0.62 1.2 0.12 0.63
of phytoplankton carbon). Only species accounting for >5 % 19 0.63 1.0 0.12 0.73
of phytoplankton C in 1 or more of the samples are included. 22 0.44 0.6 0.09 0.52
E. braa: Eutreptiella cf. braarudii; other abbreviations as in 26 0.17 0.5 0.08 0.44
legend to Fig. 3
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Fig. 6. Primary production (C) and ammonium + nitrate (AN)

and Si uptake rates during study period

Table 4. Chlorophyll a-specific primary production in pmol C
(ng chl a)! h™!, chlorophyll a-specific AN (ammonium + ni-
trate) uptake rate in nmol N (ug chl a)! h™! and Si uptake
rate in nmol Si (ug chl a)™! h™!, and f-ratio in Drebaksund.

—:no data
Date Chlorophyll a-specific rates f-ratio
(1996)  Prim. prod. AN-rate Si-rate
Feb
27 - - 2.7 -
29 0.59 7.4 3.6 0.88
Mar
5 0.72 7.9 2.5 0.94
8 0.60 3.7 2.2 0.89
12 0.57 2.5 2.3 0.92
15 0.56 5.2 2.5 0.96
19 0.30 3.1 0.4 0.95
22 0.37 0.3 0.1 0.48
26 0.20 0.9 1.7 0.67

increase in nitrate and silicic acid concentrations from
22 to 26 March was followed by increases also in the
f-ratio and in the AN and Si uptake rates. Ammonium
concentration was 0.8 mmol m™2 in our first sample
(27 February). It decreased to <0.2 mmol m™2 in the
subsequent samples and did not increase when the

bloom declined. Significant correlations were found
between chl a-specific primary production and the
silicic acid concentration (F = 15.3, p < 0.008), between
chl a-specific nitrate uptake rate and the silicic acid
concentration (F = 11.9, p < 0.02) and between chl a-
specific silicic acid uptake rate and the silicic acid con-
centration (F = 23.1, p < 0.003). No significant correla-
tions were found between the same chl a-specific rates
and the nitrate concentration (p > 0.1 for all).

The cell concentrations of the 6 most abundant spe-
cies declined on different dates (Fig. 3). Cell concen-
trations of Thalassiosira nordenskioeldii declined after
15 March, Chaetoceros socialis, C. diadema (Ehren-
berg) Gran and Detonula confervacea (Cleve) Gran
after 19 March, and C. debilis Cleve after 22 March.
T. nordenskioeldii and D. confervacea both declined
by 20% d!, while C. debilis, C. socialis and
C. diadema declined by 10 to 15% d~'. The cell con-
centration of Chaetoceros sp. was low and variable,
and declined by 3% d!. The maximum observed cell
concentration for the dominating diatoms and the cor-
responding calculated critical cell concentrations using
coagulation theory are compared in Table 5. The criti-
cal concentrations are approximate values only. This is
mainly because we used a constant stickiness coeffi-
cient (0) in the calculations and because the critical cell
concentrations were calculated for individual species.
The a is known to be variable (Kigrboe 1993, Kigrboe
et al. 1994). Species may also coagulate with each
other, and sticky species may cause non-sticky ones to
coagulate (Hansen et al. 1995, Hansen & Kierboe
1997). T. nordenskioeldii is a sticky diatom (Hansen &
Kiorboe 1997), and it dominated the phytoplankton
community in the fjord until 15 March because of its
high cell concentration and large cell size (Figs 3 & 4).
It should therefore be legitimate to treat the coagula-
tion of T. nordenskioeldii separately. The equation for
critical concentration requires that the net growth rate
is constant over time. Net growth rate of T. norden-
skioeldii calculated from the first 3 samplings was con-
stant (0.15 d™! from 27 February to 5 March: Table 5).
Moreover, the chl a-specific primary production indi-

Table 5. Equivalent spherical diameter (ESD), daily average shear rate the last 2 d before maximum cell concentration of the dom-
inant phytoplankton species, net growth rate + SE for the first 3 samplings, calculated critical cell concentration, and maximum
cell concentration recorded during study period

Species ESD Shear rate Net growth rate Cell conc. (10° m™3)

