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d’Océanographie Chimique, Institut de Physique (B5), Université de Liège, MARE, B-4000 Liège, Belgium

Abstract

The RIVERSTRAHLER model, an idealized biogeochemical model of the river system,

has been coupled to MIRO-CO2, a complex biogeochemical model describing diatom and

Phaeocystis blooms and carbon and nutrient cycles in the marine domain, to assess the

dual role of changing nutrient loads and increasing atmospheric CO2 as drivers of air–sea

CO2 exchanges in the Southern North Sea with a focus on the Belgian coastal zone (BCZ).

The whole area, submitted to the influence of two main rivers (Seine and Scheldt), is

characterized by variable diatom and Phaeocystis colonies blooms which impact on the

trophic status and air–sea CO2 fluxes of the coastal ecosystem. For this application, the

MIRO-CO2 model is implemented in a 0D multibox frame covering the eutrophied

Eastern English Channel and Southern North Sea and receiving loads from the rivers

Seine and Scheldt. Model simulations are performed for the period between 1951 and

1998 using real forcing fields for sea surface temperature, wind speed and atmospheric

CO2 and RIVERSTRAHLER simulations for river carbon and nutrient loads. Model

results suggest that the BCZ shifted from a source of CO2 before 1970 (low eutrophica-

tion) towards a sink during the 1970–1990 period when anthropogenic DIN and P loads

increased, stimulating C fixation by autotrophs. In agreement, a shift from net annual

heterotrophy towards autotrophy in BCZ is simulated from 1980. The period after 1990 is

characterized by a progressive decrease of P loads concomitant with a decrease of

primary production and of the CO2 sink in the BCZ. At the end of the simulation period,

the BCZ ecosystem is again net heterotroph and acts as a source of CO2 to the atmosphere.

R-MIRO-CO2 scenarios testing the relative impact of temperature, wind speed, atmo-

spheric CO2 and river loads variability on the simulated air–sea CO2 fluxes suggest that

the trend in air–sea CO2 fluxes simulated between 1951 and 1998 in the BCZ was mainly

controlled by the magnitude and the ratio of inorganic nutrient river loads. Quantitative

nutrient changes control the level of primary production while qualitative changes

modulate the relative contribution of diatoms and Phaeocystis to this flux and hence

the sequestration of atmospheric CO2.
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Introduction

Despite its relatively modest surface area, the coastal

zone plays a considerable role in the carbon and nu-

trient global biogeochemical cycles. At the interface

between land, atmosphere and the open ocean, the

coastal zone receives massive inputs of terrestrial or-

ganic matter and nutrients that stimulate intense biolo-

gical processes (Smith & Hollibaugh, 1993; Gattuso

et al., 1998; Wollast, 1998) and exchanges nutrients and

inorganic and organic carbon with the open ocean

across marginal boundaries (e.g. Wollast, 1998; Thomas

et al., 2004) and the sediment (Wollast, 1998; Chen et al.,

2003; Middelburg & Soetaert, 2004; Middelburg et al.,

2005). The coastal zone is also the area of greatest
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human impact on the marine environment as approxi-

mately 40% of the human population is currently living

within 100 km of the coastline (Cohen et al., 1997).

During the last century, increase of human activities

on land (combustion of fossil fuels, prolonged and

intensive use of inorganic fertilizer in agriculture,

changes in land use practices, deforestation and dis-

charge of industrial and municipal waste waters) has

caused substantial increase in atmospheric CO2 concen-

tration and affected river nutrient and carbon fluxes

(e.g. Mackenzie et al., 2002). Anthropogenic disturbance

has lead to an increased delivery of inorganic nutrients

and organic carbon into estuaries and coastal waters

(van Beusekom & de Jonge, 2002; Smith et al., 2003) and

contributed to their eutrophication (Cloern, 2001). This

phenomenon has led to severe degradation of water

quality and alteration of the marine food web and

community structure (e.g. Officer & Ryther, 1980; Billen

et al., 1991; Cloern, 2001). The excess of nutrient may

locally enhance primary production and carbon seques-

tration but the modification of organic carbon loads can

also considerably influence the carbon metabolism

changing the autotrophic vs. heterotrophic conditions

in estuaries and coastal waters (Heip et al., 1995; Kemp

et al., 1997) and hence their ability to pump atmospheric

CO2 (Andersson & Mackenzie, 2004; Mackenzie et al.,

2004).

The environmental consequences of nutrient enrich-

ment of coastal ecosystems (e.g. increased phytoplank-

ton production, increased turbidity with subsequent

loss of submerged aquatic vegetation, oxygen defi-

ciency, decreased in biodiversity, etc.) are becoming

increasingly well documented (e.g. Nixon, 1995; Vitou-

sek et al., 1997; Cloern, 2001) but the role of the coastal

zone as source or sink for atmospheric CO2 is the

subject of a long-lived controversy that mainly origi-

nates from the lack of sufficient field measurements,

their probable inadequate spatial and/or seasonal cov-

erage and the diversity and complexity of this marine

realm from the point of view of carbon cycling (Borges,

2005; Borges et al., 2005, 2006). The estimation of the

CO2 exchange across the air–sea interface in coastal

areas differs between authors and their potential con-

tribution to the ocean uptake of CO2 remains uncertain

(Borges, 2005; Cai et al., 2006; Chen & Borges, 2008).

Moreover, the modification of the capacity of coastal

waters to absorb atmospheric CO2 due to increased

human pressure also remains poorly known. Some

model studies exploring the impact of increased nutri-

ent and carbon loads on the heterotrophic or auto-

trophic status (Ver et al., 1999; Rabouille et al., 2001)

and the direction of the air–sea CO2 exchanges in the

global coastal area over the past 300 years (Andersson &

Mackenzie, 2004; Mackenzie et al., 2004) conclude that

the ecosystem trophic status and air–sea CO2 exchanges

have changed since the industrial revolution. In spite of

some uncertainties, these studies show that worldwide

coastal waters have probably acted as a net CO2 source

to the atmosphere for much of the past 300 years, but

have recently switched, or will switch soon, to a net sink

of CO2, because of rising atmospheric CO2 and eutro-

phication. These studies neither consider the diversity

of the coastal zone ecosystem nor the variations of local

anthropogenic pressure. Consequently, although these

studies give a general overview of the coastal zone

response to the worldwide anthropogenic modification

over the last centuries, they do not consider the re-

sponse of a specific coastal ecosystem, in particular if

nutrient reduction measures are taken to reduce eutro-

phication. As a first step in this direction, da Cunha et al.

(2007) recently explored the potential impact of changes

in river nutrient loads on global ocean biogeochemistry

using a more detailed global model compared with the

previous simple box-models (Ver et al., 1999; Rabouille

et al., 2001). However, this study only considers N and

Si (and Fe) as potential limiting nutrients, preventing

the transposition of their results to eutrophied coastal

areas where P can be limiting due to high N : P ratios

(Howarth & Marino, 2006; Gypens et al., 2007).

