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Influence of silicate on particulate carbon
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ABSTRACT: A mesocosm experiment was conducted over a period of 4 wk to examine how supply of
silicate influences dominant species and biomass within the phytoplankton community. Four enclo-
sures, filled with nutrient-depleted, post-bloom seawater, were fertilised with nitrate and phosphate,
with the addition of silicate to 2 of the enclosures. The main difference in the phytoplankton commu-
nity development between the 2 treatments was the occurrence of much stronger blooms of Emiliania
huxleyi (Lohmann) Hay et Mohler in the 2 enclosures supplied only with nitrate and phosphate (NP1
and NP2), whereas diatoms were dominant in the 2 enclosures treated with silicate as well (NPS1 and
NPS2). Phaeocystis pouchetii, which was observed primarily during the first week, disappeared in the
NP enclosures, but persisted throughout the experiment, although in low numbers, in the NPS enclo-
sures. Integrated over the whole experimental period, equal amounts of nitrate and phosphate were
consumed in all 4 enclosures. Additional supply of silicate resulted in a 2-fold increase in carbon pro-
duction in the NPS enclosures (6.1 and 7.0 g m™*) compared to the NP enclosures (2.6 and 3.2 g m™).
For each g silicate supplied to the enclosures, carbon production increased by 7.4 g. The ratio between
calcification and photosynthesis (C:P), measured in the NP enclosures, reached maxima of 0.48 (NP1)
and 0.42 (NP2} when the E. huxley: bloom peaked, while the cell specific calcification ranged between
0.1 and 0.4 pg C h™! cell ! over the course of the experiment. Integrated over the experimental period,
0.5and 0.3 g C m~%, in NP1 and NP2 respectively, were fixed by calcification.
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INTRODUCTION

In general, phytoplankton utilise nitrogen and phos-
phorus at a ratio close to 16:1 (Redfield et al. 1963),
while silicate is required principally by diatoms and is
utilised at a nitrogen:silicate (N:Si) ratio close to 1:1
(Stefansson & Richards 1963). Mesocosm experiments,
which employ large plastic bags in the sea, have been
used for the past 10 yr to study the effects of artificial
fertilisation (with nitrate, phosphate, and silicate) on
the natural marine phytoplankton community in Nor-
wegian coastal waters (Egge 1993, Egge & Heimdal
1994, Rykkelid 1994, Jacobsen et al. 1995). These ex-
periments have demonstrated that the dominant spe-
cies depends highly upon the composition of nutrient
additions. Diatoms are generally the dominant group,
accounting for 70 % or more of the cell numbers in the
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community, irrespective of season (between February
and September), given sufficient nutrients and a
threshold concentration of approximately 2 pM silicate
(Egge & Aksnes 1992, Rykkelid 1994). The success of
the diatoms appears to be due to their growth rate at
nonlimiting nutrient concentrations. Diatoms were not
able to dominate when phosphate was deficient, even
when silicate and nitrate were in excess (Egge 1993).
The growth of the flagellate community appears to be
less affected by low phosphate concentrations.

When nitrate and phosphate are available, and low
silicate concentration prevents the growth of diatoms,
the coccolithophorid Emiliania huxleyi (Prymnesio-
phyceae) and the colony-forming Phaeocystis pou-
chetii (Prymnesiophyceae) blooms. Both are well-
known bloom-forming species in Norwegian coastal
waters (Eilertsen et al. 1981, Heimdal et al. 1994); dom-
inance between the 2 species and the strength of their
respective blooms depends upon season and nutrient
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composition. In mesocosms, E. huxleyi tends to be
dominant over P. pouchetii at temperatures of 10°C or
higher, surface irradiances of 20 mol m % s*! or higher
(Egge & Heimdal 1994) and at low concentrations of
phosphate. If nutrients are available, P. pouchetii has
an advantage over E. huxleyl at low temperatures and
irradiance. When massive blooms of P. pouchetii have
been observed at high irradiance, they have occurred
following the decay of E. huxleyi blooms. Cota et al.
(1994) reported adaptation of Phaeocystis to low light
intensities and temperature in Greenland.

Phytoplankton generally produce organic carbon by
means of photosynthesis, while coccolithophorids such
as Emiliania huxleyi additionally produce inorganic
carbon in the form of small extracellular scales of cal-
cium carbonate. While free CO, is the source of photo-
synthesis, bicarbonate ions are the substrate for calcifi-
cation (Paasche 1964, Dong et al. 1993). Although
these processes are clearly coupled, neither is an
absolute prerequisite for the other; however, free CO,
produced by calcification can also be utilised for pho-
tosynthesis (Paasche 1964, 1965, Sikes et al. 1980,
Nimer & Merrett 1992, 1993). The standing stock and
production of particulate carbon have previously been
measured for E. huxleyi in laboratory cultures
(Paasche 1964, 1965, Balch et al. 1992, 1993), in meso-
cosm experiments (Bleijswijk et al. 1994, Wal et al.
1994), and in natural blooms (Balch et al. 1992, Fer-
nandez et al. 1993).

