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ABSTRACT: A fully transient, 2-dimensional physical and biological model has been  developed to 
quantify the seasonal cycle of silica in the estuaries-coastal zone continuum of the Bay of Brest 
(France). The num erical model includes an explicit representation of the ben th ic-pelag ic  coupling, 
w hich is stim ulated by the increasing density of an invasive m egabenthic filter feeder, the slipper 
limpet Crepidula fornicata. The selected spatial resolution allows resolution of the heterogeneous 
density distribution of these organism s in the bay. Results show that the benthic nutrient dynamics 
are highly variable and strongly depend  on the local conditions. This heterogeneity  is not reflected in 
the pelagic phytoplankton population dynamics because transport and mixing homogenize the d is­
tribution of nutrients and biomass. A seasonally resolved silica budget over the entire bay and estu ­
aries em phasizes the im portant contribution of the benthic recycling fluxes to the supply of dissolved 
silica (dSi) during the productive period (-50%  from 1 April to 1 September). In a prognostic scenario 
w hich forecasts the impact of rem oving the invasive benthic filter feeders, the dSi efflux is reduced 
by 63 % and a pronounced harm ful algal bloom of dinoflagellates develops in late summer.
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INTRODUCTION

Like m any other coastal areas worldwide (Cloern
2001), the Bay of Brest (NW France) is a macrotidal em- 
baym ent w hich is subject to major anthropogenic p res­
sure. In this ecosystem, nitrogen inputs from agricul­
tural practices in the w atersheds have doubled since 
the 1970s (Le Pape et al. 1996). At the same time, the 
gastropod Crepidula fornicata invaded the bay and b e ­
came the m ain benthic suspension feeder w ithin the 
m egafauna during the early 1990s. (Chauvaud et al. 
2000). In 2000, it covered approxim ately half of the 
entire benthic surface area of the bay (Chauvaud 1998).

Despite the m arked increase in dissolved inorganic 
nitrogen (DIN) inputs, the Bay of Brest has not experi­

enced any major eutrophication events so far. Such 
dynamics have been attributed to the fact that most of 
the nutrient delivery occurs before the start of the pro­
ductive season. In addition, it has been  argued that 
the estuarine processes occurring upstream  and the 
macrotidal dynamics in the bay itself w ere not provid­
ing favorable conditions for the onset of eutrophication 
(Le Pape et al. 1996). M ore surprisingly, however, no 
significant perturbation of the pelagic food-web struc­
ture related  to the long-term  decline in the dissolved 
silica (dSi):DIN ratio w hich accom panied the increase 
in nitrate inputs has yet been  observed (Ragueneau 
1994). In m any ecosystems, such a decline has induced 
changes in phytoplankton dynam ics— an increase in 
non-siliceous phytoplankton species at the expense of
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diatom s—with im portant implications for the pelagic 
and benthic food w ebs (Smayda 1990, Conley et al. 
1993, Turner et al. 1998). However, as recently r e ­
viewed by Ragueneau et al. (2006a), such a shift in 
phytoplankton abundances due to modifications in 
nutrient ratios does not always occur. In particular, it 
has been  advocated that the intensity of dSi recycling 
within a specific ecosystem plays an essential role in 
controlling the characteristics and succession of phyto­
plankton species. The recycling intensity modifies 
the properties of the various diatom species (Roberts 
et al. 2003), especially their degree of silicification 
(Rousseau et al. 2002), and ultim ately favor the switch 
from diatom to non-diatom  species w hen the dSi stress 
becomes too strong (Officer & Ryther 1980).

Until very recently, diatoms have dom inated the 
phytoplankton biomass throughout the productive 
period in the Bay of Brest (Del Arno et al. 1997b, 
Beucher et al. 2004), despite indirect (Ragueneau et al. 
1994) and direct (Del Arno et al. 1997a, R agueneau et 
al. 2002) evidence of a dSi limitation during spring. On 
the one hand, physical factors have been proposed 
(Ragueneau et al. 1996) to explain the limited occur­
rence of dinoflagellates, w hich generally prefer strati­
fied w ater bodies (Margalef 1978). On the other hand, 
dSi recycling is significant in this ecosystem, both in 
the w ater column (Beucher et al. 2004) and in the 
sedim ents (Ragueneau et al. 1994, M artin et al. 2007), 
and therefore could explain the high resistance of the 
diatoms towards the decrease in the dSi:DIN ratio. Del 
Arno et al. (1997a) have suggested the existence of a 
coastal silicate pum p similar to that of the oceanic sili­
cate pum p proposed by Dugdale et al. (1995), which 
extracts dSi from the surface waters, but instead of 
transferring it to the deep layers of the open ocean, it 
would here be directly transported and temporarily 
stored in the sediments. The subsequent benthic recy­
cling flux of dSi during late spring and summer could 
then explain the m aintenance of diatoms throughout 
the entire productive period. Since it has been  sug­
gested that the invasion of Crepidula fornicata signifi­
cantly increased the efficiency of the silicate pum p in 
the Bay of Brest (Chauvaud et al. 2000), the 2 major 
anthropogenic perturbations (nutrient load increase 
and invasive species) strongly interact in this ecosys­
tem. The efficiency of the silicate pum p is improved by 
the filtering and biodeposition activities of the benthic 
filter feeder, leading to a significant storage of biogenic 
silica (bSi02) in the sedim ents followed by dissolution 
later in the season w hen tem perature increases. If true, 
such a hypothesis implies that the proliferation of the 
benthic filter feeder may have aided in the prevention, 
at least for some time, of the expected switch in phyto­
plankton dominance. From an in tegrated  coastal zone 
m anagem ent (ICZM) perspective, the possible positive

effect of the invasive species, that is, its ability to p re ­
vent the developm ent of non-diatom, possibly harmful, 
algal blooms, should thus be balanced with its n eg a­
tive impact on other native benthic species in the bay 
(e.g. the great scallop Pecten maximus).

Previous experim ental studies have already investi­
gated  the direct impact of the presence of Crepidula 
fornicata on the m agnitude of benthic recycling fluxes 
of dSi (Ragueneau et al. 2002, 2006b). In addition, sea­
sonal and annual budgets of Si have been  proposed 
(Ragueneau et al. 2005) and the im portance of the b en ­
thic filter feeders in the Si seasonal cycle has clearly 
been  established. Yet the feedback of this biologically 
driven silicate pum p on the phytoplankton dynamics in 
the bay and, more specifically, its ability to m aintain 
the diatom  dom inance despite the observed w ide­
spread dSi limitation are im portant research questions 
that rem ain essentially unansw ered. These questions 
are, however, essential if one aims to forecast the 
potential effect of benthic filter feeder eradication on 
both the eutrophication and food-web structure in the 
bay. Such an engineered  intervention has been 
planned since the early 2000s and, therefore, prognos­
tic simulations are particularly timely to help design 
the best sustainable m anagem ent strategy for the Bay 
of Brest.

In the present study, a 2 -dimensional, dep th-aver­
aged, hydrodynam ic and reactive-transport model has 
been  developed for the estuaries and the Bay of Brest. 
The ecological and biogeochem ical reaction network 
includes the dom inant processes of the Si, C and N 
cycles in the w ater column and surficial layers of the 
sediments. In particular, the model explicitly accounts 
for the feeding and biodeposition activities of Crepi­
dula fornicata at the sed im ent-w ater interface. M odel 
results are not only com pared with m easurem ents of 
standing stocks of nutrients and chlorophyll a (chi a), 
but also w ith in situ flux and rate m easurem ents 
(e.g. silica production, benthic fluxes, etc.). Mesocosm 
experim ents (Fouillaron et al. 2007) have shown that 
observations on process rates and m aterial fluxes are 
essential to understand the biogeochem ical dynamics 
in the bay. The model advances our understanding of 
the Si dynamics in the bay and enables us to establish 
temporally and spatially resolved budgets of silica and 
conduct prognostic simulation addressing the ecologi­
cal consequences of partly eradicating the benthic 
filter feeder from the sea bed.