(um) (s™Y (d™ Critical Max.
Thalassiosira nordenskioeldii 27.9 0.24 0.15+0.02 1.0 1.35
Detonula confervacea 12.1 0.08 0.34+0.21 76 0.55
Chaetoceros debilis 13.7 0.09 0.20+0.02 28 0.60
Chaetoceros diadema 22.5 0.08 0.18+0.04 6.4 0.27
Chaetoceros socialis 8.2 0.08 0.37+0.22 265 1.22
Chaetoceros sp. 15.9 0.07 0.15+0.07 8.3 0.23
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cates that the growth rate of T. nordenskioeldii, the
dominating diatom, was fairly constant at least until
15 March (Table 4). The maximum observed cell con-
centration of T. nordenskioeldii (1.35 x 10° m™3) was
close to its calculated critical cell concentration (1.0 x
10° m~3: Table 5). Maximum cell concentrations of the
other 5 dominating diatoms were <5% of the corre-
sponding calculated critical cell concentrations.

Phytoplankton standing stock decreased in our sam-
ples (1 m depth) after 19 March (Table 2, Fig. 3). The
surface layer (0 to 5 m) was well mixed when the bloom
declined (Fig. 2). By assuming a 5 m homogeneous
upper layer, hypothetical sedimentation rates (no other
loss-terms) can be estimated from the measured con-
centrations of PC. These hypothetical sedimentation
rates were 92 mg C m™2 d! during the period 19 to
22 March and 470 mg C m~2 d~! during the period 22 to
26 March.

DISCUSSION

The diatom Thalassiosira nordenskioeldii dominated
most of the spring bloom. Its cell concentration de-
creased during the last week of the period, and a
mixture of 6 diatoms (T. nordenskioeldii, Detonula con-
fervacea, Chaetoceros sp., C. debilis, C. socialis, C. dia-
dema) then dominated the phytoplankton community.
These 6 diatoms are all common spring forms in the
fjord, and T. nordenskioeldii often dominates during
early spring (Hasle & Smayda 1960, Lange et al. 1992).
Nutrients often become exhausted during the diatom
spring bloom in coastal areas (Pratt 1965, Valiela 1995).
In Scandinavian waters, several studies have shown
that nitrate, silicic acid and phosphate (1 or several of
them) become exhausted during the spring bloom (e.g.
Lannergren & Skjoldal 1976, Sahlsten et al. 1988,
Lignell et al. 1992, Kuosa et al. 1997). Silicic acid is of

special interest because silicic acid depletion seems to
alter the phytoplankton community from diatom-dom-
inated to flagellate-dominated (Officer & Ryther 1980,
Malone et al. 1996). Both nitrate and silicic acid may be
exhausted during the spring bloom in the Oslofjord
(Paasche & OUstergren 1980, Kristiansen 1987). How-
ever, low nutrient concentrations do not necessarily
imply low phytoplankton growth rates (Goldman et al.
1979, McCarthy & Goldman 1979). Paasche & Erga
(1988) used several criteria to identify potential nitro-
gen or phosphorus limitation of phytoplankton growth
in the Oslofjord, and they concluded that the spring
bloom was limited by nitrogen. We studied nutrient
dynamics at 1 m depth during the spring bloom in
detail.

Variables measured during the bloom are listed in
Table 6. Based on the discussion below, conditions for
net phytoplankton growth during the bloom are sum-
marized in the same table. The growth conditions are
tentatively classified into 3 groups of net phytoplank-
ton growth (no reduction in growth, weak reduction
and strong reduction). Variables that may have caused
the collapse of the bloom are also identified in Table 6.
Increased surface irradiance probably triggers the
spring bloom in the fjord (Smayda 1959). A vertical
attenuation coefficient for downward irradiance (PAR)
of 0.4 m! was measured at a nearby ice-free station on
22 March (data from J. Magnusson, Norwegian Insti-
tute of Water Research, Oslo). Using this attenuation
coefficient (0.4 m™!), estimated irradiance at 5 m depth
was <0.39 mol m~2 h~! when the bloom collapsed on 19
to 26 March. Phytoplankton growth rate in the upper
mixed layer (0 to 5 m) may therefore have been light-
limited. However, surface irradiance increased during
the sampling period and the ice cover was greatly
reduced after 19 March (Fig. 1b, Table 1). It is there-
fore unlikely that the bloom declined because of low
irradiance. The concentrations of nitrate and silicic