The purpose of the present study was to measure par-
ticulate carbon production in different groups of phyto-
plankton (diatoms and coccolithophorids), in addition to
calcification by coccolithophorids, when the same
amounts of nitrate and phosphate were available. As
far as we are aware, this represents the first time that
blooms of diatoms and coccolithophorids have been ini-
tiated simultaneously, thereby exposing both to identi-
cal environmental conditions and fluctuations.

From the perspective of eutrophication, it is clearly
critical to describe how species composition and bio-
mass respond to the composition of added nutrients. A
sharp peak in production and biomass would probably
result in a greater sedimentation compared to that
associated with more sustained but lower production.
The extent of sedimentation and grazing is important,
and with regard to CO,invasion it is also important to
know whether or not particulate carbon is exported
from the euphotic zone and in what form (organic or
inorganic).

There have been several mesocosm experiments
where blooms of Emiliania huxleyi have been initiated
and studied (Egge 1993, Fernandez et al. 1994, Heiumn-
dal et al. 1994, Levasseur et al. 1996). In this particular
mesocosm experiment, variation in nutrient supply
was used to initiate blooms of both diatoms and cocco-

lithophorids, and 2 sizes of enclosures were used.
Stratification was prevented in the small enclosures
(4.3 m deep) by stirring in the whole water column,
while in the deep enclosures (10 m) stratification was
allowed as only the upper 4 m were stirred. The best
control was achieved in the small enclosures, because
(1) the watermasses were homogenous, and (2) the
hydrodynamic conditions were similar in all enclosures
both for the duration of 1 experiment, and from 1 year
to another. Several processes such as carbon chemistry
(Rydningen 1996), gas exchanges (D. Crawford, D. A.
Purdie & T. Johannessen unpubl.), grazing (Nejstgaard
et al. 1997), and lipid content of copepods (Wang-
Andersen 1996) were therefore measured in the small
enclosures only. Phytoplankton dynamics were investi-
gated in all enclosures, while sedimentation was mea-
sured in the deep enclosures only (P. Wassmann, J.
Egge, M. Reigstad & D. L. Aksnes unpubl.). This paper,
in addition to giving a general description of the exper-
iment, reports the results from 2 sets of duplicate small
enclosures which were all given equal amounts of
nitrate and phosphate, and 2 enclosures additionally
supplied with siiicate. Here we specifically examine
the influence of the 2 treatments on species composi-
tion, carbon production and accumulation of particu-
late carbon.

MATERIALS AND METHODS

The experiment was carried out between 13 May and
9 June 1994 at the Marine Biological Station near
Bergen, Norway (see Heimdal et al. 1994). The 4 enclo-
sures each had a diameter of 2 m, a volume of about
11 m* and were made of polyethylene, which has 90 %
irradiance transmission (photosynthetically active radi-
ation, PAR). The enclosures were open to the air and
were secured to the southern side of a raft containing a
small floating laboratory (see Fig. 1 of Egge & Heimdal
1994). The enclosures were filled on 13 May by pump-
ing unfiltered, nutrient-poor, post-spring-bloom water
from a depth of 1 m in the fjord. An airlift pump was
used to maintain homogeneity of the watermass inside
the enclosures by circulating water from 0.5 m above
the enclosure bottom to the surface. Two enclosures
were supplied with nitrate and phosphate (NP enclo-
sures, NP1 and NP2) and the 2 others were supplied
with nitrate, phosphate and silicate (NPS enclosures,
NPS1 and NPS2). Enclosures with the same nutrient
supply are subsequently referred to herein as duplicate
enclosures. Nitrate, phosphate and silicate were
supplied from stock solutions of NaNO; KH,PO,, and
Na,SiO;-5H,0, respectively. The nutrients were
added on 14 May, corresponding to an increase of
15 uM nitrate, 1 pM phosphate, and 5 pM silicate in the
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enclosures. Beginning on 16 May, 10 % of the enclosure
volume was renewed daily, with water from a depth of
1 m. Renewal water was first pumped into a tank on the
raft, then fed through tubes to each of the enclosures.
Nutrients were added every second day, at 12:00 h, cor-
responding to 20% of their initial concentrations, to
compensate for nutrient loss due to water renewal. The
enclosures and the surrounding seawater were sam-
pled at 09:00 h every second day at a depth of 2 m.
Favourable initial conditions for phytoplankton growth
resulted in nutrient depletion by 20 May, and to main-
tain further algal growth, nutrients were replenished, at
their initial concentrations, on this date.

The 10% renewal rate is taken into account when
increase in cell numbers etc. is given, and the instanta-
neous increase in mass (IN) of the phytoplankton in the
enclosures can then be given as:

dN/dt = (- vV N+ Nyv V-l

where p (d7') is the growth rate, V (m%) the volume of
the enclosure, v (m® d°!) the dilution rate and Nj the
supply of biomass to the enclosure from the incoming
water.