MODEL SET-UP

Hydrodynamics and transport. Support: A 2-dimen- 
sional, vertically in tegrated  num erical model (MIKE 
21, www.dhisoftware.com /m ike21) was used to com-
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pute the flow field in the Aulne and Elorn estuaries, the 
Bay of Brest and the inner part of the Iroise Sea (Fig. 1). 
The model extends upstream  in the Aulne and Elorn 
up to the limit of tidal influence w here unidirectional 
flow is m aintained at all times. The m arine boundary in 
the Iroise Sea is set to longitude 4° 36' W. The land 
boundaries and bathym etry w ere obtained from the 
Service hydrologique et océanographique de la marine 
(SHOM) digital charts. Spatial resolutions of the bathy­
metric surveys in the Iroise Sea, the Bay of Brest and 
the Aulne and Elorn estuaries w ere on the order of 500, 
100 and 200 m, respectively. The hydrodynam ic model 
was run over the entire dom ain w ith a spatial resolu­
tion of 150 X 150 m. Time series of w ater elevation w ere 
then extracted along a transect through the narrow  
strait betw een the bay and the Iroise Sea (Goulet, 
Fig. 1) and used to force a smaller scale, coupled phys­
ical-biological model which was run over the entire 
year of 2001.

H ydrodynam ics: The hydrodynamic model was 
based on the vertically in tegrated  volume (Eq. 1) and 
m omentum conservation equations (Eqs. 2 & 3) for 
barotropic flow:
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This set of coupled non-linear partial differential 
equations (PDEs) resolves the spatial (x,y) and tem po­
ral (t) dynamics of surface w ater elevation, Ç (m), and 
scalar com ponents of the m omentum fluxes, p  and q  
(m2 s_1). The flux densities p  and q  are defined per unit 
length along the y  and x  coordinates, respectively. In 
Eqs. (2) & (3), h  is the w ater depth  (m), gris the Earth's 
gravitation constant (m s~2), Q. is the Coriolis param eter 
(s_1) and M  is the M anning-Strickler coefficient (m1/3 
s_1), which is used to constrain the bed  friction. The 
effect of w ind stress (last term  on the left side of Eqs. 2 
& 3) is also taken  into account in the m om entum  ba l­
ance, using daily data of wind speed (V) and direction 
obtained 10 m above the surface at the Lanvéoc 
Poulmic m eteorological station (48° 16'57.11'N, 004° 
26'37.29' W, Fig. 1). The w ind friction factor f(V)  was 
calculated according to Smith & Bank (1992). The sys­
tem of PDEs was solved by finite differences with

appropriate initial and boundary conditions using a 
non-iterative alternating direction implicit algorithm 
(Abbott 1979).

The M anning-Strickler and eddy viscosity coeffi­
cients, M  and Exy (m2 s_1), respectively, are model 
calibration param eters that must be specified. Eddy 
viscosity coefficients are proportional to the local cur­
rent velocities and calculated w ith the Smagorinsky 
formula (Smagorinsky 1963) using a proportionality 
constant of 0.5. For bed  friction, a M anning-Strickler 
value of 60 has been used over the entire domain.

Transport: The mass conservation equation for 
scalar com ponents (salt and biogeochem ical variables) 
is based on the vertically in tegrated  advection- 
dispersion equation:

—  (hc)  + — (uhc)  + — ( v h c ) - — ih-Dx —  
9 r  1 9 x l 1 9y l 1 9x1 X9x,

9 ( h n  d c  
d y {  7 dy
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- H R +S =  0

w here c is the species concentration (mol n r 3), u = p /h  
and V  = q/h  are the horizontal com ponents of the veloc­
ity vector (m s_1), and Dx and Dy are the eddy disper­
sion coefficients (m2 s_1). The hydrodynam ic model 
provides the horizontal velocity components u and v  as 
well as the w ater depth, h. In Eq. (4), HR is the rate of 
production or consum ption of the species by the sum of 
biogeochem ical processes, defined per unit surface 
area (mol n r 2 s_1), and S (mol n r 2 s_1) is a source/sink 
term  defining the local exchange of the species b e ­
tw een the w ater column and the sediment.

The equation was solved for the spatial and tem poral 
evolution of the concentration field using appropriate 
initial and boundary conditions (see below). Numerical 
integration of Eq. (4) was perform ed using the third- 
order, explicit finite difference scheme QUICKEST 
(Ekebjærg & Justesen  1991). The dispersion coeffi­
cients Dx and Dy in Eq. (4) are model param eters that 
w ere set proportional to the local current velocities. 
The proportionality constant was adjusted until ag ree ­
m ent w ith observed salinity profiles was achieved. 
Both the hydrodynam ic and salt transport models w ere 
run w ith a time step of 20 s that guarantees stability 
of the num erical schemes. The biogeochem ical model 
used to calculate the HR and S term s was numerically 
decoupled from the transport algorithm using an 
operator-splitting approach. To decrease computational 
times, it was run  with a larger time step of num erical 
integration of 360 s.

Biogeochemistry. Reaction ne tw o rk  and state vari­
ables: The biogeochem ical model was based  on a reac­
tion netw ork (RN) that describes the pelagic and b en ­
thic processes involved in the Si and associated C and 
N cycles (Fig. 2) The biogeochem ical model was im ple­
m ented w ithin the ECOLab© environm ental m odeling
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tool of DHI (e.g. V anderborght et al. 2007, 
Arndt et al. 2007). All pelagic state vari­
ables are subject to fluid flow motion 
while the benthic variables are fixed on 
the bed  and, thus, not explicitly trans­
ported. The benthic com partm ent consists 
of the top layer of the sedim ent w here bio­
logical activity is most intense. The 
pelagic RN is a slightly modified version 
of the reaction set proposed by Le Pape et 
al. (1996). The formulation of benthic pro­
cesses also follows these authors, except 
for the dynamics of benthic diatoms 
(microphytobenthos) and filter feeders, as 
well as an im proved formulation of opal 
dissolution. Table 1 lists all state variables 
and their respective units.

Briefly, 2 phytoplankton groups (diatoms 
[Dia] and dinoflagellates [Dino]) are d is­
tinguished in the model (Fig. 2). Pelagic 
diatom grow th consum es both dSi and 
DIN, dinoflagellates only requiring DIN. 
Both phytoplankton species are grazed by 
Zooplankton (Zoo). The death  of diatoms 
supports a pool of freshly dead  diatoms 
(FDDia) which, in turn, are decom posed 
to detritic nitrogen (NDet) and detritic sil­
ica (SiDet) (Jean 1994). A simpler form u­
lation is used for the Dino and Zoo, which 
assumes a direct transform ation into NDet 
upon death  of organisms. Zooplankton 
also excrete DIN. The detritic m aterial 
(SiDet and NDet) is partially mineralized in 
the w ater column and leads to the produc­
tion of dissolved nutrients (dSi and DIN).