The Belgian coastal zone (BCZ) located in the South-

ern Bight of the North Sea receives freshwater and

nutrient loads from anthropized rivers (mainly the

Seine and the Scheldt) that mix with inflowing English

Channel waters (Fig. 1). Over the last five decades,

nutrient river loads have been modified in quantity

and quality (large excess of nitrate and phosphate over

silicate; Billen et al., 2001, 2005; Soetaert et al., 2006) due

to increased human activity and the implementation of

nutrient reduction (especially P) policies in the mid-

1980s. These changing nutrient inputs have shaped the

structure and the functioning of the BCZ ecosystem,

characterized today by the dominance of undesirable

Phaeocystis blooms (Lancelot, 1995). Model reconstruc-

tion of eutrophication suggests that Phaeocystis colonies

were already blooming in BCZ in the early 1950s but

were sharing almost equally with diatoms, the bulk of

annual primary production (Lancelot et al., 2007). Over

the 1960–1992 period, the increased loads of both N and

P were largely beneficial to both Phaeocystis colonies

and summer diatoms, however, with a little advantage

to the latter. Since 1989, the decrease in P loads sub-

sequent to the removal of PO4 in washing powders and

the maintenance of elevated NO3 loads led to a larger

decrease of diatom than Phaeocystis blooms, leading to

their present-day dominance (Lancelot et al., 2007).

However, the extent to which these historical changes

in the phytoplankton community structure were affect-

ing the BCZ ability to absorb atmospheric CO2 is not
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known. Measurements of the partial pressure of surface

CO2 (pCO2) obtained in the BCZ during the late 1990s

and early 2000s (the period of P reduction) evidenced

that pCO2 in the area was seasonally driven by both

fresh water inputs from the Scheldt and biological

activities (Borges & Frankignoulle, 1999, 2002, 2003;

Schiettecatte et al., 2006). Annual budgets for the period

report the coastal area as a source of CO2 to the atmo-

sphere and suggest that the interannual variation of this

source is related to Scheldt discharge fluctuations

(Borges & Frankignoulle, 1999). This suggests that the

human-driven changing nutrient loads over the last 50

years might well have affected the capacity of the

coastal area to absorb atmospheric CO2 but the pCO2

time series available for the area is too short for apprais-

ing this effect.

In this paper, we use the MIRO-CO2 biogeochemical

model of Gypens et al. (2004) describing the seasonal

evolution of pCO2 in the BCZ surface waters to assess

and understand the evolution over the past 50 years of

air–sea CO2 flux in the BCZ in response to increased

atmospheric pCO2 and changes in river carbon and

nutrient loads and in coastal ecosystem structure. For

this application, we use recorded sea surface tempera-

ture, wind speed, atmospheric CO2 and RIVERSTRAH-

LER simulations of carbon and nutrient rivers loads

from the Seine and the Scheldt (Billen et al., 2001, 2005)

to simulate the seasonal and interannual evolution of

air–sea CO2 fluxes in the BCZ during the 1951–1998

period. RIVERSTRAHLER–MIRO-CO2 results are then

analysed to estimate the relative contribution of these

drivers (increased atmospheric CO2 and changing nu-

trient loads) to the interannual variability of the simu-

lated air–sea CO2 fluxes.

Material and methods

Mathematical models

The mathematical tool consists in the coupling of the

coastal MIRO-CO2 model (Gypens et al., 2004) and the

RIVERSTRAHLER river model (Billen et al., 1994; Gar-

nier et al., 1995): the RIVERSTRAHLER–MIRO-CO2 tool

(R-MIRO-CO2). This coupling is possible because of the

structural similarity of the two idealized models (Lan-

celot et al., 2007). R-MIRO-CO2 (Fig. 1) allows the

description of biogeochemical transformations of C, N,

P and Si along the river–coastal continuum as a function

of changing human activity in the watershed.

The RIVERSTRAHLER model. RIVERSTRAHLER (Billen

et al., 1994; Garnier et al., 1995) is a generic model of the

biogeochemical functioning of the whole river system

resulting from the coupling of a hydrological module

(HYDROSTRAHLER) and a biogeochemical module

(RIVE). Structure and parameterization of RIVE

processes are detailed in Garnier et al. (1999, 2002).

The implementation of RIVERSTRAHLER and a

description of the meteorological forcing and nutrient

point and diffuse sources at the scale of the Seine and

Scheldt river systems over the past 50 years are reported

in Billen et al. (2001, 2005). For both basins, the model-

forcing functions to the model were collated for the

period 1951–1998: year-to-year variation of rainfall by

10-day steps; land use modifications by 10-year steps;

changes in urban and industrial annual wastewater

discharges by 5-year steps. The simulated nutrient

loads were validated by comparison with annual

nutrient loads recorded at the river mouths (Lancelot

et al., 2007).

The MIRO-CO2 model. The MIRO-CO2 biogeochemical

model (Gypens et al., 2004) results from the coupling of

the biogeochemical MIRO model (Lancelot et al., 2005)

with the physicochemical module of Hannon et al.

(2001), describing the seawater carbonate system and

air–sea CO2 exchange. The mechanistic biogeochemical

MIRO model, describing C, N, P and Si cycles in

Fig. 1 Map of the study area with the MIRO multibox frame

delimitation (top panel) and the RIVESTRAHLER–MIRO-CO2

coupling (bottom panel). WCH, Western Channel; FCZ, French

coastal zone; BCZ, Belgian coastal zone.
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Phaeocystis-dominated ecosystems, assembles four

modules, describing the dynamics of phytoplankton

(diatoms, nanoflagellates and Phaeocystis), zooplankton

(copepods and microzooplankton), dissolved and

particulate organic matter (each with two classes of

biodegradability) degradation and inorganic nutrients

[NO3, NH4, PO4 and Si(OH)4] regeneration by bacteria

in the water column and the sediment. The MIRO

equations and parameters are fully documented in

Lancelot et al. (2005) and www.int-res.com/journals/

suppl/appendix_lancelot.pdf. A first coupling between

MIRO and RIVERSTRAHLER demonstrated the ability

of the model to reproduce the observed evolution of

nutrients and Phaeocystis and diatom blooms during the

1988–1998 period (Lancelot et al., 2007).

The speciation of the carbonate system (in particular

pCO2) is calculated from dissolved inorganic carbon

(DIC) and total alkalinity (TA), using the carbonic acid

dissociation constants recommended by Mehrbach et al.

(1973), the boric acid dissociation constants given by

Dickson (1990) and the CO2 solubility coefficient

suggested by Weiss (1974). Air–sea CO2 fluxes are

calculated from the pCO2 gradient across the air–sea

interface (DpCO2 5 pCO2�pCO2atm, where pCO2atm

refers to values in the atmosphere) and the gas

transfer velocity parameterization as a function of

wind speed of Nightingale et al. (2000).

Model implementation

For this application, the R-MIRO-CO2 model is imple-

mented in a multibox frame delineated on the basis of

the hydrological regime and river inputs. In order to

take into account the cumulated nutrient enrichment of

Atlantic waters by the Seine and Scheldt rivers, two

successive boxes, assumed to be homogeneous, have

been chosen from the Seine Bight (French coastal zone,

FCZ) to the BCZ (Fig. 1). Each box has its own mor-

phological characteristics (Lancelot et al., 2005) and is

treated as an open system, receiving waters from the

upward adjacent box and the river (Seine or Scheldt)

discharge and exporting water to the downward box.