Surface irradiance was measured continuously in close
proximity to the enclosures, averaged every 10 min, and
recorded in a Li-Cor LI-1000 DataLogger. Other sam-
ples, profiles or measurements were taken every second
day. Diffuse attenuation profiles in the enclosures were
measured with a 4w collector (Biospherical Instruments
Inc.). Salinity (%.) and temperature (°C) profiles were
measured (ca 09:00 h) with a salinotherm (Salinity Tem-
perature Bridge Type M.C.5).

Analyses of nitrate, phosphate, and silicate, using a
Skalar autoanalyser, were conducted on freshly col-
lected samples. Phytoplankton identification and
counting, using the sedimentation method of Utermohl
(1931), were carried out on samples preserved
with neutralised formalin (final conc. 0.4 %).
Species identification was made where possible;
otherwise, the phytoplankton were separated
into broad taxonomic categories.

Samples for particulate carbon and nitrogen
analysis (50 to 100 ml) were filtered through pre-

combusted glass fibre filters (Whatman GF/F) NE
and immediately frozen. The filters were not ‘g
treated with acid, and particulate carbon and é

nitrogen were measured in a CHN analyser.
Samples for chlorophyll a (chl a) measurement
(50 to 100 ml) were filtered through a Sartorius
membrane filter (0.45 pm), then extracted in
90 % acetone overnight as described by Parsons
et al. (1984), and analysed on a Turner Design
Model 10-AU Fluorometer according to the
new method without acidification (Welschmeyer
1994).

45

35

Photosynthesis was measured using the “C method,
according to Steemann Nielsen (1952) and Gargas
(1975). The samples were incubated in 100 ml incuba-
tion bottles for 4 h in situ at a 2 m (middle) depth in the
enclosures, filtered onto Sartorius membrane filters
(0.45 pm), frozen, and later counted in a Packard Tri-
carb, 1900 CA Liquid Scintillation Analyzer after fum-
ing with HCI. Total CO, was calculated from pH and
alkalinity using a more precise modification of the
standard method of Parsons et al. (1984) (D. Crawford
pers. comm.). Samples from the enclosures supplied
with nitrate and phosphate only, in which the cocco-
lithophorid Emiliania huxleyi bloomed, were not
treated with fumed HCI, but treated as described in
Paasche & Brubak (1994), with separation of "*C in coc-
colith carbonate from photosynthetically assimilated
"C by the microdiffusion method. The advantage of
this method is that both parameters are measured in
the same sample. To rule out contamination of "C in
the filters, activity was measured in blank filters (tripli-
cates) and subtracted from concentration of the intake
water. Daily photosynthesis and light calcification
were calculated as a function of % daily irradiance
received during the incubation period.

RESULTS
Site conditions

From the onset of the experiment on 14 May until
27 May, weather conditions were characterised by
high and stable irradiance averaging 39.5 mol m2 d-!
(Fig. 1). During the second half of the experiment, from
30 May through 9 June, irradiance decreased, averag-
ing only 16.2 mol m™ d-'. From being similar in all
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Fig. 1. Development of surface irradiance (photosynthetically active ra-
diation, PAR) during the experimental period 14 May to 9 June 1994
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again rapidly consumed and depleted in

NPS1 and NPS2 by 24 May. Nitrate was

consumed more slowly in the NP enclo-

sures to which silicate was not added,

and again was consumed most slowly in

NP1. Phosphate depletion showed a simi-
b lar pattern to that of nitrate, which was
= not unexpected, as nitrate and phosphate
were supplied in a Redfield ratio (16:1).
Phosphate remained detectable, mini-
1.0 mum concentrations of 0.05 pM occurring
on 5 and 7 June. Naturally occurring sili-
cate in the NP enclosures, to which sili-
cate was not added, decreased from its
initial concentration of 1.5 pM, but was
never depleted below 0.3 pM. In the NPS
enclosures, to which silicate was added,
concentrations higher than 3 pM were
observed before 22 May; following this,
silicate was rapidly exhausted. From
26 May through the remainder of the ex-
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Fig. 2. Concentration of nitrate, phosphate, and silicate in enclosures NP1,
NP2, NPS1, and NPS2 during the experimental period

enclosures, diffuse attenuation coefficient (K7) devel-
oped to lower values in the NP enclosures (Kr=0.14 to
0.87) than in the NPS enclosures (K+ = 0.74 to 1.16},
indicating that the irradiance intensities inside the
NPS enclosures were lower than in the NP enclosures
throughout the experiment. Seawater temperature
was 9.7°C at the start of the experiment, and fluctuated
between 8.0 and 11.5°C, both inside and outside the
enclosures, during the experimental period. The tem-
perature fluctuated less than 0.1°C among the enclo-
sures. On a few occasions, the temperature difference
between the inside and outside of the enclosures
reached 0.3°C, but was normally less. Salinity in the
enclosures increased slightly during the experimental
period, from 28.5 to 30.0 %..