Overall, the state variables involved in 
the benthic RN are similar to the ones im ­
plem ented in the pelagic compartment. 
The model accounts for living and freshly 
dead benthic diatoms (BDia and BFDDia), 
detritic pools of Si and N (BSiDet and BN- 
Det) and pore-w ater dissolved inorganic 
nutrients (BdSi and BDIN). Benthic filter 
feeders (Ben), w hich graze on pelagic 
(Dia, FDDia and Dino) and benthic (BDia 
and BFDDia) m icroalgae groups are also 
explicitly represented. The grazing on 
benthic diatoms implicitly assumes that 
resuspension may occur (Richard 2005, 
Guarini et al. 2008). BDia consum e both 
the silica and nitrogen present in the pore 
water. Their death  and subsequent d e ­
composition follows the same dynamics as 
the corresponding pelagic variable. Ben 
mortality increases the BNDet pool, excre­
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Fig. 2. Schem atic re p re sen ta tio n  of th e  b iogeochem ical m odel. Boxes 
an d  arrow s re p re se n t th e  s ta te  variab les an d  p rocesses, respectively. 
T hin  b lack  lines charac te rize  th e  p e lag ic  a n d  b e n th ic  p rocesses. 
B e n th ic -p e lag ic  coup ling  occurs th ro u g h  g razin g  b y  b en th ic  filter 
feed ers  (thick g rey  lines), sed im en tatio n  (black d o tted  lines) a n d  dif­
fusion (grey d ash ed  lines). See T able 1 for sta te  variab le  abbreviations

for both production (positive) and consumption 
(negative) processes affecting the chemical spe­
cies considered.

All physiological and m ineralization processes 
are tem perature dependent. In addition, the 
grow th of pelagic and benthic microalgae 
depends both on light and nutrient availability, 
whose respective limitations are com bined using 
Liebig's law  (Von Liebig 1840). A detailed descrip­
tion of the equations im plem ented in our RN, 
including all param eter values, is given in A ppen­
dix 1.

B oundary conditions: The Service d'O bserva- 
tion en  Milieu Littoral (SOMLIT) database (www. 
domino.u-bordeaux.fr/somlit_national/pSiteBrest. 
php) and the buoy-m ounted MAREL (www. 
ifrem er.fr/sism er/U K /catal/base/edm ed_an.htql? 
CBASE=MAREL2) autom ated acquisition system 
(Fig. 1) provide high frequency nutrient and total 
chi a data (sampling interval betw een 20 and 
60 min) at the Goulet site for the year 2001. At this 
location, the annual evolution of the relative pro­
portions of diatoms and dinoflagellates is taken 
from Beucher et al. (2004). Following Le Pape 
(1996), Zooplankton concentration was set to 10% 
of the total phytoplankton concentration.

Nutrient concentrations at the upstream  limits of 
the model dom ain w ere specified using weekly 
m easurem ents perform ed in the fram ework of 
the ECOFlux program (www.univ-brest.fr/IUEM/ 
observation/ecoflux/ecoflux.htm). In the present 
version of the model, it is assum ed that no phyto­
plankton or Zooplankton is introduced in the sys-

tion releases BDIN and egestion produces both BSiDet 
and BNDet. Finally, the mineralization of BSiDet and 
BNDet releases inorganic nutrients (BdSi and BDIN).

Besides benthic grazing, the coupling betw een  the 
pelagic and benthic com partm ents is realized through 
the sedim entation of Dia, FDDia, NDet and SiDet (S 
term  negative in Eq. 4) which feeds the pools of BDia, 
BFDDia, BNDet and BSiDet, respectively. The diffu­
sive fluxes of dissolved inorganic nutrients through the 
sed im ent-w ater interface, JB (mol n r 2 s_1), provide a 
source of DIN and dSi to the w ater column (S term  pos­
itive in Eq. 4). This flux is positive out of the sedim ent 
and the mass balance for the benthic variables th e re ­
fore reads:

d { H ^ c B) =v^  ,c_ j b + ZRb (5)

w here Hsed is the thickness of the benthic layer (m), 
vSed is the sedim entation rate (m s_1), cB is the con­
centration of the benthic state variable (mol n r 3) and 
Rb is the net benthic flux (mol n r 2 s_1), accounting

T able  1. S ta te  v a riab les of th e  m odels w ith  th e ir  emits an d  
abbrev iations

A bbrev. D efinition Unit

D ia D iatom s pm ol C L 1
Dino D inoflagella tes pm ol C r 1
Zoo Z ooplank ton pm ol C r 1
DIN Pelag ic  d issolved ino rgan ic pm ol N  I-1

n itro g en
N D et Pelag ic  detritic  n itro g en pm ol N  I-1
dSi Pelag ic  d issolved silica pm ol Si L 1
SiDet Pelag ic  detritic  silica pm ol Si T 1
FD Dia Fresh ly  d e ad  d iatom s pm ol C r 1
BDIN D issolved in o rgan ic  n itro g e n m m ol N  n r 2

in  p o re  w a ters
BND et B enthic detritic  n itro g en m m ol N  n r 2
BdSi D issolved in o rgan ic  silica in m m ol Si n r 2

p o re  w a ters
BSiDet B enthic detritic  silicon m m ol Si n r 2
BDia B enthic d iatom s m m ol C n r 2
BFDDia B enthic fresh ly  d e ad  diatom s m m ol C n r 2
B en B enthic filter feed e rs m m ol C n r 2

http://www.univ-brest.fr/IUEM/


20 M ar Ecol P rog  Ser 385: 1 5 -3 2 , 2009

800-

*? 600-
E
S

400-

2 0 0 -

S
EillQ.
Eo>

- Aulne 
Elorn

18 200

16 160

14

12

10
40

8
_l
120 3 6

Month
9

Month

d 800

- 6 0 0
£
0
1 400
Z
a

200
- Aulne 
• Elorn

Month

200

150
o
E
E.
w•o

100

50

1
'1

'  1
'  1 \

/  \ . *
V

-------------  Aulne \ ;
------------- Elom y J

1
6

Month
12

Fig. 3. (a,b) M odel fo rcing  a n d  (c -e ) 
u p s tre am  b o u n d a ry  conditions for th e  
y ear 2001. (a) Inc id en t so lar rad ia tion , 
a n d  (b) av era g e  tem p e ra tu re  for th e  
w ho le  bay, (c) R iver d ischarge , (d) d is­
so lved  in o rgan ic  n itro g e n  (DIN) a n d  (e) 
d issolved silica (dSi) concen tra tions in  

th e  A ulne a n d  E lorn  estuaries

tem through the upper boundaries. There are 
only very few phytoplankton m easurem ents at the 
upstream  boundaries of the model and the few avail­
able data only provide information on total biomass 
w ithout any further details on species distribution. 
Nutrient data  are linearly interpolated betw een each 
sampling time interval to provide upstream  concentra­
tions at the frequency of the biogeochem ical model 
resolution. W ater discharge, dSi and DIN in the Aulne 
and Elorn estuaries during the year 2001 are shown in 
Fig. 3. The changes in forcing conditions (tem perature 
and incident solar radiation) in the bay are also shown.

Initial conditions: The spin-up time for pelagic state 
variables in the model is on the order of 1 mo. To pro­
vide realistic initial conditions for the simulation, the 
model was launched on 1 D ecem ber 2000, starting 
with spatially hom ogeneous concentrations. However, 
the benthic state variables exhibit m uch longer spin- 
up times and, therefore, the model was run  twice over 
the year 2001. Simulations reveal that in this case, the 
intra-annual seasonal variation is much larger than  the 
inter-annual variability recorded from the difference 
betw een the ends of the first and second years. Note 
that for com putational efficiency, the initial conditions 
are distributed hom ogeneously for all variables except 
the benthic filter feeders. The latter w ere estim ated 
from recent m aps of spatial distribution of Crepidula 
fornicata in the Bay of Brest (Guérin 2004), combined

with an older estim ate of the biomass of other benthic 
filter feeders (Chauvaud 1998, Jean  & Thouzeau 1995). 
The spatial distribution of C. fornicata was determ ined 
at 127 locations in the bay during the fall of 2000. The 
density at each model grid point in the bay was then 
determ ined by linear interpolation. Rivers w ere 
excluded from the survey and assum ed here to be free 
of any benthic filter feeders. An average value of 
0.056 g C in d r 1 (Jean 1994) was used to convert the 
population density (ind. n r 2) into carbon biomass. The 
contribution of all other benthic filter feeders (Jean 
& Thouzeau 1995) was then added to C. fornicata to 
obtain the initial spatial distribution of total benthic 
filter feeder biomass. In the following, all model results 
correspond to the second year of simulation.

