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a b s t r a c t

This study presents an assessment of the contributions of various primary producers to the global annual
production and N/P cycles of a coastal system, namely the Arcachon Bay, by means of a numerical model.
This 3D model fully couples hydrodynamic with ecological processes and simulates nitrogen, silicon and
phosphorus cycles as well as phytoplankton, macroalgae and seagrasses. Total annual production rates
for the different components were calculated for different years (2005, 2007 and 2009) during a time
period of drastic reduction in seagrass beds since 2005. The total demand of nitrogen and phosphorus
was also calculated and discussed with regards to the riverine inputs. Moreover, this study presents the
first estimation of particulate organic carbon export to the adjacent open ocean.

The calculated annual net production for the Arcachon Bay (except microphytobenthos, not included
in the model) ranges between 22,850 and 35,300 tons of carbon. The main producers are seagrasses in all
the years considered with a contribution ranging from 56% to 81% of global production. According to our
model, the �30% reduction in seagrass bed surface between 2005 and 2007, led to an approximate 55%
reduction in seagrass production, while during the same period of time, macroalgae and phytoplankton
enhanced their productions by about þ83% and þ46% respectively. Nonetheless, the phytoplankton
production remains about eightfold higher than the macroalgae production. Our results also highlight
the importance of remineralisation inside the Bay, since riverine inputs only fulfill at maximum 73%
nitrogen and 13% phosphorus demands during the years 2005, 2007 and 2009. Calculated advection
allowed a rough estimate of the organic matter export: about 10% of the total production in the bay was
exported, originating mainly from the seagrass compartment, since most of the labile organic matter was
remineralised inside the bay.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The coastal zone, although representing less than 1% of the total
oceanic surface, is characterized by high biodiversity and intense
productivity (gross primary production ranges from 18 to
232 Mol C m�2 y�1, according to Gattuso et al., 1998). In the shal-
lowest areas, the primary producers are microalgae (phyto-
plankton, microphytobenthos), macroalgae (seaweeds) or marine
phanerogams (seagrasses). These three compartments constitute
the basis of coastal trophic chains although their growth kinetics,
the quality of the organicmatter they produce, and their impacts on
biogeochemical cycling are very different. For instance, the effects
of seagrass beds on early diagenesis in superficial sediments are
important (Hemminga et al., 1994; Welsh et al., 2000; Jensen et al.,
2005; Deborde et al., 2008) and this has an impact on the nutrient
fluxes at the sedimentewater interface, and consequently on the
water column primary production as well. Moreover, the fate of
seagrass detritus is different from that of macroalgae or phyto-
plankton. In fact, the perennial and slow growing seagrasses pro-
duce detritus rich in organic carbon and is of refractory quality.
Seagrass detritus is much more inclined to be exported by currents
over large distances, washed onshore or buried into the sediment.
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On the contrary, algal detritus is more likely to be decomposed
inside the system, participating in internal nutrient regeneration
(Enriquez et al., 1993).

The transition zone between land and ocean is firstly affected by
variations in terrestrial inputs from natural and anthropogenic or-
igins. Evidence of threats to coastal ecosystems by ongoing habitat
degradation has been reported worldwide (Gray, 1997, and refer-
ences therein). Seagrass meadows are suffering from a global
decline (Waycott et al., 2009) that may lower primary productivity
as well as net secondary production in the impacted ecosystems
(Heck et al., 2008), enhance sediment erosion (Ganthy et al., 2014),
cause change in biodiversity and in trophic structure (Duffy et al.,
2005), and cause modification in the sediment redox status
(Delgard et al., 2013). Thus, it seems worthwhile to study the
biogeochemical cycles of a whole coastal system (lagoon, bay, es-
tuary), including all types of primary producers, in order to un-
derstand its global functioning and give new insights to the
prevailing changes. Nonetheless, as natural systems usually behave
non-linearly due to complex interactions between biotic and
abiotic processes, it is often arduous to extrapolate the processes
recorded at small scales from the global functioning at regional
scales. Cloern (2001) stresses the high level of variability of re-
sponses to nutrient changes that a coastal ecosystem exhibits.
Ecosystemmodels, although aggregating ecological diversity into a
small number of state variables (functional groups), can help in
reproducing plausible patterns of biogeochemical cycles and in
assessing the ecosystem responses to anthropogenic or natural
changes (Lancelot et al., 2002; Zaldívar et al., 2009; Duarte et al.,
2008; Azevedo et al., 2014).