Model simulations were performed over the 1951–1998

period after a 3-year spin-up run. The boundary condi-

tions were provided by the MIRO-CO2 simulations

performed for the conditions existing in the Western

Channel (WCH; Fig. 1), which is considered to be a

quasioceanic closed system. The time evolution of the

state variables was calculated by solving the different

equations expressing mass conservation according to

the Euler procedure. A time step of 15 min was adopted

for the computation of the numerical integration. Model

runs were performed using recorded daily wind speed,

sea surface temperature, monthly atmospheric pCO2

and 10-day river (Seine and Scheldt) loads calculated

by the RIVERSTRAHLER model. Because of the lack of

data, a climatology corresponding to the 1989–1999

period (Lancelot et al., 2005) was used as global solar

radiation. Land-based fluxes of DIC and TA were esti-

mated based on a compilation of DIC and TA data in the

Seine and the Scheldt rivers (Frankignoulle et al., 1996,

1998; Frankignoulle & Borges, 2001; A. V. Borges un-

published data; G. Abril, personal communication) and

river discharges, making use of the ‘apparent zero end-

member’ method (Kaul & Froelich, 1984). The ‘apparent

zero end-member’ concentration of DIC and TA was

computed as the y-intercept of the linear regression of

these quantities as a function of salinity for values

between 15 and 30. Such an approach allows computing

realistic river fluxes to the coastal zone, by removing the

effect of nonconservative behaviour of chemicals in

upper estuaries (e.g. TA in the Scheldt estuary; Fran-

kignoulle et al., 1996) that leads to erroneous estimates if

the real concentration at zero salinity is used. Because of

the scarcity of TA and DIC data in the Seine river,

constant concentrations of these quantities were used

to compute the river fluxes. For the Scheldt river, linear

regressions of DIC or of TA as a function of the

logarithm of freshwater discharge (Q) were used to

determine the concentration of DIC or TA for a given

Q value:

DIC ¼ 5:377� 0:5992 logðQÞ
ðr2 ¼ 0:67; P < 0:0001; n ¼ 19Þ
TA ¼ 4:907� 0:4584 logðQÞ
ðr2 ¼ 0:56; P ¼ 0:0003; n ¼ 19Þ

;

where DIC and TA are in mmol kg�1 and Q in m3 s�1 is

the average over the 2 months before sampling based on

19 cruises from 1993 to 2000.

The negative relationships between DIC or TA and Q

are due to the dilution of these quantities during flood

events, typical of most rivers (Ludwig et al., 1996; Cai

et al., 2008).

Wind speed was extracted from the National Centers

for Environmental Prediction (NCEP) Reanalysis

Daily Averages Surface Flux (http://www.cdc.noaa.-

gov/) for one station in the North Sea (3.751E,

52.381N). Atmospheric pCO2 at Mace Head (53.551N,

9.001W, Southern Ireland) was provided by the

National Oceanic and Atmospheric Administration/

Climate Monitoring and Diagnostics Laboratory/Car-

bon Cycle Greenhouse Gases Group (NOAA/CMDL/

CCGG) air-sampling network (available at http://

www.cmdl.noaa.gov/) for the 1979–1998 period. Years

before 1979 were reconstructed by assuming a similar

annual increase rate as measured at Mauna Loa (http://

www.esrl.noaa.gov/). Values of pCO2atm in dry air were
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converted into pCO2atm in wet air according to Dickson

& Goyet (1994). Annual mean seawater temperature

was derived from the ICES report on Ocean Climate

2005 (no. 280) and daily cycle was reconstructed based

on the mean daily seawater temperature cycle mea-

sured in the area during the 1989–1999 period (Lancelot

et al., 2005).

Sensitivity scenarios

The relative impact of the different model forcing on

the ecosystem trophic status and air–sea CO2 flux

simulated between 1951 and 1998 in the BCZ was

assessed by testing separately the 1951 value for each

forcing. In the manuscript, nine scenarios will be dis-

tinguished on the basis of the tested 1951 forcing (Table

1). In each of these scenarios, the 1951 value was used

for the tested forcing, but real values were used for the

other forcings.

Statistical analysis

The results of the sensitivity scenarios have been statis-

tically valuated using the Taylor’s (2001) diagram. This

diagram summarizes visually the degree of correspon-

dence between two fields, in our case between reference

and model scenarios, allowing to rank the effect of the

different forcings on the real historical evolution of the

air–sea CO2 fluxes in BCZ. Similarity between two

simulations (f, the sensitivity scenario and r, the refer-

ence) is estimated based on three complementary, but

not completely independent, statistics:

� the correlation coefficient (R) is used to quantify

pattern similarity between the two simulations:

R ¼
ð1=NÞ

PN
n¼1

ðfn � fÞðrn � rÞ

sfsr
;

where fand r are the mean values and sf and sr are

the standard deviation of f and r, respectively, and N

is the number of values to be considered.

� the variance of the two simulations (sf and sr)

allows to determine whether two results have the

same amplitude of variation.

� the centred pattern root mean square (RMS) differ-

ence (E0) quantifies the difference between the two

simulations:

E0 ¼ 1

N

XN

n¼1

½ðfn � fÞ2 � ðrn � rÞ2�1=2

( )
;

The above statistics (R, E0, sf, sr) are related as:

E02 ¼ s2
f þ s2

r � 2sfsrR:

and can then be geometrically represented in a single

diagram based on the law of Cosines, the Taylor’s

(2001) diagram (Fig. 2).

The correspondence between any scenario and the

reference simulation can be seen by analysing the posi-

tion of one single point on the diagram (Fig. 2). The

azimuthal position of the model scenario indicates the

correlation (the smaller the angle, the better is the corre-

spondence), its distance from the origin indicates its

standard deviation and the distance between the Scenario

and the Reference symbols is related to the centred pattern

RMS difference (E0). Standard deviation and E0 are non-

dimensionalized by the standard deviation of the refer-

ence simulation. In the limit of a perfect agreement

between the two simulations, E0 would approach 0, and

s and R the unit and the tested forcing has no impact on

the long-term trend of annual air–sea CO2 fluxes.

Results

R-MIRO-CO2 simulations for the 1951–1998 period

Seine and Scheldt loads. Figure 3 shows the 1951–1998

evolution of annual fresh water discharge and annual

total nitrogen (Ntot), phosphorus (Ptot), dissolved

silicate (DSi) and organic carbon loads simulated by

the RIVERSTRAHLER model applied to the Seine and

the Scheldt watersheds. The annual carbon and nutrient

fluxes delivered by the Scheldt and the Seine show

similar historical trends but the magnitude of the

simulated nutrient loads of the Seine is in averaged

Table 1 Nine test model scenarios

Tested 1951 forcing

Scenario

name

Scenario

symbol

Seawater temperature T-scenario A

Wind speed WS-scenario B

Atmospheric pCO2 CO2-scenario C

Seine and Scheldt C and

nutrient loads

R-scenario D

Seine and Scheldt DIN loads N-scenario E

Seine and Scheldt PO4 loads P-scenario F

Seine and Scheldt organic

C loads

C-scenario G

Scheldt C and nutrient loads Scheldt-scenario H

Seine C and nutrient loads Seine-scenario I

In each of these scenarios, the 1951 value was used for the

tested forcing, but real values were used for the other forcings.
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distance from the origin is proportional to the normalized standard deviation (df/dr). The normalized RMS difference (E0/dr) between the

Scenario and the Reference simulation is proportional to their distance apart and their correlation is given by the azimuthal position of the

Scenario simulation.
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for the period 5 (Ntot; Fig. 3b), 10 (Ptot, Fig. 3c) and 3

(Dsi; Fig. 3d) times higher than for the Scheldt. This

mainly results from a higher water discharge from the

Seine than the Scheldt (Fig. 3a) while nutrient

concentrations are similar in both rivers (not shown).