RESULTS AND DISCUSSION 

Hydrodynamics and transport

Hydrodynamics

M odel validation was perform ed on both w ater e le ­
vation and instantaneous tidal current velocities. Fig. 4 
com pares sim ulated and m easured elevations recorded 
at the single tidal gauge station located in the bay 
(Fig. 1) for both spring and neap tide conditions. Over-
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face w a te r elevation  at B rest h a r­
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all agreem ent betw een m odelled and 
m easured tides is achieved with an error in 
tidal am plitude on the order of 5%  and 
a deviation in phase never exceeding 
15 min. Fig. 5 shows the sim ulated and 
m easured com ponents of the velocity vec­
tor at 4 locations in the bay (Fig. 1). One 
station (Terenez, Fig. lb) is located near 
the m outh of the Aulne estuary, while the 
other stations are representative of the 
conditions encountered in the centre of the 
bay. Results reveal that both the m agni­
tude and direction of the flow field are well 
captured by the model. The time lags 
among the various stations are also prop­
erly reproduced. In particular, the good fit 
at station Terenez, which is located farthest 
upstream , indicates that the tidal wave 
propagates accurately within the system.

The predicted tidal and residual circula­
tions are in good agreem ent w ith p re ­
vious hydrodynam ic modelling studies 
(e.g. Le Pape 1996, Salomon & Breton 1991). 
Model results show that the hydrodynamics 
is strongly dom inated by the tidally induced 
circulation of sem i-diurnal period. At each 
tide, the seawater volume that is exchanged 
with the Iroise Sea amounts roughly to 50 % 
of the total volume of w ater in the bay 
(Chauvaud 1998). Fig. 6 shows the develop-
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Fig. 5. T im e series of sim u la ted  (lines) a n d  m e a ­
su re d  (points) com ponen ts of th e  velocity  v e c ­
tors u (left) a n d  v  (right) a t 4 locations in  th e  Bay 
of B rest, F rance, u  a n d  v  re p re se n t th e  velocity  
of th e  cu rren t a long  th e  eas t-w est a n d  south- 
n o rth  d irection , respectively . M easu red  cu rren t 
velocity  d a ta  a re  from  th e  Service  H ydro log ique  
et O céan o g rap h iq u e  de  la  M arin e  F rançaise  

(SHOM)
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and southern basins. During ebb, all large circula­
tion features d isappear and a uniform, retreating 
seaw ard flux of the w ater masses can be observed 
in the entire bay (Fig. 6b). The calculated residual 
circulation, which filters out the short-term  (<1 d) 
tidal components, reveals the existence of a well- 
established central cyclonic gyre and a complex 
circulation pattern  in the Goulet, w ith w ater e n ­
tering and leaving the bay by the southern and 
northern sides of this narrow  strait, respectively. 
The residual circulation leads to freshw ater resi­
dence times in the bay typically betw een  10 and 
20 d (Le Pape 1996).

Transport

Calibration of the dispersion coefficients (Dx,y) 
was perform ed using a set of salinity data  from 
1993 (not shown). Three salinity profiles col­
lected in 2001 along a longitudinal transect 
w ithin the Aulne estuary and the inner bay were 
then  used for validation of the transport model 
(Fig. 7). In August and Novem ber 2001, river 
discharges from the Aulne River w ere low (-10 
and -5  m3 s_1, respectively). In contrast, May 
2001 was characterized by m uch higher values 
(-50 m3 s_1). Comparison betw een sim ulated 
and m easured profiles reveals that, under low 
flow conditions characteristic of the summer p e ­
riod, the fully transient model properly captures 
the estuarine salt intrusion. A slightly larger d e ­
viation is observed in M ay 2001, w hich can be 
explained by the onset of a vertical stratification 
of the w ater masses in the vicinity of the estuar­
ine m outh w hen river flow increases. The sim u­
lated  depth-averaged salinities are therefore 
higher than the observed values collected 1 m 
below the w ater surface. Note, however, that the 
stratification is significant only in a small portion 
of the longitudinal transect within the estuary 
(-10 km into the bay from the Aulne's riverine 
boundary) and is generally negligible w ithin the 
bay during the biologically productive period
(Salomon & Breton 1991, Le Pape 1996).

Fig. 6. Snapshot of th e  velocity vector field  du ring  (a) flood tid e  an d  (b) 
ebb  tide, (c) C om puted  E ulerian  resid u al c irculation in  th e  Bay of Brest
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m ent of large gyres in the center of the bay and very 
strong currents in the narrow strait connecting the bay to 
the ocean (Goulet). During the flood, the formation of the 
w ell-docum ented, large central cyclonic gyre (Salomon 
& Breton 1991) can be identified in the model results. 
Several smaller anti-cyclonic gyres characterized by sig­
nificantly lower velocities also develop in the northern

Biogeochemistry

Seasonal dynamics

The Bay of Brest and the estuaries are characterized 
by different hydrodynamic and transport regimes, and, 
therefore, by distinct biogeochem ical behavior. In the 
following, the estuarine processes are only analyzed
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in the extensively surveyed Aulne estuary, w hich ac­
counts for 80% of the annual w ater and nutrient d is­
charges to the bay. The transition betw een the Aulne 
estuary and the bay can conveniently be located in the 
area w here a sudden increase in cross section occurs 
(Terenez, Fig. lb). In the estuary, the dynamics are 
essentially 1 -dimensional and im portant concentration 
gradients are established along the longitudinal curvi­
linear axis of the system. In the bay, the spatial vari­
ability in the concentration fields is limited due to low 
river discharge and intense tidal mixing (Fig. 8). Field 
observations at various locations in the bay show, how ­
ever, that seasonal changes in biogeochem ical vari­
ables are significant.

Fig. 8 com pares fully transient longitudinal profiles 
of dSi and DIN with m easurem ents perform ed along 
the salinity gradient of the Aulne estuary in February,
May, August and Novem ber 2001. Results show that 
the model captures the main features of the spatial and 
tem poral distributions of nutrients in the estuary. The 
property-salinity  plots reveal an almost conservative 
behavior, even during the biologically productive 
period. Transport and mixing are therefore always 
dom inant over internal transform ation processes. The 
dilution betw een  the freshw ater end-m em ber and the 
w ater m asses discharging in the bay provokes a 1 
order of m agnitude decrease in nutrient concentration.

Fig. 9a,b shows the sim ulated seasonal variations of 
dSi and DIN over the year 2001 at 2 locations (Stns R2 
and R3, Fig. 1) in the bay. Stns R2 and R3 are rep resen ­
tative of the dynamics in the southern basin and in the _
center of the bay, respectively (Jean 1994, Ragueneau £
et al. 1994, Le Pape et al. 1996, 1999). The 2 stations 
have been  extensively surveyed since the 1990s (Le 
Pape 1996, Del Arno 1996, C hauvaud 1998, Lorrain
2002) and are currently sam pled on a yearly basis. 
Nutrient distributions are characterized by high values 
during w inter followed by a rapid decrease in late 
April at both stations (Fig. 9a,b), w hen estuarine d is­
charge is reduced and biological uptake is prom oted 
by an increase in tem perature and incident solar rad i­
ation (Fig. 3). dSi is consum ed slightly earlier in the 
season than DIN, the former rem aining limiting for 
phytoplankton growth for at least 2 mo. Simulated 
nutrient concentrations increase again in the summer 
for dSi and only in the fall for DIN, in agreem ent with 
field observations.

