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ABSTRACT. The Bay of Brest, France, a typical semi-enclosed coastal ecosystem (159 km2) of western
Europe, was studied during spring 1992 with respect to the biogeochemical cycle of silicon. Three periods of nutrient and phytoplankton dynamics (chlorophyll a, biogenic silica, species composition), were
distinguished during spring 1992, each corresponding, respectively, to a bloom of Thalassiosira sp. and
Skeletonema costaturn during early spring (April], Rhizosolenia sp. during mid-spring (May) and
Chaetoceros sociale during late spring (June). During each period the production of biogenic silica (the
mean rate of spring biogenic silica production was 13 mm01 Si m-' d - l ) , derived from I4C primary production measurements, size fractionation experiments and appropriate Si: C ratios, has been compared
with the sum of the silicic acid inputs to the bay originating from rivers, from the adjacent Iroise Sea and
from the sediments. From this comparison, it is concluded that (1)the early spring diatom bloom was
mainly sustained by silicic acid from the watershed, (2) recycling of silicic acid within the water column
played a major role during mid-spring to sustain the bloom of Rhizosolenia sp. and (3) silicic acid recycling at the sediment-water interface was the main contributor to the silica production during the late
spring bloom. On a seasonal basis, the riverine inputs of Si (net source) balance the Si burial in sediments (net sink), and the contribution of the sediment to the silica production equals that of the watershed. The factors that govern the quantitative and qualitative variations of phytoplankton blooms during these periods are discussed. In these nitrate-rich coastal waters, support is given to the hypothesis
of Si-limitation of the diatom growth, at least during the early spring period when inputs of silicic acid
from the watershed represented the major contribution to the silica production.
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INTRODUCTION

The productive period in temperate coastal waters is
usually characterized by a typical sequence of events
from a spring diatom-dominated bloom, owing to the
large amounts of dissolved silicate supplied by rivers
through land weathering, to a later summer bloom
dominated by non-diatom species, supported by
regenerated nutrients (Margalef 1958, Pingree 1978,
Peterson 1986). Continuous anthropogenic enrichment
of freshwaters by N and P compounds, evident for several decades in western Europe (Meybeck & Helrner
1989, review in Smayda 1990) has led to long-term
O Inter-Research 1994

declines in Si : N and Si : P ratios. The subsequent possibility of Si-limited diatom blooms in coastal waters
which has emerged (Officer & Ryther 1980, Smayda
1990, Conley & Malone 1992) altered the typical
sequence above, since it provides suitable conditions
for a spring flagellate bloom, not only supported by
regenerated nutrients, but also by terrigenous new
nutrients, leading to most of the well-known coastal
eutrophication problems (Billen et al. 1991).
The Bay of Brest, France, is a typical coastal ecosystem of western Europe where such perturbations are
likely to occur d u e to the 10-fold increase in the nitrate
concentrations in its tributaries since the beginning of
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the century (Treguer & Queguiner
1989). Nonetheless, the Bay of Brest
has not yet exhibited any symptom of
eutrophication (Hily 1991). Given the
importance of silicon in the emergence of coastal eutrophication problems (Schelske & Stoermer 1971), the
present study has been performed to
assess the biogeochemical cycle of this
element in connection with the spring
phytoplankton dynamics. Officer &
Ryther (1980) suggested that the shift
from a diatom-dominated population
to a flagellate-dominated one was
mainly controlled by silicic acid
regeneration, which usually occurs
at the sediment-water interface in
coastal waters (Calvert 1983, D'Elia et
al. 1983), but which may also occur
above the thermocline in stratified
systems (Paasche & Ostergren 1980).
The Present investigation has thus
Fig. 1 . Station locations in the Bay of Brest, France, (R3 & F) and its tributaries,
Aulne R~ver(Stn A) and Eloin River (Stn E ) . Dotted lines refer to the boundaries
been undertaken to answer the folof Box 6 in the Delmas physical model (Delmas 1981)
lowing questions: What is the relative
importance of dinoflagellates as compared to diatoms during the spring bloom? What is the
meters also exhibit little horizontal variability (Hafbalance between regeneration processes and direct
saoui 1984);and (4) this box accounts for about 80% of
inputs of silicon in this shallow well-mixed coastal
the whole Bay volume. Primary production data meaecosystem? Finally, when does the dissolved silicon
sured at this routine station were used by Queguiner &
availability control diatom development, and what
Treguer (1984) to estimate the annual primary producprecludes the expected subsequent development of
tion of the whole Bay of Brest.
Five depths from surface to bottom (40 m) were
dinoflagellates in the Bay?
sampled once or twice a week, from September 1991 to
June 1992, but only the spring period will b e discussed
MATERIAL AND METHODS
here. Samples for determination of ammonium and
oxygen were immediately fixed on board the ship,
after addition of the working reagents. Samples for
Study site and sampling strategy. The study was
determination of other nutrients were preserved either
conducted in the Bay of Brest (Fig. l ) , a productive
in a refrigerator (silicic acid, 4°C) or in a freezer
coastal area fed by 2 small tributaries, the Aulne and
Elorn rivers. This bay has already been described as a
(nitrate and phosphate, -20°C) before analysis. Samtypical macrotidal semi-enclosed ecosystem (Delmas
ples for taxonomic determinations were also fixed on
1981), connected with the adjacent Iroise Sea through
board using an acid Lug01 solution. The filtrations for
particulate matter measurements were carried out at
a sound 1.8 km wide and 50 m deep.
Water sampling was performed at Stn R3 (Fig. l ) ,
the laboratory 2 h after sampling. Sediment cores were
located in Box 6 (Fig. 1) of the Delmas' physical model
taken twice a month from March to October 1992, in
the sand-silt sediments of Stn F (10 m deep) located
(Delmas 1981, Delmas & Treguer 1985). This box
exhibits the following characteristics: (1) it is located at
1 nautical mile southeast of Stn R3 (Fig. 1). Freshwater
samples were collected once a week at Stn A (Aulne
the confluence of the 3 water masses originating from
the Elorn River, the Aulne River and the adjacent Iroise
River) and Stn E (Elorn River) (Fig. 1). Daily river flow
Sea and it is therefore considered to be typical of the
data were provided by the 'Service Hydrologique Centralisateur' (Nantes, France).
study area (Queguiner & Treguer 1.984, Delmas &
Treguer 1985, Dauchez et al. 1991); (2) tidal mixing
Analytical methods. Temperature was measured
ensures the vertical homogeneity of all nutrient and
using Richter and Wiese reversing thermometers (prebiomass parameters, including non-conservative propcision: +0.0l0C).Salinity was measured by the Knudsen method (precision: k0.03 PSU). Oxygen was detererties (Delmas & Treguer 1985); (3) all of these para-
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mined by the Winkler method, according to Strickland
& Parson (1972) (precision: k0.04 m1 1 - l ) . Ammonium
measurements were made according to Koroleff (1969)
(precision: k0.05 PM). Phosphate was determined by
the method of Murphy & Riley (1962) (precision: k0.02
p M ) Nitrate determination was made using a Technicon Autoanalyzer I1 (Treguer & Le Corre 1975) (precision: k0.1 PM). Silicic acid (silicate) was determined
according to Mullin & Riley (1965),using an Alpkem
RFA-300 analyser (precision: k0.05 PM). All precisions
have been determined using reproductibility experiments (10 replicates).
For determination of biogenic silica (BSi), 500 m1
seawater was filtered onto 0.6 pm Nuclepore filters.
Biogenic silica was determined by using the sodium
hydroxide digestion method of Paasche (1973a). This
method has been adapted by Brzezinski & Nelson
(1989) to determine both biogenic and Lithogenic silica
concentrations on the same filter using HF attack after
the NaOH digestion. As demonstrated by Ragueneau
& Treguer (1994), biogenic silica determination must
be corrected, in coastal waters, from lithogenic silica
interference. Precision for corrected BSi concentrations is better than 10 % within the period of maximum
diatom activity (spring).For particulate organic carbon
(POC) and nitrogen (PON) measurements 1 1 of seawater was filtered onto Whatman GF/F precombusted
(400°C) filters and further analysis were performed on
a modified Carlo Erba analyzer model N 1 500 following the method of Strickland & Parson (1972).Precision
for POC and PON is 2 1 %. For determination of chlorophyll a (chl a) and pheopigments, 500 m1 of seawater
were filtered onto Whatman GF/F filters and the analysis was done by the fluorirnetric method of Yentsch &
Menzel (1963),using a calibrated Turner 111 fluorometer (precision: k0.1 p g I-'). The estimation of cell concentration and taxonomic identification of phytoplankton were made according to Utermohl (1931). Carbon
primary production was measured under natural light
conditions from 14C measurements in 250 m1 surface
water samples (24 h incubation) (Queguiner & Treguer
1984).
Nutrient fluxes at the water-sediment interface were
measured in the laboratory according to the core incubation method described by Henriksen et al. (1981),
Nedwell (1982) and Souchu (1986).Incubations lasted
for 6 h, in darkness and at in situ temperature. Nutrient
concentrations in the supernatant water were determined each hour. A reproducibility experiment, performed with 7 different cores, provided a precision of
44 %, which is not surprising taking into account the
spatial heterogeneity of the sediments. The weight
percentage of BSI in sediments was determined
according to the wet alkaline extraction method of
DeMaster (1981) (precision of the method: + 5 %).
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RESULTS
Variations of environmental parameters
At Stn R3, surface water temperature increased from
9.5"C at the end of March 1992 to 16.5OC on 16 June
1992 (Fig. 2). Irradiance increased from 1000 to 2500 J
cm-' d - ' over this same period (Fig. 2). The springneap tidal cycle is presented in Fig. 2. The mean daily
flow of Aulne River decreased from 50 m3 S - ' in midFebruary to less than 10 m%-' at the end of the study
period, with a temporary increase at the end of April
(Fig. 2 ) . From the beginning of April until the end of
the study period, irradiance was sufficient (>l000 J
cm-' d-') to sustain photosynthetic activity in surface
waters (Queguiner & Trkguer 1984).