Nutrients

The first nutrient samples, on 14 May, were collected
before addition of nutrients took place, and therefore
represent the natural concentrations in the seawater.
The nutrients added on 14 May were rapidly con-
sumed by a growing phytoplankton community
(Fig. 2). The concentration of nitrate was depleted
(<0.05 pM) in NPS1, NPS2, and NP2, although still
available in NP1, by 20 May. The replenished nutri-
ents, added at initial concentrations on 20 May, were

79 periment, concentrations of about 0.4 uM

were measured. In the surrounding sea-
water, from which the inlet water was
taken, low nutrient concentrations were
measured throughout the experimental
period, the nitrate concentration ranging
between not detectable and 1.4 upM, phosphate
between 0.04 and 0.2 uM, and silicate between 0.7 and
1.3 uM.

Phytoplankton community
NP-fertilised enclosures

The phytoplankton community in enclosures NP1
and NP2 was initially dominated by small flagellates
(Figs. 3 & 4). Phaeocystis pouchetii (single cells) was
the most important species in terms of numbers with
0.9 and 1.2 x 10° cells I"! (Fig. 3). Strains of Phaeocystis
isolated from the sampling area were confirmed as P.
pouchetii both by electron microscope and DNA se-
quencing analysis (L. Medlin pers. comm.). Because
Phaeocystis flagellates are small (4 to 8 um), their con-
tribution to the biomass was not as high as the cell
numbers suggest. Flagellate numbers were initially
higherin NP2 than in NP1 but decreased in both enclo-
sures over the course of the experiment (Fig. 4). The
flagellate numbers in NP1 were stable or decreasing at
the beginning of the experiment. The higher initial fla-
gellate numbers in NP2 (Figs. 3 & 4) and the more
rapid initial growth of P. pouchetii can probably ex-
plain why nutrients were consumed faster in this en-
closure compared to NP1. P. pouchetii decreased in




Egge & Jacobsen:

cell numbers in both enclosures and was
not seen much after 30 May (Fig. 3). The
other flagellates developed according to
the same pattern as P. pouchetii, with
fewer than 0.2 x 10° cells 1! observed af-
ter 26 May (Fig. 4).

Emiliania huxleyistarted to increase in
cell numbers from 18 May, and reached a
maximum of 25 x 10°® cells I"! in NP1 on
3 June and 18.5 x 10° cells I"' in NP2 on
7 June (Fig. 3). The growth rate of E.
huxleyibetween 22 May and 3 June was
also somewhat lower in NP2 than NP1, at
0.32 and 0.40 d°', respectively. The 10%
daily dilution due to water renewal was
taken into account. When the bloom
peaked, E. huxleyi constituted more than
95 % of the phytoplankton community in
terms of cell numbers. Decreasing num-
bers of E. huxleyi were observed in both
NP1 and NP2 towards the end of the ex-
perimental period.

Diatom numbers, which were initially
low at 0.02 and 0.2 x 10° cells I"! in NP2
and NP1, respectively, reached small
maximums of 1.2 and 2.6 x 10° cells 1"
on 26 and 22 May, respectively (Fig. 4).
The dominant species was Skeletonema
costatum (Greville) Cleve. While the
highest flagellate numbers were found
in NP2, the highest diatom numbers
were observed in NP1, which also had
the highest initial total cell numbers.
Dinoflagellates were scarcely repre-
sented early on, with less than 0.001 x
10® cells 1!, but numbers increased in
early June to maximum concentrations
of 0.10 and 0.14 x 10°® cells I'! in NP1 and
NP2, respectively (Fig. 4). The dominant
dinoflagellates were Scrippsiella tro-
choidea (Stein) Lemmermann, Proto-
peridinium bipes Pavillard, and an
unidentified group of naked dinoflagel-
lates (20 to 30 pm). These unidentified
forms dominated (>90%) until 30 May,
at which time S. trochoidea and P. bipes
became dominant, and remained so for
the duration of the experiment.

NPS-fertilised enclosures

As in the NP-fertilised enclosures, the initial phyto-
plankton community in NPS1 and NPS2 was domi-
nated by flagellates, particularly Phaeocystis pouchetii

Influence of Si on phytoplankton C production 223

25 L Emiliania huxleyi | Emiliamia huxley: 4 25
ONP1 I\ ONPS1

20 ~ H NP2 / E\- ®NPS2 1 20

15~ I\ 118

10 - f / - 10
Dl Jual T
“© 5 5 =
5 =
3 - AR SN
Y35 - Phaeocystis poucheni Phaeocystis pouchetit -4 35 s

25 425

15 1.5

05 %—H M 0.5

14 18 22 26 30 3 14 1822263037
Date May & June 1994

Fig. 3. Development of Emiliania huxleyi and Phaeocystis pouchetii in NP1,
NP2, NPS1, and NPS2 during the experimental period
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Fig. 4. Development of flagellates, diatoms and dinoflagellates in NP1, NP2,
NPS1, and NPS2 during the experimental period

(Figs. 3 & 4). The cell numbers were more similar in
these 2 enclosures (2.5 and 3.1 x 10° cells I'!). P.
pouchetii did not subsequently decline to such low
numbers as in the NP enclosures, but remained at a
stable level of between 0.2 and 0.6 x 10° I"1. On aver-
age, the numbers of P. pouchetii in the NPS enclosures
were between 20 and 100% higher than those in the
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NP enclosures. The numbers of other flagellates also
remained higher in the NPS enclosures than in the NP
enclosures during the second half of the experiment,
ranging between 0.2 and 0.6 x 10° I"! from 26 May
through the remainder of the experiment.