The nutrient consum ption in late April 2001 corre­
sponds to the developm ent of a diatom -dom inated 
early spring bloom (Fig. 9c). The model predicts a 
switch from diatom to dinoflagellate dom inance in 
August, in agreem ent w ith field observations (Chau­
vaud et al. 1998, Beucher et al. 2004). The occurrence 
of such late summer dinoflagellate blooms has recently 
been reported  for the years 1995, 1998, 1999 and 2001
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Fig. 7. S im ula ted  (lines) a n d  m ea su re d  (points) tran s ien t 
lo n g itu d in a l sa lin ity  profiles at various sta tions in  th e  A ulne 
e stu a ry  for 3 river d isch arg es (Q) in  2001. M ay: Q = 15 m 3 s_1, 

A ugust: Q = 2 m 3 s_1, N ovem ber: Q = 30 m 3 s_1
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Fig. 8. S im ula ted  (lines) a n d  m ea su re d  (points) tran s ien t 
lo n g itu d in a l profiles of d issolved silica (dSi) a n d  d issolved in ­
organ ic  n itro g e n  (DIN) as a  function  of sa lin ity  in  th e  A ulne 

e stu ary  in  F ebruary , M ay, A u g u st a n d  N o vem ber 2001

(Chauvaud et al. 1998, Lorrain 2002). The phytoplank­
ton succession explains partly why, after the depletion 
period, dSi concentrations increase earlier in the sea­
son than DIN. This succession explains also high chi a 
concentrations from spring to fall and leads to a fairly
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long productive period. Such dynamics differs from the 
conditions that prevailed in the years 1970 to 1980 
w hen the first diatom spring bloom was usually of 
larger m agnitude (up to 10 pg chi a L1, which rep re ­
sents 60 to 70 pmol C L1 in the model) and the produc­
tive period of shorter duration (Chauvaud et al. 2000). 
The sim ulated dSi uptake by diatoms is in good ag ree ­
m ent w ith in situ rate m easurem ents based  on 32Si 
incorporation (Fig. 10a, Ragueneau et al. 2005), except 
for the 2 very high uptake rates recorded at the early 
stages of the productive period. This discrepancy 
might be attributed to the succession of distinct diatom 
species characterized by different Si:C ratios, a feature 
not accounted for in the model. The observed phyto­
plankton which rem ained in the fall of 2001 (up to 
1.5 pg chi a i-1, Lorrain 2002) w hen dSi uptake is low 
must be attributed to non-siliceous algal developm ent, 
a result consistent w ith the sim ulated phytoplankton 
succession (Fig. 9c). As already reported  in previous 
m odeling studies (Monbet 1992, Pondaven et al. 1998), 
the Zooplankton dynamics follows that of phytoplank­
ton with a time lag of about 10 d, consistent with a typ­
ical p red a to r-p rey  relationship for this kind of ecosys­
tem (data not shown).

The time course of w ater column variables at Stns 
R2 and R3 exhibits similar patterns and, thus, limited 
spatial variability in the pelagic dynamics. At these 
stations, the high density of filtering organism s leads 
to a benthic exchange flux through the sedim ent-  
w ater interface of similar m agnitude to the pelagic 
uptake of dSi. In contrast, the biomass of benthic filter 
feeders shows a high degree of heterogeneity  over 
short distances (Fig. 1). The intra-annual variability in 
biomass of benthic filter feeders is of the order of 40 to 
50%, in agreem ent w ith previous m odeling studies in 
the bay (Jean 1994, Graii et al. 2006). Typically, the 
seasonal time course of the biomass is characterized 
by a decrease during w inter followed by a growth

IT3
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period betw een April and Septem ber and, during fall, 
a decrease back to the original w inter conditions 
(Graii et al. 2006).

Fig. 9e,f com pares the process rate distributions af­
fecting dSi and b S i0 2 at Stns R2 and R3. M odel results 
reveal that the pelagic uptake of dSi and the dissolution 
of dead  diatoms in the w ater column are of similar m ag­
nitude at both stations. Benthic processes show, how ­
ever, a m uch larger variability: the grazing of diatoms 
by benthic filter feeders and the dSi efflux out of the 
sedim ents is roughly 1 order of m agnitude higher at 
Stn R2. At this site, benthic exchanges through the 
sed im ent-w ater interface are of similar m agnitude to 
the pelagic uptake of dSi due to the high density of 
filtering organisms. In contrast, the local dynamics at 
Stn R3 is by far dom inated by the pelagic activity of the 
phytoplankton. As a result, the dynamic balance b e ­
tw een processes always rem ains negative for dSi at this 
station, indicating continuous, net silica uptake over a 
seasonal cycle. The pattern  in net rate is more complex 
at Stn R2 as a result of the dynamic interplay betw een 
pelagic production, grazing and benthic b S i0 2 dissolu­
tion. The benthic flux of silica reaches values as high as 
6 mmol Si n r 2 d_1 and exceeds the dSi uptake during a 
large part of the productive period.

The m agnitude and timing of this high recycling flux 
of b S i0 2 is in good agreem ent w ith direct flux m ea­
surem ents based on sedim ent cores incubations 
(Fig. 10b, Ragueneau et al. 2005). The drop in dSi 
efflux in the absence of filtering organism s is also cap­
tured  by our model, even though the seasonal variation 
in the sim ulated flux is of smaller m agnitude than actu­
ally observed. The comparison betw een the pelagic 
dynamics at Stns R2 and R3 shows that the intense tu r­
bulent mixing leads to an hom ogenization of w ater 
column properties that does not reflect the spatial 
heterogeneity  in benthic process intensities. Field ob­
servations focusing only on the time evolution of the
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Fig. 10. (a) S im ula ted  (points) a n d  m ea su re d  (vertical bars) p e lag ic  dSi u p ta k e  ra tes, (b) C om parison  of Si b en th ic  fluxes th ro u g h  
th e  s e d im e n t-w a te r  in te rface  s im u la ted  (lines) a n d  m ea su re d  (points) at a  s ta tio n  w ith  (circles, b lack  line) a n d  w ith o u t (triangles,

g rey  line) C repidula  fornicata. D a ta  from  R ag u en e au  e t al. (2005)
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pelagic variables (DIN, dSi and phytoplankton) are 
therefore of limited value to capture the biogeochem i­
cal dynamics in the Bay of Brest.

Temporally resolved Si budget

Fig. 11 presents a temporally resolved silica budget 
in the estuaries and the Bay of Brest for the year 2001. 
Each sim ulated process rate is in tegrated  over the 
whole model domain, and then tim e-integrated over 
monthly periods. The extent of the benth ic-pelag ic  
coupling is sum m arized in Fig. I la .  The total deposi­
tion flux of BSi due to sedim entation and grazing 
rem ains roughly constant from May to July and 
reaches values up to 20 x 10® mol Si mo4  (about 
4 mmol Si n r 2 d_1). The benthic recycling flux of dSi to 
the w ater column follows the deposition pulse w ith a 
time lag of 1 to 2 mo and reaches maximum values in 
August (-15 X 10® mol Si mo4  or 3 mmol Si n r 2 d_1). 
Such a time lag falls w ithin the range of benthic flux 
responses determ ined from a sensitivity analysis p e r­
formed w ith a transient, vertically resolved, early dia-

genetic model of silica (Arndt & Regnier 2007). Yearly 
in tegrated  deposition and recycling fluxes of silica 
am ount to 0.56 and 0.48 mol Si n r 2, respectively. The 
preservation of biogenic silica in the sedim ents after 
1 yr of simulation represents -14%  of the supply flux 
by riverine inputs.