Fig. 2. Temporal variations between January and June 1992
in (a) temperature, (b) irradiance, (c) tide coefficient and
(d) daily flows of the 2 major tributaries
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Fig. 3. Temporal variations at Stn R3 between Apnl and June
1992 in ( a ) sallnity concentrations and (b) oxygen saturation.
Vertical dashed llnes separate the 3 major periods of the study
(I: early spring, from 6 April to 23 April; 11: mld-spnng, from
23 April to 20 May; 111: late spring, from 20 May to 16 June)

Variations of chemical and biological parameters in
the water column
APRIL

Before mid-May, riverine influence was evident in 3
decreases in salinity occuring before 9 April, 30 April
and 14 May respectively (Fig. 3).After mid-May, along
with the decreasing river discharge, salinity increased
up to 35.4 PSU, reflecting the renewal of the waters of
the Bay by those of the adjacent Iroise Sea. In relation
to the biological activity, oxygen (Fig. 3) was always
saturated during the study period, reaching a maximum of 122% on 14 May coinciding with the second
peak of chl a (see below). In parallel to both the
increases in oxygen saturation and in biological activity (see below) nutrient stocks exhibited depletion over
the whole water column, with a dramatic decrease
from 25 March to 13 April (Fig. 4 ) .
As far as nutrients are concerned the following
observations can be made. Silicic acid concentrations
in surface waters dropped below 1 FM on 13 Apnl, i.e.
under usual limiting levels of diatom growth in temperate waters (Guillard et al. 1973). Surface concentrations remained below 1 pM until the end of June while
integrated concentrations in the water column fluctuated between 15 and 40 mm01 m-2. Phosphate decrease was parallel to that of silicic acid: surface phosphate concentration was <0.2 pM on 13 April and

IMAY

JUNE

Fig. 4 . Temporal variations at Stn R3 between April and June
surface and (a)depth-integrated concentrations
1992 in (0)
of (a) silicic acid, (b) phosphate, (c) nitrate + nitnte and
(d) ammonium

remained below 0.1 pM during May; integrated phosphate concentration remained below 5 mm01 m-2 until
the end of June. Surface nitrate concentrations decreased to 5 pM on 13 April and remained just below
this level until the end of May. Nitrate exhaustion
finally occurred only at the beginning of June and the
concentration was < 2 pM until the end of the study
period. Integrated nitrate concentrations also exhibited
a regular decrease until 4 June when surface and integrated values approached zero. Ammonium exhibited
a different behaviour as compared to the 3 other nutrients: in surface waters 2 maxima were observed on 21
April and 4 June, whereas integrated values exhibited
3 maxima on 30 April, 20 May and 1 July respectively.
Those variations in ammonium concentrations can be
related to the intensification of the microzooplankton
recycling activity following phytoplankton developments in coastal temperate waters (Ambler et al. 1985).
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Fig. 5. Temporal variations at Stn R 3 between Apnl and J u n e
1992 in (0)surface and (m) depth-integrated concentrations
of (a) biogenic silica, (b) chlorophyll a and (c) surface primary
production