The Arcachon Bay is a macro-tidal triangular-shaped lagoon
(surface 174 km2, mean depth 4.6 m, tidal amplitude ranges be-
tween 0.8 and 4.6 m), located in the south-east of the Bay of Biscay
(Fig. 1). The tidal prism of the bay was estimated to be 384 million
cubic meters for amean tide and the flushing time of the bay ranges
Fig. 1. The Arcachon Bay, general view a
between 12.4 and 17.4 days (Plus et al., 2009). Fresh water inputs
represent a mean annual volume of about 813 million cubic meters,
with the main river e the Eyre e contributing to about 73% of total
inflows. The two phanerogam species growing in the Bay e dwarf-
grass (Zostera noltei) on tidal flats, and eelgrass (Zostera marina) on
the channel edges e suffered a severe decline between 1988 and
2008 (Plus et al., 2010). According to this study, more than one third
of the Zostera beds were lost within twenty years with a worsening
effect from the year 2005 onwards, and the situation does not seem
to have changed since that time (I. Auby, pers. comm.). The causes
remain unclear even if several explanations with possible synergy
are currently being investigated: heat waves during summers 2003
and 2006, pesticide contamination, direct physical damage due to
clam harvesting activities and seagrass decline contributing to mud
resuspension and thus reducing, like in a vicious circle, the avail-
able light for seagrass growth.

It is likely that an event of such a magnitude has caused changes
in the biogeochemical status of the Arcachon Bay. The first in-
dications of changes due to seagrass regression are for example the
increase in ammonium concentration in the water column (Plus
et al., 2010) as well as the impact on the local flows leading to
modifications in sediment erosion and deposition rates
(Kombiadou et al., 2014). Furthermore, a net release of ammonium
as well as a drop in the reactive P stock in the sediments was found
(Delgard et al., 2013). All these changes may consequently have
impacted macrophyte, phytoplankton, and seagrass contributions
to the total production and biogeochemical cycles of the Bay.

In this study, we propose a mathematical model coupling hy-
drodynamics with ecological processes, to be used as a tool to
investigate the different pathways of organic matter production in
the Arcachon Bay (phytoplankton, macroalgae and phanerogams),
their impacts on biogeochemical cycles (nitrogen, phosphorus and
silicon cycles) and the fate of the produced organic matter, in the
context of drastic seagrass reduction. We also hope that the
nd location of observation stations.
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information provided by this model, as well as its capability to
simulate theoretical scenarios will be beneficial to policy makers
who can use it as a tool for the management of coastal zones.

2. Materials and methods

2.1. Description of the mathematical model

The hydrodynamic model developed for the Arcachon Bay is
MARS-3D: Model for Applications at Regional Scale. A detailed
description of theMARS-3Dmodel is available in Lazure and Dumas
(2008), and this model has been previously applied to the Arcachon
case for a barotropic hydrodynamic description of the Bay (Plus
et al., 2009). In this study, the MARS-3D model is designed with
grid limits between 44�210N-44�540N and 0�570W-1�270W, and
with a spatial horizontal resolution of 235 m � 235 m (squared
grid) and 10 layers on the vertical with sigma coordinates (the
thickness of vertical meshes varies proportionally with depth).
Time steps varied between 15 and 200 s in order to maintain the
CouranteFriedrichseLewy stability criterion (u$DtDx , with u the
current speed, Dx the horizontal resolution and Dt, the time step)
below 0.6. Our model is forced at the boundaries for free surface
elevation, water temperature and salinity by a model simulating
the Bay of Biscay hydrodynamics which has been previously vali-
dated for tides and hydrology (Lazure et al., 2009). Atmospheric
conditions throughout the area - air temperature, atmospheric
pressure, nebulosity, relative humidity - are provided by the Arpege
M�et�eo-France model. The model bathymetry resulted from com-
bined datasets: L'Yavanc (1995) for the Arcachon lagoon, the SMNG
(Service Maritime de Navigation de la Gironde) for the sandy inlets
area, and the SHOM (Service Hydrographique et Oc�eanographique
de la Marine) for the open ocean.