The im portance of ben th ic-pelag ic  coupling for the 
silica cycle in the w ater column of the bay is shown in 
Fig. l ib .  Results reveal that the total dSi flux in the bay 
exceeds the uptake by diatoms during a significant 
fraction of the year. However, a reverse trend is ob­
served betw een April and August which leads to a sig­
nificant depletion of the total mass of dSi in the system 
during the productive period (Fig. 9c). The river input 
is larger than  the recycling fluxes of dSi in the w ater 
column and in the sedim ents until May. From then 
onwards, the ben th ic-pelag ic  coupling becom es the 
main source of dSi to the w ater column until fall. At its 
maximum value in August, the benthic flux is roughly 
1 order of m agnitude larger than  both river input and 
w ater column dissolution and sustains almost entirely 
the late summer diatom bloom in the bay. If one 
excludes the w inter months, during which most of the

Fig. 11. M o nth ly  re so lv ed  b u d g e t  of Si
for th e  B ay of B rest a n d  th e  A u ln e  a n d  o
E lorn  e stu aries . F luxes from  th e  b a se - Öc
lin e  s im u la tio n  a re  sh o w n  for th e  (a) 
b e n th ic -p e la g ic  ex ch a n g e  a n d  (b) dSi ® 
p ro cesses  in  th e  w a te r  colum n. R esults 
of th e  scen ario  w ith o u t C repidu la  fo rn i­
cata  (NoCF) a re  p re se n te d  in  (c) a n d  
(d). M o n th ly  re so lv ed  m asses of d iatom  
a n d  d in o flag e lla te  b io m asses in  th e  sy s­
tem  a re  sh o w n  for th e  (e) b a se lin e  a n d  
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dSi is transported as a passive tracer through the sys­
tem (freshwater residence times -10 d for a typical 
w inter river discharge), the relative contributions of 
the benthic flux, the river input and the w ater column 
dissolution to the dSi supply during the period April to 
Septem ber am ount to 48, 36 and 16%, respectively. 
Therefore, ben th ic-pelag ic  coupling sustains an im ­
portant part of the annual diatom productivity in the bay.

The monthly resolved budgets can be in tegrated  and 
com pared w ith previously established seasonal b u d ­
gets during the winter/fall and spring/sum m er periods 
of 2001 (Ragueneau et al. 2005). The seasonal budgets 
w ere constructed from local m easurem ents of silica 
production and dissolution in the w ater column, as well 
as from experim entally derived dSi benthic fluxes 
through the sed im ent-w ater interface. The extrapola­
tion for the production flux was based on w eekly sur­
veys perform ed at a single site (Stn R3). The agreem ent 
with the model predictions is nevertheless satisfactory, 
a result w hich can be explained by the fairly hom oge­
neous dSi up take rates over the entire area of the bay. 
Overall agreem ent in dSi benthic flux estim ates is 
also achieved and reflects the dom inant control of 
Crepidula fornicata on the m agnitude of these fluxes, a 
factor w hich was already accounted for in the experi­
mentally derived budgets (Ragueneau et al. 2005). A 
larger discrepancy is obtained for the deposition flux, 
the yearly in tegrated  estim ates agreeing w ithin 30%. 
The winter/fall prediction from the model is only about 
half that of Ragueneau et al. (2005), yet because most 
of the internal Si cycling in the bay occurs during the 
spring/sum m er period, this variability has a limited 
effect at the yearly time scale.

The most im portant deviation betw een estim ates is 
obtained for the w ater column dissolution. The model- 
based calculations suggest that this process accounts 
for only 13% of the annual Si production, w hereas the 
estim ate from direct m easurem ents by Beucher et al. 
(2004) leads to a significantly higher relative con­
tribution (45%). Interestingly, a similar discrepancy 
betw een the estim ates of Beucher et al. (2004) and 
those established by mass balance calculations (18%) 
was already reported  by Ragueneau et al. (2005) and 
attributed to the fact that the direct m easurem ents 
represent a (maximum) potential dissolution flux from 
the diatom community if they w ere to rem ain perm a­
nently in suspension in the w ater column. However, 
the Bay of Brest is very shallow and diatoms settle 
rapidly; therefore, they are being heavily grazed by 
suspension feeders, and the m agnitude of the model- 
derived pelagic dissolution should logically be smaller 
than the experim entally derived estimate. Obviously, a 
significant fraction of the preserved diatoms will actu­
ally dissolve in the sediments. However, as already dis­
cussed above, it is im portant to obtain accurate esti­

m ates of the relative contribution of w ater column and 
benthic dissolution fluxes as this factor is instrum ental 
for the determ ination of the time delays in Si dynamics 
and, thus, for the phytoplankton dynamics in the bay.

Reduction in biomass of benthic filter feeders

The model is used here for prognostic purposes and 
is a first attem pt at quantifying the effect of eradicating 
an invasive benthic filter feeder on the Si dynamics 
and phytoplankton succession in the bay. Fig. I le  
shows the m agnitude of the benth ic-pelag ic  coupling 
in a scenario w ithout Crepidula fornicata (referred to 
as NoCF) and should be com pared w ith the results of 
the baseline simulation discussed above (Fig. lla ,b ). 
Simulations reveal that in the NoCF scenario, the sup­
ply flux of b S i0 2 to the sedim ents and the dSi flux back 
to the w ater column are both significantly smaller than 
in the baseline run. On a yearly in tegrated  basis, the 
am ount of b S i0 2 reaching the benthic com partm ent 
decrease from 89 x 10® to 37 x 10® mol yr_1 w hen the 
benthic filter feeders are removed. Although rem oving 
the grazing term  leads to a slightly higher sedim enta­
tion flux (+29%) in the NoCF scenario, this increase 
does not com pensate for uptake by the grazers and, 
therefore, the dSi efflux is roughly 3 times smaller in 
this case.

The effect of the ben th ic-pelag ic  coupling on the 
am ount of dSi available to sustain the pelagic primary 
production is sum m arized in Fig. l id .  In the baseline 
simulation, the benthic dSi flux to the bay is largely 
dom inant from early June until November, the riverine 
inputs contributing most during the w inter period. In 
the NoCF case, the benthic return  flux rem ains small 
throughout the year. Yet, because of the increased 
residence time of the phytoplankton w ithin the w ater 
column (both living and dead), the pelagic dissolution 
of dead  diatoms is twice as large during most of the 
summer period, and partly com pensates for the drop in 
benthic flux. A major difference betw een both scenar­
ios, however, is the overall reduction of the dSi flux 
during late summer and fall, which was mainly sus­
tained by the tim e-delayed efflux from the sediments 
in the baseline simulation.

The tem poral distribution of dSi up take (Fig. l id )  
and phytoplankton succession (Fig. lle ,f) partly reflects 
the variation in dSi supply w hen benthic filter feeders 
are rem oved from the seabed. In the NoCF scenario, 
results reveal that during the spring/early summer, 
w hen the total dSi inputs from the various sources are 
already reduced but not limiting, both the Si uptake 
and the total diatom biomass are increased com pared 
to the baseline simulation. Such behavior might 
appear counterintuitive but can be explained by the



28 M ar Ecol P rog  Ser 385: 1 5 -3 2 , 2009

significantly larger residence times of living diatoms in 
the bay w hen the sink term  due to grazing is sup­
pressed. As a result, the total diatom biomass, which 
develops during the April to July period, increases by 
32 % in the NoCF scenario. Results also reveal a more 
distinct phytoplankton succession w hen the influence 
of the ben th ic-pelag ic  coupling is reduced. In the 
NoCF case, the total biomass of dinoflagellates is up to 
twice that of the baseline scenario. The hypothesis that 
an engineered  intervention aiming at rem oving Crepi­
dula fornicata from the bay m ight sustain enhanced 
harmful dinoflagellate blooms is thus supported by the 
results of the present study.