With respect to the variability of phytoplankton and
nutrient dynamics during spring 1992, we can distinguish 3 major periods (I, I1 and I11 on figures) each
including at least a peak of biomass and production
(Figs. 5 & 6). Period I refers to early spring, from 6 to 23
April, and is centered on the first phytoplankton bloom
(13 April); period I1 refers to mid-spring, from 23 April
to 20 May and contains an extended peak with 2 secondary peaks of biomass and production (30 April and
14 May); period 111 refers to the late spring period, from
20 May to 6 June, including a smaller peak both for
biomass and production.
Period I. The first spring bloom was characterized
by a rapid and simultaneous growth of both diatoms
(dominated by Thalassiosira sp. and Skeletonema
costatum) and dinoflagellates, belonging mainly to the
nanophytoplankton size class (Fig. 7). The maximum
phytoplankton concentration was reached on 13 Apnl,
at the end of a neap tide period. The carbon primary
production peak (>20 pm01 C 1-' d - ' ) coincided with
those of chl a (9 pg 1-') and BSi (1.8 pm01 I-') (Fig. 5),
together with a severe decrease in nutrient concentrations (Fig. 4). During this early spring period, the

APRIL

'

MAY

JUNE

'

Fig. 6. Temporal variations at Stn R 3 between April and J u n e
1992 in (0)surface and (m) depth-integrated concentrations
of (a) pheophytin, Pheo , (b) particulate organic carbon, POC,
and (c) particulate organic nitrogen, PON
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Fig. 7. (a) Temporal variations at Stn R3 between April and
J u n e 1992 in (0)diatom a n d (m) dinoflagellate numencal
abundance. (b) Similarities in the variations, during the same
penod, in (M) the numencal abundance diatom: dinoflagellate
ratio and (0)in the molar BSi: POC raho
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diatom : dinoflagellate numerical abundance ratio
stood between 0.7 and 1.3 (Fig. 7). BS1:POC molar
ratios were about 0.05 (Fig. 7), i.e. much lower than the
average ratio of 0.13 given by Brzezinski (1985) for
diatoms growing in nutrient replete conditions. This
reflects the fact that the phytoplankton community was
not strongly dominated by diatoms (Fig. 7). On 16
April, the end of the bloom was marked by a strong
decrease in every phytoplankton standing stock parameter.
Period 11. The second phytoplankton bloom (between 30 April and 14 May) was dominated by diatoms
(Fig. 7), mainly Rhizosolenia sp., Thalassiosira sp. and
Chaetoceros sp. On 14 May the diatom:dinoflagellate
ratio reached a value as high as 3.5 (Fig. 7) which was
concommitent with high concentrations of BSi (2 pm01
chl a (8.1 pg 1 - l ) and POC (37 pm01 I-') (Figs. 5 &
6). The fact that BSi :POC molar ratios remained nearly
constant as compared to the previous bloom, in spite of
the increasing proportion of diatoms (Fig. 7), could be
explained by an increasing proportion of detrital carbon in the particulate matter. This is consistent with
pheophytin variations: on 5 May, depth integrated
pheopigments exhibited a marked peak (70 mg m-2),
indicating an enhanced phytoplankton degradation
over the whole water column - an observation consistent with the expected enhanced zooplankton concentration at mid-spring (Queguiner 1982). Carbon primary production was maximum on 30 April (29 pm01 C
1-' d - l ) , i.e. at the beginning of that bloom, and chl a
concentrations remained at high levels between 30
April and mid-May (Fig. 5).
Period 111. During the late spring period, a moderate
bloom of Chaetoceros sociale, accounting for 99% of
diatoms and 83 % of total cell concentration, developed
between 10 and 16 June (Fig. 7). Cells belonged to the
nanophytoplankton and formed chains as usually
observed for this species (Alldredge & Gotschalk
1989). Low chl a values (maximum of 2 pg 1-' for 3 X
106 cells I-'; Figs. 5 & 7) corresponded to this bloom.
Identical conditions have already been noticed during
spring 1981 by Queguiner (1982) who observed a
bloom of C. sociale characterized by high cell concentrations (up to 12 X 106 cells 1-'), comparatively
moderate chl a values (not exceeding 7.5 pg I-'),
and moderate carbon production rates (maximum:
14 pm01 C 1-' d - l ) . During this last period, we measured a BSI maximum close to 2 pm01 Si l-' although
the diatom:dinoflagellate ratio reached 40, the maximum value ever observed during the whole study
period (Fig. 7). Due to the development of this monospecific bloom of C. sociale, the BSi:POC ratio
increased to 0.09 (Fig. 7). This value is close to the
average Si:C ratio given by Bzrezinski (1985) for
siliceous nanophytoplankton.

Silicic acid benthic fluxes and BSI storage in
sediments
Unlike nitrate and ammonium whose fluxes at the
water-sediment interface did not appear very active
before summer (Souchu 1986), benthic silicic acid
fluxes (Table 1) showed a strong increase from 31.5
pm01 m-' h - ' in March to 107 pm01 m-' h-' in June.
These fluxes were highly correlated to bottom water
temperature (r = 0.97; n = 8; a < 0.001), a result consistent with those from Rippey (1983) and Boynton et al.
(1989). Our measurements of silicic acid fluxes are
higher than the diffusive fluxes (30 to 50 pm01 m - 2 h - ' )
calculated by Douchement (1987) from gradients of
silicic acid concentrations in pore waters measured at
the same station during spring 1985. This is a common
observation also reported, for instance, by Quigley &
Robbins (1984) and by Conley et al. (1988), who
explained ihe difference between ihe 2 fluxes by the
major importance of the surface floc layer in BSI dissolution processes.
The weight percentage of BSi content in the sediment showed a 3-fold increase between March and
the begining of our study period. This is related to the
sedimentation of siliceous material following diatom
blooms in the water column during spring (Bienfang et
al. 1982). It is worthwhile to note that after this increase, the silica content of the sediment remained
around 1% during the overall study period. Such a low
BSi content of the sediment has already been encountered in various locations such as Chesapeake Bay,
USA, (D'Elia et al. 1983) or the nondepositional areas
of Lake Michigan, USA (Conley et al. 1988). They are
low as compared to other coastal deposits which may
contain as much as 4 % of BSi in Long Island Sound,
USA (DeMaster 1981). 19% in Saanich Inlet, British
Columbia, Canada (Gucluer & Gross 1964), and even
more than 50% in the central Gulf of California, Mexico (Calvert 1966).This suggests either a low BSi deposition (with a production exported out of the Bay or

Table 1. Temporal variations at Stn F between March and
J u n e 1992 in bottom water temperature (T), weight percent
biogenic sllica (BSi) content of the sediment and silicic acid
benthic fluxes [Si(OH), flux]. nd: not determined
Date

T

Weight % BSi

("c)
05 Mar
06 Apr
30 Apr
14 May
04 J u n
16 Jun

9.0
9.7
11.6
11.8
17.8
16.9

0.36 r 0.02
0 99 r 0.05
0.95 i 0.05
0.81 r 0.04
1.22 r 0.06
0.82 r 0.04

Si(OH), flux
(pm01 Si m-2 h-')
nd

*

31.5 13.9
36.0 t 15.8
63.3 i 27.9
87.4 38.5
107.1 47.1

*

*
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rapidly recycled within the water column) or a rapid
BSi dissolution within the sediment, with a greater importance of BSI dissolution from recent siliceous deposition on surficial sediment rather than BSi dissolution
within the sediment matrix (Yamada & D'Elia 1984).