The biochemical model (see the conceptual diagram on Fig. 2) is
an extension of the NPZD model type (NutrientePhyto-
planktoneZooplanktoneDetritus), aiming to simulate the fluxes of
limiting elements such as nitrogen (N), phosphorus (P) and silicon
(Si). It takes into account three primary producers: phanerogams,
micro- andmacroalgae. For the phanerogams, we chose to consider
only Zostera noltei since this species largely dominates in the
Arcachon Bay (Auby and Labourg,1996; Plus et al., 2010). In order to
Fig. 2. Simplified conceptual model for the biogeochemical model. Boxes represent
approach the community composition and the phenology of the
Arcachon Bay phytoplankton, the model simulates 2 different size
classes: microphytoplankton and pico-nanophytoplankton. Ac-
cording to Gl�e et al. (2007, 2008) diatoms largely dominate the
microphytoplankton in the Arcachon Bay, always contributing to
more than 80% of the total abundance for that size class. We thus
considered that microphytoplankton is a diatom-dominated group
whose growth is N, P and Si dependent whilst pico-
nanophytoplankton is a smaller size-class group with a N and P-
dependent growth. In other terms, our model does not take into
account the small diatoms (size < 2 mm) that are part of the pico-
nanophytoplankton. Lastly, a third group aims to simulate auto-
trophic flagellates with a N and P-dependent growth.

Contrary to the phytoplankton, the model takes into account the
N and P quotas for macroalgae and for phanerogams. Thus, the
formulation of growth as well as N and P uptakes differs whether it
concerns the phytoplankton or the macrophytes. On the one hand,
phytoplankton growth will depend directly and instantaneously on
nutrient concentrations in the surrounding waters, whilst on the
other hand, following Droop's model (1973), macroalgae and
phanerogams growth will depend on internal N and P quotas
(additional state variables), thus allowing the replenishment of
nutrient reserves even during periods of slow growth. Moreover, in
the case of the phanerogams (Zostera state variables), nutrient
uptake by leaves as well as by roots is taken into account. Finally,
growth is obviously controlled by water temperature and available
light, whatever the type of primary producer.

Grazers are split into two groups, microzooplankton and mes-
ozooplankton which graze on all size classes regarding the former
and only on microphytoplankton and dinoflagellates regarding the
latter. Although heterotrophic bacteria biomass is not explicitly
described in the model, the biogeochemical cycles are closed by
equations of mineralization of particulate organic matter (detritus).
Grazing on bacteria is not taken into account except for autotrophic
bacteria that are included in the pico-nanophytoplankton. Two
kinds of detritus are highlighted in the model, labile detritus
coming from phytoplankton, zooplankton and macroalgae senes-
cence, and refractory detritus coming from dwarf-grass leaves,
rhizomes and root decay. Both detritus types are mineralized and
contribute to the nutrient renewal but the differences in
state variables and arrows stand for the N, P, Si fluxes between state variables.
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decomposition rates could be substantial (Enriquez et al., 1993;
Bourgu�es et al., 1996). We estimate that the decomposition rate
of refractory detritus is about ten times slower than that of labile
detritus. The available light for primary production (PAR) is calcu-
lated from incident solar radiations in the spectral range
400e700 nm, limited by cloud cover (provided by meteorological
forcing, METEO-FRANCE model ARPEGE), phytoplankton biomass
(simulated) self-shading and suspended particulate matter SPM
(supplied by IFREMER-ARCHYD dataset, unpublished data). N, P
and Si riverine inputs were calculated on the basis of volumes river
flow provided by the DIREN (Governmental Environment Agency)
and the nutrient concentrations by the SIBA (Syndicat Intercom-
munal du Bassin d’Arcachon).