Interestingly, specific nutrient loads, that is, normalized

with respect to the watershed surface area, show similar

values and historical trends for the two watersheds

(Billen et al., 2001, 2005). On the contrary, organic

carbon inputs simulated for the Scheldt are up to

three times higher than the Seine loads during the

1980s (Fig. 3e). Although some part of the interannual

variability of nutrient and organic carbon loads can be

attributed to the variability of the river water discharge

(Fig 3a), the long-term trend simulated during the past

48 years is responding to modification of human

activities in the watershed.

From 1951 to the mid-1960s, Ntot (Fig. 3b), Ptot (Fig.

3c) and DSi (Fig. 3d) loads show little variation for the

Seine and the Scheldt rivers. After 1965 and as a result

of the combined effect of increased leaching of

agricultural soils and emissions from domestic and

industrial activities (Billen et al., 2001, 2005), the

annual Ntot fluxes delivered by the Seine (Fig. 3b)

increase from some 50 kT N yr�1 in the 1950–1960s up

to values 4100 kT N yr�1 during the 1980s and 1990s. A

similar increase is simulated for the Scheldt with Ntot

loads o10 kT N yr�1 before 1973 and � 30 kT N yr�1

from 1980 onwards (Fig. 3b). The annual Ptot

simulated for the Seine and the Scheldt suggests four

successive phases (Fig. 3c): (i) the 1951–1965 period of

low input; (ii) the increased delivery period (i.e. from

5 kT P yr�1 before 1965 up to 17 kT P yr�1 in 1980 for the

Seine and from 0.5 kT P yr�1 before 1965 up to

2.6 kT P yr�1 from mid-1970s for the Scheldt); (iii) the

period of sustained elevated inorganic nutrient loads;

and (iv) the progressive decrease until 1998 when the

values from the 1960s are again simulated. This

decrease results from the removal of PO4 in washing

powders, as well as from the improved treatment of

urban effluents (Billen et al., 2001, 2005). DSi loads show

important interannual variability (Fig. 3d) mainly

driven by freshwater discharge (Fig. 3a), while DSi

concentration, little affected by human activity, shows

little variation in each river (not shown). Organic carbon

loads, as Ntot and Ptot loads, show, after 1960, a marked

increase in response to human development on the

watershed before decreasing from the mid-1980s

onwards in response to waste water treatment (Fig. 3e).

Carbon fluxes in BCZ. Over the simulated period,

atmospheric pCO2 increased from a mean annual

value of � 310 ppm in 1951 to values 4370 ppm in

1998 (Fig. 4). Meanwhile, the R-MIRO-CO2 simulated

water pCO2 (pCO2wat) shows large seasonal and

interannual fluctuations (Fig. 4). As a general trend,

undersaturation is simulated in spring while

oversaturation is maximal in winter. Over the long-

term, the maximal winter pCO2wat remains relatively

constant (� 400 ppm), while spring undersaturation

shows over years two opposite trends: an increase of

pCO2wat undersaturation from 200 ppm during the

1950s and 1960s down to 100 ppm during the late

1980s followed after 1989 by a decreasing trend of the

undersaturation (� 50 ppm over 8 years, Fig. 4).

Under or oversaturation of surface water pCO2 results

from an imbalance between photosynthetically fixed

CO2 and respired organic carbon due to heterotrophic

activity. When calculated over the year, this difference,

the net ecosystem production (NEP), gives an indication

on the autotrophic or heterotrophic status of the water

body. Figure 5a shows the 1951–1998 evolution of the

NEP calculated from R-MIRO-CO2 simulations of

annual photosynthesis and respiration rates.

Annual NEP in the BCZ computed with R-MIRO-

CO2 shows important interannual variability between

1951 and 1998, with values ranging between �1.24 and

1 0.44 mol C m�2 yr�1 in 1966 and 1989, respectively

(Fig. 5a). Between 1951 and 1967, the BCZ ecosystem

is the net heterotrophic with an annual NEP ranging

between �0.68 and �1.24 mol C m�2 yr�1. After 1967,

the ecosystem is still heterotroph but the magnitude

is less significant with annual NEP values of �0.2 mol

C m�2 yr�1 in 1982. Between 1983 and 1993, the BCZ

ecosystem alternates between heterotrophy and

autotrophy with the highest net autotrophy simulated

in 1989 and 1992 (NEP41 0.3 mol C m�2 yr�1). After

1993 and up to the end of the simulated period, the

direction of NEP is reverted and the magnitude of the

simulated annual heterotrophy is similar to that

simulated before 1967 except in 1996 when net

heterotrophy decreases.
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Fig. 4 Evolution from 1951 to 1998 of pCO2 simulated by

R-MIRO-CO2 in the Belgian coastal zone (BCZ) and pCO2atm

measured at Mace Head.
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At a first glance, the simulated interannual

fluctuations of air–sea CO2 fluxes (Fig. 5b) mirror

those obtained for the NEP over the 1951–1998 period

(Fig. 5b). Between 1951 and end 1960, the BCZ annually

acts as a source for atmospheric CO2, ranging between

0.03 and 0.50 mol C m�2 yr�1. However, after 1966 the

magnitude of the CO2 source shows an abrupt decrease

of 0.125 mol C m�2 yr�1, reaches 0 in 1970 and maintains

the null balance up to 1974 (Fig. 5b). From 1975 to 1993,

the BCZ is absorbing atmospheric CO2 with a maximal

value of �0.4 mol C m�2 yr�1 in 1985, after that the

magnitude of the sink gradually decreases. Between

1994 and 1998, a net source of CO2 is again simulated

ranging between 0.06 and 0.18 mol m�2 yr�1, except in

1996.

Mechanisms driving the interannual and long-term
variability of air–sea CO2 fluxes in BCZ between 1951
and 1998

Sea surface temperature, wind speed, atmospheric CO2

and carbon and nutrient loads directly or/and indir-

ectly constrain air–sea CO2 fluxes. Wind speed acts on

the gas transfer velocity affecting the intensity of the

air–sea CO2 flux. The direction of air–sea CO2 flux

depends on the air–sea gradient of pCO2 that is a

function of atmospheric CO2 and seawater pCO2. Sea-

water pCO2 will depend of sea surface temperature

(solubility coefficient) and of biological activity function

of carbon and inorganic nutrient inputs. The contribu-

tion of each of these forcings to the simulated annual

air–sea CO2 flux is investigated based on the compar-

ison between real R-MIRO-CO2 simulations obtained

for the1951–1998 period ( 5 reference simulation) and

those obtained by running R-MIRO-CO2 with the 1951

values of either sea surface temperature, wind speed,

atmospheric CO2 or carbon and/or nutrient loads for

each year of the considered period ( 5 9 scenarios

defined in ‘Sensitivity scenarios’).