DISCUSSION
For each of the 3 periods described above we compared the biogenic silica production in the whole Bay
of Brest with the sum of silicic acid inputs originating
from various sources. The subsequent fate of the biogenic silica produced was also examined.

Estimates of biogenic silica production
A first order approximation of the biogenic silica production in the Bay of Brest has been determined from
conversion of the integrated carbon primary production using appropriate BSi : POC ratios (Brzezinski
1985).Different steps were required for the calculation.
Step 1. Calculation of the depth-integrated primary
production. Although we only measured surface carbon primary production during spring 1992 (Fig. 5), a
reasonable estimate of depth-integrated carbon primary production (IPP) can be calculated by taking into
account the linear regressions between IPP and SPP
(Table 2). Those regressions were established by using
a previous data set (120 data for spring 1981, 1982 and
1983) obtained for the same station and the same season by Queguiner & Treguer (1984) and Hafsaoui et al.
(1985).We divided the water column into 4 horizontal
sections whose corresponding area was known
(Berthois & Auffret 1970); for each section, we established the regression between depth-integrated production and surface primary production (Table 2). Estimates of IPP (mm01 C m-2 d-l) were made by using
these regressions. For example, SPP measured on
30 April (29 pm01 C 1-' d - l ; Fig. 5) can be converted

Table 2. Relationship between integrated carbon primary production (IPP, mm01 C m-' d-') for different depth intervals
and surface carbon primary production (SPP, mm01 C m-"
d - l ) . I4C data from Stn R 3 collected during springs 1981, 1982
and 1983 (total 120 data points)
Depth
(m)
0-5
5-10
10-20
20-40

Linear regression

IPP = [4.2(*0.3) X
IPP = [3.1(k0.4) X
IPP = [3.8(*0.6) X
[PP = [0.9(*0.2) X

SPP] + 3.9(*5 9)
SPP] + 3.7 (k8.1)
SPP] - 3.8(*13.4)
SPP] - 2.6(*5.3)

r
(n = 30)
0.94
0.85
0.76
0.56

into an IPP of 125.7 + 5.9 mm01 C m-' d - ' for the 0 to
5 m depth layer. This approach provides a useful tool to
predict depth-integrated carbon primary production
from surface measurements only, and has been validated during spring 1993. During the 1993 phytoplankton spring bloom, primary production was measured at 5 depths at the same station; between 19 April
and 30 June 1993, IPP was 77 * 8 g C m-'. Conversion
of SPP into IPP during this bloom period using Table 2
provides an estimated value of 92 27 g C m-', in reasonable agreement with the measured value.
Step 2. Contribution of diatoms to carbon primary
production. Since only diatoms contribute to the silica
production in the Bay (other siliceous contributors are
of negligeable importance), it is necessary to estimate
the proportion of the carbon primary production which
was due to only diatoms. Diatoms always accounted for
at least 87 % of the microphytoplankton (assuming
cells with a diameter > 10 pm belong to microphytoplankton) during spring 1992 in the Bay. According to
size-fractionation experiments carried in 1993 (H. Breton, B. Queguiner, Y. Del Amo & P. Treguer unpubl.) in
the Bay of Brest (0.2 to 0.6, 0.6 to 10 and > 10 pm),
microphytoplankton accounts for 70 to 100% of primary production during a bloom (chl a > 3 pg 1 - l ) but
only for 20 to 60% before or even between blooms
(Breton et al. unpubl.). Such a result is consistent, for
instance, with D'Elia et al. (1983) who found diatoms
accounted for only 50 % of the primary production on
an annual basis. Thus, each value of IPP, calculated in
Step 1, has then been converted into an IPP due to
diatoms using 1 of the 2 ranges given above, depending on whether the chl a concentration was higher or
lower than 3 1-19 1 - l . In keeping with the preceeding
example, IPP calculated on 30 April in the 0 to 5 m section (125.7 5.9 mm01 C m-' d-') has been converted
into the range 101 k 23 pm01 C m-' d-' (70 to 100% of
IPP was due to microphytoplankton and 94 % of the
latter was due to diatoms). The use of 1993 data to estimate the contribution of diatoms to the spring 1992 primary production is supported by the fact that both specific compositions of phytoplankton exhibited similar
dominance during the beginning of the 1992 and 1993
succession: both populations were dominated by Thalassiosira sp. and Skeletonema costatum during the
early stage of the succession and then by Rhizosolenia
sp. by mid-spring. In the light of this comparison, it is
reasonable to use size-fractionation experiments performed during spring 1993, at least during the first 2
periods. During the 1992 late spring period, the phytoplankton-specific composition was strongly dominated
by Chaetoceros sociale (see 'Results') and we considered that this diatom accounted for more than 70 % of
the carbon primary production during the whole late
spring period.