Diatoms increased in number in both enclosures
from 22 May, and on 30 May reached maxima of 4.3
and 3.2 x 10° cells I'! in NPS1 and NPS2, respectively
(Fig. 4). Skeletonema costatum and Pseudonitzschia
sp. were the dominant diatoms, constituting approxi-
mately 60 and 30%, respectively, of the total diatom
numbers. The average diatom numbers in NPS1 and
NPS2 (1.2 and 1.3 x 10° cells I}, respectively) were
much higher than in NP1 and NP2 (0.3 and 0.6 x 10°
cells I'!, respectively). Emiliania huxleyi did not bloom
in the NPS enclosures, in contrast to the NP enclosures,
but occurred in cell numbers (<2.4 x 10° cells I"'}) 1
order of magnitude lower than in the NP enclosures
throughout the entire experiment (Fig. 3). The dinofla-
gellates were, as in the NP enclosures, scarcely repre-
sented until 30 May. They then reached a maximum of
12 x 10* cells 1! (Fig. 4). The dinoflagellate community
consisted mainly of Profoperidinium
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the NPS enclosures, the concentration of particulate
nitrogen also increased weakly from late May, but
then decreased from the end of May until the end of
the experimental period. The peak Iin particulate
nitrogen in the NPS enclosures correlated strongly
with the peak in diatom abundance. The average
amount of particulate nitrogen (105, 108, 124, and
121 mg m~% in NP1, NP2, NPS1, and NPS2, respec-
tively) indicated higher accumulations of particulate
nitrogen in the silicate-supplied enclosures where
diatoms dominated. The pattern of particulate carbon
was similar to that of nitrogen, although more carbon
compared to nitrogen was accumulated during the
experiment in the NP enclosures (Fig. 5). The diver-
gent development of particulate nitrogen and carbon
between the 2 treatments can be seen even more
clearly in the atomic ratio of C:N (Fig 5). While the
C:N ratio increased by a factor of 3 from 18 May to
the end of the experiment in Emiliania huxleyi-domi-
nated (NP) enclosures, the C:N ratios were more sta-
ble, in general ranging between 5 and 10, in the
diatom-dominated (NPS) enclosures. Since these sam-

bipes and Scrippsiella trochoidea.

The surrounding seawater was Nitrogen Nitrogeo |

i 200 - o NPS! ] 200

characterised by low cell numbers f;‘l‘:zl o NPS2
throughout the entire experiment, 150 7180
although numbers of Emiliania hux- 100 ~ 100
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initial concentration of 0.05 x 10° cells o i
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0.2 and 0.9 x 10° cells I"!, and other 1000 L 4 1000
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A weak increase in particulate
nitrogen was observed in the NP
enclosures from 24 May (Fig. 5). In
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Fig. 5. Development of particulate nitrogen and carbon, atomic C:N ratio, and

rate of photosynthetic assimilation of carbon
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period. A similar pattern did not occur 14 18
in NP1, but here nutrients were still
in excess on these dates. After the
replenishment of nutrients on 20 May,
a second peak in primary production
was observed in the NPS enclosures.
During this period, diatoms increased most rapidly in
numbers. A similar rapid increase in primary produc-
tion was not observed in the NP enclosures, which
were not supplied with silicate, and here the numbers
of diatoms were decreasing around 24 May. Integrated
over the experimental period, carbon production was
2-fold higher in the NPS enclosures (6.1 and 7.0 g m™3)
compared to the NP enclosures (2.6 and 3.2 g m™)
(Table 1). The difference was due mainly to the very
high photosynthetic rate observed in the NPS enclo-
sures around 24 May when diatoms peaked, while bio-
mass (measured as chl a) was quite similar in all 4
enclosures, averaging between 6.1 and 6.9 mg m™°
during the experimental period. In contrast, the aver-
age concentration in the surrounding seawater was
19mgm.

It has previously been reported that blooms of Emil-
iania huxleyi occur more abundantly in enclosures
supplied only with nitrate and phosphate (Egge 1993,
Egge & Heimdal 1994). Calcification was therefore
measured only in the NP enclosures. The rate of calci-

Table 1 Nutrient consumption (g m™3), carbon production (g m™%) and the
ratio between produced carbon and consumed nutrient for each of the enclo-
sures (NP1, NP2, NPS1, and NPS2}, mean of each treatment (NP and NPS)
and the difference between the 2 treatments (NPS-NP). Integrations are

made over the entire experimental period

L1
22 26 30 3 79 14 18 22 26 30 3 79
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Fig. 6. Calcification rate in enclosures NP1 and NP2, and the ratio between cal-

cification and photosynthesis (C:P)
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Fig. 7 Calcification rate per cell as a function of Emiliania
huxleyr numbers

fication increased from 22 May and reached a maxi-
mum on 5 June in both enclosures, with rates of 6.7
and 5.2 mg C m™3 h™!' in NP1 and NP2,
respectively (Fig. 6). Calcification showed
the same pattern in both darkness and
light, but dark calcification was always
much lower, ranging between 16 and
50% (averaging 30%) of light calcifica-