All the model equations have been previously detailed in several
papers: Loyer et al. (2001) and Huret et al. (2013) for the biogeo-
chemical cycling and the planktonic network, Plus et al. (2003) for
the Z. noltei sub-model, M�enesguen et al. (2006) for the green
macroalgae sub-model. To our knowledge, all the above mentioned
sub-models have never been used together, and the originality of
this work lies in the coupling of all these ecological sub-models
with hydrodynamics. Annual simulations were made possible
thanks to CAPARMOR calculator (up to 27 teraflops of computing
power). All equations and parameters can be consulted on the
MARS-3D technical documentation (IFREMER-Dyneco, 2012).
2.2. Validation

The model performance was assessed by comparing observa-
tions andmodel simulations according to the methods proposed by
Pi~neiro et al. (2008). Seawater temperature (TEMP) and salinity
(SAL) data were taken from the IFREMER-ARCHYD database, at four
different stations in the Bay. Sea surface height (SSH) observations
at the Eyrac tide gauge were provided by the REFMAR website
(www.refmar.shom.fr/ARCACHON_EYRAC) and remain the prop-
erty of SHOM (Naval Hydrographic and Oceanographic Service) and
the Gironde DDTM (Sea and Territory Departmental Directorate).
The model validation results concerning physical variables (SSH,
TEMP and SAL) were recently published by Binias et al. (2014) and
are summarized in Table 1.

Fig. 3 shows simulations versus field experimental data for
several biogeochemical variables (source IFREMER-ARCHYD data-
base) over a yearly period (2009 was chosen for observations/
simulations comparison). It appears that the model reproduces
satisfactorily the order of magnitude as well as the seasonal pat-
terns of physical and biogeochemical variables. Spatial gradients of
physical and ecological variables are also well represented by the
model. Nevertheless the validation stresses that extremes (high or
low values for biological variables) have not been properly found by
the model. As an example, the simulated amplitude of the annual
variations in total chlorophyll a at the outer most station Buoy 7 is
Table 1
Model evaluation results for tides (sea surface height, SSH), temperature (TEMP) and sa
equation), coefficient of determination (r2), Ubias, Uslope and Uerror (Theil's partial in
the model and due to mean differences between observed and predicted values, slo

(RMSD ¼ √
Pn

1
ðYimod�YiobsÞ2

n�1 ) for the observed (Yiobs) versus predicted (Yimod) variable

SSH

a (significance of test a ¼ 1) 1.008 (p ¼ 0.20)
b (significance of test b ¼ 0) 0.016 (p ¼ 0.33)
Degree of freedom 915
r2 0.97
Ubias (%) 0.034
Uslope (%) 0.002
Uerror (%) 0.964
RMSD 0.19
too low when compared to ARCHYD data in 2009, leading to an
underestimation of the maximum levels (late winter, spring) as
well as an overestimation of the minimum summer levels of
chlorophyll a by the model. Likewise, the model gives very low
values of nutrients (especially dissolved silicon and dissolved
phosphorus) which might be due to an underestimation of internal
remineralisation processes during the summer. Notwithstanding
these limitations, we think that the model is able to give relevant
information on the inter-annual variation of overall primary pro-
duction and biogeochemical cycles in the Arcachon Bay during the
study period.

2.3. Simulations

Two annual simulations (years 2005, 2007) were run in order to
investigate the impact of Zostera beds regression on the lagoon
primary production and on the biogeochemical cycles. We took
advantage of two seagrass mapping surveys performed in 2005 and
2007 (Plus et al., 2010) to initialize the seagrass beds extension in
themodel. Zostera biomass inwinter (beginning of the simulations)
was arbitrarily calibrated in order to fit Ganthy et al. (2013) 2009
data at station Germanan (see Fig. 3), and the spatial distribution of
Zostera biomass was assessed thanks to the cover classes recorded
during the mapping surveys.

Two more simulations were performed for the year 2009 in
order to test the hypothesis of the total disappearance of
Zostera beds. Due to the absence of an extension map in 2009,
seagrass extension was considered to be equal to that of the year
2007 and the run was compared with the ‘no Zostera bed’ scenario,
where all Zostera variables were set to zero at the beginning of the
simulation.