*

*
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Step 3. Time-integration of IPP due to diatoms over
m-' d-l for the spring/summer period, Banahan &
each period. Time-integration of the depth-integrated
Goering 1986).It is 2 times lower than that obtained durprimary production due to diatoms led to a carbon
ing spring in the Northwest Africa and the Peru upprimary production given in m01 C m - 2 for the early
welling regions (22 mm01 Si m-2 d - ' , Nelson & Goenng
spring, mid-spring and late spring periods. Final
1978; 27 mm01 Si m-' d - l , Nelson et al. 1981, respecranges in each horizontal section are given Table 3 for
tively) where carbon primary production (mean value
each of the 3 periods already defined.
Step 4. Space-integration over the
whole Bay of Brest. In each horizontal
Table 3. Calculation of the silica production for the early, mid and late spring
periods (Steps 3 to 5, 'Discussion'). Si:C ratios of 0.13 + 0.04 (early, mid-spring)
section, the final range of space and time
production (
~ C = ~ and
~ 0.091 i 0.03 (late spring) have been used for the conversion of
carbon
time and space interated IPP into silica production
106 m01 C) is calculated by multiplying
the time-integrated carbon primary proDepth
Section
IPP due to diatoms
Biogenic silica
duction due to diatoms and the area of
Time
Time and space
production
(m)
area
the section concerned (Table 3). Sum(106 m2)
integrated
integrated
ming the results obtained in the 4 sec(106 m01 C )
(106 m01 Si)
(m01 C m-2)
tions provides a range for the whole
water column. Extrapolation to the
Early spring, 06 to 23 Apr 1992
0-5
158.8
4 - 22
48 - 127
0.3 - 0.8
whole Bay is reasonable since Box 6
5-10
85.7
17-51
2-9
0.2 - 0.6
(1) exhibits little horizontal and vertical
1-7
63.4
13 - 44
10-20
0.2 - 0.7
variability and (2) accounts for 80% of
20-40
23.1
0- 1
0-5
0.0 - 0.2
the total Bay volume (see 'Sampling
7-39
strategy').
Mid-spring, 23 Apr to 20 May 1992
Step 5. Conversion into a biogenic sil0-5
158.8
0.9 - 1.7
13 - 46
ica production. A range of BSI produc5 - 20
5-10
85.7
0.7 - 1.4
tion (Mmol Si) was finally estimated after
4 - 17
10-20
63.4
0.7 - 1.6
conversion of the final total (i.e. depth-,
0-2
20-40
23.1
0.1 -0.4
time- and space-integrated) carbon pri22 85
mary production due to diatoms (Mmol
Late spring, 20 May to 16 Jun 1992
C ) using appropriate Si : C molar ratios
6-21
95 - 175
0-5
158.8
0.6 - 1.1
determined by Brzezinski (1985). An
5-10
85.7
0.4 - 1.0
34 - 86
2-10
10-20
63.4
0.3 - 1.0
19 - 63
1-8
average ratio of 0.13 0.04 was used for
20-40
0-7
0- 1
23.1
0.0 - 0.3
the first 2 periods dominated by siliceous
9 - 40
microphytoplankton, and of 0.09 0.03
for the last period dominated by siliceous
nanophytoplankton.
Table 4. Silicic acid supplies to the surface layer of the Bay of Brest dunng
Our estimates for the silica production
spring 1992 (early, mid- and late spring) and subsequent fate of the biogenlc
s h c a produced during the same 3 periods. All data in Mm01 Si (106 m01 Si)
during spring 1992 in the Bay of Blest
range between 7 and 39 Mm01 Si for the
early spring penod. 22 and 85 Mm01 Si
Silicic acid supply (Mmol Si)
Spring
for the mid-spring period, and 9 and
period Pre-spring Rvers Iroise Sediment
Total
Water column
stock
recycling
40 Mm01 Si for the late spring period
(Table 3). This leads to a total silica
12-14
0 27
Early
4
5
2
1-3
production ranging between 38 and
Mid8
1
3-7
12-16
6 - 73
164 Mm01 Si during spring 1992. It is
Late
0 - 29
2
5-13
11-19
4
important to note that although first order
Total
'7
5
9 - 23
35 - 4 9
6 - 129
approximation, our estimates for biogenic
silica production are reasonable with
Fate of biogenic silica (Mm01 Si)
Spring
respect to the rates that have been meaperiod
Water column Advection
Deposition
Net
sured in other coastal ecosystems. Thus,
recycling
accumulation
between 6 April and 16 June, the mean
Early
0 - 27
2
5-10
2-9
spring biogenic silica production of the
Mid6 - 73
3
9 - 13
2-10
Bay of Brest was 13 mm01 Si m-2 d-l. This
Late
0 - 29
4
5-7
0-2
value is comparable to the one obtained
Total
6 - 129
9
19 - 30
4-21
in the Southeast Bering Sea (17.7 mm01 Si
-

*

*

-

Ragueneau et al.: Phytoplankton dynamics and silicon cycle

ca 3 g C m - 2 d-', Jacques & Treguer 1986) is about
3 times higher than that of the Bay of Brest (mean value
ca 0.8 g C m-2 d-'; Queguiner 1982).

Calculations of silicic acid inputs
The demand of silicic acid by siliceous phytoplankton has to be balanced by available silicic acid. The latter represents the sum of the pre-spring silicic acid
stock and of the silicic acid inputs from various origins
(rivers and the adjacent Iroise Sea) and processes (benthic supply and recycling of silicic acid within the
water column) during the study period (Table 4, silicic
acid supply). Calculations for each source were made
as follows:
Silicic acid pre-spring stock. This stock is calculated
taking into account the volume of the Bay of Brest
(1.3 X log m3) and an average pre-spring concentration
of 3 pM Si (Fig. 4).
Riverine supply. The riverine supply of nutrients into
the Bay was calculated for Aulne and Elorn Rivers by
multiplying river flows and the freshwater nutrient
concentrations (between 150 and 200 pM in both rivers
during winter and between 80 and 150 pM during
spring).
Benthic supply. Estimates for the total benthic silicic
acid supply for the whole Bay of Brest are based on
extrapolation of the data obtained for Stn F in silt/sand
sediments (Table l),assuming the sedimentation of silica from diatom blooms is homogeneously distributed
over the Bay. The fact that cores were taken in such a
sediment which contains a large fraction of silicate
minerals (30% quartz, 10% clay minerals) does not
influence the measured silicic acid flux, since this one
is provided by dissolution of biogenic siliceous tests
and not by dissolution of mineral silicate (Douchement
1987). In the first centirneter of sediment, silicic acid
concentrations in pore waters were between 100 pM Si
in April and 200 pM Si in June (Douchement 1987),i.e.
within a range of concentrations which are saturating
with respect to the mineral phases, but below saturation with respect to biogenic amorphous silica (Siever
1962, Stober 1967, Yamada & D'Elia 1984).
Silicic acid supply from the ocean. Depletion of silicic acid in the Bay of Brest usually occurs before that of
the Iroise Sea, where unfavourable conditions for
phytoplankton growth prevail late in the season (Delmas & Treguer 1983) due to intense mixing by strong
tidal currents. Therefore during spring, silicic acid concentration is always higher in the Iroise Sea than in the
Bay so that the exchange between the 2 ecosystems
leads to a net input of silicic acid into the bay. An estimate of this net Iroise Sea input of silicic acid is calculated using a simple model (Berthois & Auffret 1970) to

quantify the exchanges of water and dissolved matter
between the Bay and the Iroise Sea. For mean tide conditions the volume percent of the Bay of Brest renewed
by Iroise Sea water averages 2.2 % (Delmas 1981). The
amount of silicic acid introduced in the Bay at each tide
is given by:

where Qsi = amount of Si (m01 Si) introduced in the
Bay during 1 tide; [Si(OH)4],= average silicic acid concentration (mm01m-3) in the Iroise Sea; [Si(OH)4]1,
estimated from the R N 0 (Reseau National d1Observation
de la Qualite du Milieu Marin) data set (200 unpublished data from 1974 to 1992), decreased from 2.6
pM Si in April to 1.3 pM Si in June; [Si(OH),IB= average silicic acid concentration (mm01m-3) in the Bay of
Brest, decreased from 1.3 pM Si in April to 0.6 pM Si in
June; V = volume of the Bay of Brest at low tide (1.3 X
log m3);and M = volume oscillating between the Iroise
Sea and the Bay at each tide (1 X 10' m3).
During each period, the total amount of silicic acid
entering the Bay of Brest is 2nQsi (n = no, of days during the period; 2 tides d - l ) .
Table 4 compiles the different supplies of silicic acid
(Mmol Si) to the Bay of Brest. Only the uncertainties
concerning the benthic flux (Table 1)have been taken
into account. Uncertainties concerning the pre-spring
stock and the riverine and oceanic supplies have been
neglected: silicic acid concentration is determined with
a precision of 0.05 pM, river flows are given with a precision better than 5 % and the exchange model of Delmas allows estimates of salinity which agree very well
with measured values (maximum deviation is 0.06 PSU
at the 35 PSU level).