Interannual variability. Sea surface temperature (Fig. 6b)

and wind speed (Fig. 6d) recorded over the 1951–1998

period fluctuated between �1.2 and 1.3 1C, and �0.4

and 0.6 m s�1 of their 1951 values, while pCO2atm

regularly increased by 55 ppm (Fig. 6f). The

comparison of annual air–sea CO2 fluxes simulated

using real and 1951 values of sea surface temperature

(T-scenario; Fig. 6a), wind speed (WS-scenario; Fig. 6c)

and atmospheric pCO2 (CO2-scenario; Fig. 6e) suggests

that the interannual variability of these forcings has

little impact on the magnitude and the direction of the

simulated air–sea CO2 flux and no influence on the

simulated long-term trend. Similarly, sea surface

temperature variability has no major influence on the

long-term trend of annual NEP that shows similar

patterns when using real and 1951 forcings (not

shown). Figure 6b, d and f compare the delta annual

air–sea CO2 flux (i.e. the difference between model

results obtained using real and 1951 forcing values)

with delta annual temperature, wind speed or

atmospheric CO2, respectively. Temperature variability

contributes up to 0.2 mol C m�2 of the annual air–sea

CO2 (Fig. 6a) and the significant positive relationship

(r2 5 0.85, Po0.0001) found between delta temperature

and delta air–sea CO2 fluxes is explained by the

temperature control of the CO2 solubility coefficient

and hence the carbonate chemistry (Fig. 6b). The lack

of relationship between the temperature-induced

variability of the air–sea CO2 flux and that of the NEP

(not shown) suggests that on an annual basis, the effect

of temperature variability on CO2 chemistry is higher

than on biological activity. Wind speed variability

explains on average o0.05 mol C m�2 yr�1 of the

variability of the CO2 flux excepted in 1990 and 1995
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Fig. 5 Evolution from 1951 to 1998 of annual net ecosystem

production (NEP) (a) and annual air–sea CO2 fluxes (b) simu-

lated by R-MIRO-CO2 in the Belgian coastal zone (BCZ). Net

ecosystem autotrophy corresponds to positive value of NEP and

ecosystem heterotrophy to negative value. Air–sea CO2 flux is

positive when the flux is directed from the sea to the atmosphere

(the area acts annually as a source for atmospheric CO2) and a

negative flux corresponds to an annual net sink for atmospheric

CO2 with a transfer of CO2 from the atmosphere to the seawater.
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when wind speed variability is responsible for up to

0.15 mol C m�2 yr�1 of the air–sea CO2 flux (Fig. 6c). In

shallow and permanently well-mixed ecosystem as the

BCZ, wind speed will not affect vertical nutrient fluxes

nor mixed layer depth (hence nor biological activity)

and will only modulate the air–sea CO2 intensity (gas

transfer velocity) but not the direction of the air–sea

CO2 flux. Hence, no significant relationship was found

between annual delta wind speed and delta air–sea CO2

fluxes. As expected, the reported increase of pCO2atm

(Fig. 4) over the simulated period increases the BCZ

uptake of atmospheric CO2 (Fig. 6f) up to

0.09 mol C m�2 yr�1 of the annual air–sea CO2 flux in

1988. The delta pCO2atm and the delta air–sea CO2 flux

are significantly correlated (r2 5 0.70, Po0.0001). If we

except the years when the simulated reference air–

water CO2 fluxes are nearly zero (1972, 1974, 1982,

1990 and 1993; Fig. 5b) and when variability of one

forcing can largely modify the flux in term of percent,

then temperature, wind speed and atmospheric CO2

variability explain in average, respectively, 31%, 24%

and 18% of the annual CO2 fluxes but have no effect on

the historical trend of air–sea CO2 flux simulated

between 1951 and 1998.

Most of the simulated 1951–1998 variability of NEP

and air–sea CO2 fluxes is explained by fluctuations in

river loads (Fig. 7). In the R-scenario that maintains the

1951 values of the loads from the Seine and the Scheldt

for the whole period, the BCZ is net heterotrophic on an

annual basis (Fig. 7a) and a source for atmospheric CO2
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Fig. 6 Relative contribution of sea surface temperature, wind speed and atmospheric pCO2 to air–sea CO2 fluxes computed by R-MIRO-

CO2 in the Belgian coastal zone (BCZ) from 1951 to 1998. Comparison of air–sea CO2 fluxes computed using real forcings (black) and

1951 (grey) value for sea surface temperature (a), wind speed (c) and atmospheric pCO2 (e). Delta air–sea CO2 flux (grey bar; computed as

the difference between model results obtained using real and 1951 forcing values) compared with delta temperature (b), wind speed (d)

and atmospheric CO2 (f) (cross; computed as the difference between real forcing and 1951 value).
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(Fig. 7b), in spite of sea surface temperature, wind speed

and atmospheric pCO2 variability during the same

period. In the R-scenario, the source of CO2 increases

between 1985 and 1998 due to the combined effect of

wind speed and temperature changes that counteract

the effect of increasing atmospheric CO2 (that would

decrease the CO2 source). The increased delivery of river

nutrient loads between 1951 and 1998 has a significant

effect on the magnitude and the direction of the annual

NEP and air–sea CO2 flux (Fig. 7).

The relative influence of river nutrients and organic

carbon loads on the simulated air–sea CO2 fluxes in the

BCZ was further investigated by running R-MIRO-CO2

scenarios with either dissolved inorganic nitrogen (DIN;

NO3 1 NH4) (N-scenario), PO4 (P-scenario) or organic

carbon (C-scenario) loads of the Seine and the Scheldt

corresponding to the year 1951. Results obtained were

compared with the reference simulation (Fig. 8). As

shown, the imposed constant DIN and PO4 1951-loads

predict positive annual air–sea CO2 fluxes all along the

simulated period (Fig. 8a and c). On the contrary, the use

of 1951 carbon loads has little effect on air–sea CO2

fluxes (Fig. 8e), suggesting that anthropogenic

modification of organic carbon loads during the 1951–

1998 period were of little significance for constraining

air–sea CO2 fluxes compared with nutrient load

modifications. In agreement, the simulated delta air–

sea CO2 fluxes are low (o0.1 mol C m�2 yr�1; Fig. 8e)

and are directly correlated to the delta organic carbon

loads (r2 5 0.59, Po0.0001).