We chose to focus on the net production at the scale of the
whole lagoon for the three groups of primary producers and on the
respective total nitrogen and phosphorus uptakes. The model also
allowed suggested/estimated annual budgets, as an assessment of
the quantities of carbon inflow (riverine inputs), fixed within
(primary production) and exported out (due to advection) of the
system. Conversions from nitrogen to carbon were calculated
thanks to the following molar C/N ratios: 6.625 for phytoplankton
and labile organic matter (Redfield et al., 1963), 16.8 and 15.8
respectively for refractory organic matter and macroalgae (Plus
et al., 2005) and 14 for riverine organic matter (Dubois et al.,
2012). For all calculations we assumed the Ferret Cape meridian
(1�150W) as the separation line between the ocean and the Arca-
chon Bay.

3. Results

Table 2 shows the calculated net annual primary production
values for the different years and scenarios. The total annual
linity (SAL). Regression parameters (slope a and bias b, for the Yobs ¼ aYmod þ b
equality coefficients), are the proportions of observed variance not explained by
pe error and unexplained variance, respectively), root mean-squared deviation

s. (Adapted from Binias et al., 2014).

TEMP SAL

0.958 (p ¼ 0.09) 0.910 (p ¼ 0.18)
0.376 (p ¼ 0.35) 3.086 (p ¼ 0.16)
34 34
0.98 0.85
0.125 0.039
0.071 0.049
0.804 0.912
0.78 0.79

http://www.refmar.shom.fr/


Fig. 3. Observations (symbols) vs. simulation (lines) comparison for biological variables (concentrations of nitrate [NO3], phosphate [PO4], ammonium [NH4], silicate [Si(OH)4],
chlorophyll a [Chl. a], and Zostera leaf biomass ZBL) at three different locations: Buoy 7 (in red), Comprian (in blue) and Germanan (in green). Chlorophyll a is calculated on the basis
of the sum of diatoms, pico-nanophytoplankton and dinoflagellates nitrogen biomass multiplied by a constant chlorophyll a/N ratio of 1.59 g mol�1. Locations of the three
experimental stations are reported on Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Annual net production (103 t C year�1) simulated by the model for different years.
Areas of Zostera noltei beds are recorded in brackets. For the simulation of the year
2009, two scenarios were run: with Zostera (þzost), assuming the same total sea-
grass area as in 2007, and without Zostera (� zost).

2005 2007 2009

þ zost � zost

Total phytoplankton 6.1 8.9 8.0 10.2
Diatoms 2.3 2.8 2.8 3.4
Pico-nanophytoplankton 3.7 6.0 5.2 6.7
Flagellates 0.07 0.09 0.08 0.09

Zostera noltei beds 28.6
(68 km2)

12.9
(42 km2)

15.6
(42 km2)

e

(0 km2)
Macroalgae 0.6 1.1 1.2 1.4
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production for the Arcachon Bay (except the microphytobenthos
not included in the present study) ranged between 22,900 (year
2007) and 35,300 (year 2005) tons of carbon per year. In all the
periods considered, the main primary producers in the lagoonwere
Zostera beds, reaching a maximum of 81% of total production in
2005. According to the model, the severe seagrass decay observed
between 2005 and 2007 (ca �30%) went along with a 55% reduc-
tion in annual seagrass production. Within the same period,
phytoplankton and macroalgae enhanced their production by 46%
and 83% respectively. The annual phytoplankton production always
stayed about eight fold greater than the macroalgae production.
The simulations for the year 2009 show that phytoplankton prob-
ably took more advantage of the total disappearance of seagrass
beds than the macroalgae with a production increase of þ28%
(respectively 17%). According to that scenario, the overall annual
lagoon production (excluding the microphytobenthos) probably
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suffered a �55% drop. The model also stresses that large diatoms
dominated the phytoplankton community in terms of biomass
(respective annual mean diatom, pico-nanophytoplankton and
flagellate biomasses were 38.7, 19.6 and 1.5 tons of C in 2005 and
40.3, 28.4 and 1.6 tons of C in 2007) despite a higher production of
smaller groups (pico-nanophytoplankton, see Table 2). Within
phytoplankton, the pico-nanophytoplankton took more advantage
of the seagrass reduction than the diatoms. In fact, the pico-
nanophytoplankton enhanced its production by a factor of 1.6 be-
tween 2005 and 2007 whilst the diatoms and the flagellates
multiplied their production by 1.2 and 1.3 respectively.