Table 6. Selected variables measured during the 1996 spring bloom, showing suboptimal conditions for net phytoplankton
growth. — No reduction in growth; x: weak reduction; xx: strong reduction. Variables that may have caused the collapse of the
bloom are given in last column. AN: ammonium + nitrate

Variable 27 Feb-5Mar 8- 15Mar 19 Mar 22Mar 26 Mar Caused collapse
Chlorophyll a (%) 13-61 73-86 100 64 11 -
NOj; concentration - - - XX XX NO;
Si(OH)4 concentration - - XX XX XX Si(OH)4
PO, concentration - - - - XX -
Primary production/chlorophyll a - - XX XX XX -
Si/chlorophyll a uptake rate - - XX XX XX Si(OH),
AN/chlorophyll a uptake rate - X X XX NO;3
f-ratio - - - XX XX -
Grazing - - - - - -
Critical conc. of Thalassiosira norden. - X - -
Critical conc. of other species - - - - - -
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acid were close to the detection limit when the bloom
declined (after 19 March: Table 2). Silicic acid was
depleted before nitrate, and the bloom collapsed when
the nitrate was depleted. The bloom therefore col-
lapsed because of nutrient deficiency (Table 6). Virtu-
ally all dissolved silicic acid was converted into BSi
during the bloom (Table 2), and most of it (79 %) was
incorporated into the frustules of Thalassiosira norden-
skioeldii (Kristiansen et al. 2000). This converts into
11 pmol BSi cell™!, which is a reasonable cell quota for
this species at low temperatures (Durbin 1977). Similar
high cell concentrations of T. nordenskioeldii (1.2 to
1.3 x 10° cells m~®) were found in 1957, 1958 and 1974
(Hasle & Smayda 1960, Hasle pers. comm.), and we are
not aware of any higher cell concentration of T. nor-
denskioeldii reported from the fjord. The high abun-
dance is probably close to the upper limit of T. norden-
skioeldii during the spring bloom in the fjord. The
particulate ratios (Table 3) varied through the bloom.
Most of them indicate changing growth conditions
when the bloom collapsed (after 19 March). Primary
production and chl a-specific primary production both
decreased after 15 March (Fig. 6, Table 4). Conse-
quently, the phytoplankton growth rate also decreased
after 15 March. The absolute and chl a-specific Si
uptake rates decreased after 15 March, as did the pri-
mary production, while the corresponding AN uptake
rates decreased after 19 March. The relative uptake
rates of ammonium and nitrate (f-ratios) must be used
with great caution for estimating new and regenerated
production in inshore waters. There was no evidence,
however, of significant effects of land-originated nutri-
ents on the f-ratios reported here. The f-ratios indi-
cated a shift from an almost totally new-production-
dominated system using nitrate as N source for growth
(f-ratio > 0.9) to a more regenerative system using
equal amounts of nitrate and ammonium as nitrogen
sources (f-ratio = 0.5 to 0.7) after 19 March. The decline
in the f-ratio fits well with phytoplankton standing
stock, which also decreased after 19 March.

The concentrations of nitrate and silicic acid became
depleted during the bloom, and the uptake rates of the
same nutrients clearly showed that the phytoplankton
growth rate became nutrient-limited towards the end
of the bloom (Table 6). Furthermore, positive relation-
ships were found between chl a-specific primary pro-
duction and the silicic acid concentration and between
chl a-specific nitrate uptake rate and the silicic acid
concentration. No significant relationships were found
between the same rates and the nitrate concentration.
Thus, silicic acid probably controlled the phytoplank-
ton growth rate during the bloom, and the bloom col-
lapsed because of silicic acid depletion.