Estimate of the recycling within the water column
Recycling of silicon within the water column is
obtained during each of the 3 periods, by substracting
the sum of the different silicic acid inputs from the silica production (Table 4). During the early spring
period for example, silicic acid inputs (12 to 14 Mm01
Si) may have sustained all the silica production, if the
latter was within the bottom of the range (7 to 14 Mm01
Si); but if the silica production was 39 Mm01 Si (the
highest value of the range of silica production during
that period, Table 3), then an additional 27 Mm01 Si are
required if the inputs were only 12 Mmol Si. It is important to note that in spite of relatively large uncertainties concerning the estimate of the silica production, it
can be no doubt concluded that by mid-spring, silicic
acid inputs (12 to 16 Mm01 Si) were not sufficient to
sustain the diatom requirement (22 to 85 Mm01 Si) so
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that a minimum of 6 Mm01 Si was necessarily provided
by dissolution of biogenic silica in the water column.

Silicon balance during spring 1992

The relative contributions of the various silicic acid
sources to the BSi production and of the different pathThe fate of biogenic silica
ways of transformation of the BSi produced are presented in Table 5. Three major observations can be
The biogenic silica which does not dissolve within
made, which will drive the subsequent discussion. The
the water column is either advected out of the Bay, or it
first bloom during early spring was sustained by almost
only riverine inputs (including the pre-spring stock)
settles down to the floor of the Bay. The latter fraction
is then either incorporated into the sediments or it disand the major fraction of the silica produced was
solves to bring back silicic acid to the water column.
deposited on the Bay floor and then incorporated
Fluxes of biogenic silica (Table 4) were calculated as
within the sediment. The second bloom during midfollows:
spring was mainly supported by silicic acid regenerAdvection out of the bay. Queguiner (1982) already
ated within the water column. The last bloom was susreported the export of production out of the Bay during
tained by benthic silicic acid regeneration which
spring contrasting with the import of silicic acid. The
strongly increased during this warm pre-summer
advective flux of biogenic silica that leaves the Bay
period, leading to a strong decrease of the net accumuduring 1 tide has been calculated the same way as the
lation of BSi in the sediment, as compared to that of the
supply of silicic acid from the Iroise Sea, using Eq. (2):
early spring.
Our estimate for the contribution of internal recycling
= ([BSi], X 0.022(V+ M)
(2)
in the water column during the early spring period lies
within a wide range (0 to 70 % ) . The upper limit of the
range is not realistic since: (1) exponentially growing
where [BSijB= biogenic silica concentration measured
in the Bay of Brest; [BSi], = biogenic silica concentrapopulations can release silicic acid to the medium by
tion of the Iroise Sea; Vand M are as in Eq. (1).
dissolution at rates ranging only from 6.5 to 15 % of the
This flux is a maximal estimate, since [BSi], is
maximum uptake rate (Nelson et al. (1976); (2) this is
assumed to be zero because of the conditions prevailthe first bloom so that detrital biogenic silica which may
ing in the Iroise Sea at this time of the year (see above).
dissolve at higher rates concentration must be small;
Silica deposition. This flux is estimated by substracand (3) the temperature is low (around 10 "C) which,
tion of BSI dissolution and advection fluxes from BSi
according to Kamatani (1982),is unfavourable to rapid
redissolution of biogenic silica. The overestimate of the
production.
Net accumulation. Incorporation within sediments is
contribution of silicic acid recycling within the water
estimated by substraction of the benthic silicic acid flux
column during early spring could arise from the use of
we measured from the estimate of the silica deposition.
Si: C ratios which are too high in the estimate of the
silica production. Actually, at the end
of the early spring period, silicic acid
Table 5. Relative contributions (% silica production) of the different silicic acid
concentrations were at their mimisupplies and subsequent fate ( % silica production) of the biogenic sllica produced
mum, close to limiting levels for
during the 3 periods of spnng 1992
diatom growth (Guillard et al. 1973).
Under such conditions, diatoms are
Spring
Silica
Silicic acid supply ( % silica production)
known to construct thinner frustules
period production Pre-spring Rivers
Irolse Sedlment Water column
(Paasche 1973a) which would result
(Mm01Si)
stock
recycling
in lowering BSi: POC ratios as com17 i 12 23 * 20
7 -39
34 * 24 42 * 29
35 * 35
Early
pared to the average ratio we used,
22 - 85
23 2 14
3+2
18 * 14
57 k 30
Midmeasured
by Brzezinski (1985) for
9-40
27*17
14*9
57+44
37237
Late
nutrient-replete
diatoms.
Total
38- 164
725
28 k 18
9*4
33 * 28
48 2 32
The decreasing influence of the
recycling within the water column
Spring
Silica
Fate of biogenic silica (% silica production)
between mid- and late spring could
period production Water column Advection Deposition
Net
(Mm01Si)
recycling
accumulation
appear as a paradox, because of the
3°C increase in temperature ob7 -39
35 2 35
17 i 12
Early
26 * 3
49 * 23
served
meanwhile which would have
9 i5
i d
22 - 85
35 i 24
11i2
57 i 30
enhanced the dissolution rate by
37 * 37
27 i 17
37 * 19
3i3
Late
9-40
around 30% (Kamatani 1982). This
Total
38 - 164
48 i 32
15 * 10
46 * 34
29 * 27
~ o i n will
t be further discussed.
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IROISE SEA

Fig. 8. Silicon balance during spring 1992 in the Bay of Brest
system (all fluxes in Mm01 Si). Contributions of the different
sihcic acid supplies (B)
to the mean spring sihca production (101 Mm01 Si), and different pathways taken by the bio)
indicates dissogenic silica ( Mproduced.
lution processes