C prod.:N cons. 5.8 5.7 5.8
C prod:.P cons. 289 291 290

103 121 112
554 584 56.9

NP1 NP2 NP NPS1 NPS2 NPS NPS-NP
N consumed 0.5 0.6 0.6 0.6 0.6 0.6
P consumed 0.1 0.1 0.1 0.1 0.1 0.1
Si consumed 0.1 0.1 0.1 0.6 0.5 0.6
C produced 2.6 3.2 2.9 6.1 7.0 6.6

tion. The ratio of calcification to photo-
_ = synthesis (C:P) increased with cell num-

0.0 bers of E. huxleyi, reaching a maximum of
82 0.48 in NP1 and 0.42 in NP2 on 5 and 7

June. The sum of light and dark calcifica-
tion is used here for comparison with pho-
tosynthesis. The rate of calcification per

3.7

cell in general ranged between 0.1 and
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0.4 pg C cell'! h™! (Fig. 7). Integrated over the experi-
mental period 0.5 and 0.3 g C m~> was tied up by calci-
fication in NP1 and NP2, respectively.

Equal amounts of nitrate and phosphate were sup-
plied to all enclosures during the experimental period,
and so the consumption of these nutrients was also
equal (Table 1). A 2-fold higher integrated production
of carbon was observed in the NPS enclosures as com-
pared to the NP enclosures. This indicates a more effi-
cient use of nutrients in these enclosures. In the NPS
enclosures 0.5 g m™ more silicate was consumed than
in the NP enclosures, while the difference in carbon
production between the 2 treatments was 3.7 g m™>,
Thus, it indicates that for each g silicate added, the car-
bon production was increased by 7.4 g.

DISCUSSION
Species composition

The clearest outcome of this experiment was the
deveiopment of conirasting phytoplankton communi-
ties as a result of the different nutrient treatments:
whether diatoms or coccolithophorids bloomed was
determined by the presence or absence, respectively,
of silicate. The occurrence of Emiliania huxleyi blooms
in the NP enclosures confirmed observations from pre-
vious mesocosm experiments, in which this species
bloomed in 16 of 25 enclosures fertilised only with
nitrate and phosphate (Egge 1993, Egge & Heimdal
1994). Natural blooms of E. huxleyi, some lasting for
more than a month (author's pers. obs.) occurred simul-
taneously in several fjords on the west coast of Nor-
way. The maximum density of E. huxleyiin the seawa-
ter outside the enclosures (2 to 3 x 10° I"! on 3 June)
was much lower than those found in the NP enclo-
sures, but similar to those in the NPS enclosures. When
silicate was made available, however, the coccolitho-
phorid E. huxleyi could not compete with diatoms.
Officer & Ryther (1980) suggest that addition of silicate
to eutrophic regions, where nitrogen and phosphate
are in excess, may change a flagellate-dominated pop-
ulation to a diatom-dominated population. Elsewhere
diatoms have been observed to dominate in enclosure
experiments when the concentration of silicate was
>2 uM (Egge & Aksnes 1992), or when the N:Si ratio
was low (Schollhorn & Granéli 1996). In the present
study, the silicate concentration was found to be higher
than 2 uM in NPS1 and NPS2 only before 24 May,
which was 6 d before the diatom bloom peaked.
Nitrate was also depleted from this date in the NPS
enclosures. Situations in which nutrients become
depleted but the phytoplankton continue to grow for
several days have been observed several times in pre-

vious experiments (Egge 1993, Egge & Heimdal 1994).
Although nutrients are undetectable it does not mean
that they are not available for the phytoplankton. A
supply of, for instance, 3 uM nitrate (=42 ng N I'!),
which in this experiment was added every second day,
will be enough to support production of 4.2 x 10° cells
1" with a nitrate content of 10 pg cell"!. The observed
increase will, however, be lower because of dilution.

Phaeocystis pouchetii

The observation that Phaeocystis pouchetii and other
flagellate populations disappeared from NP1 and NP2,
yet remained stable (between 0.2 and 0.6 x 10° cells 17')
in NPS1 and NPS2, deserves further comment. Various
growth strategies have been suggested for Phaeocystis
(Veldhuis et al. 1991). P. pouchetii has been shown to
be more successful (reach higher cell concentrations)
when the concentrations of nutrients, especially phos-
phate, are high (Egge & Heimdal 1994). A high half-
saturation constant (K;) for both phosphate and nitrate
(3 and 4 pivi, respectivelyj indicates iow uptake affinity
for these nutrients (Lancelot et al. 1986, Veldhuis et al.
1991). Differences in nutrient supply cannot explain
the difference in cell density in the present experi-
ment, however, because all 4 enclosures were initially
supplied with the same concentrations of nitrate and
phosphate. Moreover, these nutrients were depleted in
NPS1 before the NP enclosures (Fig. 2). P. pouchetii
may, however, have a small silicate requirement as
X-ray microanalysis has showed silicate-containing
structures (K. M. Fagerbakke pers. comm.). Blooms of
Phaeocystis often succeed blooms of diatoms in the
North Sea (Gieskes & Kraay 1977, Cadée & Hegemann
1986, Veldhuis et al. 1986), suggesting that organic
substances released by decaying diatom populations
might either trigger growth of, or nutritionally sustain,
P. pouchetii (Weisse et al. 1986). In the case of phos-
phorus, however, both Emiliania huxleyi and Phaeo-
cystis colonies are able to utilise organic phosphate
after its hydrolysis by phosphatases, so the availability
of organic phosphorus components should not give a
particular advantage to Phaeocystis (Kuenzler & Perras
1965, Veldhuis et al. 1991).