We also compared the different primary producers in terms of
N, P and Si global uptakes (Table 3). Due to the differences between
groups regarding the C/N/P ratios (higher ratios for the seagrasses
than for the phytoplankton or the macroalgae), to the differences in
biomasses, and to the mechanism of N and P stocks in the plants,
phytoplankton represented, as expected, the major uptake
compartment in the Bay. It is moreover important to notice that the
inter-annual variations of riverine inputs were very high. The
calculated riverine N input during 2009 was for instance more than
twice as high as in 2005. These results (Table 3) show, that conti-
nental inputs of nitrogen, phosphorus and silicon ranged respec-
tively 26e52%, 1.1e2.2% and 73e100% of total annual uptakes.
Adding the estimations for particulate organic matter, the conti-
nental riverine annual inputs probablymade up 34e73% and 6e13%
the N and P total uptakes, respectively.

As already mentioned, the model couples hydrodynamics with
ecological processes, and it is thus possible to calculate the
advective fluxes of particulate organic carbon (POC) in and out of
the lagoon. Fig. 4 presents the years 2005 and 2007 budgets for
carbon fluxes and for mean stocks of carbon calculated by the
model. In 2005 (resp. 2007) about 8% (resp. 10%) of the global
lagoon production (excluding the microphytobenthos) was expor-
ted to the ocean according to the model. The exported matter was
mainly composed (86% in 2005 and 67% in 2007) of refractory
detritus coming from the continuous renewal of seagrass leaves.
The 2005 situation is characterized by a high production, low
riverine input and high stocks of carbon rich organic matter,
whereas in 2007 the production was 35% lower despite higher
riverine input. Moreover, the calculated proportion of labile OM in
the lagoon was higher in 2007 than in 2005.

4. Discussion

The model presented in this study allowed us (i) to propose an
assessment of the phytoplankton, macroalgae and phanerogam
contributions to the total primary production of the Arcachon
Table 3
Simulated annual nitrogen (N), phosphorus (P) or silicon (Si) uptakes by the different prim
matter and inorganic dissolved nutrients, expressed in t N, P or Si year�1). Areas of Zos
scenarios were run: with Zostera (þzost), assuming the same seagrass area as in 2007, a

2005 2007

N P Si N P

Uptakes
Diatoms 410 57 769 486 67
Pico-nanophytoplankton 645 89 e 1061 147
Flagellates 12 2 e 15 2
Total phytoplankton 1067 148 769 1562 216
Zostera noltei beds (68 km2) (42 km2)

717 114 e 439 78
Macroalgae 76 2 e 138 5

Continental inputs
Particulate organic matter 153 13.7 e 346 21.9
Inorganic nutrients 479 2.8 561 707 4.4
lagoon, (ii) to evaluate their respective impacts on the main
biogeochemical cycles and (iii) to calculate annual budgets over
several years, within the observed context of a seagrass bed
reduction. The main idea put forward by this study is that the
ongoing seagrass decay coincides with an increase in phyto-
plankton and macroalgae production and a decrease in the overall
primary production. This entails an in-progress modification of the
biogeochemical equilibrium such as for instance a shift towards the
production of more labile organic matter between 2005 and 2009.

Gl�e et al. (2008) estimated an annual phytoplankton production
of 103 g C m�2 y�1 in the Arcachon Bay for the year 2003, which is
lower but close to our estimations for the years 2005 and 2007. Our
results are furthermore in the same order of magnitude as other
experimentally derived production data for temperate lagoons
(Table 4), but place the algal production of the Arcachon Bay in the
lower range of temperate lagoons.