Fig. 8 provides a synthetic view of the silicon balance during spring 1992 in the Bay of Brest. It is one
possible scenario, where silica production and benthic
flux are chosen as the mean of the ranges we calculated. Recycling in the water column, deposition and
accumulation are derived by the same calculation as
that already described. Note that silica production is
close to 100 Mm01 Si so that all fluxes, expressed in
Mm01 Si, can also be read as % of the silica production. Only 4 % of the diatom requirement are provided
by the pre-spring standing stock of silicic acid while
almost one-fifth comes from new riverine inputs during spring. This highlights the importance of the precipitation regime during spring, rather than during
the precedent winter, in the control of the magnitude
of the spring bloom [see Conley & Malone (1992) for a
similar result in the Chesapeake Bay]. The sum of the
silicic acid pre-spring stock and oceanic supplies contributes to a small extent (9 Mm01 Si) to the whole
spring silica production, and finally accounts for all
the biogenic silica exported to the adjacent ocean.
Some 16 Mm01 Si is due to silicic acid regenerated
within the sediment which is comparable to the contribution of the watershed (17 Mm01 Si). This is a n illustration of the equal importance of silicic acid fluxes
from the sediment and from terrestrial drainage, reported by Spencer (1983) at a global scale as 'the most
striking more recent contribution to our knowledge of
the biogeochemical cycle of silicon in sea water'. The
high contribution of the recycling within the water
column (59%) also shows that the sediment, although
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very important in the regeneration of silicic acid during late spring (Table 5), is not the only site of biogenic silica dissolution in coastal waters. A quite similar contribution (69%) has been obtained for water
column recycling in Lake Michigan by Conley et al.
(1988).
This balance also shows that half of the silica
deposited on the floor of the Bay of Brest by the sedimentation of diatom blooms is incorporated within the
sediment. This net silica accumulation (net sink) which
represents almost one-fifth of the spring silica production matches the fluvial silicic acid inputs (net source).
Even if it can be supposed that a significant fraction of
this net spring sink will return to the water column
during summer, it is interesting to note that this result,
on a seasonal scale, is consistent with findings of
DeMaster (1981) in Long Island Sound and D'Elia et al.
(1983) in Chesapeake Bay, where calculations were
made on an annual basis.
The silicon balance we present here is subject to
uncertainties. They principally arise (1) from the indirect estimate of the silica production which required
many steps and (2) from the estimates of water column
recycling as well as silica deposition and accumulation,
using the differences between measured and estimated fluxes. However, the budget presented seems
reasonable and is the best estimate that can actually be
made. It will have to be compared with another
approach involving direct measurements of biogenic
silica production and dissolution, using isotopic methods (Nelson & Goering 1977, Nelson & Gordon 1982,
Treguer et al. 1991) that have not yet been used in
coastal areas, except in upwelling regions.

Control of the dynamics of phytoplankton by the
silicon cycle
Continous enrichment of some coastal waters by N
and P compounds has been observed for several
decades [review in Smayda (1990) for European countries]. The Bay of Brest is typical of this situation, with
freshwater nitrate concentrations raising from 50 pM
at the beginning of the century to over 450 pM nowadays (Treguer & Queguiner 1989). This has resulted in
long-term declines of Si:N and Si:P nutrient ratios,
since silicic acid concentration in river waters, controlled by natural processes, remained almost constant over decades (150 PM). The hypothesis that silicic acid (and not nitrate) has now become the first
Limiting factor of the spring blooms in those coastal
waters has emerged (review in Smayda 1990). The
Bay of Brest is a good candidate to test this hypothesis, especially during the first phase of the bloom
period when the riverine inputs (including the pre-
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spring stock) represent the major part of the nutrients
available for phytoplankton growth (see 'Silicon balance'. Fig. 8).

Early spring bloom: the major role of silicic acid river
supply
In the absence of major meteorological events, the
decrease in every biomass index after the first spring
bloom can be the result of heavy grazing by zooplankton or nutrient limitation of the phytoplankton growth
itself. A characteristic feature of temperate water
spring blooms is the absence of large zooplankton population~,at least during the early stage of the phytoplankton development (Smetacek 1980a) and this has
been commonly observed in the Bay of Brest
(Queguiner 1982, Hafsaoui et al. 1985). So, it is
~ n l i k e l ythat zooplankton could have played a major
role in the control of phytoplankton biomass and production during this period. Thus, the question of the
nutrient limitation has to be addressed.
Limitation of diatom growth by nitrate or phosphate
deficiency seems unlikely, for 2 reasons. (1) Diatoms
use silicon in approximately a 1 : 1 atomic ratio with
nitrogen (Redfield et al. 1963). As far as river discharges are concerned, nitrate inputs into the Bay of
Brest are about 5 times larger than silicic acid inputs
so that during early spring nitrate is still available in
surface waters when silicic acid has dramatically
decreased (Fig. 4). (2) Desorption of phosphate from
lithogenic suspended matter is known to account for
an extra flux of available dissolved phosphorus for
phytoplankton demand and Delmas (1981) showed
that phosphate should not limit phytoplankton growth,
at least during the first phase of the blooming period.
We hypothesize Si could be the major limiting factor
for diatom growth in early spring. When biogenic silica
reached its maximum at 1.8 pm01 BSI 1-l, surface silicic
acid concentrations had decreased to 0.5 pM (Fig. 4a),
i.e. below levels that are usually considered to limit
silicic acid uptake (Paasche 1973a, b, Conway & Harrison 1977) and diatom growth (Guillard et al. 1973) in
temperate waters. Officer & Ryther (1980) demonstrated that low silicic acid supplies relative to uptake
rates by diatoms can limit increases in diatom biomass
or growth rate. As a result of high sinking rates of silicic acid-deficient populations (Bienfang et al. 1982) a
decline of diatom biornass is observed. The apparent
absence of aggregates in the Bay of Brest during early
spring indicates that the buoyancy of diatoms might
be physiologically controlled (Bienfang 1981 ) so that
ungrazed diatom blooms may settle down after nutrient depletion of the surface layer. Conley & Malone
(1992) recently hypothesized that the collapse of a

spring bloom in Chesapeake Bay occurred as a consequence of silicic acid deficiency and associated increases in sedimentation rates. Such a mass sinking of
diatoms has been considered as a survival strategy
(Smetacek 1985) as formation of resting spores, not
necessarily triggered by N-deficiency, is often involved in the explanation of enhanced sedimentation
rates (Hargraves & French 1983). Indices of a mass
sinking of diatoms in the Bay of Brest come from the
examination of the silicon balance. The highest silica
deposition (Table 5) is observed in early spring, corresponding to a large increase in the BSi content of the
sediment: from 0.36% in March to about l % in April
(Table 1). Thus, due to this Si limitation, up to 72 % of
the silica produced in April could have escaped the
water column of the Bay of Brest (Table 5).
As a consequence of the diatom decline, a shift from
a diatom-dominated community to a planktonic community dominated by bacteria and nondiatomaceous
species [similar to the one reported in the Chesapeake
Bay by Malone et al. (1991) and in other coastal areas,
review in Smayda (1990)l was expected to occur in the
Bay. Such a change was observed on 16 April in the
Bay of Brest (Fig. 7) but it was small, brief and probably without major impact on the following spring
diatom succession. Hydrodynamic conditions (enhanced tidal mixing (16 April; Fig. 2) at the end of the
first bloom) were clearly responsible for this, since stable physical conditions are required to allow the development of dinoflagellates (Margalef 1978). Si deficiency then appears as responsible for the collapse of
the diatom bloom, whereas enhanced vertical mixing
might have precluded the emergence of a dinoflagellate population.