Irradiance may also have affected the difference in
Phaeocystis pouchetii density between the NP- and
NPS enclosures. A lower diffuse attenuation (K7 = 0.14
to 0.87) in the NP enclosures compared to the NPS
enclosures (Kr = 0.74 to 1.16) showed that the irradi-
ances within the NPS enclosures were lower than in
the NP enclosures. This could suggest that P. pouchetii
has a competitive advantage when irradiance is low, in
agreement with earlier experiments demonstrating
Emiliania huxleyl dominance when incident irradiance
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was high {>20 pmol m™ I'!), and P. pouchetii domi-
nance in NP enclosures when irradiance intensities
decreased (Egge 1993, Jacobsen et al. 1995). A combi-
nation of silicate depletion (after 24 May) and low irra-
diance intensities may have allowed diatoms and P.
pouchetil to coexist in the NPS enclosures in the pre-
sent experiment.

One other explanation for the disappearance of
Phaeocystis pouchetii from the NP enclosures might be
the presence of Emiliania huxleyi. In several other
experiments, number of other species have decreased
when E. huxleyi numbers have increased (author's
pers. obs.), suggesting a possible incompatibility with
E. huxleyi. This may explain the reduction in P.
pouchetii population densities in the NP enclosures in
spite of reduced irradiation, which evidence suggests
may be advantageous to P pouchetil, and should
reduce the growth of E. huxleyi. The lower number of
flagellates seen in these experiments may also indicate
incompatibility between E. huxleyi and other species.

Carbon production and accumulation

Given that equal amounts of nitrate and phosphate
were supplied to all the enclosures, and these nutrients
were consumed, one might expect an equivalent bio-
mass to be produced in all enclosures. Perhaps one
could expect a higher chl a biomass in the diatom-
dominated enclosures, as diatoms usually have a
higher chla:carbon ratio {Langdon 1988). However,
the chl a biomass was very similar in all the enclosures,
ranging, on average, from 6.1 to 6.9 mg m™. Carbon
productions integrated over the whole period were,
however, twice as high in the NPS enclosures as in
the NP enclosures. The additional supply of silicate
changed the phytoplankton community towards dia-
tom dominance, and this community is apparently
more efficient at producing carbon than the flagellate-
dominated community in the NP enclosures. In the
present experiment the difference between Si supply
and no Si supply corresponds to 7.4 g C for each g sili-
cate consumed. Results from other enclosures gives
nearly identical values: for each g silicate consumed
6.9 g carbon was produced (Wassmann et al. unpubl.)
The latter values refer to an experiment carried out
during the same period of time, but in deeper enclo-
sures (10 m) where vertical flux of particulate biogenic
matter was measured. More silicate was available in
these enclosures and photosynthetic rates were mea-
sured at 3 depths.

Although production was higher in the NPS enclo-
sures it is not reflected in the accumulation of particu-
late carbon (Fig. 5). The average amount of particulate
carbon was quite similar in NPS1, NPS2, and NP2,

ranging from 906 to 974 mg m°. The average amount

of particulate carbon was, however, somewhat higher
in NP1 (1345 mg m®), in which the highest concentra-
tion of Emiliania huxleyi was found. The contribution
from calcification (estimated at 0.5 and 0.3 g C m™® in
NP1 and NP2, respectively) cannot by itself explain
this similarity in amount of particulate carbon.

The discrepancy between the relative high produc-
tion and low accumulation of particulate carbon in the
NPS enclosures, may be explained by a higher loss rate
in these enclosures compared to the NP enclosures.
Several loss factors, such as grazing, lysis and dissolu-
tion, and sedimentation, all of which are important in
phytoplankton bloom dynamics, could have reduced
the standing stock of particulate carbon (Brussaard et
al. 1995).

Loss factors

Micro- and mesozooplankton grazing can control the
development and succession of phytoplankton either
directly, through general or selective grazing, or indi-
rectly, by mesozooplankton grazing on microzooplank-
ton (Frost 1991, Riegmann et al. 1993). Grazing exper-
iments, conducted in NP1 only, showed that the
increase and peak of diatoms dominated by Skele-
tonema costatum (Fig. 4) stimulated growth of micro-
zooplankton, and the diatoms became grazer con-
trolled (Nejstgaard et al. 1997). An estimated 65 to
80 % of the standing stock of algae was removed daily
when ciliate numbers were highest. In contrast, Emil-
1ania huxleyi did not stimulate growth of protozoans,
but escaped grazing control and was able to produce
nearly monospecific blooms. Grazing pressure from
copepods was about 1 order of magnitude lower than
that from microzooplankton, and ingestion rates were
similar during blooms of diatoms and flagellates.