Eutrophication does not seem to be of major concern since
nutrient inputs in the Arcachon Bay are rather moderate (De Wit
et al., 2001) and high tidal flushing prevents the confinement of
waters (Plus et al., 2009). According to the model, the inorganic
nitrogen river inputs ranged between 479 and 1075 tons (years
2005, 2007 and 2009) which is lower but close to estimates made
by De Wit et al. (2005) for the years 1996e1999 (1114 t N), and the
differences may be attributed to the inter-annual variations of
precipitation and river flows (mean Eyre river flowwas 15.5 m3 s�1

between 1996 and 1999, and 8.7, 12.9 and 14.7 m3 s�1 respectively
in 2005, 2007 and 2009, according to the DIREN-Governmental
Environment Agency). Nitrogen river inputs to the lagoon are
moreover much higher than inputs due to direct rainfall (89 t N,
according to Auby et al., 1994; 81 t N, according to Rimmelin et al.,
1998) or by aquifers (6.1 t N according to Rimmelin et al., 1998).
Comparisons between the annual quantities of N, P and Si brought
by the rivers and the annual uptakes due to the primary producers
exhibit that the major part of N and Si demand is brought to the Bay
by the rivers (up to 73% and 100% of N and Si respectively), while for
P demand, the riverine contribution is much less and accounts for
only 13% of total demand. These results underline the importance
of the internal mineralization of organic matter (microbial loop), in
sustaining primary production in the Arcachon Bay.

The model shows that the reduction of the extension in seagrass
beds and consequently the resulting loss of production is neither
compensated by phytoplankton nor by macroalgae. Between 2005
and 2009, the micro- and macroalgal production increased but not
sufficiently to compensate the gap left by seagrass reduction, even
if the continental nutrient inputs were higher in 2009 than in 2005
(Tables 2 and 3). The 2009 simulations with and without Zostera
beds (but with the same environmental conditions) also stressed
ary producers (t N, P or Si year�1) and continental annual inputs (particulate organic
tera noltei beds are recorded in brackets. For the simulation of the year 2009, two
nd without Zostera (� zost).

2009 (þzost) 2009 (� zost)

Si N P Si N P Si

911 493 68 924 592 82 1110
e 909 126 e 1180 163 e

e 14 2 e 16 2 e

911 1416 196 924 1788 247 1110
(42 km2) (0 km2)

e 484 82 e e e e

e 179 5 e 197 7 e

e 446 31.5 e 446 31.5 e

746 1075 6.2 1495 1075 6.2 1495



Fig. 4. Annual budgets of Arcachon Bay's carbon fluxes (2005, 2007, 2009 and 2009 with no Zostera meadows). The blue box stands for the lagoon, and red arrows represent the
fluxes in and out of the system. Phytopk stands for the sum of all three phytoplankton variables, POC means particulate organic carbon. Fluxes are in t C year�1 and stocks are in tons
of C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 4
Levels of annual production reported for several temperate lagoons.

Region Annual production (gC m�2 y�1) References

Phytoplankton
Arcachon Bay 110e161 Present study (model)
Lake Grevelingen 60e225 Vegter and De Visher (1984)
Marennes-Ol�eron 185 Struski &Bacher (2006)
Chesapeake Bay 282e538 Harding et al. (2002)
San Fransisco Bay 25e31 Kimmerer et al. (2012)

Macroalgae
Arcachon Bay 11e22 Present study (model)
Venice Lagoon 132e358 Sfriso et al. (1993)

Zostera beds
Arcachon Bay 311e423 Present study (model)
Lake Grevelingen 200e300 Nienhuis and De Bree (1980)
Øresund 814 Wium-Andersen and Borum (1984)
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that green macroalgae benefit surprisingly little from the seagrass
decline. This was different when the Arcachon Bay suffered from an
increase in nitrogen riverine inputs during the early 1990s facili-
tating macroalgal (Monostroma obscurum) blooms (Castel et al.,
1996). Since that time, the levels of nitrogen inputs have been
reduced and nutrient concentrations seem to be too low to produce
such proliferations. In fact, the model simulates to a great extent
the same levels of N, P and Si limitations in the presence or absence
of seagrasses (data not shown), It is thus likely that the Arcachon
lagoon is currently the location of only moderate nutrient compe-
tition between seagrasses and other primary producers. Further-
more, seagrasses can take up nutrients from the sediment, thus
maintaining high production rates even during the summer when
nutrient scarcity prevails in the water column. On the other hand,
the model also highlights that the decline in seagrass beds tends to
modify the phytoplankton community composition. The main
beneficiary seems to be pico-nanophytoplankton during the sum-
mer period, when conditions are favourable to small species (low
nutrient concentrations, high light and temperature levels), whilst
larger diatoms show only a small increase in productivity.