The net growth rate (rate of biomass accumulation)
declined after about 5 March while the biomass de-

clined 2 wk later (Table 2, Fig. 3). It also declined well
before the phytoplankton community growth rate, the
chl a-specific nutrient uptake rates and the f-ratio,
which all decreased after 15 March (Table 4). Grazing,
lateral advection and sedimentation may have reduced
phytoplankton standing stock in the surface layer.
Grazing pressure is usually considered to be low during
the spring bloom in northern coastal waters, and the
bulk of the spring bloom often sediments out of the
water column (Smetacek 1980, Wassmann 1991). The
abundances of potential microzooplankton grazers in
the fjord were low (Fig. 5). Larger zooplankton in the
fjord (mainly copepods) usually over-winter in deep
water. However, both day and night abundances of
zooplankton were unusually low in March 1996 (E.
Bageien pers. comm.). Grazing pressure was therefore
insignificant during the bloom. Lateral advection prob-
ably caused some of the temporal variability seen in the
data, which was most pronounced in the concentrations
of nitrate and phosphate on 5 to 8 March (Table 2). Un-
fortunately, severe ice conditions in the fjord greatly
restricted our sampling regime, and we do not have any
data on lateral advection. Generally, lateral advection
in the fjord is tide- and wind-driven. The average tidal
range in the fjord is very low (<0.3 m: Ulshagen et al.
1995), and a variable breeze prevailed during the
bloom (Fig. 1). The wind increased slightly towards the
end of the period (25 to 26 March), but the bloom
started to decline earlier (after 19 March: Fig 3, Table 2).
Days with slightly increased wind speed also occurred
twice during earlier phases of the bloom. Apparently,
these tide and wind incidents did not have any pro-
found effects on the development of the bloom. The
whole data set, however, shows an exponentially grow-
ing spring bloom which gradually depleted the nutrient
pools. We therefore believe that lateral advection did
not greatly influence the interpretation of our data. The
sigmoid growth until 15 March (Fig. 3) is consistent
with classical coagulation theory which has been suc-
cessfully used to explain the decline of spring blooms in
Scandinavian waters (Kigrboe et al. 1994, Hansen et al.
1995, Tiselius & Kuylenstierna 1996). Thalassiosira nor-
denskioeldii was the overall dominating phytoplankton
species during the bloom (Fig. 4). The critical concen-
tration of this diatom was estimated from the available
data and a reasonable stickiness coefficient obtained
from the literature (see above), and this dominating di-
atom approached its estimated critical cell concentra-
tion after 5 March (Table 5, Fig. 3). Coagulation and
sedimentation were not measured during the investiga-
tion. It is, however, reasonable that coagulation and
sedimentation reduced the net growth rate for 2 wk
from 5 March until the bloom collapsed after 19 March.

When the bloom collapsed, the cell concentrations of
the dominating species decreased by 10 to 20% d'.
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The surface layer (0 to 5 m) was well mixed when the
bloom declined (Fig. 2). The hypothetical sedimenta-
tion rates calculated from the decline in the PC con-
centrations (90 to 470 mg C m2 d"!) are similar to the
sedimentation rates measured during the spring bloom
in Norwegian fjords and in the Kattegat (Skjoldal &
Wassmann 1986, Wassmann 1991, Olesen 1993). The
spring bloom may therefore have sedimented out of
the surface layer. Flocculation of diatoms into large
and rapidly sinking aggregates is considered impor-
tant for vertical transport of phytoplankton in the
ocean, especially during the termination of blooms
(Smetacek 1985, Kigrboe 1993). Such aggregates have
also been observed during diatom blooms (Alldredge
& Gotschalk 1989, Olesen 1993, Tiselius & Kuylen-
stierna 1996). Aggregation may occur through various
mechanisms (Alldredge & Jackson 1995). Mass sedi-
mentation during our investigation was apparently
triggered by nutrient depletion. The most relevant
mechanism here is therefore changes in cell stickiness
with changing physiological status of the cells, i.e.
stickiness increase in nutrient-depleted cells (Hoag-
land et al. 1993, Kigrboe & Hansen 1993).

In conclusion, the spring bloom was dominated by
the diatom Thalassiosira nordenskioeldii. All available
silicic acid and nitrate were depleted during the
bloom, and all the silicic acid was converted into
phytoplankton biomass. Silicic acid controlled the
phytoplankton growth rate during the bloom. It is
hypothesised that the net growth rate decreased
because of coagulation and sedimentation during the
most intense part of the bloom (5 to 19 March). The
bloom collapsed because of nutrient depletion, proba-
bly silicic acid depletion, after 19 March.
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