Lower accumulation of particulate carbon than
expected from production data may also have been
caused by lysis and dissolution of cells by bacteria or
viruses. Lysis of phytoplankton has been reported, and
virus-like particles have been found in all major algal
classes (Reynolds et al. 1982, Van Etten et al. 1991,
Bratbak et al. 1993). It may therefore be possible that
viruses may have caused phytoplankton lysis in the
present experiment, but there is no information which
suggests that diatoms in the NPS enclosures were par-
ticularly exposed. On the contrary, van Boekel et al.
(1992) found no increase in lysis rate at the end of the
diatom spring bloom.

A strong peak in the primary production rate, as
observed in the NPS enclosures, may have resulted in
a higher rate of sedimentation than that for the more
stable production in the NP enclosures. Except for the
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lower 0.5 m these enclosures were stirred, but some
sedimentation of a small amount of the phytoplankton
might have occurred. Because of the stirring, which
was achieved in order to get samples as representative
as possible of the water column, sedimentation could
not be measured in these enclosures. Stirring, in addi-
tion to keeping the water column homogeneous, can
also have influenced the formation of phytoplankton
aggregates and therefore sedimentation (Kierboe et al.
1994). The encounter rate between phytoplankton
cells increases, and especially diatoms form aggre-
gates because of the high stickiness and become a
major component of sedimented cells (Wassmann
1991, Kigrboe et al. 1994). In 2 additional enclosures,
10 m deep and stirred in the upper 4 m only, sedimen-
tation rates were measured with sediment traps in the
bottom. The 2 long enclosures were designed to inves-
tigate the effects of silicate on vertical export of phyto-
plankton material, both of which were fertilised with
nitrate and phosphate, and one of which was addition-
ally treated with silicate (Wassmann et al. unpubl.).
The results of that experiment show, as already men-
tioned, that for each g silicate added the production
increased with 6.9 g carbon, and in addition the verti-
cal flux was enhanced by 3.6 g carbon.

Calcification

Particulate carbon measurements in the present
experiment include inorganic carbon components
which can be relatively high in the NP enclosures
because of coccoliths (Fig. 5). Calcification integrated
during the entire experimental period corresponds to
0.5and 0.3 g C m™ in NP1 and NP2, respectively. Even
with the contribution from calcification added to
photosynthetic production (Table 1), one still cannot
explain why more particulate carbon accumulates in
the NP enclosures during the experiment compared to
the NPS enclosures. The microdiffusion method has
previously mainly been used on cultures, and only on a
few occasions in field (Paasche & Brubak 1994, Skatte-
bel 1995). The calcification per cell measured in the
present experiment (0.1 to 0.4 pg C cell”’ h™!) is in
agreement with the results of Paasch & Brubak (1994),
who reported irradiance-saturated calcification in cul-
tures at 0.3 pg C cell’ h'! in a short (2 h) incubation
experiment. The real rate may have been even higher
(20 to 30 %), as the calculated production based on the
increase in carbon content became 0.4 pg C cell”* h™},
the same maximal rate as was measured by Balch et al.
(1992). Maximum calcification rates of 0.12 pg C cell™!
h~!, which is comparable to the lower end of our calci-
fication rate range, have been recorded in a natural
bloom (Skattebgl 1995).

A maximum C:P ratio of 0.4 to 0.5 measured when
Emiliania huxleyi made up more than 95% of the cell
numbers seems realistic, although several laboratory
studies using pure cultures have reported a molar ratio
on the order of 1:1 between calcification and photosyn-
thesis (Paasche 1964, Nimer & Merrett 1993, Paasche &
Brubak 1994). From a bloom in the Northeast Atlantic
Ocean, calcification reportedly never represented
more than 20% of the total carbon incorporation (Fer-
ndndez et al. 1993). Skattebel (1995) measured calcifi-
cation by the microdiffusion method several times dur-
ing a natural bloom of E. huxleyi, and reported a C:P
ratio of 0.15 to 0.22, however, only calcification during
light was measured. We therefore conclude that the
rate of calcification and the ratio between calcification
and photosynthesis are comparable to those reported
by other investigators and the contribution to carbon
by calcification is realistic. This method is well suited
for field investigations.

It is more likely that the low accumulation of particu-
late carbon in the silicate-treated NPS enclosures was
due to a high loss rate, as the production was much
higher. The ioss factors, grazing and sedimentation,
both affect diatom communities more than coccolitho-
phorid communities. The effects of different nutrient
supplies were therefore not straightforward. Treat-
ment with nitrate, phosphate, and silicate resulted in
the most productive population, the diatoms, which
also had the highest loss. Treatment with nitrate and
phosphate only resulted in a less productive cocco-
lithophorid bloom. Due to low loss, however, more par-
ticulate carbon accumulated during that bloom.
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