The sign and the magnitude of delta air–sea CO2 fluxes

are negatively related to the simulated delta nutrient loads

of the Scheldt (Fig. 8b and d). DIN and PO4 load increment

over the simulated period is leading to a similar sink for

atmospheric CO2 (up to 0.8 and 0.7 mol C m�2 yr�1,

respectively, for DIN and PO4; Fig. 8b and d) and the

magnitude of this sink is positively correlated to the loads

(r2 5 0.8, Po0.0001 for DIN and r2 5 0.68, Po0.0001 for

PO4). In both simulations, the magnitude of the

atmospheric CO2 sink is relatively low between 1952 and

1964, and gradually increases up to 1993 in response to the

increase in DIN and PO4 loads. After 1993, in spite of

sustained elevated DIN loads but decreasing PO4 loads, a

decreasing trend of the atmospheric CO2 sink is simulated

in both scenarios (Fig. 8b and d).

Historical trends. The effect of the different forcings on

the real historical evolution of the air–sea CO2 fluxes in

BCZ are quantitatively appraised using Taylor’s (2001)

diagram (Fig. 9). Statistics for the nine scenarios

[correlation (R), their centred RMS difference (E0) and

the amplitude of their variations (standard deviation,

s)] were computed and positioned in the diagram.

A letter was assigned to each scenario considered

(Table 1). Each point on the diagram represents, for

one particular scenario, the statistical analysis averaged

over the entire period of simulation based on annual

means. The more the scenario position is close to the

reference, the less the considered forcing is constraining

for determining the variability of the air–sea CO2 flux

between 1951 and 1998.

The very close position with respect to the reference

of long-term simulations of annual air–sea CO2 flux

obtained by constraining R-MIRO-CO2 with 1951 values

of either atmospheric CO2 (Fig. 9c) or organic carbon

river loads (Fig. 9g) suggests that these forcings have

seemingly little impact on the simulated 1951–1998

trend. Sea surface temperature (Fig. 9a) and wind

speed (Fig. 9b) have little impact on the long-term

trend of air–sea CO2 fluxes, with R 40.95, E0 o0.35

and standard deviation close to the unit. On the

contrary, the position of scenarios using 1951 carbon

and inorganic nutrient river loads forcing points, their

significance for the control of the long-term trend of air–

sea CO2 fluxes, as R is close to 0, the standard deviation

is close to 0.5 and E0 is 41.1 (Fig. 9d). Interestingly,

these statistical tests suggest a larger impact of nutrient

and carbon loads delivered by the Seine (Fig. 9i) than by
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Fig. 7 Relative contribution of carbon and inorganic nutrient

river loads to net ecosystem production (NEP) and air–sea CO2

fluxes computed by R-MIRO-CO2 in the Belgian coastal zone

(BCZ) from 1951 to 1998. Comparison of (a) NEP and (b) air–sea

CO2 fluxes computed using real forcing (black symbols) and

1951 (grey symbols) value for Seine and Scheldt river loads.
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the Scheldt (Fig. 9h) between 1951 and 1998. Similar

conclusions apply for both DIN (Fig. 9e) and PO4

(Fig. 9f) river loads but DIN river loads have a larger

influence on the patterns of variation (with lower R for

DIN than PO4), while PO4 river loads modulate the

magnitude of the variability (with lower standard

deviation for PO4 than for N sensitivity results).

Discussion

Global vs. regional response of coastal seas to increased
human pressure

Increase of anthropogenic pressures (increasing atmo-

spheric CO2, increasing population density and socio-

economic development) on coastal waters can lead to a

modification of their status as sink or source for atmo-

spheric CO2. The extent to which these activities modify

the ability of coastal areas to absorb atmospheric CO2

and more generally the role of the coastal zone in the

global carbon cycle is difficult to appraise because of the

nonlinearity of the involved processes and the diversity

of coastal seas. Some global modelling approaches have

explored the impact of increased nutrient and carbon

loads on the heterotrophic or autotrophic status (Ver

et al., 1999; Rabouille et al., 2001) and the direction of

the air–sea CO2 exchanges (Andersson & Mackenzie,

2004; Mackenzie et al., 2004) over the past 300 years.

However, these studies do not consider the coastal

zone ecosystem diversity and the variations of local
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Fig. 8 Relative contribution of dissolved inorganic nitrogen (DIN), PO4 and organic carbon Seine and Scheldt river loads to air–sea CO2

fluxes computed by R-MIRO-CO2 in the Belgian coastal zone (BCZ) from 1951 to 1998. Comparison of air–sea CO2 fluxes computed using

real forcing (black) and 1951 (grey) value for DIN (a), PO4 (c) and organic carbon (e). Delta air–sea CO2 flux (grey bar; computed as the

difference between model results obtained using real and 1951 forcing values) compared with delta Scheldt loads of DIN (b), PO4 (d) and

organic carbon (f) (cross; computed as the difference between real forcing and 1951 value).
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anthropogenic pressure. At a global scale, anthropo-

genic pressure mainly represents the expected evolu-

tion for emergent countries which is not representative

of the environmental policies actually implemented in

watersheds of developed countries. Consequently,

although these studies give an average overview of

the coastal zone response to the worldwide anthropo-

genic pressure over the last centuries, they fail to

describe the status of a specific coastal ecosystem, in

particular if nutrient reduction measures are taken to

reduce eutrophication.

R-MIRO-CO2 is, to our knowledge, the first coupled

river–coastal sea model making the link between hu-

man activity modifications on the watershed and the

status of the coastal zone as sink or source for atmo-

spheric CO2. Such a tool allows one to assess how the

CO2 sink or source role of the coastal zone has changed

in response to changing human activities on the

watershed in the past and how it might change in the

future.

In this paper, the BCZ was used as a test area to

simulate the 1951–1998 evolution of annual NEP and

air–sea CO2 fluxes making use of the MIRO-CO2 model

constrained by reconstructed sea surface temperature,

wind speed, atmospheric CO2 and RIVERSTRAHLER

carbon and nutrient river loads. The R-MIRO-CO2

results show important variability of the air–sea CO2

fluxes in the BCZ which alternately acts as a source or a

sink for atmospheric CO2 (Fig. 5b). In agreement with

the global analysis of Andersson & Mackenzie (2004), a

CO2 source is predicted from the 1950s to the late 1960s

when human activities on the watershed and inorganic

nutrient loads from rivers to the coastal area were the

lowest for the simulation period (Fig. 3). The direction

of the CO2 flux is reversed during the early 1970s and

until the mid-1990s. In the late 1990s, our model pre-

dicts again a source for atmospheric CO2 that is com-

parable with the field-based estimates in the BCZ

during that period (Borges & Frankignoulle, 2002;

Schiettecatte et al., 2006) but differs from the global

analysis of Andersson & Mackenzie (2004). The latter

suggests a reversal from a source of CO2 to a sink of

CO2 around 2000 and an increase of the CO2 sink

throughout the 21st century. One of the main difference

between the global simulation of Andersson & Mack-

enzie (2004) and our study is due to the projections of

nutrient loads which are assumed to increase exponen-

tially in the global scenario due to emerging economies

and fast population growth (Africa, South America and

mainly Asia), but to decrease for the BCZ where nu-

trient and organic carbon delivery reduction policies

have been implemented since the 1980s although they

have mainly affected the PO4 river loads.