Mid-spring bloom: the dominant influence of the
silicic acid recycling in the water column
By mid-spring, diatom biomass remained at a high
level in spite of silicic acid concentrations lower than
1 PM. The silicon balance suggests that Si recycling
might have controlled the biomass level between
30 April and 14 May, as long as regeneration proceeded at rates fast enough to counter-balance losses
by sedimentation and grazing. The end of the midspring period was marked by a collapse in the diatom
domination after the second bloom: on 20 May, the
concentration of dinoflagellates overwhelmed that of
diatoms and the diatom:dinoflagellate ratio decreased
down to 0.5 (Fig. 7 ) . Unlike dinoflagellate cell concentration, which ~ncreasedbetween 14 and 20 May, that
of diatoms strongly decreased. Since nitrate concentrations were still high, this could be interpreted again as
a consequence of limitation by silicic acid, because
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diatom standing stocks cannot be maintained indefinitely by in situ dissolution of biogenic particulate silica (Brzezinski 1987).The collapse of the diatom bloom
could also reflect the influence of mesozooplankton
grazing, a hypothesis which is consistent with the previous observations of Queguiner (1982) in the Bay of
Brest; from late April to mid-May 1982, i.e. about 2 wk
after a phytoplankton bloom, he observed a strong
increase in mesozooplankton biomass which dramatically reduced the chl a standing crop. Thus, mesozooplankton grazing may have contributed to the
decrease of diatom biomass without affecting the
dinoflagellates which are often considered as poor
foods for most grazers (Officer & Ryther 1980).
Mesozooplankton grazing would also provide a n
explanation for the increased BSi recycling within the
water column (Table 5a), although this particular effect
is still a matter of debate. Smayda (1970) has demonstrated that zooplankton grazing contributes to increase the sedimentation of frustules through its heavier faecal pellets, but Bishop et al. (1986) have shown
that recycling of material was enhanced in the upper
meters of the water column d u e to zooplankton activity. Smetacek (1980a, b) has observed a minimum in
the sedimentation rate d u n n g a maximum in copepod
biomass for the shallow waters of the Kiel Bight, Germany; h e then speculated that grazing retards, rather
than accelerates, vertical flux of biogenic silica,
because faecal pellets tend to be recycled within the
surface layer by the common herbivorous copepods or
by bacterial decomposition (Smetacek 1985). Together
with zooplankton activity, temperature probably
played a major role in the BSi dissolution: according to
Kamatani (1982) the 3°C increase that occurred
between early and mid-spring is sufficient to enhance
dissolution rates by ca 30 %. Of course, the presence of
the siliceous biogenic matter produced during the
early spring bloom is of primary interest when explaining that 57 i 30% of the silica production during the
second bloom comes from dissolution within the water
column. There are different sources of dissolving silica
in the photic layer: according to Van Lier et al. (1960),
in usual conditions prevailing in coastal waters the
kinetics of dissolution of suspended silicate minerals
are too slow to produce a measurable amount of s h c i c
acid, and thus the main sources of recycled silicic acid
in the water column come from suspended biogenic
siliceous matter. Settling senescent diatoms or resting
stages and settling empty frustules (free-floating or
within faecal material) make significant contribution to
Si internal recycling. Diatom frustules resuspended
from the sediment by wind-driven mixing or d u n n g an
M, tidal cycle (Demers et al. 1987) might also represent
a n important source of dissolving material in the shallow waters of the Bay of Brest.
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Late spring bloom: the major role of silicic acid
benthic regeneration
The contribution of Si recycling within the water column to the silica production of the last bloom was
expected to increase at the end of the study period d u e
to increased water temperature (> 16 "C) and the presence of suspended biogenic silica generated during
the 2 other blooms. Although remaining at high levels,
this S1 recycling pathway was overwhelmed by benthic
regeneration during late spring (Table 5). Between
20 May a n d 4 J u n e the nitrate concentration of surface
waters decreased from 5 to 0 PM. Owing to logistical
problems we have not been able to sample this period
and we cannot preclude the development of a bloom
which would have escaped our survey. So, the moderate primary production (maximum: 14 pm01 C 1-' d - l ,
Fig. 5; lower silica production as compared to the midspring period, Table 3) we observed during this late
spring period can b e explained by remnant nutrientdepleted conditions (< 2 PM for nitrate, < 0.1 pM for
phosphate, < 1 PM for silicic acid). During this period,
Si : N and Si : P nutrient molar ratios increased dramatically, reaching 14 a n d 24 respectively at their maximum, so that nitrogen deficiency may have limited
phytoplankton growth. This N deficiency has already
been observed during spring in the Bay of Brest
(Dauchez et al. 1991) and is explainable both by
decreasing riverine influence and by the still low
ammonium/nitrate benthic fluxes at this time of the
season, compared to summer (Souchu 1986).
Unlike nitrogen, silicon is actively regenerated at the
water-sediment interface at the end of spring (Table 5).
This silicic acid transfer to the water column enables
some siliceous phytoplankton growth a n d a moderate
monospecific development of Chaetoceros sociale
reached its maximum on 16 June. C. sociale is a
colony-forming diatom usually embedded in a gelatinous matrix (Alldredge & Gotschalk 1989) and commonly observed in the Bay of Brest by late spring
(Queguiner & Treguer 1984). Within a nutrientdepleted bloom, colonies can sink differentially and
become entangled together as they settle (Bienfang
1981; Smetacek 1985), a phenomenon which has been
described at a larger scale for the Santa Barbara Channel (California, USA) by Alldredge & Gotschalk (1989).
In those circumstances sinking rates can be as high as
120 m d - l , i.e. the C. sociale colonies were able to
reach the bottom of the shallow Bay of Brest in less
than 1 d . An important consequence of increased sedimentation is the delay in the replenishment of the
euphotic layer in nutrients: aggregates transported
biogenic silica to the bottom before it was grazed by
zooplankton; thus, instead of being recycled within the
water column, as during mid-spring, part of this
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when different hydrodynamical situations will be
encountered.
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Fig. 9. Increasing diatom:dinoflagellate ratio (B) after midMay, when benthic silicic acid supply (*)overwhelmed the
riverine silicic acid discharge (0)
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