CONCLUSIONS

A reactive-transport m odeling approach has been 
used to identify and quantify the dom inant pelagic and 
benthic processes of the Si cycle in the Bay of Brest and 
the Aulne and Elorn estuaries. The simulations r e ­
solved the seasonal variations in process intensities 
and helped unravel the role of the benthic filter feeders 
in the m agnitude and timing of the benth ic-pelag ic  
coupling in this shallow coastal ecosystem. H ydrody­
namics and transport results showed that the dom inant 
physical controls on biological processes w ere p rop­
erly represen ted  in our num erical model. The biogeo­
chemical dynamics in the estuaries revealed limited 
biogeochem ical transform ation but significant dilution 
upon estuarine mixing. In the bay, the model results 
w ere in good agreem ent w ith the m easured seasonal 
evolution in nutrient concentration, dSi up take and 
benthic fluxes. Simulations revealed that the intense 
mixing in the bay limits the spatial variability in the 
pelagic phytoplankton dynamics. In contrast, the b en ­
thic processes showed a high degree of heterogeneity 
which is correlated w ith the spatial distribution of b en ­
thic filter feeders. The m agnitude of the benthic efflux 
of dSi to the w ater column can vary by up to 1 order 
of m agnitude and, in areas densely populated by 
Crepidula fornicata, it may reach values com parable to 
the local uptake by diatoms in the overlying w ater col­
umn. The dSi efflux also followed the deposition pulse 
with a typical time lag of 1 to 2 mo and, on a yearly 
basis, preservation of b S i0 2 rem ained limited. Our 
model approach w as particularly suitable to provide 
temporally resolved Si budgets for the entire bay and 
estuarine areas. Results revealed that the benthic recy­
cling fluxes of dSi during the productive period was 
the main source (40%) of this nutrient to the bay and 
sustained almost entirely the late summer diatom 
bloom. A prognostic scenario of reduction in biomass 
of benthic filter feeders revealed that the m agnitude 
and timing of the pelagic diatom bloom is only m oder­

ately affected by the decrease in intensity of the b en ­
th ic-pelag ic  coupling. On the other hand, the hypoth­
esis that the removal of the filtering organism s on the 
seabed might enhance the developm ent of harmful 
dinoflagellate blooms in the bay is supported by our 
model results.
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A ppendix 1. P aram e te rs  of th e  m odel a n d  d ifferen tia l equ atio n s desc rib in g  eac h  s ta te  v a riab le . See T ab le  1 for s ta te  v ariab le
ab b rev iatio n s

Sym bol D escrip tion Value Units Source

¿NDet N D et m in eralisa tio n  ra te  a t 0°C in  th e  w a te r colum n 0.03 d -1 B are tta -B ek k er e t al. (1994)
¿SiDet SiDet m in eralisa tio n  ra te  a t 0°C in  th e  w a te r colum n 0.06 d -1 Le P ape  (1996)
Ued S ed im en ta tio n  ra te  for D ia a n d  detritic  m a tte r 1.5 m ol C L 1 A n d e rse n  & N ival (1988)
¿CÍFDDia FD Dia d eg rad a tio n  ra te  to  detritic  m atte r 0.1 d -1 Le P ape  (1996)
¿^BFDDia BFDDia d eg rad a tio n  ra te  to detritic  m a tte r 0.1 d -1 Le P ape  (1996)
PmaxDia M axim um  g row th  ra te  at 0°C for D ia 0.5 d -1 C h ap elle  (1991 )

O ptim al lig h t in ten sity  for D ia 100 W n r 2 A n d e rse n  (1985)
-¿ptDino O ptim al lig h t in ten sity  for Dino 140 W n r 2 A n d e rse n  (1985)
¿iVDm H alf sa tu ra tio n  constan t for N  for Dia 2 pm ol N  L 1 E pp ley  (1972)
¿¿¿Dino H alf sa tu ra tio n  constan t for N  for Dino 2 pm ol N  L 1 Le P ape  (1996)
¿¿¿Dia H alf sa tu ra tio n  constan t for Si for D ia 1 pm ol N  L 1 P aasch e  (1973)
T| Dia M orta lity  ra te  a t 0°C for D ia 0.02 d -1 A n d e rse n  (1985)
11 Dino M orta lity  ra te  a t 0°C for Dino 0.02 d -1 R ad ach  & M oll (1993)
PmaxDino M axim um  g row th  ra te  at 0°C for Dino 0.4 d -1 C alib ra tion
C:N C:N ra tio  for p h y to p lan k to n 6.62 m ol C m ol N _1 R edfie ld  (1934)
Si:N Si:N ra tio  for p h y to p lan k to n 1 - R edfie ld  (1934)
N :chl a N :chl a ra tio  for p h y to p lan k to n 1 - A n tia  et al. (1963)
¿no N on-ch lo roph ilian  ligh t ex tinction  coefficient 0.1 - C alib ra tion
1 M axim um  d e p th  over w h ich  th e  sed im en ta tio n  ra te  is 

m axim um
30 m Le P ape  (1996)

¿BNDet BND et m in eralisa tio n  ra te  a t 0°C in  th e  sed im en t 0.003 d -1 Le P ape  (1996)
¿BSiDet Si m in era lisa tio n  ra te  at 0°C in  th e  sed im en t 0.006 d -1 M o riceau  (2002)
¿¿ed A ctive sed im en t d e p th 0.01 m C alib ra tion

¿diffSi D iffusion coefficient for Si 0.0001 - C alib ra tion
¿diffN D iffusion coefficient for N 0.0001 - C alib ra tion
EDia E gestion  ra te  of B en for Dia 0.4 - Le P ape  et al. (1999)
^NDet E gestion  ra te  of B en for D etritic m a tte r 0.8 - Le P ape  et al. (1999)
EBDia E gestion  ra te  of B en for BDia 0.4 - Le P ape  et al. (1999)
1:Dino E gestion  ra te  of B en for Dino 0.4 - Le P ape  et al. (1999)
Affcia A ffinity of b en th ic  feed e rs  for D ia 0.35 - C alib ra tion
Aribino A ffinity of b en th ic  feed e rs  for Dino 0.35 - C alib ra tion
ArisDia A ffinity of b en th ic  feed e rs  for BDia 0.3 - C alib ra tion
A/ÍNDet A ffinity of b en th ic  feed e rs  for detritic  m a tte r 0 - C alib ra tion
¿minino M inim um  slope of p re d a tio n  ra te  for B en on D ia 3 m m ol C n r 3 C alib ra tion
¿m a x I I i o M axim um  slope of p re d a tio n  ra te  for B en on D ia 11 m m ol C n r 3 C alib ra tion
¿minimin M inim um  slope of p re d a tio n  ra te  for B en on Dino 3 m m ol C n r 3 C alib ra tion
¿m a x I )  i n o M axim um  slope of p re d a tio n  ra te  for B en on Dino 11 m m ol C n r 3 C alib ra tion
¿nini II I no M inim um  slope of p re d a tio n  ra te  for B en on BDia 200 m m ol C n r 2 C alib ra tion
¿maxi: Ino M axim um  slope of p re d a tio n  ra te  for B en on BDia 500 m m ol C n r 2 C alib ra tion
¿ i i i  1 I I  1 1 1 '  I B en b iom ass b e low  w h ich  g razin g  stops 3000 m m ol C n r 2 C alib ra tion
¿ m  a  x  1 1 1 '  n S atu ration  th resh o ld  for Ben 18000 m m ol C n r 2 C alib ra tion
11 B e n M ortality  ra te  a t 0°C for B en 0.0005 d -1 C alib ra tion
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A ppendix 1 (continued)