Contribution of biological activities to annual air–sea CO2

fluxes

While Mackenzie et al. (2004) point to both increased

anthropogenic CO2 emissions to the atmosphere and

increasing nutrient river inputs as key players in the

reversal of the air–sea CO2 flux in the global coastal

zone, our model sensitivity analysis suggests that inor-

ganic nutrients discharged by rivers are the main dri-

vers of the long-term evolution of annual NEP and air–

sea CO2 fluxes in the BCZ. Increasing atmospheric CO2

enhances the CO2 sink in the BCZ but the magnitude of

this enhancement is negligible compared with the effect

of increased nutrient loads. The obtained different

sensitivity to increasing atmospheric CO2 is related to

the difference in model configurations. R-MIRO-CO2

explicitly computes the exchange of CO2 with the atmo-

sphere based on the air–sea gradient of pCO2 and the

gas transfer velocity resulting that the water column

tracks the increase of atmospheric CO2 and is at equili-

brium with anthropogenic CO2. The simulated inter-

annual variability of air–sea CO2 fluxes is then related

to changes in carbon cycling driven by variations of

river nutrient loadings. In the model of Mackenzie et al.

(2004), the increase of DIC in surface waters due to

invasion of anthropogenic CO2 is computed as a
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Fig. 9 Normalized Taylor diagram for 1951–1998 annual air–

sea CO2 fluxes computed using real (Ref) or 1951 values for sea

surface temperature (A), wind speed (B), atmospheric CO2 (C)

and carbon and nutrient loads for the Seine (I), for the Scheldt

(H) or both (D) and separately organic carbon (G), dissolved

inorganic nitrogen (DIN) (E) and PO4 (F) loads for the Seine and

the Scheldt. The reference simulation is positioned on the

abscissa. The position of each of the other symbols depicts its

correspondence with the reference results (the closer to the ‘Ref’,

the better is the correspondence). Its radial distance from origin

depicts the normalized standard deviation of the model scenario

(a value of 1 indicates similar variability); its distance from the

‘Ref’ represents the normalized root mean square difference

(quantified by dotted circles around the reference); and its

azimuthal position corresponds to its correlation with the refer-

ence simulation.
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fraction of the increase of the atmospheric carbon con-

tent using the Revelle factor. Such a mathematical

approach ultimately yields a sink of CO2 due to increas-

ing atmospheric CO2 that is unrealistic as there is ample

evidence that ocean surface waters are at equilibrium

with anthropogenic CO2 (Sabine et al., 2004) and that in

most regions the long-term trend of pCO2 in surface

waters tracks the increase of atmospheric CO2 (Takaha-

shi et al., 2006, 2008).

In spite of the importance of wind speed and sea

surface temperature on the interannual variability of

annual NEP and air–sea CO2 fluxes (Gypens et al.,

2004), the variability of these forcing cannot explain the

long-term trend and the reversal of the air–sea CO2 flux

simulated in the BCZ during the 1951–1998 period. The

higher impact of river loads compared with temperature

on the long-term trend of coastal air–sea CO2 flux was

also suggested by Ver et al. (1999) at a global scale.

Additional BCZ sensitivity tests on either carbon or

nutrient loads point nutrient changes as the key drivers

behind the long-term evolution of air–sea CO2 fluxes. Of

course the increase of organic carbon loads stimulates

heterotrophic activities and the emission of CO2 but this

effect is counteracted by primary production stimulated

by the concomitant increase of nutrient loads.

Four distinct periods can be identified based on the R-

MIRO-CO2 evolution of inorganic nutrient river loads,

the auto- or heterotrophic status and the sink/source

role for atmospheric CO2 of the BCZ (Figs 3, 5a and b).

These are:

(1) the period of moderate and well-balanced DIN and

PO4 river inputs (1951–1967) when BCZ is net

heterotrophic (NEP o�0.5 mol m�2 yr�1) and is a

source of CO2 to the atmosphere (up to

0.5 mol C m�2 yr�1).

(2) the eutrophication period (1968–1985) when in-

creased DIN and PO4 loads are stimulating phyto-

plankton growth resulting in a progressive decrease

of net heterotrophy towards low net autotrophy

(annual NEP moves from �0.5 to 1 0.5 mol m�2).

The simulated shift of nutrient-enriched coastal

waters towards increased autotrophy and increased

carbon storage agrees with observations (Smith &

Mackenzie, 1987; Smith, 1995) and global simula-

tions (Ver et al., 1999). As a result, the BCZ becomes

a sink for atmospheric CO2 reaching a maximum in

1985 when nutrient loads are the highest.

(3) the period of decreasing PO4 river loads (1986–1993)

when the ecosystem metabolic status is close to

equilibrium (alternation between low levels of net

heterotrophy or net autotrophy) and the CO2 sink

magnitude decreases to neutral exchange of CO2

with the atmosphere in 1993.

(4) the period of severe unbalanced nutrient river loads

(1994–1998) when low PO4 but excess DIN modify

ecological processes so that the BCZ is again net

heterotrophic (NEP o�0.5 mol m�2 yr�1) at the end

of the period and switches back to an annual source

of CO2 to the atmosphere.

It is generally admitted that net autotrophy induces

decreased water pCO2, and conversely, net heterotro-

phy corresponds to increase water pCO2 (e.g. Borges

et al., 2006). In spite of a significant correlation between

R-MIRO-CO2 annual NEP and air–sea CO2 flux

(r2 5 0.72, Po0.001) over the simulated period, some

discrepancies between the heterotrophy/autotrophy

status and the CO2 source/sink in the BCZ are visible

from 1968 to 1993 (r2 5 0.25, Po0.0001; Fig. 5).

The ‘vegetative period’ in the BCZ is characterized by

a succession of diatom and Phaeocystis blooms (i.e.

spring diatoms, Phaeocystis colonies and summer dia-

toms) and their relative contribution to the total pri-

mary production shows important variability between

1951 and 1998 (Lancelot et al., 2007). Figure 10 compares

the seasonal evolution of R-MIRO-CO2 gross primary

production, ecosystem respiration (pelagic and benthic

compartments) and air–sea CO2 flux estimated for 4

typical years (1952, 1980, 1989 and 1994). Clearly, the

seasonal evolution is characterized by two periods: a

‘winter period’ when biological activity is minimal and

the air–sea CO2 exchanges are modulated by river

inputs of carbon and seawater temperature (Gypens

et al., 2004; Fig. 10) and a ‘vegetative period’, when

biological activity controls the magnitude and the direc-

tion of the air–sea CO2 flux (Gypens et al., 2004) which

alternately acts as a sink or a source for atmospheric

CO2 in response to the balance between photosynthetic

and respiration activities (Fig. 10).

Table 2 compares, for the four characteristic periods

previously defined, the R-MIRO-CO2 NEP and air–sea

CO2 fluxes integrated over the winter and vegetative

periods. The ‘vegetative period’ is defined as the period

between Julian days 60 and 260 while the ‘winter

period’ corresponds to the rest of the yearly cycle. In

winter, respiration is dominant over photosynthesis

leading to net heterotrophy and results in a CO2 emis-

sion to the atmosphere (Fig. 10, Table 2). The vegetative

period is always net autotrophic but the calculated NEP

values vary significantly as well as the corresponding

air–sea CO2 flux which can be either 40 (source) or o0

(sink, Table 2). Over the 1951–1998 simulated period,

winter net heterotrophy represents 450% of annual

NEP, while the contribution of corresponding CO2

source to annual air–sea CO2 flux is more variable

(20–95% of annual flux) being generally o40% during

the 1970s and 1980s. These different contributions of
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winter NEP and air–sea CO2 fluxes to the annual values

can explain that, in spite of an annual net heterotrophic

status, the BCZ acts as a CO2 sink during the period

1968–1993 (Fig. 5b).