The simulated phytoplankton N uptake (resp. P uptake) is
1.5e3.5 (resp. 1.3 to 2.8) times higher than the seagrass uptake at
the scale of the whole lagoon. Nonetheless, the quality of the
organic matter produced is not the same and higher mineralisation
rates suggest that it is more likely to be recycled inside the Bay than
exported. The annual budgets show that the mean annual pro-
portion of refractory POC in the Bay dropped from 69% to 55% be-
tween 2005 and 2007, and that less organic carbon was exported
out of the system in 2007 (�180 tons of carbon), despite a 2.3 times
higher inflow of continental POC. Taking into account the differ-
ences in C:N:P ratios for phytoplankton,macroalgae and seagrasses,
it is likely that these changes will impact the biogeochemical cycles
and modify the phytoplankton community phenology. Further
developments of the model are nonetheless needed to study this
impact.

All the assessments proposed in the present study have to be
considered with caution, keeping in mind the following weak-
nesses of the model. First of all, this study is entirely theoretical,
and even if the model outputs have been checked by comparing
with experimental datasets (Table 1, Fig. 3) and the different
parameters constrained in the commonly accepted ranges, the
real validation only concerns physical variables and very few
biological variables. The results presented here should be
considered within a certain range and we think that the interest
probably lies more in the simulations collation rather than in the
absolute values. To use such coupled hydrodynamic-ecological
deterministic models, a lot of progress still remains to be ach-
ieved, not only concerning the formulation of biological pro-
cesses but also the numerical programming and the computing
capacities, before it is possible to simulate the huge complexity of
coastal systems. As an example, recent studies have shown the
very complex interactions that exist between phytoplankton and
Zostera beds. These interactions go far beyond the “simple”
competition for light and nutrients that is simulated in our
model and probably encompass direct (allelopathic substances)
and indirect (modifications of benthic suspension feeder com-
munities etc.) factors affecting phytoplankton densities (De Wit
et al., 2012). Secondly, some studies have underlined the
importance of microphytobenthos production in other temperate
lagoons (Nienhuis and De Bree, 1984; Struski and Bacher, 2006;
Mign�e et al., 2004), with productions of the same order of
magnitude as phytoplankton and even higher. The reason why
this primary producer was not included in our model is due to
the absence of experimental data regarding that compartment
for the Arcachon Bay, as far as we know. In the Marennes-Ol�eron
Basin (about 200 km north of the Arcachon Bay, mean depth
3.6 m), microphytobenthos is mainly composed of pennate di-
atoms that are constantly oscillating between pelagic and benthic
lives through erosion/deposition processes and contribute in
fuelling both benthic and pelagic trophic chains (Guarini et al.,
2000; Blanchard et al., 2001). Moreover, the reduction of Zos-
tera beds in Arcachon has created more space for large intertidal
bare mudflats which may have been colonized by benthic
microalgae. Our assessment of microalgae production thus very
probably underestimates this compartment and needs to be
included in a future version of our model.
5. Conclusion

Like other lagoonal systems, the Arcachon Bay is highly pro-
ductive and the location of intense internal remineralisation. The
recent decline in seagrass beds does not seem to have led to an
outbreak of more opportunistic and short-life species (macroalgae,
phytoplankton) although phytoplankton seems to have enhanced
its production. This is probably due to the somewhat reduced
continental nutrient inflows. Our model shows that the overall
productivity has begun to shift from a system mainly based on
refractory organic matter towards a more instable system based on
a more labile organic matter production.
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