Sym bol D escrip tion Value Units Source

pBen E xcretion  ra te  at 0°C for Ben 0.0005 d -1 C alib ra tion
^Ben M axim um  in g estio n  ra te  a t 0°C for B en 0.017 d -1 Le P ap e  e t al. (1996)
PDia A ffinity for D ia by  Zoo 0.5 - P o n d av en  e t al. (1998
Püino A ffinity for D ino b y  Zoo 0.5 - P o n d av en  e t al. (1998
K-Zoo H alf sa tu ra tio n  constan t for chlorophyll for Zoo 4.6 P o n d av en  e t al. (1998
ÎZoo M axim um  m orta lity  ra te  a t 0°C for Zoo 0.06 d -1 P o n d av en  e t al. (1998

pZoo E xcretion  ra te  at 0°C for Zoo 0.01 d -1 P o n d av en  e t al. (1998
£Zoo E gestion  ra te  for Zoo 0.4 - P o n d av en  e t al. (1998
m 0 M inim um  m orta lity  ra te  for Zoo 0 d -1 P o n d av en  e t al. (1998
m dd D en sity -d ep en d en t m orta lity  ra te  for Zoo 0.0002 d -1 P o n d av en  e t al. (1998
burBSiDet A ccum ulation  ra te  w ith in  th e  sed im en t for BSiDet 0.003 C alib ra tion
burBNDet A ccum ulation  ra te  w ith in  th e  sed im en t for BND et 0.003 C alib ra tion
k S iBDiil H alf sa tu ra tio n  constan t for Si for BDia 1 C alib ra tion
k N BDiil H alf sa tu ra tio n  constan t for N  for BDia 2 C alib ra tion
ôptBDia O ptim al ligh t in ten sity  for BDia 100 W n r 2 C alib ra tion

Miri.,xl;[j|.i M axim um  g row th  ra te  a t 0°C for BDia 0.25 d -1 C alib ra tion
hBDia M orta lity  ra te  at 0°C for BDia 0.02 d -1 C alib ra tion
Eapp A ctivation  e n e rg y  of th e  A rrh en iu s frm ction 60 k J  m o L 1 V an C a p p e llen  et al. |
R G as constan t 8.31 J  K_1 m o L 1 V an C a p p e llen  et al. |

State variable

dDia
Dia

Dino

Zoo

DIN

N D et

dt

Equation

= Dia x  [ iW D i a  x  f(T ) x  m in t/ ( J)Dia, f ( N )Dia, f(S i)Dia ) -  r|Dia x  f(T)] -  se d Dia -  C g ¿  -  Cg*

w ith  /(N ) = exp*0,0727* for th e  tem p e ra tu re  function  

D IN
D IN  + k N n

■ for d iatom  g row th  lim ita tion  by  DIN availability

1 / H  \
sed Dia = Dia x ~ ^ x  vsed x m in i1,— j for th e  sed im en ta tio n  of d iatom s w h e re  H is w a te r  d ep th

1 Hr I  ■ P f  I P )
an d  f ( l ) Dia = —  x  J — — —  X exp 1 — 2— —  d z  for th e  ligh t lim ita tion  frm ction for d iatom s

H  q ^optDia , ____

u sin g  Iz = 7sulf x  e x p (_Ayz) a n d  K  = i inc + 0.04 x  (Dia + D ino )0,6

= D ino  x  [gmaxDmo x  f(T ) x  m in (/( J)Dmo, f (N )ano ) - 1^ ,  x  f(T)] -  C g T  -  Cg™
d t

dZoo  
dt

w ith  h z o o  =(1-£zoo)(G zS  + Gzo7) w h e re  and  G g ™ ° =  — ^ b 2-

= Zoo  X [pzoo ' f(T ) -  r)Zoo • f(T ) -  pZoo ■ f(T)]

F  = Dia ■ pDia + Dino ■ pDin,

j  ^ 'a P D ia
Dla Dia • p Dia + Dino  • p Din

an d  hzoo = m ax (m 0.m dd) ' Zoo

a n d  ^Dino _
D ino ■ p Dil

Dia- Poia + Dino ■ p Din

T hus C g¿  = Zoo  x  / (T) x  G g¿ an d  C g 7  = Zoo  x  / (T) x  Gg“ ° 

dD IN
dt

- = i NDet x  f(T ) X N D et -  N :C  ̂  prey • p prey + Zoo  x  pZoo x  f(T ) x  N:C + d iffN

w ith  d iffN  = - k M

B D IN
I

- D I N

dN D et
dt

= (Dino ■ pdino + FDDia ■ i d FDDia + Zoo ■ pZoo ) x  f(T ) • N :C -  i NDet x  f(T )  x  N D e t -  B N D et  + eZoo x  (C g£ +  Cg£° )
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SiDet

FDDia

BDIN

BND et

BdSi

BSiDet

BDia

BFDDia

Ben

A ppendix 1 (continued)

= ¿SiDet x f ( A ) x SiD et -  Si:C(Dia x |rDia ) + cliff Sí 
i  E \

w ith  f(A ) = A-expl -  ° ^  I for th e  Si dissolution

BdSi
- - d S i

a n d  cliff Sí = -idittsi x — ~—~-------

^ ^  = S i:C [F D D iaxkdBDDmx f ( T ) ] - S i D e t x k s¡Detx f ( A ) - s e d s¡Det + S i:C [ C ^  + C Z Dm]

dFDDia 
dt

dBD IN  
dt

dB N D et

-  hüia x f( T ) x D ia  — F D D ia x f(T )x i d FDDia - sed FDDia - C Falf m 

= B N D et x  i BNDet x f{T) -  d iffN  + p x f  (T) x  B en  x N:C 

= -¿BFDDia x f(T )x B F D D ia x N - .C + H x s e d NDet + r|X/(T )x  B en +  N : C x ^ ( l - £ prey)-C p]
dt

-B N D e t x  ¿BNDet x f(T ) -  B N D et x  burBNDet

ÓBdSl = B SiD et x  ¿BsiDet x HA) -  cliff Sí 
dt

dBS^ e t = i d BFDDla x /  (T) x  BFDDia x Si: C + H x  sed SlDet + Si: C x [CBDfn + C BBDla + C B“ a + C BBnDDla ] 
dr

-B S iD e t x  ¿BsiDet X f(A ) -  B S iD et x  burBSiDet

dBj t la = BDia x  |rmaxBDia x f(T ) x  m in(/(J)BDia,/(N )BDia,/(S i)BDia) -  BDia x  r|BDia x f(T ) -  Cg?nia + H  ■ sed Dia

dFDDia 
dt

dB en  
dt

= rjBDia x  f(T) x  BDia -  BFDDia x  f  (T) x  k d BFDDia -  + H  ■ BFDDia

=  [ X x Ben X ^ f f p r e y  X P¡prey x ddJBen X (1 -  £prey) X ddJBen -  [r|B en + pBen]] x  f(T ) X B en

w ith  p lprey = m a x | 0 ,m in | 1,—- —   lmnpreyS' -  S'‘-'max prey ‘“'mín prey

^Ben PBen
-TBen X ( l - 6 Ben)

1  T|Ben +  pBm | x |  min
XBen X ( l - e Ben)

 ̂ B en  S'mll ¡i,.,

Thus: CE17 = B e n x f ( T ) x xBen x A f f  x p i  x ddJBen
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