To better understand the contribution of the vegeta-

tive period to carbon fluxes, we divided it in two

periods: spring (Julian days 60–170) and summer (Ju-

lian days 170–260). The corresponding integrated NEP

and air–sea CO2 fluxes are reported in Table 2. An

increased net autotrophic status is simulated during

the ‘spring vegetative period’, mainly attributed to the

Phaeocystis bloom (not shown) which escapes grazing

(Lancelot et al., 2005) and accumulates in the water

column, and explains the important but transient CO2

sink (Fig. 10, Table 2). During the ‘summer vegetative

period’ diatoms represent 90% of the summer primary

production and the BCZ alternates between net hetero-

trophy and CO2 source (1951–1967) and net autotrophy

and CO2 sink (1968–1993) (Table 2). From 1951 to 1967,

when inorganic nutrient river loads are low, summer

diatom production is moderate and remineralization

exceeds photosynthesis (NEPo0) leading to a CO2

source (Fig. 10a). With the increase of nutrient loads

in the early 1970s, summer diatom production largely

increases (Lancelot et al., 2007) and diatom biomass

exceeds the grazing capacity of zooplankton leading

to a biomass accumulation in the water column (Fig.

10b and c). Production is in excess compared with

organic matter mineralization (NEP40), and a CO2 sink

is predicted between 1974 and 1993 (Table 2). During

the 1990s, summer diatom production (Fig. 10d) de-

creases in response to the reduction of PO4 river loads,

and the BCZ becomes net heterotrophic and releases

CO2 to the atmosphere. In spite of a weak contribution

to annual NEP (but not in terms of gross primary

production), the summer diatom bloom is responsible
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Fig. 10 Seasonal evolution of gross primary production (GPP), ecosystem respiration (R in pelagic and benthic compartments) and air–

sea CO2 flux simulated for 1952 (a), 1980 (b), 1989 (c) and 1994 (d).

Table 2 The net ecosystem production (NEP) and air–sea CO2 fluxes computed by R-MIRO-CO2 in the Belgian coastal zone (BCZ)

integrated for the ‘vegetative period’ [divided in ‘spring period’ (Julian days 60–170) and ‘summer period’ (Julian days 170–260),

respectively, left and right term in parentheses] and the ‘winter period’ (the rest of the yearly cycle)

Period

NEP Air–sea CO2 fluxes

Vegetative period

(spring; summer) Winter period

Vegetative period

(spring; summer) Winter period

1951–1967 Low nutrient inputs 0.5 (1.2; �0.7) �1.5 0.2 (�0.1; 0.3) 0.3

1968–1985 Increased nutrient inputs 2.2 (2.1; 0.1) �2.5 �0.4 (�0.3; �0.1) 0.3

1986–1993 Sustained elevated nutrient inputs 3.1 (2.8; 0.3) �3.1 �0.7 (�0.5; �0.2) 0.5

1994–1998 Decrease of PO4 river inputs 1.6 (1.8; �0.2) �2.4 �0.3 (�0.3; 0.0) 0.4

Integrated fluxes expressed in mmol m�2 period�1 are averaged for the four characteristic periods identified from the river inorganic

nutrient loads.
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for the long-term trend of annual air–sea CO2 fluxes in

the BCZ due to the longer water residence time in

summer, in addition to the contribution to NEP from

the Phaeocystis bloom.

Nutrient river loads vs. annual air–sea CO2 fluxes

Increased human activities on land and concomitant

increase of DIN and PO4 inputs have markedly changed

NEP and air–sea CO2 fluxes in the coastal zone. Our

regional model study in the BCZ suggests that this

ecosystem shifted from a source to a sink of atmo-

spheric CO2 due to increased nutrient loads during

the 1970s and 1980s but switched back to a CO2 source

in the late 1990s responding to the decreased PO4 loads.

The global analysis of Ver et al. (1999) and other related

studies suggest a global sustained increase in primary

production over the late 21st century and a correspond-

ing monotonic increase in the CO2 sink in the coastal

zone. This discrepancy with our model simulations is

explained by the strong change in N : P ratio (425) of

the nutrient loads to the BCZ caused by nutrient reduc-

tion policies that were more successful for PO4 than for

DIN.

In conclusion, elevated and well-balanced nutrient

loads (compared with nutrient requirement of coastal

phytoplankton) stimulate primary production and in-

crease the CO2 uptake capacity of the BCZ. Low or

unbalanced (high N : P ratio) inorganic nutrient inputs

limit coastal primary production and the BCZ acts as a

source for atmospheric CO2.

The importance of nutrient ratio and phytoplankton

growth limitation on air–sea CO2 flux in coastal area

was also pointed by da Cunha et al. (2007), but in their

global simulation, only N and Si (and Fe) were consid-

ered limiting or co-limiting for phytoplankton growth.

Our model results point that in eutrophied areas where

nutrient reduction measures have been applied, PO4

can be the limiting inorganic nutrient (and to a variable

degree as a function of the considered phytoplankton

community) due to changes in DIN : PO4 ratios. To

correctly simulate long-term changes in primary pro-

duction and air–sea CO2 fluxes, limitation or co-limita-

tion by PO4 has to be included.

Concluding remark

Our results highlight the important but so far neglected

coupling between nutrient regulation and mitigation of

the emission of greenhouse gases that must be ac-

counted jointly in management policies. We also show

that the link between nutrient delivery to the coastal

zone and carbon sequestration is complex. Sustained

long-term monitoring of key variables (CO2, inorganic

nutrients, phytoplankton composition, etc.) is then re-

quired to further unravel and constrain this link and to

refine model tools to predict the future evolution of the

biogeochemical functioning of the coastal zone and help

decision makers and managers.
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data in the Seine river, and David Smith (Editor), Rachel Knepp
(Associate Editor) and two anonymous reviewers for construc-
tive comments on a previous version of the manuscript.

References

Andersson AJ, Mackenzie FT (2004) Shallow-water oceans: a

source or sink of atmospheric CO2? Frontiers in Ecology and the

Environment, 2, 348–353.

Billen G, Garnier J, Ficht A, Cun C (2001) Modeling the response

of water quality in the Seine river estuary to human activity in

its watershed over the last 50 years. Estuaries, 24, 977–993.

Billen G, Garnier J, Hanset P (1994) Modelling phytoplankton

development in whole drainage networks: the RIVERSTRAH-

LER model applied to the Seine river system. Hydrobiologia,

289, 119–137.

Billen G, Garnier J, Rousseau V (2005) Nutrient fluxes and water

quality in the drainage network of the Scheldt basin over the

last 50 years. Hydrobiologia, 540, 47–67.

Billen G, Servais P, Wargnies S (1991) Modélisation du transport des

polluants par l’Estuaire de l’Escaut. Cas du Phosphore. Etude
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